Insect-hostplant relationships constitute the basic problem of insect pests in food
crops. In order to protect these crops by more subtle methods than merely using
insecticides, a more thorough knowledge is needed of the factors leading to an
interaction between two organisms which are so diverse as insects and plants.
Various aspects of this relationship, such as food and oviposition-site selection
behaviour, sensory processes in plant recognition, long term effects of plant on
insects, plant gall formation, nutritional requirements and the developing of
artificial diets for phytophagous insects and the principles and practice of plant
breeding for insect resistance have been discussed in this book by many leading
scientists in these fields from all parts of the world. Althogether, this volume contains 28 invited papers presented at the 2nd International Symposium on Insect
and Host Plant.

Reprintfrom:Entomologia expérimentaisetapplicata, Vol. 12(1969),pp.471-810.

^
'•<•.-, >

<

WKJ3 5 5a 3

BiBUCTHEcK
PLÂNTEZIEKTÉNKUNOÎG C._.-*rR.
PLANTE21EKTÉNKUNDÜ
Binnenhaven 8 - Postbus 8122
6 7 0 0 ER WAGENINGEN

/

PROCEEDINGS OF THE

2ND INTERNATIONAL SYMPOSIUM

"INSECT AND HOST PLANT"
HELD AT WAGENINGEN, NETHERLANDS
2—5 JUNE 1969

EDITORS: J. DE WILDE
L. M. SCHOONHOVEN

CENTRALE LANDBOUWCATALOGUS

0000 0149 8076

CONTENTS
List of participants
DE W I L D E , J. & SCHOONHOVEN, L. M., Opening address

FRAENKEL, G., Evaluation of our thoughts on secondary plant substances
KENNEDY, J. S. & MOORHOUSE, J. E., Laboratory observations on locust responses to
wind-borne grass odour

Ill
471

473
487

YAMAMOTO, R. T., JENKINS, R. Y. & MCCLUSKY, R. K., Factors determining the selection

of plants for oviposition bythe tobacco hornworm Manduca sexta
504
MULKERN, G. B.,Behavioral influences on food selection in grasshoppers (Orthoptera:
Acrididae)
509
MOERICKE, V., Hostplant specific colour behaviour by Hyalopterus pruni (Aphididae) 524
DETHIER, V.G.& SCHOONHOVEN, L.M.,Olfactory coding bylepidopterous larvae . . . 535
ISHIKAWA, S., HIRAO, T. & ARAI, N.,Chemosensory basis of hostplant selection in the
silkworm
544
SCHOONHOVEN, L. M., Gustation and foodplant selection in some lepidopterous larvae 555
R E E S , C.J. C , Chemoreceptor specificity associated with choice of feeding site by the
beetle Chrysolina brunsvicensis on its foodplant, Hypericum hirsutum
565
M A , W-C, Some proporties of gustation in thelarva of Pieris brassicae
584
HASKELL, P .T.& MORDUE (Luntz), A.J.,T h e rôle of mouthpart receptors inthe feeding
behaviour of Schistocerca gregaria
591
RITTER, F . J. &CoENEN-Saraber, C. M.A.,Food attractants anda pheromone as trailfollowing substances for the Saintonge termite
611
AUCLAIR, J. L.,Nutrition of plant-sucking insects on chemically defined diets . . . . 623
VANDERZANT, Erma S., Physical aspects of artificial diets
642
HOUSE, H .L.,Effects of different proportions of nutrients on insects
651
L E BERRE, J. R. & LENOIR, A.,Incidence de régimes alimentaires de type méridique et
de la durée d'éclairement surledéveloppement larvaire du criquet migrateur Locusta
migratoria
670
WARDOJO, S.,Artificial diet without crude plant material for two oligophagous leaf feeders 698
MITTLER. T. E. & SUTHERLAND, O. R. W.,Dietary influences on aphid polymorphism 703
DE W I L D E , J., BONGERS, W.& SCHOONEVELD, H., Effects of hostplant ageon phytophagous

insects
714
SLÂMA, K.,Plants asa source of materials with insect hormone activity
721
HOVANITZ, W.,Inherited a n d / o r conditioned changes in host-plant preference in Pieris 729
MILES, P . W.,Interaction of plant phenols andsalivary phenolases in the relationship
between plants and Hemiptera
736
DIELEMAN, F .L., Effects ofgall midge infestation onplant growth and growth regulating
substances
745
SAXENA, K. N . , Patterns of insect-plant relationships determining susceptibility or
resistance of different plants to an insect
751
AGARWAL, R. A., Morphological characteristics of sugarcane and insect resistance . . 767
HSIAO, T . H., Chemical basis of host selection and plant resistance in oligophagous
insects
777
PATHAK, M.D.,Stem borer andleafhopper-planthopper resistance in rice varieties . . 789
M A X W E L L , F . G., JENKINS, J. N., PARROTT, W. L. & BUFORD, W. T., Factors contributing

to resistance and susceptibility of cotton and other hosts to t h e boll weevil,
Anthonomus
grandis

801

Ill

LIST O F PARTICIPANTS.
T h e numbers serve to identify the members on the photograph.
10 R. A. AGARWAL; Indian Institute of Agricultural Research, Division of Entomology,
New-Delhi 12, India.
43 J. L. AUCLAIR; Dept. of Biological Sciences, Université de Montréal, Case Postale 6128,
Montréal 3, Canada.
32 W. M. BLANEY; Dept. of Zoology, Birkbeck College, Malet Street, London W.C. 1,
England.
24 W. BONGERS; Afd. Natuurbehoud en Natuurbeheer, Landbouwhogeschool Wilhelminaweg
1, Wageningen, Netherlands.
B. T. BOSMAN; ITBON, Kemperbergerweg 11, Arnhem, Netherlands.
50 L. BRADER; I.R.C.T. Bébédjia, B.P. 3 1 , Moundou, Rép. du Tchad.
31 R. F . CHAPMAN; Dept. of Zoology, Birkbeck College, Malet Street, London, W.C. 1,
England.
/
34 R. H. COBBEN; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.
C. M. A. COENEN-SARABER; Centraal Lab. T N O , Schoemakerstraat 97, Delft, Netherlands.
27 V. G. DETHIER; Dept. of Biology, Princeton University, Princeton, New Jersey, 08540,
USA.
14 F . L. DIELEMAN; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.
45 P. DOUWES; Dept. of Entomology, Zoological Institute, The University, S-22362, Lund,
Sweden.
H. H. EVENHUIS; IPO, Binnenhaven 12, Wageningen, Netherlands.
25 H. J. DE FLUITER; IPO, Binnenhaven 12, Wageningen, Netherlands.
4 G. S. FRAENKEL; Dept. of Entomology, University of Illinois, Urbana, Illinois 61803, USA.
3 F . E. HANSON; Dept. of Zoology, University of Texas, Austin, Texas 78712, USA.
23 P. HARREWIJN; IPO, Binnenhaven 12, Wageningen, Netherlands.
39 P. T. HASKELL; Anti-Locust Research Centre, College House, Wrights Lane, London,
W. 8, England.
20 D . H I L L E Ris LAMBERS; Edeseweg 139, Bennekom, Netherlands.
30 S. HOGARTH; Dept. of Biology, York University, Heslington, York, England,
38 H. S. HOUSE; Research Inst. Canada Dept. of Agriculture, 228 Dundas Street East,
Belleville, Ontario, Canada.
21 W. HOVANITZ; 1160 W. Orange Grove Ave, Arcadia Cal. 91006, USA.
7 T. HSIAO; Dept. of Zoology, Utah State University, Logan Utah 84321, USA.
S. ISHIKAWA; Sericultural Experiment Station, Showa-machi 3-36-41, Maebashi, G u m m a
Prefecture, Japan.
2 J. S. KENNEDY; Imperial College Field Station, Silwood Park, Ascot Berks, England.
9 H. KNUTSON; Dept. of Entomology, Kansas State University, Manhattan Kansas 66502,
USA.
P. A. VAN DER LAAN; Lab. voor Toegepaste Entomologie, Linnaeusstraat 2B, Amsterdam,
Netherlands.
26 J. R. L E BERRE; Faculté des Sciences, Lab. d'Entomologie, Orsay, Seine et Oise, France.
17 R. J. VAN DER LINDE; ITBON, Kemperbergerweg 11, Arnhem, Netherlands.
42 W. C. M A ; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.

IV

47
51
22
19
18
35
15
44

11
28

i

40
16
37
29
46
33
13
12
36

41
49

Ï

LIST OF PARTICIPANTS

F. MAXWELL; Dept. of Entomology, Mississippi State University, State College, Mississippi
39762, USA.
A.K. MINKS; Lab. v. Insecticiden Onderzoek, Prinses Marijkeweg 22,Wageningen, Netherlands.
P. W. MILES; Waite Agricultural Res. Inst., Dept. of Entomology, Private Mail Bag,
Glen Osmond, South Australia 5064.
T.E. MITTLER; University of California, College of Agriculture, Div. of Entomology,
Berkeley, California 94720, USA.
V. MOERICKE; Zoologisches Institut der Universität, Bonn, Deutsche Bundes Republik.
J. MORDUE; Anti-Locust Research Centre, College House, Wrights Lane, London W. 8,
England.
J. P. MOREAU; Station Centrale de Zoologie Agricole, C.N.R.A., Route St. Cyr 78, Versailles, France.
G.B. MULKERN; Dept, of Entomology, North Dakota State University, Fargo, North
Dakota 58102, USA.
D. NORRIS; College of Agriculture and Life Sciences, Dept. of Entomology, University
of Wisconsin, Madison, Wisconsin 53706, USA.
M.D. PATHAK; I.N.R.I., Manila Hotel, Manila, Philippines.
C.J. PERSOONS; Centraal Lab. TNO, Schoemakerstraat 97, Delft, Netherlands.
S.K. PRASAD; Indian Institute of Agricultural Research, Division of Entomology, New
Delhi-12, India.
C.I. C.REES; Dept. of Biology, York University, Heslington, York, England.
F. I. RITTER; Centraal Lab. TNO, Schoemakerstraat 97, Delft, Netherlands.
K.N. SAXENA; Dept. of Zoology, University of Delhi, Delhi-7, India.
L.M. SCHOONHOVEN; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.
K. SLÂMA; EntomologickY Ustav, C.S.A.V., Vinicnâ 7, Praha 2, Czechoslovakia.
J. G.H. STORMS; IPO, Binnenhaven 12, Wageningen, Netherlands.
C.W. STORTENBEKER; ITBON, Kemperbergerweg 11, Arnhem, Netherlands.
J. TICHELER; IPO, Binnenhaven 12, Wageningen, Netherlands.
E.S.VANDERZANT; Entomology Research Div. U.S.D.A., Cotton Insects Res. Branch,
College Station, Texas 77840, USA.
S.WARDOJO; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.
W.J.H. M.WIENTJES; Centraal Lab. TNO, Schoemakerstraat 97, Delft, Netherlands.
J. DEWILDE; Dept. of Entomology, Landbouwhogeschool, Wageningen, Netherlands.
S.WINOTO; Dept. of Nematology, Landbouwhogeschool, Wageningen, Netherlands.
R.T. YAMAMOTO; Dept. of Entomology, North Carolina State University, Raleigh N.C.
27607, USA.
]. DRIJVER; organization office, I.A.C. Wageningen, Netherlands.
J. M.S. FORREST; Glasgow University, Glasgow, Scotland.
A. DESMIDT; Biologisch Station, Terschelling, Netherlands.

Ent. exp. & appl. 12 (1969): III

'tÄffc*?

'•••î§. ^^03£

'•

o

D<

" *•'™'•'',..'"% i"^»»""^.:.

. f

OPENING ADDRESS
Ladies&Gentlemen,
Words cannot express howglad wefeel towelcome youon this opening session
of the second Wageningen Symposium on Insect and Hostplant.
Our 1957Symposium wasnearly exclusively European, andwe are pleased to
note that members from 4 continents areparticipating this time. Other meetingsin
this field have been organized on the occasion of the International Congressesof
Entomology inAmsterdam, Vienna andLondon, and several of us have taken an
active part in their organisation.
It is to be regretted that some friends had to decline our invitation: Prof. Hans
Joachim Müller andProf. Klaus Schreiber from theDeutsche Demokratische Republik, Prof. Stanley Beck from Wisconsin, U.S.A. and Prof. Aasger Thorsteinson
from Winnipeg, Canada.
We had great hopes to have in our midst Prof. R. H. Painter, and it waswith
deep regret that we received the message of his death on December 23,1968.
Painter wasboth apractical worker and aproductive publicist in thefield of crop
plant resistance. In fact, he had grown to become the "Grand old Man"in this
field, and during hisindustrious life henot only selected numerous resistant varieties,but,by example and advice, helped topromote research in several continents.
Weallwillmissthepresenceofhisamiable personality.
Needless to say, the Dutch group of workers in the field of insect-plant
relations feels honoured that somany qualified workersnotonlyreacted favourably
to our invitation, but did so in an enthusiastic way. It was more than time that
this conference should take place, andwehavevery much to tell each other.
Within the last few years many links have been established between fields
originally remote such as sensory physiology, insect dietetics, and host selection
behaviour. Within a fewyears time ourknowledge of thefunction of sense organs
and of thebasis of host selection behaviour has remarkably increased by theuse
of artificial diets. Our knowledge of nutritional requirements, sensory perception
and selection behaviour has improved our picture of the causes underlying the
susceptibility of some plants to insect attack and the nature of resistance factors.
The perfection ofphysical separation techniques such aschromatography allows
us to detect, isolate andidentify traces of scent and taste substances, thus contributing greatly to research in plant resistance.
In addition, new ecological data are constantly increasing our knowledge. In
this way, a system of scientific interactions is established which may direct our
research towards a common goal.
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A hostplant is an organism parasitised and predated upon by an insect, and
sometimes forms part of an intricate symbiosis.
Plants and insects have been in association for some 400 million years, and it is
known from intercontinental displacements of weeds that insects may be indispensible in regulating the numbers of some, and perhaps of a great many plant
species. The role of animals in the ecology of the plant is often neglected, but
can hardly be overemphasized. The natural flora has been adapted to living with
insects for such a long time that some plant species take insects as part of their
diet, and others apply feeding and reproductive behaviour of insects in the ecology
of their pollination.
We may be sure that in the system, constituted by hostplant, phytophagous
insects and entomophagous predators, limits may be set by each of the three
partners depending on the circumstances.
In thecourse of theyears,remarkable changeshavetaken place in our approach
towards these problems. From "Botanical Instinct" and "Hopkins' host selection
principle" to modern ethological thinking and experimental induction of hostplant
acceptance. From field observations and screentests to electrophysiology, gaschromatography, and electronmicroscopy. From unitarian "Odd substance" ideas
via "Dual Discrimination" to the wealth of sensory information provided by plant
chemicals and their synergisms.
In view of the necessity of limiting the use of insecticides, interest in crop plant
resistance and in plant attractants and repellents has recently increased and is
getting aworld-wide attention. Themechanisms involved have served their function
throughout evolutionary times.The fact that most plant species areresistant against
most of thephytophagous insect speciesis a constant source of encouragement and
inspiration to those involved in the fascinating field of crop plant resistance.
It is a pleasure to mention here that this Symposium is sponsored by the Landbouwhogeschool. Additional funds were provided by the Nederlandse EntomologischeVereniging, the Organization for Applied Scientific Research, T.N.O. and the
Koninklijke Nederlandse Akademie van Wetenschappen.
During the sessions and the evening discussions of this Symposium, we all will
have ample time for exchange of thoughts, mutual information and renewal of
friendships.
Welcome to Wageningen!
J. de Wilde
L. M. Schoonhoven.

EVALUATION OF OUR THOUGHTS O N SECONDARY
PLANT SUBSTANCES
G. FRAENKEL
Department of Entomology, University of Illinois, Urbana, Illinois, U.S.A.
The paper presents and evaluates modern concepts about the role of the secondary plant
substances in the host selection of phytophagous insects. It deals with the following main
topics: A. The role of nutrients in host selection. B. The concept of utilization in this context.
C. The role of the secondary substances as attractants. D. The role of the secondary substances as repellents. The conclusion is reached that host selection is principally guided by
the presence and/or absence of secondary substances, and that qualitatively and quantitatively
nutrients can play only a very minor part, if one at all, in this context.

The all-importance of the role of secondary plant substances in the hostplant
selection of insects is so obvious to me that it seems a trite undertaking to present
oncemorewhatI hope tobe a convincing argument. There ishereneither the time
nor need to give a historical account of the development of this concept. The
modern area of our thinking probably started with the symposium on "the physiological relations between insects and their hostplants" held at the International
Congress of Entomology in Amsterdam, 1951which was organized by our present
host, J. de Wilde, and had contributions by three of those assembled in this room
(Dethier, Fraenkel, Kennedy). There can be hardly an entomologist today who
does not know that host selection is the very heart of agricultural entomology, and
that the secondary plant substances are the clue to this problem.
I would be surprised if this notion had made much impression on the thinking
of botanists and agriculturists, in spiteof therevived interest in chemical taxonomy
(Swain, 1963; Alston and Turner, 1963; Hegnauer, 1962—66), and I know for
certain that the army of biochemists and organic chemists who are engaged in
unravelling the structure and metabolic function of these compounds, is totally
unaware of and disinterested in the reasons for their existence.
This makes it the more surprising to me what criticism, almost bordering on
animosity, certain statements in an article of mine on the "raison d'être of the
secondary plant substances" (1959) has created in the minds of some of the
foremost workers in the field. I mention here specifically the reviews by Thorsteinson (1960), Beck (1965), and Kennedy (1965).
We shall have much opportunity during this symposium to discuss this problem
from allpossible angles,and all I can doin the short time availableisto emphasize
certain aspects and developments. I shall confine myself strictly to the absolute or
relative importance of these substances on host selection, which implies as much
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selection of the right host as avoidance of the wrong host. The question is not
what the insect is capable of doing under given and often artificial conditions, or
what other factors, like nutrients, color, texture also play a role, but whether we
can dispose of the notion of the secondary substances playing a central role in this
insect-plant relationship.
Much emphasis has been given by certain authors to terminology expressing the
mode of action of certain compounds,like the terms attractant, repellent, deterrent,
arrestant, phagostimulant, rejectant, biting or swallowing factors. In my opinion
these terms have often been used without proper definition and experimental
support and it is high time that the workers in the field paid more attention to
this parameter of inquiry. For the purpose of the present discussion I shall largely
disregard these behavioral aspects and use the terms attractants and repellents (or
deterrents) in a verygeneralcolloquial sensewithout consideringtheprecise underlying behavioral reactions.
The main topics to be discussed in thefollowing are:
A. The role of nutrients in host selection.
B. The concept of utilization in this context.
C. Role of the secondary plant substances as attractants.
D. Role of the secondary plant substances as repellents.
A. The roleof nutrientsin host selection.
Some workers seriously think that all host selection simply boils down to the
presence of the necessary nutrients in the right proportions, coupled with the
absence of repellents. The difference between oligophags and polyphags would
then simply be that the latter are repelled by fewer substances.
The importance of common nutrients as attractants has been shown by many
workers, but was especially emphasized by Thorsteinson (1960). As a recent
example I mention here data by Hsiao &Fraenkel (1968a) on the attractant role
of sucrose,lecithin, alanine and serinefor Leptinotarsa. In myview the question is
not so much whether they play such a role — and I doriotdispute this notion —
but whether this can explain host selection.
The role of the common nutrients in the context of host specificity was already
fully discussed in my 1951 (1953) paper. The qualitative nutritional requirements
of all insects are by and large the same, and differ only little from those of higher
animals. The substances in question are constituents of all living cells, and especially cells as well nutritionally balanced as those of green leaves. Therefore all
leaves should have a full complement of the necessary nutrients. Thirty to forty
such substances (according to whether one counts the amino acids individually,
and making allowance for the discovery of new factors) are involved in the
nutrition of insects. Theoretically they could occur in an infinite number of
combinations and proportions and thus could well be the basis for host selection.
There are however compelling reasons against such a notion, and furthermore it
would be very difficult to prove this notion.
1. The quantitative composition of a plant varies enormously at different times
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of the season or even the day, with different conditions of light, soil, age, and even
the effect of the feeding insects (Aphids), and yet host selection is relatively little
affected by these variations. It was shown long ago by Evans (1938) that covering
growing cabbages with a black cloth which cut out 80% of the light did not
affect the development of Pieriscaterpillars. Cibula et al. (1967) stated that the
age of potato or other solanaceous plants at different times of the growing season
affected development of Leptinotarsaonly relatively little.
2. If one concludes that a particular nutrient in a certain plant determines host
selection at a particular titer it would then be necessary to show that changes in
the amount of that substance asthey might ariseunder different cultural or climatic
conditions would fundamentally alter host selection.
3. Changes in composition are always complex and never affect only one
nutrient. Therefore one would have to consider the effect of a particular change in
the context of the whole spectrum of factors.
In considering the role of nutrients the question here is not so much whether
they cause the insect to grow more or less well, but whether they determine host
selection. Traditionally aphids are mostly cited as examples for the decisive role
of nutrients in insect attack. In a much quoted investigation on the pea aphid only
3 resistant and 3 susceptible strains were tested, and feeding also took place on
the resistant strains, albeit with less success (Maltais & Auclair, 1962; Auclair,
1963). The susceptible strains had higher contents of homoserine, glutamine and
asparagine. The authors should have at least shown whether changes in these contents would have altered the susceptibility of these strains.
I therefore believe that thepresence and distribution of nutrients has little or no
effect on host selection. It appears that Beck (1965) and Kennedy (1965) largely
concur with this view.
B. Utilizationand host selection (see the review by Waldbauer, 1968).
A statement in my 1959 publication to the effect that all plants are equally
nutritious and could equally well serve as food provided the insects ate enough of
them has found much criticism. This statement is untenable in this extreme formulation. It should have contained the clause "provided no adverse chemical or
mechanical factors are operating". Furthermore, the expression "equally" should
have been tuned down to "more or less", since it would be illogical to expect that
extreme changes in nutrients would leave the insect entirely unaffected. These
modifications however now seem to me almost self-evident, and do not affect the
core of the argument. When these sentences were written very little was known
about utilization and as good as nothing about rate of consumption.
To test the above assertion the food uptake of an insect on different plants
must be measured and considered in relation to growth. With polyphagous insects
this is easy enough, since they have many different hostplants on which they can
be tested. This wasdonein thework of SooHoo &Fraenkel (1966) with Prodenia
eridania on 18 different plant species, belonging to 13 families. With an oligophagous insect a similar investigation was made by using the trick of reducing and
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The utilization of normally accepted(tomato) and not normally accepted(Arctium, Verbascum)
food by Protoparce sexta after maxillectomy. Data from Waldbauer (1964).
Digestibility
Efficiency of conversion
Consumption index
Weight gain

%
%
mg

Tomato
50
56
3.2
100

Arctium minus
41
48
2.7
71

Verbascum thapsus
31
38
3.2
46

TABLE II

Prodenia eridania. Utilization of the food during the fifth instar.
(Data from Soo Hoo & Fraenkel, 1966.)
Food plant tested

digestibility

%
Leguminosae
Phaseolus lunatus
Phaseolus vulgaris
Malvaceae
Abutilon theophrasti
Compositae
Taraxacum officinale
Scrophulariaceae
Antirrhinum majus
Ulmaceae
Ulmus pumila
Violaceae
Viola spec.
Solanaceae
Solanum tuberosum
Lycopersicon esculentum
Nicandra physaloides

efficiency consump- duration
tion
of instar
of
conversion index
(days)

weight
gain
mg (dry)

efficiency
of growth

+++
+ ++

%

61.9
70.3

48.6
54.1

1.7
1.5

2.2
2.3

8.5
10.1

49.5

29.1

2.2

3.6

8.4

60.0

51.5

1.8

2.1

12.1

64.9

16.2

1.2

5.6

4.6

++

43.8

24.9

1.6

5.4

6.4

++

53.0

18.8

1.2

4.4

3.8

+

59.8
63.7
65.9

56.8
34.7
29.8

1.5
2.4
1.0

2.0
2.4
4.5

11.7
10.7
7.1

+
+++

+++
+ ++
•—

altering the host specificity by maxillectomy (Waldbauer, 1964, with Manduca
[= Protoparce] sexta). The results of these tests (Table I and II) are difficult to
interpret and donot bear out the above assertion that plants can equally well serve
asfood provided they are eaten in sufficient amounts. The success of a given plant
not only depends on the quantity eaten, but also on digestibility, and degree of
utilization (conversion). All these factors can vary enormously on different hosts.
These variations could be due to unbalanced nutritional composition, deficiency in
a nutrient or nutrients, slow feeding, mechanical factors, and some of these
variables could be affected by adversely acting secondary substances. In spite of
these differences in digestibility, conversion and consumption different non-host
plants were eaten and development took place with greater or lesser success which
shows that there could have been neither a serious lack of nutrients, nor a serious
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imbalance. All adverse effects could have been due to secondary plant substances
though this had not been demonstrated in the investigations cited.
C. The roleof the secondary substances as attractants.
Most of the past work in this area was devoted to the search for specific attractants, while the role of the repellents has been relatively neglected. Yet, the role
of a secondary substance as a specific attractant has been always difficult toprove,
and in many important cases has never been convincingly demonstrated (Bombyx,
Protoparce,Leptinotarsd). Why has the search for specific attractants so often
led to failure?
1. Insects may accommodate to the wrong plant when hungry (see page 480).
2. Under pressure insects may feed on a synthetic diet in the entire absence
of specific attractants (David &Gardiner, 1966a and b).
3. The substances in question may be labile or lost during isolation.
4. Several substances may be involved, either to enhance each other, or at
different -stages in the feeding chain. The work of Hamamura (1965) and others
has claimed the existence of many primary and secondary substances, which affect
feeding of Bombyx mori (Table III).
TABLE III

Bombyx mori. Substances claimed as "attractants". The substances in italics
are secondary plant substances.
Hamamura:
(1965)

Olfactory
factors

Biting
factors

citral
sitosterol
linalyl acetate
isoquercitin
terpinyl acetate
morin
linalol
ß, y hexenal, a, ß hexenal

Swallowing
factors

"Co-factors"

cellulose
phosphate
silica

sucrose
inositol
silica

Watanabe:
(1958)
Kato &
Yamada (1966) chlorogenic acid (possibly a growth factor?)
Nayar &
Fraenkel
long-chain n-aliphatic alcohols of CSQHCVO av. comp.
(1962a)
a sterol similar to sitosterol

With some insect species, depending upon the behavior of their larvae (e.g.,
whether or not they wander off the plant) it may be that both the ovipositing
female and the feeding larvae have the ability to recognize the hostplant. With
other species where the larvae do not normally leave the plant (for instance tree
feeders) the larvae may have a reduced ability to recognize the host. In the two
of the insects mentioned above (Protoparce and Leptinotarsd)it may well be that
the adult discriminates the foodplant better than the larva. Bombyx mori is a
rather exceptional case, having been domesticated for thousands of years. It oviposits on any substrate, and the larva can accommodate to many unrelated plants.
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It would be interesting to study the host selection of what is believed to have been
its ancestor, Bombyx mandarina, larva and adult.
Despite all these difficulties many secondary substances have now been shown
to be specific attractants. I shall limit myself to the literature after my 1959 paper.
a. Gustatory substances.
1. Mustard oil glucosides and cabbage insects.
This remains the outstanding example of such a specific relationship. Nayar &
Thorsteinson (1963) showed Plutella to respond to 9 different glucosides which
had been isolated from various cruciferous plants. Wensler (1962) showed that the
cabbage aphid, Brevicoryne brassicae, did not feed on Vicia faba leaf, except
when the leaf was treated with sinigrin through the petiole. The discrimination
only occurred after probing; hence the stimuli were received through the stylets.
2. In the feeding of the aphid, Acyrthosiphon spartii (Koch), on Sarothamnus
scoparius the alkaloid spartein was identified as the specific attractant (Smith,
1957).
3. Hypericin in Hypericum hirsutum is the specific feeding stimulant for the
beetle, Chrysomela brunswicensis (Rees, 1966). (Seepp. 565-583 of this symposium.)
4. The spotted cucumber beetle, Diabrotica undecimpunctata howardi Barb., is
specifically attracted by bitter substances, cucurbitacins, in cucumber, melon and
squash (Chambliss & Jones, 1966).
5. The extensive work by Matsumoto (1962) in Japan on the vegetable weevil,
Listroderes costirostris obliquus (Klug), showed the oil of Umbelliferae and
mustard oil glucosides to be specific attractants. Cumarin also attracts in lower,
and inhibits in higher doses.
6- The specific attractant for the Mexican bean beetle, Epilachna varivestis,
which feeds on members of the genus Phaseolus, are the cyanogenic glucosides
linamarin and lotaustrin (Nayar & Fraenkel, 1962b).
7. The specific attractants for the Catalpa moth, Ceratomia catalpae, which feeds
on the leaves of the Catalpa tree are catalposides (Nayar.& Fraenkel, 1963).
b. Olfactory substances.
In the case of specific olfactory substances which are recognized from a distance
most objections which have been raised against a corresponding role of gustatory
substances do not apply. The question of nutrients as attractants does not enter
here. Very clear-cut results have been obtained in the trapping of Scolytidae by
volatile terpenes extracted from the bark. Rudinsky (1966) gives extensive data
about the trapping of different bark beetles by different terpenes. The extensive
work by Kangas, et al. (1967) with the bark beetle, Blastophagus piniperda, indicated œ-terpineol as the specific attractant substance, while no activity was demonstrated with pinene or liminene.
Compared with the search for specific attractant gustatory substances that for
olfactory substances has been in the past very much neglected.
c. Oviposition.
Here again we have a situation where host selection occurs uncomplicated by
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feeding reactions in thosegroupsof insects where thesetwo activities are separated.
The best example are Lepidoptera. (See also Yamamoto, this symposium.)
1. Plutella maculipennis lays eggs on plastic surfaces, especially if they are
rough, but the addition of allylisothiocyanate greatly increases the number of eggs
laid. Mustard leaf juice is still more effective. Although the coumarin inMelilotus
sp. tends to inhibit egg-laying, there is more oviposition with added allylisothiocyanate. Hence oviposition is regulated by chemical attractants and repellents
(Gupta &Thorsteinson, 1960).
2. The extensive work of Straatman (1962) with Papilionaceae indicates the
role of specific volatile attractants in oviposition. Troides priamus richmondensis
Gray whose normal host is Aristolochia praevenosa, also lays eggs on A.elegans,
an introduced plant on which the larvae do not develop. Oviposition is obviously
stimulated by thepresence of an attractant.
3. Here it is relevant to recall an old observation by Use (1941) on the attraction of butterflies by colors. When they are in the egg-laying mood they settle on
green or blue-green papers, and then exhibit a drumming reaction with their forelegs. This could be the means by which olfactory stimuli are perceived.
4. The potato beetle oviposits on certain solanaceous plants, Yik&S. nigrumor
Daturameteloides as well or better than on potato, although the two former are
not foodplants. They must have the same specific attractant (Hsiao & Fraenkel,
1968b) (Table IV).
TABLE IV

Oviposition preference of the Colorado potato beetle for solanaceous plants. Each figure
represents total egg-deposition of 10 females for a period of 5 consecutive days.
Data from Hsiao & Fraenkel (1968c).
Percent distribution of eggs
on plant 1
on plant 2
S. tuberosum
49.7%
S.tuberosum *
S. tuberosum
60.8
S. dulcamara*
S. tuberosum
32.7
S.nigrum **
S. tuberosum
100
Capsicum annuum **
S. tuberosum
51.8
Datura meteloides **
S. tuberosum
Lycopersicon esculentum *
56.7
S. tuberosum
77.8
Nicandra physalodes **
S. tuberosum
Petunia hybrida **
78.8
S. tuberosum
85.0
Physalis subglabrata**

50.3
39.2
67.3
0
48.2
43.3
22.2
21.2
15.0

Total eggs d
2974
2778
1915
3003
2090
2729
2606
2585
1753

* Suitable for growth and development.
** Not suitable for growth and development.

5. The mating behavior of the Polyphemus moth shows a somewhat related
mechanism in that mating does not take place unless volatile substances from oak,
the food normal larval food, arepresent. Trans-20-hexenal is the active compound
(Riddiford, 1967).
It has often been commented that the judgment of host selection is made by the
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female during oviposition rather than by the feeding larva. It seems surprising
that most investigators have concentrated their efforts on the feeding stages, to the
detriment of egg-laying behavior.
d. Sensilla specifically stimulated by attractant compounds.
The presence of sensilla which are specifically stimulated by attractants is a
new and most exciting aspect of host selection which has only very recently come
to theforefront. Sincenearly all the experts in this area are here (Dethier, Schoonhoven, Rees, Ishikawa) my remarks on their work can be very brief.
Pieris brassicae: The lateral sensillum styloconicum on the maxillae possesses
a chemosensory cell which is sensitive to mustard oil glucosides (Schoonhoven,
1967).
Chrysomelabrunswicensis: Most of the sensilla, innervated by 4 or 5 neurones,
have a cell which is highly sensitive to hypericin at levels which are met in the
foodplant Hypericum hirsutum (Rees, 1966).
Leptinotarsadecemlineata: No receptors werefound for specific attractants, but
some react to alkaloid deterrents (Stiirckow, 1959). This conforms to the general
lack of success in the search for specific attractants in this species.
Bombyx mori: Apparently it does not possess receptors for an attractant, but
has unspecific receptors for bitter and deterrent substances (Ishikawa & Hirao,
1966) (see the remarks on Bombyx above).
Manducasexta: There is no evidence for the existence of specific attractants,
nor for specific repellent receptors (Schoonhoven &Dethier, 1966).
Since we have now positive evidence for the occurrence of specific stimulant
receptors in two insects, Pieris and Chrysomela,we can regard this with some
confidence as the general mechanism for the detection of specific compounds. In
fact, such a mechanism would have to be postulated if we believe in the existence
of such substances.
e. Induced feeding.
Several investigators have in the past few years successfully changed the host
specificity of an insect by a process of accommodation or conditioning to a new
host. David & Gardiner (1966a and b) grew Pierisbrassicae during 4 instars on
4 different diets,fresh cabbage, an artificial diet alone or with the addition of dried
cabbage or sinigrin, and transferred them to the other diets during the 5th instar.
Their responses after transference were very much influenced by the diet on
which they had spent the first 4 instars. Since all these diets contain sinigrin or
no secondary substance the alteration in the responses to test diets could not be
duetosecondary substances.In thework of Stride &Straatman (1962)in Australia
Papilioaegeuswere first placed on a normal host, Citrus or other Rutaceae, or
abnormal host (parsley: Petroselinum sativum, Camphor laurel: Cinnamonum
camphora). In each case feeding was reduced when they were transferred to
another host. This could mean that they had become conditioned to secondary
substances in the initial host.
Themost interesting work by Jermy etal. (1968)onManducaandHeliotisallows
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us to draw clearer conclusions about the role played by secondary substances in
such accommodation experiments. Manducawhen first raised on potato, tomato or
tobacco (all Solanaceae) or an artificial diet and then transferred to the other diets
exhibited a change in food preference in favor of the initial diet. Heliotis(a polyphagous insect) was first raised on 4 plants of different families and later transferred to the other plants. In all cases the food preference was changed. No induction was possible with plants outside the insect's normal host-range. It would be
difficult to assume that the new preference was due to common nutrients, because
this would imply that the insects came to prefer a less nutritious plant. It seems
most likely that in Heliotisconditioning takes place to secondary substances. (In
fact Schoonhoven's work has already demonstrated such a mechanism.) This seems
possible also in the case of Manducawhich in all probability reacts to a common
"solanaceous" attractant, and where, by analogy with investigations on Leptinotarsa, alkaloids in certain solanaceous plants like nicotine, tomatine, demissin,
nicandrenone could normally act as repellents.
f. The advantage of choice experiments in the search for specific attractants.
As already mentioned there has been a singular lack of success in the search
for specific attractants in the hostplant of the potato beetle, which could be due
to any of the factors enumerated on page 477. However, we have good indirect
evidence about the existence of this hypothetical attractant. Leptinotarsa grew
almost equally well on the non-solanaceous and non-hostplants Asclepias syriaca
and Lactuca sativa as on potato. However, in a choice experiment it greatly
preferred potato to these other plants (Table V) (Hsiao &Fraenkel, 1968c). Very
similar experiments were reported by Ritter (1967). This clearly shows that the
normal host preference isnot dueto common nutrients — since they develop about
equally well on the non-hostplants — but must be due to a specific attractant.
D. The role of secondary substances as repellents.
The notion of the all-importance of repellent secondary substances in host
selection is now widely accepted. Polyphagous insects are considered to develop
TABLE v

Feeding preference of 4th instar potato beetle larvae when given a choice between potato
and one other plant. Five newly molted larvae were used in each test.
Data from Hsiao & Fraenkel (1968c).
Percent
on plant 1
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum

of total leaf area consumed
on plant 2
Lycopersicon esculentum*
50.1
Petunia hybrida **
99.1
Solanum nigrum **
91.2
Asclepias syriaca*
92.4
Capsel'.abursa-pastoris *
100.0
Lactuca sativa*
100.0
Cirsium vulgare**
82.5

* Suitable for growth and development.
** Not suitable for growth and development.

49.9
0.9
8.8
7.6
0.0
0.0
17.5

(mm")
Leaf area consumed
1773
1936
1412
1632
1945
1779
1468
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on ail plants which do not contain such repellent substances, while in oligophagji
the specific attractant can only lead to success in the absenee of repellent substances.
1. Leptinotarsa decemlineata (Hsiao & Fraenkel, 1968b) (Table VI). Fifth
TABLE VI

Growth of 4th instar potato beetle larvae during 24 hours on a basic diet with the addition
of 4% leaf powders or extracts. Data from Hsiao & Fraenkel (1968b).

Solanum tuberosum
Solanum nigrum
Nicotiana rustica
Nicandra physalodes
Asclepias syriaca
Lactuca sativa
Moms alba
Quercus alba
Glycine soja
Platanus orientalis
Basic diet

Growth on
Average weight gain (loss) per larva (mg)
fresh leaf leaf powder etherextract water extract residue
33.0
24.9
32.4
23.7
+++
31.2
26.2
27.1
15.4
—
17.8
—5.8
toxic
—3.8
16.3
12.6
0.3
—3.9
10.5
—
22.5
29.6
26.4
32.7
+++
28.1
28.0
27.5
33.4
+ ++
20.8
25.8
30.5
23.3
—
22.8
—2.4
—5.2
19.3
—.
27.4
—1.4
—2.0
26.4
—
11.7
—5.3
1.3
12.0
—
22.0
++

instar larvae were raised on an artificial diet on which they showed good, but not
optimal growth. To this dietwere added 5%> of leaf powders or equivalent amounts
of extracts from 17 solanaceous and 67 non-solanaceous plants. With the addition
of most non-food plants growth was greatly reduced or entirely suppressed. Since
the basic diet alone was highly nutritious the detrimental effects could only have
been in consequence of the addition of repellent secondary substances.No repellent
effects could be demonstrated with S.nigrum or Morus alba. In this case the
deterrent substances could have been labile or present in too low concentrations.
By using extracts in place of powders it was shown that the deterrency resided
usually in the water fraction. These conclusions were corroborated by using
authentic alkaloids from solanaceous plants derived from foodplants or non-foodplants. An investigation similar in scope, method, and results was also reported on
a grasshopper, Melanoplusbivittatus(Harley &Thorsteinson, 1967).
2. The role of hormono-mimetic substances in plants.
Thestartling recent developments concerning thepresenceof ecdysone or juvenile
hormone or their analogues in plants (about which weshall hear more in the paper
by Slâma) has led to speculation about the raison d'être of these substances and it
has been suggested that the presence of such a compound makes the plant more
or less immune to insect attack (Robbins et ah, 1968). If such an effect resulting
from ordinary contact and feeding is confirmed we would have here a novel
mechanism of the repellent nature of secondary plant substances.
3. Plant substances asdefense agentsfor insects.
For some time speculations were made about another role of secondary substances inasmuch as they did not only protect the plants against insect attack, but
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could also give a similar protection to insects against predators if they were
accumulated in the insect body and suitably employed in the insect's defence.
Suchphenomena have now been at long last discovered. The best-known example
concerns the Monarch butterfly, Danaus plexiphus L., and a grasshopper,Poekilocerus bujonius Klug, which feed on Aristolochia species, plants well-known for
thepresence of cardiac glucosides.Itwas shown in aseries of investigations(v. Euw
et al, 1967; Reichstein, 1967; Reichstein et al., 1968) that these substances are
taken into the insect body with the food, accumulated in glands and used in
protective secretions against, for instance, birds (Brower et al., 1968). A similar
relation has now been established between Senecio alkaloids and the Cinnebar
moth, Callimorpha jacobaea(Aplin et al., 1968). Thus a defense agent for the
plant also becomes a defense agent for the insect. Such an action is only possible
if the insects in question arenot themselves adversely affected by these substances.
It would also follow that these substances make these plants repellent to other
insects; this has not yet been demonstrated.
Final considerations.
The evidence which I have presented here on the role of secondary plant substances makes it for me abundantly clear that host selection is guided by the
presence or absence of secondary plant substances, and that qualitatively or quantitatively nutrients can play only a very minor role, if one at all, in this context.
This conclusion is, however, contradicted by several authors, e.g., Schoonhoven
(1968), who makes the following very clear statement: "Monophagy and oligophagy could then very well be based on a fairly subtle combination of a number
of common plant components, combined with the absence of several secondary
substances." In support of this view it would be necessary to show that all plants
which arenot foodplants, are either non-nutritious, or contain arepellent principle,
or both. There seems to be no clear-cut evidence that the presence or absence, or
relative proportion of common nutrients plays a part in host selection.
In myview the evidencefor the importance of the secondary substances in host
selection is so overwhelming as to need no further proof. We shall have much
opportunity in the course of the symposium to discuss this notion.
Supported in part by U.S.Public Health grants AI00533-18, and Career Award
5-K06-GM-18,495.
ZUSAMMENFASSUNG

BEWERTUNG

UNSERER VORSTELLUNGEN ÜBER SEKUNDÄRE
PFLANZENSTOFFE
Die Arbeit bringt und beurteilt moderne Auffassungen über die Rolle der sekundären
Pflanzeninhaltsstoffe bei der Wirtswahl phytophager Insekten. Sie enthält die folgenden
Hauptabschnitte: A. Die Rolle der Nährstoffe bei der Wirtswahl. B. Die Auffassung der
Ausnutzung in diesem Zusammenhang. C. Die Rolle der sekundären Pflanzenstoffe als Attraktants. D. Die Rolle der sekundären Pflanzenstoffe als Repellents. Es wird die Schlußfolgerung
gezogen, daß die Wirtspflanzenwahl grundsätzlich von der Gegenwart und/oder dem Fehlen
sekundärer Pflanzenstoffe bestimmt wird, und Nährstoffe, wenn überhaupt, in diesem Zusammenhang, quantitativ und qualitativ nur eine sehr untergeordnete Rolle spielen können.
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LABORATORY OBSERVATIONS O N LOCUST RESPONSES
TO WIND-BORNE GRASS ODOUR
BY

J.S.KENNEDY xANDJ.E.MOORHOUSE2
Anti-Locust Research Centre, London, England
Starved desert locust 'hoppers' respond to wind-borne grass odour by turning and moving
upwind toward the odour source. The conclusion from previous work, that this orientation
reaction depends on unequal olfactory stimulation of the two antennae (osmotropotaxis), has
been re-examined in further experiments. "Agitating" hoppers, by handling them singly or bytumbling a crowd of them together just before releasing them in a wind tunnel, induced rapid
upwind movement by both starved and fed hoppers even in the absence of grass odour.
Repeated agitation led to increasing locomotor excitability accompanied by increasing upwind
bias. Bilateral antennectomy depressed activity, but agitated antennaless hoppers also moved
upwind with and without grass odour, provided they were very starved. Vaselining or amputating one antenna, or fixing the two antennae in a crossed-over position, impaired but did
not prevent upwind-orientated movement in response to grass odour. It is concluded that
the normal upwind movement in response to grass odour is not osmotropotaxis but anemotaxis: the grass odour activates the insects and at the same time switches on their positive
orientation reaction to thewind itself.A"repellent" odour also activates the insectsand induces
anemotaxis, which is now negative. Thus a variety of stimuli which excite locomotor activity
simultaneously switch on anemotaxis, either positive or negative.

The problem of howa walking insect orients itspath toward a distant sourceof
wind-borne plant odour has been considered solved, in principle, since the work
ofFlügge (1934) andKalmus (1942) onDrosophila spp.According tothis classical
theory the insect orients upwind toward the odour source not by means of directional cues in the olfactory stimulation it receives, but rather by means of directional cues from the wind itself, that is, anemotactically (anemotropotaxis). The
olfactory stimulation serves to "switch on", centrally, the orientation to wind, or
(Kalmus, 1942) to accelerate an anemotactic response that was already evident
before theonset of olfactory stimulation.
However, thefirst detailed study of such behaviour wasthat of Haskell, Paskin
& Moorhouse (1962) who arrived at a very different conclusion from their work
on the orientation reactions of desert locust "hoppers" in a wind tunnel. Starting
always with hoppers that had settled down to quiescent "basking" on the floor of
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thetunnel in response to overhead radiant heaters, these authorsfound that starved
hoppers responded to the onset of "clean" wind by "drifting" downwind; when the
odour of grass was added to the wind they responded byprompt re-orientation and
rapid movement upwind.Avery fewfreshly-fed, repletehoppersrespondedsimilarly
to wind with grass odour but most moved downwind like starved hoppers in
"clean" wind. The proportion moving upwind with grass odour increased with
starvation (reaching 100%in AVihr in Moorhouse's (1969) more extensive experiments). In place of the classical anemotatic theory of upwind movement stimulated by plant adour, Haskell et al. (1962) proposed an osmotropotactic one.
They assumed there must have been a gradient of odour concentration down the
wind tunnel, which the locusts detected as bilaterally unequal stimulation of the
antennal chemoreceptors. This was an unexpected conclusion (the grounds for it
are referred to later in the Discussion) and some aspects of this problem have
therefore been reinvestigated with particular reference to the level of locomotor
excitability and the role of the antennae.
Because grass odour has a pronounced activating effect on starved, basking
hoppers, promptly inhibiting the basking reaction and provoking fast and generally
uninterrupted locomotion upwind, whereas wind alone produces a slower, downwind "drift", it seemed possible that the level of locomotory excitation might be
what governed the sense of the orientation to wind. If so, then upwind orientation
might be obtained regularly in the absence of grass odour and even in unstarved
hoppers,providedasufficiently highlevelof locomotor excitation could be induced.
The simplest way to do this was to mimic a predator by pursuing, catching and
roughly handling the hoppers, or otherwise subjecting them to strong visual and
mechanical stimulation. This procedure proved strikingly successful.
MATERIAL AND METHODS

The locusts were fifth-instar hoppers of the desert locust Schistocerca gregaria
(Forsk.) from the standard, high-density, gregariform culture maintained at the
Anti-Locust Research CentreinLondonwheretheoriginalandthepresentworkwas
done.Thelocusts arefed dailyonfresh-cut grass (mainlyPoaspp.,Phleum pratense
and Agropyronrepens) and bran. Haskell etal. (1962)used fourth instar hoppersof
the same species from the same culture and Moorhouse (1969) has shown that the
response to grass odour in wind is similar in all instars. He also showed that
responsiveness is at a maximum just before the middle of the instar, that is 3—4
days after the previous moult in the fifth instar, and hoppers of that age were
used.Unless otherwise stated theywerestarved for24hrs before these experiments.
The wind tunnel used was the original one described by Haskell et al. (1962),
with a working section 120cmlong, 71cm wide, and 13cm high, but without the
electric fences at the two ends. The locusts were thus able to climb the muslin
covers of the end honeycombs and commonly did so on arrival at either end, and
this set alimit to the time available for observations of behaviour on the sand floor
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of the tunnel after any given stimulus onset. Because the air is not blown but
sucked through the tunnel, lifting the tunnel lid permits the air to by-pass the
working section where the flow ceases. Lowering the lid served to re-start the
flow at once through theworking section in thoseexperimentsinvolving"dumping"
or "herding" of the hoppers with the lid temporarily open. The air temperature in
the working section was held at about 30° but the overhead infra-red lamps were
kept on so that the hoppers tended to settle down in "basking" groups on the
sand when left undisturbed.
The perforated box in which freshly-bruised grass (from the stock feed) was
placed at the intake end of the tunnel in order to add grass odour to the air,
extended the full width of the tunnel. Thus the odour permeated the entire airstream within which the hoppers manoeuvred, as in the original experiments of
Haskell et al.(1962). When the tunnel fan was switched off, air continued to be
drawn through the tunnel at about 1.5 cm/sec owing to the negative pressure in
the laboratory ventilation system to which the tunnel outlet was connected. This
condition of slight air drift is referred to as "still air" below, although hoppers
responded to it by upwind movement when the grass box was loaded and sometimes by downwind drift when the box was empty.
'
In the first experiment the hoppers were "agitated" by catching an individual,
manipulating and tumbling it roughly in the fingers and dropping it quickly into
the tunnel through a small hole in the lid, with the wind already turned on. In
subsequent experiments a crowd of hoppers were collected together by hand into
a 20-cm diameter clear plastic jar, tumbled roughly together for several seconds
and then emptied out ("dumped") as a struggling crowd on the floor of the open
tunnel, whereupon the lid was promptly lowered. The method of "herding" the
hoppers without handling them is described below under the relevant experiment.
RESULTS

Effects ofagitation
Experiment 1. The behaviour of the same single hoppers in a "clean" 50cm/sec
wind was compared, first after handling and dropping into the centre of the tunnel,
and then after narcosis with carbon dioxide and careful placing at the same point
on the floor, oriented across wind. The movements and pauses and path followed
by each hopper were recorded until it first reached one or other end wall of the
tunnel, upwind or downwind. Of 20 individuals handled and dropped in, 19
reached the upwind end first, taking 5—25 sec to do so; the other one reached
the downwind end first, taking 59sec to do so. Of these 19 that had all moved
upwind, 15 were then re-tested after narcosis, and every one of them reached the
downwind end first, with much pausing and meandering on the way, taking from
3—21min to do so from the time they began walking.
The above method was extremely time-consuming and the single hoppers often
made one or two jumps at random when first dropped in after handling, or briefly
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ran hither and thither before clearly setting course for the upwind end. Further
experiments were therefore done with 50 or more-hoppers tumbled together and
"dumped" into the tunnel as described under Methods. The hoppers moved off
rapidly at once, but they now jumped very rarely, gregariousness having a certain
steadying effect on the individuals' behaviour, as well as serving to amplify any
directional bias.
The Plate illustrates the behaviour of a large crowd of 130hoppers in the tunnel,
first in the standard test situation when the grass odour reaches them in the wind
whilst they are settled quietly on the floor of the tunnel, and secondly when they
have been tumbled together and dumped on the floor in a wind of the same speed
but with no grass odour. In both cases the movement was predominantly upwind,
but after tumbling it was both faster and more unanimous.
20 cm/sec

50 cm/sec

2
3
4
5
6
7
8
9
Fig. 1. Distribution of 75 hoppers between the upwind (solid, right) and downwind (open, left)
halves of the wind tunnel 60sec after being tumbled and dumped together in the centre
(Experiment 2). Serial tests done in the order shown at 10-min intervals. No grass odour.

Experiment 2. A crowd of 75 hoppers were tumbled and dumped in the centre
of the tunnel, without grass odour, and their distribution between the upwind and
downwind halves of the tunnel recorded 60sec later. The procedure was repeated
at approximately 10-min intervals, using two wind speeds. There was a clear upwind bias in the hoppers' movements at every test (Fig. 1). There was no clear
difference between their behaviour in the two wind speeds used, but there was a
clear increase in the strength of the upwind bias as the trials preceded, and this
was associated with increasing activity. This progressive rise in locomotor excitability parallels Moorhouse's (1969) observation that when a crowd of hoppers
were activated repeatedly by grassodour in along series of tunnel tests at intervals
of from 1 to 30min. their readiness to settle down and bask between tests de-
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creased progressively, the decrease being more pronounced with short intervals
between tests.
Experiment 3. In order to obtain numerical confirmation that the preponderantly
upwmü distribution of the hoppers in the tunnel after tumbling and dumping without grass odour, was in fact due to orientation of their movements upwind, the
tunnel working section was shortened to 83cm and photographs were taken at
3-sec intervals after each dumping of 50 hoppers in the tunnel. The numbers of
hoppers anywhere on the floor whichwere oriented upwind, across-wind or downwind ( ± 45"), were subsequently counted in each photograph. The hoppers were
dumpedinto thecentre of a 23-cmwidestripacross thecentre of thetunnel,andthe
numbers that had moved out of this strip into either the upwind end-section or the
downwind end-section (each 30cmwide) were also counted at 3-sec intervals. The
counts from successive photographs were plotted against time and the left half of
Fig.2 ("Intact") refers to the counts obtained at the moment when 30+ hoppers
had moved out of the middle section, which took 6—12sec. Later photographs
includedfewercountablehoppers,sinceby this time theywerereachingandclimbing
the ends of the tunnel. Thus the orientation percentages are based on 20—30
hoppers per test, while the displacement percentages are based on 15—25. There
was a clear up-wind bias of movement by theintact hoppers, as measured both by
orientations and by resulting displacements, in each of the eight tests with wind.
There wasno apparent difference between theresultsin winds of 60and15cm/sec,
and in "still" air (1.5cm/sec) the hoppers showed a weaker, downwind bias.
Experiment 4. A large crowdof hoppers was tested repeatedly over three days
in order to observe the effect of feeding and starvation on their response to wind
with and without grass odour, and also with and without prior tumbling and
dumping. The experiment began with 130 hoppers immediately after they had
been fed to repletion. 113 survived to the second day during which no food was
given and 82 survived to the third day when they were fed again. Wind speed was
20cm/sec throughout.
Each test was started with the hoppers in the centre of the tunnel, and counts
were made of those that crossed the boundaries of the central 60cm of the tunnel
into either the upwind or the downwind end-sections, each 30cm long. Counts
were made at 20-sec intervals and the difference between the numbers crossing
the upwind and downwind boundaries of the centre section was usually at its
maximum 20sec from the start, owing to some hoppers reaching the end of the
tunnel and thenwanderingback astimewent on.Thefour treatments,pre-tumbled
and not pre-tumbled, both with and without grass, were carried out one after the
other at roughly 5-min intervals, and then repeated in a different order after the
longer intervals shown in Fig.3. The hoppers were kept in a 20-cm diameter jar
without food between treatment sets.
When the next treatment was not to include tumbling, the hoppers were left in
the tunnel after theprevious test and the intention was that they should havecome
to rest when the next wind exposure began. However, to ensure that their initial
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Fig. 2. Orientations (slender arrows) and displacements (broad arrows) of intact hoppers at
6—12 sec, and of antennaless hoppers at 9—15 sec, after tumbling and dumping in the
centre of the tunnel, without grass odour (Experiment 3). Mean percentages, based on the
number of tests shown for each wind speed. Upwind to right, downwind to left; hoppers
oriented across wind divided arbitrarily into equal numbers each way
(45—135° and 225—315°).

distribution would be comparable with that of the tumbled and dumped hoppers
(that is, confined within the boundaries of the centre section) before the stimulus
onset, those that were in the end-sections at the completion of the previous test
were brought as gently as possible, without handling, into the centre section. This
was done with the tunnel lid lifted, utilizing the hoppers' visual evasion response
to a handmoving near them. This procedure may be called visual "herding". For
the first one or two sets of tests most of the herded hoppers came to rest in the
centre section when the herding operation ceased, but for later tests they became
less ready to stop and many were still moving at the onset of the next test. Thus
therewas again a build-upof locomotorexcitability as the series of tests proceeded.
The hoppers did not start from a constant lowlevel of locomotory activity, basking
quietly on the floor, in the successive tests with increasing starvation as they did
in the experiments of Haskell et al. (1962) and of Moorhouse (1969) mentioned
in the Introduction. Hence, as can be seen in Fig.3,while feeding greatly reduced
the activity of the herded hoppers on thefirst day (and again on the third day) the
increase in activity in the ensuing three hours on the first day cannot be attributed
solely to increasing starvation as it could be in those earlier experiments. Even in
the first test on herded hoppers with grass odour in the wind, when the replete
hoppers had been tumbled and dumped only once and herded only twice, they
showed apronounced upwind bias.
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Fig. 3. Displacements upwind (right) and downwind (left) among a large crowd of hoppers
20 sec after the start of each test in an extended series of tests involving sets of four
different treatments (Experiment 4).

There was in fact only onetest in thewhole series over the three days when the
hoppers did not show predominantly upwind movement. That was the very first
test with herded, replete hoppers and no grass odour. At this time most of the
hoppers settled down readily when herded into the centre section. When the wind
stimulus was applied, only 13 out of the 130 hoppers moved out of the centre
section in the first 20sec, 7 going upwind and 6 downwind. After re-feeding on
the third day, there was againvery little movement by the herded hoppers with or
without grass odour, but it was now biased upwind in both cases.
In order to check that it was indeed the persistent agitation through repeated
tumbling and herding that maintained the upwind bias of movement in the tests
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shown in Fig. 3, two additional tests (not shown in Fig. 3) were carried out after
the main sets of tests with tumbling and herding had been completed on the first
day, and again on the second. For these extra tests the hoppers were not tumbled
or herded but were left undisturbed in the tunnel for 20min in "still" air, during
which time they settled down to quiescent basking. The wind was then turned on,
without grass odour. After 3V2-YK starvation, no hoppers at all moved out of the
centre section in the first 100sec. Even after 3min only 14 had done so, with a
downwind bias (11:3). After 27-hrs starvation, 3 hoppers moved out of the
centre section in the first 20sec, and 17 had done so after 100sec, showing no
bias either way.
In the main series of tests (Fig.3) the activity of herded hoppers in wind withoutgrass odour (col.3)wasconsistentlylower than after theother three treatments,
although those hoppers that did move showed a clear upwind bias. As expected,
the addition of grassodour elicitedmuchmore activity by theherded hoppers (col.
3 vcol.4),aswellasa stronger upwind bias:upwindmovement became practically
unanimous from 3-hrs starvation onwards. Grass odour strengthened somewhat the response of tumbled hoppers, also, within half an hour of both feedings
(1 v 2). Grass odour added little to the upwind bias of tumbled hoppers from 3hrs starvation onwards (1 v 2). Tumbling, on the other hand, strengthened the
response of fresh-fed hoppers in thepresence of grass odour (2v4) and evenmore
so in its absence (1v3). Thus prior tumbling worked in the same way as grass
odour and largely nullified the inhibitory effect of feeding and radiant heat on
upwind-oriented movement, which grass odour alone fails to do in fed hoppers
that have not been agitated beforehand (Haskell et al, 1962).
Role of the antennae
While antennal chemoreception isevidently not necessary for upwind orientation
to occur, Haskell et al. (1962) mentioned another possible role for the antennae,
namely, orientation to the wind itself by means of.antennal mechanoreceptors.
They abandoned this suggestion when they found that cementing the flagellum to
the pedicel so that the antennal scoloparia would not be stimulated by movement
of the flagellum, did not affect the upwind response to grass odour, although
vaselining the two freely mobile antennae suppressed it entirely. But orientation
to wind by means of some type of antennal mechano-reception remains a possibility. Secondly, Bayramoglu-Ergene (1968) has since demonstrated a "dynamogenie" (kinetic) function of acridid antennae (in Anacridium aegyptium), antennectomy depressing locomotor activity. Because grass odour and "agitation" both
have a powerful kinetic effect, it seemed possible that upwind orientation might be
"switched on" as a secondary consequence of that common factor. Antennectomy
was therefore tried in several experiments to see whether, for these reasons or any
other, the antennae were necessary for upwind orientation.
After the last test on intact hoppers in Experiment 1 above (Fig. 1), the same
hoppers were antennectomized at the pedicel, tested again with tumbling and
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dumping an hour later,twice at20-cm/sec and twice at 50-cm/secwind,alternately,
at 5-min intervals. As expected, locomotor activity was reduced by the operation.
Unlike intact hoppers in crowds, but like single intact hoppers (p.3), the crowded
antennaless hoppers often jumped when first dropped on the tunnel floor. When
not locomoting, they stood high on their extended legs, closer together than intact
hoppers do, fidgeting, palpating, and sometimes even biting each other, in a tense,
"nervous" manner. According to Ellis (1959), active mutual antennal contacts
have a tranquillizing effect on gregarious hoppers. When grass odour was added to
the wind the fidgeting increased and the hoppers moved further apart, but there
was no clear directional movement. As the tests proceeded the hoppers dispersed
more rapidly from where they fell but there was still no consistent bias upwind or
downwind.
Similarly negative results were obtained in Experiment 2 in which as already
described (p. 5 and Fig.2) a batch of 50 intact hoppers were found to move
consistently upwind in the absence of grass odour after tumbling. A second batch
of 50hoppers from the same population were given twosimilar tests after tumbling
and dumping, one each in winds of 15 and 60cm/sec, when they behaved like the
first batch. They were then antennectomised, left for two hours and then tested in
between the tests with the first, intact batch. The results are shown in the right
half of Fig.2. The antennaless hoppers were slower to move out of the centre
section, partly because they paused more and partly because more of them moved
across wind to the side walls.Like the intact hoppers, the antennaless ones showed
a consistent downwind bias in "still" air (1.5 cm/sec). Unlike the intact ones,
the antennaless hoppers showed the same bias in winds of 60 and 15cm/sec,
although now less strongly. Finally, the two batches of hoppers were tested
separately with grass odour in the wind after they had come to rest on the floor.
The intact hoppers showed the normal concerted upwind movement response.
About half the antennaless hoppers responded to the odour by starting to "potter"
and palpate the floor, but without any obvious upwind bias.
However, consistent upwind movement by antennaless hoppers was obtained
later, when a larger number of hoppers — over 90 — were antennectomised after
they had already been intensely active in the wind tunnel as members of a crowd
totalling 130duringrepeated testswithrapid temperature changesbetween 25° and
42°. These tests had lasted two hours on that day and four hours on the previous
day. These hoppers were also very starved, having been without any food or drink
for 36 hours, and with bran but without any grass for a further 24 hours before
that. Three hours after antennectomy the hoppers were tested in a 15-cm/secwind
using three treatments in rotation:
1, tumbling and dumping without grass odour in the wind,
2, the same, but now with grass odour, and
3, herding into the centre section, initially without grass odour in the wind, and
then with grass odour added.
Very few of theherded hoppers (treatment 3) moved before the grass odour was

495

496

J.S.KENNEDYANDJ.E.MOORHOUSE

added and those that did move showed no bias upwind or downwind. When the
grass odour was added (Fig.4) more herded hoppers moved out of the centre
section, 10—30 having done so after 60 sec, and in all.four tests with herded
hoppers a majority of those that did move out when the grass odour was present,
did so upwind. Tumbling and dumping caused more than 50 hoppers to move out
of the centre section within 60sec, with and without grass odour, and again there
was a clear upwind bias in all the nine trials. The addition of grass odour added
little or nothing to the response of tumbl'ed hoppers.

Tumbled,wind only
5

Herded, wind & grass

ÙTW^

Tumbled, wind & grass
4
20

0

0

40

Fig. 4. Displacements upwind (right) and downwind (left) among a crowd of very starved
antennaless hoppers. Means based on the numbers of tests shown.

In parallel with the 3-day series of tests on a large crowd of intact hoppers
given four different treatments (Experiment 4, above, p. 491 and Fig. 3), a second
similar batch of hoppers were given the same tests alternating with the first batch
following antennectomy 2 hours before their first test. All of these 130 antennaless
hoppers survived to the second day and 100 of them until the third.
Fig.5 shows the results obtained with the antennaless hoppers. To make this
figure strictly comparable with Fig.3 for the parallel batch of intact hoppers, the
broad arrows refer again to the numbers that had moved out of the centre section
into the upwind or downwind end-sections 20sec after the start of each test (the
moment when the wind tunnel lid was lowered again after dumping or herding,
thus initiating the air flow through the tunnel). After tumbling and dumping the
antennaless hoppers often moved out more slowly than the intact ones from the
centre section and then the greatest difference between the number of those that
had moved upwind and downwind occurred later than it did with the intact hoppers, at about 60sec (slender arrows in Fig.5). After herding, the antennaless
hoppers weresometimesmoreactivethan theintact ones, asgauged bythenumber
movingoutof thecentresectionin 20sec.This wassothroughout thetests without
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Fig. 5. Displacements upwind (right) and downwind (left) among a large crowd of antennaless
hoppers given an extended series of tests involving sets of four different treatments. Broad
arrows refer to the situation 20 sec after the start of each test; slender arrows to that at
60 sec. Compare Fig. 3 for intact hoppers given parallel treatments.

grass odour after herding (col.3 in Fig. 5); and also in the tests with grass odour
after herding at the first two tests on the first day, but not later (col.4). When the
antennaless hoppers were herded, they seemed to stimulate each other into continued movement to a greater extent than the intact ones did, perhaps because the
antennaless ones lacked the tranquillizing effect of antennal contacts. They even
showed a certain tendency to 'march' from time to time. This did not happen when
they were tumbled and dumped together in a crowd and lacked the directional
impetus of herding, and the antennaless hoppers were then consistently less active
than the intact ones.
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Nevertheless, the tumbled antennaless hoppers showed a distinct and consistent
bias upwind throughout the three days, even when fully fed (Fig.5, cols. 1 & 2),
although thebiaswaslessstrongthan that of tumbled intact hoppers (Fig. 3).Thus
upwind movement occurred even when locomotory activity was at a relatively low
level, which wasnot observed with intact hoppers. The herded antennaless hoppers
showed onthe whole aslightupwind bias,but not consistently, perhaps because the
random movements set in train by herding had not always ceased when the wind
started. Adding grass odour to the wind sometimes seemed to strengthen the upwind bias but did not have any certain effect, after tumbling or herding. As with
the intact hoppers, extra tests were made (not shown in Fig.5) on the effect of
wind without grass odour, after the antennaless hoppers had been allowed to settle
down and bask in "still" air, on the first, second and third days. Only a very few
hoppers moved and these showed no directional bias. A similar test with grass
odour on the third day produced equally little effect.
Crossed antennae.Three separate experiments totalling 8trials with grass odour
in wind and three with wind alone, were done with a limited number of hoppers
at a time, 12—45, whose antennae were not cut off but crossed-over one another
and fixed with a spot of waxtothefrons wheretheycrossed, about onethird of the
way up the flagellum (Cf Martin's (1965) experiments on osmotropotaxis in
honey-bees).As controls,parallelbatches of hopperswerehandled inthe sameway
but left with the antennae free, and in one experiment the antennae of a third
batch were fixed uncrossed and splayed outwards in the normal "alert" position.
The hoppers were left in the tunnel 10min before the wind was turned on either
with or without grass odour. On the addition of grass odour to the wind, the
hoppers with free antennae and those with fixed but uncrossed antennae behaved
normally, promptly re-orienting and moving upwind, the great majority reaching
the upwind end of the tunnel within 60sec. The hoppers with crossed-over antennae were fewer and slower to react to grass odour but in all 8 trials they showed
a clear upwind bias when they did move, and after 2—6 min the great majority
had reached the upwind end.
In the experiment using 45 hoppers with crossed-over antennae and a parallel
batch of 45 hoppers with free antennae, counts weremade of thenumbers crossing
the mid-line in the tunnel either upwind or downwind (20cm/sec throughout).
Previous work had shown that the vapour of carbon tetrachloride would cause
intact hoppers to move directly downwind, and tests were done with carbon tetrachloride as well aswith grass odour in this experiment. Table I sets out the results,
illustrating how the treated hoppers, although less active, showed the same clear
directional bias as the controls: upwind with grass odour and downwind with
carbon tetrachloride.
However, hoppers with crossed-over antennae did not respond to either odour
by one prompt and complete re-orientation followed by unhesitating progress
straight to the end of the tunnel, in the way that the control hoppers did. The
hoppers with crossed-over antennae were hesitant, and "pottered" rather than
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proceeded to the end. They began to move as soon as the odour stimulus arrived,
but their first move was not usually combined with re-orientation. It was usually
straight ahead in whatever direction they happened to be facing at the time. They
then paused, turned and advanced again, often more than once; they seemed to
reach the upwind end with grass odour, or the downwind end with carbon tetrachloride, because, once they had become oriented so, they continued walking
without further turning and with fewer pauses. The turns ending in this maintained
orientation gave the superficial impression of being at random but they were not
recorded and may well have been biased. Crossing the antennae disorganized the
orientation process considerably but failed to prevent it.
TABLE I

Numbers of hoppers with antennae free, or fixed in a crossed-over position, that had moved
across the mid-line of the wind tunnel upwind and downwind after 30 sec and 2 min from
the time of wind onset. Free hoppers responding to grass and CCU had reached the tunnel
o.nd and begun to return within 2 min: these figures are therefore in parentheses.
Odour
in wind

Antennae
Timefrom Fixed crossed
Free
wind onset up
up
dow
down

"None"

30sec
2min

2
6

0
4

0
9

2
8

Grass

30sec
2min

5
9

0
0

27
(33)

0
(5)

CCU

30sec
2min

0
0

3
12

0
(5)

8
(9)

Unilateral treatmentof antennae. A batch of 48 hoppers were deprived of food
for 4Vi hr and then tested in a 20-cm/sec wind, first after tumbling and dumping
without grass odour, when they moved upwind as in Expts. 2—4; and then after
settling down, when they showed the typical upwind movement response to grass
odour and downwind "drift" without it. In the course of the next 45min the
hoppers were agitated intermittently by further grass stimulation, handling or
herding, while the flagellum of one antenna on 24 of them was coated with a thin
layer of vaseline: the left antenna of 12 hoppers marked on the pronotum with
one colour of non-toxic paint, and the right antenna of 12 other hoppers similarly
marked with another colour. The remaining 24 hoppers were handled similarly one
by one but left intact as controls. There was now less settling when the hoppers
were left undisturbed in "still" air in the tunnel in the absence of grass odour.
Testswithfresh grassodour in the20-cm/secwind weredone with all48hoppers
in the tunnel at 5V-i, 6 and 6Vi hr from the time they had been deprived of food.
The hoppers, both with and without one antenna vaselined, moved upwind with
grass odour and drifted downwind without it. The behaviour of the vaselined
hoppers was watched closely and no "circus movements" were seen at any time,
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nor any tendency to veer either toward the side with the vaselined antenna or
toward the opposite side. The treated hoppers were more "hesitant" and paused
more often, especially before a change of orientation (Cf. the hoppers with crossedover antennae, above). But the paths they followed when they did move were not
noticeably less directly upwind than those of the intact controls.
After 16hr of further starvation (total 23hr) undisturbed in the tunnel, the
hoppers had becomestillmorerestless and reacted to grass odourin the 20-cm/sec
wind by moving upwind more promptly than they had on the previous day. There
was now no apparent difference of behaviour between those that had, and those
that had not, had one antenna vaselined theprevious day. All the antennal flagella
that had been vaselined were then amputated, the other 24 hoppers similarly
handled but left intact, and six more grass odour tests carried out with all 48
together in the tunnel. There was stillno apparent difference of behaviour between
the painted (now operated) hoppers and the unpainted (unoperated) controls. The
former appeared to move upwind as soon, as fast and as straight as the controls,
from observation of individuals and counts made at intervals. At 241/i-hrs starvation, the 48 hoppers were collected into a jar, tumbled together and dumped on
the tunnel floor without grass odour in the wind. This was repeated five times and
induced common upwind movement each time. In these tests the operated hoppers
were consistently slower to start moving than the controls. Thus at 30sec from
dumping, 7—8 of the 24 operated hoppers had not yet moved from where they
had fallen, but only 1—2of the 24 control hoppers were still there. There was,
however, no apparent difference in the orientation or speed of the hoppers when
moving.
DISCUSSION

The experiments leave many unanswered questions including the nature of the
sensory cues in anemotaxis, but they leave little grounds for the suggestion of
Haskell et al.(1962) that theupwind movement of locust hoppers toward a source
of grass odour is osmotropotaxis mediated by the antennae. Grass odour can
induce such movement in hoppers with crossed-over antennae, and with one or
both antennae removed; and anemotactic upwind orientation can occur without
any grass odour in hoppers that have been handled and tumbled together. The
most acceptable hypothesis remains the classical one that the odour both activates
theinsects and switches on their orientation responses to directional cues provided
by the winditself.
The arguments in support of the alternative osmotropotactic hypothesis of Haskell etal.(1962) were asfollows. When one antenna was covered with vaseline or
removed the hoppers responded to grass odour in wind by making the circus
movements typical of tropotaxis, and when both antennae were vaselined they
responded by moving downwind like hoppers with untreated antennae in wind
without grass odour. Secondly, the upwind movement response to grass odour was
unimpaired when the sensory input was eliminated from certain mechanoreceptors
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on the head, thorax and anal cerci and in the antennal pedicels. From electrophysiological studies these were considered the only such receptors likely to
respond to the lowwind speeds used (60cm/sec) and thus to be capable of mediating anemotaxis. The impression had also been formed (unpublished) that the
upwind response to grass odour wasmorepronounced atlower than at higher wind
speeds. Thepresent experiments have failed to confirm thislast point.
That a significant gradient of odour concentration can exist along a short,
parallel-sided, closed wind tunnel when the odour is admitted across the full width
of the inlet, is implausible without direct evidence. Without such a gradient tropotaxis is impossible. Our failure to observe circus movements in wind bearing grass
odour, after vaselining or removing one antenna, may well have been due to our
hoppers being more "agitated" and hence more responsive anemotactically. But
circus movements, such as Haskell et al. (1962) observed, mean only that the
insects are capable of reacting chemotropotactically, given a very steep odour
gradient. In preliminary experiments in steep grass odour gradients in still air, we
have observed turning responses toward the odour source by intact hoppers, but
only when the source and the "sink" (activated charcoal) were about 10cm apart.
Lastly, the negative results of eliminating particular mechanoreceptor inputs cannot be conclusive evidence against anemotaxis, whether mediated by mechano- or
other receptors, especially when there is already evidence that temperature receptors detecting differential cooling of the body may be involved in the downwind
movement of basking hoppers (Haskell et al., 1962).
The present results confirm that antennal chemoreceptors are very important for
the response to grass odour, but show that their behavioural role is kinetic rather
than tactic in a wind entirely permeated with grass odour. The results obtained
when one antenna was vaselined or removed, and when the two antennae were
fixed in a crossed-over position, seem to rule out in this case the still hypothetical
"osmo-motor" mechanism of orientation to wind-borne odour (first proposed by
Moorhouse (unpublished) and mentioned in Kennedy, 1966). The "hesitant" behaviour of hoppers with fixed, crossed-over antennae compared with the normal
upwind movement response of hoppers with fixed uncrossed antennae suggests
that some antennal receptors might provide part of the sensory input mediating
anemotaxis, but this needs further study.
The salient point is that food odour is only one of several types of stimulus
that can switch on anemotaxis in a matter of seconds. The immediate effect of
the strong visual and mechanical stimulation provided by pursuing, catching and
handling hoppers or tumbling them together, is to provoke energetic evasion
manoeuvres. But, as an after-effect, such stimulation, too, induces positive anemotaxis when the stimulation has ceased and the hoppers' extreme "agitation" begins
tosubside.Note that the stimulation ofpreviously quiescent hoppers bywind-borne
grass odour has no such persistent effect: when the odour supply is cut off they
stop moving upwind within 1—3 sec and begin slow "pottering", as already described by Haskell et al. (1962). A "repellent" such as carbon tetrachloride (or
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valeric acid; Haskell et ah, 1962) also induces an immediate anemotaxis, now of
the opposite sign.
The common effect shared by all these types of stimulus-is to excite locomotor
activity. We infer that there is an unspecific central nervous locomotor "arousal"
system to which several different sensory inputs have access. However, our initial
hypothesis (pp. 488 & 494) that the anemotactic response system is controlled
in its turn, by that unspecific common system governing locomotor excitability,
and not directly by the original stimulus, is not entirely borne out. For positive
anemotaxis was observed at a low level of locomotor activity in antennaless hoppers and in hoppers with single or crossed-over antennae; and in intact hoppers
the anemotaxis may be either positive or negative at about the same level of locomotor activity. In quiescent hoppers, the orientation response to wind typically
precedes actual locomotion in response to odours. Hence, although anemotaxis is
normally associated with locomotor excitation itisprobably not simply a secondary
consequence of that excitation, but is switched on and set as positive or negative
by a parallel and more stimulus-specific nervous pathway.
The observed progressive increase in locomotory and anemotactic excitability
over minutes and hours (associated with a decrease in the akinetic response to
radiant heat and other "tranquillizing" stimuli), which is brought about by starvation or by repeated olfactory visual and mechanical stimulation of locomotor
activity, is probably governed in part by peripheral factors, including corpus allatum and corpus cardiacum hormones in the circulating haemolymph (Moorhouse,
1969). It remains to be seen whether there are also slow changes in the central
locomotor "arousal" system itself ("central excitatory state").
In terms of function, positive anemotaxis is evidently a component of both food
finding and evasive behaviour. In the latter context it could help to restore the
cohesion of a band of gregarious hoppers that has been disrupted by predator
attack; and this could be protective, since stragglers are reported to be particularly
liable toprédation.
Our acknowledgements are due toMessrs.R. Yeadon and S.R. Wrayfor valued
assistance.
RESUME

OBSERVATIONS DE LABORATOIRE SUR LES RÉACTIONS DU CRIQUET PÈLERIN
À L'ODEUR D'HERBE APPORTÉ PAR LE VENT
A jeun les larves du criquet pèlerin réagissent à l'odeur d'herbe apportée par le vent en se
tournant et en se déplaçant face au vent vers le lieu d'où vient l'odeur. Cette orientation avait
été attributée, à la suite de travaux antérieurs, à la stimulation olfactive inégale des deux
antennes (osmotropotaxie). Ce phénomène a été réexaminé.
L'agitation des larves, soit par maniement individuel, soit par secouage en masse, juste
avant de les lâcher dans un tunnel aérodynamique, a eu pour effet sur les larves, qu'elles
fussent à jeun ou rassasiées, de les faire se diriger face au vent même en l'absence d'odeur
d'herbe. La répétition de ce traitement a accru l'excitabilité locomotrice et également la
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tendance à aller contre le vent. L'antennectomie bilatérale a réduit l'activité locomotrice
mais ces larves sans antennes, préalablement "agitées", se sont aussi dirigées contre le vent
avec ou sans odeur d'herbe, à condition qu'elles aient été longtemps à jeun.
En vaselinant une antenne, ou en faisant l'ablation unilatérale, ou encore en entrecroisant
les deux antennes, on a atténué mais non pas supprimé le processus d'orientation face au
vent en présence de l'odeur d'herbe.
Il en a été conclu quele déplacement normal contre le vent en présence de l'odeur d'herbe
n'est pas une osmotropotaxie mais une anémotaxie positive; en faite, l'odeur active bien les
criquets et en même temps déclenche une réaction d'orientation au vent. Une odeur "repoussante" active aussi les criquets et déclenche l'anémotaxie, cette fois négative. Donc
différents stimuli qui excitent l'activité locomotrice déclenchent en même temps une anémotaxie positive ou négative.
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FACTORS DETERMINING THE SELECTION OF PLANTS FOR
OVIPOSITION BY THE TOBACCO HORNWORM
MANDUCA SEXTA
BY

R. T. YAMAMOTO, R. Y. JENKINS, and R. K. McCLUSKY
North Carolina State University, Raleigh, North Carolina 27607, U.S.A.
A generalized scheme concerning the oviposition behavior of Manduca sexta (Johan.)
moths was constructed according to observations and experiments conducted in large cages.
There are two phases in the orientation to plants, the approach and the landing. The approach
appears non-discriminatory and the moths utilize visual cues during this phase. The landing
is discriminatory and is based on fixed or learned responses to olfactory stimuli. After
landing, contact chemostimulation elicits deposition of eggs.

The adults of the tobacco hornworm, Manducasexta (Johan.), select the food
plants upon which the larvae feed. The food plants are all members of the family
Solanaceae and they are oviposited upon becausethey possess a common or similar
chemical substance which stimulates oviposition (Yamamoto & Fraenkel, 1960).
All solanaceous plants examined thus far stimulate oviposition under laboratory
situations whereas non-solanaceous plants do not.
The ecological situation is somewhat different since only afew of many different
species of solanaceous plants available to the moths are actually selected for
oviposition. For example, in North Carolina, among the twenty or more cultivated
and wild solanaceous plants only three are consistently infested. They are, in the
order of larval infestation, tobacco (NicotianatabacumL.), tomato(Lycopersicon
esculentumMill.), and horse-nettle (Solanum carolinenseL.). In Illinois, where
tobacco is not grown commercially,tomatoispredominantlyinfested. In California,
the hornworm is found on tomato and jimson-weed (Datura stramoniumL.).
In order to explain the pattern of larval infestation on hostplants over widely
separated geographic areas, "olfactory conditioning" or imprinting (Thorpe &
Jones, 1937; Marler & Hamilton, 1966) was reported as a possibility previously.
This aspect was restudied recently when hornworms became available in large
numbers throughout the year (Hoffman, et al., 1966; Yamamoto, 1969). This
report summarizes some of our observations and findings bearing on this problem
and gives a generalized scheme of theprincipal points at which sensory discriminations are thought to operate during oviposition. Details of the experiments and
results thereof willbepresented elsewhere.
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Requisitesfor ovipositionunderlaboratory situations
Moths4—5days old deposit optimal and predictivenumbers of eggs.They have
already mated, fed extensively on sucrose solution, and have mature eggs in the
ovaries by this time (Yamamoto, 1968). They are provided sufficient navigational
spacein cagesmeasuring approximately 3 X 3 X 2m. These cages are situated in
greenhouses wherethetemperatureisambient,fluctuating between 22—30°C, and
the daylength is natural. During the short daylengths of winter, feeding and oviposition decline, but moths can be brought to nearly normal behavior by adding
3ff/o dried leaf powder of hostplants to the artificial diet. Moths reared on plants
are not as readily affected by short daylengths.
Moths become active and take flight at dusk. Feeding and oviposition occur
during flight; mating occurs 2—3 hours after dusk. Observations and experiments
considered in this report weremade during thisperiod of flight activity.
Patterns of flightby caged moths
Three kinds of flight were observed in the cages. They are designated as 1)
dispersal flight, 2) normal foraging flight, and 3) low altitude foraging flight. The
first kind of flight occurs after the pre-flight, warm-up activity at dusk. This
flight isaccelerated and erratic, and themoths bounceon and off theceilingwhere
thelight intensity is high in respect to the rest of the cage. Moths released at dusk
in fields generally fly obliquely upwards toward the sky with great speed and
quickly disappear from view. The normal foraging flight occurs after the dispersal
flight. Some moths do not undergo the dispersal flight but go directly into this
flight. The path of the flight is circular and at mid-level in the cages and moths
show great dexterity in avoidingeach other and the walls of the cage.If objects or
plants are placed in the cage, the moths may approach them and may land on
some.White objects tend to evokeproboscis extension and feeding responses. The
third kind of flight occurs at near ground level, is highly accelerated, and small
objects on the ground are approached, and if they happen to be leaves of hostplants they are oviposited upon. Only a few moths undergo this flight pattern.
Orientation and ovipositionon objectsandplants
Orientation to an object or plant can be divided into two phases, the approach
and the landing. Moths will approach objects and plants of varying dimensions,
patterns, and reflective surfaces nearly equally from a distance but they do not
land on all objects equally. Approach and landing seem to occur in one movement
on hostplants but moths usually veer away from a non-hostplant or an inanimate
object such as an artificial leaf at distances from 4 to 15cm.
Moths approach, land, and oviposit on artificial leaves sprayed with an extract
of a hostplant with great intensity in the absence of a normal hostplant. In the
presence of a normal hostplant, the intensity of oviposition on the artificial leaves
is reduced.
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Oviposition onplantsbydiet-rearedmoths
The artificial diet contains no hostplant extract,or powder. Moths from dietreared larvae therefore have had no prior contact or experience with hostplants
until they were ready to oviposit. Moths given an opportunity to oviposit on many
different kinds of plants oviposited freely only on solanaceousplants. Theresponse
to solanaceous plants is therefore fixed and inherited. When given a choice of
several solanaceous plants, the moths preferentially oviposited on certain ones.
The order of preference in a 4-choice situation was horse-nettle>tobacco>jimsonweed> Nicandra.The basis for the choice has not been established as yet but may
involve both olfactory and contact stimulation. Contact stimulation occurs through
the tarsi of the fore- and mid-pair of legs.
DISPERSING
'Host Odor
= Excitant
SEARCHING
Nonspecific
Visual
Cues
APPROACHING
+ Specific
Odors
LANDING
+ Spec!fie
Contact
Stimulus
OVIPOSITING

Fig. 1.Scheme showing major behavioral components of oviposition behavior of M. sextaadult.

r
OVIPOSITION BY MANDUCA SEXTA

507

Selectionof plants by moths rearedonplants
Moths reared during the larval stages on jimson-weed or tobacco and exposed
to the same four plants as diet-reared moths showed ovipositional preferences for
the plants on which they were reared. Preferences were displayed by individuals
and records were therefore taken on single or pairs of moths. Somemoths did not
show altered responses.
"Imprinting" appears to be to the odor of the plants. Moths reared on artificial
diets containing dried hostplant powders lacking odors responded no differently
than control moths reared on ordinary diet.
Generalized scheme of oviposition behavior
Although detailed analyses have not been made or completed on all points
where sensory discrimination occurs, sufficient information is on hand to construct
a scheme showing the major components of the oviposition behavior of M.sexta
(Fig. 1). The scheme is helpful in delineating two point of interest as far as hostplant selection is concerned: olfactory discrimination and contact discrimination
of solanaceous plants. Olfactory discrimination is made prior to landing. In the
absence of the proper odors, whether the insects are imprinted to them or not,
landings arefew and hence further discrimination at the contact level and thus oviposition is not made. Our observations indicate that the presence of foreign odors
may also inhibit landings.
It is likely that several factors in the environment proportionately contribute to
the selection of certain plants for oviposition. In the tobacco growing areas of the
United States, the ready availability of tobacco over wide geographical areas
facilitates foraging and oviposition. This fact plus the fixed and learned responses
of the moths to chemicals in tobacco make tobacco a prime candidate for oviposition.
This work was partially supported by the Entomology Research Division, ARS,
USDA, under Grant 12-14-100-9135(33). Paper no. number 2933 of the Journal
Series of the North Carolina State University Agricultural Experiment Station,
Raleigh, North Carolina.
ZUSAMMENFASSUNG

DIE FÜR DIE WAHL DER EIABLAGEPFLANZEN

DES

MANDUCA SEXTA, BESTIMMENDEN

TABAKSCHWÄRMERS,
FAKTOREN

Auf Grund von Beobachtungen und Versuchen in großen Käfigen wird ein allgemeines
Schema des Eiablageverhaltens von Manduca sexta (Johan.) entvforfen. Es bestehen zwei
Phasen in der Orientierung auf die Pflanzen, die Annäherung und die Landung. Die Annäherung scheint unterschiedslos ungerichtet zu erfolgen; die Schwärmer benutzen während
dieser Phase visuelle Schlüsselreize. Die Landung ist entscheidend gerichtet und beruht auf
erlernten Reaktionen auf spezifische Genichsreize. Nach der Landung löst ein chemischer
Kontaktreiz die Ablage der Eier aus.
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BEHAVIORAL INFLUENCES O N FOOD SELECTION IN
GRASSHOPPERS (ORTHOPTERA: ACRIDIDAE) 1
BY

GREGORY B. MULKERN
Department of Entomology, North Dakota State University, Fargo, North Dakota, USA 58102
Host plant selectivity has been established for many species of grasshoppers but the
mechanisms involved are not completely known. General undirected activity was enhanced by
favorable temperature, humidity and illumination. Positive phototactic responses were elicited
by directed illumination, color and visual patterns.
Orientation to stimuli from food materials generally took place only after contact had been
made with the mouthparts. Discrimination among various extracts and extract concentrations
from different plant species was demonstrated.
'
Individual grasshoppers in laboratory experiments with artificial diet arrays selected resting
sites independent of food location. In some cases feeding was influenced by resting site
location.
The feeding behavior of grasshoppers will cause them to remain in areas of favorable host
plants through a general type of orthokinesis.

I should preface this paper with some brief explanations of the source of our
information.
The use of the term "grasshoppers" has some advantages and disadvantages, but
it is a little pretentious to talk about food selection in "grasshoppers". There are
roughly 338 different kinds of grasshoppers in North America (Heifer, 1953) (I
use the word "kinds" because of the vagaries of taxonomy). Eighty-one kinds or
species have been recorded in North Dakota (Hebard, 1936, Onsager & Mulkern,
1963).
Our work has been concentrated in the Sheyenne National Grasslands of southeastern North Dakota. The geographical position and a hythergraph of the mean
monthly temperature and precipitation for the specific study site are given in
Fig. 1. Thirty-six different species have been collected from a few sections of this
grassland and each species ispeculiar unto itself.While they may appear to present
a united front, actually each species is going its separate way, utilizing a particular
habitat during a particular part of the season, ingesting a limited number of host
plants and responding to environmental influences in its own way. Evans (1968)
pointed out that locust research has brought out again and again that each species
x

) Published with the approval of the Director of the North Dakota Agricultural Experiment
Station as journal Article No
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is unique and must be studied independently. Observations and experiments on the
behavior of one species are often not fully relevant to another.
The available evidence for grasshoppers indicates in general that most species
are selective and that morphological and physiological adaptations to host plants
have taken place. Selectivity is related to the suitability of the plant for thegrasshopper (Mulkern, 1967).
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Fig. 1. Hythergraph of mean monthly temperature and precipitation for study area near
McLeod, North Dakota.

In the grasslands study area, the grasshoppers ranged in their food habits from
almost complete monophagy through various shades of oligophagy and pleophagy
to polyphagy (Mulkern et ah, 1969). But even the most opportunistic species
utilized only a very small portion of the vegetation available to it. We are speaking
of a grassland situation where there are over 120 species of plants present with
suitable hosts intermixed with other plants.
Even in periods of stress, with large populations or outbreaks of polyphagous
species, in which the food supply has been drastically reduced, one can still find
reports of certain plants or varieties remaining unscathed even though practically
everything around them had been eaten. (Cf. Brunson & Painter, 1938, Jacobson
&Farstad, 1941, Parker etal, 1955,Riley, 1891,andSmith, 1939).
First consideration though, should begiven to a study of grasshoppers in a nonstress situation. As Smith (1954) pointed out, most of the studies on grasshoppers
havebeen during outbreaks butlittle has been donewhen they werenot abundant.
Grasshoppers are somewhat distinctive as phytophagous insects as despite their
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selectivity in feeding, the oviposition sites are generally not selected with regard to
hostplant availability for thehatching nymphs. To the contrary, the substrate most
preferred by many species is unvegetated soil. Others lay eggs in partially decayed
wood, cattle dung and dry vegetation (Onsager, 1963). Thus it is the responsibility
of thenewlyhatched nymph tolocate a suitablehostplant. In a grasslands habitat,
it must pick out a particular plant species from among many others.
Response to stimuli independentoffood
In investigating host plant selection, it may be well to consider some basic
responses independent of food selection. Grasshoppers have an optimum range of
temperature and humidity within which they are most active. Variations on either
side of this range will cause anything from lessened activity to decided detrimental
effects on the grasshoppers (Mulkern, 1967, Uvarov, 1966).
As would be expected of diurnal insects, activity is enhanced by illumination.
In the field it is difficult to separate the effects of solar radiations. Fraenkel &
Gunn (1961) stated that experiments on the orientation of locusts to the sun
indicated that the eyes took some part in the normal reaction but were not essential. Accurate and rapid reorientation to shifting artificial illumination was dependent upon the compound eyes. If they were put out of action, or if the source
of radiation emitted mainly infra-red, reorientation was inefficient at best. For
Nomadacris septemfasciata Pielou (1948) postulated a positive photokinesis
response to general illumination and a photo-klinokinesis response that kept
them in an illuminated area or out of a shaded area.
In field experiments with Melanoplus spp., it was noted that they would remain
on the sunlit side of stakes placed in the ground and moved to keep on the lighted
side.
In laboratory experiments with M. femurrubrum,it was found that the reaction
to heat and light was separate. Grasshoppers were placed in a 49 X 35 X 20cm
plastic cage with small upright oblong blocks of wood scattered on the bottom.
The light from a No.2 photoflood lamp was directed toward one end of the cage.
An aquarium filled with cold water was interposed between the cage and the lamp
as a heat filter. With the filter in place the grasshoppers moved toward the
illumination or climbed on the illuminated side of the blocks. When the heat filter
was removed, the grasshoppers moved away from the illumination and tended to
congregate in the shadows of thewood blocks. The insects could be marched back
and forth across the cage by moving the heat filter in and out.
The response to directed light is of interest in considering some aspects of
grasshopper behavior, but it is difficult tointerpret in terms of survival valuein the
field. For N. septemfasciata,Pielou (1948) demonstrated a positive phototactic
response to directed light.
In the laboratory we found that M. sanguinipes, M. femurrubrum, M.differential and M. bivittatusgave a positive phototactic response to directed light. When
presented with two or three sources of directed light, the greatest response was to
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the greatest intensity. This was true when the lights were at opposite ends of the
chamber or all at one end. In unsophisticated tests with rheostatically controlled
incandescent lamps, these species were shown capable of discriminating differences
of 0.28 meter candles.
First instar nymphs could be effectively "trapped" in the beam of a microscope
illuminator and this method has been used in handling large numbers of newly
hatched nymphs.
Response to different wavelengths or color of light radiation had been investigated for afew species. Uvarov (1966) cited findings of Burt &Catton that there
were no electrical responses to red (wavelengths greater than 6250A) in the
Locusta eye. Shorterwavelengths produced responses up to violet(3900to4700Â)
and some in the ultraviolet. Other workers were cited with the general observation
that response to red isweak and response to yellow, green and blue strong.
By using dye solutions which acted as both heat and color filters, we were able
to demonstrate responses of grasshoppers to various wavelengths of directed light.
The transmission curves for the dye solutions were measured with a colorimeterspectrophotometer. Microscope illuminators which gave a narrow intense beam
were used as the light source. These were connected through rheostats to control
the intensity at the test chamber. The intensity at the chamber was determined
with a light meter. There was no detectable difference in temperature between the
illuminated slits and the rest of the chamber.
At each trial, ten grasshoppers were released into the back of a 47 X 47 X 47
cm chamber (Fig. 2) which had the front closed with a ground glass plate covered
/['

A-.

FILTER

PROJECTOR

82
CLEAR GLASS PLATE
FILTER
GROUND
GLASS
PLATE

RELEASER

H
Fig. 2. Diagram of visual response chamber. Dimensions of chamber are 47 X 47 X 47 cm.
Top and front are glass, other sides galvanized steel painted non-reflecting black.
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on the outside with black paper. Three equally spaced slits, 0.64 X 4.45cm,
allowed the projection of colored lights onto the ground glass. The grasshoppers
were free to move within the chamber during the trial. There were variations
among species but with Aeropedellus clavatus, Arphia conspersa,M.bivittatus,
M.confusus, M. dijferentialis and M. sanguinipes, the maximum response was at
4500 to 4750A with little response above 5000A. The response to equal intensities of 4500—4750A and white light (passed through distilled water only) was
about the same.
In a two-part response chamber (Fig. 3) in which the grasshoppers could move

V7

ILLUMINATOR

FILTERRELEJISER

—XL
Fig. 3. Diagram of a two-part visual response chamber. Grasshoppers are released through
center releaser and travel to chamber at either end. Entire apparatus is covered with aluminum
foil. Entire chamber made of clear plastic. End chambers are 13cm high, 12cm diameter at
bottom and 13cm diameter at top. Connecting tube is 3.7 X 30.5cm.

to either of two wavelengths of light reflected off aluminum foil, the response was
greatest in the blue-green to ultraviolet. The greatest response was to a 3600A
ultraviolet lamp. This was significantly greater than for a 2537A lamp.
These findings are of interest in considering the field responses of grasshoppers
tolight sources.From availablerecords, grasshoppers donot appear tobe attracted
to insect light traps or artificial illumination at night. In some simple field experiments, we were unable to get a response to the ultraviolet lamps that were so
effective in the laboratory. However, the temperatures at night were lower (13—16°) than the optimum activity range. But, even grasshoppers a few centimeters
away did not respond.
The tendency for grasshoppers to crawl up on cages, plants and other objects
has been commonly noted and Chapman (1955) and Pielou (1948) experimentally
determined a negative response to gravity. This response can be overridden by
many stimuli. Illumination from underneath will cause them to move downward.
Many species respond to disturbances by dropping down to the ground. Cold and
windy weather will keep them close to the ground.
The general undirected activity stimulated by favorable temperatures and
illumination may beinfluenced bywinddirection andvelocity. Riegertetal.(1954)
demonstrated that movement of nymphs of Camnula pellucidareleased in a large
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barren field was dependent upon wind direction with no orientation to distant
vegetation.
We have observed that on windy days with a velocity around 30 to 50km/hr,
grasshoppers were concentrated in the lee of sheltered areas such as depressions,
knolls, clumps of trees or shrubs, etc., often away from usual habitats or host
plants. On still days following the high winds, dispersion would take place to
repopulate the wind swept areas.
The response of grasshoppers to visual patterns or form perception has been
studied by Williams (1954), Wallace (1958, 1959) and Kaufmann (1965) with the
consensus that the species studied demonstrated a positive tactic response, that is
orienting to and moving toward vertical objects or shapes, and were able to discriminate distance, form and size.
M. keeleriand M. femurrubrumnymphs responded to verticallines projected on
a ground glass screen {cf.Fig. 2) by crawling upward along the edges of the lines
(Fig. 4). Horizontal lines inhibited upward movement. At the edge where the side

Fig. 4. Diagram of pathways taken by nymphs of M. confusus and M. sanguinipes in 71 trials.

of the chamber met the ground glass, the grasshoppers moved upward, crossing the
horizontal lines.
Responses to stimuli associated with foodmaterials
Olfactory guidance to food plants by grasshoppers appears to be quite limited,
inmost species, not effective overdistances of more than a few centimeters (Dadd,
1963).
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Newly hatched M.jemurrubrum nymphs placed in a 20 X 50cm cylindrical
cage containing a single soybean plant, an attractive and suitable host plant, in a
7.5cm plot, were not always able to orient to the plant. Many individuals rested
or moved about on the screen sides of the cylinder and did not locate the plant
within three days. Mortality, resulting from starvation presumably, was high unless
the volume of the cage, or more specifically, thevertical area in proportion to the
plant, was reduced. Newly hatched M. bivittatus showed much greater ability to
locate the plant in identical situations. Older nymphs were better able to locate
the plant.
Starved M. bivittatus,M. jemurrubrumand M. sanguinipes adults and last instar
nymphs, held in groups of 20 to 30 in a 40 X 40 X 40cm cage, responded to
the insertion of fresh or dried vegetation, or dry food pellets by an increase in
general activity without apparent direct orientation to thefood. Individuals within
3—4cm reached the food quickly but those further away did not move directly
toward it. One common reaction was to climb upward even though the food was
on the floor of the cage. The increased activity would generally bring the grasshoppers into contact with the food and ingestion would begin. Often individuals
would begin biting on objects such as glass dishes, wood sticks, paperf etc.,particularly when they camenearer the food material.
Whenthefood pelletswereplaced inside an upright screen cylinder, 6 X 1 5 cm,
open at the top,the grasshoppers that approached the screen would climbup it and
circle around near the top or wave their antennae and front legs in the air, but
would rarely descend inside the cylinder. Most of those reaching the food did so
by falling into it as a result of agitated activity near the top of the screen.
In some time-lapse cinematography studies with M. jemurrubrum and M.sanguinipesnymphs, single food tablets were initially reached only after a slow and
circuitous route. The method used did not preclude visual orientation. In contrast,
nymphs of a cockroach (Leucophaeae maderae)in a similar trial, made a direct
approach to the food tablet, apparently guided by their antennae.
Response to colored food material has been investigated briefly. It was found
that preparations containing chlorophyllin werepreferred over preparations lacking
it but otherwise similar. It could not be determined whether the preference was
for the color or some other property of the chlorophyllin, as it was difficult to
make a dye preparation to match the appearance of the chlorophyllin tablets.
Preparations containing safranin dye always ranked low in acceptability but
again it is quite possible that it was some property other than color that caused
this. Withother dyessuch asmethylblue,methylgreen, methylred, methylorange,
analine blue and commercial food colors, formulated to give various colors, no
distinct preferences could be shown. The use of uncolored tablets against colored
backgrounds demonstrated no significant preferences.
Pfadt (1949) reported that olfactory guidance did not seem to play a part in
food selection by M. sanguinipes as feeding was initiated on all plants presented
but continued only on certain ones. Pruess (1969) found that actual discrimination
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of plants by Phoetaliotes nebrascensis did not take place until the plant was contacted by mouthparts.
Abushama (1968) showed that removal of antennae and/or maxillary and labial
palpi rendered Poecilocerus hieroglyphicus (a highly selective feeder) less selective
but it did not appreciably change the amount of plant material eaten. Thus, under
cage conditions, even without these organs, they were able to locate and feed on
plant materials.
From our observations we would assume that grasshoppers have a biting
response that may be elicited by the appropriate stimuli. This is different than the
feeding response. The threshold of the biting response may be lowered by starvation, and while they may be discriminate feeders, grasshoppers can be indiscriminate biters. Thus, although grasshoppers may not eat almost everything, they can
be induced to bite almost anything. It is possible that some reports of indiscriminate feeding or destruction of non-host (or even non-food) materials during outbreaks may be the result of multitudes of test bites rather than the concentrated
feeding of individuals. Williams (1954) reported grasshoppers making biting
movements along edges of visual patterns to which they were attracted.
Since, in most instances, feeding discrimination or host plant selection does not
take place until contact has been made with the mouthparts and/or biting takes
place, it can be expected that the principal factors inducing or inhibiting continued
feeding are chemostimulants. However, the physical structure of the plant or substrate may exert considerable influence in some cases.
In our laboratory the influence of plant components on food selection has been
studied. Biological assays of plant extracts incorporated into an artificial diet have
shown that the water extracts of certain plants were effective in promoting survival
and development of different grasshopper species. Other solvent extracts were no
more effective than the no-extract controls. (Mulkern & Toczek, in press).
Although it had been determined that differences in survival and development were
not the result of differences in feeding rates, attention was first directed to these
water extracts to determine if differences in phagostimulatory properties could be
detected and if there was any correlation between nutritional efficacy and attractiveness.
Plant extracts were incorporated into an artificial diet carrier and processed into
tituration tablets. The details of diet and tablet preparation are given in another
paper (Mulkern & Toczek, in press). The resulting tablets were uniform in
size, shape, texture and color.
Theuseof anutrient medium asacarrier hasmanyadvantages overnon-nutritive
carriers such as filter paper, elder pith, etc., (Mulkern, 1967). The basic diet gave
a standard for comparison. The grasshoppers will feed on it and can survive from
one to several weeks depending upon the age and nutritional experience of the
specimens.
The tablet preparations were bioassayed for phagostimulatory properties by
exposing arrays of tablets in different experimental designs to grasshoppers. The
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loss in weight resulting from feeding was calculated and used to determine attractiveness. Water was available at all times in a separate device so that response to
moisture content of the tablets was minimized.
Therewere markeddifferences among plant extracts as totheir phagostimulatory
effect on various species of grasshoppers. That is, grasshoppers could and did
discriminate among preparations containing water extracts of different plants. An
example is shown in Fig. 5, comparing the total consumption of preparations con-
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Fig. 5. Total consumption expressed as a percent of the total for each extract preparation.
A = Andropogon gerardi, B = Bouteloua gracilis,C = Calamovilfa longifolia, E = Elymus
canadensis, P = Panicum virgatum, S = Spartina pectinata. Each dot represents the percent
total ingestion of that preparation by one species of grasshopper and is total of 5 replicates.

taining extracts from six species of grasses exposed to six species of grasshoppers.
It can be seen that Elymus canadensis preparations ranked consistently low (3—
12%) while Spartinapectinatapreparations ranked consistently high (23—41%).
There were no detectable differences among the other preparations.
Discrimination among concentration gradients of the same extracts were also
demonstrated. For the attractive preparations, the higher concentrations were
generally more effective. For Elymus, the higher concentrations were often the
least"effective (Fig. 6).
An effective test was the use of large complete block designs, in which each
replicate contained all the treatments to be compared and was exposed to several
grasshoppers simultaneously. These assays were run for 14—21 days and pre-
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ference was indicated by the order in which the tablets were eaten. As the preparations were consumed, the choice was narrowed. In most tests, some preparations remained untouched even after several days when half of the preparations
had been completely eaten.
An example is shown in the brief film. In this particular case the preparations
contained extracts of Cleome serrulataand Asclepias syriaca.Serial extractions
were made with water, methanol, butanol, acetone, chloroform, benzene and
petroleum ether, in that order and reverse order. Also included were fractions of
thewater extract ofAsclepias obtained from ion exchange columnchromatography,
both anion and cation resins. Basic diet preparations with no extract added were
included for comparison. The time-scale is greatly modified. Pictures were taken
at the rate of one frame every 5minutes. They are being shown at 16 frames per
second so that each second represents one hour and 20 minutes. One minute
represents 80 hours or 3.3 days. Note that the tablets disappear in a particular
order. Thefirst four tablets werethewater extracts, both ascending and descending
polar series. The next four tablets were the methanol extracts, both ascending and
descending polar series. These two sets accounted for 25% each of the total
amount ingested. The other two tablets, the water eluate from both tb£ anion and
cation exchange columns werenext. By the end of 14days, these ten preparations
had been completely consumed and accounted in total for 62°/o of the material
consumed. The remaining 38°/o was distributed among 32 other preparations with
only three being more than half ingested. The lowest ranking tablet has less than
one percent of its total weight removed. Thus in 14 days of exposure, most of the
preparations had elicited very little feeding, even though the more attractive preparations had been removed.
The behavior of individual grasshoppers exposed to arrays of tablets containing
various extracts was studied through time-lapse cinematography. With the apparatus used, four replicates could be filmed simultaneously. Filming was done at the
rate of one frame per minute over a 67-hour period. The actual time observed or
sampled was 0.8% of the total time. The films were analyzed one frame at a time
with the observations recorded on mark sense cards and the data analyzed through
use of a computer.
The grasshoppers spent most of the time in non-feeding activities or resting. In
allbut a few cases,most of the timewas spentresting in a particular location. The
grasshoppersmoved from theselocationsfor feeding or drinking and then returned.
For the most part, sites selected for resting were towards the center of the photographic chamber (Fig. 7).
We were unable to explain this phenomenon. At first it was thought to be a
reaction to light intensity as it was a little brighter towards the center. However,
shielding the center so that it wasless intense than the outer portions did not alter
this tendency. Some sort of visual attraction was considered. That is, the grasshoppers may have been responding to the sight of another grasshopper in the
adjacent box. Wrapping the boxes in aluminum foÜ did not alter the central
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Fig. 7. Diagram of time spent in each location in trial. Area of circles is proportional to time
spent in each location. Shaded portion represents non-feeding, unshaded represents feeding or
drinking (center). The upper number refers to tablet type and the lower to percent ingestion
of the tablet in that location. Extracts of Cleome serrulata arrayed with M. differentialis.
1 = 0.0000, 2= 0.0001, 3 = 0.0005, 4 = 0.001, 5 = 0.005, 6 = 0.01,7 = 0.05, 8 = 0.1,
9 = 0.2, 10 = 0.3 g/g of basic diet.

tendency. When grasshoppers were placed in a large container that covered the
center area, they did not remain in the center but rested around the periphery.
Most of the movement wasnear theperimeter. Approximately half of themovements recorded werewithin the outer ring, themajority between adjacent locations.
The activity, as measured by the number of movements (changes in location),
varied markedly among replicates. The biggest discrepancy was in one trial in
which a M. sanguinipes male was recorded with 1226 movements while a female
in an adjacent box made only 222. The one male circled the box almost continuously during the entire period. Its feeding, however, was quite discriminating.
In this trial with concentration gradients of Artemisia ludoviciana water extracts,
it ingested tablets approximately in order of their concentration as did its three
more sedentary associates. There was no correlation between activity and amount
of food ingested.
Movement to the water tube in the center was direct. Usually the grasshoppers
alternated feeding and drinking. They would feed on a tablet, take a drink, and
return to feed or to the resting site.
The locations selected for resting were not influenced by the type of tablet
present. The ingestion of different preparations were influenced somewhat by
their location. When all the tablets were the same, the ingestion rate closely
correlated with the amount of time spent in each location. This was less true when
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all tablets contained unattractive extracts. In this case very little ingestion took
place although many feeding or biting movements were recorded.
When the array was made up of different types of preparations, either different
plant extracts or different concentrations of the same extract, feeding was much
less influenced by location. Preferred preparations were ingested without regard
to location. The less acceptable tablets were generally not ingested no matter where
they might be in relation to the resting site. The ingestion of the in between
preparations, those that were acceptable but not distinctly preferred, was more
closely related to their location. For example, M. sanguinipes ingested Bouteloua
gracilis preparations at a high rate when located near the resting site but hardly at
all when located on the opposite side away from the resting site.
In feeding, the general pattern appeared to be for the grasshopper to begin
moving among the array, circling along the outer ring and palpating and/or biting
tablets. If the first tablet tested did not elicit a feeding response it would move to
another. Once an acceptable tablet had been located, the grasshopper would return
toit over and over again. They could apparently orient to the tablet without having
to test each one again. However, random biting usually continued throughout the
trial. After a while, a distinct traffic pattern could be discerned in that the grasshopper would move from resting site to feeding and drinking sites and return.
In one experiment in which the boxes were rotated 180° in the middle of the
trial, there was no alteration of the feeding or resting patterns. The grasshoppers
rested in the same relative positions, indicating perhaps that the orientation was
not to the box itself or materials in it. Feeding continued on the preferred preparations even though the position had been changed. Reorientation took place
quiterapidly. No unusual amount of feeding on the tablet at theformer locationof
thepreferred onewas observed.
The net result of our observations and a review of the observations of others is
a general hypothesis of the feeding behavior of grasshoppers. This is made in
respect to a grassland situation with no stress conditions. Severe climatic disturbances, extremely large populations, depletion of normal food supply or other
stresses may exert overriding influences.
An individual grasshopper, notin contact with asuitable hostplant, is stimulated
into random movements by hunger, favorable temperatures and sufficient illumination. These random movements continue until the grasshopper is brought into
visual range of a vertical object, to which it then orients. The object is approached
and climbed by the grasshopper. A bitingresponse may be elicited. If the physical
structure of the medium issuch that feeding may take place,and the proper phagostimulants are present, ingestion will continue until satiation or some disturbance
occurs. If continued feeding isprecluded by the presence of some deterrent, or the
absence of phagostimulants, random searching will begin anew. In a sparsely
vegetated area this would probably involve leaving the object and eventually
orienting to another. In a densely vegetated area, movement would likely be direct
from one plant to another.
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These movements would tend to keep the grasshoppers moving through an area
of unsuitable plants and toremain in areas of favorable hostplants. Thus a general
type of orthokinesis can bepostulated, by which grasshoppers-will be concentrated
in areas of attractive host plants. As the attractive host plants are generally those
that provide the greatest nutritional advantages to the grasshopper, the greatest
biotic potential should be reached on these plants. Host plant selection then, has
an influence on the abundance and distribution of the various grasshopper species.
Donn K. Hjelle, Marie Thorstad and Duane Ackerman, National Science Foundation high school teacher research participants, supported by grants from the
National Science Foundation conducted much of the experimentation on visual
responses of grasshoppers. SmuthMongolkiti,A.I.D.Fellowfrom Thailand, worked
with the time-lapse cinematography. Portions of the research were supported by
grants from the National Science Foundation.
ZUSAMMENFASSUNG

EINFLÜSSE DES VERHALTENS AUF DIE NAHRUNGSWAHL DER
FELDHEUSCHRECKEN (ORTHOPTERA: ACRIDIDAE)
Wirtspflanzen-Wahlvermögen ist bei vielen Feldheuschrecken nachgewiesen worden. Jedoch
werden die Eiablage-Orte im allgemeinen nicht mit Rücksicht auf die Verfügbarkeit von
Wirtspflanzen für die schlüpfenden Larven gewählt. Diese müssen geeignete Wirtspflanzen
unter vielen verfügbaren selbst aussuchen.
Innerhalb optimaler Temperatur- und Feuchtigkeitsbereiche wird die allgemeine ungerichtete
Aktivität durch genügende Helligkeit verstärkt. Es wurden positive phototaktische Reaktionen
zu gerichtetem Licht nachgewiesen. Die Reaktion auf gerichtete Beleuchtung war zwischen
3600 und 4750Â am größten. Wellenlängen ober- und unterhalb davon ergaben geringere
Reaktionen.
Senkrechte Objekte oder Muster riefen positive Taxiën hervor.
Olfaktorische Anlockung war sehr begrenzt, aber sobald die Nahrung einmal mit den
Mundwerkzeugen in Berührung gekommen war, waren die Heuschrecken sehr wählerisch. Bei
verschiedenen Arten wurde die Fähigkeit nachgewiesen, zwischen einer ganzen Reihe von
verschiedenen Pflanzenextrakten wählen zu können, die in eine künstliche Trägerdiät eingefügt waren. Unterscheidung zwischen geringen Konzentrationsunterschieden der extrahierten
Substanzen war nachweisbar.
Zeitraffer-Aufnahmen zeigten, daß die Extraktpräparate in der Reihenfolge ihrer Annehmbarkeit ausgewählt wurden. Gewöhnlich wurde der Fraß auf einige wenige Präparate beschränkt, bis sie völlig verzehrt waren. Erst dann wurden die anderen Präparate in der
Reihenfolge ihrer Annehmlichkeit gefressen.
Mit Zeitraffer-Aufnahmen wurde das Verhalten einzelner Heuschrecken verfolgt, die zusammen mit Serien von künstlichen Nahrungstabletten mit Pflanzenextrakten gekäfigt worden
waren. Es zeigte sich, daß die Heuschrecken Ruheplätze wählen, von denen aus sie sich zum
Fressen und Trinken bewegen. Bestimmte Bewegungsmuster waren ausgebildet. Die Lage der
Ruheplätze wurde von den anwesenden Nahrungsstoffen nicht beeinflußt, aber in einigen
Fällen das Fressen von der Nähe der Ruheplätze.
Es wurde angenommen, daß visuelle Reize die Orientierung der Feldheuschrecken unterstützen, aber die Wirtspflanzenwahl findet erst nach Berührung mit den Mundwerkzeugen
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statt. Feldheuschrecken haben die Gewohnheit, Gebiete, die keine geeigneten Wirtspflanzen
enthalten, zu durchqueren und sich auf solchen mit geeigneten Wirten mit Hilfe eines allgemeinen Typs vonOrthokinese zu scharen. D a dieanziehenderen Pflanzen gewöhnlich auch
das größte biologische Potential bieten, werden Verteilung und Dichte der Heuschrecken
von derWirtspflanzenwahl beeinflußt.
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HOSTPLANT SPECIFIC COLOUR BEHAVIOUR BY
HYALOPTERUS PRUNI (APHIDIDAE)
BY

V. MOERICKE
Institut für Pflanzenkrankheiten, Universität, Bonn, Deutschland
Emigrants of Hyalopterus pruni (flying outdoors) are attracted to colour plates in the range
of orange — yellow — green with an optimum at yellow, but only when these colours are
unsaturated tints — i.e. when they are mixed up with white lead. (Maximum alighting
occurred at a reflection of about 35%, in the range of 320—460 nm). Leaf areas of Phragmites communis Tr. (9.5x9.5 cm) attracted twice as many landings as beet leaves (Beta
vulgaris L.) From this it is concluded that a limited degree of alighting on a specific hostplant is caused by specific adaptation to the unsaturated colour of the hostplant, Phragmites.
In contrast to H. pruni, Aphis jabae prefers the more saturated colours and .Beta-leaf to those
of Phragmites.

When phytophagous insects are looking for their hostplants many of them are
attracted by yellow and green areas and induced to alight on them (summarized
by Nolte 1959). Outdoors they will therefore fly to green plants. One can hardly
expect that their ability to discriminate between different colours is exact enough
to respond only to the specific colour of their hostplant. But it is possible that
some species have evolved a degree of preference for the colour of their hostplants, especially those species whose hostplants have colours different from
"normal" green. What then are the special qualities of colour that a leaf can
have?
For human beings — and surely for insects too — a colour is defined by three
parameters: the hue, the tint and the intensity. The hue is defined by the wavelength in the spectrum; the tint means the amount of white added to the hue, for
example a yellow hue may vary the tint from yellow through whitish yellow to
white; the intensity on the other hand can be changed and diminished by adding
black, for example in the series yellow through blackish yellow to black. If one
tries to grasp the three parameters in a spectral reflectance curve one will find an
unexpected pecularity: an area of a certain hue, e.g. the pure yellow of a petal of
Helianthus annuus, reflects not only the special wavelengths of this hue (about
600nm) but nearly all wavelengths from 500nm (green) to 700nm (red). All
these wavelengths together are combined by the human eye, and quite surely by
the insects' eyes too (excluding red) to the impression yellow — pure saturated
yellow. Whereas an unsaturated, whitish hue, i.e. a tint, is characterized by additional, limited reflectance in other ranges of wavelengths, normally in the whole
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visible range. A relatively simple measure of intensityis the percentage reflectivity
ofthepeak of the curve,compared withthewhitestandard. (Amoreexactmeasure
is the total area under the reflectance curve). A saturated yellow attains about
80%. The more black added the lower is the intensity •— till nearly zero with deep
black.
The colour of all leaves is characterized first by a low intensity (Max. at about
20%). The colour of leaves of different plants does not differ much in hue. The
hue is always at a yellow green of about 550 nm. But leaves differ in intensity
and tint. It is therefore most probable that phytophagous insects if adapted at
all are adapted to a specific tint or a specific intensity of their hostplant's colour.
A characteristic of an insect's eye is that it perceives ultravioletlighttoo. One
has to keep in mind this ultraviolet sensitivity in order to judge the reflectance
curve correctly specifically in context with white and tints.
There are already some indications that phytophagous insects are adapted to
unsaturated colours,i.e. to tints. Brevicorynebrassicae (L.) is attracted more by
saturated yellow and normal green leaves than to the grey green unsaturated colour
of cabbage leaves (Kennedy, Booth & Kershaw, 1961, p.7). But it alights in
considerable numbers oncabbageleavestoo,contrarytootherspeciessuchasMyzus
persicae(Sulz.) for which the colour of a cabbage leaf is of low attractiveness
(Moericke 1955,p. 69).According to Kring (1967,p. 1209) the garden nasturtium
aphid, Aphis spec, significantly prefers a yellow green diluted with white to a pure
yellow green. The work with yellow water traps by Eastop (1955), Heathcote
(1957) and Lamb (1958) revealed differences between species in responsiveness
to the trap yellow. Maybe this is also due to the degree of tint.
Themost striking specificity in colour behaviour is,as far asweknow, shownby
emigrant forms of Hyalopteruspruni(Geoffr.) themealyplum aphid. After leaving
the plum, and when looking for its summer host Phragmitescommunis Tr., the
aphid isalmost insensitive to a saturated yellow,but itreacts to avery unsaturated,
whitish yellow; although only when the white reflects ultraviolet light ("white lead
yellow", Moericke 1955,p. 56). This reaction givesrise to the supposition that the
attraction to the hostplant (Phragmitescommunis) is related to the unsaturated
nature of the grey green colour of the plant. After past failures (Moericke 1955)
it was again tried to prove this relation during the last few years. It seemed to be
necessary, first to investigate colour perception itself more exactly, and then to
compare the landing on leaves of host- and non-hostplants.
The method was a simple one: On calm days in July when there was great
activity of flying Hyalopterus,we arranged coloured plates of 9.5 X 9.5 cm vertically on tarmac or concrete ground. The alighting aphids were counted and
sucked up, over a period of many hours. The species were predominantly H.pruni,
and Aphis fabae (Scop.). The optimal "white lead yellow 11" was used as a
standard. In other experiments thesame area of a sugarbeet leaf or of some Phragmites leaves were used. The leaves were put in water and the container covered
with cardboard, overlaid with soil, to provide a natural background. The distance
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between the test plates was about 50cm. Their position was changed each time
a fixed number of aphids had been caught, and sufficiently often so that each
plate stood on every place during each catch period.
Results
Offering to flying aphids a series from chrome yellow (A 573—578nm) to
whitelead in 16 different tints (i.e.white admixture) (Fig. la), a quite pronounced
maximum landing wasfound for a colour of about 50% saturation (this number in
relation to the human eye,measured byZeiss-Elrepho).On the four most saturated
shadesofyellow(80—90% saturation),thelandingfrequency wasverylow,asitwas
also on pure or nearly pure white lead. A positive reaction was observed between
72—35% saturation (No.6—13).Thespectralreflectance curveoftheoptimalcolour
(white lead yellow 11, cf. Fig. 2) (measured by a Zeiss spectral photometer PMQ
II) shows a quite high reflection of 35% in the ultraviolet, which was nearly as
high as in violet and blue. (As a measurement and for graduation in Fig. la the
reflection percentage in the ultraviolet at 360nm wasused).
In contrast toHyalopterus,Aphis jabaeprefers the more saturated colours (but
strikingly not the most saturated ones). Plate 11, which was optimal for Hyalopterus,gained only 30%of themaximum of landings ofAphis jabae,whichoccurred
at colour 7; while the Hyalopterus detected on this plate was only 10% of its
maximum.
Using colour 11 as a standard, it was first tested whether the insects really
reacted to colour or whether a series of greyshadeswould show results similar to
the series of yellow shades. That did not happen (Fig. lb). No shade of grey
attracted considerable numbers of aphids. And when the grey series wasmade not
of white lead (which reflects u/v) but of zinc white, there were no landings at all.
The same results were found for Aphis jabae.So truecolourvisionseems to have
been demonstrated.
Then it becomes of special interest whether another hue, mixed with white lead,
would show the same frequency of landings or even a greater one than standard
11. But this did not happen. In the whole extent of orange, yellow, yellow green
and green, landing curves proved to be similar to those for yellow. Always a
certain tint was the best one, but never as successful as standard 11. Compared
with it, orange white lead had a maximum of 43%, yellow green white lead of
79% and green white lead of 65%.Therefore the landing reaction ofHyalopterus
may be considered to be caused by a wide extent of hues, with a maximum for
yellow.
Aphis jabae preferred more saturated shades in the same way as with yellow.
Testing a zinc whiteyellowseries (Fig. lc) no combination induced the landing
reaction to any extent (max. 10% of the standard). Aphis jabae reacted again
according to the saturation of the yellow.
Finally the importance of a colour intensitywastested. In the whitelead yellow,
it was not only the added white which was perceivable but simultaneously the

!
527

HOSTPLANT SPECIFIC COLOUR BEHAVIOUR

200
H y a l o p t e r u s pruni
Aphis fabae

150

. 2o 100

E

50

Nr.
V.

Ref

1 2 34

' min3 5 79

% Sat

90 8683 80

10

11

12

13 15 18 21 22

29

34

76 72 70 6664

56

51

5 6

7 89

1
13

14

43

47

56

42

35

26

-w-

16

15

79

67

3

6

yellow•

white-lead

Fig. 1. Alighting of H. pruni and A. fabae on different coloured plates of the size of 9.5 x 9.5
cm, outdoors. Bonn. June, July 1967, 1968.
a. Yellow-white-lead-series: yellow (Nr. 1) with increasing admixture of white lead up to pure
white lead (16) = increasing reflection in the short waves range = decreasing saturation.
Graduation of the abscissa: percentage of reflection at 360 nm — minimal reflection in the
short wave range (cf. Fig. 2). b. White lead-grey-black-series:white lead with decreasing intensity (increasing content of black) in comparison with the standard, c. Yellow-zinc-white-series:
yellow (1)with increasingcontent ofzincwhiteup to pure zinc white (8) in comparison with the
standard, d. Yellow-black-series: yellow (1) with decreasing intensity ( = increasing content
of black) up to black (12). e. Standard-black-series: Standard (white lead yellow 11) with
decreasing intensity = increasing content of black. Reflectivity at 600 nm: 1 = 87%, 2 =
72%, 3 = 59%, 4 = 40%, 5 = 25%. f. Standard-filter-series: Standard alone and covered
with an ultraviolet-transmitting WG7 filter or with ultra-violet-absorbing GG13, GG18
(transmission at 366 nm 3 resp. 27%) or GG3 (light yellow).
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effect of the colour itself was weakened. This weakening can be achieved also by
adding black. It was possible that the aphids, adapted to the low intensity of the
colour of leaves, prefer a lower degree of intensity. The tested series of yellow to
black (Fig. Id) contained no attractive shade; on the contrary the blackish yellow
plates had far less landings than the saturated yellow (which was quite high in
this series — 14% of standard). Aphis fabae showed again that its landings
corresponded to the colour intensity.
Mixing not the pure yellow, but the yellow white standardwith more and more
black (Fig. le) the lowest content of black showed the same landing frequency as
the pure standard, and the next one 50%.
There is now an objection to themethods to be considered. The attractive effect
of white lead yellow could conceivably be caused not by an optical stimulus, but
perhaps by an odour. Hence the standard alone was compared with the standard
100- % Reflectivity
908070
60-

50
40
302010
— i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i —

280

400

500

600

700K
nm

Fig. 2. Spectral reflectance curves of the yellow-white-lead-series (cf. Fig. la), measured by
Zeiss spectral photometer PMQ II compared with MgO (the decrease of reflectance of MgO
in the range of short waves is taken into account. The spectral distribution of sunlight is not
taken into account because not enough is known about the spectral sensitivity of the aphid's
eye). No. 7—13 = positive reaction of Hyalopterus.

covered by a white glass filter (Schott WG7) and also — for another comparison
and for showing the importance of ultraviolet — with filters not transparent to
ultraviolet (GG 13 and GG 18 or with the yellowish GG 3). The white glass
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diminished the landings of Hyalopterus— probably caused by the surface reflection — but not much lower than 50%. With the ultraviolet absorbing filters,
the attractiveness dropped nearly to zero (Fig. If).
There are two questions left: Is the reaction really a matter of an unsaturated
colour, and how is one to understand the difference in reaction to a white lead
yellow and azincwhite yellow?
Formerly I thought that, concerning white lead yellow, the essential factor was
the combination of yellow and ultraviolet, and not the mixture with white; that
is to say, a reaction towards "aphid purple" (compare the bee purple, Daumer
1956). But that cannot be correct. H. pruni perceives the ultraviolet light; therefore for it, asfor thehoneybee, only whitelead is a real "white" because it reflects
all wavelengths perceivable for the aphid nearly at the same percentage. Zinc
white,which absorbs ultraviolet, must have ahue(whitewithout ultraviolet = blue
green, at least for bees). White lead added to yellow therefore changes the tint for
every degree of mixture; white lead can change only the tint, and never the hue.
Whilezinc white, added to yellow, changes not the tint but the hue in the direction
of green. This combination appears to be so greatly saturated conforming to its
reflectance curve, that it causes no reaction. When some white lead is added, zinc
white yellow becomes attractive.
The series of zinc white grey, formerly mentioned, is therefore not a colourless series but a series of blue green with decreasing intensity. So it is understandable that it does not show an attractiveness in any modification.
Summarizing the results one can say: H.pruni as an emigrant reacts by landing
on areas of colour in the range of orange to green, with an optimum at yellow:
if those colours areunsaturated. (Opt. at about 50°/o saturation = 35% reflectance
in the whole range of short wavelengths). A weakening of the intensity by about
17% has not so far been shown to exert a negative influence.
Is it now possible to bring into connection the specific colour behaviour of H.
pruni with the colour of its summer hostplant, Phragmitescommunis, compared
with a non-host, sugarbeet leaf?
The Phragmitesleaf seems to be less saturated for us, i.e. it is more whitish
than a beet leaf. The question then arises whether it is possible to demonstrate
this by a spectral reflectance curve, and whether a relatively strong reflection in
the blue violet range is continued in the ultraviolet range. According to former
measurements (Moericke 1955 p. 66) this was possible. The "long/short energy
relation" (Kennedy et al. 1961,p. 5) was for a Phragmites leaf 2.65 and for beet
leaves mostly more than 3,with aminimum of 2.84.Butthere are threerestrictions
to be made. First, new measurements on Phragmites leaves had rather important
differences so that the extreme values of reed and beet leaves overlapped. Second
it is necessary to investigate especially the influence of the rather intensive shine
of the beet leaves not only on the reflectance curve, but also on the colour behaviour of Hyalopterus.Third, the level of the reflectance curve of the leaves was
not equal in the ultraviolet and the blue violet range. Often there was a minimum
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at 400 nm. It is therefore difficult to estimate the precise level that corresponded
to white forHyalopterus.
At first it may be concluded that the attraction of Phragmites leaves compared
with standard 11 islow because of the leaves'lowreflectance. This corresponds to
the results. The area of Phragmites leaves reached only 3.8% of the landing
frequency of the standard (50/1476). A comparison of an area of Phragmites
leaves with one of beet leaves could have shown a higher frequency of landings on
Phragmites leaves, if these leaves had a less saturated colour not only for our eyes
but also for Hyalopterus. The results of experiments made during times of highest
intensity of flight proved this (Fig. 3,left). In an average of 13series of experiments,
the landing of Hyalopterus on Phragmiteswas twice as much as on beet leaf
(640/339). On several days, the relation differed and landing was nearly the same
on both leaves (e.g. on the 10th of July, 1967), but beet was never preferred. In
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contrast, Aphis fabaelanded on beet three times as frequently as on Phragmites
(177/51).
With regard to the Phragmitestests, it was attempted to eliminate a possible
attraction by odour, and the importance of ultraviolet reflection of the leaves was
tested at the sametime. Butthere wereonly few tests possible (Fig. 3,right).Using
white glass WG7, the landing frequency was diminished to one-third (45 instead
of 137 on naked Phragmitesleaves) caused by surface reflection of the glass.
Nevertheless landing was evident. Using ultraviolet absorbing filters, it was diminished to 4—5% (6 and 7).
DISCUSSION

The results seem to prove that the favoured alighting of H.pruni on its hostplant, Phragmites, is based on a limitedhostplantspecificreactionto colours.On
the basis of this colour hypothesis we can conclude: Hyalopterus alights less frequently on yellow green and green plants similar in colour to beet leaves than on
grey-green leaves like those of Phragmites.In this, Hyalopterus did not show a
colour behaviour similar to that of most aphids: for landings of M.persicaeor
A. fabae on Phragmitesseldom happen, because the leaves are of lpw attraction
for such species.This has been shown by the tested landings of A. fabaeon Phragmites. Such an aphid dependent on Phragmiteswould seldom find its hostplant,
because it would often be misguided by its colour behaviour and would alight on
green nonhosts. Through its specific colour behavior Hyalopterus is less misguided in its landings on leaves; one even may suppose that by its adaptationHyalopteruswill find its hostplant better than other species will find theirs. But the
adaptation does not reach so far that they avoid green plants completely, or that
they would not land on other grey green plants. It does not reach to such an extent
that the colour attraction of Phragmites is a maximal one: the standard of white
lead yellow had about 25 times more alighters than Phragmites, and thus represented an "overnormal sign stimulus". If the hypothesis of adaptation is right
one has to suppose that the gynoparae show a different behaviour on their flight
back to the plum in autumn.
The great variability of the reaction of Hyalopterusto colours has not yet been
discussed. Sometimes landings on beet were nearly as frequent as onPhragmites.
This corresponds to experiments in which at certain hours quite saturated yellow
had more landings than at other times (cf. Fig. Id, 14°/o of the standard, in other
cases it arises even to 30%). The insects alighted on pure white lead sometimes,
too, up to 3.9% of standard (19/483); this usually happened in the evening. It is
a question, whether this is a matter of external factors (decreasing intensity of
ultraviolet light) or of the different "mood" of the aphids or of the general individual variability of the reaction. Nevertheless thebehaviour of H.pruni corresponds
with the general behaviour of aphids, allowing to a great extent the variability
which may be necessary to gain as great aspossible a spreading and dispersion of
the insect (cf. Kennedy, Booth & Kershaw, 1959).
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Summing upwemaystate: Thespecific colour behaviour ofH.pruni makesit
possible for this species to find a hostplant that is unfavourable in colourfor
other aphid species; andthus Hyalopterus isaswelloreven better adapted tofind
its hostplant than other species are able tofind theirs even ofa more saturated
colour.
ZUSAMMENFASSUNG

WIRTSPFLANZENSPEZIFISCHES
VERHALTEN ZU FARBEN BEI
HYALOPTERUS PRUNI (APHIDIDAE)
Hyalopterus pruni wird als Emigrante im Freiland zumLanden veranlasst durch senkrecht
stehende Farbflächen im Bereich derFarbtöne Orange — Gelb — Grün, aber nurdann,
wenn diese Farben ungesättigt, d.h. mit Bleiweiss gemischt sind (Optimum bei 50%,Bereich
von etwa 72 bis 35% Sättigung bzw.35%und zwischen 15%und 47% Remission imBlauViolett-Ultraviolett-Bereich). Eine Abschwächung der Intensität der optimalen "BleiweissgelbMischung" um17% mindert dieAttraktivität nicht.
Unter gleichen Bedingungen werden Blattflächen (9,5x9,5 cm) von Schilf (Phragmites
communis) doppelt sohäufig beflogen wie solche von Zuckerrübe {Beta vulgaris) (640/339).
Die Reizwirkung desSchilfblattes ist farbabhängig: mit vorgesetztem, u.v.-absorbierendem
Filter sinkt derAnflug auf15%vonSchilf mit Weissglasfilter. Man kann demnach wohlvon
einem begrenzt wirtspflanzenspezifischen Anflug sprechen, deraufeine spezifische Anpassung
an die ungesättigte Farbe der Wirtspflanze {Phragmites) zurückzuführen ist. Durch diese
Anpassung besteht offenbar überhaupt erst dieMöglichkeit, eine Wirtspflanze mitziemlich
ungesättigter, graugrüner Farbe sicher genug zufinden, während ohne diese Anpassung alle
Nichtwirte mit mehr gesättigtem Grün allzu häufige Irrlandungen veranlassen würden.
Aphis fabae bevorzugte imGegensatz dazu die mehr gesättigten Farben und beflog BetaBlattfläche dreimal sostark wieSchilfblattfläche (177/51).
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OLFACTORY CODING BY LEPIDOPTEROUS LARVAE
BY

V. G. DETHIER and L. M. SCHOONHOVEN
Department of Biology, Princeton University, New Jersey
and Department of Entomology, Agricultural University, Wageningen, The Netherlands
Extracellular electrophysiological recording from olfactory receptors in the antennae of
tobacco hornworm larvae (Manduca sexta (Johan.)) has revealed that cells respond differentially to different odors by changing latency, rate of increase of frequency of firing, rate of
adaptation, and alternation of frequency increase and decrease. The resulting temporal
patterns of spike activity could function as a code to allow for discrimination among various
plant odors.

It is well-known that insects are able to detect single odors which have special
behavioral significance. The minimum sensoryrequirement for this accomplishment
is a specific, narrowly tuned olfactory receptor. A number of such "specialists"
(e.g., the grass receptor of Locusta,the queen substance receptor and the Nasanov
pheromone receptor of drone honeybees, the carrion receptors of Calliphora and
Thanatophilus, the bombykol receptor of Bombyx) have been discovered by
electrophysiological methods (Boeckh, 1962, 1967;Boeckh, Kaissling &Schneider,
1965; Lacher, 1964; Lacher & Schneider, 1963; Schneider, 1957, 1962, 1963,
1969; Schneider & Boeckh, 1962; Schneider, Block, Boeckh & Priesner, 1967;
Schneider, Lacher &Kaissling, 1964).
The extent to which insects can sense and discriminate among many odors is
less well-known. The most convincing evidence on this point wassupplied by early
conditioning experiments which demonstrated that honeybees confuse some odors
but clearly discriminate among many others (von Frisch, 1919). Additional, but
less direct, evidence was obtained from studies of Papilio larvae (Dethier, 1941a).
Extensive discrimination would bepossible for an insect if it possessed a minimum
of one specific receptor for each odor. Most insects possess a large enough population of receptors to permit this possibility to a certain extent. An alternative is
to generate a large number of patterns from broadly tuned non-specific but nonidentical receptors. Electrophysiological studies have revealed that many insects
do indeed possess these kinds of "generalists". As Schneider and his co-workers
have shown, a generalist is a receptor which has a broad, constant, but highly
individual reaction spectrum. Furthermore, a generalist responds to a given compound by increasing (excitation), decreasing (inhibition), or not altering its basal
rate of firing.
Even if an insect is equipped with only a few generalists, it possesses the potentiality for generating a very large number of distinct and different compound
This research was supported by National Science Foundation Grant GB-1472.
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Fig. 1. Extracellular recording from two cells of the
lateral sensillum basiconicum on the antenna of Manduca
sexta (Johan.). Onset of stimulation indicated by arrows
pointing down. Arrows pointing up indicate off. Total
duration of each record 2.2 sec. Top..line, two consecutive
stimulations with geranium (9, 10); second line, linalool
(19); third line, two stimulations with tomato (4, 5); bottom
line, background activity (15). Numbers in parentheses indicate the position of each stimulation in the series of fifty
stimulations.
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patterns of activity bywhich a large number of odor qualities canbecoded. This
potentiality hasbeen explored in lepidopterous larvae (Schoonhoven & Dethier,
1966; Dethier, 1967). Caterpillars bear approximately seventy-eight olfactory
receptors onthemaxillary palpi andantennae. Theanimal appears tobeableto
function normally (insofar as olfaction is concerned) with allreceptors removed
except those ona single antenna. Thus, sixteen generalists seem to suffice for the
generation of meaningful patterns (Dethier, 1967). Continued electrophysiological
studies have revealed, however, a source of variation other than mere increaseor
decreaseofbasalfiring rates.These studies,reported here, suggestacandidate code
for transmitting olfactory information.
MATERIALS AND METHODS

All experiments were performed onlast instar larvae ofthetobacco hornworm,
Manducasexta (Johan.) bred from a stock maintained byDr. Robert Yamamoto
on an artificial diet. Thelarvae employed here were fed on tomato. Recordings
were made from isolated heads inwhich thebrain had been destroyed in orderto
prevent efferent activity. Thehead was impaled onanuninsulated tungsten electrode. The recording electrode was also uninsulated tungsten wire electrolytically
etched atthetiptoa diameter of approximately 1/*. This electrode was inserted
into thevicinity of thecell bodies of theprimary bipolar neurons underlyingthe
medial sensillum basiconicum ofthe antenna. Itisimportant tonote that the exact
location oftheelectrode with reference toreceptor dendrite, soma, andaxon was
not known and that all recording was extracellular and AC.
The odors ofplants werepresented inastream ofairthat had been passed over
freshly cutleaves. Theodors of synthetic chemicals were presented full strength;
that is, theconcentration was that determined bythevapor pressure oftheliquid
evaporating from awick offilter paper. Concentration wasnotcontrolled.
Stimuli, plant andchemical alike, were presented successively and repeatedlyin
random order. Forexample, inone experiment tomato was stimulus number 1, 4,
5, 30;geranium, 9,10;allylisothiocyanate, 3, 23,etc.Each stimulus waspresented
more than once andwas preceded andfollowed bydifferent stimuli ineach case.
After a stimulus was presented, thebackground activity was allowed toreturn to
its former level before presentation of thenext stimulus. If background failed to
return tonormal, theexperiment was terminated. The best preparations lastedfor
aslong asfour hours, and asmany as sixty successive stimulations could be undertaken without anyobvious deterioration. Aslong astheposition oftherecording
electrode remained unchanged, itwas possible tocompare, with numerous replications, the responses of specific cells toavariety of stimuli.
RESULTS

Responses to sixty different chemicals andplant odors were recorded. Eleven
havebeen selectedforpresentation here because together they represent all charac-
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Fig. 3. Same preparation and electrode position as in
fig. 1. Total duration of records 2.3 sec. Top line, ßionone (16); second line, allyl sulfide (14); third line,
allyl isothiocyanate (3); bottom line, cabbage (11).
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teristics of the responses obtained. Two sets of comparisons representing two
different electrode positions in twodifferent preparations are described. The results
obtained atoneposition arepresented infigs 1-—4. Activity from the other position
is depicted in figs 5—7.
Fig. 1 reveals that the electrode recorded a steady low level of activity predominantly from two cells identifiable by a large and a small spike respectively
(bottom line). For the sake of simplicity "spike" will be employed to signify the
cell. The record depicted represents a total period of one second. A count of the
number of spikes generated during each 100msec, period by each cell shows that
the level of activity was low and relatively constant, approximately one spike per
100msec. (Fig. 2, background).
When air containing the odor of tomato leaves stimulated the receptors, both
increased their rate of firing (Fig. 1, third line from top). Counts per unit time
(Fig.2) showed that both units responded similarly, increasing gradually to synchronous maxima, then declining. When stimulated by the odor of geranium, both
units again increased their rates (Fig. 1, top line); however, the small spike
increased more rapidly to a higher maximum and had already begun to decline
before the large spike attained its maximum (Fig.2). It did not resume firing until
the stimulus was removed. When linalool was the stimulus (Fig. 1, second line
from the top), the small spike again anticipated the large spike; however, it tended
to resume firing when the large spike slowed (Fig.2).
The odor of cabbage caused a slight increase in the rate of firing of the large
spike but inhibited the small spike (Figs 3 and 4). Bèta ionone was similar in its
inhibitory action on the small spike, but it more actively excited the large spike.
Allyl iso-thiocyante, presumably one of the sources of cabbage odor, stimulated
both cells more or less equally and synchronously although the small spike continued for a longer period than the large (Fig. 3, third line from top). Eventually
both cells were inhibited (Fig.4). With allyl sulfide (Fig. 3, second line from top)
both cellsresponded with similar timecourses.
Figs 5—7 depict results obtained from another preparation in which four
cells were active. Limonene stimulated predominantly one cell, characterized by
a medium-sized spike, (Fig. 5, top line). The activity of this cell increased very
rapidly to a highmaximum whilethe other cells showed little change from baseline
(Fig. 6). Citral, on the other hand, stimulated the cell giving the medium-sized
spike bimodally. Another cell attained its maximum rate in the intermodal period
(Fig. 5, second line from the top and Fig. 6). Amyl acetate (Fig.5, third line from
the top) stimulated most effectively the same cell that responded so vigorously to
limonene (Fig. 6). Other cells changed little from background levels. Amyl alcohol
elicited a vigorous response from allfour cells (Fig. 5, bottom line and Fig.6).
DISCUSSION

Sixteen of the bipolar neurons in the antennae of caterpillars are believed to be
olfactory receptors (Dethier, 1941b; Morita & Yamashita, 1961;Schoonhoven &
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Fig. 5. Extracellular recording from
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Dethier, 1966). In the absence of specific stimulation a more or less constant low
level of spike activity can be detected by probing randomly with an extracellular
recording electrode. Depending on the position of the electrode, activity from one
tofour cellscanbemonitored at onetime.Bychanging theposition of the electrode
it is possible to shift to other cells or combination of cells. Repeated probings
in many preparations reveal that there are certain cells that can be characterized
bytheuniquemanner inwhichtheyrespond to series of different stimuli.There are
at least four different kinds of receptors that behave predictably from one stimulation to the next and from one animal to the next. Whether all sixteen receptors
are unique or whether there is duplication cannot be decided with certainty.
These antennal receptors are generalists. They respond to a wide variety of
chemically unrelated compounds, and their reaction spectra are overlapping but
not congruent. Like the generalists that have been found in other insects they
respond to odors by increasing, decreasing, or maintaining unchanged their basal
rate of spike activity. When the input of the antenna to the central nervous system
is considered in its totality, it is obvious that an enormous number of neural
patterns can begenerated by this simplereceptor system. Theoretically, caterpillars
could discriminate among more odors than would be encountered in the normal
environment.
Although patterning of this sort would suffice, other kinds of patterning are
possible (cf. Perkel & Bullock, 1968). One such kind is described here. The olfactory receptors of caterpillars respond not only with absolute changes in their
basal rates of firing but also with different latencies, rates of increase of frequency,
rates of adaptation, and alternating increases and decreases. The resulting temporal
patterns are reproducible, consistent with each compound, and independent of the
order in which the compounds are presented. For example, there are two receptors
that respond to the odor of tomato with a gradual increase of firing building up
at about the same rate to approximately the same maximum and with similar
rates of adaptation. These receptors also respond to the odor of geranium with an
increasein spikefrequency; however, onecell (thesmaller spikeinFig. 2) responds
with a shorter latency, attains a higher maximum more quickly, and begins to
adapt while the other cell (large spike) is still in the rising phase. In response to
linalool the cell with the smaller spike again anticipates and overshoots the other,
but then as the other begins to adapt this cell rises again to a maximum (Fig. 2).
A comparable situation is observed in records from another preparation in which
two cells responded to limonene and citral (Fig.6).
Because the differential responses of two cells such as these vary from one
compound to the next in a consistent manner, it is unlikely that the cells are
interacting. More probably they are totally independent. In other words, one cell
does not inhibit another when some critical rate of firing is attained. At this
moment there is no structural evidence of cross connections or tight junctions.
To what extent these changes at the recording electrode reflect events in the
axon is a question that can be answered only by intracellular and axonal recording.
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The unique and consistent response of a given receptor to a variety of stimuli
argues strongly that the observed differences among cells truly represent physiological phenomena. The slow rise of spike frequency could indeed represent a
gradualincrease in stimulus concentration sinceno abrupt onset of stimulation was
effected. On the other hand, if the cells behaved in an identical fashion, the rising
response curves should be the same.It isconceivable, furthermore, that differences
in maxima elicited by the various odors represent differences in intensity of stimulation sincethe concentrations of thevarious compounds were not equated.
The records also show marked changes in amplitude of the spikes of some cells
in response to some compounds (e.g. Figs 1 and 5, top lines). The positive phase
of the spike also decreases. Oneinterpretation is that the cellinvolved is approaching its maximum rate of firing and that recovery from depolarization, insofar as
the electrode sees it, is incomplete. Boeckh (1967) also reported amplitude decreases and was able to demonstrate that these were associated with an increase in
the receptor potential. It is hardly likely that these amplitude changes have any
meaning as far as axonal transmission is concerned.
Heretofore concepts of pattern coding by olfactory receptors have emphasized
the differences in the total changes in spike frequency from one cell to the next
(Boeckh, 1967;Schoonhoven &Dethier, 1966; Dethier, 1967). The direction and
magnitude of the changes reflect differences in sensitivity among the cells. The
significance of the changes would depend upon the central nervous system
averaging input from each cell over a period of time and measuring it against a
baseline. Differences in sensitivity can also manifest themselves as differences in
latency, rates at which frequency of firing increases, and rates of adaptation. These
would result in the establishment of a temporal patterning extending over a period
of approximately one second. The significance of these patterns would depend
upon the ability of the central nervous system to read, as it were, the whole
sentence.
Whatever the case, plants encountered in nature elicit different temporal
patterns from the antennal organs (cf. tomato, which is preferred; cabbage, which
is eaten; geranium, which is rejected). Whether different plant odors are to the
receptors of the caterpillar merely different concentrations of the same compound
or compounds or are truly qualitatively different can be decided only by further
study. Specifically, whether thedifference between allylisothiocyanate and cabbage
ismerely a concentration effect or indicates that the compound is not the relevant
component in cabbage remains to be seen. In any case, at the concentrations at
which plant odors occur in nature the differential effects produced on the olfactory
receptors are significant.
ZUSAMMENFASSUNG

OLFAKTORISCHE CODIERUNG BEI RAUPEN
Extrazelluläre elektrophysiologische Erregungsableitungen von Geruchsrezeptoren in den
Antennen von Tabakschwärmer-Raupen (Manduca sexta (Johan.)) ergaben, daß die Zellen
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auf verschiedene Duftstoffe unterschiedlich mit Änderung der Latenzzeit, der Zunahmerate
der Erregungsfrequenz, derAnpassungsrate sowie derÄnderung der Frequenz-Zunahme und
-Abnahme reagieren. Die sich daraus ergebenden Zeitmuster der Spike-Aktivität könnten als
Code dienen undsodieUnterscheidung zwischen verschiedenen Pflanzendüften ermöglichen.
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CHEMOSENSORY BASIS OF HOSTPLANT SELECTION
I N THE SILKWORM
BY

SHIGEO ISHIKAWA *, TUNEO HIRAO AND NARIHIKO ARAI
Sericultural Experiment Station Suginami-ku, Tokyo, Japan
Even the odors of many non-hostplant leaves have a phagostimulative function besides
attraction for the silkworm, Bombyx mori. Consequently, the odor by itself emanating from
any plant leaves can not give a significant cue for discriminating acceptable plants from nonacceptable ones. Finding of plant leaves from a certain distance and stimulation of feeding
by odors were achieved through the functions of olfactory receptors in the antenna and
maxillary palpus, respectively.
The sugar and inositol receptors in the lateral hair and the bitter-substance receptor in the
medial hair on the maxilla play relatively important roles in the response to various plant
juices. The response pattern of these three receptors roughly correlates with the feeding
response.
The maxillary palpus has chemoreceptors which are sensitive to some olfactory and
gustatory stimulants such as n-butyl propionate, morin, ^-sitosterol, etc. and in addition, it
exerts an inhibitory influence upon feeding unless the amount of feeding stimulants in the
diet reaches a certain sufficient level.
In addition to synergistic interactions at the receptor sites, which were previously reported
for the responses of the bitter-substance and salt receptors in the maxilla, antagonistic interactions were also observed. Some constituent occurring in Artemisia vulgaris leaves, of which
the active principle was not identified chemically, was found to inhibit specifically the
maxillary sugar receptor activity.
The feeding response is influenced considerably by the amounts or ratios of the feeding
stimulants. Accordingly, synergistic or antagonistic interaction of the mixture of chemical
stimuli, rather than individual stimuli, is a significant determinant of the palatability of the
diet.
Compared with Hyphantria cunea, the feeding behavior of Bombyx is characterized
especially by the high sensitivities for many kinds of feeding deterrents associated with various
non-hostplants.

The silkworm, Bombyx mori, is an oligophagous insect which feeds under
natural conditions on several species of Moraceae, Ulmaceae, Compositae, etc.,
especially mulberry-leaves. Many investigators have reported that several types of
nutrients and secondary plant substances can elicit feeding responses (Hamamura
etal.1962;Ito, 1960, 1961a,b,c;Horie, 1962;Nayar &Fraenkel, '1962;Niimura
& Ito, 1964; Ishikawa & Hirao, 1966; and others). Behavioral studies, however,
werenot able entirely to explain themechanism of host selection. The combination
of two types of research, behavioral studies and electrophysiological analysis of the
receptor systems, is necessary for clarifying this mechanism.
* Present address: Sericultural Experiment Station, Maebashi, Gumma Prefecture, Japan.
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Olfactory senseinantennaandmaxillary palpus
Previous investigations showed that first-instar larvae are attracted not only to
their hostplant, mulberry-leaves, but also to many non-hostplants and single
odorous chemicals, and that some non-hostplants appeared to be even more
attractive than mulberry-leaves (Hirao & Ishikawa, 1964; Ishikawa & Hirao,
1965a,b). Moreover, preliminary experimentation has shown that certain odors
have dual function as attractants and feeding stimulants for silkworm larvae
(Ishikawa et al, 1968). Subsequently, the effect of odors emanating from various
plant leaves upon the actual feeding response was examined. When various concentrations of steam distillates of many plant leaves were added to the agar diet
containing sucrose, the feeding response was frequently stimulated (Table I). This
TABLE I

Feeding responses to agar-diets containing steam distillates from various plant leaves
Plant steam distillate
added to basic diet

Relative feeding response
Relative concentration
1/16

Hostplant Moms alba

Non-host
plant

Basic diet

Prunus jedoensis
Zelkova serrata
Xanthoxyum piperitum
Thea sinensis
Diospyros kaki var. domestica
Quercus acutissima
Ginkgo biloba
Citrus natsudaidai
Mentha arvensis

1/4

+ ++
++
+++
++
++
++
±

+
+

1

+

+
++ ++

++ +++

+
+++
+
+
++
+

±

+
+
+
±

+
++

+

+

—

—

+

Composition of diet: Agar 1 g, Sucrose 1.026 g and steam distillate (or water) 30ml.

stimulation was even detected in some of the non-hostplants. Furthermore, certain
non-hostplants such as cherry evoked a higher feeding response, in the optimal
concentration of their steam distillates, than mulberry.
These observations show that the odors of many non-hostplant leaves have a
phagostimulative function besides attraction and that, as a consequence, the odor
itself emanating from anyplant leaf can not give a significantcuefordiscriminating
acceptable plants from non-acceptable ones.
To identify the sensory organs which take part in the above-mentioned behaviors, effects of inactivation of various olfactory receptors by means of HCl-treatment were examined.
If intact larvae are placed at a distance of about 10cm from mulberry-leaves,
most of the larvae can reach the leaves within three minutes. Larvae with in-
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activated antennae were deprived of such ability. Inactivation of maxillary palpi
(i.e. their sensilla basiconica) had no influence upon this behavior. It indicates that
only the antennal receptors serve for perceiving plant leaves from a certain
distance.
mg
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•a 400

s -
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300
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^ ^ r

200

8

P

A

100

0

0.0006

0.006

0.06

Concentration of n-butyl propionate added to basic diet (M)

Fig. 1. Effect of inactivation of antennae or maxillary palpi on the feeding response to
odor-added diets.N :No operation, A :Inactivation of antennae, Mp :Inactivation of maxillary
palpi, A + Mp :Inactivation of antennae and maxillary palpi. Basic diet: 1,000mg Agar,
1,026mg Sucrose, 540mg Inositol, 30ml Water.

On the other hand, the stimulation of feeding by odors wasfound to be achieved
by the olfactory receptors in the maxillary palpus, as shown in Fig. 1. The feeding
responses of the non-operated and antenna-inactivated larvae were significantly
stimulated with increasing concentration of n-butyl propionate in a given diet.
However, no such stimulation was observed in larvae of which the maxillary palpi
were inactivated. In this case, rather large amounts of food were consumed at all
concentrations when compared with intact larvae. This phenomenon will be explained later.
Gustatorysensein maxilla
With electrophysiological methods it was possible to work out some details of
the functions of the maxillary taste receptors in the silkworm (Ishikawa, 1967).
The lateral sensillum stylocononicum contains receptors which are specifically
sensitive to sugars, inositol, glucose, salt or some hitherto unidentified substances,
and the medial sensillum has specific receptors for salts, bitter substances and
water. The inositol receptor is specifically sensitive to myo- and «/«-inositols, but
little or not at allto neo-or rac-isomers.
Of these seven taste qualities, the activities of the sugar and inositol receptors in
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TABLE II

Activity patterns in certain maxillary receptors responding to some plant juices and feeding
response
Pattern

Receptor
Relative feeding response to agar-diet containing leaf powder *
activity
L s L i R + ++ ^ + +
+
±
—
Morus alba
Madura
aurantiaca
Cudrania
triloba
Broussonetia
kazinoki
B. papyrifera

+ +

II

IV

V

+ +

+

Taraxacum
platycarpum

Humulus
lupulus
H.japonicus

Ficus retusa

Celtis sinensis
Sonchus
oleraceus

Ulmus pumila
Ailanthus
altissima

Ulmus japonica
Aphananthe
aspera
Ficus
wightiana
Vicia faba

Crépis japonica
Lactuca repens

+

III

Cudrania
javanensis
Ficus carica
F.erecta

+

+

Zelkova
serrata
Trifolium
repens
Phytolacca
americana
Citrus
natsudaidai
Quercus
acutissima
Castanea
pubinervis
Chenopodium
album
Artemisia
vulgaris
Liquidambar
formosana

* Composition of diet: Leaf powder 1g, Cellulose 500mg, Agar 170mg, Ascorbic acid 70mg,
Distilled water 3.4ml.
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the lateral hair and of the bitter-substance receptor in the medial hair seemed to
play relatively important roles in the responses to various plant juices (Ishikawa,
1966; Ishikawa &Hirao, 1966). To test this, each response pattern evoked by a
plant juice was compared with the feeding response to the agar-diet containing
about 60% of its leaf-powder, using many plant leaves. Table II indicates that the
response pattern correlates roughly with the feeding response: activation of both
sugar and inositol receptors considerably stimulates feeding, whereas activation of
the bitter-substance receptor plays a crucial role in the inhibition of feeding. Since
nodetailed classification wasmadewithregard to thefrequency of impulses evoked
in each receptor, the difference of the feeding responses among the plants belonging to same response pattern might be caused partially by such differences in
activity of individual receptors.
As far as the activities of these three receptors are concerned, the presence of
adequate amounts of sucrose and inositol and the deficiency of the substances
stimulating the R (repellent or bitter-substance) receptor seems to be necessary
for increasing the feeding response. When (1) sucrose (300mg) and inositol (300
mg) was added to the diets used in Table II and (2) when at the same time the R
receptor wasinactivated byHCl treatment of themaxillary medial hair, the feeding
responses to the various diets with plant extracts increased clearly. This result
confirms the significance of these receptors in the feeding behavior.
Functionof maxillarypalpus on thefeeding response
As has been shown in Fig. 1, the inactivation of maxillary palpi resulted in a
considerable increase of the feeding response to diets of certain compositions.
Exp. I

I 1000

Exp. il

Intact

Mp inactivated

CQQ

Mp inactivated

I 200
1/64 1/16 1/4

1*

Fig. 2. Effects of inactivation of maxillary palpi on the feeding response to agar-diets.
Concentration of mulberry-leaf powder (g)
Composition of diet: 6g Mixture of
mulberry-leaf powder and cellulose, 0.96 g
Sucrose (0.1M), 1.4 gAgar and 28ml Water

Concentration of feeding stimulant mixture
added to basic diet consisting
of 1g agar and 30ml water
Composition of the mixture l X ^ X l O - ^ - M
Sucrose, 6 X 1 0 - 3 M Morin, 2 X 10- x M
Inositol and 6 X 10- 2 M K2HPO4
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Similar results were obtained by several authors (Waldbauer & Fraenkel, 1961;
and others). Kennedy (1965) and Schoonhoven (1968) suggested that mechanical
factors might be involved in this respect. However, in another electrophysiological
experiment, wefound that the activity of themechanoreceptors associated with the
palpi was not disturbed by this inactivation treatment (Ishikawa, unpublished).
Accordingly, it is improbable that such increase of feeding is caused by the lossof
the response to mechanical stimuli. In experiments I and II shown in Fig. 2, the
amount of mulberry-leaf powder or of a certain mixture of feeding stimulants was
varied respectively in each given diet. In either case, the stimulation of feeding by
inactivating the maxillary palpi gradually decreased in accord with the increase
of the concentration and finally, the reversal of response, that is, depression by
the inactivation, was observed. Although these phenomena can not be clearly
explained only from these data, it is suggested that intact palpi exert an inhibitory
influence upon the feeding unless the amount of feeding-stimulants in the diet
reaches a certain level.
For clarifying thecomplicated phenomena shown inFig. 2,thefeeding responses
between intact and palpus-inactivated larvae werecompared using diets of a simple
composition. Increasing effects of concentration of several single gustatory stimulants weretested. Fig. 3showsthat thefeeding response of the non-operated larvae
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0
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3 0 0 J"

0.1

v

0

/?-Sitosterol

0

0.001 0.01

Concentration of each stimulant added to the basic diet (M)

Fig. 3. Effects of inactivation of maxillary palpi on the feeding response to agar-diets
containing various feeding stimulants.
Composition of basic diet: l g Agar, 10-' 2 M Sucrose (except for the test of sucrose),
30ml Water.
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increased according to the increase in concentration of each stimulant added. However, the inactivated larvae showed two different types of responses depending on
the kind of the stimulant. Sucrose or inositol stimulated the feeding response of
the inactivated larvae as well as non-operated ones when its concentration was
increased. No such significant stimulation was observed in the case of morin or
/^-sitosterol. These results could be accounted for by the following explanation.
The maxillary palpus has chemoreceptors which are sensitive to some gustatory
stimulants such as morin and ^-sitosterol and in addition, exerts an inhibitory
influence upon the feeding within a certain range. The complex changes of feeding
responses by the inactivation of the palpi might be due to their complicated interactions. However, no electrophysiological evidence as to the sensitivity of the
chemoreceptors in thepalpus for morin or^-sitosterol has been obtained asyet.
Synergisticor antagonistic interaction at the peripheral level
In a previous study using electrophysiological methods synergistic interaction
was found between salt and a bitter substance (Ishikawa, 1966).
A similar excitatory effect of salt on the response of the labellar sugar receptor
was reported in the fleshfly (Morita etal.1966).
An opposite type of reaction is found in antagonistic interactions. Inhibitory
effects of salt or other substances on the receptor activities have been shown by
many authors (Hodgson, 1957;Wolbarsht, 1958;Morita &Takeda, 1959;Takeda,
1961; Morita et al. 1966; Ishikawa, 1963, 1966; and others).
However, there seems to be little information concerning inhibitors which act
only on certain specific receptors. Some unidentified constituent in the aqueous
extract from leaves of Artemisiavulgaris was found to have an inhibitory influence
specifically upon the activity of the sugarreceptor in thelateral hair of the maxilla.
The activity was completely depressed at low sucrose concentrations, whereas a
partial recovery occurred at higher sucrose concentrations (e.g. 10- x M), the concentration of the extract being constant. This substance seems to have no influence
on the responses of the other receptors in this hair.
TABLE III

Synergistic interaction between gustatory and olfactory phagostimulants
Gustatory stimulant
added to basic diet

Mean food volume eaten by one larva (mm3)
n-Butyl propionate (olfactory stimulant)
ibsent

None
10- 1 M Sucrose
3 X 10- 3 M Morin
1 0 - 1 M Inositol
10-' 2 M jS-Sitosterol
Sucrose + morin
Sucrose H-inositol
Sucrose + /3-Sitosterol
Basic diet: l g Agar and 30ml Water,

0
76
0
0
0
166
85
95

Present(0.06M )

0
174
108
43
0
218
224
173
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Integrationin the centralnervous system
Besides the interactions at the peripheral level, the interactions of many factors
which contribute to acceptance and rejection might occur in the central nervous
system. Although no electrophysiological analysis has been made with respect to
such integrating mechanisms in the central nervous system of the silkworm, many
interactions of feeding stimuli were observed in behavioral experiments.
In Table III, examples of synergistic interactions between phagostimulants are
presented. It is first noted that sucrose is the specific stimulant that singly evokes
considerable feeding response. None of the other substances showed a comparable
effect. Secondly, the feeding response was synergistically stimulated by mixing
sucrose and another gustatory stimulant. Suchsynergism was also obtained between
gustatory and olfactory phagostimulants. The significance of synergistic interactions
of feeding stimuli in the feeding response has already been pointed out by many
workers (Thorsteinson, 1960; Hsiao & Fraenkel, 1968).
1.0

s 0.1-

o+—1—L
0

1—=>
xO.1

^— s > s

'' ' M

xf

x10

Concentration of the mixture added to basic diet

Fig. 4. Interacting effect of phagostimulative substances on the feeding response indicated
by contour lines of mean food consumption per larva (mm3).
* Composition of the mixture ( X I ) : l Q ^ M Inositol, 3 X 1 0 - 3 M Morin,
10-2 M /3-Sitosterol and 3 X 10~2 M K2HPO4. Basic diet : 1 g Agar, 30 ml Water.

Fig. 4 indicates that the most effective concentration of sucrose on feeding
differs depending on the amounts of other stimulants mixed in the diet and in
addition, food consumption was steeply depressed when the concentration of the
admixture was further increased exceeding a certain critical level at any concentration of sucrose.
In view of these results, it should be emphasized that a feeding response is
greatly influenced by the amounts or ratios of the feeding stimulants mixed into a
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diet, so that the interacting effect of a mixture of chemical stimuli is more important than individual stimuli as a determinant of the palatability of the diet.
Comparison of feedingresponsesbetweentwo mulberry-leaf feeders
In order to bring the characteristic of the feeding behavior of the silkworm into
relief, the feeding response of the silkworm was compared with that of the fall
webworm, Hyphantria cunea. Fall webworm is also one of the mulberry feeders
and is regarded as a typical polyphagous insect.
A comparison of their feeding responses to some palatable substances showed
that many substances which serve as phagostimulants to Bombyx (e.g. sucrose,
fructose, glucose, morin, inositol, K 2 HP0 4 ) elicit similar responses inHyphantria.
There are, however, some quantitative differences. Hyphantria was more sensitiveto fructose and glucose than Bombyx. Moreover, in Hyphantria, a prominent
synergistic effect was observed between K 2 HP0 4 and sucrose.
With respect to feeding deterrents there exist significant differences between
both insects. The feeding response of Bombyx decreased with increasing concentrations of the aqueous extracts from various non-hostplant leaves in the dietary
substrate. On the contrary, most of these extracts stimulated feeding ofHyphantria
(Fig. 5).
Morus alba

Qucrcus dentata

Quercus acutissima

Picrasma
quassioides

/

Silkworm
Fall webworm

200

/

/
/
/
/
/
/
/
J

/

j
/;
100\ i ^

\

_^-"7\
V

/

\

r-

1

T'

•

A
v\

7

\
\ \sy

I- — r —

Log relative concentration of aqueous leaf-extract added to basic diet

Fig. 5. Comparison of feeding responses to various aqueous leaf-extracts between silkworm
(Bombyx mori) and fall webworm (Hyphantria cunea). '
Basic diet : 0.1 M Sucrose, 3 X 1 0 - 3 M Morin, 1 g Agar and 30ml Water.

In somecases,such as Quercusdentata, thefeeding response of Bombyx slightly
increased and thereafter, steeply decreased with increasing concentration of the
extract.
This phenomenon suggests that both feeding stimulants and deterrents might
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exist inthis extract and that the feeding response might depend on their mutual
antagonistic interaction. Namely, at lower concentrations, thesensitivity for the
phagostimulants might predominate over that for the deterrents, whereas, at
higher concentrations the sensitivity for the deterrents seems to become dominant.
Hyphantrialarvae, on the contrary, seem to be insensitive to most ofthe deterrents but sensitive to feeding stimulants.
Accordingly, the characteristic feature of Bombyx isits high sensitivity for many
kinds of feeding deterrents associated with various non-hostplants.
ZUSAMMENFASSUNG

CHEMOSENSORISCHE GRUNDLAGEN DER WIRTSPFLANZENWAHL BEIM
SEIDENSPINNER
Neben derAnlockwirkung hat sogar derGeruch vieler Nicht-Wirtspflanzen-Blätter auch
eine fraßanregende Wirkung fürdie Raupen des Seidenspinners, Bombyx mori. Infolgedessen
kann der von irgendwelchem Laub ausgeschiedene Duft selbst keinen signifikanten Aufschluß
für die Unterscheidung von annehmbaren und abzulehnenden Pflanzen liefern. Das Auffinden
der Pflanzenblätter aus einer gewissen Entfernung und die Fraßstimulation durch Geruchsreize
werden mit Hilfe von olfaktorischen Rezeptoren gewährleistet, die inden Antennen bzw. den
Maxillarpalpen liegen.
Die Zucker- und Inositol-Rezeptoren im Lateralhaar und der Bitterstofl>Rezeptor im
medialen Haar derMaxille spielen eine relativ wichtige Rolle beider Reaktion auf verschiedene Pflanzensäfte. DieReaktionsmuster dieser drei Rezeptoren stehen grob mit der
Fraßreaktion inBeziehung.
Der Maxillartaster besitzt Chemorezeptoren, diefür einige Duft- und Geschmacksstimulantien wie n-Butylpropionat, Morin, ß-Sitosterol usw. empfindlich sind, undaußerdem eine
Funktion, diedann eine Hemmung aufdasFressen ausübt, wenn dieFraßstimulantien in
der Nahrung keine genügend hohen Beträge erreichen.
Zusätzlich zudensynergistischen Wechselwirkungen auf Seiten derRezeptoren, überdie
früher alsReaktionen derBitterstoff- undSalz-Rezeptoren in derMaxille berichtet wurde,
wurden auch antagonistische Wechselreaktionen beobachtet. Ein inArtemisia VK/garä-Blättern
auftretender Bestandteil, dessen aktives Prinzip chemisch nicht identifiziert wurde, erwies
sich als spezifischer Hemmer der maxillaren Zucker-Rezeptor-Aktivität.
Die Fraßreaktion wird beträchtlich durch die Menge und den Anteil der Fraßstimulantien
beeinflußt. Dementsprechend istdie synergistische oder antagonistische Wechselwirkung eines
Gemisches chemischer Reize eher fürdieAnnahme einer Nahrung ausschlaggebend als der
einzelne Reizstoff.
Verglichen mit Hyphantria cunea istdas Fraßverhalten von Bombyx besonders durchdie
hohe Empfindlichkeit gegenüber vielerlei Arten von Fraßabschreckstoffen gekennzeichnet,
die bei verschiedenen Nicht-Wirtspflanzen auftreten.
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GUSTATION A N D FOODPLANT SELECTION IN SOME
LEPIDOPTEROUS LARVAE
BY

L. M. SCHOONHOVEN
Department of Entomology, Agricultural University, Wageningen, Netherlands
The majority of the chemoreceptory cells, which are located in the sensilla styloconica
on the maxillae, have been characterized in two oligophagous caterpillars. Besides the sugar
and salt receptors M. sexta has a cell, which is stimulated by some alkaloids, a cell sensitive
to some glycosides and two inositol sensitive cells. P. brassicae has, besides a sugar and a
salt cell two cells sensitive to mustard oil glucosides (differing in their sensitivity patterns),
one cell sensitive to amino acids and another one to anthocyanins. In M. sexta, the sensitivity
of some cells to their specific stimuli can be reduced by adding these specific compounds to
its food. Modifications of food selection behaviour can becorrelated with such induced receptor
changes. The consequences of these observations are discussed in relation with food conditioning phenomena.

At present it isbeyond doubt that chemical sign stimuli play a major role in the
feeding behaviour of many phytophagous insects. There is also increasing
evidence that the insects often make subtle choices, indicating that they get fairly
detailed information about the chemical composition of the plants.This conclusion,
derived from many patient behavioural observations, does not clarify in detail the
mechanisms which lead to the observed behaviour. Understanding fully the complicated feeding behaviour of an insect requires answers to the following questions:
(1) what are the characteristics of the chemoreceptors involved, i.e. their specificity
and sensitivity? (2) To what extent does an integration of the messages from these
receptors increase the resolution capacity of the animal? Such an integration
process may occur partly at the sensory level, e.g. by inhibitory and synergistic
interactions, and partly at higher levels inside the central nervous system. Even
within the c.n.s., several levels of integration are probably to be found. (3) How
are changes in food selection behaviour explained in physiological terms? Or, in
other words, what happens in an insect during the process of conditioning? (4)
What chemicals and in what quantities does a leaf-eating insect encounter during
feeding activity? Several of them, either singly or in combination, could signal
the suitability of a plant as food.
The present study furnishes some facts which may be of help in the ultimate
solution of the above mentioned questions. As experimental animals, the larvae of
several species of Lepidoptera were used. The methods were the same as described in a previous report (Schoonhoven, 1967a).
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Receptor characteristics
The sense of taste in caterpillars is (at least partly) localized in two different
sensilla styloconica on each maxilla. These hairs, although situated outside the
buccal cavity, are in constant contact with the plant tissues during feeding. Besides
a mechanoreceptor cell, they contain each four chemoreceptory cells (Schoonhoven
& Dethier, 1966). Fig. 1shows our present knowledge about the various types of
receptors for some insect species.Characterization of the individualcellsbydefining
their stimulus spectrum appears to be often difficult. Some cells probably react to
one or a few related chemicals, whereas the spectrum of others may be very wide.
These receptors, besides the noteworthy analysis in Bombyx mori by Ishikawa
(1963) and his colleagues, have been investigated in some detail in the tobacco
hornworm (Manduca sexta(Johan.)) and the cabbage worm (Pieris brassicae L.).
An example of a very specific chemoreceptory cell isrepresented by the inositol
receptor of the medial sensillum of M. sexta. There is no evidence that any compound other than inositol stimulates this cell. In the case of the lateral inositol
receptor, however, some doubt exists in this respect. The spectrum of the "D"
("deterrent") receptor in the lateral hair, for instance, is much wider. Probably
several compounds, belonging to various categories of chemicals, stimulate this
cell. The strongest stimulus known is salicin. Phlorizin (2 X 10 _ 4 M), sinigrin
(10-2M), solanin (10-4M) and malvin (3 X 10- 3 M) areweaker stimuli.In contrast with our previous finding, M. sexta has a cell which is specifically stimulated
by some alkaloids, which typically occur in their food plants, i.e. Solanaceae.
Tomatin, demissin and solanin (10" 4M) elicit action potentials in this cell, though
their aglycones in saturated solutions are ineffective. Nicotine (10- 3 M) is also
ineffective. The presence of an "S" ("stimulant") receptor in themedialhair isstill
hypothetical. The high total activity which saps from solanaceous plants initiate
in this hair is presumably partly due to the activity in this receptor. Salts (NaCl
and KCl) fire only one cell in each hair at low concentrations (0.1—0.3M), a
second cell in the lateral hair becomes active at higher (1M) concentrations, and
is probably identical with the "D" receptor.
For P.brassicae, the picture is quite different. Here each sensillum contains a
receptory cell sensitive to various mustard oil glucosides, but both cells are
certainly not identical in their reactions (Schoonhoven, 1967a). The cell in the
lateral hair is sensitive to (in order of decreasing effectiveness): glucobrassicin
> glucocapparin > sinigrin = glucotropaeolin = glucoiberin > sinalbin = glucosinalbin. Only some of them stimulate also the receptor in the medial hair: sinalbin >glucosinalbin = glucotropaeolin. Besidestheusual sugar receptor, the lateral
hair contains a receptor sensitive to all the 12 amino acids tested (Schoonhoven,
1969a). The strongest stimulants are L-proline, L-cysteine and DL-methionine.
This cell is, on the contrary, not stimulated by other acids at physiological concentrations, e.g., 0.01 M oxalic acid. The fourth cell reacts to some anthocyanins,
such aspelargonin (10~3M),malvin (10~3M), cyanidin mannoside (10~2M)and
two cyanidin containing compounds from red cabbage (10~2M). Their aglycones,
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however, and delphinin (5 X 10~3M) are ineffective for this receptor.
Not only the stimulus quality, but also the sensitivity of the receptors are essential features of each sense cell. Threshold values are often difficult to establish
accurately, but extrapolation of observations at superthreshold concentrations
usually leads to fair conclusions. The threshold value for the perception of sinigrin
by thecabbagewormhas been found bybehavioural methods tobe about 0.333 X
10- 6 M for some individuals (David & Gardiner, 1966). Electrophysiological
methods show that the lateral mustard oil glucoside receptors in some individuals
respond to 10~7M sinigrin (Fig. 2).But, due to adaptation, the sensitivity of these
IMP/
/Si
SEC 50 -

40

20

o1

•5

-3
-2
LOG MOLAR SINIGRIN
Fig. 2. Impulse frequencies in the lateral sensilla styloconica of a P.brassicae larva, during
the first second of stimulation with various concentrations of sinigrin in 0.5 M NaCl.
•7

•6

-4

receptors decreases rapidly and after one second the concentration required for a
continuous induction of neural activity may be already ten times higher.
The threshold of the amino acid receptor is for the strongest stimulating compounds about 10-3M, whereas a value of about ten times lower is found for the
sugar receptor, using sucrose as astimulus.
In the tobacco hornworm, the threshold of the inositol receptor in the medial
sensillum styloconicum is reached at about 5 X 10~4M inositol, but the inositol
receptor in the lateral hair seems to be as much as 100 times more sensitive. The
response of the "D" receptor in the same hair has a threshold of about 10~7M
salicin.
Several compounds (including, for example, various terpenoids and some B
vitamins) elicit some activity in more than one cell.Since it is difficult to determine
which cells and to what extent they are stimulated, it is not possible to consider
them here.However, these compounds are of coursenot less essential in modifying
the total sensory information than the chemicals stimulating only one cell.
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Integration
The insect reacts only with one out of a few behavioural patterns towards a
multitude of sensory information. So, contacting a complex mixture of chemicals
may result in either stimulation or inhibition of feeding activity. Somewhere in the
c.n.s. the incoming messages are weighed against each other. There is ample
evidence from behavioural studies that often a behavioural response does not
simply correspond to the arithmetic mean of the incoming impulses of the various
receptors, but that synergistic relations accentuate some information. The presence
of some sugar in an agar substrate, for example, enhances the effects of sinigrin
on feeding activity in the cabbage worm (Ma, 1969). From electrophysiological
data it is known that these compounds act on different cells and that they do not
interact at the receptor level (Schoonhoven, 1967a). Integration processes of this
kind seemto occur at various siteswithin the c.n.s. Information from the maxillary
chemoreceptors is probably processed in the suboesophageal ganglion and the
input from the olfactory receptors on the antennae in the cerebral ganglion. A
higher level of integration takes place when the outputs of these two centres are
combined. Furthermore, the decision to feed or to stop feeding is affected by
internal factors, such as the degree of distension of the foregut, which information
ismediated by the recurrent nerve to the cerebral ganglion (Dethier &Bodenstein,
1958). Possibly, also the nutritive state of the animal plays a role in this decision.
Details of the topography and the physiological mechanisms underlying these
integration processes are still largely unknown in insects.
The observation that at very high concentrations some feeding stimulants
become deterrent is another unsolved problem. Does a low impulse frequency in
the chemoreceptory cell concerned induce a stimulation of feeding, whereas high
frequencies inhibit? Or is a high frequency too much out of balance with activity
levels of other chemoreceptors and therefore becoming inhibitory? A third possibility is that high concentrations of feeding stimulants also excite "deterrent" cells.
The easiest observable interactions between stimuli are those occurring at the
peripheral level. Raising the NaCl concentration from 0.25 to 3M, for instance,
decreases the impulse frequency in the sugar receptor of P.brassicae with about
65% at constant sucrose concentrations of 0.1 M. The reaction to sinigrin is also
affected byincreasing NaCllevels,but to a smaller degree. Likewise, sucrose exerts
an inhibiting effect on the salt receptor in M. sexta. Several of such inhibitory
interactions havebeen reported in the literature for various insect species. Interesting is the occurrence of the opposite type of interaction in which addition of a
certain compound may increase the reaction to a specific chemical considerably:
NaCl augments the effect of strychnine on the deterrent receptor in B. mori (Ishikawa, 1966).
It will be clear that such interactions complicate the analysis of the reaction
spectra of these cells tremendously. To the animal, however, these interactions are
probably of great importance: a particular plant (e.g. the specific hostplant) will
elicit more intense sensory reactions than merely the sum of the reactions to each

H

560

L.M.SCHOONHOVEN

of its constituents, when the insect is tuned to this plant by possessing specific
synergistic and inhibitory mechanisms.
Changesin feedinghabits
Many casual observations are mentioned in the literature, indicating that several
oligophagous insects show a preference for a certain foodplant, which, however,
is not completely fixed. A detailed study by Jenny, Hanson &Dethier (1968) on
M. sexta showed that a preference is induced for the plant species on which it is
raised. Whentobacco hornworms are grownon an artificial diet, theyincrease their
tolerance to some non-hostplants (Schoonhoven, 1967b). It appears that the
sensory information, which is transmitted to the c.n.s. in such caterpillars differs
from those grown on tomato leaves. Several receptors have become more sensitive
to their typical stimuli, and the sensory responses to plant saps have changed
accordingly. The sensitivity level of some receptors could be interfered with by
adding their adequate stimuli to the artificial diet for some time. Thus the presence
of 0.01Minositol in the dietdepresses theimpulsefrequency in themedial inositol
cell with about 40%, when tested with 0.05 M inositol (Schoonhoven, 1969b).
Apparently, the sensitivity of some of the sense cells is not of a constant fixed
nature, but varies with previous stimulations. That such changes are responsible
for modifications in food selection behaviour is suggested by the observation
that insects grown on tomato leaves, artificially made to contain high levels of the
deterrent salicin, have increased their acceptance level for dandelion, cabbage and
cabbage containing inositol (Fig. 3). A decrease in sensitivity of the deterrent
ACCEPTABILITY
4 r

DANDELION

CABBAGE

CABBAGE
INOSITOL

Fig. 3. Acceptability of dandelion, cabbage and cabbage leaves containing 2.5/tg inositol/gram
fresh weight for larvae of M. sexta, reared on tomato leaves (hatched columns) and tomato
leaves containing salicin (white columns). The arbitrary scale indicates : 1-nibbling and feeding
up to 0.25 cm2 per 4 hours; 4-normal feeding. Vertical bars at the top of the columns
represent standard errors.
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receptor in the lateral hair by about 20% concurs with this behavioural change.
It seems unlikely that the flexibility of receptor sensitivities is solely responsible
for the observed alterations in food preferences: learning processes in the c.n.s.
could very well play a role in addition.
Foodcomposition
A fundamental thought underlying the concept that secondary plant substances
are the essential compounds in foodplant selection (Fraenkel, 1959) is the idea
that generally all plants could fulfill any (phytophagous) insect's nutritive requirements. In that case the insect would not be interested in the nutritive factors when
selecting its food. The increasing number of observations that nutritive compounds
do play a role in food selection behaviour (e.g.: Kennedy &Booth, 1951;Gothilf
& Beck, 1967) and that various insect species can perceive such compounds
indicates that besides secondary plant substances common compounds are essential
as well. The suitability of a hostplant in nutritive respects is probably much less
optimal as one might expect. Addition of sucrose to their natural food increases
growth in Bupaluspiniarius (Schwenke, 1968).Different constituents of cotton are
the limiting factors from the nutritional viewpoint for different cotton feeders
(Saxena, 1969). Moreover, the chemical composition of a plant is certainly not
constant. Carbohydrate levels, for instance, in a plant species may vary greatly
with variety (Johnston et al, 1968), season (Smirnov et al, 1928), or even degree
of insect infestation (Hibbs, Dahlman &Rice, 1964; Ricou & Duval, 1969). For
thesereasons it appears important to know concentrations of certain nutrients, e.g.
sugars, in a plant, especially because the relative proportions of these nutrients are
of vital significance to the animals (see discussions by House and Auclair in this
symposium).
Secondary plant substances, enriching the diversity in the plant world, form an
excellent medium in the relationship between plants and insects, which depend to
such a large extent on their chemical senses. We should, however, be cautious in
considering their apparent role as representing their main (Fraenkel, 1959) or
even sole function. The classical thought that secondary plant substances are
metabolic waste products (see, e.g., Muller, 1969) is gradually being renounced
(Zenk, 1967; Loomis, 1967). Increasing significance is assigned to their role in,
for example, stimulating (King & Cooley-Smith, 1968) or inhibiting (Rubin &
Artisikhovskaya, 1963) parasitic fungi or the germination of other plants (Carey
&Watson, 1968).Therefore, secondary plant substances symbolize a physiological
aspect of plant speciation, which has naturally some relevance for the whole
environment of the species, including insects.
When some secondary plant substances are of importance to a certain insect,
their concentrations encountered in the leaves should match the insect's receptor
sensitivities. Table I gives some concentration levels derived from the literature
for various compounds, including some nutrients. When these data are compared
with the reactions of some receptors, it is clear that the concentrations observed
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TABLE I

Average concentration of some chemicals in the leaves of various plants
concentration x )
0.12
0.90
6
0.75
0.8
1.7

compound
solanin
tomatin
salicin
glucobrassicin
rubrobrassicin
cyanidine mannoside

plant species
potato
tomato
Salix sp.
cabbage

phlorizin
ascorbic acid
inositol
sucrose

apple
8 different species
9
potato
apple
4 different species
9
potato

>»
Tradescantia sp.

reference..
DIJKSTRA et al., 1943
SCHREIBER et al., 1961
WEEVERS, 1948
G M E L I N et al., 1961
FREY-WYSSLING et al., 1943
J. M. W. BOUMA, 1968,

pers. comm.

?»

>»
glucose
K+

0.10
10
2.8
15
38
12
8
144

RAA

et al., 1968

SCHEUNERT et al., 1952

ISHIKAWA et al, 1963
HlBBS et al, 1964
JOHNSTON et al., 1968
ISHIKAWA et al., 1963
S>

>J

ï>

DUCHÂTEAU et al., 1953

Ï) mMoles per 1000 gr fresh leaves. In case the concentrations were given as % dry weight,
they have been recalculated, assuming an average water content of 87.5%.

fall within thesensitivity range ofthe various chemoreceptors mentioned above.
When thedata from theamino acid receptor inP.brassicae arecompared with
the still incomplete andscattered data onfree amino acid levels intheliterature,
the receptor tends to be more sensitive to the amino acids occurring in small
quantities andthereverse. Thestrongest stimulant for themustard oil glucoside
receptor in thelateral hair, on the contrary, is the chemical which is the major
compound of this group in cabbage leaves: glucobrassicin (Josefsson, 1968).
CONCLUSION

From theforegoing considerations itisevident that caterpillars, like most other
insects, obtain some information about the nutritive value oftheir foodplants. This
information isessentialforaninsectinthechoiceofits foodplant because different
plants and their parts need not be nutritionally identical and the insect must choose
the optimal food. Moreover, thepresence or absence of certain secondary plant
substances which serve astoken stimuli, isnota conditiosine qua non in several
insects. P.brassicae larvae will accept diets without anymustard oilglucoside and
M. sexta caterpillars will feed on tomato leaves containing thedeterrent salicin.
These larvae show an increased acceptance of cabbage leaves, probably because
they are accustomed to the presence of some deterrents in the food andthe
accompanying changes in their receptor sensitivities.
It may beconcluded that caterpillars through their sense of taste have a fairly
complete knowledge of thechemical composition of a plant. This does notmean
that they perform a chemical analysis of the food, but that the ultimate total
impression mayvary markedly with subtle differences in the food. Thedecision
whether ornotaplant isaccepted depends onthe degree towhich the information
received approximates theoverall pattern ofinformation whichissoughtfor.
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RÉSUMÉ

LE SENS GUSTATIF

ET LA SÉLECTION DES PLANTES-HÔTES
PAR DES
LARVES
DE
LÉPIDOPTÈRES
La plupart des récepteurs gustatifs, localisés dans des sensilla styloconica sur les maxilles,
ont été caractérisés dans deux espèces de chenilles oligophages. En dehors des récepteurs pour
le sucre et les sels, Manduca sexta a une cellule, qui est stimulée par quelques alcaloides, une
autre sensible à quelques glycosides et deux cellules qui sont sensibles à l'inositol. La chenille
de Pieris brassicae possède, en dehors des récepteurs pour le sucre et les sels, deux cellules
qui réagissent aux glucosides des sénévols, une cellule sensible aux acides aminés et une autre
aux anthocyanines. Le type de réaction induit par la sève d'une plante n'est pas seulement
compliqué par des interactions inhibitrices et synergistes entre les divers composants de la
sève, mais aussi par le fait que la sensibilité de certains chimiorécepteurs dépend en quelque
sorte de la composition de la nourriture. Les modifications de sensibilité des récepteurs sont
accompagnées par des changements du comportement dans la sélection des plantes-hôtes.
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CHEMORECEPTOR SPECIFICITY ASSOCIATED WITH CHOICE
OF FEEDING SITE BY THE BEETLE, CHRYS0L1NA
BRUNSVICENSIS O N ITS FOODPLANT, HYPERICUM HIRSUTUM
BY

CHRISTOPHER J. C. REES
Department of Biology, University of York, Heslington, York, England
Some chemosensory phenomena which might govern foodplant selection or orientation on
the foodplant have been investigated in the association between the imago Chrysomelid beetle,
Chrysolina brunsvicensis Gr. and its hostplant Hypericum hirsutum, L. (Hypericaceae). The
greatest densities of feeding insects per unit of apparent surface area of plant occur on the
flowerheads and remainder of the upper third of the plants.
Trichoid chemoreceptor and mechanoreceptor sensilla were identified on the 5th tarsomeres
of all legs of C. brunsvicensis in a pattern of locations which was similar to that of the Potato
Beetle, Leptinotarsa, and of several other species of Chrysolina which do not feed on
Hypericum.
The responses of single chemoreceptor cells within these sensilla were investigated using a
high impedance recording technique with glass microelectrodes implanted into the distal
processes. Solutions of 1—1 electrolytes (e.g. NaCl, KCl) were applied to the sensillum tip
and were found to evoke a response in one cell (Type 1) in several tarsal sensilla of C.
brunsvicensis. Response threshold concentrations and the concentration dependence of the
adapted response was determined for KCl, NaCl, NaBr and Nal solutions. The responses of
this cell could be inhibited partially or totally by solutions of CaCh, (up to 60mM.), even
if sodium chloride were present also in the stimulus solution. Homologous receptor cells were
found in C.menthastri and C.polita tarsomeres which responded similarly to 1—1electrolytes.
A substance specific to Hypericum species (including H. hirsutum), hypericin (hexahydroxydimethyl-naphthodianthrone) was found to stimulate one cell (Type 5) in several tarsal
sensilla of C. brunsvicensis. This substance was ineffective in eliciting a response from the
chemoreceptors of C.menthastri or C.polita, even when the most concentrated solution
available (5mM.)was used. In brunsvicensis,the threshold of responsewas atabout 2 . 10- B M.
A "water" receptor cell (Type 3) was also demonstrated in C. brunsvicensis; maximum
response from this cell was released by 9mM NaCl solution, and its response was inhibited
by 75mM NaCl. Solutions of sucrose, glucose and fructose (100mM to 2M) failed to
stimulate any cells.
Determinations of bulk concentrations of Na, K, Ca, hypericin and water were made for
different parts of H. hirsutum plants. There was no correlation between the concentration of
Na, K and water and the height of the sample above ground level. Concentrations of Ca were
lower in the upper parts of the plants. There was a strongly marked concentration increase of
hypericin in the flowerheads compared with any other part of the plant, highest concentrations
occurring in the black, stalked organs on the sepals and petals. Owing to the lysis of these
organs in mature flowers, hypericin is released in free aqueous solution, and could act as a
stimulating solution without the obstruction of plant cell walls.
Hence, a concentration gradient of hypericin may mediate aggregation and feeding on the
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flowerheads and upper parts of the plants. The discovery of receptor cells which respond
selectively to low concentrations of hypericin in aqueous solution indicates that the beetle
possesses a sensory channel through which the information about such a gradient can be
perceived.

Someof the observations which are discussed in this communication have earlier
been reported byRees (1966).Stiirckow &Quadbeck (1958) and Stiirckow (1959)
have examined the structure and electrophysiology of the responses of tarsal contact chemoreceptors in the imago Potato Beetle, LeptinotarsadecemlineataSay.
Their results indicated that the detection of certain 'marker' compounds (secondary
plant substances) specific to its solanaceous hostplants might mediate choice by
the beetle.Thisform of choicehasbeen contrasted byDethier (1947) and Fraenkel
(1953) with the selection by detection of differences of concentration of nutrient
substances within the plants available as food, which might lead to a more polyphagous habit.
An extension of this type of investigation has here been made to the relationship existing between the adult Chrysomelid beetle Chrysolinabrunsvicensis and
its hostplant Hypericum hirsutum. The conclusions can only relate to the insects'
choice of feeding sitewhen actually in contact with their food. Observations which
were made on an isolated caged population of C.brunsvicensis on H. hirsutumby
Rees (1966) showed that although adult insects were positively phototactic, and
slightly negatively geotactic, the former taxis could be overridden in the presence
of the foodplant. The same feeding area was occupied by the beetles on the flowerheads and upper parts of the plants, irrespective of the direction of gravitational
pull and direction of maximum light intensity. He also showed that the choice of
these characteristic feeding sites could be abolished by amputation of four of the
fifth tarsomeres, which are limb segments known to bear both chemoreceptors and
mechanoreceptors in Leptinotarsa, another Chrysomelid. Further studies of a
beetle-hostplant community in Wytham Wood, Berkshire between mid May and
late October of 1964 and 1965 indicated that adult beetles aggregated on the
flower heads and upper parts of the plants for feeding. The predictions of the null
hypothesis that the beetles were evenly dispersed over the entire aerial surface area
of the plantswere comparedwith the observeddensities.Theresults of this analysis,
TABLE I

Mean percentages of expected density of C.brunsvicensis adults (calculated for a homogeneous
distribution) which were realised on different parts of H.hirsutum plants in an isolated colony
Height groupof
H. hirsutum
Up to 15 cm
15 to 30 cm
30 to 45 cm
45 to 60 cm
Over 60 cm

On flowerOn upper
heads
third
160%
No F.H.
125% combined
46%
275%
116%
134%
84%
120%

Divisions of the plant are arbitrary, and are shown in Fig. 9,

On middle
third
153%
137%
33%
117%
24%

Onlow
third
116%
95%
34%
104%
35%
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leading to the rejection of the null hypothesis, are summarised from Rees (1966)
in Table I. The indications are that a chemical stimulus was provided by some
part of the upper regions of theplants whichmediated aggregation for feeding, and
that this might be detected by tarsal chemoreceptor cells.
This account describes the electrical responses of a number of tarsal chemoreceptor cells to stimulation with aqueous solutions of certain electrolytes, nonelectrolytes and a secondary quinonoid plant substance, hypericin, which isrestricted in natural occurrence to a few species of Hypericumincluding H. hirsutum.An
attempt is made to relate the distributions of these substances within the foodplant
to the observed choices of feeding site made by adult beetles.
I. The Location and Structure of the Sensillaof the 5th Tarsomerewhichwere
investigated electrophysiologically
Ogijewicz (1948) has studied the innervation and distribution of sensilla on the
legs of four Chrysomelids. The locations of .sensilla chaetica on the 5th tarsomere
were broadly similar to those found by Stiirckow (1959) in Leptinotarsa,and to
the pattern in C.brunsvicensis. This plan appears to be common to all insects
showingthepseudo-tetramerous conditions of tarsal segmentation; it exists inmany
Cerambycidae and Curculionidae also. (Rees, unpubl.).
Materialsand Methods. Adult beetles were anaesthetised with carbon dioxide
gas when still within the first 3 hours after emergence from the pupa, and thus
with soft and translucent cuticle. Legs were dissected off at the femorocoxal joint
and fixed in Duboscq - Brazil solution for 2 days. Some were examined unstained,
and entire;others were stained with either Masson's Triple Stain or methylene blue
to reveal the sensorycells.

0-1mm.

Fig. 1. Anterior view of 5th (terminal) tarsomere of third right leg of C. brunsvicensis
showing the positions of all sensilla chaetica which were investigated electrophysiologically.
IV : 4th tarsomere (part), V : 5th tarsomere, CL : claws, U : unguitractor plate (seen through
cuticle.), C I — 9 : sensilla chaetica over 25JJ, long.
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Results. The distribution of sensilla chaetica on the 5th tarsomere, which are
at least 25/A in projecting length is shown in Fig. 1. There are 16 sensilla which
are encoded CI to C9; several are paired, with the two members of each pair
symmetrically disposed about the sagittal plane of the tarsomere. This disposition
applies to sensilla C2,3,4,5,7, 8,9; the more posterior of each pair is indicated
by a prime, e.g. C7'. The studies on Leptinotarsa reveal sensilla which are
apparently homologous with CI, 2, 3,4,7and 8 (Stiirckow 1959).There is a distal
ring of sensilla surrounding the base of the claw (CI -4-4'-2'), which do not
exceed 55/* in length, two pairs of long ventral sensilla (C7,7',8,8') up to 150/J,
long, and three other pairs of shorter (25 to 35./*)sensilla. Methylene blue staining
showed that the number of sensory cells associated with each sensillum was
variable, between 2 and 5. Mean numbers are listed in Table II, together with
the average length of each sensillum. There are two pairs of longer sensilla with
two cells (C7,7', 8, 8'); the remainder are shorter, with three to five sensory cells.
TABLE II

Sensillum Code No.
CI
C2,2'
C3,3'
C4,4'
C5,5'
C6
C7,7'
C8,8'
C9,9'

^ture
Sensillum structure
Mean Projecting length (fi)
41.6
40.2
32.9
50.0
37.7
29.3
77.4
118.3
33.6

Mean No. of sensory cells
3.7
3.8
4.4
4.4
3.5
4.0
1.9
2.2
4.7

II. The Electrical Responses of the tarsal Sensilla Chaetica
Tests have been applied to the tarsal chemoreceptors of Chrysolinaspp. to
determine the nature of their electrical responses to:
i. Certain electrolyte solutions,
ii. Sucrose, glucose and water,
iii. Aqueous solutions of hypericin.
Materials andMethods. The legs of adult C.brunsvicensis were amputated from
4-day-old insects whilst under C0 2 anaesthesia. The animals were reared in the
laboratory on Hypericum hirsutum. The third left or right leg was usually taken.
The femur of the limb was then opened up more fully, and positioned on a 40/x
glass capillary indifferent electrode filled with ChrysolinaRinger's solution (see
under) so that the recording electrodes could be applied to the sensilla. In
earlier experiments (1965) the recording electrode was also the pipette whereby
stimulus solutions were applied to the tips of the receptors, (after Hodgson &
Roeder 1956, and others). This method, hereafter referred to as 'Method T', has
thelimitation that the stimulus solution must conduct electricity, so that the effects
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of water, or solutions of non-electrolytes cannot rigorously be determined. In later
experiments (1968), I used a method where a glass microcapillary recording
electrode (tip diameter of about O.l/i), filled with Chrysolina saline, was implanted
into the side of the projecting portion of the sensillum, (Method S). In this way,
the effects of non-electrolyte stimulus solutions could be assessed. This method is
closely similar to that which is fully described by Rees (1968), modified from
Morita & Yamashita (1966) for use with the long trichoid labellar sensilla of
Phormiaand Calliphora. The preparation was protected from the thermal effects
of illumination by Chance ON 22 infra-red filter glasses.
Chrysolina Ringer's solution was assumed to be similar to Leptlnotarsa haemolymph, and contained: (in mEq./litre) Na+ 3.0, K+ 60.0,Ca++ 45.0, Mg++ 160.0,
CI- 473.0, adjusted to pH 7.0 with KHCOs.
One parameter only of the responses is described: the frequency of generation
of action potentials (APGF) after 0.35 seconds of stimulation. It is usually expressed as 'relative response', a fraction of the APGF in response to a given
concentration of the stimulus solute, for which the mean absolute APGF is also
quoted.
Results. Aqueous solutions of NaCl (0.5 and 1.0 M.) failed to elicit an adapting
train of action potentials in only four sensilla of the 5th tarsomere, the longer
pairs C7,7' and 8, 8'. In all other sensilla the response of one receptor cell predominated (Type 1), although in the responses of CI, 4,5,6and9 there were
occasionally action potentials representing the response of another cell, especially
at low electrolyte concentrations (below 50mM NaCl). (See Fig. 5a, 6). Sensilla
C7, 7', 8and 8' did generate trains of action potentials in response to flexure of
the projecting portion in its cuticular socket, a mechanoreceptor response. Hence,
these sensilla may be homologous with Stürckow's Type T in Leptlnotarsa, CI, 2,
2', 3,3' with Type A, and possibly C5,5' with her Type B. The sensilla of ChrysolinaC4,6, 6',9and 9' appear to have no exact homologues in Leptlnotarsaas
illustrated by Stiirckow. The dependence of the mean relative adapted response
upon stimulus electrolyte concentration is shown in Figs 2, 3 and 4 for one of the
sensilla, C3. No attempt is made quantitatively to describe the responses of all
sensilla, but themean frequencies inresponses to 0.1 and 1.0M NaCl arecompared
for several of them in Table III, showing that they behave similarly and can
probably be considered functionally identical where electrolytes are concerned,
withthe exceptions of thepaired C7 and 8.The relative responses of C3to sodium
TABLE III

Comparison of Response to Sodium chloride by Type 1 cells in different sensilla
Stimulus
Sensillum No.
solution
CI
C2'
C3
C4
C6
C7
1.0MNaCl
28.3
24.4
26.1
30.6
32.2
0.0
0.1M NaCl
12.9
14.1
11.6
17.5
8.9
0.0
Means of two responses in different preparations

C8
0.0
0.0

C9'
27.1
10.2

impulses
/second
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CONCENTRATION

(Moles/litre)

Fig. 2. The dependence of the response of the Type 1 chemoreceptor cell in sensillum C3
upon concentration of 1—1 electrolyte. O
NaCl, •
KCl. The reference
response was 27.4 impulses, s e c - 1 (to 1.0M. NaCl) and is arrowed. Mean relative responses
are shown ± 2 .S.E. for a sample of 6 in each case. Ri : Range of bulk sodium concentration
found in the foodplant, H. hirsutum, R2: Ditto, for potassium concentration.
Mean experimental temperature: 19.5°C.

and potassium chlorides are shown in Fig. 2 for a range of concentrations
between 20 and 2000mM. The response to 1.0M NaCl is plotted as 1.0 response
units. These results confirm in general those reported by Rees (1966).NaCl elicits
a greater APGF than KCl between 50 and 2000mM.
In Fig. 3 the effects of NaCl, NaBr and Nal are compared, over a similar concentration range to that shown in Fig. 2. No significant differences exist between
responses to bromide and chloride, but iodide elicits a greater APGF at certain
concentrations between 100 and 1000 mM.
From Fig. 4, it can be seen that calcium chloride causes no response at any
concentration between 10 and 80mM. When mixtures containing calcium chloride
(10 to 80mM) and sodium chloride (100mM) were used as stimuli, the response
of the Type 1 receptor cell was depressed in much the same way as has been
described by Evans and Mellon (1962b), Morita and Yamashita (1966) and Rees
and Hori (1968) for electrolyte receptors in the fly Phormia. 60mM CaCl2 is
required to depress the response to 100mM NaCl to zero, a lesser concentration
than that needed in the receptor of the fly.
Stiirckow (1959) did not observe an adapting response to electrolytes (NaCl,
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CONCENTRATION (Moles/litre)

Fig. 3. As Fig. 2; O
NaCl, •—•—••—• NaBr, A
Nal. Mean reference response
(arrowed) was 25.9 impulses.sec- 1 to 1.0 M. NaCl. Ri : Range of bulk sodium concentration
found in foodplant. Mean responses ± 2 . S.E. where this does not confuse the figure. Some
range bars have been slightly displaced to the right. Mean experimental temperature: 20.9°.

KCl) in Leptinotarsa tarsal receptors, but recorded prolonged, low and constant
frequency 'tonic' discharges.Here,potassium chloride elicited greater APGF values
than sodium chloride, and two receptor cells fired in response to 100rnM NaCl,
(types h and n). Only type n responded at 10mM; it is possible that the n type
receptor in Leptinotarsamay be a "water" receptor.
Usingrecording method S,theunstimulated mean APGF of the Type 1receptor
cell in C.brunsvicensis was found to be 1.7 sec -1 .
Different species of Chrysolina couldbe shownto possesschemoreceptors whose
responses to sodium chloride solutions were similar to those of C. brunsvicensis.
The C3 homologues in samples of C.menthastri and C.polita were stimulated
with NaCl at 4 concentrations. The mean adapted APGFs did not differ markedly
between species, as is shown in Table IV, but there is an ill-defined response
gradation: polita > menthastri = brunsvicensis.
Stimulationwith waterand sugars
A 'water'receptor (Type 3)similar tothat described by Evans &Mellon (1962a)
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91mM.
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CONCENTRATION OF CaCL I
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Fig. 4. The effect of an admixture of calcium chloride upon the response to 0.1 M NaCl
(Mean response of 4 cells: 12.2 impulses.sec-1.) All solutions contained 0.1 M. NaCl. R3:
Range of bulk calcium concentration found in the foodplant, H. hirsutum. Means of 6
responses from different receptors (Type 1), ± 2 S.E.. Mean experiment temperature 22.1°.
TABLE IV

Comparison of Responses of Sensillum C3 (Type 1 cell) in different species of Chrysolina
Species of Chrysolina

Molar concentration of NaCl in stimulus solution
0.05
0.10
0.20
•
menthastri
3.5
7.5
12.4
polita
6.3
9.3
13.5
brunsvicensis
4.2
7.0
11.1
Means of three responses from each species.

0.50
15.0
20.3
16.5

impulses
per
second

has been found in certain of the sensilla of C.brunsvicensis,using recording
method S, although no one sensillum could invariably be shown to possess it. The
action potentials of this cell are recorded as smaller in amplitude (0.6mV mean,
compared with 1.1mV) than those of the Type 1cell, in the rare instances where
they appeared together. A sample recording is shown in Fig. 5c. The mean,
adapted APGF for this cell was 32.7sec - 1 in responses to water of a sample of
6 different receptors, of which two were in C4 and one each in C9', C6, C5 and
CI. The APGF adapts more gradually than does that of the Type 1cell, and the
response increases up to a stimulus concentration of 9mM NaCl, above which
inhibition progresses to totality at about 75mM.
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All attempts to reveal a response to sucrose, glucose or fructose solutions (at
concentrations between 100 and 1000niM)byanyofthesensilla have sofar been
unsuccessful. It is possible that action potentials were generated, but were too
small to be distinguished from the noise level of the recordings. Stiirckow (1959)
was similarly unable to demonstrate a well-defined response either to sucrose or
glucose solutions inLeptinotarsa.
The Effect of stimulationwithHypericin
If monophagy is mediated bya chemoreceptor response, compounds which are
known tooccur exclusively within thehostplant might reasonably begiven priority

i^f^^^^^^M^^^^^^^^^^Û:

Fig. 5. Oscillographs of representative responses of tarsal chemoreceptors in C.brunsvicensis.
(a) Response to 1.0M. NaCl (Type 1 cell only), (b) Responses of Type 3 and Type 1 cell
to water, (c) Response to 3.5.10- 3 M. hypericin (Type 5 and Type 1 cell.) (d) Effect of
1 0 - 4 M . hypericin (Type 5 cell). Recorded voltage scale : 1 mV. Positive going displacements
at the recording electrode are shown as upward traces. Time marker 100Hz. 1,3, 5: Action
potentials of cell Types 1, 3 and 5 respectively.
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for use as experimental stimuli, as it is clearly impossible to assay all of the
chemical components of a given plant species. Of such "marker" substances, any
that are known to stimulate nerve endings in other species of animals could justifiably be tested for effect first. The compound hypericin, hexahydroxy-dimethylnaphthodianthrone (structure in Fig. 6) is known to cause a photosensitised intradermal irritation and oedema in sheep, and is found only in certain species of
Hypericum.The extraction, purification and analysis of structure of the compound
werefirst carried out by Brockmann etal.(1942), and its absorption spectrum was
studied by Scheibe & Schontag (1943).
Solutions of hypericin wereprepared either in 5mM NaCl or in pure water (for
use with methods T and S respectively). The hypericin was extracted from
Hypericumhirsutumflower heads, using the method of Brockmann et al. (1942).
The procedure is described fully by Rees (1966). A maximum concentration of
5. 10-3M. hypericin was prepared, using the absorption at 590mp.as an index
of concentration. This solution was diluted to prepare a series of stimulus solutions
ranging in concentration from 5.10 -6 to 5.10 -3 .

HO

O

OH

HO

V \AH3
3
HoA ( z
HO

o

OH

Fig. 6. Molecular structure of hypericin

When sensilla in C.brunsvicensis were stimulated with solutions of hypericin,
no responses were evoked in C5,5',7,7', 8,8' or 9. Adapting trains of action
potentials were clearly and consistently generated by C2,2'and3and lessdistinctly
by CI and C4. It was possible to distinguish these potentials from those generated
bytheType 1 receptor, astheywereof smaller recorded amplitude, andfrom those
of the Type 3cell, where simultaneous recordings were obtained, by differences in
the response-concentration dependence. Oscillographic recordings of the response
to hypericin)3.5.10~3 and 10 - 4 M) are shown in Fig.5(c) and(d);thedep3ndence
of theresponse of the cell (Type 5) upon concentration of hypericin isillustrated in
Fig. 7. The threshold of response is at approximately 10" 5 M, and the receptor
is evidently beginning to saturate at about 3. 10 - 3 M. Although homologous sensilla are present on the tarsi of C.menthastriand C.polita,no specific responses
were obtained when these were stimulated with solutions of hypericin, even at
5mM, the maximum concentration available. Unfortunately, neither C. hyperici
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Fig. 7. The dependence of the response of the Type 5 cell upon the stimulus concentration
of hypericin. The mean adapted responses are calculated from 6 sets of data, ± 2. S.E.,
of which 2 were from C.2 or 1', and 4 from C3. R.4 : Range of concentrations of hypericin
determined within H.hirsutum plants. This appears to be almost coincident with the range
of greatest concentration dependence of the receptors. As hypericin concentrations were
calculated by bulk assay, this coincidence is probably of less functional significance than this
figure suggests. The mean experimental temperature was 18.8°.

nor C.varians, which are both Hypericum feeders, were available for comparison
with C.brunsvicensis in this respect.
Thus, in C. brunsvicensis the responses to hypericin is more clearly defined than
that of similar chemoreceptors inLeptinotarsa to Solanaceae-specific alkaloids; one
cell only is specifically stimulated by the substance, and the normal response to
electrolytes is unaffected by it (Rees, unpublished data).
III. The Chemical Determination of Water, Hypericin, Sodium, Potassiumand
Calciumin Hypericumhirsutum
Introduction. C.brunsvicensis possesses tarsal receptors which are stimulated
by uni-univalent electrolytes and are inhibited by a di-univalent electrolyte (Type
1), which respond to water (Type 3) and which specifically respond to hypericin
(Type 5).Rees (1966) has shown that the sites chosen by adult beetles for feeding
on H. hirsutum are concentrated in the upper parts of the plant, and especially
on the flower heads, when these are present. Simple analyses have therefore been
carried out to determine the concentrations of some of these substances in different
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parts of the hostplant in an attempt to discover if thereareanycorrelationsbetween
plant composition, receptor responsiveness and the distribution of feeding sites.
Methods. Water content was determined gravimetrically after drying plant
material to constant weight at 100°, hypericin was estimated by extraction into
methanol, and measurement of extract extinction at 590m/z, and Na, K and Ca
were estimated by flame photometry of centrifuged homogenates of plant tissue
which were diluted with known volumes of water, (Rees 1966).
Results. 1. Hypericin content. The hypericin content of leaves and stems in
flowering and non-flowering H. hirsutum plants is shown in Figs 8a,b. Whole
flowerswere analysed,and then the anthers,petals and sepalsconsidered separately.
Hypericin contents determined for these materials are listed in Table V, below.
When samples of plants collected from similar heights above ground were comTABLE v

Hypericin content of whole flowers and floral parts in H. hirsutum
Tissue
Whole flowers
and small leaves among
Anthers
Petals
Sepals
Single stalked organ
on sepal

Mean Hypericin Content
Og/g wet weight)
797
85
237
2083
0.025,ug each

pared for variation throughout the period May—October 1964, no significant
seasonal variation could be detected (Rees, 1966).
Fig. 9 shows themean concentration 'contours'for hypericin superimposed upon
drawings of 42cm and 33cm plants of H. hirsutum.There is a markedly greater
concentration in the flower-heads. Whereas the maximum-concentration of hypericin in the remainder of the plant does not exceed 100/zg/gwet weight, concentrations of over 1000/*g/gwet weight occur in the flowers. Hypericin is found in
greater concentration in the upper leaves compared with the lower, and at any
height above ground, a leaf sample will contain more hypericin (per gwet weight)
than a stem sample.
2. WaterandAlkali Metal Content. 40cm and 25cm plants were collected in
June 1964.Four plants of each were analysed. Leaves and stems were analysed in
the taller plants, but leaves only in the 25cm plants. Concentrations of Na+, K + ,
Ca 2+ and water were related to the height above ground level for leaf and stem
samples according to the regressions given in Table VI. Whole leaves or 1 cm
length of stem were used to make the determinations. Sodium concentration
shows a tendency to decrease, both in leaves and stems with increasing height
above ground levelinboth height-classes of plant. Potassium concentration appears
to be independent of location. Calcium concentrations fall in both leaves and
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Fig. 8. The relationship between hypericin concentration (in /ig/g wet weight) and height of
assayed tissue above ground level, in H. hirsutum. (a) In 35 to 45cm, (flowering) plants
•
Main stem, O
Leaves, (b) In 16 to 35 cm, (non-flowering) plants •
Main stem, O
Leaves. Six plants were sampled in each height group.
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cm.

ÖROUND LEVEL
Fig. 9. Entire aerial portion of two H. hirsutum plants (45cm and 32cm specimens) showing
disposition of leaves and flowerheads. The three 'thirds' and the 'flowerhead' divisions of the
plants (see Table 1) are defined. Concentrations of hypericin (in /xg/g wet weight) are
plotted as 'contours' (
•
). Note the especially high concentrations in the region
of the flowers.
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TABLE VI

Linear regressions of Na+, K+, Ca2+ and water concentration against height of tissue
sample above ground level
Tissue
L. 40cm pi.
L. 40cm pi
L. 40cm pi.
L. 25cm pi.
L. 25cm pi.
L. 25cm pi.
S. 40cm pi.
S. 40cm pi.
S. 40cm pi.
L. 40cm pi.
L. 25cm pi.
S. 40cm pi.

Constituent
Na+
K+
Ca2+
Na+
K+
Ca 2 +
Na+
K+
Ca 2 +
Water
Water
Water

Regression
x = — 39.2 (y— 1.69)
x = —110.4 (y— 3.24)
x = — 12.8 (y— 5.00)
x = _ 41.0 (y— 1.65)
x = —416.6 (y— 3.86)
x = — 9.0 (y— 4.33)
x = — 24.5 (y— 2.69)
x = +273.0 (y— 3.50)
x = — 11.2 (y— 4.65)
x = + 2.38 (z—71.6 )
x = + 1.78 (z—66.5 )
x = + 6.82 (z—69.8 )

Limits of X
Max.
Min,
40
5
40
5
40
5
2
25
25
2
25
2
2
35
35
2
35
2
40
5
24
3
2
35

Key. L. Leaf S. Stem pi. plant x. height of sample (in cm.) y. concentration in mg/g
wet weight z. percent wet weight.
An expanded version of this data can be found in Rees (1966). Flower tissue is considered
as leaf in samples of 40cm plants.

stems, with increasing height. Absolute maxima and minima of concentrations
found in H.hirsutum throughout all tissues were: Sodium, 28 and 113mM, Potassium, 69 and 139mM, and Calcium, 40 and 91mM.
The water content increases both in leaves and stems with increase in height
above ground level from which the tissue sample was made. All measurements fell
between 65% and 88% wet weight. No sudden change in water or alkali metal
content could be demonstrated between the upper leaves and stem, and the flowerheads.
Discussion
All of the tarsal chemoreceptor sensilla of C.brunsvicensis which were investigated contained a cell (Type 1) which responded to the application of KCl and
NaCl solutions. Thresholds of response were, respectively, about 70mM and
25mM. All concentrations of CaCl2 in excess of 20mM inhibited the response to
100mM NaCl, total suppression resulting from 60mM admixture of CaCl2. The
concentrations of NaCl in H. hirsutum were never less than 28mM, and are,
potentially, always above the threshold of response for the Type 1 cell. The
potassium concentration is also above this threshold in most parts of the plant,
yet the calcium content (40 to 91mM) would always be partially or wholly
inhibitory to the response to sodium or potassium, assuming that the calcium ions
are available for contact with the receptors. It is not known whether the trichoid
sensilla are able to puncture the plant cell walls and then to sample the internal
solution. In any case it is doubtful whether the sodium ion concentration gradient
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in the plant, maximally 1.8 mM/cm, could change significantly the output of any
responding receptor cell sufficiently rapidly to mediate an orientation response by
the beetle. It isinteresting that this type of receptor occurs in most contact chemoreceptor sensilla which have yet been investigated, (as cited above, and Schoonhoven 1969). Its function may merely be to monitor the ionic concentrations in
potential food material and to prevent ingestion of food with too high (Type 1
cell) or low (Type 3 cell) a tonicity.
Responses to Hypericin
In Hypericum hirsutum, the concentration of hypericin varies between 25 and
2000/ig/g wet weight, representing approximate concentrations of 5.10- 5 M and
4.10-3M. If, therefore, the tarsal chemoreceptors could be brought into contact
with these solutions, a response of the Type 5 cell should be evoked, as the threshold of response to hypericin is at about 10~ 5 M. Hypericin concentrations are
enormously increased in the flowers compared even with the flower stalks and
upper leaves. The main stem of the plant shows a change in content over 40cm
from 35 to 75jxg/g wet weight, a shallow gradient. Leaves contain more hypericin
than stem at any height above the ground. Hence, if hypericin mediates orientation
from low to high concentration, an upward drift of beetles would be predicted,
with some isolation on leaves, especially in the upper parts of the plant. Any
beetle coming into contact with flowers or buds would be in the region of greatest
hypericin concentration, and densest aggregations of beetles would be expected
there. This hypothesis is well-supported by the observations of beetle orientation
(Rees 1966 and TableI),the electrophysiologically determined responses of chemoreceptors, and the results of chemical analysis.
C.brunsvicensis feeds on severalHypericumspp.other than H. hirsutum,including H. perforatum, H. tetrapterum, H.pulchrum and H. dubium. All of these
species contain hypericin (Ourisson & Mathis 1962). H. androsaemum which
contains no hypericin, is not eaten by C.brunsvicensis, even though it sometimes
occurs amongst H.perforatumplants bearing beetles which are feeding. Holloway
(1964) reported that H. calycinum, a species devoid of hypericin, was unsuitable
as food material for C.quadrigemina,a species of Chrysolina very similar to
brunsvicensis.
Rees (1966) reported that hypericin occursinhigh concentration in small stalked
capitate organs occurring around the edges of the sepals and at the tips of the
petals of H. hirsutumwhichundergolysisastheflowers mature,releasinghypericin
in free solution. Consequently, a solution of this substance would be available for
direct contact with tarsal chemoreceptors, unimpeded by cellwalls.
Dethier (1954) has suggested that a polyphagous insect species may direct indiscriminate attack at a variety of plant species, on some of which it may be
unable to maintain its population for at least one of four reasons. Firstly, the
plant may be deficient in the required nutrient substances. Secondly, it may be
physically protected by structures which impede feeding. Thirdly, it may contain
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toxic substances. Fourthly, there may be repellent compounds which discourage
feeding, even if these are non-toxic to the polyphage. If wesuppose that C. brunsvicensis,and possibly the other Hypericum feeders in the genus Chrysolina, have
evolved from a polyphagous ancestor and that some individuals of this species
indiscriminately fed upon Hypericumspecies, it is conceivable that the numbersof
insects on these plants were decimated due to the presence of a toxic substance,
say hypericin. If so, then the present Hypericum feeders, which are all monophagous, must represent the surviving populations where a tolerance to the toxic
substance has been evolved. These are benefited by the lack of competition for a
generally distasteful hostplant. It seems reasonable to assume that the substance
responsible for the original toxicity might become the marker for recognition of
the foodplant, and that, by further evolution, the once toxic substance might be
stored by the immune monophage as a distasteful protective substance to discourage prédation by other animals. In support of these speculations we may list
the following evidence additional to that given elsewhere in this paper,
(i) Hypericin is known to be toxic to mammalian herbivores, (Brockmann et al.
1942 and Thomson 1957).
(ii) Themechanism whereby hypericin stimulates dermal nerve endingsin mammals
may be similar to its mode of operation on the chemoreceptor specifically sensitive
to it. Quinones are known elsewhere to act as chemosensory 'signal' substances,
(Lederer 1946, 1949) (Chapman 1927).
(iii) C.brunsvicensis adults accumulate hypericin, (Rees 1966) elsewhere than in
the gut, and each insect contains a mean quantity of 13.3^g. It is not known
whether such a quantity would render the beetles distasteful to predatory animals.
The accumulation of distasteful cardiac glycosides from Asclepias plants by the
chrysomelids Labidomera clivicollis and Chrysochus auratus may perhaps be
inferred from the studies of Jones (1937) and Brower &Brower (1964), and may
be a similarly evolved phenomenon.
It is interesting that any form of 'sugar' receptor is lacking in C. brunsvicensis
tarsi, as this would suggest that no emphasis is here placed upon the detection of
compounds of high calorific value. No tests have been made for the existence of
a receptor which detects amino acids, which would be equivalent in function to
that described by Schoonhoven (1969) in the larvae of Vieris brassicae. These
larvae alsopossess receptor cellswhichrespond selectively to the glycoside sinigrin,
which occurs in their Cruciferous foodplants. We may conclude that although no
information has been collected about the manner in which C.brunsvicensis finds
its foodplant, there isnevertheless substantial evidence that hypericin isresponsible
for mediating its choice of feeding site when once in contact with Hypericum
hirsutum. Hypericin is almost certainly a nutritionally insignificant stimulus, and
it would be interesting to determine whether theregions of the plant that contained
the greatest concentrations of it were also those where there were highest concentrations of nutrients.
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ZUSAMMENFASSUNG

SPEZIFITÄT DER CHEMOREZEPT OREN IN VERBINDUNG MIT. DER WAHL DES
FRAßORTES DURCH DEN KÄFER CHRYSOLINA BRUNSVICENSIS AUF SEINER
WIRTSPFLANZE HYPERICUM HIRSUTUM
Einige chemosensorische Erscheinungen, welche die Wirtspflanzenwahl oder die Orientierung
auf der Wirtzpflanze beeinflussen könnten, wurden in der Wechselbeziehung des erwachsenen
Chrysomeliden Chrysolina brunsvicensis mit seiner Wirtspflanze Hypericum hirsutum (Hypericaceae) untersucht. Die größten Dichten fressender Käfer pro Oberflächeneinheit der Pflanze
treten an den Blütenköpfen und der Rest im oberen Drittel der Pflanzen auf.
Haarförmige Chemorezeptoren und mechanorezeptorische Sensillen wurden auf den 5.
Tarsengliedern aller Beine von C.brunsvicensis gefunden, in einem Verteilungsmuster, das
dem des Kartoffelkäfers, Leptinotarsa, und verschiedenen anderen Chrysolina-Arten ähnelt,
die nicht an Hypericum fressen.
Die Reaktionen der einzelnen Chemorezeptor-Zellen innerhalb dieser Sensillen wurden
durch Verwendung einer hochempfindlichen Registriertechnik mit Glasmikroelektroden untersucht, die in die distalen Fortsätze eingepflanzt waren. Lösungen von 1—1 Elektrolyten
(z.B. NaCl, KCl) wurden auf die Sensillenspitze aufgebracht. Sie riefen eine Reaktion in einer
Zelle (Typ 1) verschiedener tarsaler Sensillen von C. brunsvicensis hervor. Die Reaktionsschwellen-Konzentration und die Konzentrationsabhängigkeit der zugehörigen Reaktion wurden für KCl-, NaCl-, NaBr- und NaJ-Lösungen bestimmt. Die Reaktion dieser Zelle konnte
teilweise oder völlig durch Lösungen von CaCb verhindert werden (bis zu 60mM), sogar in
Gegenwart von Kochsalz, auch in einer Reizlösung. Homologe Rezeptorzellen wurden in
Tarsalgliedern von C.menthastri und C.polita gefunden, die auf 1—1 Elektrolyte ähnlich
reagierten.
Eine für Hypericum-Arten (einschließlich H. hirsutum) spezifisische Substanz, das Hypericin
(Hexahydroxy-dimethyl-naphthodianthron) reizte eine Zelle (Typ 5) in verschiedenen tarsalen
Sensillen von C.brunsvicensis. Diese Substanz erwies sich als unwirksam zur Erzeugung einer
Reaktion bei Chemorezeptoren von C.menthastri und C.polita, auch wenn die konzentrierteste
verfügbare Lösung (5mM) verwendet wurde. Bei C. brunsvicensis lag die Reaktionsschwelle
etwa bei 2.10- 5 M.
Eine "Wasser"-Rezeptorzelle (Typ 3) wurde bei C. brunsvicensis ebenfalls nachgewiesen;
die maximale Reaktion dieser Zelle wurde durch 9 mM-NaCl-Lösung ausgelöst und ihre
Reaktion wurde durch 75mM NaCl gehemmt. Lösungen von Rohrzucker, Glukose und
Fruktose (100mM bis 2 M) lösten bei keiner der Zellen eine Reaktion aus.
Bestimmungen der Pauschalkonzentrationen von Na, K, Ca, Hypericin und Wasser wurden
von allen Teilen der H. hirsutum-Pîlanzen durchgeführt. Es bestehen keine Beziehungen
zwischen den Konzentrationen von Na, K und Wasser und der Höhe der Proben-Entnahmestelle über der Bodenoberfläche. Die Ca-Konzentrationen waren in den oberen Teilen der
Pflanzen geringer. Es bestand ein deutlich gekennzeichneter Konzentrationsanstieg des
Hypericins in den Blütenköpfchen im Vergleich mit jedem anderen Teil der Pflanze; die
höchsten Konzentrationen treten in den schwarzen, gestielten Organen an den Blüten- und
Kelchblättern auf. Infolge der Auflösung dieser Organe in reifen Blüten wird das Hypericin
in freier, wäßriger Lösung ausgeschieden und könnte als Stimulationslösung ohne Zerstörung
der Pflanzenzellwände wirken.
Daher könnte ein Konzentrationsanstieg des Hypericins die Ansammlung der Käfer und
ihren Fraß an den Blütenköpfchen und den oberen Pflanzenteilen verursachen. Die Entdeckung von Rezeptorzellen, welche selektiv auf geringe Hypericin-Konzentrationen in wäßriger Lösung ansprechen, weisen darauf hin, daß der Käfer einen Sinneskanal besitzt, durch
welchen die Information über einen solchen Gradienten wahrgenommen werden kann.
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SOME PROPERTIES OF GUSTATION IN THE LARVA OF
PIERIS BRASSICAE
BY

MA WEI-CHUN
Department of Entomology, Agricultural University, Wageningen
The effects of some chemical substances on feeding response were studied in the larvae of
Pieris brassicae L. Some synergistic effects between feeding stimulants were found. The
larvae appeared to be highly sensitive to deterrents. In the medial sensillum styloconicum of
the maxillae a chemoreceptor is present which is stimulated by a wide range of specific
feeding inhibitors among which many belong to the alkaloids. Some physiological properties
of the deterrent sensitive receptor are given and its significance in food selection behaviour
is discussed.

The food selection behaviour of Pieris brassicae is one of the classical examples
of an oligophagous feeding behaviour in phytophagous insects. The importance of
the presence of mustard oil glucosides in the food has been demonstrated by
Verschaffelt (1910) and David & Gardiner (1966 a, b). The chemosensory basis
of this feeding stimulation has been studied by Schoonhoven (1967).
However, other substances may interact in feeding stimulation and deliver to
the insect a complex information on the palatibility of the food. Also the ratio of
feeding stimulants to feeding deterrents in the food may be a decisive factor in
the determination of the amount of feeding. Some examples will be given in
addition to some properties of a chemoreceptor sensitive to feeding inhibitory
substances.
In experiments with fifth stage larvae grown on an artificial diet without leafpowder the feeding response was measured by determination of the dry weight
faeces production per time unit on an agar-cellulose medium. A normal intact
larva does not feed continuously on a plain agar-cellulose medium, but only after
removal of themaxillae.
As in many other phytophagous insects sucrose is a very effective compound in
evoking a feeding response. An optimal response is observed at a concentration of
0.1M sucrose. The feeding response to 10- 2 M sucrose is about 25% of the
maximal response. This level of response was taken as a basis for assaying the
effect of some vitamins and amino acids. Of the amino acids tested in 0.01 and
0.001M concentrations only L-proline elicits a strong feeding response, though
itisinactivewhen tested without thepresence of sucrose.DL-methionine enhanced
the feeding response of sugar only weakly, whereas cysteine appears to have even
somedeterrent effect. Since these amino acids act on the samereceptor celllocated
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in the lateral sensillum styloconicum (Schoonhoven, 1969a) and because the
behavioural responses are not identical, it may be presumed that at least some
amino acids also stimulate other receptors.
A similar synergistic action is found with L-ascorbic acid. When tested alone
at various concentrations no stimulation of feeding occurs, but a combination of
l u - 2 M sucrose and 2 X 10- 3 M L-ascorbic acid elicits a feeding response which
corresponds with the stimulating effect of 5 X 10~ 2 M sucrose. In contrast, equimolar or lower concentrations of citric acid and L-aspartic acid do not produce
this effect. Also no effect is found when concentrations are used in which the pH
value ismatched with that of L-ascorbic acid concentrations.
At a constant sucrose level of 10- 2 Mbut with varying concentrations of ascorbic acid the enhancement of feeding response is only observed within a narrow
optimum range. Feeding is inhibited at concentrations of 10~2M acid and higher.
However, this deterrent effect is neutralized completely by increasing the sucrose
level to 10-1M.
In our behavioural study the larvae of P.brassicae did not show any positive
reaction to m-inositol. This behaviour is correlated with an absence of maxillary
taste receptors to inositol, which seems to be rather an exception amongst lepidopterous larvae. The mustard oil glucosides such as sinigrin are the only substances
besides sucrose which elicit a feeding response when tested alone. The response
to such high concentrations as 5 X 10- 3 M and 10- 2 M sinigrin is only about
20 and 25% respectively of the feeding intensity on 10-! M sucrose. The effect
of a combination of 5 X 10- 3 M sinigrin and 10~2M sucrose is about twice as
high as would be expected on basis of the effect of the separate compounds.
These observations show the importance of sucrose as a feeding stimulant and
its significance in behavioural reaction of the larva to many plant chemicals.
Behavioural tests show that the larvae of P.brassicae are highly sensitive to the
presence of deterrent compounds. For instance, the feeding response to 0.1M
sucrose is completely inhibited by the presence of quinine chloride and strychnine
nitrate in a concentration of 2 X 10-6 and 10- 5 M respectively. The rejection
threshold for quinine sulphate is even lower: 7 X 10- 7 M. In the maximally
stimulating mixture of 0.1 M sucrose and 5 X 10~3M sinigrin feeding is inhibited
at lO- 5 M quinine chloride. Thus the sensitivity of P.brassicae is much greater
than has been reported for some other lepidopterous larvae. According to Eger
(1937) the rejection threshold values for quinine in different species examined
varied from 0.002—0.033Mwhen tested in a water solution.
In order to investigate the sensory basis of the feeding deterrent effect of some
compounds an electrophysiological study was made of the maxillary sensilla styloconica. Stimulation of the medial sensillum styloconicum with quinine chloride or
strychnine nitrate elicited impulses in a receptor with a slow adaptation rate. The
threshold of stimulation for quinine chloride and strychnine nitrate is about 10~6
and 5 X 10~7M respectively when dissolved in a conducting solution of 0.1M
NaCl. The action spectrum of the receptor concerns a diversity of substances of
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which common chemical structural properties are difficult to discern. Most of the
stimulating substances possess a bitter taste. It is rather surprising that an analogous receptor with only slightly different properties was reported earlier in the
silkworm by Ishikawa (1966).
The receptor in P.brassicae is sensitive to such substances as brucine, nicotine
and berberin chloride. The threshold values for pilocarine chloride, picrotoxin
(cocculin), atropine (dl-hyoscyamin) and morphine chloride vary between (1—5)
X 10-5M when tested in 0.05M NaCl solution. No stimulation occurs with
colchicine, caffein and D-salicin in concentrations up to 0.01M. The latter substance, however, is highly stimulating on the receptor in the silkworm. D-salicin
also stimulates receptors present in themaxillae of thetobacco hornworm (Schoonhoven, 1969b). In the larvae of P.brassicae the absence of sensory sensitivity to
D-salicin is correlated with the observation that D-salicin tested in concentrations
up to 0.01 M has no feeding inhibitory effect on larvae fed upon 0.1 M sucrose
in an agar-cellulose diet.
The receptor in P.brassicae appears to be highly sensitive also to those polyhydroxyalkaloid substances which possess a high moulting hormone activity such
as ecdysterone and ponasterone A. These ecdysone analogues have been reported
to be present in various plant species (see Slâma, 1969, for a review). The electrophysiological threshold value for ecdysterone in 0.05M NaCl solution was found
to be at a concentration of 0.5—1.0ppm. The feeding response to the medium
containing 0.1M sucrose is inhibited by the addition of 25ppm ecdysterone or
more. This inhibitory effect of 25ppm is neutralized by the addition of 5 X 10- 3
M sinaibin, which strongly stimulates a receptor present in the same sensillum
(Schoonhoven, 1967 I.e.).
In experiments with mixtures of strychnine nitrate, ecdysterone and sinalbin and
in cross-adaptation teststhe deterrent sensitivecelland the one sensitive to mustard
oil glucosides could be distinguished as separate receptors. In the adaptation tests
complete disadaptation always occurs within a few minutes.
The impulse frequency in the deterrent sensitive cell increases with increasing
concentrations of strychnine nitrate. In the range of 5 X 10_ 6 M to 10 _ 4 M
strychnine nitrate the average number of impulses during the period of 1.0 sec,
Fig. 1. Electrical responses from the medial sensilla styloconica in Pieris brassicae larvae.
A. 0.1 M NaCl; B. 0.25 M NaCl; C. 0.05 M CaCl2 + 0.25 M NaCl; D. 5 X 1 0 - 3 M sinalbin
in 0.05 M NaCl; E. idem as D + 0.05 M CaCb; F. 5ppm ecdysterone in 0.05 M NaCl;
G. 50ppm ecdysterone in 0.05 M NaCl; H. 2.5 X 1 0 - 5 M strychnine nitrate in 0.05 M NaCl;
I. idem as H + 0.05 M CaCk; J. 2.5 X 10- B M strychnine nitrate + 50ppm ecdysterone in
0.05 M NaCl; K. 5 X 1 0 - 3 M sinalbin + 2.5 X 10- B M strychnine nitrate in 0.05 M NaCl.
The arrow points to a summation of two receptor potentials; L. idem as K + 0.05 M CaCh;
M. 250ppm ecdysterone in 0.05 M NaCl; N. idem as M + 0.05 M CaCb; O. 5 X 1 0 - 3 M
sinalbin in 0.05 M NaCl; P. idem as O but after continuous application of strychnine nitrate
until complete adaptation. All records begin 0.5 sec after the onset of stimulation. The
calibration symbol indicates 0.1sec.
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which begins 0.5 sec after the onset of stimulation, was found to increase from
45 to 83 impulses. The same concentration-response curve has been determined
for ecdysterone in a 0.05M NaCl solution in therange of 5 to-100ppm.
The existence of two different receptors can be deduced also from experiments
in which individual and mixed solutions of strychnine nitrate and sinalbin are
applied, with and without the addition of 0.05M CaCl2. As was found likewise in
the silkworm (Ishikawa, 1966) the response of the deterrent sensitive receptor
is strongly suppressed by 0.05 M CaCl2 (Fig. 1, H and I), whereas the activity
of the sinalbin sensitive receptor is only affected in firing frequency without a
suppression of the amplitudes of the action potentials (Fig. 1, D and E). This
difference in effect of CaCl2 on the two receptors can be observed also when
CaCl2 is added to stimulating solution consisting of a mixture of strychnine nitrate
and sinalbin (Fig. 1, K and L).
As is shown in Fig. 1 , D 5 X 10" 3 M sinalbin fires also two other cells, which
are almost completely suppressed by 0.05 M CaCl2 (Fig. 1, E). This same effect
can also be observed by complete adaptation of the deterrent sensitive cell by
continuous stimulation with 10" 3 M during 8 min. (Fig. 1, O and P). Full disadaptation to strychine nitrate occurred within a few minutes. By this adaptation
procedure with strychnine nitrate the activities of the salt cells were not affected.
No activity at all is found when stimulating with CaCl2 at concentrations up to
0.1M. However, when comparing the activities induced by 0.25 M NaCl and by
0.25 M NaCl + 0.05 M CaCl2 it seems that the latter compound exerts some
synergistic effect on the response to NaCl.
These observations show the possibility of interacting effect of mixtures of
chemical stimuli at peripheral level.
In order to determine the threshold concentration of feeding inhibitory activity
on cabbage leaves serial dilutions of ecdysterone in methanol were tested in leaf
disc tests of Brassicaoleraceaaccording to the method as applied by Jermy &
Matolcsy (1967). A complete inhibition of feeding is found in all animals tested
at a concentration of 100ppm or higher. Although the maxillary sensilla styloconica undoubtedly play an important rôle in the process of continuous feeding
chemoreceptors sensitive to feeding inhibitors are not located exclusively in the
maxillae. In fact, the sensitivity of the larvae towards feeding deterrents is essentially not affected by removal of the maxillae, and a rapid rejection after a few
test bites still persists. However, it does not seem very likely that other receptors
involved intheprocessoffeedinginhibitionpossessessentiallydifferent physiological
properties than those present in themaxillae.
The present observations indicate that in P.brassicae nerve fibers from both a
receptor associated with the detection of specific feeding stimulants and a receptor
which detects a wide range of specific feeding inhibitors are contained in one and
the same sensillum. It illustrates the view that in addition to the possibility of
specialization of chemoreceptors to specific feeding stimulants the "generalization"
of chemoreceptors to specific deterrents may play a crucial rôle in the détermina-
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tionof oligophagous food selection behaviour (cf. Jermy, 1966; Ishikawa, et al,
1969). It has tobepointed out, however, that theclose relationship between
P. brassicae and cruciferous and related plants is determined principally by the
ovipositing female forwhich the specific oviposition stimulus isprovided by the
presence of mustard oilglucosides and perceived with the tarsi (David & Gardiner,
1962).The significance of these substancesin oviposition behaviour can be demonstrated alsobyplacing cut-off stems of broadbean plants, Viciafaba,onasolution
of sinigrin or sinalbin in water. After theglucoside has reached theleavesin
adequate amounts a normal oviposition isobserved thereon. By this mechanism
inappropriate choices made by the adult butterfly are hardly possible. Only under
certain circumstances, e.g. if the entire plant isconsumed before the larvae have
reached maturation larval migration and foodplant selection can become necessary
(Dethier, 1959). The sensitivity of P.brassicaeto deterrents then has a more
obvious selective advantage.However, it should berealized that thepresent sensory
and behavioural properties have resulted from the close and intricate interaction
between insect and plant during evolutionary history. It is possible that insect
chemoreceptors sensitive to those substances such asecdysone analogues havebeen
evolvedin aparallelwaywiththe synthesis of these substances byplants as defense
mechanisms.
RÉSUMÉ

QUELQUES PARTICULARITÉS DELA GUSTATION CHEZ LA CHENILLE DE
PIERIS BRASSICAE.
Les effets dequelques substances chimiques sur laprise de nourriture ont étéétudiés chez
la chenille deVieris brassicae. Deseffets synergiques se manifestent entre certains acides
aminés oucertaines vitamines etlesaccharose, lorsque ces produits sont à des concentrations
appropriées. Parailleurs leschenilles semontrent très sensibles à la présence de substances
inhibant la prise de nourriture. Un neurone chimiorécepteur appartenant au sensillum
styloconicum médian des maxilles serévèle sensible à une grande variété deces substances
inhibitrices, dont laplupart appartiennent aux alcaloides Steroides. Cerécepteur estsensible
aux composés voisins del'ecdysone présents dans certaines plantes, et son rôle physiologique
est discuté, enrapport avec lecomportement alimentaire etlechoix dela nourriture.
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THE ROLE OF MOUTHPART RECEPTORS IN THE FEEDING
BEHAVIOUR OF SCHISTOCERCA GREGARIA
BY

P. T. HASKELL &A. J. MORDUE (LUNTZ)
Anti-Locust Research Centre, London, England
The rôle of the antennae, maxillary and labial palps and certain receptors on the posterior
surface of the clypeo-labrum and the dorsal surface of the hypo-pharynx of fifth instar hoppers
and mature adult male Schistocerca gregariawas investigated in simplified feeding situations.
These consisted of the presentation of a known phago-stimulant, sucrose, and a known
deterrent factor, azadirachtin, on filter paper with intake determined gravimetrically.
The results showed that the mouthpart receptors provide the central nervous system with
information on both phagostimulants and deterrents, but that the receptors on the dome of
the palps played an important rôle in detecting the phago-stimulant and hence stimulating
feeding, while the A3 receptors seemed to operate principally in detecting the deterrent. The
palps and A3 receptors apparently act as a first line of selection, but continued feeding
depended on "satisfactory" stimulation of the Ai and A2 receptors of the clypeo-labrum and
the H receptors of the hypo-pharynx; if these were removed together intake dropped by some
96% apparently irreversibly. Removal of the palps in hoppers initially caused a drop of
feeding of some 60% but recovery of intake occurred after five days, due to the rôle of the
palps in detecting sucrose and thus stimulating feeding being taken over by the antennae and
the A3 receptors. This recovery in hoppers following palpal removal suggests a plasticity in
the central nervous handling of the incoming information from the mouthpart receptors. No
such recovery in feeding occurs in mature adult males after removal of the palps.

In recent years, some work on insect-host plant relationships has involved an
approach to the problem of whether choice of a food plant is based on the
presence of nutritional or non-nutritional factors or both. In Acridoidea, Dadd
(see 1963 for review and list of papers) clarified the nutritional requirements of
Schistocercagregariaand Locusta migratoriamigratorioidesand made it clear
that certain naturally occurring compounds acted as phago-stimulants, and were
also nutritionally essential. The work of Thorsteinson &Nayar (1963) and Harley
& Thorsteinson (1967) however, made it clear that in some grasshoppers at least
non-nutritional factors were important and recently Ellis et al.(1965) and Carlisle
et al. (1965) have shown that certain plant constituents play a direct rôle in the
reproductive biology of the desert locust. In the Acridids the needs of the insects
probably vary according to the stage of the life cycle and alter in relation to the
specialised requirements of such events as maturation and oviposition, and it
therefore seems likely that they must use sensory receptors to make available to
the C.N.S. a wide spectrum of information both to facilitate initial discrimination
of plants as food and to regulate the changes in that discrimination necessary to
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encompass non-nutritional needs. It is to be expected that exteroceptors, and in
particular those connected with the mouthparts, will'play a key rôle in these
processes. Therefore basic to an understanding of Acridid-hosf'plant relationships
is a knowledge of the functional significance of all exteroceptors concerned with
feeding, yet despite thelargeliterature on feeding in Orthoptera (see e.g. Mulkern,
1967 for recent review) very little experimental work has been so far carried out
on this aspect of the subject. Williams (1954) studied several Acrididae, including
Schistocerca, and dismissed olfaction as of no significance in feeding, but thought
that the palps may play some part in food selection, with organs in the buccal
cavity possibly involved; his general conclusion was that "indiscriminate nibbling
and subsequent rejection of many plants is the normal feeding behaviour of
Acrididae". Goodhue (1963) showed that plants acceptable to Schistocerca contained chemicals which acted as phago-stimulants and implied that these might be
detected by the palps, but that the antennae were not involved.
Recently the work of Thomas (1966) categorising for the first time the types
and distribution of receptors on the mouthparts of Schistocerca gregaria has provided an important basis for a more critical experimental approach. Chapman
(1966) provided similar data for the grasshopper, Xenocheila zarudnyi;the similarity of type and distribution of thevarious receptors suggests that there isperhaps
a basic morphological and anatomical arrangement throughout the Acridoidea,
and that the demonstrable variation in food plant discrimination and feeding will
befound to be due to the performance of individual receptors and probably above
all to the use made by the C.N.S. of the information supplied by them.
Blaney &Chapman (1969) have investigated the histology of the palpal receptors of Schistocerca and Haskell & Schoonhoven (1969) carried out the first
electrophysiological examination of several of the niouthpart receptors of Schistocerca and Locusta, and on the basis of their findings proposed a hypothetical basis
for thechemotactic regulation of food discrimination and ingestion in thosespecies.
The present work is an extension of this recent research, and has asits objective
the clarification of the rôle of the various mouthpart receptors inSchistocerca
gregaria in simplified feeding situations. Informations gained from this, taken in
conjunction with the work quoted above, forms part of a comprehensive experimental programme, combining both behavioural and electrophysiological work, to
elucidate the mechanisms of host plant discrimination in Schistocercaand other
Acridids.
MATERIALS AND METHODS

Vth instar female and adult maleSchistocerca gregaria were used in these experiments. The animals were reared under crowded conditions in 50 litre cages with
a 12-hr photoperiod. Humidity was not controlled but remained fairly constant at
35% R.H. The temperature of the rearing rooms remained constant at 27° C; the
cage-temperature rose to 32° due to the use of 60-watt bulbs to provide illumination. The animals werefed daily on a diet of fresh grass and hay with a supplement

593

MOUTHPARTRECEPTORSOFSCHISTOCERCA

of whole mean bran. Animals moulting from IVth to Vth instar were collected
over 24-hr periods and the sexes separated to alleviate any differences in the
amounts of food eaten by males and females. Adult mature males were taken
from crowded cages 3 weeks after fledging.
The experiments involved removal of different head appendages and particular
groups of chemoreceptors followed by feeding tests one day and a few days after
the operations were carried out.
The classification of the sense organs of the mouthparts of Schistocerca gregaria
isthat proposed by Thomas (1966). Fig. 1shows the distribution of the sensilla on

B

Fig. 1. A. The sensilla scattered over the inner surface of a maxillary palp of Schistocerca
gregaria. The solid-shaded tip indicates the dome receptors which occur in high densities.
B. The distribution of sensilla and tracts of inert hairs on the inner surface of the clypeolabrum of Schistocerca gregaria. The paired Ai, A2 and A3 groups of receptors are of the
same type. The A10 groups are similar in appearance and may also be chemoreceptors
(after Thomas, 1966).

the inner surface of a maxillary palp and the inner surface of the clypeo-labrum.
The maxillary and labial palps both bear sensilla scattered over their whole surface
with a dense array of sensilla on their tips. The inner surface of the clypeo-labrum
is covered with elongated bands of inert hairs, the sensory equipment being
restricted to specific areas. At the proximal end lie four groups of sensilla, the
paired Ax and A 2 groups, with an elongated group A 3 at either side of the distal
end. Groups A ] ; A 2 and A 3 are the same type of sensilla. Near each torma of
the clypeo-labrum lie the A 10 group which Thomas suggests may also be chemoreceptive sensilla. The hypo-pharynx also bears a paired group of sensilla near its
dorsal end and these are of the same type as the A 1; A2, and A 3 groups of the
clypeo-labrum. This pair (H) lies apposed but slightly posterior to the Ax and A2
pairs of sensilla on the clypeo-labrum. The experiments carried out involved the
removal of the antennae, themaxillary and labialpalps together, and all the groups
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of sensilla inthebuccal cavity, thenomenclature adopted for each operation being;
Ant., P, A ls A 2 , A3, A 10 , and H. These letters are used in the paper to refer to
all receptors; thus "removal of P" means removal of both maxillary and labial
palps.
The animals were separated randomly into the experimental cages. Five to nine
animals were used for each experimental group depending upon the number of
animals moulting over any 24-hr period. The experiments were carried out in
11-litre perspex cylindrical cages with perforated metal lids; a metal climbing
strip was provided in each cage.
For all the operations the animals were anaesthetised with C0 2 for 3—5 min.
The antennae and labial palps were removed by amputation, both pairs of palps
always being removed together, and the groups of sensilla on the clypeo-labrum
and hypo-pharynx were removed by an electric cautery technique. In one experiment the animals were anaesthetised and a layer of vaseline applied to the outer
surface of the mouthparts, extending up to the median ocellus, to block the
scattered chemoreceptors lying over the surface. Operated-control groups were
anaesthesised and burnt on the tibia of one of their hind legs. The test cages were
kept in the constant temperature room at all times except for the operations. The
success of the operations was checked at the end of each experiment.
The food was presented in the form of filter paper discs (15 cm in diameter)
impregnated with the chemical to be tested. One disc was used per cage, the dried
paper being halved and hung by wire to the metal climbing strips to present the
biting edge of the food in as natural a way as possible. The filter papers were
impregnated with the chemical by completely wetting them in a solution of known
concentration, and then drying flat to avoid the formation of concentration
gradients within the paper. The phago-stimulant used in all the experiments was
0.1 M sucrose. In Locusta Vth instar hoppers this concentration of sucrose presented on dry filter paper was found to give near maximal food intake (Sinoir,
1968). It is also approximately the concentration of sucrose found in most grasses
expressed as a % of dry matter (Waite &Boyd, 1953). The deterrent compound
azadirachtin, extracted from the seed of the neem tree Melia azadirachta, was
kindly supplied by Dr. E. D. Morgan, Department of Chemistry, University of
Keele and was used in concentrations which caused 100% anti-feeding when presented to hoppers on filter paper together with 0.1M sucrose.
The animals were starved for a constant period of time before the start of each
experiment. Fig. 2 shows the effects of different starvation periods on the feeding
activity of mid-Vth-instar Schistocercagregaria when supplied with filter paper
impregnated with 0.1M sucrose. A period of 18-hr starvation was chosen in all
experiments with hoppers; following this the experiment lasted for a period of
24hrs for both hoppers and adults. It was found necessary to starve mature males
for longer periods of time before they would ingest measurable amounts of filter
paper. Preliminary investigations showed that the best results were obtained after
a period of 3 days starvation provided that the animals were given water in the
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Fig. 2. Amount of filter paper (impregnated with 0.1 M sucrose) eaten by Schistocerca gregaria
mid Vth instar after different periods of starvation.

form of moist cotton wool.
Operations on hoppers were carried out 2—3 days after the moult; the first
feeding experiments occurred 18hrs after the operation. The animals were then fed
fresh grass and hay daily until 18hrs before the second experiment some 8—10
days after the moult. This timing ensured that the animals were being examined
near to the peak of their feeding cycle (Ellis, 1951; Goodhue, 1962) and yet still
allowed sufficient time between the experiments for any recovery in feeding to
occur. Adults were operated on approximately 3 weeks after fledging; the first
and second experiments occurred 4 days and 2 weeks respectively after this time.
The amount of filter paper ingested was determined gravimetrically, the filter
papers being weighed at the beginning and end of each experiment. The results
are expressed either as % of filter paper eaten compared to the operated-control
or as the average weight of filter paper consumed per animal over the 24-hr
period. In most cases the effects of single operations were followed but in one
case an experiment was carried out with hoppers involving the removal of every
combination of P, A l 5 A 2 , A 3 , and H, thus resulting in 32 different operations.
The experimental design was a 2 5 factorial confounded in four blocks of eight
treatments. There was only one replicate so high order interactions had to be used
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for the error. This experiment was designed to reveal any significant effects of
single operations on feeding, and any interaction effects in multi-operations.
RESULTS

Feedingexperiments usinga phago-stimulant
The experimentsinthissectionwereallcarried outwiththetechniques described
above, using filter paper impregnated with 0.1 M sucrose only.
a) Single operationson hoppers. The first experiments on Vth instar hoppers
gave figures for the removal or cautery of various groups of receptors. The results
are shown in Fig. 3; removal of the antennae and A 3 receptors caused no significant change in intake on day 4. Removal of P, A 1; A 2 , or H groups however,
initially reduced feeding to less than 40% of the controls.
Re-testing on day 9, that is 6 days after the operation, and after a further
18-hrs starvation, gave the results shown in the second columns of Fig. 3.
J2 160 n
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604020H
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»1

9
A,

H

Fig. 3. % of filter paper (impregnated with 0.1M sucrose) eaten by Schistocerca gregaria
Vth instar 1 day and 6 days after removal of different mouthpart receptors.

Removal of the antennae caused a small non-significant decrease in feeding, while
removal of A 3 receptors maintained the increased uptake. Recovery of feeding had
taken place to some extent in relation to the removal of P, A 1; A2> a n d H and
was marked in the cases of P and A x . Removal of the A 10 receptors, which bear
a resemblance to the A x , A2, and A 3 receptors, did not affect the intake of sucrose
paper in the present experimental conditions and accordingly, to simplify experimental procedure, these receptors were not studied further in the present work.
b) Combined operationson hoppers. Following this preliminary experiment, a
factorialexperimentwascarried out onVth instar hoppers to determine if therewas
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interaction between treatments; the details of the experimental protocol have been
given in the "Materials and Methods" section above and some of the results are
shown in Tables I and II.
Table I shows that at day 3 after the moult, that is, one day after the operation,
a significant decrease in feeding followed removal of P, A 1; A2, and H but
removal of A 3 did not reduce feeding. There were no significant interactions
between treatments at this time, that is the reduction in feeding consequent on
removal of any combination of receptors was no different from the sum of the
effects due to removal of a single receptor. At day 10, Table I shows that there
was no significant difference between treated and non-treated insects if the effects
of removal of one type of receptor onlywereconsidered, a finding which reinforces
the suggestion of the preliminary experiment that by day 9 or 10 some recovery
of food intake had occurred. But at day 10 there was a very significant reduction
in feeding when A l5 A2, and H were removed together. Table II elaborates this
by showing the effects of removal of all combinations of these three receptor
groups, but this contains some clearly anomalous results; for example, removal of
Ax and A 2 together results in ingestion of 56.2mg of filter paper per animal while
removal of A2 alone reduces ingestion to 16.5mg per animal. It is not possible at
present to explain these anomalies but one clear result, significant at the 5% level,
is apparent in respect of the removal of Aj, A2, and H together, which reduced
feeding to 1.2 mgper animal, as compared with 65.2mgper animal when all these
receptors were present.
TABLE n

Amount of filter paper (impregnated with 0.1M sucrose) eaten after removal of all
combinations of H, Av and A2 in Vth instar Schistocerca gregaria 7 days after removal
of the receptors

H
h

A2
a2
Ai
ai
ai
Ai
30.8
40.1
1.2
19.1
21.8
65.2
56.2
16.5
1.2 mg \
Treatment
HA1A2
PsSO.C
Non-treatment 65.2 mg
haia2

Capital letters denote removal, small letters presence, of receptors indicated. Figures represent
mg of filter paper eaten per animal.

It should be pointed out here that, as the compound figures given in Table I
comprise thefigures of Table II, the apparent recovery infeeding by day 10shown
in TableI after removal of A1( A 2 , and H separately may be due to the anomalies
mentioned above.
c) Single operationson mature males. Similar experiments to those described
above were carried out on mature males, the results of which are shown in Fig. 4;
this shows that removal of the palps alone greatly reduces feeding four days after
the operation and no recovery has occurred two weeks later. By contrast, removal
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Fig. 4. % of filter paper (impregnated with 0.1 M sucrose) eaten by Schistocercagregaria
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of A 1; A2, and H receptors separately results in an initial reduction of feeding
four days after the operation, and two weeks later recovery has occurred of the
same order as found for hoppers (compare Figs 3 and 4). For the A 3 receptors,
thereisno reduction in feeding, again paralleling the situation inhoppers.
d) Recovery of feedingin hoppersminus palps. In hoppers, it is clear that the
initial reduction in feeding consequent on the removal of the palps almost disappears after an interval of between 3—5 days. Fig. 5 shows details of this
recovery in feeding throughout the instar, expressed in terms of the total amounts
of treated filter paper ingested by the operated and control groups. It is of interest
to note that these figures reflect the underlying feeding cycle in the instar.
This recovery phenomenon, particularly in relation to the rôle of the palpal
receptors, is of great interest and particularly sobecause it occurs in hoppers and
not in mature males. Experiments were therefore carried out to investigate it in
more detail asfollows: Vth instar hoppers had their palps removed 2—3 days after
the moult, and their feeding was tested 1 and 4 days after the operation, giving
the results shown in Fig. 6A. At this point all the animals without palps were
randomly distributed into five groups for further operational treatments involving
the removal of further receptors. The first group was used as a control and was
anaesthetised and cauterised on the hind leg; the second group had the A 3
receptors cauterised, the third had the antennae amputated, the fourth had both
A 3 and antennae removed, and the fifth had the external surface of the mouthparts and the head, up to the level of the median ocellus, covered with a layer of
vaseline to occlude the scattered chemoreceptors known to occur over these surfaces (Thomas, 1966; Haskell & Schoonhoven, 1969). All these five groups,
comprising three test cages per group, were then tested for feeding responses the
day after these operations and Fig. 6B shows the results. The values shown for
groups without palps in the last column of Fig. 6A are the same as those in the
first column of Fig. 6B,sincethey arethe control values for the further operational
treatments.
Fig. 6B shows that theremoval of A 3 receptors or antennae significantly reduces
food intake, but that removal of both together does not produce a significantly
greater reduction than either separately. Application of vaseline to the external
surfaces of the mouthparts also reduces feeding, though not significantly.
Feedingexperimentsusinga phago-stimulant together with a deterrent
The experiments in this sectionwereall conductedusingfilterpaperimpregnated
with 0.1M sucrose together with varying concentrations of the locust feeding
deterrent, azadirachtin. This is one of the activeprinciples of the Indian neemtree,
Melia azadirachta,as prepared by Butterworth & Morgan (1968). Experiments
with Vth instar hoppers with varying concentrations of the compound gave the
dose-response curve shown in Fig. 7, from which it is apparent that approximately
100% deterrence is obtained with a concentration of 1 X 10~6 % azadirachtin,
and this was the level used in the experiment reported in Fig. 7.The palps and A 3
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receptors of Vth instar hoppers were removed 3 days after the moult and
theinsects tested for feeding onthe4th and 9thdaysafter theusual 18-hrstarvation
period. The control groups in this experiment ingested on average about 10mg
per animal compared to an average of 100mg for sugar paper without deterrent.
Fig.8 shows the results of removal of P and A 3 separately and together, and the
figures are adjusted so as to give a control level of 0mg ingested per animal. It
can be seen that removal of the palps made little difference on day 4, but some
increase had occurred by day 9. Removal of A 3 receptors increased intake on
day 4 and this was enhanced by day 9, while removal of P and A 3 together, while
producing very little increase on day 4 produced a significant increase by day 10.
The last column of Fig. 8 shows for comparison the intake of sugar paper without
deterrent by operated-control animals.
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Fig. 7. % inhibition of feeding on filter paper (impregnated with 0.1M sucrose + azadirachtin) in Schistocerca gregaria Vth instar with increasing concentrations of azadirachtin.
DISCUSSION

The elements of the feeding behaviour mechanism in Acridids are numerous,
with at least seven types of chemoreceptors in six loci and a virtually unknown
spectrum of food chemicals to which they can respond; thus the work so far
carried out has involved only some of the receptors in simplified feeding experiments.
Since sucrose has been shown to be both a necessary constituent of the diet of
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Acridids (Dadd, 1960) and also a phago-stimulant, it suggested itself as the basic
test food. Equally, since discrimination of food occurs in Acridids based on
chemicalcomposition, itwasthought useful to include testswith aknown deterrent;
the active principle of neem, azadirachtin, was chosen as being available as a pure
substance and also as representing a deterrent virtually specific to locusts. These
simplefeeding situations weretested inrelation to the antennae,palps,Ax, A2, A3,
and H receptors and some few combinations of these; clearly this approach is an
over-simplification of the situation, but it provides a basis for the planning of
future experiments.
Feeding behaviour can be said to begin with the insect approaching the plant
and the work of Haskell, Paskin & Moorhouse (1962) continued by Moorhouse
(Ph.D. thesis, 1969), and taken in conjunction with that of Boekch et al. (1966)
makes it apparent that a basis exists for both long range orientation and possibly
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even pre-conditioning of Acridids to their host plant, involving antennal receptors.
But all reported behavioural work on Acridid feeding (e.g. Williams, 1954;
Chapman, 1957) suggests that antennal receptors are not i'nvolved in selection
once the insect has arrived at the source of the food. The circumstances of the
present tests virtually ensured that the insects would contact the food during the
24-hr test period so that the results do not bear upon the distance reception
problem. But in view of the earlier findings quoted aboveit wasinteresting to find
that amputation of the antennae produced a reduction, although not a significant
one, in feeding by the ninth day after the operation. In the circumstances of the
test, it seems unlikely this can be ascribed to reduced efficiency in finding the
food; nor can it be ascribed to any reduction in the power of recognising an
object as food, because the palpal receptors are equipped to do this. For purposes
of further experiment, it may be tentatively suggested that in the intact animal
the antennae may play a general stimulatory rôle, which may concern more
particularly the amount of food ingested, rather than its choice; the present
experiment could give no indication of the latter however.
Before goingon to consider therôle of otherreceptors it willbe useful toreview
the normal chain of events in Schistocercagregaria when it finds food, and for
the purposes of the present discussion the scheme proposed by Haskell & Schoonhoven (1969) has been adopted; they suggested that the dome receptors of the
maxillary and labial palps explore the food prior to any ingestion and that at this
stage also the A 3 receptors of the clypeo-labrum could be applied to the food,
prior to biting. Food can be rejected at this stage without biting, obviously in
relation to information from these receptors. If it is not rejected, the insect takes
an "exploratory bite" which passes between the hypo-pharynx and the clypeolabrum and intimately contacts the H group receptors on the former and the At
and A 2 group receptors on the latter. Haskell & Schoonhoven propose as an
experimental generalisation that the palpal receptors and the A 3 group on the
clypeo-labrum act as a first line of testing and selection, and lack of suitable
phago-stimulantsor detection of deterrents at thisstagecan lead torejection before
biting. Following the exploratory bite, the H and A group receptors in the buccal
cavity act as further monitors and need to be "satisfactorily" stimulated to allow
continued feeding. Bearing this hypothesis in mind we can now consider the
possible rôles of the receptors studied in the present work.
Removal of the labial and maxillary palps clearly interfered with sucrose paper
intake; the initial reduction in feeding was in some cases as high as 96%. Fig. 3
shows the average to be just over 60% and Table I shows the* difference to be
significant. After an interval of three to five days however, recovery had occurred,
doublingthe food intake (Fig. 3) and TableI shows there isno difference between
treated and non-treated animals. In the present work on hoppers the onset of the
moultlimited therecoveryperiod and testswerenot made after themoult to seeif
recovery continued. In mature adults, removal of the palps reduced feeding almost
to nothing and there was little or no recovery after 2Vi weeks. In this experiment

MOUTHPART RECEPTORS OF SCHISTOCERCA

only a known phago-stimulant, sucrose, was present and so deterrent or inhibitory
influences need not be considered; removal of the palps would, however, on the
hypothesis outlined above, retard the taking of the "exploratory bite", necessary
to stimulate the H and A receptors, hence stopping continued feeding and causing
a reduction in intake. If Figs 3 and 4 are compared it will be seen that the effects
of cautery of the A and H receptors are very similar in adults and hoppers and
alsothatwiththese receptors some recovery occurs in both adults and hoppers; the
effect of palpal removal causes a greater reduction in mature adult feeding than
in hoppers and in the former there is no recovery. This suggests that the rôle of
palpal receptors in mature adult feeding differs from that in hopper feeding; it
seems possible that this may be connected with the differing demands of these
stages and although these are not known in detail clearly those of the growing
hoppers will exceed those of mature adults. Further work on the phenomenon of
recovery after palpal removal in hoppers (see below) suggests a plasticity in
utilisation of information available to the C.N.S. and it may be that mature adults
lack this plasticity.
Fig.5 gives further details of the recovery in feeding in hoppers after palpal
removal, which is almost complete by 4—5 days after the operation; the data of
both Fig.5 and Fig. 6A showthat themaximum food intake of de-palped hoppers,
after full "recovery", is the same as that of normal insects. Thus food is being
found efficiently which implies sensory testing and suggests that perhaps other
receptors have taken over the rôle formerly discharged by the palps. If this is
so, these alternate receptors must be capable of contacting the food before ingestion, likethe palps, and this can only be done by the antennae, or the A 3 receptors
of the clypeo-labrum, or possibly by scattered chemoreceptors on the outside of
the clypeo-labrum. Fig. 6A and B gives results of experiments to test this
hypothesis, which clearly suggest that it is correct and that both the antennae and
the A 3 receptors are utilised in de-palped hoppers, after "recovery" has occurred,
to detect sucrose, since their removal results in significant decreases in feeding on
sucrose paper as compared with the de-palped controls. Occlusion of the scattered
chemoreceptors on the external mouthparts, some of which are known to be able
to detect sucrose (Haskell & Schoonhoven, 1969) does reduce feeding although
not significantly and hence these receptors can be assumed to be relatively unimportant in any take-over of the rôle of the palps.
It is interesting that there isno apparent interaction between removal of A 3 and
antennae, since removal of both together results in a decrease in feeding only
intermediate between the decrements resulting from their removal separately; this
argues that they are acting independently and simply feeding into the appropriate
part of the central nervous system information indicating "sucrose" or "not
sucrose", but if this is so then removal of either separately should not reduce
feeding as it does. The only explanation is that further sucrose information
channels are available to the insect, which may in part be due to the scattered
chemoreceptors, occlusion of which onthehead didreduce sucrosepaper ingestion.
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This experiment strongly suggests that the recovery of feeding following removal
of thepalps is mainly due to the transfer of the functions of the palps as detectors
of phago-stimulants to otherreceptors,notablythe antennae andA 3receptors.Since
these receptors were not altered in the experiment, the further implication is that
in normal animals information, certainly on the presence of sucrose and very
probably on other chemicals, flows into the C.N.S. from several groups of receptors, but that the system is biassed so as to react mainly to signals from the palps;
when the latter are removed, in due course some re-arrangement of the nervous
integration mechanism allows the previously superfluous information from the
other receptors to be utilised instead.
Turning now to consider other mouthpart receptors, it isclear from Figs 3 and
4 and Tables I and II that in both hoppers and adults removal of At and A 2 and
H receptors markedly reduces feeding, although some degree of recovery takes
place in all. The factorial experiment showed that the only combination of these
which showed a significant interaction was the removal of A 1; A 2 , and H together
(Table II); this reduced feeding by some 96% without any recovery after seven
days, which, in view of the timing of recovery in other receptors, suggests an
irreversible changein the situation.
This finding is explicable if, as suggested by Haskell & Schoonhoven, some
receptors in the buccal cavityhaveto be "satisfactorily" stimulated to allowingestion and continued feeding; clearly the sucrosepaper provides such a stimulus, as
evidenced by the control groups, but when all the buccal cavity receptors are
cauterised this stimulus disappears and hence feeding stops, and this holdsfor both
hoppers and adults.
Electrophysiological analysishas shown thattheresponses of individual receptors
in the At and A 2 groups overlap in that both respond to sucrose, sodium chloride,
grass and neem. The H receptors have not yet been investigated, but it seems
possible that the various spectra of receptor responses are so integrated in the
C.N.S. as to provide a "gating" mechanism which, when faced with natural plant
food which obviously contains many compounds, only permits ingestion when a
certain number or combination of "satisfactory" stimuli are perceived. In the
present experiment only onestimulus is offered, which is a known phago-stimulant,
and this certainly operates the gate.
We are now left with the A 3 receptors to consider; in both hoppers and adults
theirremovaldoes not significantly alter theingestion of sucrosepaper immediately
after the operation and after 9 days in hoppers and 2Vi weeks in adults there is
no change. This suggests that in normal animals they do not exert any influence
in respect of sucrose (see Table I) although they can certainly detect it (Haskell
& Schoonhoven, 1969). But, as Fig.6 shows, after removal of palps and subsequent "recovery" they have been brought into play (along with the antennae) to
detect sucrose and stimulate feeding on sucrose paper, which is significantly reduced again when the A 3 receptors are removed. Bearing this suggestion of substitution of A 3 for palps in mind, we can now consider the evidence of the final
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experiment, in which the deterrent azadirachtin was presented along with the
normal sucrose paper in a concentration known (Fig.7) to produce approximately
100% anti-feeding; it must be recalled that the palpal and the A 3 receptors
respond to both these compounds (Haskell & Schoonhoven, 1969). Fig. 8 is so
constructed that intake of controls appears as 0 mg consumption and thus
any increase above this level for the treated animals indicates a loss of sensory
discrimination against azadirachtin. Removal of the palps slightly increases the
ingestion of sucrose-azadirachtin paper (S.A.P.) and this is greater on the ninth
day; this is perhaps due to the take-over by that time of the sucrose-detecting rôle
of the palps by the A 3 receptors. Removal of the A 3 receptors promotes a greater
intake of S.A.P. than removal of palps and this intake increases slightly by the
ninth day. This observation is explicable if it is assumed that the normal rôle of
A3 receptors is that of deterrent detectors; on removal, the efficiency of detection
is reduced, with consequent slightly increased S.A.P. consumption. However the
fact that this is held down to some 15mg per animal as compared with consumption of some 100mg of sucrose paper by the controls shows that the palps are
certainly detecting the deterrent as well as the sucrose. The observations shown in
Fig.8 following removal of both P and A 3 support the above suggestions; immediately after the operation consumption of S.A.P. stays at the same level as itdoes
with removal of palps alone and for the same reason — that removal of the palps
initially prevents detection of sucrose and hence no phago-stimulation occurs. But
five days later the recovery phenomenon has set in and, as shown by Fig. 6, both
the antennal and A 3 receptors assume the rôle of the palps as far as sucrose
detection isconcerned. Ashasbeen shown, theinputs of these two sets of receptors
to the C.N.S. isindependent, sothat when A 3 isremoved, as in the present experiment, the antennae stillperform therôle of sucrose detection and produce aphagostimulatory effect; now, since the A 3 receptors have been removed, the deterrent
detector system has been impaired, the result being an increased bias to phagostimulation and hence a greatly increased intake of S.A.P.
Again, however, it is clear, by comparing the PA 3 column to the sugar-fed
control column in Fig. 8 that reasonably efficient detection of azadirachtin is still
taking place, and further experimentation is required to show whether this resides
in the antennae or, as seemsmore likely, in the A ls A2, and H receptors remainingIt may be argued that the initial reduction in intake following removal of one
or other groups of receptors in this work could be due to post-operational shock.
However, a good recovery period was allowed at the end of which the general
appearance, movements and reactions of the experimental animals wasno different
from the operated controls against which performance was measured. There were
two sorts of operation—amputation and cautery. The first method was used for the
removal of antennae and palps and if shock affected the results it could reasonably
be expected to affect them in the same way; yet removal of the antennae actually
increased feeding while removal of palps decreased it the day after the operation.
Similarly with cautery, used to remove the A 1; A2, A3, and H groups; the day
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after the operation feeding was reduced following removal of A 1; A2, and H but
increased by removal of A3. Thus it seems likely that post-operational shock could
not account for the phenomena observed.
The results discussed above suggest that the sensory mechanism underlying
feeding behaviour in Acridids is a complex one, in which large amounts of information on all qualities of the food, both phago-stimulatory and deterrent, are fed
into the central nervous system of the insect and the final motor behaviour comes
about as a result of filtering and integration in higher centres. In the intact animal,
someof thisinformation mayberedundant, butin theexperimental animals— and
in nature, in injured animals — blocking of certain input channels results, after
a time-delay of a few days, in the assumption of the function of the missing part
by other receptors.
Redundancy — or "fail-safe" mechanisms — are heavily built in to the system,
since Haskell & Schoonhoven (1969) showed that the dome receptors on the
maxillary and labial palps as well as the A l s A 2 , and A 3 receptors could all
respond to stimulation by sugar and grass — acceptable and phago-stimulating
compounds — as well as salt and neem — deterrent compounds. The reason for
this is obvious, in that while the insect needs to avoid intake of deterrent and
hence perhaps toxic substances it must also and at the same time be able to
detect and ingest phago-stimulatory and nutrient substances. The present work
suggests that the abilityto detect and respond to both classesof compounds resides
not only in the wide spectrum of primary chemoreceptors, but in the plasticity of
nervous organisation underlying them.
ZUSAMMENFASSUNG

DIE ROLLE DER REZEPTOREN DER MUNDWERKZEUGE BEIM
NAHRUNGSAUFNAHME-VERHALTEN
VON SCHISTOCERCA GREGARIA
1. Es wurden Untersuchungen an Larven des 5. Stadiums und reifen Männchen aus Massenzuchten von Schistocerca gregaria durchgeführt, um die Rolle der Rezeptoren der Mundwerkzeuge beim Nahrungsaufnahme-Verhalten dieses Insekts festzustellen.
2. Vereinfachte Fraßsituationen wurden geschaffen, indem den Larven nach einer Hungerperiode von 18 Stunden und den Erwachsenen nach einer Hungerzeit von 3 Tagen Filterpapiere geboten wurden, die mit 0,1 M Rohrzucker und einem Gemisch von 0,1 M Rohrzucker und 1X 1 0 - e % Azadirachtin, einem bekannten Fraß-Abschreckstoff, getränkt waren.
Die Aufnahme der Filterpapiere durch Kontrolltiere und Versuchstiere wurde gravimetrisch
bestimmt.
3. Die untersuchten Rezeptoren waren die Antennen, die Maxillar- und Labialtaster, die
Ai-, A2- und A3-Rezeptoren auf der Hinterfläche des Clypeolabrums und 'die H-Rezeptoren
auf der Dorsalseite des Hypopharynx; die beiden ersten Gruppen wurden durch Amputation,
die übrigen durch Kauterisation entfernt. Es wird Sicherheit dafür nachgewiesen, daß die
Ergebnisse nicht Folgen postoperativer Schockwirkungen waren.
4. Die Entfernung der Antennen der Larven beeinträchtigte die Wirkung der RohrzuckerPapier-Annahme unmittelbar nach der Operation nicht, doch trat 5 Tage später eine geringe,
nichtsignifikante Verminderung ein.
5. Entfernung der Maxillar- und Labialtaster verminderte die Aufnahme von Rohrzucker-
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Papier sofort nach derOperation imMittel um60%,aber nach 5 Tagen trat eine Erholung
der Fraßreaktion ein.Esließ sich zeigen, daßdiese Erholung hauptsächlich auf der Übernahme
der Rolle der Taster bei der Erkennung des Rohrzuckers und damit der fraßanregenden
Wirkung durch die Antennen und die A3-Rezeptoren des Clypeolabrums beruht, undin
geringerem Maße durch dieChemorezeptoren, dieüber die äußere Oberfläche des Kopfes
verstreut sind.
6. Entfernung derAs-Rezeptoren sowohl derLarven wie derErwachsenen reduzierteden
Verzehr desRohrzucker-Papiers nicht; derFraß warum etwa 70% herabgesetzt nach Entfernung der Ai- und A2-Gruppen des Clypeolabrums und um etwa 90% nach Entfernungder
H-Rezeptoren des Hypopharynx. Entfernung der Ai, As undH zusammen führte bei den
Larven zueiner 90%igen Verminderung des Fraßes ohne Erholung nach 7 Tagen.
7. Bei Fütterungsversuchen an Larven, denen Rohrzucker und Azadirachtin zusammen
geboten wurde, ergab dieEntfernung der Taster imVergleich zuden Kontrollen einen nichtsignifikanten Anstieg desFressens, welcher 5 Tage nach derOperation weiter anstieg. Ausschaltung derA3-Rezeptoren ergab eine signifikante Zunahme derFraßleistung, die sich in
den nächsten 5 Tagen noch weiter steigerte. Gleichzeitige Entfernung sowohl derTasterwie
der A3-Rezeptoren ergab zunächst einen nichtsignifikanten Anstieg desFraßes, aber 5 Tage
später hatte siezu einer signifikanten Steigerung derNahrungsaufnahme geführt.
8. Diese Ergebnisse sind verständlich, wenn manannimmt, daßdie Taster unddie AsRezeptoren auf einer ersten Stufe derNahrungswahl arbeiten, indem dieTaster hauptsächlich für die Erkennung von Phagostimulantien und für die Anregung des Freßaktes, und die
A3-Rezeptoren vorallem für dieWahrnehmung derAbschreckstoffe undderHemmungder
Freßreaktion verantwortlich sind. Darüber hinaus müssen dann dieAi-, Aa- und H-Rezeptoren
genügend erregt werden, damit eine kontinuierliche Nahrungsaufnahme erfolgen kann.
9. Bei reifen Adulten, dieRohrzucker-Papier erhalten, führt dieAbtrennung derTasterzu
einer signifikanten Abnahme desFraßes, ohne Erholung nach 2 Wochen; es scheint keine
Übernahme derTasterfunktion zu erfolgen.
10. DieErgebnisse lassen vermuten, daßdie Mundwerkzeuge der Larven und Imagines
einen weiten Informationsbereich andasZentralnervensystem weiterleiten und daßdasNahrungsaufnahme-Verhalten durch Filterung und Integration dieser Information bestimmt wird.
Bei denLarven, offensichtlich aber nicht beidenreifen Erwachsenen, besteht eine gewisse
Plastizität, welche die Übertragung der Funktion zwischen gewissen Gruppen der Mundwerkzeuge gestattet und damit eine Erholung desUnterscheidungsvermögens und des Fressens
auch nach Ausfall einiger der Rezeptoren.
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FOOD ATTRACTANTS AND A PHEROMONE AS TRAILFOLLOWING SUBSTANCES FOR THE SAINTONGE TERMITE
MULTIPLICITY OF THE TRAIL-FOLLOWING SUBSTANCES
IN L. TRAß£A-INFECTED WOOD
BY

F. J. RITTER and C. M. A. COENEN-SARABER
Centraal Laboratorium TNO, Delft, Netherlands
Column chromatography of the unsaponifiable lipids from pine wood, on which the fungus
Lenzites trabea was cultured, yielded two well-separated fractions, which were highly active
in choice tests as well as in a trail-following test with the termite Reticulitermes lucifugus var.
santonensis (Feytaud).
Thin layer and gas chromatography confirmed that these fractions contained distinctly
different active compounds. Column chromatography of the non-saponifiable lipids of the
worker termites yielded only one active fraction, which corresponded to one of the fractions
obtained from the wood. These results are in agreement with the opinion of Smythe et al.,
(1967), that a trail-following pheromone may at ths same time be a food attractant. Our data
show, however, that the "food" contains more than one highly active trail-following substance.
Comparison of gas chromatographic data showed that cis-3, cis-6, trans-8-dodecatrien-l-ol,
described by Matsumura et al. in 1968, may be present in one of these fractions.

Wood on which the fungus Lenzites trabaePers.ex.Fr. is cultured becomes
"attractive" to termites such as Reticulitermesflavipes, R. virginicus and Nasutitermes columbicus (Esenther et al., 1961). Observations in the field and in the
laboratory suggested that the termites followed a concentration gradient of an
attractant formed by thefungus in thewood. Watanabe &Casida (1963) examined
extracts of this wood by chromatography and obtained some active fractions, but
could not identify the so-called "attractants". In 1967, however, Smythe et al.,
found surprisingly, that active material from the fungus-invaded wood induces
trail-following in termites, as does the secretion of the abdominal gland of the
insects. When the product from the wood was subjected to gas chromatography,
the retention time of the active region appeared to correspond to that found for
the gland substance.
A number of other authors have also studied the trail-following substances for
different species of termites (Lüscher & Müller, 1960, Verron & Barbier, 1962,
Becker, 1964, 1966, 1967, Lund, 1966, Hummel & Karlson, 1968, Karlson et al,
1968). In some cases it was not quite clear whether one should speak about
attractants or trail-following compounds and a sharp distinction between the two
cannot always be made.
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In 1968 Matsumura et al.reported in a short communication the isolation and
identification of the trail-following substance from L. trabea-mv^ded wood (100 /xg
from 15kg). They also obtained evidence that it was the same substance as the
compound whichthey could isolatefrom R. virginicus (1p,gfrom 385g).A scheme
of the synthesis of the compound was given, without experimental details. It
appeared to be cis-3, cis-6, trans-8-dodecatrien-l-ol.
These data were of great interest to us, as we had also made some attempts to
identify the active components present in laboratory cultures of L. trabea on wood
of Pinus silvestris. We, however, used the Saintonge termite, R. lucijugus var.
santonensis(Feytaud) for our experiments. This insect is indigenous to a region
in France called Saintonge, where it has caused heavy damage to a large percentage of the houses. As these termites are hard to control, it seemed worthwhile to
see whether attractants or trail-following substances could be useful in the survey
and control of this insect. Indications that this may be possible for R. flavipes
were obtained in a cooperative project of U.S. and Canadian scientists (Esenther
&Gray, 1968,Gray, 1969),whomade somefield experiments inSouthern Ontario
with wooden bait blocks decayed by L.trabae.
Whereas Matsumura et al.(1968) found only one highly active compound to be
present in cultures of the fungus on aspen wood, we found that at least two such
compounds are present in L. trabea-invaded pine wood. One of them may be the
same as the compound isolated by Matsumura et al.We also found a compound
with similar chromatographic and biological properties to be present in the Saintonge termite. By column chromatography of extracts of the decayed pine wood,
however, we always found two highly active fractions, one possibly containing the
compound mentioned above,but the otherbeingdistinctly different. This difference
could also be shown by thin layer and gas chromatography. In this paper someof
the results obtained sofar willbe described.
MATERIALS AND METHODS

Bioassays
A. Random search tests
TestI. Dualchoicebetweentestsampleand blankor betweentwo testsamples.
On a moist, smooth layer of sand in a petri dish, filter paper discs (2.7cm diameter) are placed in diametrically opposed positions, as shown in Fig. 1. When a
solution is to be tested, it is applied to a filter paper pad (1cm diameter, 1 mm
thick), which, after evaporation of the solvent, is placed on one of the discs, a
blank being placed on the other one. Both pads are moistened with water just
before the test. In a similar way the activity of pieces of fungus-invaded wood can
be compared with pieces of blank wood.
An open glass tube is placed upon the sand, at equal distances from the discs,
and 20 worker termites, freshly collected from a culture, are put into the tube.
After withdrawal of the tube, the termites start running around at random until
they reach apad containing an active compound. This causes a slow-down of their
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BIOASSAYS
RANDOM CHOICE TESTS
DUAL

CHOICE

MULTIPLE CHOICE

GLASS TUBE WITH
20 TERMITES

TEST I

TRAIL-FOLLOWING TEST

lass
lines drawn
by pencil

GLASS TUBE WITH
5 0 TERMITES

TESTE

TEST ET

Fig. 1. Tests used in determining the biological activities.

locomotion, usually only for a brief period, after which they start running again.
During 5min after thetube isremoved, the number of termites which find themselves entirely onthediscs, isrecorded every 0.5minfor each of thediscs. The
mean values of these ten readings are called E for the sample and Bl forthe
blank. Usually five suchtests aremade and thevalues obtained are averaged again.
As thedata obtained inthis way depend somewhat onthevarying conditionof
the termites, adirect comparison between active samples ismadebyasimilar test,
if itistobedetermined with certainty which ofthe two samples isthe most active
one.
Test 11.Determinationof specificactivity.Of course theE values obtainedby
test I aredependant onthetested quantity. Toobtain a general characteristicfor
the activity of amaterial, dilution series aremade andtheamount of test sample
isdetermined whichisas activeas1/xgofareference "crude concentrate", obtained from anextract offungus-invaded wood. The weight ratio Wref/Wsamplc isthen
determined. This iscalled thespecific activity of thesample.
Test HI.Multiple choice.In this test uptofive samples anda blank arecompared simultaneously. This isespecially useful when fractions obtained bychromatography or other separation methods have to be compared. The samples are
placed onpaper pads, which inturn areputupon discs inapetri dish with sand,
as in test I. Thediscs are arranged around a glass tube containing 50 termites.
After removing the tube the averagenumber oftermites onthediscsisdetermined
as described before. This testis donesix times, each time changing thepositionsof
the samples relative to each other, in order to eliminate the influence of active
samples onthevalues obtained forneighbouring ones.
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B. Trail-following test
Test IV. Multiple-pathway choice. This test is more directly related to the
trail-following effect than the essays described before. A system of branched lines
is drawn by pencil on a sheet of writing paper, the distance from origin to end
being 10 cm for each possible pathway (Fig. 1). On one of these pathways a dilute
solution of the sample to be tested is applied and on one of the others the solvent.
If necessary, a number of different samples can be compared simultaneously, but
at least one branch remains untouched and is used as a blank. The branches are
separated from each other by glass plates and the whole device is also covered by
a glass plate.
Ten freshly collected worker termites are placed at the origin and those arriving
within one minute at one of the exits (by following a line!) are removed and
recorded. The following degrees of response were arbitrarily distinguished:
—
No termites at the exit within 1 min
±
1 termite at the exit within 1 min
+
2—5 termites at the exit within 1 min
++
6—9 termites at the exit within 1 min
+ + + All termites at the exit within 1 min
From this system of judgement it will be clear that the response of the Saintonge
termite is a very quick one. The test takes only 1 min. Other termites, like Kalotermes flavicollis (Fabr.) appeared to react much more slowly. For them a modified
system of judgement would be required.
Cultures of Lenzites trabae on pine wood
Cultures of the fungus were made by incubating blocks of 2X2X2 cm in soil
bottles according to an ASTM method (1961). After one month the blocks were
already highly active and after a year they were still so. The impression was gained
that maximum activity was obtained after 2 to 3 months.
Insects
The termites were collected in La Rochelle, France. They were reared at the
Wood Institute TNO in Delft in a special room, containing concrete tanks with
soil in which sandwiches of pine wood were buried. The room had a temperature
of 28° and a RH of 9 0 % .
Extraction and purification methods
If the active material had to be gained from the L. trabea-rotted wood, the
olocks were cut into small pieces. The termites, before being 'extracted, were
ground by hand with a pestle in a mortar in the presence of carborundum powder.
The wood or insect homogenates were steam-distilled, the distillates extracted
with hexane and the hexane extracts were concentrated to about 1—5mg solids
per ml. These so-called "crude concentrates" were used as the starting material
for further purification when they were biologically active according to tests I or
III.
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The best primary purification method seemed to be saponification, although
in some experiments the concentrates were first subjected to chromatography or
to a chemical separation method such as the separation of ketones from nonketones by the Girard procedure. The saponification was carried out with 1 N
NaOH for 1hour at 120° in asealed tube.The saponification mixture was extracted with hexane and in the first experiments also with chloroform, yielding nonsaponifiable lipids which contained the active material. The remaining alkaline
solution wasneutralized and extracted with hexane and chloroform. These extracts
usually showed little or no activity.
The non-saponifiable lipids were chromatographed on silica columns, using
hexane, mixtures of hexane and ethyl acetate and pure ethyl acetate as the eluents.
Thin layer chromatography was carried out on silicagel H (Merck A.G.) at 23°,
using hexane-ethyl acetate (95+ 5, vol) as the solvent. The position of the active
material on the chromatogram was determined by dividing the chromatogram into
zones, which were scraped off and tested by test III. The samples had to be
moistened with water before being tested. Ethyl acetate was used for extracting
the active material from the silica.
Gas chromatography was carried out on a Research Specialties (Jype 600) or
Warner Chillcott (type 1600) apparatus, using argon ionization detectors when
fractions were collected and hydrogen flame detection for only analytical data.
Column temperature was 144°, gas flow 60ml/min at 20p.s.i. and 5% DC-200
or 5% DEGS as stationary phases on Chromosorb W (80—100mesh, AW) were
used. Fractions were collected in U tubes with 0.1ml hexane which were cooled
with dry ice/acetone.
RESULTS

Investigationof the biologically activecomponentsoj L.tiabea-invadedwoodSeveral batches of L. fraèea-invaded wood have been worked up in similar
ways. The results of a typical experiment will be described here. Decayed wood
blocks (12.2kg) were cut up and subjected to steam distillation. The distillate was
extracted with hexane and the extracts concentrated. The crude concentrate contained 780mg solids which in test II showed a specific activity of 0.5. It wascombined with a similar concentrate from another batch, obtained from 1.1 kg wood.
During further concentration of the combined extracts 80.6mg crystals were
obtained which were removed. They were inactive and probably consisted of
oospolactone (3,4-dimethyl-8-hydroxy-isocumarin, Watanabe & Casida 1963).
This compound was in some chromatographic experiments used as a reference
compound.
The remaining solids (774mg) were saponified and the alkaline solution was
extracted in a small apparatus for continuous extraction, first with hexane and
then with chloroform. After neutralization, the aqueous solution was also extracted
with hexane and chloroform. The extracts and the remaining solution were tested
by test III. The results are given in Table I.
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TABLE I

Determination of biological activity after saponification of a crude concentrate obtained from
L.tiaben-invaded wood. Multiple choice test III. Weight of samples: 2.5jj,g. The data given
represent the average number of the termites on the samples (the E values).

Non-saponifiable
fraction

hexane extract
chloroform extract

Saponifiable
fraction

hexane extract
chloroform extract

Remaining
aqueous solution
Blank

Activity, E
11.7
5.7
1.3
1.5
1.1
0.8

The non-saponifiable fraction and especially the hexane extract appears to
contain the active material. The hexane extract contained 268mg solids and had
a specific activity according to test II of 2, so it was four times as active as the
crude concentrate. It was subjected to chromatography on a column of 50g silica
gel, which was first washed with 300ml hexane.
Of each of the fractions obtained, 3jxg was tested by test III. Because there
were 15 fractions, three overlapping multiple choice tests had to be carried out
to be able to judge the activities of the fractions relative to each other.
The results are shown in Fig.2, together with the weights of the fractions. It
Column c h r o m a t o g r a p h y on Si02 of n o n - s a p o n i f i a b l e
lipids f r o m t e r m i t e s .

activity
6 testH

—series1
—series 2

Ë

5
4
3

Blanks

2

1-1
1

7 ' 8

10
11
f r a c t i o n number

Fig. 2. Separation of the non-saponifiable lipids from L. trabea-in.va.ded'wood by column
chromatography.

appears that the active products are mainly found in two distinctly separated
regions, namely those of fractions 8 and 9 (together called fraction p) and of
fraction 14 (called fraction q). The specific activity of fraction p was 0.3 and that
of fraction q was 1, so it seems that the more purified fractions have a lower
specific activity according to test II than thenon-saponifiable lipidsbefore chroma-
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tography, which would suggest some synergistic effect of different active components of themixture.
The active compounds present in, respectively, fractions p and q behaved also
quite differently on thin layer (Fig. 3) and gas chromatography. On thin layer
Thin layer chromatography of 35 MQ of t w o biologically
a c t i v e column fractions.
Activity

E-BI,testnr
9
8
7
6
5
4
3
2
1
0
-1-

Rp=0,36 -0,44
—P
—-q

Rp=0,05-0,13

r
L.

r-

i

i1
Ó

1

2
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4

•

5

e5

7
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9 10 11
». cm

12

«I
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Fig. 3. Biological activity of subfractions of p and q, obtained by thin layer chromatography.

chromatography of fraction p the region having an R F value of 0.36—0.44
showed the highest biological activity, while on the thin layer chromatogram of
fraction q the most active material was found in a region having an R Fvalue of
0.05—0.13. Therefore it appears that p and q contain distinctly different biologically active compounds. As R Fvalues are not always well-reproducible, the location of p and q on the chromatogram were also determined relativeto the reference
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compound oospolactone. The active region of p ran always faster than the
reference compound (R00sP. = 1-5—1.9), in contrast to the active region of q
(Roosp. = 0.20—0.50).
Also gas chromatography using either a silicone oil (DC-200) or a polyester
(DEGS) as the stationary phase proved that the fractions p and q contain different
biologically active compounds. Fig. 4 shows a typical result on a DC-200 column.
For p the region with the highest biological activity had a Retention Index of
1551—1619 and for q the active region was found at 1468—1504. The data
represented by Fig.4 leave open the possibility that both p and q contain more
than one active component. Further fractionation on either DC-200 or DEGS
gave support to such an assumption, but these data still have to be verified.
Investigation of the biologically activecomponent of termites
From the cultures of the Saintonge termite 20g workers (about 8100insects)
9.3 gnymphs (about 1900 insects) and three large queens were taken and worked
up as described before. As no active material has been obtained from the nymphs
and queens so far, the data obtained in the experiments with these insects will
not be described here.
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The crude concentrate in hexane, obtained from the workers, contained 21mg
solids. They were saponified and the alkaline solution was extracted with hexane,
yielding 16mg of non-saponifiable lipids. When 16/tg of these lipids were tested
in test III in comparison with several other samples, such as the non-saponifiable
lipids obtained from the nymphs, it appeared to be quite active (E = 7.3 was
found for the workers and only 1.0 for the nymphs).
When the non-saponifiables were subjected to chromatography on a column
of 5.4g silica, only one active fraction was obtained (Fig.5); it corresponded to
thefraction q, obtained from thenon-saponifiable lipids of the decayed wood. (The
activity of the other fractions is negligible as the E value of the blanks are of the
same magnitude.) The fact that two active fractions were obtained from the wood
and only one from the termites, suggests that the L. trabea-rott&d wood does
contain at least one active compound which is present in significantly smaller
quantities in the termites, or not present in them at all.
Comparativeexperimentsregarding the trail-following effect evoked by fractions,
derivedfrom decayedwoodor termitesand by syntheticcompounds
The effectiveness in evoking trail-following was determined for the crude concentrates obtained from the wood and from the termites, and also for the fractions
p and q. A sample of a synthetic dodecadienol, kindly supplied by Matsumura,
TABLE II

Determination of trail-following activity (test IV)
Tested material

Amount on trail Activity according to trail-following
jug/cm
test (most essays in duplicate)
Crude concentrate obtained from
10-1
++
++ +
L. ïraèea-invaded wood
10- 2
+
—
10-3
—
—
Combined fractions p
10-1
++
++
10-2
—
—
10-3
—
—
Combined fractions q
10- 1
+ 4++ +
10-2
+
—
10-3
_
—
Crude concentrate obtained from
2X10-1
++ +
workers of the Saintonge termite
2X10-2
++
++ +
Cis-3, cis-6-dodecadien-l-ol
1
++
—
10-1
+
++
10-2
+
±
10~ 3
—
_
10- 4
—
—
Cis-3, cis-6-cis/trans-8-dodecatrien-l-ol
1
—
—
10-1
±
+
10- 2
+
10-3
-f +
+++
10- 4
+
+
+
+
10- 5
—
++
10-°
Cinnamyl acetate
10-:

++

1
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a sample of cis-3, cis-6, cis/trans-8-dodecatrienol, obtained through thecourtesyof
Prof.J.F.Arens of theUniversity ofUtrecht andsynthesized byDr.P.P. Montijn
and Dr. S.Hoff, and cinnamyl acetate were included in the test series. Cinnamyl
acetatewasfound tobeactive asanattractant for termites byWatanabe &Casida
(1963) and appeared also to be the most active compound of a large number of
known organic compounds,tested byusinthedualchoice test I.
Table II showstheresults. It appeared that allsamples except cinnamyl acetate
were active or even highly active when about 0.1/xg/cm of them wasapplied onto
the trails. Thedodecatrienol wasthemost active at lowconcentrations, thelower
limit being about 10-5 /tg/cm. The dodecadienol — which was rather impure
according to gaschromatography — andthecrude concentrate obtained from the
termites were also quite active at very low concentrations. The trienol seemed to
have an optimum at about 10~3jug/cm anddidnot show any activity at 1jug/craTentative experiments regardingthe nature of the active components presentin
L.txabea-invaded wood
Some tentative experiments were made to find out whether the dodecatrienol
was present in one of the biologically active fractions p or q described before.
Thiswas donebycomparison ofchromatographic data.TheRetention Index ofthe
trienol on DC-200 appeared to depend highly on the quantity injected. The data
found for 3, 1and 0.3^g were 1499,1519and 1546,respectively. These data are
lower than the Retention Index found for p (Fig.4),and only partly fall within
theregionfound for q.However,gaschromatography onDEGSaswellascolumnand thin layer chromatography on Si0 2 also indicate that the dodecatrienol is
present in fraction q. In following experiments wewill try to identify the stillunknown components present intheL. trabea-myaded wood.
DISCUSSION

From the data of Smythe et al. (1967) and Matsumura et al (1968) and from
our experiments it is strongly suggested that the trail-following pheromone of the
termites is the same compound as one of the products formed in the L. trabeainvaded wood, which has been called an attractant. As this wood serves as food
for the insect, this would probably be the first example of a pheromone being
identical with a food-attractant. We know now that the compound works as a
trail-following compound rather than as an attractant which induces a directional
locomotion towards the source of thecompound. Thetrail-following effect could,
however, also be observed when we separated the termites from the trail by a
screen 3mmabovethetrail.At9mm distancenoeffect wasfound anymore.
One interesting problem, which still awaits an answer, is the question whether
the substance extracted from the termites is synthesized by theinsect, or whether
the termite merely takes it up from its food and lays down a trail containing a
compound present in its food.
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RESUME

ATTRACTIFS ALIMENTAIRES ET PHÉROMONE, AGISSANT COMME SUBSTANCES
DE MARQUAGE DES PISTES, POUR LE TERMITE DE SAINTONGE.
MULTIPLICITÉ DE SUBSTANCES DE MARQUAGE DES PISTES
DANS LE BOIS ATTAQUÉ PAR L.TRABEA
Le champignon Lenzites trabea a été cultivé sur le bois de Pinus silvestris, qui, en conséquence, devient attractif pour le termite de Saintonge, Retîculitermes lucifugus var. santonensis.
Le bois attaqué est soumis à une distillation par la vapeur d'eau et le distillât est extrait
avec l'hexane. La saponification de cet extrait et la séparation des lipides non-saponifiables
donnent un produit très actif dans des tests de choix et dans un essai quantitatif pour des
"substances de pistage". Par la Chromatographie sur colonne de ces lipides on a obtenu deux
fractions très actives. Une de celles-ci est semblable à la fraction active obtenue par une
méthode analogue, à partir d'extraits d'ouvriers du Termite de Saintonge. La Chromatographie
en phase gazeuse démontre qu'une desfractions deslipides dubois peut contenir la substance
de pistage, cis-3, cis-6, trans-8-dodecatrièn-l-ol, qui a été décrite par Matsumura en1968.
L'autre fraction se comporte différemment, non seulement en Chromatographie sur colonne,
mais aussi en Chromatographie en phase gazeuse et sur couche mince. Néanmoins elle aussi
est fort active dans des tests de choix et dans l'essai de pistage.
,
Les résultats indiquent que la phéromone de pistage du termite de Saintonge est aussi
présente dans le bois attaqué par le champignon, qui peut être considéré comme une source
de nourriture dutermite. En outre lesrésultats démontrent quecebois contient au moinsune
autre substance très active.
REFERENCES

AMERICAN SOCIETY FOR TESTING MATERIALS (1961). Standard method of testing wood preservatives by laboratory soil-block cultures. ASTM designation: D 1413—61.
BECKER, G. (1964). Termiten-anlockende Wirkung einiger beiBasidiomyceten-Angriff in Holz
entstehender Verbindungen. Holzforschung 1 8 : 168—172.
(1966). Spurfolge-Reaktion vonTermiten auf Glycol-Verbindungen. Z. angew. Zool. 53:
495—498.
BECKER, G. & PETROWITZ, H.J. (1967). Auf Termiten spurbildend wirkende Stoffe. Naturwiss.
54: 16—17.
ESENTHER, G. R., ALLEN, T. C , CASIDA, I. E. & SHENEFELT, R. D. (1961). Termite Attractant

from Fungus-Infected Wood. Science 134: 50.
ESENTHER, G.R. & GRAY, D . E . (1968). Subterranean termite studies in Southern Ontario.
Can. Entomol. 100: 827—834.
GRAY, D.E. (1969). Termite Survey in Southern Ontario. Communication at the Termite
Symposium of the British Wood Preserving Association, June 24, 1969 in Cambridge,
England.
HUMMEL, H. & KARLSON, P. (1968). Hexansäure als Bestandteil des Spurpheromons der
Termite Zootermopsis nevadensis Hagen. Z. Physiol. Chem. 349: 725—727.
KARLSON, P., LÜSCHER, M. & HUMMEL, H. (1968). Extraktion und biologische Auswertung des

Spurpheromons derTermite Zootermopsis nevadensis. J. Insect Physiol. 14: 1763—1771.
LÜSCHER, M.&MÜLLER, B.(1960).Einspurbildendes Secret beiTermiten. Naturwiss. 47: 503.
LUND, A.E. (1966). Termite Attractant. U.S.Patent 3, 249, 501.
MATSUMURA, F., COPPEL, H.C. & TAI, A. (1968). Isolation and identification of Termite
trail-following phéromone. Nature, Lond. 219: 963—964.

622

F . J. RITTER ANDC. M . A. COENEN-SARABER

SMYTHE, R. V., C O P P E L , H . C , LIPTON, H . & STRONG, F . M . (1967). Chemical studies of

attractants associated with Reticulitermes flavipes and R. virginicus. J. econ. Entomol.
60 : 228—233.
VERRONT, H . & BARBIER, M . (1962). L'Hexène-3-ol-l, substance attractive des Termites,
Calotermes flavicollis et Microcerotermes edentatus. Compt. rend. Séanc. Acad. sei.
Paris 254 : 4089—4091.
WATANABE, T .& CASIDA, J.F . (1963). Response of Reticulitermes flavipes t o Fractions from
Fungus-Infected Wood andSynthetic Chemicals. J. econ. Entomol. 5 6 : 300—307.

!

NUTRITION OF PLANT-SUCKING INSECTS O N CHEMICALLY
DEFINED DIETS
BY

J. L. AUCLAIR*
Département des Sciences biologiques Université de Montréal, Montréal, Canada
With the advent of suitable techniques for rearing plant-sucking insects, especially aphids,
on chemically defined diets, knowledge of their nutrition has evolved considerably over the
past 7 years. Thus, contrary to some earlier beliefs, the nutritional requirements of plantsucking insects have been found to be, with minor exceptions, generally similar to those of
other insects, and it is now possible to sustain aphid colonies on artificial diets for two or
more generations, and in some cases, for an almost indefinite period of time.
A discussion is presented on the comparative requirements of aphids and other Hemiptera
for the main classes of nutrients and for individual compounds, both on a qualitative and
quantitative basis, and on the relative importance of symbiotes in the nutrition and metabolism
of these insects. Some nutritional and related factors that may influence feeding behaviour
will be examined, such as the influence of the pH of the medium, the light, the quality of the
diet and the concentration of certain nutrients on feeding preferences by aphids. Correlations
will be attempted on the significance of these findings in relation to parasite-hostplant
relationships.
The main subject of the entire paper will be centered on the nutrition of about half a dozen
species of aphids, but some examples will be given using other plant-sucking insects.

Studies of the nutritional requirements of aphids, especially of the following six
species:
Acyrthosiphon pisum (Harris), the pea aphid (e.g. Auclair & Cartier, 1963;
Auclair, 1965)
Aphis fabaeScopoli, the bean aphid (e.g. Dadd &Krieger, 1967)
Aphis gossypii Glover, the cotton aphid (Auclair, 1967'aand b)
Macrosiphum euphorbiae (Thomas), the potato aphid (e.g. Cartier &Morin, 1965)
Myzus persicae (Sulzer), the green peach aphid (e.g. Mittler &Dadd, 1962; Dadd
&Mittler, 1966)
Neomyzus circumflexus (Buckton), the crescent-marked lily aphid (Ehrhardt,
1968a, b and c),
have shown that their requirements, contrary to some earlier beliefs, are generally
similar to those of other insects.Thus, chemical diets that are able to sustain aphid
colonies for two or more generations, or even indefinitely, are of the classical composition and include the well-known amino acids, water-soluble vitamins, salts and
* The author acknowledges financial assistance from the National Science Foundation,
Washington, D.C., and from the National Research Council of Canada, for some of his
personal research described in this review.
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sucrose. The rearing of different aphid species on chemical solutions has been
effected with varying degrees of success, and one of the better achievements so far
has been the maintenance of permanent cultures of M.persicaeand A. jabae on
chemically defined diets (Dadd &Mittler, 1966;Dadd &Krieger, 1967).No doubt
permanent cultures of other aphid species are being realized at this moment. It
would appear therefore that aphids may be one of the first Metazoa to be maintained indefinitely on chemically defined diets.
Progress is also becoming evident on plant-sucking insects other than aphids,
such aswith thewestern plant bug,Lygus hesperus Knight (e.g.Auclair&Raulston,
1966;Raulston &Auclair, 1968),and the large milkweed bug,Oncopeltusfasciatus
(Dallas) (Srivastava & Auclair, 1970). In the first instance, Vanderzant (1967)
and Strong & Kruitwagen (1969) have reported the rearing from first instars
to egg-laying adults of L. hesperus on meridic diets, and work isin progress in our
laboratory to establish, among other things, the nutritional requirements of O.
fasciatuson artificial diets. Gothilf & Beck (1966) reared the citrus mealy bug,
Flanococcus citri(Risso), from eclosion to reproduction on a defined diet.
The use of chemically defined diets may lose some of its value if microbial
contamination of thenutrients occurs.In thescienceof animalnutrition, the importance of asepsis has been realized for many years, and classical works on germfree
research and gnotobiology (e.g.Dougherty, 1959;Luckey, 1963;Rodriguez, 1966;
Miyakawa & Luckey, 1968) have summarized the current status of research in
progress and the various methods now available to investigators. Techniques
particularly adapted for rearing plant-sucking insects on sterile liquid diets were
reported by some authors (e.g. Auclair, 1967a; Dadd, Krieger & Mittler, 1967;
Sutter &Kieckhefer, 1969) and used in aphid nutrition. However, the realization
of total aseptic conditions, although desirable, is further complicated by the fact
that plant-sucking insects in general harbour a multitude of multifarious symbiotes
(See reviews by Steinhaus, 1949; Auclair, 1963, and Koch, 1960, 1967). The
aphids as a group appear to be intimately associated with their intracellular symbiotes, with provision for complex and regular embryological development of the
aphid mycetome, and the transmission of the symbiotes to the next generation
through the embryos. According to Koch (1960), all plant-sucking insects would
harbour symbiotes. As will be seen later, there is already good experimental
evidence that these symbiotes supply some essential nutrients to their hosts.
This is a review of the main recent developments on the subject of feeding and
nutrition of plant-sucking insects, especially aphids, on chemically defined diets.
The particular field of the influence of dietary components on morphogenesis will
not be dealt with in this review, as it is discussed elsewhere in this symposium by
Mittler.
Requirements forCarbohydrates
The few species of aphids sofar studied seem to have a special feeding requirement for sucrose. For instance, this sugar was shown to be distinctly phagostimulat-
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ory to M. persicae,with a 10 to 20% concentration being optimum (Mittler &
Dadd,1963a,b, 1964).The duration oftheinitialprobesbyaphidswas appreciably
longer ( > 1 min) with a 20% sucrose solution than with amino acids or water
(Mittler & Dadd, 1965a, b). The sucrose concentration range of 10—20% was
also optimal for survival,growth and larviposition (Dadd &Mittler, 1965a, b). In
the absence of sucrose in complex diets,larvae died rapidly withno growth. These
authors also pointed out that since little sugar was excreted in the honeydew of
aphids on diets with sucrose at less than 10%, aphids were able to efficiently
absorb and metabolize this sugar. In subsequent studies on food uptake, Mittler
(1967c) reported none or verylittle uptake of diets having a sucrose concentration
below 5%; maximal uptake was obtained in diets having 10—20% sucrose, with
a progressive decline in fluid ingestion with sucrose concentrations above 20%.
Generally similar conclusions concerning the importance of sucrose as aphagostimulant were drawn from studies with A. pisum and A. gossypii,although the
optimum sucrose concentration for survival, growth, and reproduction was somewhat higher, or 20 to 35% (Auclair, 1965, 1967a). Only at such a high concentration as 35% was A. pisum recently maintained for 7 successive generations
(Srivastava & Auclair, unpubl. data). In multiple choice tests, theseaphids could
discriminate between diets containing 0%, 20%, and 40% sucrose, preferring
20%. On other tests with diets containing sucrose concentration series ranging
between 0 and 50%, in 5 or 10% increments, aphids usually settled and fed in
greater numbers on diets in the 20—35% range, or on those diets that provided
for better growth and reproduction.
Using the diet developed for A. pisum, Cartier & Morin (1965) and Cartier
(1968)reported 25—35% sucrose tobe in the optimum range for the growth and
reproduction of a red clone of M. euphorbiae over 3Vi generations, whereas Ehrhardt (1968a, b) reared N. circumflexus for at least ten successive generations on
a similar dietbut with sucrosereduced to 20%. Dadd &Krieger (1967), using the
diet developed for M. persicae with 15% sucrose, reared A. jabae for at least 25
successive generations.
In diets in which sucrose was totally replaced by glucose or fructose, or a
mixtureof both, survival of both A. pisum and A. gossypiiwas drastically reduced.
When sucrosewaspartially replaced by oneor thetwoabovehexoses, survivalwas
reduced to a lesser degree than by total replacement. With A. gossypiireplacement
of 30% sucrose in the diet by mixtures of 20% sucrose and 10% of any one of
the following sugars: raffinose, trehalose, sorbose, melezitose, galactose, lactose,
ribose or cellobiose, resulted in a significant reduction of aphid survival. Even
lower survival values were obtained when the 30% sucrose was replaced by 20%
of any one of the above sugars. The low survival rate may have been due to lack
of palatability in the sugarsor totheir poor nutritive value. However, a mixtureof
20% sucrose and 10% maltose in the diet was superior to 20 or 30% sucrose
diets, suggesting a "synergic" nutritional effect from the mixture, especially on the
growth of the progeny (Auclair, 1967b).
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Requirementsfor amino acids.
Using the deletion technique,Retnakaran&Beck(1968)concludedthat A.pisum
required the usual ten essential amino acids, i.e. arginine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine, plus
cysteine. In the absence of any one of the above eleven compounds, aphid weight
over the first generation was reduced by almost half, and by % or more when the
sulfur amino acids were omitted. Reproduction was also impaired. Cysteine and
methionine were apparently independently required, suggesting that this aphid
lacked the cystathionine pathway described in mammals and some insects, and
which allows the sparing of cysteine by methionine and vice versa (Meister, 1957;
House, 1965). Both D- and L-methionine were utilized but only L-cysteine. Inorganic sulfate spared both compounds, and the authors assumed that this was
done with the aid of the aphid's intracellular symbiotes. On the other hand, Dadd
& Krieger (1968) reported that only methionine, histidine, isoleucine and possibly
lysine were essential for the growth of M. persicae reared over two generations.
This was established from single omissions of 20 amino acids from the diet.
Omission of cysteine halted growth after one generation, but this could be offset
by the addition of inorganic sulphate or extra methionine, suggesting that cysteine
was needed only as a source of sulphur. The simultaneous omission of the four
compounds, aspartic acid, glutamic acid, asparagine, and glutamine, largely prevented growth, but single omission of any one of these was without effect. Very
little growth occurred with a mixture of the 10 amino acids generally found essential for animals plus cysteine, even when these were at an overall concentration
equivalent to that of the 20 amino acids routinely used. However, the addition of
substantial amounts of glutamate, alanine, or better, serine, allowed growth to
approachthat ofthe20-amino-acid mixture.Theauthorsconcluded thatM. persicae
was remarkable in its ability to grow well with amino acid mixtures of limited or
widely variable composition, and suggested that this extraordinary versatility was
due to thepresenceof an abundanceof intracellular symbiotesinthisaphid.Indeed,
other recent work by Mittler (unpublished) indicates that in aphids whose mothers
were treated with diets containing antibiotics, thenumber and growth of symbiotes
are reduced, accompanied bypoor growth of the aphids and their offspring. Omission of any one of the usual essential amino acids in larvae in which symbiote
function was thus disrupted resulted in poor aphid growth. Thus, although only
three or four amino acids are essential in the diet of the normal aphid, the aphid
divorced of symbiotes would require the usual ten essential amino acids.
Using a radio-isotope technique, Strong & Sakamoto (1963) suggested that at
least nine amino acids were essential for M.persicae.This apparent discrepancy
with the results obtained by the deletion method was discussed in details by Dadd
& Krieger (1968). They suggest that perhaps insufficient time was allowed for the
distribution of theradioactive label through allpossiblepathways,resulting in nonessential amino acids remaining without detectable label and hence being classified
as essential. Other explanations in regard to peculiar metabolic pathways used by
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symbiotes, pathways which are virtually unknown, and/or the effect of the experimental treatment on the symbiotes themselves, are possible.
In choice-chamber tests on gustation of dietary amino acids by M. persicae,
Mittler & Dadd (1964) and especially Mittler (1967b) reported that, in 20°/o
sucrose solution, each of the five amino acids isoleucine, leucine, methionine,
phenylalanine, tryptophan, or the amide asparagine, strongly enhanced the acceptability of sucrose. Methionine had the strongest effect. A few other amino acids
were slightly favoured by the aphid, whereas histidine, glutamic acid and arginine
were slightly deterrent. Fluid uptake by M. persicae (Mittler, 1967c) was poor or
non-existent in 15% sucrose diets containing less than 1% total amino acid concentration. Uptakewasaugmented withincreasesintotalamino acid concentrations,
inincrements of 0-3%, upto 3%,and thendecreased slightly.Whenmethioninewas
the only amino acid in the diet, uptake was as high as on complete diets less
methionine, and almost twice as much as on diets lacking amino acids (Mittler,
1967a). This indicated once more the importance of methionine as a feeding
stimulant for M. persicae.
Survival, growth andreproduction ofaphids aremarkedly influenced bythetotal
amino acid concentration of the diet. Thus, A. pisum performed bes;t on a 4.3%
amino acid diet;significantly lower survival,growth andreproductionwereobtained
on diets containing higher (4.9%) or lower (3%, 2% and 1%) amino acid concentrations.No aphid reached theadult stageatthe 1% concentration. In multiplechoice tests, aphids settled on and colonized the diets in the 4.3% amino acid
range in preference to all others (Auclair, 1965). Generally similar results were
obtained with M. persicae,with a 3—4% amino acid concentration appearing
optimal (Dadd &Mittler, 1965;Dadd &Krieger, 1968).
Requirementsforvitamins
From individual omissions ofwater-solublevitamins,Dadd etal.,(1967)reported
for M.persicaea dietary requirement for ascorbic acid and the nine following
vitamins: thiamin, riboflavin, nicotinic acid, pyridoxin, folic acid, calcium pantothenate,meso-inositol, choline, and biotin. Vitamin deficiency wasbest observed in
the second generation, where little growth occurred. These nine vitamins are
commonly needed by other insects, whereas ascorbic acid seems needed mostly by
phytophagous insects. Thiamin, riboflavin, nicotinic acid, pyridoxin, folic acid and
pantothenate are considered essential in the diet of all insects except those which
harbour microorganisms that may synthesize these compounds. It would thus
appear that the symbiotes of M.persicae do not contribute any significant amount
of these needed compounds to their host.
The absence of eleven vitamins (the ten mentioned above plus p-aminobenzoic
acid) inthe diet of A. pisumreduced growth significantly duringthefirst generation
(Auclair, 1965).Although significant, this reduction in growth wasless pronounced
than that recorded when the concentration of amino acids waslowered from 4.3%
to 3%.This suggests again a probable storage of vitamins from plant-fed mothers
and theneed for tests over 2 successive generations.
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Ehrhardt (1968c) reported rearing JV. circumflexus for more than 10 successive
generations on diets lacking riboflavin, pantothenic acid, biotin.and choline, these
being dispensable and probably provided by symbiotes. On the other hand, the
omission from the diet of ascorbic acid, nicotinic acid, folic acid, or thiamine,
arrested development in the first or second generation.
Requirements for saltsand trace metals
Major requirements for potassium, magnesium andphosphorus were demonstrated for both A. pisum and M. persicae. Survival and growth of A. pisum was
enhanced significantly by the presence of dietary potassium phosphate and magnesium chloride in amounts of 0.5% and 0.2% respectively, lower or higher concentrations being detrimental (Auclair, 1965). The omission of either major salt
reduced larval growth and increased mortality considerably.
Retnakaran &Beck (1967)reported better growth andreproduction ofA. pisum
when the potassium phosphate: magnesium chloride ratio was either 0.250 :0.200
or 0.500:0.100.
Dadd & Mittler (1965) estimated the minimal requirement of M. persicaefor
potassium tobe between 35 and 70mg/100mlof diet;for magnesium, 6to 12mg/
100ml diet; and for phosphate, 43 and 85mgphosphoric acid/100ml diet.
According to Dadd (1967), no specific requirement for calcium or sodium
could be demonstrated for M. persicae, other than the small amounts of Ca
(0.4 mg/100 ml diet) already provided in the diet as Ca-pantothenate, and sodium
asanubiquitous tracecontaminantof most chemicals.No improvement in performance was obtained by increasing these low dietary levels of Ca and Na. These
findings would confirm the general view cited by Dadd (1967) that these two
elements so important in vertebrate nutrition, are seldom needed in insects and
only at a very low level.
On the other hand, Retnakaran & Beck (1967) suggested that the failure of
A. pisum to reproduce on someholidic dietswas caused byan imbalanceofcalcium
and phosphate ions. A calcium citrate: monobasic potassium phosphate ratio of
0.010 :0.250 wasfound to improve growth without inhibiting reproduction. If this
is confirmed, it would appear to be a first instance of such mineral imbalance in
insects.
Recent spectacular advances in the development of permanent cultures of aphids
on chemical diets were accomplished mainly through studies of possible requirements for trace minerals. Several authors had mentioned attempts made in the past
few years to establish the requirements of aphids for trace minerals (e.g. Auclair,
1965; Retnakaran & Beck, 1967; Dadd, 1968) or had assumed that sufficient
amounts of these were provided as impurities in dietary components (e.g. Dadd &
Mittler, 1965).These early attempts metwithvery limited success probablybecause
diets in use then were so sub-optimal in some of their major components, and/or
because of solubility problems resulting in loss of some of the trace elements
through precipitation. The first permanent culture of an aphid on a chemically
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defined diet was reported by Dadd & Mittler (1966). This was done mainly by
adding trace amounts of Fe, Zn, Mn, and Cu, asmetal sequestrenes, to a complex
diet that had been in usefor M. persicae for severalyears.
More detailed studies by Dadd (1967) indicated individual requirements for
iron, zinc and manganese, for larval growth in the first or second generation, and
for copper in the third generation. With the addition of these four metals, the diet
is apparently able to support M.persicaeindefinitely (30 or more generations).
Dadd & Krieger (1967) reported rearing A. fabaefor 25 successive generations,
and, as wasthe casewithM.persicae, continued growth of thebean aphid depended crucially upon the provision in the diet of a mixture of the trace metals iron,
zinc, manganese, and copper. As of March 1969, A. fabaehas been kept continuously on a chemical diet for over 3 years (Mittler, pers. comm.).
Ehrhardt (1968a) described continuous rearing of JV. circumflexusfor at least
11 generations on a slightly modified pea aphid diet towhich iron,zinc,manganese,
copper, and calcium were added. In the absence of these, reproduction of first
generation aphids was greatly reduced, and second generation aphids were sterile.
From detailed experiments, a requirement for each of these elements was shown
for continued rearing. Furthermore, aphids fed on diets lacking these elements
showed typical degenerations of their intracellular symbiotes, these disappearing
from themycetocytesafter twogenerations.Degeneration of symbioteswasdelayed
by gradually adding individual metals to deficient diets. If all elements were added
to the diet, the degeneration process halted, and the supply of symbiotes of the
tenth aphid generation fed on the complete diet appeared asnormal ason plant-fed
aphids. Thus trace elements in the diet would be essential for the maintenance of
symbiotes which, in turn, appear to be vital to the aphids themselves.
According to the detailed studies of Dadd (1967) the quantitative requirements
of M.persicae for someof thetracemetals arerather stringent, and a concentration
in the diet above or below a narrow range is detrimental to growth. The concentrations of tracemetals,in micrograms per 100ml of diet, are given below for two
aphids, as recommended by Dadd (1967) and Ehrhardt (1968a), respectively.
M.persicae N.circumflexus
Fe
115—460
460
Zn
> 132
190
Mn
28—236
220
Cu
16—65
100
Ca
400
850
Dadd (1967) concluded that the information now available on the needs for
salts and trace elements by M.persicae,as discussed above, probably represents
our most exhaustive listing of the inorganic nutritional requirements of an insect.
Requirementsfor lipidsand cholesterol
Since all insects so far studied were shown to have a stringent dietary requirement for some sort of sterol, usually cholesterol (House, 1965), it is surprising to
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note that chemical diets able to sustain aphid life indefinitely do not contain any
sterol, or for that matter, any form of lipid. On that point, Dadd &Mittler (1966)
surmised that the dilution factor for original reserve sterols would be, in the 20th
generation, of the order of 122(>. They concluded that if M.persicaerequired a
sterol, this compound was provided by the aphid's symbiotes. Experimental
evidence to corroborate this conclusion comes from a recent report by Ehrhardt
(1968b) working on N. circumjlexus.He found that the sterol content of aphids
fed sterol-free diet remained constant over 8 generations. Sodium acetate-1-C14
fed to the aphids led to the appearance of a labelled sterol in the tissues of the
insects. However, no such labelled sterol could be found in the tissues of aphids
deprived of their symbiotes.Deprivation of symbiotes was accomplished by feeding
an antibiotic to the aphids. Symbiotes harboured by N. circumjlexus therefore
appear to be responsible for the synthesis of sterols. Apparently similar results
were obtained with A.pisum.
Since at least two species of aphids have been maintained almost indefinitely on
fat-free diets, it is concluded that these insects can synthesize themselves, or via
their symbiotes, any required lipid.
Otherfactorsinfluencing feedingon chemical diets
It has been shown that sucrose is a powerful feeding stimulant for aphids. Very
little if any feeding occurs on complex diets lacking in this sugar. Some amino
acids, especially methionine, are also phagostimulants. Other factors that have
been considered and that can influence feeding on chemical diets are pH, light,
pressure, and the compound sinigrin.
pH
The hydrogen ion concentration has some importance in relation to solubility
problems encountered in the preparation of liquid diets (see for instance Auclair,
1965 and Dadd, 1968). However, the pH of the diet was found to influence aphid
growth, reproduction, and survival, as well as selection of diets by aphids (Auclair,
1965, 1967a; Cartier, 1968).
A. pisum, A. gossypii and M. euphorbiae performed better on slightly alkaline
diets (pH 7.3 to 7.6). With A. pisum, there was a significant reduction in rates of
growth and reproduction accompanied by increased mortality when the dietary pH
was 7.0 or below, or above 8.0. This reduction in growth rate was due mainly to
a decrease in the rate of feeding, such diets apparently being unpalatable, as
suggested from the decrease in the frequency of honeydew excreted by aphids on
diets with pH 6.7, 7.0, 8.0, or 8.3, as compared with the excretion from aphids on
dietswithin the 7.4—7.7range.All aphids died within 4—5days on diets of pH 5
or 9, and within 2 days on diets of pH 4.0 or 10.0.
A. gossypiiappears to tolerate a wider range of dietary pH than A. pisum, and
will grow and reproduce fairly well on diets of pH ranging from 6.5 to 8.0.
M.euphorbiae appears tobe in anintermediate position between thesetwospecies.
In multiple choice tests, in which diets with pH 6.5, 7.0, 7.3, 7.6, 8.0, or 8.5,
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were offered simultaneously, A. pisum preferentially settled on, fed (as evidenced
from copious excretion of honeydew), and colonized diets having pH values of
7.3 or 7.6. This aphid could discriminate between diets varyingby about 0.3 to 0.6
of 1 pH unit. However, the power of discrimination of either A. gossypiior M.
euphorbiae between diets ofvarious pHvalueswas not as striking aswithA. pisum,
but these two species still settled in greater numbers on diets near neutrality (pH
7.0—7.3 for M. euphorbiae, and pH 6.5—8.0 for A.gossypii).
Light
By the use of a simple multiple-choice chamber devised by Cartier & Auclair
(1964,1965), later modified in various ways (Cartier, 1965,1966; Auclair,1967b),
and which allowed control of diet illumination, the influence of the quality and
quantity of light on the settling and feeding responses of aphids on chemical diets
was studied. Larvae, winged or apterous adults A. pisum and M. euphorbiae preferred dietslighted orange and/or yellow, and, when confined to such diets, larvae
of both species survived longer and grewbetter than on diets lighted white, red, or
blue, or in darkness. Some biotypes of A. pisum preferred yellow, others orange,
and stillothers werefound distributed equally on orange and yellow.Not onlywere
aphids attracted to orange, but they responded to a gradient of various intensities
of orange by settling preferentially on some of them.
Generally similar results were obtained with A. gossypii.The wavelengths 610
to 570mju, (red-orange-yellow) apparently exerted a definite attraction, especially
the 595 to 570mp,ones, whereas those from 485 to 420mp,(blue to violet) were
repellent. This was clearly demonstrated by appropriate tests in which preferred
orange diets on which aphids had settled in numbers were subsequently lighted
blue or violet. Upon the substitution of colours, most aphids readily deserted such
diets. However, young larvae were less sensitive than adults to colour changes of
diets, once they had settled on the preferred diets and established a feeding
pattern. The intermediate wavelengths (mostly in the green) had little influence on
the behaviour of aphids, giving results generally similar to those obtained in the
absence of light. In rearing tests, aphids grew, reproduced, and survived best on
diets lighted in the 525 to 595nta spectral range, and poorest on those lighted in
therange of 485mp. (Auclair, 1967b).
Other tests with artificial light provided by a mixture of fluorescent tubes and
incandescent bulbs, called herewith white light, indicated that A. pisum and A.
gossypiigenerally avoided such light above a certain low intensity. Furthermore,
A. pisum and M. euphorbiaegenerally grew, survived and reproduced better on
diets receiving 90 to 330 foot candles than on those receiving 405 to 900 ft-c.
(Cartier, 1965). A. gossypii preferentially settled on and colonized diets receiving
no or only weak light of 5 to 50 ft-c; they generally avoided diets exposed to
more intense light. Survival was also shortened and reproduction lessened when
aphids were confined to diets exposed to an intense light of 600ft-c. (Auclair,
1967b). However, these three species of aphids preferred yellow or orange light
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to weak white light or darkness, and usually performed best under the former
lighting conditions.
It appears from all these results that the quality and quantity of light may
influence the rate of feeding, and in turn the rates of growth and reproduction.
Intense white illumination, or blue or violet light (and sometimes red) would deter
feeding, whereas orange and yellow would stimulate it. Green, as well as very
weak illumination or darkness, would have little effect on feeding. Slight variations
from thesemajor conclusions may occur among the three aphid species or between
biotypes within one species.
All these tests on the influence of light intensity and colour on aphid behaviour
recall many field observations suggesting that aphids may preferentially infest hostplants having natural colours or hues approaching those preferred on synthetic
diets (e.g. Cartier, 1963; Pospisil, 1963; Müller, 1964), or that aphids may alight
in greater numbers on traps coloured orange or yellow (e.g. Moericke, 1953,
1957); or that aphids may be repelled by light reflective materials placed between
plant rows (e.g. Kring, 1964; Moore, Smith, Johnson & Wolfenbarger, 1965;
Johnson, Bing &Smith, 1967;Adlerz &Everett, 1968).
Pressure
Ever since Kennedy & Mittler (1953) showed that when the stylets of feeding
willow aphids, TuberolachnussalignusGmelin, were severed, sap exuded from
the stylet stumps left in the plant, it has been postulated that the turgor pressure
within plantcellscontributessignificantly to thenormal rate of sapintakebyaphids.
That aphids however can suck up liquids that are not under pressure has been
amply demonstrated during the past few years from studies on artificial feeding.
Feeding and excretion rates on artificial diets have been estimated for A. pisum as
being usually much lower than those recorded on plants (e.g. Auclair, 1965).
However, Dadd & Mittler (1966) claimed that the feeding rate of M. persicae on
diets is probably as high as on plants.
Recently, van Emden (1967) and Wearing (1968) reported slight increases in
the longevity of adults A. jabae, Brevicoryne brassicae,and M.persicae,when
these were fed on sucrose solutions under pressure (about two atmospheres), as
compared to controls fed on similar solutions without pressure. From such results,
van Emden postulated that the lack of pressure could limit the uptake by aphids
even on nutritionally adequate diets and might explain why some nutrients have to
beincorporated intothesediets atunexpectedly highlevels to sustain aphid growth.
In addition to the above arguments, Wearing (1968) pointed out.that the normal
feeding on plants was probably pressure-assisted, because the rate of stylet sap
exudation wasfound by Mittler (1957) to equal the rate of excretion of neighbouring aphids; and because the loss of turgor or the wilting of plants reduced the
reproduction of some aphids (e.g. Kennedy et al., 1958; Wearing & van Emden,
1967), reduced their rate of excretion (Maxwell &Painter, 1959) and caused the
cessation of stylet sap exudation (Mittler, 1957; Weatherley, Peel & Hill, 1959).
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It may be concluded that exact measurements of feeding rates on complex diets
under high, pressure are necessary to ascertain whether these rates equal those
recorded on plants, and whether pressure would improve aphid performance to
a level comparable to that obtained on a favoured hostplant.
Sinigrin
The mustard oil glucoside sinigrin ispresent in plants of the families Cruciferae
and Resedaceae, plants that are preferred hosts to the aphid B. brassicae. When
sinigrin was introduced into young leaves of the broad bean, ViciafabaL., which
isnot a host of this aphid, Wensler (1962) observed that 9 3 %of the aphids settled
andfed on sinigrin-treated leaves,whereasuntreated leaveswere almost completely
ignored. Furthermore, B. brassicae was reared on such sinigrin-impregnated bean
leaves continuously during four generations. From these and other tests on aphid
probing behaviour, the author concluded that sinigrin is a specific stimulus for
host selection by B. brassicae,and is received via the stylets after they have
penetrated the leaf surface. From other feeding tests with B. brassicae on chemically-defined liquids,Moon (1967)concluded that a 0.5%sinigrin solution wasonly
marginally preferred to water, but that a mixture of 0.5% sinigrin and 15%
sucrose solution was significantly more acceptable than either of the two components alone. Finally, Wearing (1968) reported that the longevity of adult B.
brassicae feeding on a 5% sucrose and 0.1% sinigrin solution was significantly
increased by applying a pressure of two atmospheres to the diet. However, this
effect of dietary pressure on the aphids was not obtained if sinigrin was absent
from the diet. Thus itwould appear that theseresults support Wensler's conclusion
that sinigrin is a specific stimulusfor hostselectionby acting as a feeding stimulant
for this aphid. On the other hand, sinigrin appeared tobe repellent to M. persicae,
a much more polyphagous aphid whose preferred hostplants include a wider
botanical variety not necessarily associated with the presence of sinigrin.
This question of sinigrin and other secondary plant substances of little or no
nutritional value brings up the importance of the dual discrimination theory of
host selection by insects, proposed by Kennedy & Booth (1951). Some aspects
of this theory have been recently considered in a review by Van Emden, Eastop,
Hughes &Way, (1969) on the ecology of M. persicae.
Some nutritional correlations betweenplant-sucking insects and theirhosts
Since our knowledge on the nutrition of so large and complex a group as the
plant-sucking insects is very scanty, and limited mostly to half a dozen aphid
species,plus fragmentary data on a few other species, speculations and generalizations are always hazardous. However, some correlations between the studies from
aphids on artificial diets and their nutrition on hostplants can be made with the
findings now available. Aphids are mainly phloem feeders (see review by Auclair,
1963) and their stylets were shown in some instances to end in the sieve tubes.
Plant physiologists have taken advantage of this method of aphid feeding, by
studying translocation through the sieve tubes via the stylets of aphids (e.g. Zim-
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mermann, 1961;Hill, 1962).Ziegler (1968)haspresented a review of the chemical
composition of sieve tube sap of several species of plants, mainly trees. From this
review, and as expected from photosynthesis, carbohydrates represent the major
constituents, usually forming 10 to 30% of fresh sap, or 90% or more of dry sap.
According to Zimmermann (1960, 1961) three main groups of plants must be
distinguished as to the kind of sugars present:
1. Plants in which sucroseispredominant. Small amounts of oligosaccharidesof
the raffinose type may also be present in some species. This is by far the largest
group, and it includes all the species of Leguminosae studied (over 50 species), as
well as all the gymnosperms so far analysed.
2. Plants in which sucrose is accompanied by substantial amounts of oligosaccharides of the raffinose type, in which sucrose combines with one or several
molecules of galactose. We have here many species belonging to the following
families: Oleaceae, Bignoniaceae, Verbenaceae, Combretaceae, Myrtaceae and
Onagraceae.
3. A third group of plants in which, in addition to the above sugars, are
encountered sugar alcohols such as mannitol and sorbitol; for instance in some
Oleaceae (e.g. Fraxinus, Syringa) and Rosaceae (e.g. Prunusand Malus).
It is not surprising therefore that sucrose is a key substance in the artificial
rearing of aphids, these insects having evolved through eons with this principal
sugar in their natural diet. Furthermore many aphids preferentially colonize the
tender growing tips and shoots of plants, where, according to Ziegler (1968), the
highest concentration of carbohydrates is found. Samples of sap taken at different
heights along the stem usually show a concentration gradient of sugars from the
base to the top of the plant. Finally, the legumes, belonging to the first group of
plantsdiscussed above, arerecognized tocontainmainly sucrose.Wehavereported
(Auclair, 1965) that A. pisum, a legume feeder, will select, feed and grow best on
high sucrosediets.It feeds little ornone on complex dietsin which sucroseis either
absent or replaced by its constituent hexoses. Somewhat similar results were
obtained with A. gossypii, although the results on sucrose (and for that matter, on
pH also) were not as pronounced and defined as with A. pisum. This is probably
to be correlated with feeding habits, the cotton aphid being regarded as a polyphagousinsect, infesting a large variety of hostplants belonging to widely separated
botanical families. The pea aphid, on the other hand, is an oligophagous species,
its host range is restricted to plants of the Leguminosae, with marked preferences
for certain species within that family.
There is therefore little doubt that sucrose content of sieve-tube sap is one
important factor in host selection by aphids, and that substantial fluctuations in
this content during certain periods of the year, usually associated with variations
in therate ofphotosynthesis, willgovern to alarge extent the growth, reproduction
and behaviour of aphids, and eventually their desertion from some plants and
migration to more suitable hosts. Mittler (1967c) has indicated for M. persicae, a
polyphagous species, some of the limitations in growth associated with sucrose
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concentrations in plants. For instance, on plants with phloem saps having concentrations below 10%, aphid growth will be sub-optimal. On plants with 5%
sucrose in their sap, growth will be poor; if sucrose content falls to 2Li°/o, little
or no growth will occur. Plants having a phloem sap sucrose concentration in the
10—20% range(other conditions being optimal)should provide bestaphid growth.
Above20%, aphid growthwilldecline proportionately and will eventually compare
to that obtained on very low sucrose concentrations.
There may be at least one exception to these findings that requires further
studies. According to the review by Ziegler (1968), fresh phloem sap from
Cucurbitaceae, namely Cucurbita pepo and C.ficifolia, contains less than 1%
carbohydrates, yet plants from this family are recognized hosts in the literature for
aphids such asA. gossypii. In our studies with A. gossypii (e.g.Auclair, 1967a, b),
the aphid stock cultures were always kept on cotton seedlings, as we could not
maintain cultures alive on young melon plants!
Plant-sucking insects other than aphids have been reared on artificial diets
either low in sucrose or containing other sugars. For instance, O.fasciatusand
L. hesperuswill grow better on diets containing 2—5% sucrose than on higher
sucrose diets (Auclair &Raulston, 1966;Vanderzant, 1967;Srivastava &Auclair,
1970; Strong & Kruitwagen, 1969). L. hesperus will grow just as well if
dietary sucrose isreplaced by glucose (Auclair, unpubl. data), and Scheel, Beck &
Medler (1957) reared Euschistus variolariusand O. fasciatus on a purified diet
containing glucose. All these results can be correlated with feeding habits. These
Heteroptera are not primarily phloem feeders but aremore general feeders, seeking
their food in various tissues of the hostplants, where the sugar content may be
lower than in the phloem sieve tubes, and may include glucose as well as sucrose
and other sugars.However, some dietary sugar appears necessary for these insects.
For instance, Dahlman (1963) reported progressively increased survival rates of
potato leafhopper nymphs by increasing sucrose concentrations between 1and 7%
in deficient synthetic diets. L. hesperuswill feed very little and will not grow or
survive on complex diets lacking a carbohydrate such as sucrose (Raulston &
Auclair, 1968). Here again, our stock cultures of L. hesperus were maintained on
green bean pods, since several attempts to keep cultures of this insect on either
alfalfa or cotton plants under greenhouse conditions invariably failed. A recent
pertinent report by Butler (1968) indicates that survival of L. hesperus on alfalfa is
increased considerably when these plants are dipped in melezitose, sucrose, or
honey solutions, or infested with honeydew-producing insects such as aphids or
mealybugs.
Relative to the level of nitrogenous materials in plant sap, Zimmermann (1960)
estimated the concentration of amino acids and amides in sieve-tube exudates to
vary between 0.03 and 0.4%. On such concentrations, aphids such as M. persicae
or A. pisum would grow little or not at all. However, higher estimates are given
for instance by Weatherley et al. (1959), who indicated that the sap of willows
normally contains 0.5% amino acids, but that, under unsuitable growing con-
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ditions, the amino acid concentration can rise to as high as 5%. On pea varieties,
it has been calculated that A. pisum ingested, per unit time, about 2—3.75%
amino acids (Auclair & Maltais, 1961; Auclair, 1965). From these and other
results, it appears that the concentration of amino acids in phloem sap may vary
considerably, among other things, with the species, varieties, growth stages of
plants, and aphid feeding sites.
With A. pisum and M.persicae, growth will decrease significantly when the
dietary amino acid concentration falls below 3—4%. The importance of the
amino acid level on growth and reproduction of these two aphids has been well
established by the use of chemically defined diets, and, in the case of A. pisum,
this has been correlated with growth and reproduction on resistant and susceptible
pea varieties. On a susceptible variety such as Perfection, A. pisum ingested a sap
containing about 3.75% amino acids, whereas on a resistant variety such as
Onward or Melting Sugar, ingested a sap containing about 2% amino acids. On
theresistant variety, aphid growth andreproduction werereduced byhalf, or about
the samereduction asforaphidsrearedonchemicaldietshaving a similarreduction
in amino acid level (Auclair, 1965), or as for aphids starved for 10 hours daily
(Auclair & Cartier, 1960). These results support earlier conclusions that the
amount of nitrogen in pea varieties, in terms of free and total amino acids, contributes significantly to the resistance or susceptibility of these varieties to pea
aphid attacks (Auclair &Maltais, 1950;Maltais, 1951; Auclair, Maltais &Cartier,
1957).
The aphid performance on plants could be affected not only by the overall
amino acid concentration, but probably by the relative concentrations of different
amino acids,leading to possible nutritional imbalance. This is suggested by reports
from Mittler (1967a, 1967c) in which reduction in level, or omission of individual
amino acidsfrom amixture of 20in a synthetic diet did, in the case of methionine,
and to a lesser extent possibly also cysteine, histidine, isoleucine, and lysine, affect
the feeding and growth of M. persicae.
Theresults presented in thisreview on themultiple-choice tests,in which aphids
were allowed to choose between diets of different chemical compositions, such as
different sucrose or total amino acid level, or diets of various pH values, bear
importantly onaprinciplediscussed recently byHouse (1967),aprinciple supported
by pertinent tests with Pseudosarcophaga affinis Fallen. This principle states that
nutrient composition of a foodstuff can be responsible for food selection by an
insect. The multiple-choice tests have shown conclusively that aphids almost
invariably willpreferentially select, feed on and colonize diets that are nutritionally
superior, on which their rate of growth and reproduction and their survival are
highest. There isverylittle doubt that, in nature, the act of selection of hostplants,
the selection of specific feeding sites on a particular plant, and eventually the
establishment of aphid colonies, are influenced markedly, among other things, by
the nutritional superiority of the host.
The review by Ziegler (1968) indicated that sieve-tube sap contains water-
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soluble vitamins such as thiamin, riboflavin, nicotinic acid, pyridoxin, folic acid,
pantothenic acid, meso-inositol, biotin and ascorbic acid, some of these in very
small amounts. It has been mentioned earlier that all of these plus choline were
found to be essential in the diet of M.persicae. Sieve-tube sap also contains
inorganic substances in the form of substantial amounts of potassium, magnesium,
andphosphate, and smaller amounts, often traces,of sulfates,carbonates,chlorides,
and of sodium, calcium, cobalt, copper, iron, manganese, zinc, molybdenum,
lithium, barium, boron, aluminum, strontium and titanium. Often outstanding by
their absence or presence in only very small amounts are nitrates, sulfates, and
calcium.On the otherhand,potassium isthepredominant element.Wehavealready
seenthatpermanent cultures of atleast twospecies of aphidshavebeen maintained
on chemical diets containing potassium, magnesium, phosphate and chloride as
major elements, and calcium, sodium, iron, zinc, manganese and copper in trace
amounts, all of these, with the possible exceptions of calcium, sodium, or chloride,
are necessary for the maintenance of the cultures. Other elements in the form of
trace impurities are also usually present in such diets.
Sieve-tube sap has been reported by Ziegler (1968) to contain organic acids,
nucleic acids, adenosine triphosphate and derivatives, auxins, small amounts of
fatty acids, and some derivatives of amino acids and amides. The relative importanceof most of these compounds inthenutritionof aphids hasnot beenestablished.
The pH of sap is usually slightly above neutrality, and it has been shown that
at least 3 species of aphids perform better on slightly alkaline diets. These aphids
will preferentially select diets near neutrality, and their power of discrimination
between diets of various pH values may be related to their selective feeding habits:
A. pisum, an oligophagous species, is more discriminating of dietary pH than
A. gossypii and possibly M. euphorbiae,two polyphagous species. Relevant to
these studies is areport by Fife &Frampton (1936), in which the phloem in sugar
beet petioles was apparently located by leafhoppers as a result of a pH gradient
extending inward, from about pH 5.9 in the parenchyma to 7.5 in the phloem.
Reversing the pH gradient appeared to confuse theleafhoppers, only 12°/oof them
finding the phloem as compared to 56% in normal petioles.
With continuing progress in the studies on the nutrition of aphids and other
plant-sucking insects, it appears that the qualitative and quantitative differences in
dietary requirements between species will be related in many cases to monophagous, oligophagous, or polyphagous habits, and to the metabolic contributions
arisingfrom thevaried synthetic abilities of the symbiotes.
RÉSUMÉ

LA NUTRITION DES INSECTES SUCEURS-PHYTOPHAGES SUR DES RÉGIMES DE
COMPOSITION CHIMIQUE DÉFINIE
Les besoins nutritifs des insectes suceurs de sève, et tout particulièrement des aphides, ont
été étudiés à l'aide de régimes de composition chimique connue. Ces besoins se sont avérés
comparables à ceux des insectes en général, et on a pu jusqu'à présent maintenir indéfiniment
des cultures d'au moins deux espèces d'aphides sur de tels régimes. Il semble que ces
insectes soient parmi les premiers Métazoaires à être gardés vivants indéfiniment sur des
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régimes chimiques définis. Les composés nutritifs essentiels aux aphides comprennent des
acides aminés, des vitamines hydrosolubles, dont l'acide ascorbique, des sels minéraux, et du
sucrose. Dans certains cas, les microorganismes symbiotiques procurent à leurs hôtes
aphidiens quelques substances nutritives, dont des acides aminés, des vitamines et du sterol.
D e plus, les propriétés phagostimulantes du sucrose et de certains composés aminés ont été
démontrées expérimentalement, de m ê m e que l'influence du p H et de la qualité de la lumière
sur la prise de nourriture. Les résultats des tests de choix multiples, dans lesquels différents
régimes nutritifs étaient accessibles aux aphidiens, ont démontré clairement que ces insectes
peuvent choisir entre les régimes et préférer ceux qui sont de valeur nutritive supérieure,
c'est-à-dire ceux sur lesquels leur croissance, leur reproduction et leur survivance sont maximales. Ces résultats confirment l'hypothèse par laquelle, chez les insectes, le choix d'un
aliment peut être influencé considérablement par sa valeur nutritive. Il apparaît évident que
dans les conditions naturelles, le choix de la plante-hôte, et, plus particulièrement, le choix
de l'endroit précis de la plante pour la prise de nourriture, et éventuellement, la pullulation
de l'insecte, seront influencés, entre autres, par le métabolisme et les qualités nutritives de
l'hôte. Finalement, il semble que des différences qualitatives et quantitatives observées entre
les besoins nutritifs des différents insectes suceurs de sève se révéleront être en relation de plus
en plus étroite avec leurs habitudes oligophages ou polyphages, et avec le pouvoir de synthèse
de leurs symbiotes.
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The physical properties of artificial diets, texture, hardness, homogeneity, and water
content are regulated by the addition of cellulose, agar, polysaccharide gums, and other large
molecules. These physical aspects are important in promoting good growth and development
of insects.
The development of the boll weevil, Anthonomus grandis Boheman, was improved by
adding more cellulose to the diet. Additional agar did not improve growth. Polysaccharide
gums made the diet too viscous and were poor substitutes for agar. This insect developed
satisfactorily on diets with moderate ranges of water and nutrient content.
The preparation of the diets is also important in regulating physical properties. Heating
stops enzyme action in plant products, ruptures cells, and affects solubility of ingredients.
The addition of stabilizers protects nutrients and keeps them mixed homogeneously.
PHYSICAL ASPECTS OF ARTIFICIAL DIETS

An artificial diet is defined as any diet that is not the natural food of an insect.
It maybe composed of plant extracts,ground plant material,semi-purified proteins,
lipids and polysaccharides combined with other nutrients and water, or it may be
composed entirely of pure chemicals. The physical properties to which I refer are
the properties of the diet itself, hardness, texture, homogefieity, water content and
the factors that influence them. The procedures used in the preparation of diets
also influence the stability and physical form of the final product. The principles
discussed will apply mainly to diets for plant-feeding insects with chewing mouthparts; however, certain conditions apply also to liquid diets.
In order to consider thephysical aspects of artificial diets, I will assume that the
nutrients and environmental conditions are satisfactory. It is important to have the
required nutrients, a good balance of nutrients, and the proper feeding stimulants
which frequently are supplied solely by the nutrients. However, fbr some insects
a single chemical or plant extract must be added to induce feeding. Substances
containing repellents and feeding deterrents must be excluded. Finally, the insect
and the diet must be kept in an environment that will be favorable to growth and
reproduction.
Physical modification of diets is frequently accomplished by adding cellulose
becauseit isnot digested by most insects.Its main purpose is to add texture to the
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diets so that insects will feed. It also provides roughage which aids the passage of
food material through the gut (Neville &Luckey, 1962).
Many investigators have shown that as the amount of cellulose is increased,
more diet is consumed (Dadd, 1960, McGinnis &Kasting, 1960, 1966, Mukaiyama &Ito, 1962). The cellulose is a diluent and more diet must be eaten to obtain
the same amount of nutrient. McGinnis & Kasting (1967) found that nymphs of
Melanoplus sanguinipes F. had normal weight gains on diets that contained up to
about 90% cellulose.
Sinoir (1968) emphasized that the particle size of cellulose is important in
regulating the amount of food consumed by Locusta migratoria migratorioides.
When the diet contained cellulose powder, more food was consumed on a weight
basis than when the food contained fibrous cellulose or filter paper. The latter
substances increased the volume of the diet. Furthermore, hard substances, filter
paper and ground filter paper formed into pellets, were not eaten as readily and
not as many feces were produced as from ground filter paper. He also found that
thewater retention power of cellulose affected the consumption of diet.
In tests with boll weevil larvae, Anthonomus grandis,the development of the
insect wasmarkedly affected by doubling the amount of cellulose in the diet (Table
I). More than 90% of the larvae pupated in 2 days when fed a diet with approximately 10% cellulose whereas the control required 6 days. No other significant
change in development occurred.
A number of other inert substances such as polyethylene beads, clays, and other
insoluble materials have been used in diets as diluents and to provide texture and
roughage.
The hardness of a diet is difficult to regulate because most plant-feeding insects
require a high content of water in their diets. In natural foods thewater is retained
within cell walls and bound to cellular constituents. However, in artificial diets a
nutritionally inert substance is required that will bind water and also make the
diet hard. The polysaccharide, agar, is the preferred substance because it is compatible with dietary ingredients and can be obtained in highly purified form which
makes it satisfactory for nutritional experiments where its only interference is
likely to be in the determination of mineral requirements. Agar forms a firm gel
at concentrations of 1.5% or more depending on the water content and the nature
of the dietary ingredients. A gel is defined as a rigid texture that does not flow.
Most insects need a firm surface against which they can press their mouthparts.
In mylaboratory, an agar concentration of 3 % isused for most insect diets. Since
agar mixtures set at low temperatures (32—39°C), they can be dispensed easily
into rearing containers before the diet solidifies. The melting-temperature of agar,
85°, is far above the temperatures used for rearing insects. However, agar has a
serious disadvantage. Because of the low gelling temperature, insoluble particles
like cellulose may settle to the bottom before the gel sets and light particles and
lipids may rise to the top.
Tanton (1965) observed that the amount of agar eaten by the mustard beetle,
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Phaedoncochleariae F., increased as the agar concentration increased from 1.5%
to 6.0%. In fact, from 3 % to 6% the intake of agar tripled. This resulted from
the physical texture alone because the test substances contained only water and
agar with the same concentration of sinigrin as a feeding stimulant in all tests.
When the agar concentration of the boll weevil diet was doubled, no marked
change in the development of the insect occurred, but the adults were smaller
than those from the control (Table I).
TABLE I

Development of the boll weevil from diets containing increased amounts of agar and cellulose
G/100g of diet
Agar
Cellulose
3
6
3

5
5
10

Number
of larvae
142
121
116

Percent
Adults
Pupae
95
81
92

90
79
88

Weight of 90% pupation
females (mg)
(days)
17.7
12.3
16.2

9—14
10—18
9—11

Other substances with gelling and thickening properties have been investigated
as substitutes for agar primarily because purified agar with good gelling power is
expensive. In fact, in some of the practical diets used for mass-rearing insects,
the agar may be the most expensive ingredient in the amounts used per batch of
diet. Polysaccharide gums from seaweeds, plant seeds, and roots are used in the
food industry to impact thickening, stabilizing, gelling, and textural properties to
foods (Glicksman, 1962). Most of these gums form thick viscous solutions and
do not form firm gels. The usefulness of gums as an agar replacement is limited
in diets of high water content. However, in combination with agar and other
polysaccharides, gums increase the viscosity of the mixture and stabilize emulsions
thereby preventing insoluble materials from separating out. The viscosity and
solubility of most of thesegumsare not markedly affected byheating so that diets
can be autoclaved.
Guar gum, carrageenan, locust bean gum, and alginates have been used alone
or in combination with agar for rearing the boll weevil. This insect larva is legless
and moves mainly by circular motion asit eats and forms a cavity in the diet. It is
important to have a diet of rigid texture otherwise the larva cannot feed and
becomes trapped if the diet isviscous.
The results of rearing boll weevils on diets with gums is evident in the yields
of adults obtained (Table II). In general, the gums with the best thickening and
gelling properties promoted the best growth. A diet with a combination of 3g of
carrageenan and 1g of agar per 100g of diet promoted development comparable
to that on the control diet in percent yield of adults and rate of development. The
adults were smaller however. With 4g of carrageenan alone and with corn starch
a slight decrease was noticed. Similar diets with locust bean gum gave even lower
yields and slower development. Diet containing guar gum yielded 4 1 %adults with
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TABLE II

Development of the boll weevil from diets containing polysaccharide gums
urn

G/100g of
Agar
3
3

diet
Starch

Number
of larvae

2.5

112
96

2.5

235
154
130

Percent
Weight of 9 0% pupat
adults females (mg)
(days)
pupae
92
78

17.0
14.9

9—14
8—12

Carrageenan
93
80
81

88
68
68

13.3
12.0
11.6

11—14
10—18
10—14

95
83

3
4
4

1

3
4
3

1

233
130
213

Guar
78
52
31

39
12
13

10.3
6.9
8.1

12—19
13—27
10—21

3
4

1

120
125

Locust Bean
89
57

67
20

13.8
9.6

10—21
12—22

and only 12% without agar. All the adults were small and developed slowly. The
diets containing the guar gum were very soft and sticky. The physical properties
accounted for the poor development. There was apparently no toxicity of these
three gums as indicated in some current experiments.
Sodium alginate is a gum which has properties similar to those previously mentioned. It was tested along with sodium carboxymethylcellulose as a thickening
and stabilizing agent in diets for the pink bollworm, Pectinophora gossypiella
(Saunders) (Vanderzant &Reiser, 1956).Asdietsfor cotton insectswereimproved,
I found that the sodium alginate was deleterious to the growth of the boll weevil.
When the sodium alginate was omitted, size and rate of emergence were significantly increased. At concentrations of 1% or more the number of adults which
developed decreased significantly (Vanderzant, 1963). In spite of this report many
investigators stillinclude sodium alginate in insect diets as a stabilizer.
Alginates react irreversibly with calcium ions to form a firm gel structure. It is
this property which is useful in the preparation of dairy products where calcium
is a major natural constituent. However, the binding of calcium is not likely to be
the cause of the detrimental effect of alginate on the growth of insects because
(1) the calcium requirements of insects are very low, (2) there is a large excessof
calcium salt, usually calcium phosphate in insect diets, the mineral mixtures used
being those provided commercially for vertebrates. However, alginates also react
with proteins, lipids, and other cations (Steiner & McNeeley, 1954). If a trace
metal ion reacts irreversibly with alginate, development of an insect is retarded.
This interference by alginate can be reversed by increasing the mineral content
of the diet (Vanderzant, unpubl.).
In a recent report by Moore &Navon (1969), the controlled gelling of alginic
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acid in the presence of calcium ion was the basis of a new culturing medium for
insects, tested with Spodoptera littoralis(Boisd.). In this case the quantities of
reacting chemicals were regulated to form a firm gel at room-temperature. The
nutrients were included in the alginate and calcium reaction mixtures. No agar
was needed and the preparation did not require heating. They recommend this
procedure for diets to which heat-sensitive chemicals must be added.
In spite of thewidespread use of plant preparations to provide nutrients, feeding
stimulants, and attractants, the contribution of these natural substances to the
physical properties of insect diets has rarely been mentioned. Ground plant tissues
added primarily as a source of nutrients also provide texture and hardness because
they contain cellulose and other large molecules. Starch, pectins, and other natural
polysaccharides have thickening, gelling, and stabilizing properties that affect the
physical properties of diets. It is possible that in some instances the natural
products contribute mainly to the physical properties of diets. This is particularly
true if the insect diet already has enough nutrients supplied by refined substances.
Crude protein mixtures from plants as well as commercial refined proteins form
viscous solutions, and, if not completely dissolved, discrete particles may occur in
the diet. Monroe & Lamb (1968) tested six different commercial casein products
and several other proteins as nutrients for adult house flies, Muscadomestica
L. Soluble sodium caseinate was readily utilized, but other casein products were
not. After extraction of defatted milk with various solvents, they concluded that
polar solvents cause physical change within the protein which makes it useless to
the housefly.
Plant-feeding insects in their natural environment have access to food of high
water content and would be expected to get most of their water from their food.
However, Mellanby &French (1958) observed that many can and do drink water.
This is advantageous during periods of food-shortage or when food is desiccated.
In the laboratory rearing of the salt marsh caterpillar, Estigmene acrea Drury,
large larvae fed readily on dry wafers of diet and obtained water by eating filter
paper immersed in a jar of water (Vanderzant, Pool & Richardson, 1962). In
laboratory rearing of Orthoptera, it is common practice to feed them relatively
dry food and provide water separately. Nayar (1964) found that nymphs of
Melanoplusbivittatus(Say) grewbetter when waterwaspresent in therearing containers. The presence of free water is a disadvantage for insects that cannot move
easily or for newly hatched ones because they may drown in it. The food then
must contain sufficient water to supply their needs. The optimum water contentof
a diet is difficult to measure because a change in the water content affects the
physical properties of the diet and changes the concentrations of the nutrients.
Also, it is not always possible to regulate the water content because of the loss of
water by evaporation.
The boll weevil tolerated water concentrations of 76, 80, and 84% water in
dietscontaining nutrient concentrations of 14, 11,and 9°/o,respectively (TableIII).
However, a diet with 68% water permitted very little growth; it was apparently
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TABLE III

Development of the boll weevil from diets containing different amounts of water
Water
68
76
81
84

Percent
Nutrient
18
14
11
9

Number
of larvae
63
91
115
130

Pupae
24
91
92
90

Percent
Adults
16
84
88
84

Weight of
females (mg)
12.1
14.3
18.5
18.7

90% pupation
(days)
12—19
10—17
9—14
11—18

too dry and hard. Since the percent of adults that developed was not affected by
moderate changes in amounts of water and nutrients, the larvae apparently regulated their dietary intake to compensate for the changes. This experiment is similar
to the one reported by House (1965) for CelerioeuphorbiaeL. As the nutrient
content was diluted thelarvae atemore food but the amount of weight gained was
the same on all diets.
The preparation of the diet influences the physical and chemical characteristics
of the final product. The quality of the ingredients, the mixing of insoluble materials and the presence of trace substances in diets have been discussed (Vanderzant, 1966). All ingredients must be intimately mixed to make the diet homogeneous.
Although they do not markedly affect the physical properties of the diet, the
chemical changes in the nutrient substances are worthy of note here. There is often
a considerable change in diet ingredients before they are actually incorporated into
diets. Several dry chemicals, cholesterol and proline for example, deteriorate
slowly at room-temperature resulting in the loss of their original strength and,
perhaps, the formation of toxic products. Therefore, it is important to keep such
chemicals refrigerated if they are going to be kept a long time.
Plant products especially undergo breakdown by air oxidation and enzymatic
reactions. Since the rate of all chemical reactions increases as the temperature
increases, the reaction rate is most rapid at room-temperature and very slow at
freezing temperatures. Furthermore, enzymatic and other chemical reactions can
occur evenin foods of low moisture content (Acker, 1962).Schaefer (1968) showed
that the fatty acids of wheat germ, which has been used in diets for many insects,
changed in composition during prolonged storage at room-temperature. In fresh
materials with high water content, enzyme action can be stopped by a short heattreatment (blanching). This isimportant whether thefood isgoing tobe frozen and
stored or used immediately. Not only are nutrients destroyed during deterioration
but plant chemicals that are initially attractive to an insect may break down to
form repellent chemicals. Insufficient heating may be just as detrimental as no
heating at all. It is common practice in the preparation of rearing diets to heat
the water and agar mixture just long enough to solubilize the agar. Then it is
combined withtheother ingredientswhichbringsthe temperature of thedietbelow
the boiling-point, but the temperature still remains above the solidification-point
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of the agar (39°) so that the mixture can be dispensed into rearing containers.
The enzymes of fresh plant material would not be appreciably inactivated during
this procedure, although the degree of enzymatic change would vary from onepreparation to another. A preliminary heat-inactivation of the plant enzymes would
lessen the amount of variation.
Nutritional experiments in my laboratory have been conducted mainly with
sterilized diets. Complete diets and the portions of diet containing large molecules
are heat-sterilized under pressure at 121° for 15 min in an autoclave. Heatlabile smallmolecules and those that react chemically such as amines and aldehyde
groups from sugars are sterilized by filtration (Vanderzant, 1965). The advantage
of a sterile diet is that microorganisms are excluded. These may cause changes in
the diet that result in misinterpretation of nutritional data and disease or death
of the insect. In addition to sterilizing the diets, autoclaving has several other
advantages. 1.It stops enzyme action.2. It solubilizes many substances that do not
gointo solution readily in cold water. 3.It ruptures plant cells and starch granules
thus making the mixture more homogeneous. I believe that this will also make
somenutrientsmorereadily available toinsects.
It is a misconception that heat-treatment completely destroys heat-sensitive
vitamins. As already pointed out, the qualitative vitamin requirements of the boll
weevil were determined by use of casein diets that were heat-sterilized (Vanderzant, 1963). The pH of the mixture and the protective action of other dietary
components regulate the amount of decomposition of heat-labile substances. In
plant materials nutrients are protected through their linkages with lipids, proteins,
and other large molecules.
The homogeneity of solid diets can be regulated by including gums and other
stabilizers tokeepinsolubleparticles suspended ashas beendiscussed.Liquid diets,
however, may consist only of small molecules in an aqueous medium. Free sterol
and fatty acids do not mix without a solubilizing agent such as lipoprotein,
phospholipid, or some product manufactured for the purpose such as Tween 80®.
I haveused soybean lecithin to dissolvecholesterol andprovide fatty acids tolygus
bugs (Vanderzant, 1967). Trace metals may precipitate as insoluble salts unless
some chelating agent is present to keep them in solution. Compounds like citric
acid which can bemetabolized may besatisfactory in someinstances. Dadd (1967)
used complexes of iron, copper, zinc, and manganese with ethylenediaminetetraacetic acid to provide aphids with trace metals. The possibility of using small
amounts of inert gum or other polysaccharide to stabilize the diets for the insects
that feed on liquids has not been investigated. However, Strong' & Kruitwagen
(1969) found it easier to feed Lygus hesperusKnight if the diet contained about
1% agar. The agar prevented leakage of liquid through the membrane.
The physical properties of diets and some factors involved in their preparation
that I have just discussed generally apply to most insects. There are a number of
conditions for specific insects such as the presence of cracks and holes, raised
areas on the surface, and curvature of the surface that could also be considered
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asphysical aspects. One example is the form of the adult diet for the boll weevil.
Adults feed and oviposit in the diet, but maximum egg-production is obtained only
if the surface of the diet has a curvature similar to that of the bud of the cotton
plant (Vanderzant & Davich, 1961).
In conclusion, I believe that more attention should be given to the physical
properties of diets. If poor growth results from an unsatisfactory form of the diet,
the failure should not beblamed on poor nutrition.
ZUSAMMENFASSUNG

PHYSIKALISCHE ASPEKTE DER KÜNSTLICHEN

DIÄT

Die physikalischen Eigenschaften künstlicher Diäten für Insekten umfassen Struktur, Härte,
Homogenität und Wassergehalt sowie Faktoren, die diese beeinflussen. Diese Gründsätze
gelten für feste Diäten bei Insekten mit beißenden Mundwerkzeugen.
Strukturelle Eigenschaften werden gewöhnlich durch Hinzufügen von Zellulose hervorgerufen, welche die Konsistenz liefert und zum Fraß anregt. In Diäten mit hohem Wassergehalt wird die Konsistenz durch Zugabe von Agar reguliert. Natürliche polysaccharide
Gummis verleihen den Diäten Andickung, Stabilisierung, Gelierung und strukturelle Eigenschaften. Diäten für den Baumwollkapselbohrer, Anthonomus grandis Boheman, werden abgewandelt durch Hinzufügen zusätzlicher Zellulosemengen, Agar und Stärke^ sowie ersatzweise durch "Carrageenan", Heuschrecken- Bohnen- Gummi und Guar-Gummi für die
Gesamtheit oder Teile des Agars. In den beschriebenen Versuchen verkürzte Zellulose die
Entwicklungszeit. Agar und Stärke verursachten wenig Veränderung. Im allgemeinen bildeten
die Gummis viskose Gemische und gelierten nicht. Daher ergab sich eine schlechte Entwicklung für den Baumwollkapselkäfer. "Carrageenan" konnte als teilweiser Ersatz für Agar verwendet werden. Große Moleküle, wie Zellulose, Stärke, Pektin, Phospholipide und Proteine,
die in natürlichen Produkten vorkommen, beeinflussen die physikalischen Eigenschaften der
Diäten ebenfalls. Diese Eigenschaft der Naturstoffe ist oft übersehen worden, weil die Hauptbedeutung immer in ihrem Nährwert gesehen wurde.
Obwohl die Nahrung pflanzenfressender Insekten einen hohen Wassergehalt hat, können
viele mit Nahrung sehr unterschiedlicher Wasserkonzentrationen auskommen und einige vermögen trockene Nahrung zu verzehren und Wasser zu trinken. Die Herstellung der Diäten
kann ihre physikalischen Eigenschaften ebenfalls beeinflussen. Die Bestandteile der Diät
können chemische und enzymatische Veränderungen erfahren, welche die Diät und damit
das Insekt beeinflussen. Hitze-Behandlung stoppt die enzymatischen Reaktionen in den Geweben, zerreißt die Zellen und löst ihre Inhaltsstoffe. Polysaccharide Gummis, Phospholipide
und gelierende Mittel werden benutzt, um die Bestandteile der Diät in einem beständigen,
homogenen Gemisch zu erhalten. Diese Substanzen können auch in flüssigen Diäten verwendet werden, um die Nährstoffe in Suspension zu halten.
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EFFECTS OF DIFFERENT PROPORTIONS OF
NUTRIENTS O N INSECTS
BY

H. L. HOUSE
Research Institute, Research Branch,
Canada Department of Agriculture, Belleville, Ontario, Canada
Digestibility and nutrient composition of foodstuffs, be they plant or not, and the nutritional
requirements of insects vary. The qualitative nutritional requirements among insects are quite
similar. Therefore, qualities of foodstuff as measured by its ability to promote or support
growth, etc. depend on how well the nutrient composition of foodstuff made available by
digestion fits the nutritional requirements of the insect. This is better seen using synthetic
diets rather than plants. From such investigations it is found that, provided all essential
nutrients are present, the proportions of essential nutrients in a foodstuff contribute more to
nutritional quality than do the absolute amounts of nutrients. Thus, nutrient balance per se
can affect: rate of food consumption and efficient utilization; parasites with respect to host
food; rate of growth and development as such, and with respect to temperature; and food
selection in an insect.

The purpose of this paperistodrawattention toquantitativefactorsof nutritional
importance, especially the proportions of nutrients in foodstuff. These factors are
concerned with the nutritional qualities of insect foodstuff, be it plant or any stuff
used as food, and their effects are measured by the ability of the foodstuff to
promote or support growth, development, survival and reproduction of an insect.
For insects have to obtain specific essential food substances, or nutrients, which
are needed as nutritional requirements for body material and energy to do all the
things attributed to life. But though food abundance is generally recognized as
one of the major biotic factors regulating the numbers and population fluctuations
of insect species, the nutritional qualities of the foodstuff are not given due consideration in these matters. This paper will concern plants, for nutritionally
important substances are basic to insect/food-plant relationships, and is important
because about half of the known species of insects feed on plants.
However, the usefulness of plants to show such nutritional matters is severely
limited for various reasons (Beck, 1956; Friend, 1958; Auclair, 1958; House,
1961). And in no case have the nutritional requirements of a phytophagous insect
together with the digestibility and nutritive composition of its food plant been
determinedcompletely enough for the purpose at hand.Butsynthetic,orchemically
defined, diets have been used that permitted the physical and chemical properties
of the foodstuff, including its digestibility, to be kept uniform and the nutrient
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composition defined and varied as desired. When used in conjunction with axemc
rearing techniques and an insect whose feeding and nutritional requirements are
well understood, they are sharp nutritional tools.
As thispaper is about nutrition, it is not concerned with the stimuli to which an
insect responds when locating food and recognizing it as suitable; a subject much
discussed elsewhere (Painter, 1958; Fraenkel, 1959; Thorsteinson, 1960; Beck,
1965; Dethier, 1966; Mulkern, 1967; Schoonhoven, 1968). Insect nutrition was
discussed elsewhere (Painter, 1958; Fraenkel, 1959; Thorsteinson, 1960; Beck,
Lipke & Fraenkel, 1956; Friend, 1958); also digestion, a related subject (House,
1965a). Insect nutrition may be defined in different ways (House, 1964a, 1965b),
but here is regarded simply as the subject concerned with the conversion of food
material into insect performance, such as is measured by growth, development,
survival, reproduction and other vital functions. Nutritional requirements are the
kind (qualitative) and amounts (quantitative) of chemical substances essential to
the adequacy of absorbednutritive material for nutrition of the body function in
question. Other terms, including chemical and physical feeding requirements,
chemically-defined diets, axenic technique, are as defined in House (1965b). Insect
nutrition, of course, may be regarded as a branch of animal nutrition; for the
principles of animal nutrition (Maynard, 1937) and of livestock feeding (Morrison,
1941) are common to insects.
What follows here concerns a nutritional principle, or basic law, namely that:
— A foodstuff has to supply all of the nutrients needed in adequate amounts and
proportions to each other for optimum nutrition of the body function in question
because the efficiency of utilization of metabolizable nutrients depends on how
closely theirproportions (supplied byfoodstuff upon digestion) correspond to those
than can be effectively used for the body process in question. This suggests that
much variation in digestibility or in the proportional relationships involved can
impair nutrition and consequently body functions.
VARIABLES

After an insect has located food and begun tofeed, the two major variables that
interact are the nutritional requirements — both qualitative and quantitative — of
the insect, and the foodstuff, i.e. its digestibility and nutritive qualities. Nutritional
requirements of insects may vary with the synthetic abilities of the species, its
feeding habit, taxonomieposition, genetic "strain", etc. (House, 1965b). The composition of plants may vary with species and variety; with the leaf, tissue or part
concerned; with age and maturity; with soil fertility, fertilizers used, weather and
other conditions affecting growth (Auclair, Maltais & Cartier, 1957; Maltais &
Auclair, 1957; Morrison, 1941; Rodriguez, 1960). Table I shows schematically
a generalization of the relations of insect and plant variables of nutritional
significance.

653

EFFECTS OF DIFFERENT PROPORTIONS OF NUTRIENTS

TABLE I

Plant and insect variables of nutritional significance
Subject to variation

Plant variables
Taxa:
species
variety

Growth conditions:
Plant age
maturity
Environmental:
soil fertility
weather
chemicals
etc.

Composition:
succulence
indigestibles
digestibles
_ Nutrients:
qualitative
quantitative
nutritive
ratio

Insect variables
Food preparation:
trituration etc.
enzymic processes

~

Foodstuff:
food value (i.e. —
digestive—
absorptively

_
Feeding habits
Feeding activities
Taxa
Metamorphosis

Nutritional value —
(i.e. nutritively)
— Insect performance: —
growth
development
survival
behaviour
etc.

,•*-

Metabolism
Nutritional
requirements:
qualitative
quantitative
proportions
/•

Feeding activities
_ Plants:
susceptibility
resistance

-

Insects
The qualitative nutritional requirements of a number of insects, representing
different taxa and feeding habits, havebeen tabulated by Albritton (1954), Altman
& Dittmer (1964 and 1968), and House (1965b). Despite some differences, there
isamostnoteworthy similarity, or"rule of sameness"(House, 1966a),ofqualitative
requirements found among insects. A few examples are shown in Table II.
Evidently, the qualitative nutritional requirements include about 25 substances.
Perhaps in only a few species, representing different taxa, certain fatty acids;
nucleic acids; and vitamins, including ascorbic acid and alpha-tocopherol, are
required for certain functions (House, 1965b and 1966a). Some findings are
surprising : for instance, apparently the aphid Myzus persicae (Sulzer) does not
need a sterol (Dadd & Mittler, 1966); however, Dadd (1968) stated that this
question and one about utilization of amino acids remain unsettled owing to the
activities of symbiotes in the insect. All insects known to need ascorbic acid in
their foodstuff feed on plants (Vanderzant &Richardson, 1963). This requirement
of plant-feeding insects and the uniquely different sterol requirement in Drosophila
pachea Patterson and Wheeler (Heed & Kircher, 1965) represent differences in
nutritional requirements related to feeding habits. Nevertheless, the qualitative
requirements offer few differences that distinguish one species from another,
especially among phytophagous species.
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TABLE II

Qualitative nutritional requirements of larvae representing different taxa and feeding habits
Coleoptera: Diptera: Homoptera: Lepidoptera: Orthoptera:
cq
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Arginine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Others
Carbohydrates:
Cholesterol, etc.:
Fatty acids:
Linoleic or Linolenic
Others
Nucleic acids or components.'
Salts, various:
Vitamins:
Ascorbic acid:
Biotin
Choline
Folic acid
Inositol
Nicotinic acid etc.
Pantothenic acid, etc.
Pyridoxine
Riboflavin
Thiamine
Others
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+ i.e. essential; — i.e. not needed, ± i.e. found beneficial, under given experimental conditions, to obtain normal growth and development, etc.; ? i.e. possibly an effective, but under
the given experimental conditions, not certain. These check marks in parentheses indicate data
determined by glucose-U-C14 technique.
1
) Some of the requirements may depend on the intervention of symbionts, as suggested by
the researchers concerned.
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(A) VANDERZANT (1959, 1963 and 1965); VANDERZAKT & RICHARDSON (1964); VANDERZANT,
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(B) DAVIS (1956, 1966a, 1966b, 1967a, 1967b, and 1968); FRAENKEL & BLEWETT (1943a,
1943b, and 1943c); PANT & FRAENKEL (1954).
(C) HOUSE (1954b, 1954c, 1954d, and 1964b); HOUSE & BARLOW (1960); BARLOW (1962).
(D) HINTON, NOYES & E L L I S (1951); HINTON (1959); RUDKIN & SCHULTZ (1947); SANG (1956 and
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However, thequalitative requirements provide only a primary and elementary
understanding of thenutritional requirements of an organism. Some balance is
needed between themain classes of nutrients, such as proteins, carbohydrates,
lipids, vitamins, etc.for optimum nutrition in insects (House, 1965b). And the
quantitative requirements for each nutrient, andconsequently therequired balance
of nutrients, canvary within andbetween species owingto many factors, including
the synthetic abilities oftheorganism, metabolic activities involving specific interrelations between certain nutrients, etc. (House, 1965b).Agiven balance ofamino
acids canbemore suited to thequantitative requirements of onespecies than
another (House, 1959;Sang, 1959;Vanderzant, 1958).
Evidently then, insects show a marked uniformity in their qualitative requirements, but considerable diversity intheir quantitative requirements.
Plants
Perhaps green plants contain allofthenutrients needed tomeet the nutritional
requirements ofinsects that feed on them (Fraenkel, 1953). [Iknow of onlyone
exception: D.pacheauniquely requires Ai-stigmasten-3-/?-ol found inthesenita
cactus, Lophocereusschottii(Englemann) (Heed & Kircher, 1965)].Butplants do
not have equal food ornutritive value forfarm animals (Morrison, 1941)or for
insects (Evans, 1939;Waldbauer, 1962 and 1964;SooHoo &Fraenkel, 1966; and
othersin House, 1961 and 1962).
We must notbemisled by chemical analysis offoodstuff;forchemicalanalysis
makes little orno distinction between whether its data represent strictly nutritive
substances, orinclude other substances. Andinany case such analysis does not
show thekind and amount ofnutritive material that the animal by digestioncan
derive from thefoodstuff. Therefore, much ofthedata from chemical analysisare
of limited usetotheinsect nutritionist.
The usefulness of a foodstuff depends first upon itsdigestibility andthenon
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howwellthekinds and amounts of thenutrients made availablemeet thenutritional
requirements of the animal. Therefore, the nutritionist uses criteria determined by
feeding tests to draw inferences about the food and nutritive value of foodstuff, for
he recognizes that the animal concerned is the final judge of the matter. A number
of measures of theusefulness of thefood material arerecognized (Morrison, 1941).
Each serves to evaluate some quality of the foodstuff. They include (1) the
coefficient of digestibility — i.e. the percentage of the material digested; (2) the
efficiency of conversion — i.e. the percentage of the foodstuff that is converted
into body material; and (3) the nutritive ratio —i.e. the proportions, or ratio, of
digestible protein to digestible non-nitrogenous nutrients.
These measures have been used to determine the value of plant leaves as food
for insects (Evans, 1939; Waldbauer, 1964; Soo Hoo & Fraenkel, 1966). The
percentage of digestiblematerial wasfound to bemuch greater in someplants than
in others.And a greater percentage of someplants than others were converted into
body material; which suggests that some plants are higher quality foodstuffs than
others, as efficiency of food conversion is a measure of utilization. Evans (1939)
showed that thenutritiveratio of food plantsdiffered with respect totheirrespective
pest caterpillars. For example, with Aglais urticae(L.) the nutritive ratio of the
nettle, Urticadioica L., was 1:0.32; with Phalerabucephala(L.), the nutritive
ratio of hornbeam, Carpinusbetulus L., was 1: 1.8. This means that hornbeam
had 2.5 times more non-nitrogenous material available in relation to protein, at
leastfor P.bucephala, than did thenettlefor A.urticae.
The nutritive ratio is a measure of foodstuff that generally has been neglected in
entomology. It is apractical measurebecause it takes into account the components
of the foodstuff and the digestibility of each. Thus the nutritive ratio of one
foodstuff differs from that of another; and thenutritive ratio of any given foodstuff
is found to be different between animals. With the cow the nutritive ratio of
cabbage leaves (1:4.9) is much wider than (1:0.44) with the larva of Vieris
brassicae (L.) (Morrison, 1941; Evans, 1939).
With livestock the value of a foodstuff for nutrition depends a great deal upon
the nutritive ratio (Maynard, 1937; Morrison, 1941). Likewise with insects the
nutrient balance — i.e. the proportional relationships between nutrients — in
foodstuff isveryimportant (Gordon, 1959;House, 1965b).There is some evidence
to suggestthat therelative quantities of nutrients in thenatural foodstuffs of insects
correspond closely with the relative quantities required by the insect concerned
(De Groot, 1953; Vanderzant, 1958; Dadd, 1968). For instance, it was found
(Vanderzant, 1958) that an amino acid mixture quantitatively and qualitatively
equivalent to acottonprotein conformed muchmore suitably withthe requirements
for growth in an insect, Pectinophora gossypiella (Saunders), that feeds on cotton,
than did a mixture similarly equivalent to casein, which was quite suitable for
growth in an entomophagous fly larva (House, 1954a).

EFFECTS OF DIFFERENT PROPORTIONS OF NUTRIENTS

EFFECTS OF NUTRIENT BALANCE ON INSECTS

Perhaps our special interest is in insect/food-plant relationships. These were
taken up in this paper concerning nutritional matters; namely, that apart from
digestibility — though not overlooking it — efficient utilization of foodstuffs
depends upon fitting thebalance of nutrients to therequirements of the insect. The
inference is that, nutritionally, should the quantitative relations between foodstuff
and insect fit, metabolism of the insect will proceed efficiently resulting in normal
growth, development etc. But should the relations not fit, metabolism will be inefficient, resulting in poor growth, development etc.
Therefore, from hereonthe effects of nutrientbalance oninsectswillbeviewed.
For reasons referred to above, these cannot be demonstrated clearly using plants.
However, the insect/plant couple is unexceptional; for we are dealing with a
general nutritional principle, which therefore applies to any animal with respect to
any foodstuff, be it plant or an artificial food medium. In work undertaken at
Belleville, use of synthetic diets permits the effects of varying the proportions of
nutrients on an insect to be seen clearly; especially when the issue of digestibility
can be ruled out by using nutrients that need no further digestion, Moreover,
greater insightis gained where,by using Agria [= Pseudosarcophaga] affinisauct.
nee Fallen, the nutritional requirements are well understood.
In the examples that follow only one variable, i.e. diet, is changeable; the other
variable, i.e.the nutritional requirements of the insectused, is stable.The examples
show the effects of nutrient balance on (1) feeding activities and efficiency of food
conversion, (2) parasite survival and emergence in relation to host diet, (3) rate
of growth anddevelopment,(4)growth and development inrelation to temperature,
and (5) food selection. As these examples recapitulate published work, they can be
reviewed here briefly.
I. Effects of quantitative composition of foodstuff:nutrient level and nutrient
balance
A phytophagous larva, Celerio euphorbiae (L.), was used to determine the
effects of the composition of foodstuff: in the first case, where with a normal
balance of nutrients, the nutrient level is relatively low per unit; and in the second
case, when the nutrient level is normal, but the balance of nutrients is a departure
from normal (House, 1965c).
For the first experiment, four synthetic diets were used; namely, Berger's (1963)
diet unchanged and diluted, using water, to contain 85%, 70%, and 50% of its
nutrient content. These are referred to here as the 100%, 85%, 70%, and 50%
diets, respectively. For the second experiment, two diets were used. One was the
100% diet. The other wasvery similar;the essential difference wasthat its content
of protein and of three amino acids was increased and its sources of vitamins
decreased so as to "unbalance", or depart from a normal dietary balance of
nutrients.

657

658

H. L. HOUSE

In both experiments, the weight of food eaten, and the increase in body-weight
per larva were determined. In addition, the efficiency of conversion of foodstuff
into bodymaterial was calculated by dividing the gain in weight of the larvae (dry
weight) by the weight of the foodstuff eaten (dry weight) and expressing the result
aspercent. The results are shown in Table III.
TABLE III

Mean weights (g) of food eaten and body-weight gained per larva and efficiency of food
conversion in Celerio euphorbiae fed quantitatively different levels of nutrients:
10 larvae per test (HOUSE, 1965c)1)
Diet composition
Exp 1: 4 tests
100%
85%
70%
50%
Exp 2 3 ): 3 tests
100%
unbalanced

Food eaten:
Fresh wt 2 ) drywt

Body-weight gained
Fresh wt 2 )
drywt

Conversion efficiency
%2)

13.6
15.5
15.9
17.8

1.99
1.99
1.76
1.56

2.5
2.5
2.4
2.3

.36
.36
.35
.34

17.8
18.2
19.4
21.5

9.9
8.4

1.43
1.33

1.0
0.7

.27
.13

19.1
9.5

1

) Data on food eaten and body-weight gained, being rounded off, are approximately those in
HOUSE (1965c), but conversion efficiency is based on unrounded data.
2
) Statistically, differences between diets, based on unrounded data, not significant.
3
) Data insufficient to show statistically whether apparent differences significant.

The first experiment showed that the amount of food eaten was inversely proportional to its nutrient level.However, thegain in body-weight, and the efficiency
of food conversion, which was about 20%, remained the same, irrespective of the
level of a normal balance of nutrients. But when the balance was a departure from
normal, asin the second experiment, thelarva ateless, wasless efficient (9.5%) in
food conversion, and gained less weight than on the normal balance of nutrients.
The findings suggest that feeding activity can depend on the quantitative composition of foodstuff. This would seem to have some economic significance, particularly where, for example, economic losses of a crop to a pest are related to the
amount of feeding activity by the pest. For the rate of food consumption, for
example, might vary on a normal balance of nutrients, as represented by a hostplant, depending on howthe nutrient levelis affected by variations, due to variety,
growth conditions, etc.,in theplant's content of water or fibre and other difficultly
digested substances. Or should some situation, such as variety, species, agricultural
chemicals, etc., introduce a balance of nutrients that is a wide departure from the
normal, thepest might be expected to suffer metabolic impairment and other nutritionaldifficulties and decreaseorstopfeeding.Forinstance,differences intherelative
concentrations of amino acids and glucosefound between varieties of peas correlated with resistance to the pea aphid, Acyrthosiphonpisum (Harris) (Auclair, etal.,
1957;Maltais &Auclair, 1957).And normal activities of the diamond back moth,
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Plutellaxylostella (L.), apparently depended upon the balance of nutrients; for
metabolic and morphological abnormalities occurred when the nutrient proportions
inleaves were changed (Atwal, 1955).
II. Effect of nutrientbalance of host dieton parasites
A parasite's rate of survival and emergence can be affected by the food of its
host (House & Barlow, 1961). The host, Agria affinis,was reared axenically on
chemically defined diets, which were identical in composition except that one
contained 3.0% of amino acids and 0.5°/oof glucose and the other 2.0% of amino
acids and 4.0% of glucose. When the larvae were about mature, they were
parasitized by Aphaereta pallipes(Say).
Eventually, the parasite emerged from about 55% of the hosts reared on the
high amino acid/low glucose diet, but only from about 44% of the hosts on the
low amino acid/high glucose diet. The difference was statistically significant. Unfortunately, the nutritional requirements of A. pallipesare not known. However,
other work suggests that the protein, amino acids, and glucose content of the
host would vary with the composition of its diet (House, 1966d; Villeneuve, 1962;
Barlow &House, 1960).
Smith (1957) found that the sex ratio, reproductive rates, size and survival of
the female as compared to the male, varied in several species of parasites with the
food plant of their host, the California red scale, Aonidiella aurantii(Maskell).
Effects on different kinds of insects feeding on plants can be correlated with the
food, or fertilizing agent, of the plant (Rodriguez, 1960). To cite a recent example:
apositive correlation was shownbetween potassium fertilization and the population
growth rate and density of M.persicae; by varying the amount of 4-8-12 fertilizer,
a correlation was found between the amount of fertilizer and the number of aphids
that a tobacco plant could maintain (Wooldridge &Harrison, 1968).
III. Effects of nutrient balance on rateof growthanddevelopment
A normal balance of nutrients had been developed for A. affinis that seemed
topermit optimum rates of growth and development of thelarvae. It wasrepresentedby dietarylevels of 2 % of an amino acidmixture and fixed amounts of glucose,
lipids, salts, vitamins, etc. The question arose: what might be the effects on the
rate of growth and development of varying the ratio of these nutrients? (House,
1966d). This original diet is referred to here as the basic diet.
For the purpose, this diet may be looked upon as consisting of two main parts;
namely, the amino acid part, and the non-amino acid part, i.e. "the rest of the
diet", which includes glucose, lipids, vitamins, etc. These two parts were varied to
give different ratios for 4 X 4 factorial design experiments. To do so each of the
two parts of the diet were supplied at levels representing 0.75, 1.125, 1.5, and
1.875 times the levels at which it occurred in the basic diet. And theresulting four
levels of amino acids and four levels of the rest of the diet were put together in all
possible combinations, thus making 16 diets. Two experiments were done: in one,
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the salt level was constant in all diets at 0.75 times the level in the basic diet, and
in the other the salt level was varied at the same rate as the re,st of the diet. The
larvae were reared on the diets and the number of mature larvae obtained in four
days was recorded. Table IV shows the results when the salt level was constant
throughout and, in parentheses, when it varied.
TABLE IV

Effects *) of nutrient balance on growth and development rate of A.affinis: mature larvae
(%) in 4 days on varying ratios between the amino acids and the rest of the nutrients with
the salt level constant and (in parentheses) varying:3 tests of 15 larvaeper test (HOUSE, 1966d)
Level of amino acids in basic diet X
0.75
1.125
1.5
1.875
x

Level of rest nutrients in basic diet X
0.75
21.9 (48.5)
43.5 (22.5)
2.5 ( 0 )
0 (o )

1.125
66.6 (89.7)
66.6 (94.5)
39.0 (80.0)
0 (46.1)

1.5
80.4 (81.5)
90.2 (97.5)
56.0 (92.3)
5.1 (87.5)

1.875
82.5 ( 94.8)
78.3 (100.0)
75.6 ( 89.4)
14.2 ( 97.5)

) Statistically, growth and development rate decreased significantly with increasing levels of
amino acids and increased with increasing levels of the rest of the nutrients; and there was
an interaction between amino acids and the other nutrients when the salt level was constant
(P < .01), and perhaps when salt varied (P < .05).

This work (House, 1966d) shows that the rate of growth and development
varied with the ratio, or balance of nutrients. Several different balances resulted
in equal rates. In other instances, different balances resulted in different rates.
The rates tended to increase with decreases in the amino acids and increase with
increases in the rest of the nutrients. This suggests that the balance of nutrients in
the original diet was not optimal. A comparison of the data, without and within
theparentheses, shows that salts in particular can be a limiting factor affecting the
rate of growth and development.
The quantities of nutrients represented in these diets would seem to be within
the levels often encountered in plant materials on a fresh, or wet, weight basis
(Morrison, 1941;Long, 1961). It has been suggested from work on plants that a
varying balance of nutrients, including mineral elements, sugar, and amino acids
respectively, may account for differences concerning growth rate and survival of
pests and insect/plant relationships (Rodriguez, 1960;Auclair et ah, 1957;Maltais
&Auclair, 1957;Cibula, Davidson, Fisk &LaPidus, 1967).
IV. The effects of nutrientbalance with respectto temperature
As nutritional requirements reflect metabolism, one would expect them to vary
according to temperature, i.e. nutritional requirements are relative to temperature.
Four diets were prepared in which the glucose levels were 0%, 0.75%, 1.5% and
2.25% respectively (House, 1966b).Thus,in effect, therewerefour nutrient balances, i.e. four ratios of glucose to the rest of the nutrients. Larvae of A. affiniswere
put on these diets, which were divided into three lots, and incubated at 20% 25°
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and 30°,respectively. When 25°/o of thelarvae at a given temperature, irrespective
of diet, reached maturity, the number of mature larvae on each diet at that temperature was recorded and expressed as percent of the initial number put there.
The results are shown in Fig. 1.
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Fig. 1. A. affinis larvae (%) obtained in the 3rd instar when reared at three temperatures;
data pooled at the ET25, each point representing three tests of four diets using 33 larvae per
diet (House, 1966b)

Onewould expect that increasing temperature would increase the rate of growth
and development. Although this is sometimes true, it is not always so. For this
work, and a similar one concerning amino acids (House, 1966c), shows that the
effects of temperature vary with the balance of nutrients in the diet. On some
balances increasing temperature increased growth and development rates more
than on others. And, as Fig. 1 shows, increasing temperature in conjunction with
a given balance of nutrients can decrease the rate of growth and development. In
the latter case the balance of nutrients at any temperature does not seem to be
utilized as efficiently as the others are, but unlike the others, it is more useful at
low than at high temperature.
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This suggests certain ecological possibilities especially where the balance of
nutrients for a given insect is of marginal usefulness. For example, possibly an
insectmight be affected quite differently onsuch afoodstuff from one geographical
area to another should the mean temperature differ between areas. Or, if two
species were to share such a foodstuff, possibly the population of one species
might increase and that of the other decrease as the mean temperature changed,
especially if the balance of nutrients of the foodstuff were more efficiently utilized
in one species than in the other at a given temperature. The relative populations
of microorganisms sharing a common foodstuff vary differently with temperature
changes (Lichstein, 1960).
V. Foodselection based on nutritional superiority of the foodstuff
An important question remaining is whether, after settling on a foodstuff, an
insect can detect the nutritive value of the foodstuff. A. affinislarvae were used to
determine whether nutritional factors and principlesperseplayed anyrole in food
selection (House, 1967). In the first experiment, four chemically defined diets were
used, namely: (1) a complete diet with a normal balance of nutrients, which had
been proven highly satisfactory for good growth and development, (2) the same
diet as (1), but lacking an essential factor, tryptophan, (3) another in which the
proportions of essential to non-essential amino acids were changed, and (4) only
an agar gel. The diets were arranged in a Latin square of 16 cells, and each cell
received one larva. The larvae were able to move freely from one cell to another.
The numbers of larvae found on each diet for four days were recorded. At the
same time larvae were reared in test tubes to determine the growth and development rates on each diet.
It was found that most of the larvae congregated on the diet that was complete
and well-balanced, and tended to avoid the others to some extent. So apparently
thelarvae can distinguish between a suitablefoodstuff and one lacking an essential
amino acid, one of unsuitable nutrient balance, and one of no nutritive value. In
the order of selection they can be ranked as diet 1 > 2 > 3 > 4 . In the test tube,
the only diet allowing normal growth and development was diet (1), which the
preference tests showed wasmost often selected. The results are shownin Table V.
Similarly in another experiment (House, 1967), two levels of amino acids were
tested with two levels of glucose in all possible combinations, to make four diets.
These diets were arranged in a Latin square of 16 cells and each cell given one
larva. This experiment showed that the larvae selected diets accprding to the
balance of nutrients represented. And the order of selection was the same as the
order of nutritional superiority for growth and development, as determined in
associated feeding tests. The results are shown in Table V.
Thus, in this case, with A. affinis food selection on the basis of nutritional
superiority of foodstuff can be explained by the principle of nutrient balance. For
though both amino acids and glucose play independent roles, either at crosspurposes with the other can modify the net effect. The superior foodstuff for

EFFECTSOF DIFFERENTPROPORTIONSOF NUTRIENTS

663

TABLE V

Food selection based on nutritional superiority: total numbers of A.affinis larvae counted on
each of 4 media arrayed in Latin square in cages(7 counts X 5 cages of 16 larvae per test),
and total numbers (%) of mature larvae reared in test tubes (50 larvae per diet per test);
3 tests per experiment (HOUSE, 1967)
Diet composition
xp 1

Preference experiment,
disposition of larvae, No.

Feeding experiment, mature
larvae, %

3121)
89
37
28

45.6!)
0
0
0

96
255!)
87
117

4.7
48.7x)
0.7
28.4

Complete, balanced diet
Diet lacking tryptophan
Complete, unbalanced
Agar
q> 2

Amino acids, %
0.75
1.125
0.75
1.125

glucose, %
2.1
1.5
1.5
2.1

x

) Difference from other data in column is statistically significant (F.01).

growth and development and selection is one with relatively high levels of amino
acids and low glucose. The intermediate and low degrees of development and
selection can be explained on the basis of the relative proportions of nutrients:
highlevels of amino acids alone do not decide which diet willbe selected. In other
work, Cartier (1968) found that the pea aphid, A.pisum, selected a laboratory
diet having a certain level of amino acids and of sucrose, and that a more polyphagous aphid, Macrosiphoneuphorbiae(Thomas), selected much the same, but
was more tolerant of nutrient levels.
These works show that an insect can evaluate the nutritive composition of its
foodstuff and can select foodstuff on the basis of its nutritional superiority. So
can children and the rat (Davis, 1928; Leung, Rogers & Harper, 1968; Collier,
Leshner & Squibb, 1969). Possibly in nature it is owing to the proportions of
nutrients that selection occurs in plants in the direction of so-called susceptible
varieties or may accompany use of agricultural chemicals; as some work suggests
(Auclair et al, 1957; Maltais & Auclair, 1957; Marble, Meldeen, Murray &
Zscheile, 1959;Rodriguez, 1960).Possibly some insects feed on avariety of plants
in order to obtain a suitable balance of nutrients. For example, with certain grasshoppers, Melanoplusbilituratus (Walker), and Melanoplus sanguinipes (F.),certain
plants aresatisfactory foodstuffs during onlypart of the grasshopper-growth period
or life-cycle(Pickford, 1962;Hewitt, 1968).M.sanguinipes preferred certain plants;
and growth, weight gain, and egg deposition decreased when they were fed least
preferred plants (Hewitt, 1968).Pickford (1962) concluded that for overall growth,
development, survival etc., combinations of different food plants are probably
superior to any one alone.
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CONCLUDING REMARKS

I conclude that the subject of nutrition can increase our understanding of insect/
food plant relationships, and probably can suggest ways to manage insects and
protect plants. It need not be considered an esoteric subject, for the principles of
animal nutrition and feeding apply in insects. With insects, as with mammals, the
digestibility and nutritive qualities of foodstuffs vary and sodiffer from one animal
or insect to another. Also thenutritional requirements of insects vary. So both the
nutritional requirements of the insect and the nutritive qualities of thefoodstuff
concerned have to be considered as variables in these matters. However, as all
insects are found to have quite similar qualitative nutritional requirements, and
very likely all plants contain the 25 or so nutrients required by insects, it
appears doubtful that qualitative factors play a very decisive role in relations
between insects and plants. More likely, quantitative factors are most important.
These depend on how much of each nutrient digestion of a foodstuff can
provide for insect nutrition; and on how well the amounts and proportions of
the nutrients made available fit the quantitative nutritional requirements,
including especially proportional relationships, of the insect. Evidently, upon
this fit depends the efficient utilization of foodstuff for nutrition, as measured by
certain criteria of insect performance. Therefore, undoubtedly the quantitative, but
predominantly theproportionsofessentialnutrientsconcerned,istheimportant area
for nutritional research in insect/plant relations.
SCHLUSSFOLGERUNG

WIRKUNGEN VERSCHIEDENER NÄHRSTOFF-PROPORTIONEN

BEI INSEKTEN

Ich bin der Überzeugung, daß die Kenntnis der Ernährung unser Verständnis der InsektNahrungspflanzen-Beziehung vergrößern und möglicherweise Wege weisen kann, um Insekten
zu manipulieren und Pflanzen zu schützen. Dabei brauchen keine geheimnisvollen Dinge
betrachtet zu werden, denn die Prinzipien der tierischen Ernährung und Nahrungsaufnahme
lassen sich auch auf Insekten anwenden. Bei Insekten wie bei Säuge'rn variieren Verdaulichkeit
und Nährwert der Nahrungsstoffe und unterscheiden sich so von einem Tier oder Insekt zum
anderen. Auch die Nahrungsansprüche der Insekten sind unterschiedlich. So müssen sowohl
die Nahrungsansprüche der Insekten wie der Nährwert der betreffenden Nahrungsstoffe in
diesen Beziehungen als Veränderliche angesehen werden. Da jedoch alle Insekten ganz
ähnliche Nahrungsansprüche zu haben scheinen, und sehr wahrscheinlich alle Pflanzen ungefähr die 25 Nährstoffe enthalten, welche die Insekten benötigen, erscheint es zweifelhaft, daß
qualitative Faktoren eine sehr entscheidende Rolle in den Beziehungen zwischen Insekten und
Pflanzen zu spielen vermögen. Höchstwahrscheinlich sind quantitative Faktoren am wichtigsten. Diese hängen davon ab, wieviel von jedem Nährstoff die Verdauung eines Nahrungsmittels für die Ernährung des Insekts verfügbar machen kann; und wie gut sich die Beträge
und Anteile der verfügbar gemachten Nährstoffe in die quantitativen Ernährungsansprüche
des Insekts, einschließlich besonders der proportionalen Beziehungen, einfügen. Offensichtlich hängt die wirksame Ausnutzung des Nahrungsmittels für die Ernährung von dieser Einpassung ab, wie an gewissen Kriterien der Leistung der Insekten abzulesen ist. Deshalb sind
unzweifelhaft die Quantitäten und vorzugsweise die Proportionen der betreffenden essentiellen
Nährstoffe das wichtige Forschungsgebiet für Nahrungsuntersuchungen in den Insekt-PflanzenBeziehungen.
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INCIDENCE DE RÉGIMES ALIMENTAIRES DE TYPE
MÉRIDIQUE ET DE LA DURÉE D'ÉCLAIREMENT SUR LE
DÉVELOPPEMENT LARVAIRE D U CRIQUET MIGRATEUR
LOCUSTA MIGRAT0R1A
PAR

JEAN RENÉ LE BERRE ET ALAIN LENOIR
Laboratoire d'entomologie, faculté des sciences, Orsay (91), France
L'élevage au laboratoire du criquet migrateur Locusta migratoria L. se fait généralement
sur des graminées sauvages comme le roseau (Phragmites communis T.), le bambou (Sasa
japonica L.), le pâturin (Poa annua L.) ou des graminées cultivées tel le blé par exemple
{Triticum sativum Vill.). Malgré les efforts faits par de nombreux auteurs, le développement
complet n'a pu encore être obtenu sur un milieu nutritif de type holidique ou synthétique
c'est-à-dire totalement défini du point de vue chimique. Par contre, deux milieux nutritifs
semi-synthétiques et qualifiés de méridique par Dougherty (1959), permettent au criquet de
se développer dans des conditions satisfaisantes. L'un comporte des feuilles sèches de roseau,
(Borisova, 1966) l'autre seulement de l'extrait aqueux de pâturin (Rigollet, 1966).
Nous avons repris les conclusions des précédents auteurs et cherché à obtenir un milieu
nutritif de type méridique capable de satisfaire les exigences alimentaires des larves du criquet
migrateur prises dès l'éclosion. Nous avons aussi tenu à voir si l'introduction d'une photopériode dans les conditions d'élevage ne modifie pas l'assimilation des éléments nutritifs
ingérés et digérés.
Il apparaît ainsi qu'une croissance régulière et satisfaisante des larves peut être obtenue
sur des milieux nutritifs semi-synthétiques ne comportant pas de particules végétales. Celles-ci
sont remplacées par de l'extrait de blé, de pâturin ou de salade qui représente à peine un
pour cent du poids sec de l'aliment. Cependant, les extraits interviennent différemment selon
le stade du développement et le sexe des larves, la composition de base du milieu, la durée
journalière de l'éclairement.
Par ailleurs, quel que soit le régime alimentaire auquel sont soumises les larves, une
photopériode de douze heures améliore la croissance pondérale et diminue la durée du
développement, par rapport à ce qui est observé en éclairement continu. Il paraît enfin
démontré que les larves femelles, en fin de développement, se montrent plus sensibles que les
larves mâles, en face de déficiences ou de déséquilibres nutritionnels.
I. INTRODUCTION

L'élevage au laboratoire du criquet migrateur Locusta migratoriaL. se fait
généralement surdesgraminées sauvagescommeleroseau (Phragmites communis),
le bambou (Sasajaponica),des graminées cultivées tel le blé (Triticumsativum)
auxquelles ilestfréquemment ajouté dupâturin (Poa annua)et du son de froment.
Cependant, divers auteurs ont tenté d'obtenir le développement de cet insecte sur
des milieux nutritifs artificiels, semi-synthétiques ou synthétiques afin de:
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1 — standardiser et simplifier les conditions d'élevage,
2 — éliminer les causes de variation dues aux différences saisonnières qui
intéressent lesplantes offertes aux criquets,
3 — définir les besoins en certaines substances nutritives.
C'est ainsi qu'un premier groupe de régimes semi-synthétiques (tableau I) mis
au point par Dadd (1960 a, b, c — 1961 a, b) a permis d'obtenir des imagos
àpartir de larves âgées de six jours et appartenant très probablement aux 2e et 3e
TABLEAU I

Constitution des divers régimes alimentaires utilisés pour le développement des larves
Semi- synthétique
Constituants
Rigollet
Kreasky
Dadd
Borisova
(PK)
30 %
Papier filtre
15,3%
Gélose
15,3%
39,6 %
Poudre de cellulose
5 %
Roseau sec
à part
10 %
Son
7,5 %
hydrolysée
Super Levure
40 %
6 %
Levure de bière
5,28 %
Peptone
5,28 %
Ovalbumine
20,5 %
hydrolysée
20 %
15,84 %
Caséine
10 %
Huile de maïs
5 %
4 %
Huile de germe de blé
2,64 %
Sucre Saccharose Dextrine
27,5 %
20 %
32 %
26,4 %
0,75%
Cholestérol
1,65%
1,2%
0,528%
Sels
Wesson
Wesson
Tatum
Glaxo
3,7 %
2,8%
6,25%
3,96 %
0,5 %
Choline
0,4%
0,132%
Acide ascorbique
2,5 %
0,5 %
2 %
0,264%
0,5 %
Cystine
0,4%
Glycine
0,75%
0,6%
Carotène
0,066%
Vit. B en solution
dans 10ml
dans 10ml
d'eau
d'eau
37,5 %
20,9 %
42à47%
Teneur en eau
83 %
/ •

stades. Toutefois ces imagos de Locusta migratoria,comme ceux d'ailleurs de
Schistocerca gregaria Forsk., élevés dans les mêmes conditions, étaient incapables
de se reproduire sur de tels milieux nutritifs.
Une nette amélioration de la fertilité des adultes du criquet pèlerin fut par la
suite obtenue, en ajoutant de petites quantités de feuillage au régime de base
utilisé par Dadd (Cavanagh 1963).
Les problèmes du développement larvaire et de la reproduction du criquet
migrateur sur un milieu méridique ont été résolus par Borisova (1966) qui expérimenta dans le même sens que Cavanagh. En effet, Borisova a élevé avec succès
Locusta migratoriamigratoria(L.) et Locusta migratoriamalinensis (Mey.) en
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utilisant du roseau séché (Phragmites communis T.) et de la gélose auxquels sont
ajoutés divers constituants simples (voir Tableau I). La mortalité des larves est
alorsfaible. Lespertes observéessontdues essentiellement au cannibalisme.Cependant le développement est en retard de deux jours par rapport aux témoins bien
que les imagos soient de poids normal. Un tel élevage a été suivi pendant trois
générations. En comparant les résultats obtenus par Dadd d'une part, Canavagh
et Borisova d'autre part, on peut évidemment se demander de quelle nature est
l'action d'une légère supplementation en particules végétales d'un milieu nutritif
chimiquement défini.
Nous avons cherché depuis plusieurs années à réussir l'élevage du criquet
migrateur en l'absence de tout apport de feuilles de graminées. Nos études se sont
principalement inspirées des travaux de Mirchahvalad (1965) et Rigollet (1966).
Lepremier auteur autilisé desmilieux artificiels àbasedegermes deblé séchés,
deson, de superlevure et de gelée royale. Aucun n'a permis d'obtenir des criquets
migrateurs adultes àpartir delarves nouveau-nées. Cependant diverses conclusions
méritent d'être rappelées car elles sont à l'origine de plusieurs expériences que
nous avons effectuées par la suite.
1 — Hest d'autant plus difficile d'obtenir des imagos que l'on commence plus
tôt l'élevage des larves sur des milieux nutritifs artificiels.
2 — Le premier stade larvaire est le plus sensible aux conditions de nutrition
auxquelles il est soumis. L'addition, sous forme lyophilisée, de gelée royale ou de
vitellusd'oeuf de criquet, améliore notablement la survie etla croissance deslarves
du premier stade.
3— Lesbesoinsnutritifs paraissent différer d'un stade àl'autre lorsque l'aliment
n'est pas constitué de graminées.
Le second auteur obtint de meilleurs résultats en tenant compte, après Beck
(1953) et Kreasky (1962), de l'action favorisante qu'ont les extraits aqueux de
plantes sur la prise de nourriture etla croissance desinsectes. Ilya lieu de signaler
à ce sujet que Dadd avait également pensé qu'il pouvait être nécessaire d'ajouter
à son milieu des extraits d'origine végétale. Verdier (1960) ayant signalé tout
l'intérêt que présente l'addition de plants de pâturin (Poaannua) à la nourriture
végétale donnée au criquet migrateur en élevage, Rigollet a utilisé des extraits
aqueux de cette graminée pour compléter les régimes artificiels ayant primitivement donnés les meilleurs résultats. Comme il fallait s'y attendre, une nette
amélioration a été obtenue de ce fait en ce qui concerne plus particulièrement la
croissance pondérale etla durée d'évolution des larves du 1er stade. Le développement complet fut même observé à partir de larves nouveau-nées nourries d'abord
d'un mélange constitué de levure et de gelée royale puis du milieu nutritif de
Kreasky auquel de l'extrait aqueux de pâturin est ajouté. Cependant, la mortalité
était très élevée (del'ordre de 80%) et l'accroissement de poids médiocre (environ
la moitié de celui des témoins nourris de blé et de son de froment).
Le propos de cette étude a donc été de chercher à améliorer le régime alimentaire défini ci-dessus. Pour cela nous avons d'abord recommencé l'élevage des
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larves du premier stade en comparant le milieu de Rigollet, additionné de différentes teneurs en gelée royale, à celui de Kreasky auquel est ajouté de l'extrait
aqueux de pâturin. Des imagos ayant été obtenus dans une proportion de 20%
nous avons alors testé des extraits aqueux de plantes normalement consommées
(blé et pâturin) ou refusées (laitue) par le criquet, et cherché parallèlement à
voir comment agissent deux durées d'éclairement différentes.
Leprésent mémoire comprend ainsitroisparties.Après avoir brièvement exposé
les conditions expérimentales de ce travail et les critères biologiques retenus, nous
présentons successivement les résultats obtenus d'une part en éclairement continu,
d'autre part sous une photopériode de 12heures.
I I . CONDITIONS D'EXPERIMENTATION

A. Choixdel'insecte
Nous avons utilisé dans nos expériences la sous-espèce Locustamigratoria
cinerascens (Fab.) élevée au laboratoire depuis une trentaine de générations. Cette
sous-espèce biologiquement caractérisée par Le Berre en 1957 présente un développement continu, c'est-à-dire sans diapause embryonnaire, ce qui permet d'avoir
des insectes tout au long de l'année.
/
B. Méthode d'élevage
La technique opératoire s'inspirant de celle utilisée par Mirchahvalad (1965) et
améliorée par Rigollet (1966), nous insisterons seulement ici sur la conduite et les
conditions des élevages.
1°) Conduitedesélevages. Les rations sont changées journellement et les flacons
d'élevage tous les trois ou quatre jours. Tout au long du développement des larves
du premier stade, le récipient est obturé par un couvercle afin de maintenir une
humidité relative intérieure quasi saturante. Par la suite, le couvercle est placé de
biais pour toutela durée du deuxième stade et enlevélorsque les larves ont atteint
le troisième stade.
La densité des larves, par bocal d'un contenance 11, est abaissée au fur et à
mesure que le développement avance. De dix au début de l'expérience, le nombre
des individus est ramené à 8L 2 , puis 6L 3 , 4L 4 et 2 à 3L 5 . De plus, lorsque les
larves sont proches de la dernière mue, des supports non-comestibles sont ajoutés,
afin qu'elles puissent s'y suspendre et déployer normalement leurs ailes membraneuses. Enfin, pour chaque stade, leslarves venant de muer sont transférées dans
un autre récipient de façon à être groupées en fonction de leur date de mue. De
la sorte, il est possible de connaître pour chaque individu, la durée des différents
stades par lesquels il est passé.
Environ 1200 larves ont ainsi été étudiées par séries de 6 répétitions de 10
insectes et 12 de ces séries ont été suivies jusqu'à la mueimaginale.
2°) Conditionsd'élevage.Les températureset l'humiditérelative sont maintenues
aussi constantes que possible. Leur valeur est respectivement de 32° ± 1°C et
de lOOo/o à 60—70°/o selon l'âge des larves.
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Deux conditions d'éclairement ont été utilisées, continue d'une part, de 12
heures par jour d'autre part.
C. Milieux nutritifsexpérimentaux
1°) Le régime témoin (T). Les larves témoins sont nourries de blé cultivé en
serre,depâturin récolté dansla nature et de son de froment.
2°) Les régimes artificielset semi-synthétiques.Le substrat de base est constitué de papier filtre broyé suivant la méthode de Petavy (1964) et Sinoir
(1965—66) préconisée par Le Berre (in litems).
Lesmilieux utiliséslors despremiers essais sont ceux deRigollet 1966 (Tableau
I).
Par la suite trois sortes d'extraits de plantes ont été comparés entre eux:
— le pâturin (PoaannuaL.) très apprécié par les criquets, qui est nécessaire
pour assurer une bonne fécondité des adultes,
— le blé (Triticum vulgareVill.) qui est la nourriture de base des criquets en
laboratoire,
— enfin la salade (LactucasativaL.) qui n'est absolument pas consommée par
les criquets du genre Locusta, mais contient un facteur de croissance nécessaire
aux criquets appartenant au genre Melanoplus(Kreasky, 1962).
L'extrait à chaud est préparé avec 200gde feuilles lavées et coupées, amenées
à ebullition dans 11 d'eau distillée pendant une heure. La solution d'extrait est
filtrée puis conservée au congélateur.
Le substrat cellulosique est préparé avec une feuille de papier filtre imprégnée
par la solution d'extrait, puis séchée à l'étuve (2 heures à 60°). Le papier filtre
secestalorscoupéenmorceaux, broyé au "Mixer". 12gdu substrat sont mélangés
24g d'extrait qui représentent 100mg de poids sec. Après de nouveaux passages
au broyeur la texture fibreuse et légère est obtenue. Les divers constituants du
milieu nutritif sont alors ajoutés.
Le son, quand il est présent, est toujours donné à part' dans une boîte de pétri.
Quatre milieux artificiels sont utilisés (Tableau II).
TABLEAU II

Composition de divers milieux à base de gelée royale
Milieux
>G PGi
PGx'
PG a
PG 3

papier filtre

superlevure

geléeroyale

teneur en eau

40 %
44,5%
46,5%

40 %
44,5%
46,5%

20%
11%
7%

54 %
52 % •
51,5%

son(àpart)

+
—
—

Les milieux semi-synthétiques sont basés sur le mélange (PK) (Tableau I)
celui-ci est ajouté au papier filtre imprégné d'un extrait d'origine végétale.
Quatre milieux sont ainsi comparés:
— PK avec l'extrait de pâturin;
— PK avec l'extrait de blé: milieu B;
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— PK avecl'extrait de salade:milieuS.
— une variante PK' où leslarves n'ont pas de son à leur disposition.
La teneur en eau est de 37,5% pour tous ces milieux.
Il yalieu de signaler quelemilieu nutritif semi-synthétique deKreasky, pasplus
que celui de Dadd, ne permet d'obtenir un développement larvaire complet en
l'absence d'extraits de plantes. C'est la raison pour laquelle, seuls seront comparés ici les milieux avec extraits et les témoins nourris de feuillage frais.
D. Critères biologiques utilisés
1°) Evolution pondérale. Les larves écloses depuis quelques heures sont pesées
par groupes de dix, puis le seront tous les trois jours. Elles sont aussi pesées
individuellement après chaque mue, ce qui permettra de calculer l'écart à la
moyenne. La lecture des poids se fait au dixième de milligramme sur une balance
de précision au cinq millième.
2°) Taux de croissance. C'est le rapport entre le poids à un âge donné (Pf)
Pf Pi
diminué du poids à la naissance (Pi) et le poids à cet âge (Pi).
X 100.
Pi
3°) Durée de chaquestade. La durée moyenne de chacun des cinq stades est
calculée par semi-pondération de toutes les données obtenues, sans distinction de
sexe pour les jeunes larves.
4°) Taux de mortalité. Il est noté chaque jour, et calculé pour chaque mue.
C'est lerapport entrelenombre deslarvesmortes etceluidel'effectif de départ.
5°) Diverses observations complémentaires ont été faites. Elles portent sur:
— le cannibalisme et les larves restant prisonnières dans leur exuvie
—•la pigmentation etles imagos malformés.

I I I . EXPOSE DES RESULTATS OBTENUS EN ECLAIREMENT CONTINU

(Tableau III).
1°) Caractères du développementlarvaire des témoins(T) nourris d'un mélange
de blé, de pâturin et de son. Les larves nouveau-nées, maintenues à 32° mettent
en moyenne 24,3 jours et 26,4 jours pour atteindre le stade imaginai selon qu'il
s'agit respectivement de mâles et de femelles. Ces valeurs sont conformes à celles
obtenues dans de précédentes expériences (Le Berre, 1953).
La mortalité globale est un peu forte puisqu'elle atteint 46p.cent. Cela est
probablement dû àunemoinsbonnevitalité desjeuneslarvescar 24p. cent d'entre
elles meurent au cours du seul premier stade.
Le poids moyen est de 677,7mg ± 71,8 pour les mâles et 955,5mg ± 115,5
pour les femelles. Ces valeurs sont un peu inférieures (10 à 20p.cent environ) à
celles ordinairement observées, ce qui peut être dû aux fréquentes manipulations
auxquelles furent soumises les larves au cours de leur développement.
Par ailleurs, bien que le nombre des femelles obtenues dans cet élevage soit
un peu supérieur à celui des mâles, l'analyse statistique montre que la différence
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TABLEAU III

Comparaison de l'influence de divers extraits en éclairement-continu
Témoin
50

Nombre de larves mises en élevage
Poids à la naissance

Blé

Pâturin
60

30

Salade
60

12,8

12,6

14,6

13,6

STADE - durées C )
I
- poids aprèslamueIC2)
- mortalité

4,4± 0,7
28,9± 5,1
24%

6,5± 0,9
22,5+ 3,7
33,4%

6,5± 0,5
25,8+ 3,9
25%

8,1± 0,8
24,2± 4,1
33,3%

STADE -durées
II
- poids après lamue II
- mortalité

3,6± 1
65,1+ 13,3
32%

4,6± 1,5
64,7± 18,4
46,7%

6 ± 0,6
62,5± 14
48,3%

8 ± 1,5
56,9+ 14,3
50%

STADE -durées
III
- poidsaprèslamue III
- mortalité

3,3+• 1,5
170,2+ 44,2
34%

6,5± 1,9
142,8± 41,1
46,7%

6,1+ 1,8
141,4± 34,5
55%

7,9+ 1,6
145,0± 35
53,3%

1

-durées
5,6± 1,3 7,7± 2,5 5,5± 1,5 7,6+ 2,7
STADE - poids aprèslamueIV $ 332,2+ 79,3 301,2+ 27,8 313,3+ 52,4 318,3+ 80,8
IV -durées
7,3± 2,2 10,7± 2,5 8,5+ 3
8,4± 2
- poids aprèslamue IV 9 492,9±126 37I,4± 49,3 419,5+129 393,2+ 85,6
-mortalité
40%
60%
61,7%
58,3%
-durées
7,4± 1
9,4± 0,7 10 + 2,1 8,3+ 1,8
- poids après lamueV $ 677,7+ 71,8 616,1± 27,9 662,3+ 85,2 652,2+104
STADE -durées
7,8± 3,3 15,2+ 0,7 12,9+ 4,3 8,6+ 1,5
V
- poids aprèslamueV 2 955,5+115,5 919,5±188 858,7+176 698 ±112
-mortalité
46%
73,4%
68,3%
65%
Durées totales
du développement

$ 26,4+ 3,3 44,5± 0,7 40,0+ 4,3 41,0+ 1,5
Ç 24,3+ 1,5 35,7± 0,7 35,1± 2,1 39,9+ 1,8

« Durées du stade en jours
(2) Poids en mg juste après la mue

I

j

moyennes arithmétiques

± écart-type

observée n'est pas significative. Il n'y a donc pas de mortalité différentielle en
rapport avec le sexe des larves lorsque l'aliment comporte des feuilles fraîches de
pâturin et de blé.
Enfin, aucun cas de cannibalisme n'a été observé, les exuvies ne sont pas dévorées après la mue, et celle-ci se déroule très généralement sans que des malformations n'apparaissent.
La comparaison entre le poids à la mue et la durée du développement montre
que (Fig. IA):
a — Les points qui figurent la répartition des poids après la mue en fonction
des durées du premier stade larvaire occupent une surface ayant la forme d'une
ellipse, dont le grand axe est vertical.
Ainsi, bien que les deux sexes soient ici confondus, il se dégage une grande
homogénéité dans la durée du développement (4 à 5 jours) doublée d'une assez
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forte hétérogénéité del'accroissement pondéral (20 à 40mg). De tels faits ont déjà
été signalés (Rigollet, 1966).
b — Les imagos obtenus forment deux nuages de points (Fig. IB), bien
séparés verticalement l'une de l'autre, et représentant les différences d'accroissement pondéral liées au sexe.Il apparaît en outre quetrois femelles sur les 16obtenues sortent franchement de l'épure. Leur durée de développement est nettement
allongée tandis que leur poids moyen est inférieur à celui des femelles ayant mué
dans les délais normaux de 24 à 26 jours. L'une de ces femelles retardées présentait d'ailleurs des malformations alaires et ne pesait que 550mg. Cela suggère
qu'il peut y avoir une certaine liaison entre le taux d'augmentation de poids et la
durée du développement.
2°) Influence de la teneuren geléeroyaledesmilieux nutritifsartificiels. Trois
concentrations (20p.cent, 11p. cent, 7p.cent) en gelée royale ont été comparées
uniquement en fonction du développement des larves du premier stade.
Les résultats sont résumés dans les deux graphiques de la figure n° 2. C'est à
son taux le plus élevé utilisé ici que la gelée royale donne les meilleurs résultats:
84,5% d'augmentation de poids, 45p.cent de survie, durée du premier stade
larvaire 7,7 jours.
Il estbien évident que, comparativement aux valeurs observées chezlestémoins,
ces performances sont médiocres en dépit de la richesse de l'aliment artificiel
fourni.
Cet essai apporte quelques données sur la relation qui peut exister entre la
prise de poids, la mue, et la mortalité. C'est ainsi qu'avec une teneur de 7p.cent
de gelée royale, les larves commencent par "maigrir" sans pour autant qu'il y ait
de mortalité excessive. Celle-ci n'est que de un p. cent au 3ème jour, pour une
perte depoids de 13,4p.cent, et atteint seulement 2p.cent au 6èmejour alors que
le poids des larves est encore un peu inférieur à ce qu'il était à la naissance. Il
s'agit ainsi d'une réelle survie des jeunes larves pendant laquelle la mortalité est
extrêmement faible. Tout se passe comme si, sur cet aliment et en l'absence de
son, la jeune larve parvenait uniquement à satisfaire son "métabolisme de base".
Il est d'ailleurs intéressant qu'un même phénomène soit constaté lorsque le milieu
nutritif contient 11p. cent du poids sec en gelée royale. Là encore, la prise de
poids, et la mortalité sont très faibles pendant les trois premiers jours.
Par ailleurs, c'est à l'approche de la mue et lors du déroulement de celle-ci que
le nombre des morts augmente considérablement, ce qui est une autre preuve
démontrant que la mue correspond à une crise physiologique.
3°) Rôle du son de froment. Il a été déjà montré que le son de froment, offert
comme seul aliment aux larves du criquet migrateur, ne permet pas l'accomplissement de la première mue. Tous les individus en expérience survivent jusqu'à dix
jours et plus,mais meurent en majorité avant la mue. Ceuxquiparviennent à muer
restent emprisonnés dans leur exuvie, ou sont incapables de poursuivre leur développement. Cependant il faut rappeler que Nayar (1964) a obtenu le développement complet de Melanoplus bivittatus Say. sur le son de froment, et celui des
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quatrepremiers stades seulement de Camnula pellucida Scudder.
Dans nos essais, l'addition de son au milieu nutritif constitué de papier filtre
broyé et imbibé d'extrait aqueux de pâturin, de levures desséchées, et de gelée
royale, s'avère améliorer nettement l'élevage des larves du premier stade. Celles-ci
commencent à se nourrir immédiatement si du son leur est fourni, alors qu'un
délai de 24 à 48 heures est de rigueur dans le cas contraire. Il s'ensuit que la
mortalité est significativement plus faible. Toutefois, la réduction du délai de prise
de nourriture ne suffit certainement pas à expliquer l'amélioration apportée à
l'élevage des jeunes larves. En effet, lorsque l'aliment se compose de papier filtre
broyé et imbibé d'extrait de pâturin, auquel est ajouté le mélange PK, les jeunes
larves commencent à se nourrir aussi rapidement, qu'il y ait, ou non, du son en
plus (comparaison PK et PK', Fig. 2). Or là encore, l'addition de son de froment
à des effets favorables sur l'accroissement de poids et la survie deslarves.
Dans les conditionsexpérimentales adoptéesdans le présent travail,le son de
froment se révèle donc indispensablebien qu'ayant seulement une faible valeur
alimentaire (Petavy, 1964). Nous en discuterons plus loin son mode d'action.
4°) Etude comparativede l'actiondes troisextraitsdeplantes.
a — Cas du développement des larves du premier stade. Les taux d'accroissement pondéral et les mortalités sont représentés dans les deux graphiques de la
Figure 3. L'examen de ceux-ci montre que:
— La croissance des témoins est plus forte et plus rapide que celle des larves
élevées sur les milieux semi-synthétiques, quel que soit l'extrait ajouté. Les différences observées (Tableau IV) sont en effet hautement significatives. Par contre,
le taux d'accroissement est du même ordre pour les trois extraits.
— Les larves ayant reçu de l'extrait de pâturin ont une mortalité similaire à
celle des témoins et significativement inférieure à celle présentée par les larves
disposant d'extrait de blé ou d'extrait de salade (Tableau V).
— Les durées de développement varient dans le même sens que la mortalité.
D'une part, ce sont les témoins qui muent les premiers, puis viennent successivement dans l'ordre les larves mises sur des extraits depâturin, de blé, de salade.
Les différences observées sont hautement significatives entre les témoins et
l'extrait de blé, significatives entre l'extrait de blé et les deux autres (Tableau VI).
Les effets de chacun des trois extraits ressortent avec une plus grande netteté
encore lorsque l'on examine comment se répartissent les poids après la mue en
fonction des durées correspondantes du développement des larves du premier
stade (Fig. IA). Chaque répartition graphique porte sur 20 à 45 larves selon
l'essai.
— L'aire graphique de répartition des larves ayant reçu de l'extrait de pâturin
a la forme d'une ellipse comme c'est le cas pour les témoins. En comparaison de
cesderniers,la plus grande différence réside dansla durée du stade.Signalons que
la répartition des larves qui disposent d'extrait de salade est identique aux deux
précédentes mais plus décalée vers la droite, la durée du stade étant encore
allongée.
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TABLEAUIV

Analyse de variance des poids à la mue 1
Variation entre groupes
Décomposition:
Témoins contre traités — en photopériode
— en continu
Graminées contre salade en photopériode
Pâturin contre blé en continu

d.i.
9

F
10,82**

1
1
1
1

19,2 **
52,8 **
10,1 **
11,9

** Hautement significatif à 99p.cent.
TABLEAU v

Analyse de variance des % mortalité durant le 1er stade
Variation entre groupes
Décomposition:
Continu contre photopériode
PG contre Kreasky en continu
Salade contre graminées en photopériode
Pâturin contre blé en continu

d.i.
9

F
6,99**

1
1
1
1

37,5 **
6,49*
8,2 * /
6,6 *

d.i.
9

F
96,6**

1
1
1
1
1
1

138,3**
205 **
410 **
5 *
13,3**
98,3**

(.Après transformation Arc sin. V%)
% établi pour chaque groupe de 20 larves (2 récipients)
TABLEAU VI

Analyse de variance de la durée du stade 1
Variation entre groupes
Décomposition:
Photopériode contre éclairement continu
Témoins contre traités — en photopériode
— en continu
"Kreasky" contre "PG" — en photopériode
— en continu
Graminées contre salade en continu
* Significatif à 95p.cent.
** Hautement significatif à 99p. cent.

— L'extrait de blé donne des résultats notablement différents. En particulier,
un certain nombre de jeunes larves tardent à muer et il s'agit de celles dont l'augmentation de poids a été, sinon la plus faible, du moins nettement la plus lente.
A noter qu'il en va de même pour les larves qui ont été nourries du mélange PG
(levures, gelée royale, extrait de pâturin, son).
Si par conséquent, pour un même milieu de base, des extraits végétaux
différentspeuvent nepasagir de lamême façon, ilapparaît aussiquel'action d'un
même extraitdépendde lacomposition de basedu milieu nutritif.
De plus, l'existence simultanée d'un retard à la mue et d'un lent accroissement
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pondéralpeut signifier queces deux caractères biométriques sont :soit interdépendants l'un de l'autre, soit sous la dépendance d'autres facteurs du milieu parmi
lesquels la qualité et la quantité de l'aliment ingéré.
b — Cas du développement larvaire complet.
— Durée totaledu développement.Les témoins mâles et femelles se développent beaucoup plus rapidement que dans chacun des trois autres essais et les
retards sont plus marqués chez les femelles. De plus, les différences de durées
entre mâles et femelles, sont faibles chez les témoins et très fortes pour les extraits
de pâturin et de blé (Tableaux VII et VIII).
TABLEAU VII

Analyse de variance de la durée de développement larvaire des mâles
d.i.
F
Variation entre groupes
9
73,2**
Décomposition:
Photopériode contre continu
76,5**
Témoins contre traités — en continu
324 **
— en photopériode
216 **
Graminées contre salade en continu
Y] * *
Salade contre graminées en photopériode
11,9**
Pâturin contre blé en continu
4,3*
TABLEAU VIII

Analyse de variance de la durée de développement larvaire des femelles
d.i.
F
Variation entre groupes
8
50 **
Décomposition:
Photopériode contre continu
1
29,5 **
Témoins contre traités — en continu
1
256 **
— en photopériode
1
106,9 **
Pâturin contre blé en continu
' 1
6,25*
TABLEAU IX

Analyse de variance des poids des mâles à la mue imaginale
d.i.
F
Variation entre groupes
9
7,32**
Décomposition:
Photopériode contre continu
1
15,3 **
Témoins contre traités en photopériode
1
37,5 **
* Significatif à 95p.cent.
** Hautement significatif à 99p.cent.

— Evolution pondérale.Les témoins étant de poids relativement un peu plus
faible quela normale,l'analyse statistique (Tableau IX) n'indique pas de différence
significative entre les imagos mâles obtenus sur le milieu naturel et sur les milieux
semi-synthétiques additionnés d'extraits de pâturin (PK) de blé (B) de salade (S),
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Il en va cependant autrement pour les femelles, chez lesquelles les témoins sont
très significativement plus lourds (Tableau X). Dans ce cas, en_outre, les extraits
de pâturin et de blé donnent des résultats comparables et très significativement
différents de l'extrait de salade.
Enfin, si l'on se réfère aux retards pris initialement par les larves du premier
stade il apparaît qu'une certaine régulation pondérale s'installe au cours des stades
suivants; en particulier chez les mâles, puisque, comparativement aux témoins, les
poids entre imagos ne sont plus significativement différents. Il peut donc être
intéressant de voir comment réagissent les larves des stades II, III, IV et V vis-àvis des quatre milieux nutritifs utilisés.
Signalons auparavant que la mortalité globale est, pour chacun des extraits
utilisés, très significativement différente de celle des témoins (Tableau XI).
c — Cas des stades II à V pris isolément.
La comparaison (Fig. 3)des augmentations de poids et des durées de développement, fait à l'intérieur de chaque stade, permet de dégager quelques faits complémentaires.
Par rapport aux témoins pris comme base de référence, il apparaît que:
1 — L'augmentation pondérale des larves du deuxième stade recevant des
extraits de plantes est plus élevée de telle sorte que les différences, sitôt après la
seconde mue, sont devenues insignifiantes. Une réelle régulation pondérale s'est
donc établie quiparaît d'ailleurs en relation avec un allongement correspondant de
la durée dudéveloppement commel'indique leTableau XII. Il apparaît àla lecture
de ce tableau qu'à l'exception des larves supplémentées en extrait de blé, le taux
moyen d'accroissement journalier est nettement plus faible pour les deux autres
extraits.
2 — Par la suite,les réactions deslarves diffèrent d'un stade à l'autre pour un
même milieu et d'un milieu à l'autre pour un même stade, ainsi que l'avait déjà
brièvement signalé Mirchahvalad (1965). Il y a en particulier contradiction dans
les effets del'extrait deblépuisque, trèsfavorable au développement deslarves des
2ème et 3ème stades, il augmente considérablement la durée des deux stades
suivants; en particulier chez les mâles, puisque, comparativement aux témoins, les
de salade harmonise les durées des stades, si bien que c'est sur ce milieu que le
TABLEAU x

Analyse de variance des poids des femelles après la mue imaginale
8

' F
8,4**

1
1
1
1

18,7**
10,7**
21,6**
15,2**

[.1.

Variation entre groupes
Décomposition:
Photopériode contre continu
Témoins contre traités en continu
Témoins et PK contre B en photopériode
Graminées contre salade en continu
** Hautement significatif à 99p.cent.
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TABLEAUXI

Analyse de variance des % de mortalité durant le développement larvaire
Variation entre groupes
Décomposition:
Continu contre photopériode
Témoins contre traités — en continu
— en photopériode
Blé contre pâturin en photopériode

d.i.
7

F
37,06**

1
1
1
1

7,1 *
141,7 **
81,5 **
14,7 **

* Significatif à 95p.cent.
** Hautement significatif à 99p.cent.
TABLEAU XII

Accroissements de poids et durées de développement comparés des larves du deuxième stade
élevées sur quatre régimes différents
Critères

Témoin
Blé

Poids L3 — Poids L2
v
100
Poids L2
Durée du stade en jours
Taux d'accroissement moyen journalier

125
3,6
35

188
4,6
41

Extraits de:
Pâturin
142
6,0
24

Salade
135
8,0
17

développement des larves du cinquième stade se fait le plus rapidement en approchant de très près les valeurs propres aux témoins (Tableau XIII).
3 — L'extrait de salade estle seul àprovoquer unebaisse tellement importante
du taux d'accroissement pondéral des femelles appartenant au cinquième stade
larvaire, de telle sorte que ce taux se trouve nettement inférieur à celui des larves
mâles de même stade. Ce résultat tendrait donc à prouver aussi, qu'au moins
à partir d'un stade de développement avancé, les femelles ne réagissent plus de la
même façon que les mâles vis-à-vis d'aliments artificiels. Toutefois, il peut s'agir
seulement ici d'une moins grande appétivité des femelles du cinquième stade
larvaire et non d'exigences nutritionnelles différentes ce qui serait en accord avec
des récentes observations faites par Thorsteinson et Nayar (1963). Ces auteurs ont
en effet montré que les phagostimulants phospholipidiques d'origine végétale
qu'ils ont utilisés ont nettement moins d'effets sur les larves femelles que sur les
larvesmâles, toutes du cinquième stade appartenant àl'espèce Melanoplus bivittatus. Or, d'une façon générale, chez les Acrididae, c'est à ce stade que les larves
femelles ont les besoins alimentaires quantitatifs les plus élevés par rapport aux
larves mâles. Quoi qu'il en soit, si l'augmentation de poids des femelles a été
relativement faible au cours de cedernier stade larvaire, iln'en demeurepas moins
que le taux moyen d'accroissement pondéral journalier y est du même ordre que
celui trouvé pour les deux autres extraits (Tableau XIII). C'est probablement
la raison pour laquelle les poids moyens et les durées totales du développement
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TABLEAU XIII

Accroissements de poids et durées de développement comparés des larves.du cinquième stade
élevées sur quatre régimes différents en lumière continue
Critères
Poids imago — Poids Ls
Poids Ls

X 100

9

Durées du stade
en jours

$

Taux moyens d'accroissement
journalier

9

Témoin

Blé

Extraits de:
Pâturin

Salade

104
120

104
147

111
147

107
77

7,4
7,8
15
15

9,4
15,2

10
12,9

11
10

11
8

8,3
8,6
13
10

larvaire diffèrent finalement peu en fonction de chacun des trois extraits utilisés.
En résumé, si l'on tient compte d'une part, des trois critères retenus dans la
présente étude : augmentation de poids, durée de développement et mortalité à
l'intérieur de chaque stade, d'autre part des conditions expérimentales adoptées,
il peut être admis que:
— l'extrait de pâturin est le meilleur pour les larves du premier stade,
— l'extrait deblé favorise nettement ledéveloppement des deux stades suivants,
— les effets sont par la suite différents en fonction des critères envisagés, de
telle sorte que l'on imagine fort bien, pour les quatrième et cinquième stades
larvaires, l'addition d'extrait de blé (qui donne les imagos les plus lourds) et
d'extrait de salade (accélérant le développement) au milieu nutritif de base.
5 — Observations diverses
Certaines larves élevées sur les milieux semi-synthétiques ont montré un stade
supplémentaire se situant entre les quatrième et cinquième stades normaux (*).
Les imagos obtenus de ces larves avaient cependant un poids comparable aux
autres larves, mais leur développement s'était trouvé sensiblement allongé. De
nombreuses malformations furent observées soient chez les larves en cours de
mue, soit chez les adultes. Ceux-ci semblaient avoir quelques difficultés à déplier
et étendre leurs ailes, le phénomène étant plus accusé pour les femelles. La pigmentation de nombreux mâles et de quelques femelles présentait une dominante
blue turquoise rarement signalée chezlecriquet migrateur. Enfin ily a eu quelques
cas seulement de cannibalisme.
IV. MODIFICATIONS APPORTEES PAR LE PHOTOPERIODISME

Il y a lieu tout d'abord de signaler queles conditions expérimentales utilisées en
éclairement continu ont subi quelques retouches de détail:
a — Tous les essais ont été groupés de telle sorte qu'il font appel aux larves
(*) Roehrich (1948) a observé chez des femelles de Locusta migratoria gallica Rem. un stade
supplémentaire. Ce cas est exceptionnel chez ce criquet migrateur. Il est commun chez la sousespèce Locusta migratoria capito Sauss. de Madagascar et chez les femelles de la race de
Palavas. Il n'a jamais été signalé pour la sous-espèce Locusta migratoria cinerascens F.
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dela même génération contrairement aux essais précédents qui portaient sur deux
générations différentes :
b — Le milieu à base de levures séchées, de son et de gelée royale (PG) a vu
sa teneur en eau ramenée de 60p.cent à 37,5p.cent, ce qui rapproche cette condition de celle adoptée précédemment par Rigollet (1966), et donne au substrat
une plus faible viscosité.
Les résultats obtenus en photopériodes de 12heures sont principalement rassemblésdans le Tableau XIV et illustrés par lesgraphiques des Figs 1et 4.Nous verrons successivement les faits originaux qui concernent le développement des jeunes
larves, puis celui qui conduit à l'état imaginai, enfin, les étapes larvaires intermédiaires.
TABLEAU XIV

Comparaison de l'influence de divers extraits végétaux sur la croissance et la mortalité des
larves maintenues en éclairement de 12 heures par jour
Témoin
60

Blé
60

Pâturin
60

Salade
60

12,5

13,1

13,0

11,8

STADE - durées( )
I
- poids après lamueI(2
- mortalité

4 ± 0,6
27,9± 4,9
45%

6,1+ 0,7
26,5+ 4,7
50%

6,1+ 0,7 5,9+ 0,7
25,5+ 3,8 23,9+ 4,7
48,3%
33,3%

STADE - durées
D
- poids aprèslamue II
- mortalité

3,5± 0,6
65,7± 9,7
48,4%

6 + 1
61,3± 12,5
60%

6,2+ 2,3 6 + 1,4
55,1+ 9 54,3+ 12,5
58,3%
36,7%

3,5± 0,3
6,4+- 2,1
156,1± 28,8 129,1± 20,5
4 ± 0,5
5,4± 1,5
161,2+ 38,8 140,5+ 29,6
53,3%
63,3%

6,7+ 2,4 5,4+ 2
127,0+ 28,1 137,0+ 30,8
8,3+ 4,7 7,1± 2,3
136,2+ 43,7 116,3+ 30,2
68,3%
46,7%

- durées
STADE - poidsaprèsla mue IV
- durées
IV
- poids aprèsla mueIV
- mortalité

4,9± 0,2
8,5+ 2,9
S 378,8± 47,3 300,4± 52,8
6,1± 1,8
9,5± 3,9
9 496,3± 81,7 399,8± 72
55%
65%

5,8± 2,7 6,5+ 3,3
306,8+ 53,5 302,1+ 62
9,7+ 5 11,1+ 4,6
445,5+ 130 422,4+116
78,3%
58,3%

- durées
- poids après lamueV
STADE - durées
V
- poids après lamue V
- mortalité

7,6± 1
8,6± 1,7
8,7+ 3
7,6+ 2,5
$ 809,3± 64,8 621 ± 92,1 666,8+ 78,3 683,7+ 73,9
7,3± 1,4 10,6+ 2,2
7,1+ 3,1
(0,9)
2 1105,9+113 852,3±114 1120,0+ 61,5 (1271,2)
58,3%
70%
81,7%
80%

,
Nombre de larves mises en élevag

e

Poids à la naissance
x

!

11

- durées
STADE - poids aprèslamue III
- durées
III
- poids aprèsla mue III
- mortalité

Durées totales
du développement

$
2

S
$

24,5±
23,5±

1,4
1

36,6± 2,2
34,6+ 1,7

37,3+ 3,1
(39)
33,5+ 3 *31,4+ 2,5

f1) Durées du stade en jours
.
. , ,,.
, ,
' „ .,
.
. .
) moyennes arithmétiques ± écart-type
(2) Poids en mg juste après la mue '
(*) Une seule valeur
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Fig. 4. Accroissement pondéral et durée de développement en fonction du régime alimentaire
(photopériode 12h).
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1°) Caractères du développementdes larvesdu premier stade
Comme en éclairement continu, lesjeunes larves élevées sur les milieux nutritifs
semi-synthétiques présentent un taux d'accroissement pondéral nettement plus bas
et une durée de développement bien plus longue que les larves témoins, en dépit
d'une mortalité souvent très inférieure (Tableau XIV).
La comparaison des résultats en fonction de la durée d'éclairement montre en
outre que:
a — La vitesse de développement est significativement accélérée par la photopériode de douze heures, mais cette dernière entraine simultanément une augmentation de la mortalité, quel que soit le milieu nutritif proposé (Tableaux V et VI).
b — Le taux d'accroissement pondéral, sensiblement constant chezlestémoins,
diffère chez les autres lots selon la condition d'éclairement. Les larves "mises sur
extraits"prennent plus de poids sousla photopériode de douze heures (100p.cent
du poids initial contre 75p.cent en éclairement continu).
c — Les aires graphiques de répartition des poids (Fig. IA) à la mue en fonction dela durée du développement illustrent les différences et les similitudes mentionnées ci-dessus. Elles montrent aussi que l'extrait de salade donne des résultats
supérieurs à ceux des deux autres extraits lorsque la durée d'éclairernent est de
douze heures, ce qui est à l'opposé des observations faites en éclairement continu.
Ainsi, il apparaît bien que la photopériode douze heures améliore l'élevage sur
milieu semi-synthétique mais les différences avec les témoins sont encore hautement significatives.
2°) Caractères du développement larvaire danssonensemble.
a — L'élevage sur aliment naturel donne toujours desrésultats nettement supérieurs à ceux des élevages sur aliment artificiel.
b — D'une façon générale, la discontinuité de l'éclairement a pour effet d'augmenter très significativement le taux d'accroissement pondéral et la vitesse de
développement, indépendamment du sexe et du régime alimentaire (Tableaux VII,
VIII, IX, X). Cependant, elle accroît aussi de façon non-négligeable la mortalité
dont la moyenne générale est de 72,5p.cent contre 63,2p.cent en éclairement
continu (Tableau XI).
c — En ce qui concerne les imagos mâles pour lesquels le nombre des exemplaires, bien que parfois faible, est suffisant pour permettre la comparaison, il
apparaît que c'est l'extrait de salade qui s'avère être le plus favorable en éclairement de douze heures. Il semble en aller de même pour les imagos femelles.
d — La représentation graphique des rapports entre poids des imagos à la
mue etdurée totale dudéveloppement larvaireconfirme ces principalesconclusions.
Le calcul du coefficient de régression montre en outre qu'il n'y a pas de corrélation chezlestémoins entrelepoids etl'âge àla mue (Tableau XV).
e — Enfin, il se pourrait qu'il existe une mortalité préférentielle des femelles
lorsque l'élevage a lieu sur le milieu semi-synthétique additionné d'extrait de
salade. Dans ce cas en effet la sex-ratio, de l/10e est presque significative avec le
7^2 corrigé. Ceci concorderait avec le fait qu'au cours du cinquième et dernier
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stade larvaire, huit femelles sont mortes sur les neuf qui avaient effectuées leur
4ème mue. Un trouble physiologique a donc pu apparaître qu'il serait intéressant
de vérifier et d'étudier.
3°) Caractères du développement des stades larvaires II à V (Tableau XVI).
Les augmentations de poids et durées de développement observées d'un stade
à l'autre pour le même régime, ou dans un même stade selon le régime, varient
moins sous éclairement de douze heures que sous éclairement continu. En fait,
il n'y a pas de régulation pondérale au cours du second stade larvaire et ceci peut
être en rapport avec la croissance assez régulière et satisfaisante qui avait caractérisé le développement des larves du premier stade.
TABLEAU XV

Analyse de régression des poids des femelles témoins à la mue imaginale en fonction de la
durée de développement. (Eclairement de 12 heures).
Sommes des carrés
Variation due à la régression
Déviation depuis la régression

2454
138726

Variation totale
(F10—1 = 242)

141 180

.1.
1
10 0

Carrés moyens
2 454
13873
13873

5,65

11

Par contre, une telle régulation pondérale paraît s'installer plus tardivement, au
cinquième stade, et dans les essais comprenant des extraits de pâturin ou desalade.
Cependant, pour ce dernier, une importante mortalité atteint les larves de ce stade
puisqu'elle passe en quelques jours de 58p.cent à 80p.cent.
En ce qui concerne enfin les durées des deux derniers stades il n'existe pas sur
TABLEAU XVI

Accroissement de poids et durées de développement comparés des larves du deuxième stade
et du cinquième stade élevées sur quatre régimes différents en photopériode de 12 heures.
Critères
Poids 1,3— Poids La
ÏS-vT-r
X 10°
La en jours
DuréesPoids
du stade
Taux d'accroissement moyen journalier
Poids Imago—PoidsL5
S
X 100
PoidsL5
9
Durées du stade
ê
en jours
?
Taux moyen d'accroissement
ê
journalier
$

Témoin

Blé

Extraits de:
Pâturin

Salade

135

131

116

127

3,5
38
113
123
7,6
7,3
15
17

6
22
107
113
8,6
10,6
12
11

6,2
19
117•
151
8,7
7,1
13
21

6
21
126
201
7,6
8,9
17
23

Dans le détail des groupes la survie est meilleure chez les témoins (**) elle est plus faible
pour PK (**).
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extrait de blé et sur extrait de pâturin le net retard signalé à propos des élevages
semblables maintenus en éclairement continu. Cela peut être considéré comme
une nouvelle preuve de l'intérêt qu'il y a d'utiliser une alternance de jour et de
nuit lorsque le régime alimentaire présente quelques déficiences.
4°) Mortalité(Tableaux XI et XIV).
Dans le détail des groupes la survie est meilleure chez les témoins (* *) elle est
plusfaible pour PK (**).
5°) Observations diverses.
Les mues supplémentairessont plus rares : seuls 2 mâles sont observés, ils
n'atteignent pas la mue imaginale. Cela va de paire avec l'amélioration de la
croissance.
Les exemplaires malformés sont encore courants: 1 adulte sur 7 a les ailes
fripées, ou une patte est restée coincée dans l'exuvie.
Les casde cannibalisme sont plus nombreux : 3 ou 4 par expérience. Borisova
(1966) signale dans ses élevages sur milieu semi-synthétique un cannibalisme assez
intense. Cet auteur utilise aussiune photopériode.
V . DISCUSSION ET CONCLUSIONS GENERALES

1°) La croissance larvaire sur les milieux artificielsétudiésn'est paspossible.
Sur le milieu artificiel "Rigollet" (composé de 3 1 % de papier filtre, 6,3% de
pollen, 6.3% de gelée royale, 11,3% d'ovalbumine, 22,6% de superlevure et
22,5% de caséine) 4 à 10% de larves atteignent le 5e stade mais il n'y a aucune
mue imaginale.
Avec PG (40% de papier filtre, 20% de gelée royale et 40% de superlevure),
leslarves ne dépassent pasle troisième ou quatrième stade suivantlescas.
Plusieurs remarques peuvent être faites :
— ces milieux ne sont pas Supplementes en sucre;
— il pourrait y avoir une action dépressive sur les larves. Une telle possibilité
est signalée par Petavy pour la nutrition artificielle des adultes de Locusta migratoria. Chirigos (1957) montre qu'un régime contenant 50% de caséine est défavorable à la croissance de Tribolium confusum (Duval), à cause des effets
toxiques de certains acides aminés ou d'autres facteurs présents en trop grande
quantité;
— la texture du milieu empêcherait une prise de nourriture suffisante, ce qui
a été vérifié dans les premiers jours en l'absence du son;
— unmilieurichefavorise lacroissance deslarves du premierstade:avec 20%
de gelée royale la prise de poids est améliorée par rapport aux concentrations de
7 et 11%. Ensuite ce milieu devient toxique. C'est à une conclusion comparable
qu'aboutit Mirchahvalad (1965) :le milieu constitué de 47,5% de son, 47,5% de
germe de blé et 5% de vitellus d'oeuf de criquet lyophilisé convient aux jeunes
larves mais est néfaste ensuite.
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2°) Quelquesmilieux semi-synthétiques permettent d'obtenirdesadultes.
Les mâles peuvent être sensiblement de même poids qu'un témoin faible : 600
à 700mg en moyenne.
La courbe de croissance est régulière. Cela peut signifier que le milieu est
satisfaisant et qu'il n'y a pas degrosses carences nutritionnelles.
Les adultes obtenus ont été suivi sur le milieu artificiel de Petavy (50% de son
+ 50% superlevure). Il n'entrait pas dans le cadre de ce travail de noter tous
les résultats les concernant. Nous avons pourtant observé des copulationset plusieurs pontes. Les larves de la 2e génération n'ont pas vécu au delà d'une quinzaine de jours sur du blé.
La mueimaginale est toujours enretard d'au moins 7 à 10jours sur lestémoins.
Les imagos sont plus légers en général et la mortalité est importante : 60 à 75%.
Tout ceci dénote qu'il existe encore certaines insuffisances nutritionnelles d'ordre
qualitatif ou quantitatif.
Il apparaît une homogénéisation entre les divers milieux à la mue imaginale:
600 à 650mgpour lesmâles, 850 à 920pour lesfemelles. La durée dedéveloppement est alors variable suivant la qualité du milieu, nous en reparlerons à propos
des extraits. Il y a aussi unemue supplémentaire chez certaines larves.Nous avons
signalél'existence de quelques larvesretardataires du premier stade sur les milieux
à base de gelée royale et de levure d'une part, d'extrait de blé d'autre part. Ces
larves ont un poids inférieur à la moyenne et muent plus tard. Au 4e stade nous
retrouvons de telles larves qui ne peuvent développer complètement leurs ptérothèques et atteindront l'état imaginai plus tardivement.
3°) Les qualités d'appétivitédes milieuxsemi-synthétiques.
La croissance est améliorée par la présence du son. Celui-ci est d'ailleurs nécessaire : la mortalité est catastrophique au premier stade s'il n'est pas présent.
Borisova (1966) signale cet effet bénéfique du son pour la nutrition semi-synthétiquedeLocustamigratoria.Cet alimentprésente une textureen paillettesfavorable
à la prise de nourriture (Petavy, 1964) et possède .aussi des phagostimulants
(Chauvin, 1951) (Dadd, 1960 a, b, c) dont l'extraction est possible en utilisant un
solvant commel'éther oul'alcool. La constitution chimique decette substance n'est
malheureusement pas connue. On suppose simplement qu'il pourrait s'agir d'une
fraction insaponifiabledel'extrait liposoluble.Ilestaussiapparu(Rigollet, 1966)que
l'extrait lipidique total du son de froment apporte une amélioration de la qualité
de l'aliment, mais la façon dont cet extrait agit n'a pu être établie. Il se peut qu'il
ait simplement un role de phagostimulant comme l'ont signalé de précédents
auteurs, et des mesures quantitatives de prise de nourriture sont nécessaires pour
le démontrer. Il est possible aussi que cet extrait intervienne comme complément
nutritionnel bien que le son pris globalement soit un aliment relativement pauvre.
Enfin le son, par sa richesse en cellulose, pourrait aussi faciliter le transit du bol
alimentaire dans le tube digestif.
Les milieux à base de papier filtre finement broyé sont appétitifs puisque les
jeunes larves ne tardent pas à s'en nourrir. Pourtant la croissance est limitée car
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dans les meilleurs cas le retard est de 10jours pour les mâles et 15 jours pour les
femelles. En photopériode 12 heures, le rythme biologique est plus adapté, donc
la croissance meilleure, mais le retard reste à peu près le même car les témoins
accélèrent aussi leur développement. Il serait intéressant de noter dans des expériences, complémentaires les quantités respectives de son et de milieu qui sont
mangées par l'insecte.
Il faudrait dans une phase ultérieure de cette étude améliorerlesconditions de
prisedenourriture.
Plusieurs caractères sont à considérer:
— la texture: elle est fibreuse mais varie un peu suivant la façon de préparer
lemilieu. La prise denourriture est meilleure que sur les milieux pulvérulents.
— la teneur en eau : pour Sinoir (1965) les milieux à 90—95% d'eau sont
toujours refusés, la prise de nourriture est optimale sur du papier filtre broyé
contenant 70% d'eau. Un tel milieu est très difficile à réaliser. En effet, si les
constituants sont mélangés après le broyage, la teneur en eau tombe à 37,5%
dans notre cas. Si le papier filtre est broyé, mélangé aux constituants, puis à
l'eau, il est impossible d'obtenir une texture fibreuse à cause des poudres qui sont
dans lemilieu.
Kreasky (1962) a mis au point un milieu avec 83% d'eau, mais il est à base
de gélose.
— lesphagostimulants:les extraits de son à l'éther ou à l'alcool sont signalés
par plusieurs auteurs (Chauvin, 1951 — Dadd, 1960 a, b, c) comme jouant ce
rôle. Plus récemment les phospholipides d'origine végétale, ont également montré
d'excellentes qualités phagostimulantes. Des études sont en cours pour vérifier
ces faits chez le criquet migrateur élevé sur un milieu semi-synthétique.
4°) Qualitésnutritivesdumilieu
L'étude des courbes de croissance indique qu'il n'y a pas de carence importante.
Un risque existe pourtant : que des composés se dégradent. Nayar (1964), en
élevant Melanoplus bivittatus sur milieu semi-synthétique voisin du régime de
Dadd, a déjà constaté qu'il ne faut pas préparer la nourriture trop à l'avance (pas
plus de trois semaines) et surtout qu'il est nécessaire de la conserver au réfrigérateur. Tenant compte de cette observation, nous avons préparé les milieux nutritifs
chaque semaine.
a — Les extraits.
L'existence de facteurs de croissance nécessaire à ces insectes a été mise en
évidenceàla suitedestravaux deKreasky (1962)surMelanoplus sanguinipesForsk.
et MelanoplusbivittatusSay. Rigollet (1966) a utilisé des extraits de pâturin pour
lecriquet Locustamigratoria cinerascens Fab.etla croissancedesjeunes larves s'en
est trouvé améliorée nettementPour le développement larvaire nous sommes arrivés à la conclusion que le
pâturin, leblé etla salade contiennent un facteur quifavorise la croissance. Il peut
agir :commephagostimulant ou commemetabolite oules deux ensemble. Les trois
végétaux étudiés permettent une croissance similaire des mâles mais les femelles
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sont beaucoup plus exigeantes. Les extraits de blé et de.pâturin sont à peu près
équivalents, bien que les larves se développent plus vite en présence de pâturin.
Par contre l'extrait de salade provoque chez les femelles l'apparition de troubles
profonds, qui s'accusent nettement au cours du cinquième stade.
Par ailleurs, Kreasky signale l'influence de la concentration en extrait: avec
12 et 24g de laitue par litre d'eau, la mortalité est très faible alors qu'elle atteint
100p.cent lorsque la quantité de laitue est élevée à 30g. Il est possible qu'avec
24g de solution d'extrait de pâturin pour 12g de papier filtre il y ait un certain
effet dépressif.
acideascorbique ,
,
.,.
.. .
b — Le rapport
_ . dans le milieu est tres important. Sans
cholestérol
cholestérol le développement des insectes est impossible et Dadd a montré qu'en
l'absence d'acide ascorbique la mortalité était totale. Borisova (1966) constate que
l'action de ces deux substances est liée: si une seule est introduite dans le milieu,
l'effet escompté n'est pas du tout atteint. L'acide ascorbique participe au métabolisme du cholestérol. Ainsi pour cet auteur, en l'absence d'acide ascorbique le
cholestérol exerce sur les criquets une action dépressive. D'après Borisova l'apport
de quantités égales d'acide ascorbique et de cholestérol (300/300mg) est néfaste.
Cela correspond, en tenant compte del'apport du roseau sec, à une quantité légèrement supérieure d'acide ascorbique dans le milieu (371,8mg/40g) par rapport
au cholestérol (300,22mg/40g). Les deux sous-espèces Locusta migratoria migratoriaet Locusta migratoria malinensisont des besoins légèrement différents, une
variation très légère du taux d'acide ascorbique suffit pour améliorer la croissance.
Il faudrait donc vérifier :
—•si nos milieux nutritifs ne sont pas trop riches ou pas trop déséquilibrés en
ces substances. En effet contenant 2,5% d'acide ascorbique et 1,65% de cholestérol, nous sommes loin des données fournies par Borisova.
c — Vitamines.
La plupart des vitamines du groupe B sont présentes dans le milieu : B x , B 2 ,
acide nicotinique, acide pantothénique, pyridoxine, acide folique et biotine apportées par le son ou la superlevure (Petavy, 1964). L'acide ascorbique (vit. C) (voir
plus haut) et la choline sont ajoutés.
Le carotène semble manquer mais il n'est pas nécessaire au développement larvaire. Selon Dadd, il joue en temps que précurseur de la vitamine A dans la pigmentation. Nous avons obtenu desadultesvert turquoisedont la couleur était peutêtre due à l'absence de carotène. Peut-être n'était-ce aussi qu'un effet de la phase
solitaire (2 à 3 L 5 par bocal d'élevage).
La vitamineE est apportée par l'huile de germe de maïs, et a un rôle stimulant
dans la croissance des larves (Dadd). Borisova constate qu'un excès de cette
vitamine a une action dépressive : il n'en faut pas plus de 0,1%dans le milieu en
comptant celle qu'apporte le roseau séché. Cette vitamine est très stable, elle n'est
pas détruite même à 200°, et se trouve en grande quantité dans les plantes
vertes. Les extraits que nous ajoutons au milieu contiennentdonc de la vit.E. Il
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faudrait analyser les extraits de blé et de pâturin, car il se peut que la différence
observéeentrecesdeuxgraminéesviennedeteneurs différentespour cettevitamine
essentielle. Elle agit d'ailleurs sur la fécondité des animaux ainsi que sur le délai
de maturation des femelles; ce sexe serait donc plus sensible dès la fin du
développement larvaire.
d — Acides grasinsaturésapportés par l'huile de maïs. Pour Dadd Locusta
est très sensible à l'absence d'acides gras insaturés. Un excès inhibe la croissance
et Petavy parvient à la même conclusion. Le milieu utilisé semble être dans les
normes pour cette substance dont la concentration est de 5%.
e — Coefficientde digestibilité.
Daddpour avoir unecroissancedeLocustadoitutiliser unfort taux decellulose,
et laisser le coefficient de digestibilité à 40—50%. Celui de l'herbe est en effet
voisin de 40%. Les milieux à base d'extrait contiennent 70% de matières assimilables. Mais le son joue un rôle complémentaire en abaissant le coefficient d'une
valeur certainement sensible.
Il ressort de cette discussion quelemilieu de base utilisé dans la présente étude
devrait subir quelques modifications pour améliorer la prise de nourriture, et les
rapports entre divers constituants.
Unmilieuéquilibré estfondamentalpour assurer un bon développement.
5°) Influence de la durée d'éclairement.
Une alternance dejours etdenuits (12h— 12h) estplus favorable aux insectes
qu'un éclairement continu. La croissance est améliorée, les adultes ne sont guère
plus lourds, mais le développement est plus rapide.Pourtant cela ne suffit pas à
combler les déficiences des milieux semi-synthétiqueset à les rapprocher suffisaient des témoins.
Une photopériode de 12h suffit à pallier l'absence d'extraitde pâturinchez les
mâles mais elle n'est pas valable pour les femelles qui paraissent plus exigeantes.
Le milieu contenant de l'extrait de pâturin permet d'obtenir plusieurs femelles de
poids équivalents aux témoins. Tanguy (1963) signale à propos des chenilles de
Mamestra brassicae qu'une photopériode ne suffit pas à réparer les effets d'une
nutrition défectueuse.
Par ailleurs, les adultes mâles de Schistocerca grégaria Forsk. nourris avec le
régime synthétique de Dadd présentent une vie sexuelle normale, au contraire des
femelles qui ne pondent presque pas (Cavanagh, 1963). Cela confirme le fait que
les femelles sont plus exigeantes dès le développement larvaire.
La mortalitéobservéeestplus forte. Ce caractère est surprenant et n'a jamais
été signalé. Il est difficile de savoir:
— si la mortalité est vraiment due à l'alternance de jours et de nuits,
— ou si elle tient à d'autres conditions. Elle pourrait par exemple être causée
par une humidité tropforte dans les enceintes climatisées à programme. L'amélioration de la croissance est confirmée car il n'y a pas de sélection parmi les larves
qui succombent à une humidité saturante.
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SUMMARY

EFFECT OF MERIDIC DIETS AND PHOTOPERIOD ON THE NYMPHAL
DEVELOPMENT OF THE MIGRATORY LOCUST LOCUSTA MIGRATORIA
Laboratory rearing of the migratory locust Locusta migratoria usually is on such wild
Gramineae as the reed (Phragmites communis), bamboo {Sasajaponica), meadow grass (Poa
annua) or on cultivated Gramineae, for example on wheat (Triticum sativum). Complete
development has not yet been obtained on a diet of the holidic or synthetic type. On the
other hand there are two meridic or semi-synthetic diets, that allow the locust to develop
satisfactorily. One consists of dried reed leaves (Borisova, 1966), the other includes merely
aqueous extract of meadow grass (Rigollet, 1966).
We have sought a diet of the meridic type that would satisfy the alimentary requirements
of nymphs of the migratory locust taken shortly after hatching. We also investigated whether
introduction into the rearing conditions of a photoperiod modifies the assimilation of the
nutritive elements that were eaten and digested.
Regular and satisfactory growth of the nymphs could be obtained on semi-synthetic diets
that contain no vegetable particles. The latter are replaced by an extract of wheat, meadow
grass, or lettuce, amounting scarcely to 1% of the dry weight of the food. However, the effect
of the extracts differs according to the developmental stage and sex of the nymphs, the basic
composition of the medium, and the diurnal duration of lighting.
Besides, whatever the alimentary regime to which the nymphs are subjected, a photoperiod
of 12 hours improves the gain in weight and reduces the duration of development, relative
to what is seen under constant illumination. Finally, it is demonstrated that female nymphs,
at the end of the developmental period, are more sensitive than male nymphs to nutritional
deficiencies or disequilibria.
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ARTIFICIAL DIET WITHOUT CRUDE PLANT MATERIAL
FOR T W O OLIGOPHAGOUS LEAF FEEDERS
BY

S. WARDOJO
Laboratory of Entomology, Agricultural University, Wageningen, Netherlands
Studies of nutritional requirements of phytophagous insects have led to the general opinion
that these requirements are qualitatively more or less similar, but quantitatively vary widely
according to the species. This implies that certain combinations of non-specific nutritive
substances, such as in artificial diets, can in principle support growth of insects, provided that
the same dietary constituents also elicit feeding in the insects.
An artificial diet composed of ordinary nutritive substances evokes feeding in newly
hatched larvae of the oligophagous Colorado potato beetle, Leptinotarsa decemlineata Say,
which, however, grow only moderately on it. Improved growth can be achieved by the
application of high temperature treatment to the diet, viz. by autoclaving. The same type of
diet treated in the same way supports growth of Pieris brassicae (L.). Both species can be
reared non-aseptically on an artificial diet without the aid of crude plant material or plant
extracts for two generations. This finding may confirm the above-mentioned principles.

Studies of nutritional requirements of phytophagous insects have led to the
general opinion that these requirements are qualitatively more or less similar, but
quantitatively vary widely according to the species. Vanderzant (1966) believes
that most phytophagous insects can grow in principle on artificial diets without
specific plant chemicals, if all other requirements are met.
The present study has been conducted to examine whether these principles also
apply to the oligophagous leaf feeders Leptinotarsadecemlineata (Say) andPieris
brassicae (L.).
Hsiao (1967) has been able to rear the Colorado potato beetle from egg to
adult on leaf-fortified diets. The cabbage worm has been reared on a diet without
cabbage, but containing wheat germ and sinigrine, for four generations (David &
Gardiner, 1966).
Preparation of the diets
The composition of the diets is presented in Table I. The casein was first
dissolved in alkali in a beaker. All other ingredients including agar and vitamins
were then added and thoroughly stirred by means of an electric hand mixer. The
amounts of amino acids and vitamins were taken from stock solutions. The sterols
were previously dissolved in the fatty acid mixture in a water bath at 100° C and
the amount needed was added. The beaker was thereafter covered with a pieceof
aluminium sheet and autoclaved at 121° under 15lbs pressure for 15 minutes.
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TABLE I

of the artificial diets
Constituents
Casein (vitamin free)
Albumin (egg-)
Casein hydrolyzate, enzymatic (10% soin)
Amino acid mixture (a)
Sucrose
Potato starch (b)
Lecithin (vegetable-)
Fatty acid-sterol mixture (c)
B-vitamins
Choline chloride
Inositol (meso-)
Ascorbic acid
Vitamin-A palmitate
Menadione
Wesson's salt mixture
Agar, granulated
Alphacel non-nutritive bulk
Potassium hydroxide
Inhibitor (e)

L. decemlineata
g/100g
3.00
4.00
0.22
2.00
5.00
0.50
0.75 (ml)
1.00 (ml) (d)
0.10
0.04
0.40
0.01
0.005
0.50
2.50
2.00
0.56
0.27

P.brassicae
g/100g
3.00
4.00
5.00 (ml)

—
2.00
5.00
0.50
0.75 (ml)
1.00 (ml) (d)
0.10
0.04
0.40
0.01
0.005
0.50
2.50
2.00
0.56
0.27

Distilled water (to 100g)
(a) Consists of (in g) L-alanine, 0.06; Glycine, 0.04; L-proline, 0.04; L-serine, 0.08 g.
(b) Scholten, Foxhol, Netherlands. All other ingredients were obtained from the Nutritional
Biochemical Corporation, Cleveland, Ohio, U.S.A.
(c) Consists of (in ml) Oleic acid, 0.450; Linoleic acid 0.075; Linolenic acid, 0.225; in which
are dissolved (in g) ^-sitosterol, 0.036; Stigmasterol, 0.027 and Cholesterol, 0.009.
(d)Contains (in mg) Niacinamide, 1; Ca-pantothenate, 0.5; Pyridoxine-HCl, 0.25; ThiamineHC1, 0.25; Riboflavine, 0.25; Folic acid, 0.25; Biotin, 0.01; p-aminobenzoic acid, 0.25.
(e) Consists of (in g) Sorbic acid, 0.15; Methyl p-hydroxybenzoate, 0.10; Streptomycine sulfate, 0.02.

After being autoclaved the hot mass was immediately stirred till the temperature
dropped to about 60° and poured out in apetri dish. The diet was cooled at room
temperature and stored in a refrigerator.
Heat treatment of the diet by means of autoclaving was introduced, since the
diet prepared according to the ordinary method, viz.mixing of dietary constituents
with boiled agar, did not support larval growth in a satisfactory way.
Rearing procedure
(1) L. decemlineata.The diet was divided into pieces of approximately one
gram. A piece of diet was put into a glass tube of 2cm diameter with a capacity
of 17.5ml.Alarvaof6to8hours old,which had not eaten potato leaves previously,
was put on the diet by means of a fine brush. The tube was plugged with a non-
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absorbent cellulose stopper and incubated at 25° ± 0.5° in a phytotron. The
daylength was 18.00 hours and the relative humidity- 50—70%. The larva was
transferred to a clean glass tube containing fresh diet every day. After cessation of
feeding attheend of thefourth instar, thelarva was allowed topupate inmoistened
sand.The experimentswere conducted in 20replicates per treatment.The emerging
adults were weighed and reared in pairs on the same diet in a petri dish.
(2) P.brassicae. Ten newly hatched larvae, which had not eaten cabbage leaves
previously, were transferred to a petri dish containing a piece of diet of approximately 10g. They were incubated under the same conditions as the Colorado
potato beetle. The larvae were transferred to a clean petri dish containing fresh
diet every three days. After the third moult they were transferred to a plastic box
18.5 X 10 X 7 cm provided with a gauze lid. In the course of the fifth instar
approximately 20grams of diet was provided daily. The larvae were allowed to
pupatein the plastic box. After emergence they weretransferred to a rearing cage,
provided with a cabbageplant and a glass vial containing 15°/osucrose solution.
Results
(1) L. decemlineata.On the non-autoclaved diet no single larva was able to
attain maturity (Table II). Most of them died immediately after the second moult.
TABLE II

Growth of newly hatched larvae of the Colorado potato beetle on autoclaved and non-autoclaved diet of the same composition (Table I). Initial number of larvae 20 per treatment.
Criteria

Diet
-autoclaved

Larval mortality (No.) I
II
III
IV
Prepupae (No.)
50% prepupae (Days)
Pupal mortality (No.)
Adults, $ 9 / 3 ê (No.)
Mean weight 9 9 (mg ± S.E.)
Mean weight $ g (mg ± S.E.)

—
5
15

—
—
—
—
—
—
—

Autoclaved
1
2

—
1
16
19
3
9/4
128.4 ± 6.5
97.5 ± 3.2

On the autoclaved diet, however, thirteen adult beetles out of 20 larvae emerged.
The result indicates that high temperature treatment improves the quality of the
diet markedly. There was no difference in feeding activity of the larvae on both
diets.
The composition of the lipid fraction can be simplified without adverse effect
(Wardojo, 1969).A combination of lecithin, linoleic acid and ^-sitosterol supports
larval growth as well. An average of 50% adults was obtained, even when
vitamine-A or menadione was omitted from thediet. Theseresults indicate that the

ARTIFICIAL DIET FOR LEAF FEEDERS

701

artificial diet could satisfy the requirements for growth to a great extentBut in comparison with potato leaves, the quality of the diets was still inferior.
Differences in growth rate, number of surviving individuals, mating behaviour and
eggproduction were observed.
On the average 30% of the females reared on the above-mentioned diets laid
viable eggs. Ten to twenty percent of the individuals of the second generation
attained maturity when reared on the same diets.
TABLE m

Growth of Pieris brassicae larvae on artificial diet.
Initial number of larvae 40 per treatment.
Food
Cabbage leaves
Artificial diet

Duration of
larval growth
(days ± S.E.)
12.4 ± 0.1
14.8 ± 0.1

Mean width of
head capsule*
(mm ± S.E.)
1.79 ± 0.01
1.71 ± 0.01

No.
35
35

Mean pupal
weight
(mg ± S.E.)
339.7 ± 4.0
421.1 ± 4.4

Emerging
adults
(No.)
35
35
34
33

No.

* Head capsule of 4th instar larvae.

(2) P.brassicae. From Table III it is seen that the cabbage worm dan also grow
on a diet without crude plant material or specific substances of the hostplant. The
emerging adults had a normal appearance. But only a smallfraction of the females
were ready to copulate and laid viable eggs. 80% adults of the second generation
were obtained from the same diet, but they died without laying eggs, although the
ovaries of the females were normally developed.
DISCUSSION

The results of the present study indicate that certain combinations of ordinary
nutritive substances can support growth of the larvae of both oligophagous leaf
feeders. The fact that growth is still sub-optimal, however, may be the result of
improper concentration ratios of the dietary constituents, the presence of undesirable substances, or the absence of certain substances.
Sterilization of diet by heat is usually applied in aseptic rearing of insects.It has
been shown that heat treatment of the diet promotes larval growth. Autoclaving
may (1) destroy undesirable substances, (2) improve the dispersion of nutritive
substances throughout the whole medium and (3) promote hydrolysis of certain
nutrients and hence improves digestibility of the diet.
ZUSAMMENFASSUNG

KÜNSTLICHE DIÄT OHNE PFLANZLICHE ROHSTOFFE
FÜR ZWEI OLIGOPHAGE BLATTFRESSER
Untersuchungen über die Nahrungsansprüche phytophager Insekten haben zu der allgemeinen Auffassung geführt, daß die Ansprüche qualitativ mehr oder weniger ähnlich sind,
quantitativ aber weitgehend artspezifisch variieren. Das schließt ein, daß gewisse Kombina-
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tionen unspezifischer Nährstoffe, wie die in künstlichen Diäten, im Prinzip das Wachstum
der Insekten gewährleisten können, wenn nur gewisse Bestandteile der Diät zugleich die
Fraßreaktion der Insekten auslösen.
Eine künstliche, aus den gewöhnlichen Nährstoffen zusammengesetzte Diät löst zwar das'
Fressen frisch geschlüpfter Larven des oligophagen Kartoffelkäfers, Leptinotarsa decemlineata
Say, aus, sie wachsen aber nur mäßig dabei. Verbessertes Wachstum kann erreicht werden
durch die Anwendung einer Behandlung der Nahrung mit hoher Temperatur, z.B. durch
Autoklavieren. Der gleiche Typ der in gleicher Weise behandelten Diät gewährleistet das
Wachstum von Pieris brassicae (L.). Beide Arten können nicht-aseptisch an einer künstlichen
Diät ohne die Mitwirkung von Pflanzenrohstoffen oder Pflanzenextrakten über zwei Generationen aufgezogen werden. Dieser Befund vermag die oben dargelegten Prinzipien zu unterstützen.
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DIETARY INFLUENCES O N APHID POLYMORPHISM
BY

T. E. MITTLER and O. R. W. SUTHERLAND*
Division of Entomology, University of California, Berkeley, U.S.A.
Polymorphism in aphids is the general rule. The occurrence and succession of their different
morphs in nature has been related to numerous factors. Whereas some of these factors may
already influence the morph of the generation exposed to them, others express themselves
only in subsequent generations. Major, and sometimes exclusive, importance has been attached
to environmental temperature and daylength acting directly on the aphids to induce the
production of sexual morphs, and to interactions between aphids in the development of winged
individuals or in the production of alate progeny.
Although various physiological conditions of the hostplants of aphids have for decades
been implicated in the development of winged populations, unequivocal evidence that hostplants do play a role in morph determination has not until recently been obtained. Evidence
that dietary factors are indeed involved is currently being obtained by using chemically
defined artificial diets.
Although non-dietary factors may largely determine which of several genetically possible
morphs predominantly express themselves, it is now quite clear from the studies to be
reported that dietary factors can have a modifying and sometimes even a dominant effect
on the processes affecting the morphological expression of aphids.

In the past it has been widely held that, with a very few exceptions, tactile contact between aphids is the only factor inducing directly the appearance of winged
virginoparae, and that daylength is the most important factor involved in the
production of sexual forms. In both cases, other variables such as temperature,
ancestry, and the physiological condition of the hostplant have been considered
of secondary significance in the control of these form determinations (Lees, 1966;
Hille Ris Lambers, 1966; Bonnemaison, 1968). Recently a small but convincing
body of evidence has appeared, indicating strongly the importance of a third factor
which may directly control the production of alate virginoparae, and also the
determination of the sexual forms: this is the nutritional quality of the host sap.
While various authors have invoked this factor in the control of some aspect of
aphid polymorphism (Evans, 1938;Noda, 1954;Pintera, 1957), it has not always
been clear that other possible influences have been held constant or eliminated.
Lees, in his comprehensive review of polymorphism in aphids (Lees, 1966),
stated: "When the crowding response has been taken into account or has been
eliminated, it often seems that nutrition has little or no direct influence on alataproduction." Since behavioural interactions between aphids had been shown to
* Present address: Entomology Division, D.S.I.R., Nelson, New Zealand
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have such potent effects on alata-production (Bonnemaison, 1951; Johnson, 1965;
Lees, 1967a) it wasunderstandable that the importance of other factors, especially
the quality of the diet, was not fully recognized. Moreover, at the time Lees wrote
his review there was no evidence to suggest that isolated aphids could be induced
to produce alate daughters by a change in the quality of the sap imbibed.
THE PRODUCTION OF ALATE VIRGINOPARAE

In a detailed study of wing dimorphism in the aphid Megoura viciae, Lees
(1967a) caged previously isolated adultfemales in groups of two onyoung, mature,
or senescent bean leaves (Vicia faba). He found that many more of the insects
feeding on senescent or mature leaves became alata-producers than of those
placed on young leaves (92%, 69%, and 20%, respectively). At the same time,
similar females that were caged singly for 24 hours produced wholly apterous
progenies regardless of the age of the hostplants. Lees concluded from these
results that the profound effect that the nature of the hostplant exerted on the
formation of alatae was brought about by a modification of the frequency of contacts between the aphids, and that nutrition itself had no direct influence on alataproduction. While this interpretation of the results may be justifiable, it seems
that the possibility of a hostplant influence on alata-production in this species
has not yet been entirely excluded. The isolated females may have to remain on
mature or senescent leaves for longer than 24 hours in order that the response
appears (this is true of Acyrthosiphon pisum, see below).
In the meantime, however, Johnson (1966) reported on a series of experiments
on larvae and adults of Aphis craccivora that were reared in isolation on leaf
discs or seedlings of Viciafaba.He showed that both prenatal and postnatal form
determination was markedly influenced by the condition of the host offered to the
insects. Similar results have been obtained with isolated females of Acyrthosiphon
pisum (Sutherland, 1967, 1969b), although in this case determination is entirely
prenatal. While these authors conclusively demonstrated hostplant effects on
alata-production in the absenceof anypossible interactions betweenthe test insects,
Mittler & Dadd (1966) and Dadd (1968) showed that despite the considerable
crowding to which adults and larvae of Myzus persicae were subjected while
feeding on artificial diets, alata-production could be drastically reduced by slight
changes in the composition of the diet. In particular, certain amino-acid deficient
diets promoted the almost exclusive production of apterae.
It seems justifiable to consider those dietary influences that may be sensory by
nature, specifically gustatory, separately from those that may have a nutritional
basis. However, it is recognized that these categories may reflect only temporal
aspects of the overall developmental response of aphids to different diets, both
natural and artificial. Dadd (1968) has given the following definition of these
categories: "By nutritional is meant a process whereby certain differences in food
composition might entail differences in metabolism favoring more or fewer of a
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morph to develop; or, more narrowly, result in relative deficiencies in the production of particular key substances, such as endocrines or specific proteins, which
might be involved preferentially in the development of a particular morph. By
gustatory is envisaged a situation whereby the sensing of particular patterns of
taste stimuli, acting via a neural pathway in the proximate instance, might intervene in metabolic regulation so as to favor development toward a greater or lesser
degree of wingedness."
Gustatoryinfluences
In a study on Aphis craccivora (Johnson, 1966), apterous females were reared
in isolation on fresh leaf discs and were transferred as young adults either to old
leaf discs or to other fresh leaf discs. In the former case 46% of the larvae
deposited in thefirst 24hoursbecame alatae,whereas in thelatter only 15%alatae
appeared. None of themothers replaced onfresh leaf discs produced an exclusively
alate progeny. However, of the mothers transferred to old leaf discs, 10% gave
birth to exclusively alate progenies, indicating that even their first-born daughters
became alatae. As the adultfemales maybe expected to have deposited the first of
their offspring within a short time of the transfer, it is clear that the fesponse to
old leaf discs did not take any longer than a few hours, and probably less. These
findings argue for a gustatory rather than a nutritional response in this case, since
nutritional dependence on the mother is likely to be concluded some hours before
birth.
A similarly rapid maternal response was demonstrated in the case of A. pisum
(Sutherland, 1967, 1969b).Females of this species, when reared in isolation
onbean seedlings (V.faba) until adult and replaced in isolation on similar seedlings
after a brief (24-hour) crowding stimulus, produced some alate daughters in
response to this stimulus. Similarfemales caged singly on mature bean leaves after
the period of crowding subsequently produced more than twice as many alatae as
thoseon seedlings andcontinued toproduce numerouswinged offspring throughout
theirreproductivelives. Thefollowing resultsillustratethelikelihood of a gustatory
response to the quality of the plant sap. Adult apterae already producing predominantly alate progeny in response to the crowding and the mature leaf stimuli
were transferred from these leaves to seedlings in the middle of the reproductive
period. Almost every female subsequently produced only wingless daughters. The
first larva was deposited on the new host often within an hour of the transfer, and
yet in nearly every case this aphid became an aptera. The rapidity of the maternal
response is evident.
Both the previous cases of morph determination are examples of prenatal or
maternal effects. In A. pisum it has been shown that the determination of individuals as presumptive apterae or alatae occurs shortly before birth, but in A.
craccivora (and M.persicae) morph changes can be effected postnatally as well as
prenatally. Thus, Johnson & Birks (1960, Table V) showed that presumptive
alatiform larvae of A, craccivora could be diverted from their alate course of
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development by allowing them to feed throughout the first or second instar on
bean seedlings, whereas those kept on mature leaves remained predominantly
alate.
It might be thought that these responses by larvae of A. craccivora may have a
nutritional rather than a gustatory basis because they occurred as a result of
relatively long periods of access to the seedling plants. When similar experiments
were performed on presumptive alatiform larvae of M. persicae reared on an
artificial diet but given access to radish seedlings for only a part of the first instar,
an equally strong effect was found (Mittler, 1969; Kunkel & Mittler, in preparation). This was true even when the period of access to the seedling was as short
as 0.5 hours (Fig. 1). Such results further strengthen the view that gustatory
factors may influence considerably the course of aphid development.
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Fig. 1. Increase in the proportion of apterae in groups of diet-reared presumptive alatiform
larvae of Myzus persicae given various periods of access to radish cotyledons while in the
first instar. Values represent the increase in percent apterae over that obtained from similar
insects fed only on diet (mean — 17.6%).

Sincethe experiments on M. persicae were performed with groups of larvae, the
observed responses might have resulted from a difference in the degree of interaction between the aphids when placed on seedlings and on artificial diet. However, any reduction in tactile stimulation while on the seedlings for such a short
time is not likely to be the prime cause of the rapid increase in the proportion of
apterae, particularly since the aphids, on being returned to the artificial diet, are
likely to stimulate each other again in the process of settling to feed on the diet.
Moreover, when groups of larvae were disturbed every 5 minutes, or even every
minute throughout 1hour of access to radish seedlings, the proportion of apterae
still showed a marked increase (Kunkel & Mittler, in preparation). This demonstrates that it is not necessary that the aphids feed normally — that is to say,
insert their stylets as far as the phloem and ingest sieve tube sap — in order to
be switched from the alate to the apterous course of development.
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Nutritional influences
The host on which females of A. craccivoraare reared as larvae markedly
affects the number of alatae they later produce (Johnson, 1966). Thus, when
females were reared inisolation onleaf discs andreproduced on similar leaf discs,
15% of the progeny deposited became alatae. Onthe other hand, females reared
in isolation on seedlings but,as before, transferred toleaf discs toreproduce gave
birth to only 2% alatae. When a 1-hour crowding stimulus was applied to the
mothers prior to larviposition, the proportions of alatae produced by leaf disc
reared mothers rose to96%, but only to 25%inthecase of those females reared
on seedlings.
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Fig. 2.The influence of thehostplant on theproduction of alate offspring by isolated females
of Acyrthosiphon pisum. Females reared on Vicia faba seedlings throughout their life: S—S;
females reared on bean seedlings during larval life and reproducing on mature bean leaves:
S—M; females reared throughout on mature bean leaves: M—M (from Sutherland, 1969b).

More recently, Sutherland (1969b) obtained further conclusive evidence that
thehostonwhich anapterousfemale feeds duringlarval development maystrongly
affect the response to the diet she receives when actually giving birth to her offspring. When apterae of a green strain of A. pisumremained in isolation on bean
seedlings throughout their life noalate progeny were ever produced (Fig.2).When
females reared in isolation on seedlings were transferred to separate cages on
mature bean leaves shortly after the onset of parturition and their progeny
collected in successive batches, alatae were produced but not immediately after
the transfer was made.Thefirst winged daughters appeared only after themothers
had fed for at least 48 hours onthemature leaves. However, virginoparae of this
species maintained from birth in isolation on mature bean leaves produced some
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alate progeny immediately larviposition commenced, and deposited a higher
proportion of these forms sooner than did females whose larval life was spent on
seedlings. The importance of the larval host, as well as that on which the adult
insects feed, is clear.
In recent years considerable attention has been given to the extent to which the
composition of artificial diets on which M.persicaeare reared affects the proportions of apterae and alatae that arise (Mittler & Dadd, 1966; Dadd, 1968). At
first, these observations were quite incidental to nutritional experiments that were
being performed — particularly in relation to the amino acid requirements of this
aphid. It was found that on certain amino-acid deficient diets on which aphid
growth was poor most of the insects became apterous rather than alate (Table I).
TABLE I

The influence of amino-acid deficient diets on growth and form of Myzus persicae
Amino-acid omitted:
Methionine
Histidine
Isoleucine
Lysine
Threonine
Leucine
Arginine
Phenylalanine
Tryptophan
Valine
a

b

% Decrease in growth a
Alatae
Apterae

—.
48
34
26
7
0
5
3
—14
1

83
49
37
22
4
3
7
6
—12
1

Increase in %
apterae b
44
41
52
33
29
12
4
4
— 9
—16

Calculated from data of Dadd & Krieger (1968, Table II) for 5th. and 6th. day larvae
(weighted means used).
Data of Dadd (1968, Table V).

Further extensive research inwhich the effect onmorph of changesin theconcentration ofpractically everyingredient of theartificial dietwasstudied yielded several
further examples of an apparent association between poor growth and the apterous
condition (Mittler, 1969; Mittler & Kleinjan, 1970). One such example
is given in Fig. 3, in which the growth of larvae reared from birth on a series of
artificial diets differing only in sucrose concentration is compared with the proportions of apterae among them. The form of the aphids was assessed, and their
weights determined, 8 days after their birth. In this experiment,'as in others in
which groups of aphids were fed different diets, it might be thought that the
observed morph responses are mainly the result of differences in the interaction
of the aphids on the various diets. It should be pointed out, therefore, that it is
precisely on the poorer diets where the proportions of apterous young was greatest
that restlessness, if it occurred, was also maximal.
It is of interest to consider also the effects on alata-production of even more
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Fig. 3. The proportion of apterae among, and the growth of, larvae of Myzus persicae in
relation to the sucrose concentration of the diet on which they were reared. The data pertain
to larvae deposited by groups of females on the fourth day after their transfer from seedling
culture to these diets.

drastic nutritional deprivations. Johnson (1966) found that prolonged starvationof
A. craccivora resulted in an increase in aptera-production by adults, and caused
a switchfrom the alatetothe apterous course of development inpresumptive alatae
(Table II).
Although in this case starvation strongly favors apterous development, it was
completely counteracted by crowding the larvae during starvation; however, in
adults starved for more than 2 days crowding did not appear to counteract the
production of apterae. Lees (1967a) showed that crowding apterous females of
M. viciaefor more than 2 days, during which time the insects were starved, also
resulted in a decline in alata-production.
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TABLEII

Effect of starvation on adults and larvae of Aphis craccivora
Prenatal form control a
Crowded adults
starved for:
4hr
24
48
72
a

Postnatal form control*>
Presumptive alate
larvae starved for:
% Alatae
0 hr (in isolation)
84
24 hr (in isolation)
5
24 hr (in groups)
89

% Alate
offspring
98
87
51
0
b

Data from Johnson (1966, Table II)
Starved
(48 hr)

Data from Johnson (1966, Table V)
15% Sucrose
(48 hr)

100
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20
234567

12 3 4 5 6 7
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Fig. 4. Effect of starvation or restriction to 15% sucrose on subsequent aptera-production by
diet-fed females of Myzus persicae. Aptera-production by females kept on diet throughout
(cross-hatched) is shown for comparison.

Similar results were obtained for M.persicae(Mittler, 1969). Fig. 4 illustrates
the great increase in aptera-production that resulted frorû 2 days of starvation
(Mittler & Kunkel, in preparation), and also the less intense response by aphids
fed on a 15% sucrose solution for a similar period (Mittler & Kleinjan, 1970).
In both instances, groups of young adult apterae from a radish seedling culture
were given access to artificial diet after this 2-day treatment. Their larvae, and
also those of control aphids on diet throughout, were collected on each of 7 days
and were reared on artificial diet until their form could be ascertained. The proportions of apteraein each of thesedailybatches wasthen calculated.
THEPRODUCTIONOFSEXUALFORMS

Although short photoperiods and low temperatures have been shown to act
directly on virginoparae of some aphid species causing them to produce sexual
forms within one or two generations on plants and on artificial diet (Lees, 1959;
Sutherland &Mittler, 1969)thesefactors cannot always beinvolved. The reviewsof
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Kennedy and Stroyan (1959) and Hille Ris Lambers (1966) give examples of
aphids in the tropics, the arctic, and elsewhere which produce males and oviparae
under long-day conditions. As early as 1924 Marcovitch hypothesized that photoperiod may also exert an indirect influence on the production of sexual forms. He
supposed that a change in the sap of the hostplant was the responsible factor
because root aphids away from the direct action of the light produced sexual
forms in the autumn. This contention received support from Hille Ris Lambers
(1960) whopointed out that whereas Aphis forbesi,on which Marcovitch worked,
lives near the surface of the soil, other root feeding aphids produce their sexual
forms or sexuparae at considerable depths.
That the appearance of the sexuparae in root feeding aphids can indeed be
induced by changes in the physiology of their hostplant was demonstrated by
Sethi and Swenson (1967). These authors showed that winged sexuparae were
produced by Eriosoma pyricolaon roots of pear plants treated to induce cessation
of shoot growth by exposing theplants to a constant temperature. Direct action of
photoperiod and temperature on the aphids was ruled out. In a study on the
walnut aphid, Chromaphisjuglandicola, Davis (1957) found that a few oviparae
regularly appeared under long-day (16L :8Dper day) conditions. The proportion
of these forms varied with the physiological condition of the walnut leaves. More
oviparae were produced on mature and senescent leaves than on young leaves.
This response was only slightly enhanced in a short-day environment. It was
further shown that young and mature leaves previously exposed to heavy aphid
attack induced the production of over twice as many oviparae as did untreated
leaves. Hence, it appears that the age and condition of the host plant are primarily
responsible for the appearance of the sexual females in this species.
Von Dehn (1967) claimed that photoperiod acts via the hostplant as well as
directly on females of Megouraviciae,causing the production of males and oviparae. However, this was strongly disputed by Lees (1967b) who pointed out
shortcomings in von Dehn's experimental technique.Nevertheless, more work must
be done before one can rule out the possibility that photoperiod may also act
indirectly via the hostplant in the case of aphids normally exposed to daylight.
In summary it canbe stated that dietary factors can have a dominant, or in some
instances only a modifying, influence on the processes that determine which of
several genetically possible morphs express themselves in a population of aphids.
It must be emphasized, however, that dietary influences are but a few of the many
environmental factors to which aphids are simultaneously subjected. The ability
which aphids have evolved to respond to this pattern of information by producing
the most appropriate forms (e.g., oviparae and males for the production of overwintering eggs, alatae for dispersal, etc.) undoubtedly contributes to the success
of this group of insects.
The financial support from the National Science Foundation (Grant GB 5398X)
is gratefully acknowledged.
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ZUSAMMENFASSUNG

EINFLÜSSE DER DIÄT AUF DEN POLYMORPHISMUS DER

BLATTLÄUSE

Polymorphismus ist bei den Aphiden die Regel. Das Auftreten und die Aufeinanderfolge
ihrer verschiedenen Morphen in der Natur ist auf zahlreiche Faktoren bezogen worden.
Während einige dieser Faktoren bereits die Morphen der Generation zu beeinflussen vermögen,
die ihnen ausgesetzt ist, kommen andere erst in den folgenden Generationen zum Ausdruck.
Überwiegende und manchmal ausschließliche Bedeutung wurde der Umgebungstemperatur und
der Tageslänge zugemessen, die direkt auf die Induktion der Erzeugung von Sexualformen
wirken, sowie den Wechselwirkungen zwischen Blattläusen bei der Entwicklung geflügelter
Individuen oder bei der Produktion einer geflügelten Nachkommenschaft.
Obwohl verschiedene physiologische Zustände der Wirtspflanzen der Blattläuse seit Jahrzehnten mit der Entwicklung geflügelter Populationen in Zusammenhang gebracht worden
sind, wurde ein unumstößlicher Nachweis, daß Wirtspflanzen tatsächlich eine Rolle bei der
Morphendetermination spielen, bis vor kurzem nicht erbracht. Nachweise, daß Nahrungsfaktoren tatsächlich mitspielen, wurden fortlaufend bei der Benutzung chemisch definierter
künstlicher Diäten erhalten.
Obwohl Nicht-Nahrungsfaktoren weitgehend bestimmen können, welche der verschiedenen
genetisch möglichen Morphen vorwiegend zur Verwirklichung kommen, so geht doch aus
den hier vorliegenden Untersuchungen nunmehr völlig klar hervor, daß Nahrungsfaktoren
eine modifizierende, manchmal sogar eine beherrschende Wirkung auf die Prozesse ausüben
können, welche die morphologische Ausbildung der Blattläuse beeinflussen.
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EFFECTS OF HOSTPLANT AGE O N PHYTOPHAGOUS INSECTS
BY

J. DE WILDE, W. BONGERS* ANR H. SCHOONEVELD
Laboratory of Entomology, Agricultural University, Wageningen, the Netherlands ,
In Colorado beetle females fed with physiologically aged potato leaves, an inhibition or
even a standstill of reproduction occurs, followed by diapause.
In such beetles, the volume of the corpora allata is reduced and the medial cerebral
neurosecretory cells do not transport their neurosecretory material. In feeding tests, it is shown
that the beetle can detect the age of its hostplant.

One of the most important aspects of hostplant relations in oligo- or monophagous insects is the coincidence in the course of the year. This implies synchronization of the life cycle of the insect with the vegetative season of the hostplant.
Especially in annuals with a relatively short growth period this may present some
problems.
In case the insect does not hibernate on the plant but elsewhere, the plant can
stillplay a rolein synchronizing the beginning of thecycles.
The adult Colorado beetlehas a considerable capacityfor starvation after having
emerged from diapause. Oogenesis only starts after a period of food intake. The
beetles may emerge several weeks before the potato plants are sprouting, but are
only induced to reproduce when the hostplant starts growing.
In locusts, a synchronizing effect of plant odour may occur, if the stimulation of
ovarian development by the smell of terpenoids produced by the hostplant as a
function of seasonal condition, as described by Carlisle, Ellis & Betts (1965), is
indeed of ecological importance.
At the end of the growing season, it has been observed that the physiological
condition of the hostplant may influence the insect in such a way as to induce its
winter condition when the plant is either senescent or dying off.
Grison (1947)wasabletoobtain extragenerationsoftheBrowntailMoth(Euproctisphaeorrhoea L.) when feeding the 1st instar larvae on young apple sprouts and
showed that diapause was promoted by senescence of the leaves. Lees (1953)
observed that in the fruit tree red spider (Panonychus ulmi (Koch)), feeding with
senescent apple leaves gives rise to the production of "winter females", laying
diapausing eggs. Adkisson (1961) observed that the last instar larvae of the pink
bollworm (Pectinophoragossypiella Saunders) only respond with diapause to
short-day conditions when the fat content of the cotton seeds, which is a function
of ripening and, thereby, of season, has risen above a certainlevel.
Now it should be kept in mind that the photoperiod already synchronizes the
* Present Address: Nature Conservation Department, Agricultural University, Wageningen.
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insect with the astronomic season, while the temperature corrects this effect in such
a way as to synchronize the insect with the climatic season. In this sense, the hostplant may subsequently interfere to produce a perfect synchronization with the
hostplant season. We will here deal especially with the adult Colorado beetle and
some solanaceous plants.
The Colorado beetle (Leptinotarsa decemlineata Say) is a long-day insect entering
diapause when exposed to photoperiods below 14—16 hours, depending on the
geographical race and local temperature. Increasing the temperature above 30°
abolishes this short-day effect.
Temperature effect on preference
It is an interesting fact that feeding preference is also affected by temperature.
One of us (Bongers, 1965) has performed experiments on hostplant choice at
temperatures of 15, 20, 25, 30 and 35°. Both newly emerged and sexually mature
beetles were given the choice between Solanum tuberosum L., Solanum dulcamara
L. and a number of other Solanum species. Choice experiments were also made
with S. dulcamara of different physiological ages. Each beetle was tested individually and was offered four circular leaf discs (two of each of the elements to be
compared) of 2 cm diameter. The experiments were repeated five times and, to
eliminate the effect of position, each series was made in two replicates in which the
elements were arranged in inverse order. The amount of leaf material consumed
during 4 hours was taken as a measure for feeding preference and was determined
photoelectrically. The result is given in Fig. 1.
It may be noted, that when two species of acceptable food plants are compared,
feeding preference is markedly altered by increase in temperature, while this is
not the case when rejected plants are compared with acceptable ones {Solanum
luteum against potato).
Effects of hostplant age
Can the beetle detect the age of its hostplant? In a series of experiments with
S. dulcamara, we were abletoanswer this question affirmatively. It isshown inFig. 2
that the beetle can distinguish between old and young leaves from an acceptable
food plant, S. dulcamara. Growing young leaves are consumed in relatively larger
quantities, a preference which is obviously not reversed by increase of ambient
temperature (the experiments were made with 20 adult females, 10 days old).
Does the beetle discriminate between young and aged potato leaves in terms of
reproductive behaviour?
This was already described by Grison (1956) who found that females stop egglaying when fed with senescent potato leaves. This "Grison-effect" was followed
more closely by Ferket (de Wilde & Ferket, 1967) who did two series of experiments:
(1.) Experiments with greenhouse potatoes (Eigenheimer). After being fullgrown, the plants were kept for 3, resp. 7 weeks before being used in the experiments. In ser. A, 21 females were reared, beginning directly after the adult moult,
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Fig. 1. The effect of temperature on feeding preference in the Colorado beetle.
Choice: S. tuberosum vers S. dulcamara.
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Fig. 2. At most temperatures, young foliage of S. dulcamara is preferred to senescent foliage.
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TABLEI

Mean daily oviposition per female per day (series of seven females) when fed with potato
leaves of different age (Race: Eigenheimer) obtained from the greenhouse.
The change from B —>.A was made on the 26th day. (After De Wilde & Ferket, 1967)
Series
A
B
B-> A

da>
27
89.3
19.0
22.2

28
83.4
26.4
54.6

29
104.3
21.4
63.2

30
83.4
21.8
70.4

31
95.8
22.4
63.5

32
83.3
18.2
77.7

33
82.4
26.6
88.0

34
77.7
29.9
56.6

35
75.7
26.6
72.3

on young sprouts from plants 3 weeks old. In ser. B, 26 females were reared on
leaves taken from the stem basis of 7-week old plants. These leaves were still
green, but somewhat rigid. In a third series, the beetles were reared on B till the
26th day and subsequently changed to A. The results (Table I) demonstrate that
the depressing effect of feeding with old leaves is still reversible after 26 days.
(2.) Experiments with potatoes grown in the field (Voran). Potatoes of the
variety Voran, with a fair degree of resistance against Potato Blight were used
from June—August.
The following diets were obtained from these plants:
/
C. Young sprouts from plants 3 weeks old (159S). D. Green leaves from the
upper part of the stem of ± 6-week old plants (6999). E. Slightly yellowing
leaves from plants 3months old (1119 9). The results are given in Table II.
TABLE II

Mean daily oviposition per female per day, during the experiment with outdoor potatoes.
(After De Wilde & Ferket, 1968)
Series

cD
E

day
8
50.3
33.1
22.5

9
47.9
27.5
3.6

10
49.8
25.5
0.6

11
49.0
22.3
0

12
46.1
22.5
0

13
49.7
19.8
0

In ser. E 54.6% of the insects moreover went into diapause in the course of
3 weeks, though 10% were already in diapause after 8 days. In the C-series, no
diapause was observed.
Measurements of corpora allata
The corpora allata were dissected out and measured in vitro. As they are
globular, their volume can be calculated by determining the surface of the largest
cross-section with a pole planimeter and multiplying by 4/3 r. The results even in
the greenhouse experiments were striking. Means were taken of 21 females in A,
of 26 females in B.The mean volume in the B-series was only 26% of that in A,
suggesting a strong effect on the endocrine mechanism controlling egg-production.
In the experiment with "field potatoes", CA volume in the E-series was small
and histological observations indicated a standstill in the activity of the median
neurosecretory cells.

36
77.5
27.0
60.5
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Implantation experiments
In thegreenhouse experiments with Eigenheimer, ten females inser.B were
implanted onthe26th daywith four corpora allata obtained from females from
ser. A.They were subsequently kept onthediet of ser. B.Nine females survived
the operation. Eight of these showed a very important increase inthe rateof
oviposition, reaching apeak 6—7days after the implantation (Fig.3).
During thispeak-period, the increasein egg-production was 21.2% ascompared
with the control, reared inser. B.
MEAN OVIPOSITION
RATE | Ç |DAY

INCREASE,
EGGSI$ |DAY

ABSOLUTE

INCREASE

AFTER IMPLANTATION

ABSOLUTE DECREASE
ON AGED FOLIAGE

DAYS AFTER IMPLANTATION
Fig. 3. Result of one of the implantation experiments, showing the method of calculating
the differences.
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Histological observations
The third author studied the histological picture of the medial cerebral neurosecretory (NS) cells during starvation and after feeding with aged leaves, by means
of the Gomori paraldehyde-fuchsin stain. Starvation soon results in accumulation
of NS material within the cell bodies. Subsequent feeding promotes the transport
of material along theNStracts and the dispersion of material within theperikarya.
Beetles which have entered diapause as a consequence of feeding with aged potato
leaves show the histological pattern characteristic of diapausing beetles: a complete
arrest of NS transport and a dense accumulation of NS material within the cell
bodies.
DISCUSSION

Johannson (1958) found that in the Milkweed Bug, lack of nutrition in the first
place affects the corpora allata, causing a standstill in reproduction. Changes in the
activity pattern of the medial NS cells could not be detected. In the Colorado
beetle, feeding with aged potato leaves also results in "pseudo-allatectomy", but in
this case important changes in the activity pattern of the medial NS cells are
evident. In accordance with the classical theory, it is attractive to assume that these
changes are causally related to alterations in CA activity. However, our observations do not allow for a definite conclusion as to whether the NS changes precede
those in the corpora allata, or are a consequence of the latter.
It may be concluded that seasonal changes in the hostplant are of importance at
the level of food selection as well as synchronization.

ZUSAMMENFASSUNG

WIRKUNGEN DES ALTERNS DER WIRTSPFLANZE AUF PHYTOPHAGE

INSEKTEN

Wenn weiblichen Kartoffelkäfern zwei Arten bevorzugter Wirtspflanzen zur Verfügung
stehen, ändert sich ihr Wirtswahlverhalten mit dem Ansteigen der Temperatur, während das
nicht der Fall ist, wenn abgelehnte mit angenommenen Pflanzen verglichen werden.
Die Käfer können zwischen alten und jungen Blättern bevorzugter Wirtspflanzen unterscheiden.
Bei Kartoffelkäfern, die mit physiologisch gealtertem Laub gefüttert werden, tritt eine
Hemmung oder sogar ein völliger Stillstand der Reproduktion ein, worauf eine Diapause folgt.
Es scheint, daß die Corpora allata beeinflußt werden und aufhören zu arbeiten; die Käfer
zeigen histologisch die charakteristischen Anzeichen diapausierender Käfer genauso wie hungernde Käfer: einen völligen Stillstand des Transportes von Neurosekret und eine dichte
Anhäufung neurosekretorischen Materials innerhalb der Zellen. Nachfolgende Nahrungsaufnahme der hungernden Käfer bewirkt den Transport neurosekretorischen Materials entlang
der Neurosekretbahnen und die Dispersion desselben innerhalb des Zellplasmas.
Es scheint also, daß die jahreszeitlichen Veränderungen im Zustand der Wirtspflanze dem
neuro-endokrinen System angezeigt werden und für die Nahrungswahl sowie für die Synchronisation von Bedeutung sind.
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PLANTS AS A SOURCE OF MATERIALS W I T H INSECT
HORMONE ACTIVITY
BY

KAREL SLÂMA
Institute of Entomology, Czechoslovak Academy of Sciences, Prague
Certain plants contain substances with insect hormone like activity. These hormone
analogues may influence insect-plant interactions like some other factors such as nutritional
requirements, chemoreception, toxicity, etc.
Experimental evidence indicates that an external supply of the hormonal substances, which
comes from the plant without respect to the physiological control mechanisms, disturbs the
precise synchronization of insect development and leads to the appearance of malformed
creatures unable to survive and reproduce.
We distinguish two types of hormonally active plant substances; a) Those with insect
juvenile hormone activity, which are mainly aliphatic or monocyclic sesquiterpenes of
farnesane or bisabolane types, and b) Substances with moulting hormone activity, which are
polyhydroxy-steroid compounds related to ecdysone.
The isoprenoid compounds with juvenile hormone activity occur in various plants.
One of the most common ecdysone analogues of plant origin seems to be the 20-hydroxy
ecdysone or ecdysterone. Hormonal activity of the plant substances is similar to, or higher
than that of ecdysone. Whole series of ecdysone analogues have been isolated from various
unrelated plants. In some cases they occur in extremely large quantities. There are some
indications that they do act when fed in the diet.
Plants which are known to contain analogues of insect hormones are more or less resistant,
especially against susceptible insects. It does not seem impossible that certain plants have
interacted in their evolution with insect feeders by using hormonomimetic materials — a
method which we have not appreciated until now.

Chemical interactions between plants and insects are also associated with
secondary plant substances which are of little or no nutritional value. These substances influence various physiological processes resulting in growth inhibition,
retardation ofdevelopment orgeneraltoxicity.Thepresenceof these physiologically
active substances constitutes an important factor in the resistance of plants to
insects (Beck, 1965). On the other hand, insects are able to identify and discriminate between the plants which are or are not suitable for their development and
survival. They have developed specific chemosensory mechanisms of host-plant
selection (Schoonhoven, 1968) as a result of evolutionary adaptations.
Recent progress in insect endocrinology has revealed surprisingly that certain
plants contain relatively large amounts of highly potent analogues of insect hormones,which are ableto disturb theprecise synchronization of insect development
and so to suppress the insect's ability to survive and reproduce. The substances

722

KAREL SLÂMA

are not generally toxic to the insects, neither do they cause any metabolic damage.
They produce specific changes in the regulation of developmental mechanisms and
their action on insects can be compared with that of antibiotics on microorganisms.
Because the hormonal analogues act in unbelievably small quantities they are
thought to constitute a third generation of insect pesticides (Williams, 1967a). It
seems that the susceptible insects have obtained in their evolution an ability to
avoid the plants which contain potent hormone analogues. This is supported by
the fact that the hormonal effects are rather rare in natural biocenosis, the reason
why these effects have so long escaped our attention.
Let us now mention briefly some substances contained in plants which are concerned with insect hormone activity.
Brainhormoneactivity
The hormone which originates in the neurosecretory cells of the brain has a
general tropic effect on glandular tissues, including also endocrine glands. The
hormone initiates developmental cycles and its absence leads to periods of arrested
growth and development. The chemical nature of this hormone is still unknown;
there are some indications that it may be a peptide or small protein (Kobayashi
& Yamazaki, 1966), or mucopolysaccharide (Williams, 1967b). However, certain
steroid compounds have appeared to mimic the brain hormone action in silkworms
and among these were also some phytosterols like /?-sitosterol, stigmasterol, or
ergosterol (Kobayashi et al. 1962). Insects do not synthesize the steroid skeleton
and are dependent on a dietary supply of sterols which are essential for growth
and development. However, any direct evidence that the plant sterols might interact with the brain hormone activity in phytophagous insects is lacking.
Juvenile hormoneactivity
The juvenile hormone released from the corpora allata prevents the processes of
metamorphosis in larvae and stimulates ovarian development in adult females. This
activity was first recorded in lipid extracts prepared from abdomens of adult male
cecropia silkworms (Williams, 1956). Soon after, the activity was also found in
lipid extracts prepared from various classes of invertebrate animals (Schneiderman
& Gilbert, 1958) and various vertebrate organs (Williams, Moorhead & Pulis,
1959). The first indications of the presence of juvenile activity in microorganisms
and higher plants were found in 1960 by Schneiderman, Gilbert & Weinstein.
They found very little or no activity in neutral plant oils but the ether extracts of
soy-beans had definite juvenile hormone activity.
Further progressinjuvenilehormoneresearch wasmadewhenSchmialek (1961)
isolated from yeast.and excrement of Tenebrio an active principle with juvenile
hormone activity and identified it as a terpenic alcohol farnesol (Fig. 1, I), and an
aldehyde farnesal. These compounds were believed for some time to be the true
insect hormone and therefore no search for these compounds in plants was made,
despite the known fact that farnesol and similar sesquiterpenoid compounds were
known to be widely distributed in almost any plant material.
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A new search for juvenilehormone analogues of plant origin was stimulated by
the rather curious discovery that certain American paper products contained an
unknown factor with juvenile hormone activity for the European bug Pyrrhocoris
apterus. Immature larvae in contact with these paper products developed into giant
supernumerary larvaeunable to metamorphose into adults. The activity was finally
traced to the lipid soluble materials contained in the wood of certain pulp trees,
mainly the wood of the Canadian balsam fir Abies balsamea(Slâma & Williams
1965, 1966). The active principle has been identified as an alicyclic sesquiterpene,
methyl ester of todomatuic acid (Fig. 1, II) named "juvabione" (Bowers et al.,
1966). Another group of workers have found in the wood of balsam fir growing
in Czechoslovakia two active principles, one being "juvabione" and the other the
corresponding dehydro ester "dehydro-juvabione" (Fig. 1,III) (Cerny et al, 1967).

COOCH3

COOCHj

///

IV

'>

Fig. 1

Quite recently Bowers (1968) has found that compounds containing a methylenedioxy-phenyl group, which isvery common in plant material, show more orless
pronounced juvenile activity. Even the relatively large molecules of the lignane
type, like sesamin (Fig. 1, IV) or sesamolin (structurally related compounds are
very common inplant material) showed slight but definite activity. The 3,4-methylenedioxy-phenyl ethers of 6,7-epoxygeraniol and the corresponding ethyl-branched
homologues appear tobe among themost activejuvenileanalogues(Bowers,1969).
Several attempts to find the juvenile activity in plants have been made since the
discovery of "juvabione". The wood of various Pinusand Piceaspecies gave very
little or no juvenile responses in Pyrrhocoris,whereas several species of Abies
showed high activity, as Abies nordmanniana for instance. High activity was also
found in the wood of Pseudotsuga menziesiiglauca. On the other hand, the wood
of Juniperusprocumbens and J.virginiana appeared to be inactive (Williams &
Slâma, unpubl.). Staal (1967) reports a large survey of juvenile activity of a large
number of various evergreen trees. He used a method of impregnated paper discs
assayed on larvae of Dysdercus. He obtained almost entirely negative results even
with Abies balsameaand Tsuga canadensis,which are known to act when the
wood extracts are topically applied. Some positive effects of coniferous plants on
insect metamorphosis have also been reported by Carlisle &Ellis (1967). Bowers
reported (seeWilliams &Robbins, 1968) that among 52 species of plants tested for
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juvenile hormone activity on Tenebrio six provided active extracts, and of these,
two showed considerable activity. We have tested in our laboratory extracts of
60 species of plants chosen at random and only two of them show appreciable
juvenile activity on Pyrrhocoris.
From all these data it is clear that the substances with juvenile activity for a
given species are not so widely distributed among the plant material as previously
expected. But our strictly empirical attitude toward the search for these compounds
in plants is not fully correct, at least from the viewpoints of insect specificity and
location of the substances in plants.
The "juvabione" type compounds, for example, are active only on the insects
of the family Pyrrhocoridae and are virtually inactive on all other insects so far
tested (Slâma et ah, 1968). The compounds would never have been found if not
tested directly on these sensitive species. And, as a matter of fact, these insects
never occur in the vicinity of balsam fir vegetation. Pyrrhocoris appears extremely
resistant to farnesol which occurs in relatively large amounts in its host-plant, the
linden tree. Yet farnesol has pronounced juvenile effects on other species. Moreover, a simple chemical change like an addition of hydrogen chloride to the free
double bonds of the farnesane molecule leads to the million-fold increase of
juvenile activity on Pyrrhocoris(Slâma et ah, 1969). If the plant tissues were
able to provide the mentioned change of chemical structure it ought to result in
absoluteresistance against Pyrrhocoris bugs, since contact of larvae with 0.1nanogram amounts of the chlorinated derivative produces nonviable monsters unable
to reproduce. Another example is a cotton plant which contains bisabolene derivatives with slight juvenile activity against the cotton pests, Dysdercus. Oxydation
products of these natural plant substances havebeen found to be highly active and
selective juvenile agents against this insect. Thus, insect feeders may be accommodated to the natural plant substances and their resistance might become upset
when the molecules of the natural products were subjected to chemical change.
These few examples illustrate that any serious estimations of the distribution of
juvenile hormone analogues in plants can only be made when the plant extracts
are assayed on several unrelated insect species.
Our recent studies show that the terpenic juvenile hormone analogues of various
weeds are present in allparts of the plants. The "juvabione" is concentrated in the
wood and very little biological activity occurs in the green parts or in the bark.
It seems also absent from the Canada balsam and volatile fractions (turpentine).
In some cases the occurrence of the active substances in plants is dependent on
seasonal variations. An active principle found in a plant during its vegetation
period has appeared to be absent or minimal at the end of plant growth. On the
other hand, the winter buds of certain trees contain active principles in larger
quantities than do the other parts of a plant during the vegetation period- In some
plants themost active extracts were prepared from root systems, although this does
not seem to be a general phenomenon.
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The moulting hormoneactivity
The moulting hormone is released from the endocrine glands located usually in
the prothoracic region. It stimulates the processes which lead to ecdysis, a critical
phenomenon in insect development. The active material was first obtained in
crystalline form by Butenandt &Karlson (1954) being later identified as a polyhydroxysteroid compound (Fig. 2 :la) named ecdysone (Karlson et al., 1965) and
its 20-hydroxy derivative (Fig. 2 :IIa) ecdysterone (Hoffmeister, 1966).
Soon after elucidation of the structure of ecdysone there appeared surprising
reports that various plants contain considerable amounts of substances resembling
or identical with these insect hormones. Their biological activity appeared to be
the same or even higher than that of ecdysone. Nakanishi et al. (1966) isolated

CHjOH

/«.R'=H;R2=0H

//aR'=OH;R2=OH
/fe.R1=OH;R2=H

HOx^\

I

Hcr^^
0
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Fig. 2

Ponasterone (Fig. 2, Ilia) from Podocarpus, ecdysterone has been found in several
plant materials, such asPodocarpus (Galbraith &Horn, 1966), Polypodium (Jizba
et al.,1967a), Vitex (Rimpler &Schulz, 1967). Takemoto and his associates have
found numerous ecdysterone derivatives in various plants, asfor instance Inokosterone (Fig. 2 Va) Cyasterone (Fig. 2, Via), Rubrosterone, Capitasterone, Pterosterone, Shidasterone, Amarasterone (Fig. 2, Vila), etc., which differ mainly in the
structure of the side chain (Takemoto et al., 1967a; 1967b; 1968). Jizba et al.
(1967b) have isolated from Polypodium a substance with seven hydroxyl groups
Polypodin B (Fig. 2, IVa) with high insect hormone activity. The rhizomes of the
fern Polypodium contain over 1% by dry weight of ecdysone analogues.
During the past two years more than 20 plant polyhydroxysteroid compounds
with hormonal activity on insects have been described. Extensive screening operations performed in Japan have revealed that out of 1056 species of plants 40
provided active extracts (see Williams &Robbins, 1968).
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The real significance of ecdysone analogues in plants is not yet clear. It does
not seem probable that they are used as precursors of insect hormone since many
insects can grow well and develop on artificial diets where the only sterol ischolesterol or some common phytosterols. The compounds do not seem to interact with
insects by contact action, unlike the juvenile hormone analogues. In most cases
ecdysterones appear to be inactive on topical application without special solvents
or treatments (Ohtaki etal.,1967).There are some indications, however, that'they
can inhibit ovarian maturation and egg production when fed in the diet, or the
presence of synthetic derivatives of ecdysone may inhibit larval growth and
development (Robbins et ah, 1968).
The most apparent physiological action of ecdysone and its analogues is that
they cause stimulation of ecdysial processes when administered in nanogram
amounts into the body. When this treatment comes in specific periods without
synchronization with the other developmental processes there occur precocious
moults followed by inability of insects to shed the exuvia, leading to desiccation
and death. Theoretically, a continuous presence of these substances in the food
should lead to inability of insects to develop. It still remains unknown whether
this really happens under natural conditions. The insect species may develop
adaptations to plants containing ecdysone analogues similar to those suggested
above for juvenile activity. Plants with an enormously high content of ecdysterone
like Polypodium, are extremely resistant to insect attack; with exception of few
highly specialized species there are no insects that feed on this plant.
Pheromone activity
In addition to the hormones regulating internal physiological processes, the
insects release various types of exohormones or pheromones which have a regulatory function between individuals of the same species. These are usually small,
volatile molecules like unsaturated short chain fatty acids, aldehydes, monoterpenes, etc. There are some indications that even this type of physiological
activity of insects may be influenced by substances of plant origin. For instance,
a compound isolated from oak leaves identified as trans-2-hexenal stimulates the
female polyphemus moth to release her sex pheromone (Riddiford, 1967). In
scolytid beetles there occur close interactions between pheromone production and
the substances present in the host-plant (Williams &Robbins, 1968).
The occurrence of highly active hormone analogues in plants allows one to
imagine the possibility that the plants have protected themselves in their evolution
against the insect feeders by using hormonomimetic action — a method which we
have not discovered and appreciated until now.
ZUSAMMENFASSUNG

PFLANZEN ALS EINE QUELLE VON STOFFEN
MIT
INSEKTENHORMON-AKTIVITÄT
Gewisse Pflanzen enthalten Substanzen mit insektenhormonähnlicher Aktivität. Diese Hormonanaloge können die Wechselbeziehungen zwischen Insekten und Pflanzen ebenso beein-
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Aussen wie einige andere Faktoren, etwa Nahrungsansprüche, Chemorezeption, Giftigkeit usw.
Experimentelle Nachweise zeigen, d a ß eine Zufuhr der hormonartigen Substanzen von
außen, welche vonderPflanze ohne Rücksicht aufdiephysiologischen Kontrollmechanismen
kommen, diegenaue Synchronisation derInsektenentwicklung stören undzum Auftreten mißgestalteter Tiere führen, dielebens- undfortpflanzungsunfähig sind.
Wir unterscheiden zwei Typen hormonell-aktiver Pflanzenstoffe; a) solche mit InsektenJuvenilhormon-Aktivität, welche vor allem aliphatische oder monozyklische Sesquiterpene
von Farnesan- oder Bisabolan-Typen sind, u n d b) Stoffe mit Häutungshormon-Aktivität,
welche mitdemEcdyson verwandte Polyhydroxysteroid-Verbindungen darstellen.
Isoprenoid-Verbindungen mit Juvenilhormon-Aktivität treten in verschiedenen Pflanzen
auf.
Eines der häufigsten Ecdyson-Analoge pflanzlichen Ursprungs scheint das 20-hydroxyecdyson oder Ecdysteron z u sein. Die hormonale Aktivität derPflanzenstoffe istähnlich oder
höher als die von Ecdyson. Ganze Reihen von Ecdyson-Analogen sind von verschiedenen,
nicht miteinander verwandten Pflanzen isoliert worden. In einigen Fällen treten siein extrem
großen Mengen auf. Es gibt einige Hinweise dafür, d a ßsie wirksam werden, wenn sie mit
der Nahrung aufgenommen werden.
Pflanzen, diealsTräger von Analoga derInsektenhormone bekannt sind, erweisen sich als
mehr oder weniger resistent, wenigstens gegen empfindliche Insekten. E s erscheint durchaus
nicht unmöglich, d a ß gewisse Pflanzen im Verlaufe ihrer Evolution gegenüber pflanzenfressenden Insekten zur Benutzung hormomimetischer Substanzen gekommen sind — ein
bisher nicht erwartetes Verfahren.
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INHERITED A N D/OR CONDITIONED CHANGES IN
HOST-PLANT PREFERENCE IN PIERIS
BY

WILLIAM HOVANITZ»
1160 W. Orange Grove Ave, Arcadia, California 91006, U.S.A.
The ability to survive of a phytophagous insect, as illustrated by the genus Pieris, is a
quantitative phenomenon, not an all or none reaction. This has been shown by various tests
involving Pieris rapae and P.protodice on each of six different larval food plants. There are
significant genetic differences between these species with regard to survival, growth rate and
size differences. Strains of P. rapae have been induced to prefer one or another host-plant by
prior conditioning on that plant. Prior conditioning is effective during the life of the larva
(1st to 5th instars), or the individual (larva to adult) or subsequent generations. Hybridization
between conditioned strains gives (1) the effect of "hybrid vigor" and (2) "milltiple factor"
differentiation of Fi and F2 progeny. Testing of "conditioned" strains indicates that the larvae
select not only different plants but also different concentrations of mustard oil. The F i larvae
select a concentration intermediate between parental strains. The F2 select a wider range.
Similar tests on oviposition selection by adult females derived from conditioned strains indicate
that the females follow the larval conditioning pattern, with similar results on inheritance.
Conditioned strains have been shown to be alterable; that is, a strain conditioned to one plant
can be reconditioned to another and vice versa. The process is constantly reversable as long
as there are individuals which survive the changes.

The studies which are to be reported on here have been prompted by the
author's interest in the relationship between host-plant "specificity" in various
lepidopteran species or races, and the origin and maintenance of phylogenetic
groups in those insects. Studies on Colias,Pierisand Euphydryas have indicated
that a significant "isolation mechanism" leading to differentiation of genetically
distinct populations may be found in the host-plant-larval relationship.
The significance of the close relationship between the insect and host-plant has
at times been overemphasized. As a common opinion, itisfrequently assumed that
many insects are restricted entirely to a single host-plant and that death will ensue
without it. This conclusion is based upon field observations which nearly always
show a particular species in close union with a particular plant. More detailed
studieswill often showgeographical changes in these relationships,orin"mistakes"
of the adult females inplacing the eggs.Insufficient information hasbeen available,
however, to indicate whether or not these "mistakes" are real, or intentional.
The primary purpose of a host-plant is to provide the bulk of the nutrition to
1
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the growing larva. To this extent, probably most any plant will do. The close
relationship between any particular insect and any particular plant is probably
connected with accessory substances which at the same time may act as deterrents,
or poisons, to those insects not genetically endowed with the physiological means
for protection, and as attractants, or stimulants, to thoseinsects which are endowed
with the proper genetic mechanisms.
Utilizingvarious species of thegenusPieris astheinsects and various cruciferous
plants asthehosts, experiments were carried out byDr. Vincent Chang and myself
(1962—65) to test the effect of various host-plants on survival, growth rate and
selectivity by larva and adults, including the effects of genetic selection of specific
strains. These experiments were carried further by utilizing various mustard oils
(and their glucosides) in place of the plants.
Seven series of tests on Pieris rapae larvae on various food plants (Hovanitz &
Chang, 1962a)*)have indicated several significant points:
Larvae from strains grown previously on cabbage or kale have alower mortality
rate, have a faster development rate, and a greater size when grown on kale than
when grown on any other plant tested. When similar larvae are grown on mustard,
these factors are decreased slightly. The order of decrease for plants other than
these two is in the order approximately as follows: Nasturtium, Cleome, radish,
Isomeris, and T. affine. Plants of the cabbage group: kohlrabi, broccoli and
brussels sprouts, are about the same as cabbage or kale. Turnip is about the same
as radish.
Higher mortality in the tests is generally correlated with a slower development
rate, a delayed time to pupation and smaller size of the larva and pupa. There are
some exceptions to this rule; for example, the final size of the larva may be as
great when the growth rate was slow on one plant as when it was fast on another.
This has been indicated, however, only for plants of the cabbage group.
Mortality rates in the various test series have been variable. These variations in
mortality havebeen thought not only to be due to the genetic effects of inbreeding
but also partly to the changed environmental conditions encountered while the
tests were conducted, such as lower temperatures, etc. of the changing seasons.
Lower temperatures slow the developing rate, and increase the relative humidity.
Increased humidity permits the larvae to be attacked by bacterial or viral diseases
to a much greater degree.
Three series of tests on Pierisprotodicehave indicated:
Larvae from strains obtained from mustard or Cleomepopulations had equally
good survival value on mustard plants. The following plants gave decreasing
survival value to the larvae: (1) kale, radish, Isomerisand nasturtium. (2)Cleome,
nasturtium,Isomeris,(3) Cleone, Isomeris.
The tests have indicated some significant information regarding the effect of
various food plants on survival in two species of Pieris.The ability to survive on
*) See list of scientific names of plants at the end of this paper.
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different food plants isnot an all or none relationship, but rather is a relationship
based upon relative ability to survive. In the most extreme case, alllarvae may die
rather than eat a completely unacceptable plant. On the other hand, plants may be
placed in an order of desirability with regard to the ability of larvae to survive, or
to grow satisfactorily, on plants which they may accept at least reluctantly.
The tests are based upon using three criteria to indicate the desirability of a
plant to thelarvae.The first of these is the ability to survive, or the reverse which
is the mortality, expressed as a percentage of the total larvae which died during
the experiment. The second criterion is the daily size increment during the life of
the larva. This actually tests two factors: (1) the physiological usefulness of the
food to the larvae and (2) the total amount of food eaten and utilized, which may
be a direct result of the stimulatory activity of the plant toward the larvae. The
third criterion is the range in variation of larval growth. The significance of this
criterion is in more doubt than the other two, but the range indicated would in
some degree show the genetic variability present in the larval population toward
physiological adaptation to the particular plant.
The results just described show that some plants are much more suitable for
larval food to certain larvae than are other plants. The reasons for this greater
suitability arenot made clear. In those caseswherehigher mortality, slower growth
rate, size increments and final size are correlated, the cause of the poor growth
could be lack of nutriment in the plant, or lack of larval ingestion of the plant.
In other cases where larval mortality may be high, as with the broccoli, kohlrabi
and brussels sprouts tests, but growth rate rapid and sizelarge, there are probably
two factors involved. The rapid increase in size could be due to a high attraction
to a very nutritious plant, but secondary conditions surrounding the plant may be
conducive to a higher mortality, namely, high water content in the plant itself, or
high humidity surrounding the plant which would increase the susceptibility of the
larvaetovirus andbacterial infections.
Toughness of leaves of aplant cannot be ruled out as a factor involved in larval
speed of growth. Some leaves are too tough for the larvae to feed upon easily.
Leaves of the same plant vary in this regard; succulent leaves at the shoot apex
are usually much more desirable than older, mature leaves. This may be caused
bytoughness,or itmaybecausedby thegreater perception of attractive substances
permeating from younger leaves.At any rate, the relative uniformity of the tests in
the different series isgood evidence for the conclusion that this factor hasnot been
of major significance.
The greater ability of Pieris rapaeas compared with Vieris protodice to survive
on a variety of common cruciferous plants is interesting in view of the fact that
both succeed well on black mustard. Pieris rapae survives better on kale over
mustard and P.protodicesurvives better on mustard over kale. However, on most
other cruciferous plants tested,therewas awidedisparitybetween theirpreferences.
The selections made by the strains of larvae shown by these experiments complement perfectly the known differences in geographical and ecological distribution
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of the two species concerned, and indicates that there is little natural competition
between the species for food plants. This shows also why Pierisrapaeis always
associated with European cruciferous plants, weeds or truck'crops, whilePieris
protodiceis generally associated with other cruciferous plants.
Further tests were made to indicate somefactors of importance in larval choice
of food plants (Hovanitz & Chang, 1962b). Of the factors which were thought
most important, thefollowing were selected for trial:
(1) Influence of directionof airmovement ("wind").
(2) Influence of age(size)oflarvae.
(3) Influence offood previously eatenbylarvae,orstrain oflarvae.
The evidence indicates (1) that larvae of Pierisrapaeare capable of detecting
their preferred food plant from a distance of at least 120mm under the conditions
of these experiments, (2) that the direction of wind movement is very important
to detection of food plant, presumably through odor, (3) that the older and larger
larvae are much better at selecting the preferred food plant at least at a distance
and (4) that the influence of food previously eaten by the larvae, or the strain of
thelarvae,directly influences their choice of food in the direction of the previously
eaten food.
Subsequent experiments were performed to test the effects above indicated on
hybridized strains, as an indication of thegenetic stabilization of the strains (Hovanitz &Chang, 1963a). Crosses were made between strains bred for many generations onkale and mustard. The effect of hybridization between these host-selection
strains has been to speed up development, to bring about increased sizes to the
larvae, and to reduce mortality. These effects are probably due to the genetic
effects of "hybrid vigor," in which the deleterious effects of inbreeding within the
host-selected strains have been reduced by outcrossing. These effects are greater
for the kale-strain than for the mustard-strain. This would tend to confirm our
previous findings that kale ispreferred as a food overmustard, even when mustard
is utilized as the food for many generations. The increased viability, increased
growth rate and increased size of the larvae are greatest when the hybrid larvae
are grown on the plant corresponding to the strain of the mother, rather than the
father. For example, the F x hybrids where the mother was of the kale-strain grow
larger and pupate sooner onkale than onmustard. Likewise,the F1 hybrids where
the mother was of the mustard-strain grow larger but not faster on mustard than
onkale.
The effect of continued feeding of larvae for many generations on mustard and
kale, then crossing the parental strains to get the F x and F 2 generations was then
tested (Hovanitz & Chang, 1963b). Two food plant strains were developed by
selection, one onkale (Brassica oleracea) and another on mustard (Brassica nigra).
When tested, each of these strains showed a much greater preference for their
accustomed food plant than for any other tested. Those tested were mustard, kale,
nasturtium, Isomeris and Cleome. When these two strains are crossed, the F±
hybrids showed a preferential selection most like the mustard parent strain. This
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indicates that the gene(s) for mustard is dominant over that for kale. There is also
indicated a slight increase in selection of the other plants tested. The F 2 of this
cross showed results similar to the F 1} namely a selection in favor of mustard
rather than kale whether or not the female parent had originally come from the
mustard or the kale-strain. Thus, maternal inheritance is not indicated here even
though maternal effects were indicated on growth rate and mortality data in a
previous paper. As had been indicated, feeding the larva even a short time on
one particular food plant may influence it to have a preferential selection for that
plant.In theF 2 thereisindicated a strongly increased preferential selection toward
nasturtium which was not selected in any previous strain. This increase is also
indicated slightly toward Isomerisand Cleome.No reason is advanced for these
results.
Similar tests were conducted using various dilutions of black mustard oilinstead
of plants (Hovanitz & Chang, 1963c). The data indicated show that the strains
which have been selected for particular food plant preferences over a period of
several generations, and which when tested prefer the food plant upon which they
have fed, also differ in their selection (preference) for various concentrations of
mustard oil (allyl isothiocyanate), Kale, 10-8 and mustard, 106. ^That these
differences are genetic is apparent not only from the preceding data on food plant
preferences but also in the data on mustard oil preferences introduced. Crossing
of the two strains discussed here gives an F x which has a selection exactly intermediate between the two parental strains, 10- 7 . The results are similar whether
the kale-strain contributes the maternal parent or whether the mustard-strain
contributes the maternal parent. There is, however, a greater selection of the
higher concentrations in the strain fed on mustard than the onefed on kale.
The F 2 from these strains is similar to the Fx except for the wider dispersion
of the selections.
In the testing of these strains for food plant preferences, it was found that the
larvae developed a preference for nasturtium in the F x and F 2 . No reason can be
deduced for this strange event based upon the present results unless it be that
nasturtium emits at a concentration of mustard oil of the same attractive power as
10" 7 allyl isothiocyanate or some other mustard oil of attractive significance. The
odor of nasturtium does not seem to the human to be the same as that of allyl
isothiocyanate. However, it is possible that to the human, the odor of some other
substance masks the odor of the attractive mustard oil, but that this odor does not
do soin the larvae which are able to detect it.
Tests of ovipositional selectionby female Pieris rapae were also made (Hovanitz
& Chang, 1964). These results of ovipositional experiments illustrate the same
events as have been shown previously for larvalselections of food plants, namely
that previous exposure to a plant is correlated with the selection of that plant by
the particular insect. This increase of selection occurs not only in the first generation of exposure, but also after subsequent generations of exposure. It is easier to
change the selection of Pieris toward kale than it is toward Isomerisor nasturtium.
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This is true both with respect to the speed with which the change is made as well
as in the extent to which the change occurs.
The heredity of the food plant selections has been tested by both F x and F 2
crosses. The results indicate that the Ft selections are intermediate between the
parental selections and that the F 2 is also, but the latter tends to match the food
plant on which the F 2 larvae are fed. An unknown cause accounts for a heavy
increase in selection of nasturtium in the F x which is not so apparent in the F 2 .
The gene or genes for the food plant specificities is clearly carried both by the
males aswellasby thefemales and thereisno sign of maternal inheritance, except
a pseudo-maternal effect which isprobably imposed upon the progeny by the food
directly eaten by them.
Experiments werefurther carried out in which the strains used were deliberately
confused as to preference (by hybridization or changing food plants), or by selection for many generations on a different plant (Hovanitz &Chang, 1965).
Four strains of Vierisrapaewere altered in their food plant preferences by "conditioning" or "induction." The results indicate that if the larvae are induced to
prefer a particular plant, their adult also prefer that plant for oviposition; this is
passed on to the next generation and to all subsequent generations until the trait
is again induced to change. It is clear that food plant selections are inherited and
that they may be altered first in one direction by change of food plant and then
in the other direction. Plants which are not normally desirable (such asIsomeris
for P.rapae) can become at least apotential food plant, even if not greatly desired.
In natural populations, the net result is that populations of a species become
local biological races with a labile restriction to their particular food plant.
With regard to isolating mechanisms for the origin of races, it is clear that this
is a mechanism leading to local population isolation, even without total exclusion
from more than one host-plant. Adults ovipositing on the same plant that their
larvae fed upon perpetuate the relationship generation after generation. Concentration, or clumping, distributions of host-plant would -ensure that males and
females from the sameplantwouldpropagate thestrain.There is alsothepossibility
that male-female selectionsmay beaided by odors derived originallyfrom thehostplant
ZUSAMMENFASSUNG

VERERBTE UND/ODER ERWORBENE VERÄNDERUNGEN
WIRTSPFLANZENWAHL
VON PIERIS

BEI DER

Wie an der Gattung Pieris gezeigt wird, ist die Fähigkeit eines phytophagen Insekts, zu
überleben, ein quantitatives Phänomen, keine Alles-oder-Nichts-Reaktion. Dies hat sich bei
verschiedenen Untersuchungen mit Pieris rapaeund P. protodice an jeder von 6 verschiedenen
Larven-Futterpflanzen gezeigt. Im Hinblick auf Überlebensdauer, Wachstumsrate und Größenunterschiede bestehen zwischen diesen Arten signifikante genetische Unterschiede. Stämme
von P. rapae können durch vorangehende Gewöhnung (conditioning) an eine oder die andere
Wirtspflanze zur Bevorzugung der betreffenden Fraßpflanze gebracht werden. Anpassung
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durch vorangehende Gewöhnung ist während des Larvenlebens (vom 1. bis 5. Stadium) oder
während der einzelnen Entwicklung (Larve bis Imago) oder während aufeinanderfolgender
Generationen wirksam. Kreuzungen zwischen so „angepaßten" Stämmen ergaben 1. den Effekt
der „Hybridsteigerung" und 2. die „Vielfach-Faktoren"-Trennung in der Fi- und F2-Nachkommenschaft. Prüfung der ..angepaßten" Stämme zeigten, daß die Larven nicht nur verschiedene Pflanzen, sondern auch verschiedene Konzentrationen von Senföl wählen. Die F-,Larven wählen eine Konzentration, die intermediär zu den von den Ausgangsstämmen bevorzugten liegt. Die F 2 wählt einen weiteren Bereich. Entsprechende Untersuchungen über die
Wahl der Eiablage-Pflanzen durch reife Weibchen aus „angepaßten" Stämmen erwiesen, daß
die Weibchen den larvalen Gewöhnungsmustern folgen, mit entsprechenden Konsequenzen
für die Vererbung. Es ließ sich zeigen, daß „angepaßte" Stämme abgeändert werden können,
d.h. daß ein an eine Wirtspflanzenart gewöhnter Stamm auf eine andere umgestimmt werden
kann und umgekehrt. Dieser Vorgang ist konstant umkehrbar, solange nur einzelne Individuen
die Veränderungen überleben.

LIST OF PLANT NAMES

Brassica nigra —-black mustard
Brassica oleracea var. acephala — kale
Brassica oleracea var. botrytis f. cymosa —•broccoli
Brassica oleracea var. capitata — cabbage
Brassica oleracea var. gemmifera — brussels sprouts
Brassica oleracea var. gongylodes — kohlrabi
Brassica rapa var. rapifera — turnip
Cleome lutea — cleome — primary food plant for P.protodice in California
Isomeris arborea — Isomeris — bladder pod
Raphanus satirus — radish
Thelypodium affine — T. affine — native cruciferous desert plant
Tropaeolum majus — (garden) nasturtium

/
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INTERACTION OF PLANT PHENOLS A N D SALIVARY
PHENOLASES I N THE RELATIONSHIP BETWEEN PLANTS
A N D HEMIPTERA
BY

P. W. MILES
Waite Agricultural Research Institute, University of Adelaide, South Australia
Most sucking bugs secrete a salivary phenolase, at least some together with a diphenolic substrate. No function for this system has yet been demonstrated, but phytopathological fungi also
secrete phenolases, and there is evidence that attacks both by sedentary insects and by fungi
stimulate a defence mechanism in plants based on the oxidation of phenols to quinones.
Details of the interaction are uncertain, but it seems possible that some of the toxic reactions
of plants to the feeding of sucking insects are similar biochemically to the toxic or hypersensitive reactions of plants to invading fungi.
Insect galls are classically associated with "tannins", and phenols have been implicated
particularly in the resistance of plants to cecidogenic insects such as the grape phylloxera and
the woolly aphis. It is suggested that the production of quinones by the oxidation of phenols
was evolved by plants as a non-specific mechanism that resists invading organisms, and that
the further oxidation of the quinones to non-toxic polymers is a means by which some
invading organisms have overcome this resistance. Stimulation of the growth of some of the
plant's cells as a by-product of the interaction is biochemically possible and is suggested as
an explanation of how cecidogenesis by insects has evolved.

The salivary glands of phytophagous Hemiptera secrete a polyphenol oxidase
(PPO). Discharge of PPO in the saliva of several species has been demonstrated,
and some at least also secrete a diphenolic substrate for -the enzyme. So far, no
function has been demonstrated for this "phenol-phenolase" system, and the
present paper suggests that the system evolved as a counter to the presence of
defensive toxins •—•very probably themselves phenolic — in the insects' food.
Phenolic compounds are also concerned in the regulation of the growth of plants,
and the presence of phenol-phenolase in the saliva of plant bugs could thus have
providedthemwith a potential for interferingwith the growthoftissuessurrounding
feeding punctures. Such a potential is proposed as a basis for the evolution of
cecidogenesis by some species of Hemiptera. Most of the literature on which this
paper is based has been reviewed by Miles (1968).
Typesof feedingbyphytophagous Hemiptera
There are basically two types of feeding process employed by plant bugs. The
feeding of the larger mirids (capsids) is possibly the more primitive. The insects,
after penetrating the surface of the plant with their stylets, work them to and fro
until a number of cells has been lacerated, and the insect then flushes out the
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contents of the cellswith a more or less copiousflowof saliva. A characteristic of
this "lacerate-and-flush" type of feeding, when it occurs on growing plant tissues,
is that the cells surrounding the initial lesion may degenerate after the insect has
stopped feeding, as though some toxic secretion had been left behind; and the
lesion may spread without further activity on the part of the insect.
A second type of feeding is used by Hemiptera that secrete a "stylet sheath".
When such an insect feeds on stems or leaves, it secretes a viscous material that
gels as soon asitissuesfrom the stylets,building up a sheath that accompanies the
stylet-bundle wherever it goes. Such feeding, in contrast to the lacerate-and-flush
type, causes a minimum of immediate mechanical damage to the tissues of the
plant. The insect taps individual cells or vessels beneath the surface of the plant,
and not enough cells are ruptured to cause a significant lesion. Secondly, single
periods of feeding by individual bugs tend to cause little physiological change in
cells adjacent to the stylet sheath. Such changes as do occur tend to hypertrophy
rather than necrosis; and, when stylet sheath feeders cause significant necrosis, it
isusually as a result of continual feeding over alongperiod by sedentary, colonial
forms.
Some Hemiptera can employ either type of feeding, according to circumstance.
This is especially so among the seed-feeding Lygaeidae. The American milkweed
bug, Oncopeltus fasciatus (Dallas), when feeding on stems or leaves, invariably
makes a complete sheath; but, when feeding on a milkweed seed, Oncopeltus
secretes an abbreviated stylet sheath that extends only a short way below the testa,
and the insectthen pulps the interior of the seedby the action of stylets and saliva.
After about 20min, the entirecontents of the seed canbe expressed as a thin juice
through thefeeding puncture, and it isthis fluid that theinsectfinally ingests.
The material of which the stylet sheath is composed originates in the salivary
glands, but all the insects that secrete sheath material can secrete another, nongelling, watery saliva. The watery saliva is the vehicle for hydrolytic enzymes
secreted by the salivary glands and can readily be distinguished from the sheath
material,not only because it always remains liquid,but becauseofaclear difference
in the pH of the two secretions. The sheath material is slightly acid, whereas the
watery saliva is alkaline, with a pH up to nine according to some authors.
Systematic relations
All Homoptera appear to be phytophagous, secrete a stylet sheath, and feed
only by the stylet-sheath method. Among the Heteroptera, the Pentatomorpha
produce a stylet sheath whether phytophagous or carnivorous. Those that feed on
fresh leaves or stems, do so by the stylet sheath method; but some also feed on
seeds, and then produce only a superficial sheath andfeed by the lacerate-and-flush
method. In the Cimicomorpha, no sheath is produced, even by phytophagous
forms, which all feed by the lacerate-and-flush method, although when the insects
are very small, only one or two parenchymatous cells immediately below the
epidermis may provide sufficient contents for one period of feeding.
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Exposure of plant cells to saliva
In the lacerate-and-flush method of feeding, living cells surrounding the initial
lesion will be subject to the influence of any saliva left behind. Iii the stylet-sheath
type of feeding, on the other hand, cells surrounding the stylet sheath are to some
extent protected by it from salivary action. Nevertheless, the sheath material is
first ejected as a liquid, and any soluble components will diffuse from it as it gels.
Moreover, the sheath building process is probably discontinuous. In aphids it has
been shown that every so often the insect ejects a minute amount of another
secretion — presumably watery saliva — and sucks back liquid immediately after
(McLean & Kinsey, 1965; 1967). It may be concluded, therefore, that, when any
sucking bug feeds on a growing plant, all the cells immediately surrounding those
actually pierced will be to some extent subject to the influence of all the components that can be found in any of the salivary secretions.
Biochemical components of the saliva
Among the Heteroptera, the salivary glands are relatively simple anatomically
and sac-like, and the secretions can be analysed uncontaminated by other contents
of the secretory cells. The following account of the secretion of saliva by Hemiptera
refers specifically to the Pentatomidae, although parallel circumstances may be
assumed in other Hemiptera. In most Hemiptera, there is a main gland which is
the source of the hydrolytic enzymes in the saliva and of the precursors of the
stylet sheath; and, in addition, there is a tubular accessory gland that provides the
bulk of any copious flushes of salivary secretion that might occur.
In the Pentatomidae, there is a clear division of function between an anterior
lobe and posterior lobe of the main salivary gland. The anterior lobe contains the
proteinaceous precursors of the sheath material. The precursors gel very readily;
while still liquid, they contain many free sulphydryl groups, some of which disappear as the material gels; and there are still less in the stylet sheath actually
secreted by the insect. The stylet sheath is resistant to those reagents that dissolve
proteins by dissolving salt linkages or hydrogen bonds, but it dissolves in reagents
that reduce disulphide bonds: It is thus a keratinized structure. The sheath and its
precursor can also be shown to contain about 10% lipid, which is almost certainly
phospholipid.
The anterior lobe contains soluble substances that diffuse from the sheath
material as it gels. These include free amino acids, among which has been found
the diphenolic amino acid dihydroxyphenylalanine (DOPA). Other soluble contents
of the main gland will be discussed below.
The posterior lobe contains the hydrolytic enzymes produced by the glands.
The following generalizations can be made about such digestive enzymes in the
saliva of all the phytophagous Hemiptera including the Homoptera: Those that
make an intercellular stylet path mostly secrete a pectin-hydrolyzing enzyme;
otherwise, plant bugs that feed exclusively on phloem or xylem sap secrete enzymes
that hydrolyze sugars and probably no others; those that feed on parenchyma or
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seeds, may have in addition proteinase and lipase, and possibly other enzymes.
The lobes of the main gland in the Heteroptera contain large quantities of free
amino acids, probably in direct relation to the composition of the haemolymph.
Any soluble compounds found in the haemolymph and of relatively low molecular
weight,be they amino acids,sugars,orothercompounds,including non-metabolites,
can also be demonstrated to occur in the saliva by the use of radioactive tracers1).
The composition of the haemolymph of insects is known to vary with a numberof
factors: Diet, the growth and moulting cycle, and even time of day; and it can be
assumed that salivary composition will vary accordingly. The respects with which
the saliva of Hemiptera will be entirely characteristic will be its content of substances specifically sequestered or elaborated by the cells of the salivary glands,
and these willbe its enzymes, the sulphydryl compounds such as free cysteinewith
which the sheath material is secreted, and most probably a dihydroxy derivative
of the amino acid phenylalanine.
Saliva collected from the insects directly by manipulation of the stylets appears
to be considerably more dilute than any of the contents of the main salivary gland,
probably due to the activity of the accessory gland, which may be assumed to act
as an ion pump, causing a flow of water in consequence. Initially, an ion pump
normallyproduces analkaline solution containing inorganic cations, and the finding
that the contents of the main lobes are never as alkaline as the ejected watery
saliva, provides indirect corroboration for the diluting function of the accessory
gland.
The accessory gland is a rich source of cytochrome oxidase, consistent with its
function as anionpump;but, intheHeteroptera, thispart of the salivary apparatus
isalsothe sourceof another oxidizingenzyme, aphenolase that specifically oxidizes
dihydroxyphenols such as catechol and DOPA. It thus belongs to the class of
enzymes known as polyphenol oxidases. This enzyme, or traces of it, can be
found in both watery saliva and sheath material, and the easiest way of demonstrating PPO in the saliva of e.g. the small Homoptera, is to incubate the freshly
secreted sheath material in a solution of DOPA at a pH above 7.4. The sheath
material will then rapidly become melanized.
In summary, the soluble materials that can be expected to occur in the salivary
glands of phytophagous Hemiptera are (1) hydrolytic enzymes; (2) free amino
acids and other solublemetabolites that occur in the haemolymph; (3) free cysteine
or some other soluble sulphydryl compound; (4) DOPA or some other diphenol;
and (5) a PPO2).In addition, the watery salivawill be alkaline. Radiotracer studies
have established that soluble components of the saliva diffuse for some distance
into the cells surrounding feeding punctures (Kloft, 1960).
*) Since preparation of M.S., the appearance of foreign proteins has been demonstrated in
the saliva of a pentatomid after their injection into the haemolymph.
2
) Active concentrations of peroxidase in addition to PPO have now been found in the saliva
of aphids and a lygaeid.
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Physiological potential of phenol-phenolase systems
The action of a PPO is based on the reaction:
PPO
Y2 0 2 + DlPHENOL<

"^QUINONE + H 2 0
(QR)

In plants especially, there may be a dynamic equilibrium between the action of a
PPO and a quinone reductase (QR). Quinones are vigorously reactive. They form
substitution products with sulphydryl, amino and imino groups, and such reactions
are the basis of the quinone-tanning of proteins.
Quinones can also be considered as non-specific oxidizing agents due to the
reaction:
20H2H 2 0+2eDIPHENOL<

>QUINONE

in which the quinone may act as an acceptor of electrons from compounds with
which the quinone does not apparently react directly. In the continued presence
of PPO, phenols and quinones tend to polymerize and form compounds such as
melanins. Thus a characteristic of PPO-activity is that, in the presence of excess
enzyme, the final products are likely to be insoluble and therefore biologically
inactive, even though the intermediates may be highly reactive and therefore toxic.
Moreover, the formation of melanin is particularly rapid at the alkaline pH of the
watery saliva.
In combination with other compounds such as glycosides, phenols in plants are
intimately concerned with suchfactors asdormancy and the breaking of dormancy,
and in the activation and inhibition of growth-controlling enzymes. Diphenols and
quinones inhibit indoleacetic acid oxidase, the enzyme that prevents the accumulation of excess indoleacetic acid (IAA) in plant cells. At the same time, if free
tryptophan ispresent (asitisin thehaemolymph and hence saliva of plant bugs),a
phenol-phenolase system is also able to produce IAA, especially at the alkaline
pH of the watery saliva. Such a reaction could well be the origin of the IAA that
has been demonstrated (Schäller, 1965) in the saliva of aphids, although the
functional significance of the phenomenon is still a matter for debate.
In summarizing the physiological potential of a phenol-phenolase system, the
following classes of reaction are of interest in the present context: (1) the nonspecific oxidizing action of quinones, (2) the tanning of proteins and the polymerization of phenols and quinones to form insoluble, inactive compounds, and
(3) the production of intermediate compounds that, although toxic, can, in low
concentration, influence the growth-controlling processes of plant tissues.
SalivaryPPO as a detoxifying mechanism
In insects, the secretion of PPO and substrate is typically associated with the
production of tanned protein, and thepossibility that thestylet sheath of plantbugs
might require phenolic tanning to make it gel rapidly has been investigated. The
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accessory salivary glands in the large American milkweed bug were isolated surgically with the result that the survivors of the operation lost all detectable trace of
PPO from their saliva for a week or more. But the operation had no apparent
effect on the feeding of the insects, and they appeared to secrete a stylet sheath
with the same facility as before (Miles, 1967).
Another possibility is that the salivary phenol-phenolase system has a direct
effect on compounds present in the food plant. When plant tissues are damaged,
the cells react by increasing their concentration of both phenolic compounds and
PPO. It is therefore both remarkable and surely more than mere coincidence that
two very different types of organism, the phytopathological fungi and the phytophagous Hemiptera, both of which, in a sense, obtain their food by invading plant
tissues, both discharge a PPO of their own.
It is believed that the liberation of phenols and PPO in the wounded cells of
plants results in a relatively high and therefore toxic concentration of quinones.
Such cells are probably destined to die, and will eventually be sealed off as a result
of the tanning and polymerizing action of the phenol-phenolase system;but, in the
meantime, the presence of the toxic intermediates will tend to combat any pathogenic organisms that are present. The organisms could, conceivably^ counter the
plant's defensive mechanism in two ways. They could attempt to reverse the
production of quinones by reducing them, e.g. by an enzyme such as a quinone
reductase. So far, however, this type of counter has not been identified: Perhaps
it would be ineffective because unable to prevent the build up of phenolic substrates in the damaged plant cells, and phenols are themselves toxic if in high
enough concentration. Alternatively, the attacking organism could speed up the
process of oxidation of phenolics to non-toxic end products. In order to do this,
more PPO and perhaps a particularly reactive substrate might serve the purpose.
This hypothesis has been put forward previously to account for the secretion of
PPO by phytopathological fungi (Suzuki, 1965), and it would seem reasonable to
consider its application to the secretion of PPO by plant bugs in parallel circumstances.
Evolutionof the salivary phenolase: itsrelevance to gall formation
Any hypothesis that seeks to explain the origin of a phenol-phenolase system in
the saliva of plant bugs must also take into consideration the presence of salivary
PPO in some of the carnivorous bugs. It might, however, be considered as a nonspecific detoxifying mechanism that would combat not only toxic phenols but any
other compounds capable of being oxidized; and Hemiptera that prey on other
insects could well be subject to the effect of defensive secretions liberated from
glands by general lysis within the body of the prey.
Many toxic compounds owe their toxicity to their reactivity, i.e. their free
energy. Arelease of that energy in an exothermic reaction such as oxidation would
therefore be likely a priorito provide a less toxic compound. Although a salivary
phenol-phenolase system could itself be expected to produce toxic compounds, the
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Hemiptera are specialized in a way that enables them to take advantage of extraintestinal reactions of their saliva: They would not be subject to the danger of
ingestion of toxic quinones, provided the insects secreted sufficient PPO, and all
phenolic compounds in either substrate or saliva were safely polymerized or otherwisereacted toform non-toxic endproducts before ingestion took place. Moreover,
the alkaline pH of the watery saliva is suited to such reactions.
During the feeding of plant bugs equiped with such a detoxifying system, some
of the intermediate products of the phenol-phenolase reactions could diffuse away
from the immediate site of feeding into some of thesurrounding cells of the plant.
Thediffusion of salivary secretionsinto plant tissues has been demonstrated (Kloft,
1960) and it is well-established that phenolic compounds are physiologically active
in plants. In a gradient of concentrations of phenolic compounds surrounding the
feeding site of a plant bug, the possibility therefore arises that a zone of stimulated
growth could occur beyond any zone of necrosis. Stimulation of the growth of
those plants — or those parts of the plant — on which the insects normally feed
would have an adaptive value even for mobile insects;besides providing sedentary
species with a potential for inducing the growth of nutritive or protective galls.
While it is possible to invent a rôle, such as that outlined above, for the salivary
phenol-phenolase of Hemiptera, if, instead, one seeks a likely explanation for the
reactions of plants to the feeding of Hemiptera, it must be admitted that the
evidence implicating the salivary phenol-phenolase, whether in resistance or gallformation, is circumstantial and controversial. The evidence that the salivary PPO
is a counter to the defensive products of plants is nevertheless probably as good
as the evidence for such a rôle for the phenolase of phytopathological fungi.
It has been claimed that varieties of grape vine resistant to attack by the grape
phylloxera have either higher titres of phenolics orlower onesof quinone reductase
(Henke, 1963).Varieties of apple resistant to the woolly aphis tend to have larger
amounts of phenolic compounds in their shoots and roots; although an even closer
relationship can be shown to exist between the suitability .of different tissues of
apple plants on the one hand, and the ratio of amino compounds to phenolics on
the other. Amino content alone does not correlate well with suitability, but when
both classes of compound are taken into account, it becomes possible to predict
the ability of the insects to survive and reproduce on different tissues from any
variety (Sen Gupta &Miles, in litt.).
No direct evidence exists at present for the implication of salivary phenols in
gall formation. Woolly aphis feeding on dormant buds of apple tend to break the
dormancy (Sen Gupta, in litt.), and it is known that phenolic compounds are
involved in this type of phenomenon. Nevertheless, the most that can be said of
the causation of galls by sucking insects is that galls can be imitated by the
application of auxins1, and phenols are known to be involved in the natural control
*) For an elegant demonstration of the rôle of IAA and amino acids in the formation of
phylloxera galls, see SCHÄLLER, G. (1968). Untersuchungen zur Erzeugung künstlicher Pflanzengallen. Marcellia, 35 : 131—153.
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of auxin concentration. The ability of PPO to mediate the production of IAA from
tryptophan and to block the action of IAA-oxidase has been mentioned at the
foregoing page.
Despite a dearth of present evidence, certain predictions follow from the hypothesis that the salivary phenol-phenolase of Hemiptera is involved in detoxification
and gall-formation.
(1) Assuming thatHemipterapossessonly theone,non-specificdetoxifying mechanism, if it is found that there are physiological races of a species of plant bug
that can overcome a toxin-based resistance in some varieties of its food plant,
then the toxins involved (whether phenolic or not) should prove readily detoxifiable by a PPO-mediated reaction. (On the other hand, if the species
possessed more than one detoxifying mechanism for a single toxin, or parallel
and independent toxin-detoxicant systems were involved, the value of this and
the following prediction could be seriously impaired.)
(2) The ability of races of a speciesof plantbugto overcome toxin-based resistance
should in some way be correlated with the effectiveness of the salivary phenolphenolase.
(3) Where it is possible to remove or counteract the salivary PPO of a plant bug
experimentally, such an individual should become more susceptible to naturally
occurring toxins either in plants or added to artificial diets;
(4) Such individuals should also show a reduced ability to induce hypertrophy of
plant cells adjacent to feeding punctures in suitable test plants.
All these predictions should be testable, although they involve technical difficulties, and the pertinent species of insect may not be universally available.
ZUSAMMENFASSUNG

WECHSELWIRKUNG VON PFLANZLICHEN PHENOLEN UND
SPEICHELPHENOLASEN IN DEN BEZIEHUNGEN ZWISCHEN
INSEKT UND PFLANZE
Die meisten pflanzensaftsaugenden Wanzen scheiden im Speichel eine Phenolase ab, zumindest einige bei einem diphenolischen Substrat. Bisher konnte keine Funktion dieses Systems
nachgewiesen werden; jedoch scheiden phytopathogene Pilze ebenfalls Phenolasen ab, und es
besteht die Wahrscheinlichkeit, daß Angriffe sowohl von sessilen Insekten wie von Pilzen in
den Pflanzen einen Abwehrmechanismus auslösen, der auf der Oxydation von Phenolen zu
Chinonen beruht. Einzelheiten der Wechselwirkung sind unsicher, aber es scheint möglich,
daß einige der toxischen Reaktionen der Pflanzen gegenüber beißenden oder saugenden
Insekten biochemisch den toxischen oder Überempfindlichkeits-Reäktionen der Pflanzen gegenüber eindringenden Pilzen ähneln.
Insektengallen sind gekennzeichnet durch ihre Verbindung mit "Tanninen", und Phenole
sind besonders mit der Resistenz von Pflanzen gegenüber cecidogenen Insekten, wie der
Reblaus und der Blutlaus, in Beziehung gebracht worden. Es wird vermutet, daß die Produktion von Chinonen durch die Oxydation von Phenolen von den Pflanzen als ein unspezifischer
Mechanismus entwickelt worden ist, der dem eindringenden Fremd-Organismus Widerstand
leistet, und daß die weitere Oxydation der Chinone zu nicht-toxischen Polymeren ein Mittel
ist, durch das einige eindringende Organismen diese Resistenz überwunden haben. Wachstums-
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anregung für einige der Pflanzenzellen als Nebenprodukt dieser Wechselwirkung ist biochemisch möglich und wird als Erklärung dafür vermutet, wie sich Gallenbildung durch
Insekten entwickelt hat.
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EFFECTS OF GALL MIDGE INFESTATION ON PLANT
GROWTH A N D GROWTH REGULATING SUBSTANCES
BY

F. L. DIELEMAN
Department of Entomology, Agricultural University, Wageningen, Netherlands
The biological association between plant and gall-inducing insects can be characterized by
growth and developmental abnormalities of the plant tissues caused by the feeding activities
of the insects. The relationship between Wachtliella persicariae L. (Diptera: Cecidomyiidae)
and Polygonum amphibium L. has been studied.
The gall-making larvae settle only on the undifferentiated parts of the leaf and prevent
the normal unfolding of the lamina; and there is a close developmental synchronization
between the two organisms.
The essential reaction of the leaf tissue to the continuous feeding activity of the larvae
is primarily a disturbance of the normal development, characterized by an imbalance in
growth-regulating substances. Bioassays showed greater amounts of auxin-like substances in
the galled tissues. The way in which feeding behaviour, feeding activity and nutritional
physiology possibly interfere with the growth-regulating factors of the leaf is discussed.
The resulting abnormal leaf growth and development is essential for the normal growth
and development of the larvae.

The insects are the main group of cecidozoa (Mani, 1964). Gall growth and
development are closely related to the different feeding activities which is reflected
in the enormous diversity of their final structure (Docters van Leeuwen, 1957).
Most attention has been drawn to the feeding of the Hemiptera, especially to
the insect secretion (Miles, 1968b). The relation between gall midge feeding and
gall induction is in spite of the extensive literature not quite clear (Riibsaamen &
Hedicke, 1924; Barnes, 1946/1956). Investigations of Leefmans (1937/1939) and
Barendrecht (1941) on the feeding activity of Contarinianasturtii, a gall midge
which was a serious pest to cabbage culture, demonstrated a highly specialized
nutritional relationship between larvae and host-plant.
This paper deals with some aspects of the interacting processes of larval feeding
and host reaction, studied on the biological association formed byWachtliella
persicariae (L.) (Diptera: Cecidomyiidae) and the host-plant Polygonum amphibium
L. The first part describes observations on normal and abnormal leaf development
and deals with theresults in terms of comparative auxin extractions. In the second
part thelarvalfeeding mechanism isstudied and in conclusion the separate parasite
and host development is discussed as a single interacting system.
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Methods
Histological methods were used asdescribed byFeder &O'Brien (1968). After
glutaraldehyde fixation the tissues were embedded in glycol methacrylate and
sectioned withadryglassknife onanultra-microtome. Thismethod isfar superior
to the conventional paraffin waxmethod. Theepidermal layers were also studied
after alcoholic extraction and clearing with lactic acid.
Growth regulating substances were extracted from 1to 5g samples of healthy
and galled leaf with cold acetone. Purification of the extracts included ether
extractions after alkali-acid changes and ascending paper chromatography in an
isopropylalcohol/ammonia/water solvent system. Theoatcoleoptile straight growth
test described byNitsch &Nitsch (1956), wasused as bioassay.
Normal leafgrowth
Growth defined asincrease inmass or area isusually associated with organized
development, asaprocess called differentiation. Increase inarea of theleaf at first
is solely by cell multiplication, and practically all cells appeared to be potentially
meristematic. This undifferentiated tissue is highly preferred by theyoung larvae.
Whenthehealthyrolled leaf becomesvisiblebetween theleafsheaththereisalready
a differentiation inpallisade andspongy mesophyll. Differentiation andmaturation
proceededdowntheleaf from thetip, therebyreducing progressivelythe proportion
of cells capable of further division.
Cell division ceased first in the epidermis, next in the spongy mesophyll and
last in thepallisade layers. Unfolding is a process of local cell enlargement.
Abnormal leafgrowth
The newly hatched larvae wander over the surface to the basal parts of the
leaf, in search of a favourable feeding position. The unfolded leaf is preferred
and after one or two days the first symptoms become visible as yellowish local
leaf depressions, a few mmwide.
Most lesions, often with a central red spot, arelocated along theleaf-folds. The
larvae mostly leave therapidly unfolding leaf for the next one where they arrest
the normal development.
The effects on the differentiation processes of the leaf are a disorganization of
the maturation processes. In the infested leaves there is a prolonged and more
scattered mitotic activity of thecells. Thetissue reaction is bound to the presence
and feeding activity oftheinsect. Thelarva frequently changes itsfeeding position,
and thereby growth disturbance oftheleaf isclosely correlated with thenumberof
larvae, up to 100perleaf, andwith thelarval activity.
On a cellular level there is a changing polarity directed towards the feeding
positions, resulting in a radial activity gradient surrounding the initial feeding
places, characterized by some hyperplasy and a considerable hypertrophy. There
is also a remarkable enlargement of the nucleus and nucleolus. The infested leaf
has arough appearance duetotheoutgrowth ofthegland hairs.
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Larval feeding causes a thickly rolled spongy leaf: a kataplasma gall. The
hypertrophic state of the cells is comparable to wound tissue elements. These
parenchymous elements with alowdegree of differentiation mayshow a considerable rounding off, resulting in voluminous andirregular intercellular spaces.
Growthregulating substances
The amount of ether extractable, acid growth substances is very low in the
healthy Polygonumleaf. TheRf value of indolyl acetic acid (IAA) in the system
usedis0.40—0.50.Intheextractsoftheyoungleaf agrowthpeak wasfound with
Rf value of 0.30—0.40. In oldleaves no growth stimulating peaks were found at
all. Only inthegalled leaf wasthere a significant growth peak corresponding in Rf
value to IAA.There wasalso a significant inhibition zone atRf 0.00—0.10.The
estimation of the amount of IAA in the galled leaf, based on a standard IAA
growth curve, is0.5p,gper 100gfresh leaf.
The intestine and salivary glands tested as whole organs were slightly growthstimulating in the oat-coleoptile test.
Feeding mechanismof thegall midge larva
The head ofthephytophagous gallmidge larva is often described as^a chitinous
cone with incompletely developed mouthparts (Riibsaamen & Hedicke, 1924).
Barendrecht (1941) wasnot able to identify functional mouthparts in Contarinia
nasturtiilarvae.The tissuereactionof thePolygonumleaf suggests some mechanical
injury, sothat it seems probable that the larvae of Wachtliellaare equiped with
well-developed mouthparts. The head capsule is very small, 50/A wide in the
third instar larva,anditis difficult toobtain satisfactory information.After clearing
thehead withlactic acidvery smallhooksbecomevisible.Thelength ofthemandibular hooks in the third instar is about 5.p.By means of these hooks the larva
attacks theepidermal cells andthevery small injury probably facilitates thepenetration of some secretion products. Active food uptake is made possible by a
pharyngeal pump.
The pharynx consists of an unequally thickened chitinous tube. The pump is
actuated by dilator muscles running from the dorsal membranous surface of the
pharynx tothefrontal region ofthehead capsule.Salivary secretion iseffected by
the functioning of a salivary pump, which consists of two muscles running from
the chitinous ventral surface of the pharynx to the dorsal surface of the salivary
duct.
Digestive system
The salivary gland is a paired cylindrical tubular organ with a narrow lumen.
Each gland consists of a distal tubular part with relatively small vacuolated cells
and of a proximal part of very large cells with an intracellular radial striation.
There is some evidence that this classification based on morphological features
also has a physiological basis. At the end of the last instar the salivary gland
becomes a silk gland.

748

F. L. DIELEMAN

In the intestine a division into three main parts is quite obvious: a thin tubular
oesophagus changing into a croplike foregut; a voluminous midgut filling the
greatest part of the body cavity; a tubular hindgut with two Malpighian tubes.
A discontinuity of the midgut/hindgut lumen is alleged by Riibsaamen & Hedicke
(1924) and Barendrecht (1941) also reports that the passage between the mesenteron and proctodaeum is wanting in Contarinianasturtii. In Wachtliellalarvae
the passage consists of a very complex labyrinth-like structure, comparable with
a filter chamber.
DISCUSSION AND CONCLUSIONS

In the interacting processes of larval feeding activity and reaction of the host
tissue, the insect secretions may function as important cecidogenic factors (Miles,
1968b). The nature of these principles has been partly clarified by Nystérakis
(1948), Kaldewey (1965) and Schäller (1965). It was suggested that auxins may
function as active cecidogenic agents. Schäller (1965) reported a close correlation
between auxin content of aphids and their capacity to induce malformations and
Miles (1968a) demonstrated that certain insects are able to synthesize auxins. Not
only auxins have been claimed as cecidogenicfactorsbutalsoaminoacids,probably
from plant origins. Schäller (1968) was able to induce kataplasma galls with a
combination of amino acids,found in thePhylloxera saliva, and indolyl acetic acid.
The content of growth substances in gall midge larvae is very low, and the
growth-stimulating activity found in the salivary glands and the intestine is not
sufficient to explain the amount of auxin in the galled leaf. Therefore it is not
probable that the larvae synthesize growth substances, but the exchange of auxins
is quitepossible.
The relatively simple feeding activity induces a very complex tissue reaction
thatstarts with wound reaction and probably isfollowed by a diversity of reactions
related to necrobiosis. These reactions are influenced by the larval secretion. The
gall midge larvae are able to induce these reactions only in tissues of a special
developmental stage, usually undifferentiated tissue, and a continuous stimulation
by larval feeding is essential for gall growth.
ZUSAMMENFASSUNG

EINFLUß VON GALLMÜCKEN BEFALL AUF PFLANZENWUCHS
WACHSTUMREGULIERENDE
STOFFE

UND

Die biologische Verbindung zwischen Pflanzen und gallenerzeugenden Insekten kann durch
Wachstums- und Entwicklungsabnormalitäten der Pflanzengewebe gekennzeichnet werden,
welche durch die Fraßtätigkeit der Insekten hervorgerufen werden. Hier wurde die Beziehung
zwischen Wachtliella persicariae (Diptera : Cecidomyiidae) und Polygonum amphibium
untersucht.
Die gallenerzeugende Larve siedelt sich nur auf undifferenzierten Teilen des Blattes an und
verhindert die normale Entfaltung der Lamina; es besteht eine enge Synchronisation der
Entwicklung beider Organismen.
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Die wesentliche Reaktion des Blattgewebes auf die fortdauernde Fraßaktivität der Larve
stellt zunächst eine Störung der normalen Entwicklung dar, die durch ein Ungleichgewicht
der Stoffe charakterisiert ist, die das Pflanzenwachstum kontrollieren. Biotests ergaben in den
vergällten Geweben größere Beträge auxinartiger Stoffe. Der Weg, auf dem Fraßverhalten,
Fraßaktivität und Ernährungsphysiologie mit den wachstumkontrollierenden Faktoren des
Blattes ineinandergreifen, wird diskutiert.
Das entstehende anomale Blattwachstum und seine Entwicklung sind für das normale
Wachstum und die Ontogenese der Larve wesentlich.
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PATTERNS OF INSECT-PLANT RELATIONSHIPS DETERMINING
SUSCEPTIBILITY OR RESISTANCE OF DIFFERENT PLANTS
T O A N INSECT
BY

K. N. SAXENA
Department of Zoology, Delhi University, Delhi, India
Differences in the susceptibility or resistance of various plants to an insect are determined
by physiological factors influencing the establishment of a larger or smaller population of the
insect. These factors may be arranged into six main categories according to the six chief
phases of its establishment, each phase involving interaction of two types of factors: The
responses of the insect to plants and various characteristics of the plants. The responses of
an insect and the plant characteristics involved in six phases of establishment are: (1) Orientation in response to attractance/repellence of plants determined by their physical and chemical
characters: (2) Feeding activity resulting in food-intake according to the ingestibility/iof plants
as determined by their physical and chemical characters; (3) Metabolism of the ingested food
resulting in its assimilation, according to the nutritive value of plants; (4) Growth of the
insect, determined by food-intake and nutritive value of the ingested food; (5) Survival and
egg-production in the adult stage, determined by food-intake and nutritive value of food; (6)
Oviposition, determined by physical and chemical characters of plants.
The role of different characteristics of certain plants in determining the above six types
of responses of insects has been described with reference to the red cotton bug, Dysdercus
koenigii. The relationship between the susceptibility or resistance of the plants and quantitative
differences in the above-mentioned responses of the insect has been considered in the paper.

Differences in the damage caused by an insect to different plants in a locality
during a given period reflect their relative susceptibility or resistance. The degree
of damage would vary according to the population of the insect established on
different plants. Even a plant showing "tolerance" (Painter, 1951) to an insect is
likely to suffer an increased damage if the population of the insect exceeds a
certain limit. In view of this, differences in relative susceptibility or resistance of
various plants would be determined by factors which influence the establishment
of a larger or smaller population of an insect on them. Under otherwise identical
and favourable environmental conditions, these factors would be physiological and
would involve an interaction of different types of responses of an insect to different
plants and various characteristics of these plants, as explained below.
TYPES OF FACTORS DETERMINING ESTABLISHMENT OF INSECTS
ON DIFFERENT PLANTS

The role of different types of factors in determining susceptibility or resistance
ofplants tovarious insectshasbeen examinedby severalworkers and is considered
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in the reviews of Painter (1951), Thorsteinson (1960) and Beek (1965). Of the
different types of these factors recognised by some workers, certain categories
include physiologically unrelated responses of insects.For instance, the"preferencenon-preference" (Painter, 1951) of insects for different plants may be observed in
respect of their orientational, feeding, and/or ovipositional response. These three
types of responses and their underlying physiological processes are quite unrelated
with one another and occur in different phases of the establishment of an insect,
as explained later. Similarly, the term "antibiosis" of Painter (1951) refers to the
plant characteristics which inhibit survival, growth and fecundity (egg-production)
of an insect, thereby affecting its life-history and population on a plant. This
"antibiosis" may be, as suggested by Painter (1951), due to poor nutritional value
of a plant, reduced food-intake by the insect from the plant, and/or presence of
toxic chemicals in the plant. The physiological processes involved in the foodintake and nutrition of insects, resulting in their growth and egg-production, are
not related and occur in different phases of the establishment of theinsects.
In view of the above, it seems desirable to recognise different types of factors
according to the responses of an insect in different phases of its establishment on
a plant. On the basis of information given in various papers and in the reviews of
Painter (1951), Thorsteinson (1960) and Beck (1965), six main types of factors
can berecognised according tosixchief phases in which an insect may beregarded
to establish itspopulation on aplant. These factors are summarised in Table I. The
factors involved in each phase may be further considered under two main subcategories: (i) Responses of an insect to plants, and, (ii) Characteristics of plants
influencing these responses.
In each of the above-mentioned phases of its establishment (Table I), the insect's
response to different plants may be positive or negative. Its positive response may
differ in intensity from one plant to another. Only if the insect's response to a
plant in one phase is positive, the response of the next phase would follow. As
indicated in Table I, the first step in the establishment of an insect on a plant
involves its arrival and stay on it. This may be accidental during the insect's
random movements or it may be due to the insect's orientation in relation to
various plants in a locality. The insect's orientation may be in response to various
physical (e.g. visual) and chemical (humidity, odour) stimuli which emanate from
different plants and/or their vicinity and which may be perceived by the insect at
varying distances prior to its contact with the plants. A positive orientational
response of the insect i.e., its attraction, to a plant would result in its arrival/stay
on it. On the other hand, the insect's negative orientational response to a plant
would result in itsrepulsion from it. The second phase of the insect's establishment
would follow its arrival/stay on a plant and would involve its feeding, except in the
adults of those insects which visit a plant for only oviposition. After feeding, the
ingested food would have to undergo metabolism (3rd phase) resulting in its final
assimilation in the tissues.This would befollowed bygrowth in the immature stage
(4th phase) and egg-production in the adult stage (5th phase) which would then
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be followed by oviposition in the last phase. Various characteristics of the plants
which may influence the above-mentioned responses of an insect are mentioned in
Table I and explained later.
All the above mentioned phases need not occur in the same sequence. The first
phase (orientation) may be followed by the second (feeding) and/or sixth (oviposition) in the case of adult insects. Also, after the oviposition, the immature
insects emerging from the eggs may restart the sequence from the second phase
(feeding) if they are already on the plant.
The degree to which an insect shows a positive response to different plants in
each of these phases would determine the degree of its establishment on them and,
therefore, their relative susceptibility or resistance. The insect's responses to
various plants in the 1st, 4th, 5th and 6th phases would directly influence its
population by determining the number of individuals arriving on the plants (1st
phase), the number growing to the adult stage (4th phase), the number of eggs
produced (5th phase) and laid (6th phase) on the plants. On the other hand, the
insect's responses in the 2nd and 3rd phases would indirectly influence its population by determining its growth (4th phase) and egg-production (5th phase) both of
which depend upon the food-intake (2ndphase) and propermetabolism (3rd phase)
of the ingested food.
Although information on one or more of the above-mentioned factors is available
for a number of insects (Painter, 1951; Thorsteinson, 1960; Beck, 1965), there
is hardly any insect for which we have knowledge of all these types of factors
involved in different phases of its establishment on different plants. The author
and his coworkers have undertaken a comparative study of all these factors in
certain insect pests of malvaceous plants. The results, obtained thus far, are presented here with reference to the red cotton bug, Dysdercus koenigii (Heteroptera:
Pyrrhocoridae), in relation to four plants: Gossypium hirsutum (cotton), Abelmoschus esculentus (okra), Arachis hypogaea (peanut), and Triticum sp. (wheat).
Orientational responses to plants and the factors involved
The role of orientational response of Dysdercus in determining its arrival and
stay ondifferent plantswas examined as follows: Different test materials, occupying
an almost equal area (20—25 sq.cm.), were placed singly or in pairs underneath
the nylon gauze bottom of a cage (20 cm X 20 cm X 20 cm) at a distance of
about 1mm. Ten individuals in the desired physiological state were introduced into
this cage. The percentage of the test individuals arriving and stopping opposite any
test material would represent their orientational response. The observation period
was 30 mins as described before (Saxena, 1962). The materials tested were certain
succulent parts (e.g. leaves) and mature dry seeds of the test plants as well as some
other substrates mentioned below.
The orientational responses of the insect to different test materials differed
according to its physiological state, as mentioned before (Saxena, 1967). But, the
relative differences in its response to those materials remained almost the same as
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showninFig. 1,A.Theinsects,whenadequately desiccated, showed ahighpositive
orientational response to the succulent parts e.g., leaves, of all the plants tested.
But, when they were water-satiated by allowing them to ingest water to satiety,
theinsects'response to cotton leaf was slightly lower than that of desiccated individuals and no response was shown to the leaves of other plants (Fig. 1,A). It may
be concluded that the positive orientational response i.e., attraction, of the desiccated individuals to the plant leaves was due to their high water content and the
resulting high humidity in their vicinity due to transpiration. This conclusion is
supported by the high orientational response of desiccated individuals to wet, but
not to dry, discs of cellulose or cotton wool and, also, by their preference for a
high humidity zone in a humidity gradient chamber reported before (Saxena,
1960). The higher orientational response of water-satiated individuals to the leaves
of cotton than to those of other plants would be mainly due to the presence of
certain essential oilsin the cotton leaves.This isindicated by the high orientational
response of the insect to the steam distillate, containing essential oils, of the cotton
leaves impregnated on cellulose discs in the same concentration as in the leaves
(Fig. 1,A: CLD).
Among the plant seeds, those of cotton elicited the highest positive orientational
response of the insect, the response of water-satiated individuals being higher than
that of desiccated individuals(Fig.1,A).The seeds of okra alsoelicited appreciable
response but those of peanut and wheat hardly elicited any response since the
number arriving at these two plant seeds was almost the same as for the blank
cellulose disc. The high attractance of cotton seeds was due to a mixture of their
triglycerides and certain unknown factor/s X, present in the ether extract of cottonseed kernel as reported before (Saxena, 1967). This was indicated by the insect's
high orientational response to these constituents incorporated in cellulose discs in
the sameconcentration asin theseed-kernel (Fig. 1,A: CKE).
The above observations suggest that, in view of the high water content and the
resulting high humidity in thevicinity of the succulent parts (e.g.,leaves) of various
plants,most of themcanbevisited byDysdercuswhenitgetsdesiccatedinthefields.
But, when it becomes water-satiated e-g., after ingestion of plant sap, the insect
would be likely to arrive/stay only on certain plants possessing specific attractants
in their leaves and seeds e.g., cotton, or in only the seeds e.g., okra. The distances
over which theseplant characters can be perceived by the insect, the sequence and
mechanism of operation of these plant stimuli resulting in the insect's arrival/stay
on different plants will be considered in another paper.
Feeding activityonplantsand thefactors involved
After the arrival of an insect on a plant, it must feed and ingest an adequate
amount of food to enable subsequent phases of its establishment to follow. The
feeding activity of an insect on a diet may be studied in twomain respects: (i) The
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acceptance of a diet for feeding, and (ii) the degree of ingestion of food from the
accepted diet. The acceptance of a diet would be completed in two steps: (a)
initiation of feeding involving application of the mouthparts of the insect to a diet,
and (b) continuation of feeding, resulting in the swallowing of the food. The degree
of ingestion of food would be determined by the rate and duration of ingestion
(Saxena, 1963). All these aspects have been determined with reference to the
feeding of Dysdercuson different plants.
Acceptance of plants for feeding:This aspect was studied by determining the
percentage of individuals showing initial (extension of proboscis) and continued
(introduction of stylets into the diet and swallowing of food) feeding responses in
30-min periods, as described before (Saxena, 1962). The results (Fig. 1,B) show
that desiccated individuals showed a high initial and continued feeding response
to the leaves of all the four test plants. But, water-satiated individuals showed
almost no feeding response to any plant leaf except for the initial feeding response
to cotton leaf, which was appreciable, though lower than that for the desiccated
insects. The high feeding response of the desiccated individuals to the leaves of all
the test plants would be due to their high water content because the same individuals showed a similar response to wet, but not to dry, cellulose djscs as well
(Fig. 1,B). Persistence of the initial feeding response of the insect, even after
water-satiation, to cotton leaf would be due to its steam-distillable essential oils
(Fig. 1, B: CLD) which could elicit initial but not continued feeding response of
the insect.
Fig. 1. Responses of Dysdercus koenigii to certain plant parts and other test materials during
the first three phases of its establishment. A. Orientational response of 8-day old and starved,
last (fifth) instar larvae, expressed as percentage of individuals arriving and stopping on
each test material in 30-min periods. Dotted columns: responses of individuals desiccated by
keeping without water for about 36hrs at 28°—30° and 40%—60% R.H. prior to tests;
Thatched columns: same of water-satiated individuals. B. Initial and continued feeding
responses of 8-day old and starved fifth-instar larvae in 30-min periods. Dotted and thatched
columns as in A. C. Quantity (weight) of food ingested by 1- to 2-day old and starved fifth
instar larvae from different diets at 28°—30° and 40%—60% R.H. Dotted and thatched
columns show food-intake during 4- and 24-hr periods respectively. D. Nutritive value,
absorbability and assimilability of food ingested from different finely powdered diets, filled
in empty cottonseed hulls, by 1-day old fifth-instar nymphs during 5-dayperiods. NV: nutritive
value (dry weight gain of insect/dry weight of ingested food); AB: absorbability (dry weight of
absorbed food/dry weight of ingested food); AS: assimilability (dry weight gain of insect/dry
weight of absorbed food). CLD: cotton leaf steam distillate impregnated on discs (1mm thick
X 10mm dia.) of pressed cellulose powder; CLP: dry cotton leaf powder tightly packed and
sealed in empty cottonseed hulls; CKE: cottonseed kernel extract (ether soluble fraction)
impregnated on cellulose discs, as above; CSP: cottonseed kernel powder packed in empty
cottonseed hulls; OSP: okra seed powder packed in empty cottonseed hulls; PSP: peanut
seed powder packed in empty cottonseed hulls; SU: sucrose crystals; WSP: wheat seed
powder packed in cottonseed hulls; WSP+SU: a mixture of wheat seed powder and sucrose
( 1 : 1 w/w) in cottonseed hulls; WSP+ CKE: a mixture of wheat seed powder and ether
extract of cottonseed kernels in cottonseed hulls; WSP+SU+ CKE: a mixture of wheat seed
powder, sucrose and ether extract of cottonseed kernels in cottonseed hulls.
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Among the plant seeds tested, those of cotton elicited maximum initial as well
ascontinued feeding response ofwater-satiated ordesiccated individuals (Fig. 1,B).
Next in order was okra seed followed by peanut. The insect's feeding response to
wheat seed was very low. Since the insect, when feeding on cotton seed, ingests
food from its kernel (Saxena, 1963), the ether extract of the kernels containing the
above-mentioned mixture of triglycerides-(-factor/s X was also tested. Thecellulose
discs impregnated with this extract in the normal concentration elicited a high
initial and continued feeding response of theinsect (Fig. 1,B:CKE). Sucrose,which
also occurs in the seeds, elicited a lower initial feeding response; but, all the
individuals showing the initial response showed the continued feeding response as
well (Fig. 1,B: su). On the other hand, plain cellulose discs elicited almost the
same degree of initial feeding response as sucrose or wheat seeds but no continued
feeding response (Fig. 1,B). In fact, the initial feeding response of the insect to
cellulose discs, sucrose or even to certain plant seeds e.g., peanut, wheat, was
greater than the corresponding orientational response. This suggests that the insects
did not orient themselves in relation to the abovetest materials prior to showingan
initial feeding response which occurred whenever, during their random movements,
the antennal tipstouched ahard object. Thisinitialfeeding response thus appeared
to be due to stimulation of certain mechanical (contact) sensilla on the antennal
tips, as described at length in a separate paper.
All the above observations on the orientation and feeding response ofDysdercus
suggest that almost all the plants having succulent parts, due to their high-water
content and the resulting high humidity in their vicinity, would elicit a high,
positive, orientational aswell asfeeding response of theinsectwhen it isdesiccated.
But, after ingestion of sap, the insects would become water-satiated and would
leave the plants like peanut or wheat which lack attractants or feeding stimulants
for the water-satiated individuals. Cotton plant would be most suitable in these
respects: The insect's attraction to the steam distillable essential oils of the leaves
of this plant would keep the water-satiated individuals from moving away. When
these individuals come within the range of perception of the ether-soluble constituents (Triglycerides + Factor/s X) of the seeds of the cotton plant, these constituents would elicit a positive orientational and feeding response of the insect.
The continued feeding response on the seeds would be further assisted by the
presence of sucrose in the cottonseed kernel. Okra plants would, however, be
inferior to cotton inasmuch as their leaves lack an attractant for the watersatiated individuals and only the seeds would be able to elicit a positive orientational and feeding response of the insect.
Degreeof ingestion of jood:This aspect was studied by measuring the quantity
of food, in terms of weight, ingested by the insect during given periods by the
methods described before (Saxena, 1963). The results (Fig. 1,C) show that the
quantity of food ingested by the insect during 24-hr periods decreased in the
following order: cotton seed, okra seed, peanut seed, wheat seed. In fact the insect
hardly ingested any food from wheat seed during the 24-hr observation periods.
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Quantitative food-intake from the leaves was compared with that from the seeds
for only 4-hr periods. The desiccated individuals ingested almost as much food
from the leaves of all the four plants as the water-satiated individuals ingested
from the seeds. Of course, a greater proportion of the food sap ingested from the
leaves would be water than the food ingested from the seeds.
Metabolismof ingested jood
Feeding of an insect on a plant has to be followed by proper metabolism of the
ingested food constituents before they can support growth, survival and eggproduction in the insect. Metabolism of the ingested food involves three main
steps: (i) Digestion of non-absorbable constituents of the food, (ii) Absorption of
the absorbable constituents, and (iii) Intermediary metabolism of the absorbed
food constituents resulting in their assimilation or conversion into tissues. This
would be reflected in the insect's weight gain. The degree of assimilation of the
absorbed food would depend upon (a) the degree to which the absorbed food constituents or nutrients can satisfy the requirements of allthe intermediary metabolic
processes so as to promote them, and (b) absence of toxins in the absorbed food
which might inhibit various metabolic processes.
'
In view of the above, the ratio between the "assimilated food (Insect's weight
gain)" and the "ingested food", which is equivalent to the term "Efficiency of
Conversion of Ingested Food" of some other workers (Waldbauer, 1968), really
indicates the overall "nutritive value" of the food. It is so because this ratio represents the proportion of the ingested food constituents which, after absorption,
can satisfy the requirements of various metabolic processes for different nutrients
resulting in the corresponding assimilation or weight gain. The ability of an insect
to convert the ingested food constituents into tissues can be properly judged only
on the basis of the constituents which are actually absorbed and are available for
intermediary metabolism. Thus, the ratio between the "assimilated food (insect's
weight gain)" and the "absorbed food" would represent the "assimilability" of
the food, which is equivalent to the term "Efficiency of Conversion of Digested
Food" of some other workers (Waldbauer, 1968).The ratiobetween the "absorbed
food" and the "ingested food", regarded by someworkers as"digestibility" (Waldbauer, 1968), really represents "absorbability" since certain nutrients may not
require digestion and yet may be excreted. For instance, sugars like glucose and
fructose, though absorbable without prior digestion, are excreted by many homopterous insects (Auclair, 1963). The overall "nutritive value" of food would be
determined by its absorbability as well as assimilability. All these three characteristics of the food ingested by Dysdercus from certain plant parts have been
compared.
In order to make the insect ingest a sufficient amount of food from all the test
diets, including those which arenormally not fed upon, the diets were given as fine
dry powders packed tightly in empty cottonseed hulls and sealed with wax. The
insect would readily introduce its stylets through the seed coat and ingest the
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fine powder filled within. One-day old last (fifth) instar nymphs were allowed
access to these diets for 5 days — the period after which they would mature as
adults if kept on cotton seeds at 28°—30°. Dry weight of the test diets ingested
by these nymphs individually during the above period was measured on the basis
of its weight loss by the method described before (Saxena, 1963). Dry weight of
the corresponding food-residue excreted by the same individuals was determined
as the difference between the excreta passed by the fed individuals and that passed
by unfed individuals. Dry weight gain of the individuals fed on each test diet was
determined as the difference between the dry weight of the fed individuals and
that of unfed individuals (mean value) after the above-mentioned 5-day period.
On the basis of these weights, the nutritive value, absorbability and assimilability
were calculated as described above.
The results (Fig. 1,D) show that the nutritive value of the food ingested by the
insect from the seeds of cotton, okra and peanut was almost equally high because
of an equally high absorbability as well as assimilability. The nutritive value of
the wheat seeds was quite low because of a low absorbability of the ingested food
constituents and a still lower assimilability of the absorbed food constituents.
Cotton leaf, offered as powder, also had a low nutritive value because of a very
low assimilability, though its absorbability was quite high (Fig. 1, D: CLP).
Some information on the factors governing the above-mentioned differences in
the absorbability and assimilability of cotton and wheat seeds' constituents for
Dysdercuswas obtained by comparing their chemical composition and the fate of
their constituents ingested by the insect (Table II). The major difference between
the cotton and wheat seeds is in their carbohydrate- and lipid-content (Table II).
The carbohydrates of wheat seed, though quite high in concentration, are mostly
in the form of starch (64%—68%) and sugars are very low in concentration. On
the other hand, cotton seeds,particularly their kernels from which theinsect ingests
its food (Saxena, 1963), have a higher sugar content (5%—8%) and only traces
of starch (Table II). The insect lacks a suitable enzyme, amylase, in its gut to
digest starch which is passed out unabsorbed (Saxena, 1958). Therefore, the food
ingested by the insect from wheat seeds cannot supply sufficient carbohydrates
because of non-digestibility and non-absorbability of starch and very low sugar
content. If this istrue, the nutritive value, absorbability and assimilability of wheat
seed powder, offered to the insect in empty cottonseed hulls, ought to increase
when it is supplemented with sucrose which can be readily digested and absorbed
(Saxena, 1958). This was confirmed by the observation that a mixture of wheat
seed powder and sucrose (Fig. 1, D: WSP + SV) had a higher absorbability and
assimilability, and therefore higher nutritive value, than the wheat seed powder
alone (Fig. 1,D: WSP).
Very low lipid content of wheat seeds, as compared to that of cotton seeds,
might also be responsible for the low nutritive value and assimilability of food
ingested by theinsect from wheat seeds.To check this, amixture of wheat powder
and ether extract of the lipids of cottonseed kernel was tested and found to be
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almost similar to plain wheat seed powder in its nutritive value, absorbability and
assimilability (Fig. 1, D: WSP + CKE). Even combining the ether extract of the
cotton seed lipids with sucrose in the wheat seed powder (Fig. 1,D:WSP + SU +
CKE)didnotimprovethenutritivevalue,absorbability andassimilability of thediet
above those for the mixture of wheat powder + sucrose (WSP + SU). It is quite
possible that the lipids in the ether extract might have undergone certain changes
due to which their assimilability and nutritive value were affected. Further tests on
this are in progress.
The above observations suggest that wheat seeds are much inferior to cotton
seeds in their nutritive value because of their low absorbability and assimilability
caused by (i) non-digestibility and non-absorbability of starch, (ii) very low concentration of absorbable sugars, and perhaps, (iii) low lipid content.
Growthondifferentplantsandthefactors involved
Feeding and metabolism of the ingested food, if optimum, would result in the
growth of an insect in the immature stage. Its growth, after its emergence from the
egg, would involve (i) intrastadial development resulting in an increase in the
sizeand weight of theinsect in eachof thesuccessiveimmature instars, (ii)moulting
after eachimmature instar, and (iii)metamorphosis in thelast immature instar. The
suitability of the test plants for each of these phases of growth of Dysdercushas
been compared, particularly with reference to the last (fifth) instar nymphs. The
intrastadial development has been measured in terms of dry weight gain of the
nymphs during the 5-day period, as described in the preceding section. The ability
of the nymphs to moult and metamorphose on the test plants was determined as
(a) percentage of individuals transforming into adults, and (b) average period
required to do so. The ratio of (a) to (b) then represented the insect's "growth
index".
The results (Fig. 2,A) show that the weight gain (intrastadial development) of
the insect was maximum onpeanut seeds and that on cotton and okra seeds was a
little lower. No weight gain occurred on cotton leaf, wheat seeds, or on plain
water. But, the ability of the insect to moult and metamorphose into the adult,
asrepresented byits growth index (Fig.2,A),wasmaximum on cotton seeds.Okra
seeds came next in order, followed by peanut seeds, and cotton leaf as well as
wheat seeds were completely unsuitable in this respect.
These observations show that certain diets may be better than others for
satisfying an insect's requirements for intrastadial growth (weight gain) but not for
its moulting and metamorphosis. Since the establishment of an insect on a plant
depends upon its ability to reach the adult stage, and not on its weight gain alone,
its "growth index" representing its capacity to moult and metamorphose into
theadult seemsto bea bettercriterion for comparing growth responses of theinsect
to different plants.
The dietary characteristics which determine quantitative differences in the
growth of an insect include both (i) ingestibility determining quantitative food-
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Fig. 2. Responses of Dysdercus koenigii to certain plant parts in the last three phases of its
establishment. A. Growth of the last (fifth) instar nymphs. Dry weight gain of the insects
measured during 5-day periods; Growth Index = % nymphs growing to adult stage/Average
period required to do so. B. Longevity and fecundity of adult females. Fecundity Index =
Number of eggs laid/Preoviposition Period. CL: cotton leaf; CS: cotton seed; OS: okra seed;
PS: peanut seed; W: water on soaked cottonwool swabs; WS: wheat seed.
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intake, and (ii) nutritive value determining the metabolism' and assimilation of the
ingested food (Table I). Thus, the insect's highest growth index'on cotton seeds
would be due to their high nutritive value as well as high food-intake (Fig. 1,C,
D). Lower growth indices of the insect on okra and peanut seeds (Fig. 2,A) than
on cotton seeds would be mainly due to a lower food-intake (Fig. 1,C) since the
nutritive value of okra and peanut seeds is almost the same as that of cotton seeds
(Fig. 1, D). Failure of growth of the insect on wheat seeds (Fig. 2,A) would be
due to both food-intake and nutritive value being very low (Fig. 1,C D ) . Even
addition of sucrose to wheat powder, which increased the nutritive value (Fig. 1,
D:WSP + SU)ascompared towheatpowderalone(WSP),didnotsupportcomplete
growth of the insect, perhaps because of a low food-intake (Fig. 1,C: WP + SU).
Longevity and egg-production in theadult stage
After an insect completes its growth, its longevity and fecundity i.e. ability to
produce eggs, would determine its establishment. The longevity of Dysdercus
adults on the test plant parts was compared in terms of period of survival. Cotton
and okra seeds were almost equally most suitable in this respect, followed by
peanut seeds (Fig. 2,B). Cotton leaf and wheat seeds were almost similar to water
and, therefore, poor in this respect.
The insect's ability to produce eggs i.e. fecundity, was studied on the basis of
(a) Its preoviposition period i.e., period required by newly emerged adults to
develop and lay eggs, and (b)Number of eggsproduced and laid in the first batch.
The ratio of (a) to (b)was taken as theoverall "fecundity index" of theinsect. The
results (Fig. 2,B) show that the fecundity of the insect was highest on cotton
seeds, followed by okra and peanut seeds; cotton leaf and wheat seeds were
unsuitable.
Ovipositional responses toplants
The last phase of establishment of an insect on a plant involves oviposition
(Table I). Dysdercuslaid eggs on a plain glass surface as well as on cotton leaf or
under a layer of cotton seeds. Ovipositional responses of this insect do not seem
to be influenced by different plants and, therefore, cannot contribute towards their
susceptibility orresistance.
INTERACTION OF DIFFERENT TYPES OF RESPONSES OF THE INSECT TO
DIFFERENT PLANTS IN RELATION TO THEIR SUSCEPTIBILITY OR RESISTANCE

The observations presented above indicate that a plant may be more suitable
than another for eliciting one or more of the different types of responses of an
insectinvolved inthesixdifferent phases of itsestablishment. Relativedifferences in
these types of responses to different plants would influence the overall establishment of the insect on them and thus determine their relative susceptibility or
resistance to it. For instance, a plant to which each of the six types of response is
shown in a high degree islikely to bemore susceptible than theplant to which one
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or more of these types of responses are shown in a lower degree. Therefore, a
comparison of the relative intensity of each of these types of responses of the
insect to the test plants can indicate the degree to which their interaction can
influence the susceptibility or resistance of these plants. For this, the ratio between
each type of response to a plant and that to a standard reference plant would
reflect the relative intensity of the insect's response to the former plant. Treating
the cotton plant as the standard reference, the relative intensities of the responses
of Dysdercus in six different phases of its establishment are given in Table III.
TABLE m

Relative patterns of different types of responses of Dysdercus koenigii to certain plants in
different phases of its establishment

PLANTS

Gossypium hirsutum
Abelmoschus esculentus
Arachis hypogea
Triticum vulgare
Note:

Relative intensity of responses in different
MetaboOrienlism
Growth0
0
tation
Feeding (nutritive
value)
1.00
1.00
1.00
1.00
0.30
0.66
1.11
0.89
0.72
0.13
1.05
0.48
0.35
0.10
0.00
0.07

phases of establishment
Longevity
1.00
1.13
0.84
0.58

Egg-pro- Oviductiond position
1.00
0.41
0.26
0.00

•73

j>
O

1
a

a

b

c
d

Calculated as the ratio between each type of response to a test plant and that to
the standard reference i.e. cotton plant. Responses of water-satiated insects for the
seeds of the plants, as given in Figs 1 and 2, have been taken for these calculations
except for the orientational response as explained below.
Mean orientational response of water-satiated insects to leaves and seeds has been
taken for calculating these values.
Growth index (Fig. 2A) taken for calculating these values.
Fecundity index (Fig. 2B) taken for calculating these values.

This table shows that all the six types of responses of the insect are shown in
high intensity towards cotton plant, rendering it most susceptible among the plants
tested. Theinsect's responses to okra plants aremostlylower than to cotton, except
in respect of metabolism and longevity, so that this plant would be rendered
slightly less susceptible than cotton. Still lower intensities of the insect's responses
to peanut plants, except the metabolism, would render it less susceptible than
even okra. Extremely low responses of the insect to wheat would render it completely unsuitable for establishment.
Acknowledgements. The author is grateful to Professor B. R. Seshachar for
providing facilities and valuable suggestions during the course of the work.
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ZUSAMMENFASSUNG

GEFÜGE DER BEZIEHUNGEN ZWISCHEN INSEKTEN UND PFLANZEN, WELCHE
ANFÄLLIGKEIT ODER RESISTENZ VERSCHIEDENER PFLANZEN
GEGENÜBER EINEM INSEKT BESTIMMEN
Unterschiede in der Anfälligkeit oder Resistenz verschiedener Pflanzen gegenüber einem
Insekt werden von physiologischen Faktoren bestimmt, welche die Bildung einer größeren oder
kleineren Population des Insekts beeinflussen. Diese Faktoren können entsprechend den sechs
Hauptphasen ihrer Entwicklung in sechs Hauptkategorien geordnet werden, wobei jede Phase
das Zusammenwirken von zwei Gruppen von Faktoren umfaßt: die Reaktionen des Insekts
gegenüber den Pflanzen und deren Eigenschaften. Die Reaktionen eines Insekts und die
Eigenschaften der Pflanzen in sechs Phasen ihrer Ausbildung sind: 1. Orientierung als
Reaktion auf anziehende oder abstoßende Wirkung der Pflanzen, die durch deren physikalische und chemische Eigenschaften bestimmt werden; 2. Fraßaktivität, die sich aus der
Nahrungsaufnahme entsprechend der Eignung der Pflanze ergibt, bestimmt durch die physikalischen und chemischen Eigenschaften derselben; 3. zur Assimilation führende Umwandlung
der aufgenommenen Nahrung entsprechend dem Nährwert der Pflanzen; 4. Wachstum des
Insekts, bestimmt durch Nahrungsaufnahme und Nährwert der aufgenommenen Nahrung; 5.
Überlebensrate und Eiproduktion im Adultstadium in Abhängigkeit von Aufnahme und Nährwert der Nahrung; 6. Eiablage, bestimmt von physikalischen und chemischen Eigenschaften
der Pflanzen.
Die Rolle der verschiedenen Eigenschaften gewisser Pflanzenarten bei der Determination
dieser sechs Reaktionsschritte der Insekten werden, bezogen auf die Rote Baumwollwanze,
Dysdercus koenigii, beschrieben. Die Beziehung zwischen Anfälligkeit und Resistenz von
Pflanzen und quantitativen Unterschieden in den oben beschriebenen Reaktionen dieses Insekts
werden in dieser Arbeit untersucht.
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MORPHOLOGICAL CHARACTERISTICS OF SUGARCANE
A N D INSECT RESISTANCE
BY

R. A. AGARWAL
Indian Agricultural Research Institute, New Delhi-12, India
Physiological, chemical and morphological make-up of the different sugarcane clones have
a great impact on the resistance to various insect pests.
Resistance to internode borer {Procerusindicus) has been found associated with the girth
and the length of the top 1 to B/a immature internodes.
A low number of stomata per unit has been associated with the resistance character of
varieties to sugarcane scale {Melanaspis glomeratd).
Similar several morphological characters in sugarcane varieties have been found associated
with resistance to moth borer {Diatraeasaccharalis),whitefly {Aleurolobus barodensis), pyrilla
{Pyrilla perpusilla), Mite (Oligonychus indicus), eriophyid mite and black bug {Macropes
excavatus).

Sugarcane is attacked by many insect species. Box (1953) listed 2041 insects
including Acarina, covering 98 families under 13 orders.
The sugarcane crop suffers from the attack of some insect or other all through
its growth e.g., the seed (setts) and the seedlings are damaged by termites, shoot
and root borers and soil grubs. Later, the leaves are infested by fulgorids, aleurodids, chinch bug, coccids, grasshoppers, army worms, and mites, etc. The stalk is
damaged by about a dozen species of tissue borers, coccids and beetle borers, etc.
Fortunately, all the insect pests are not serious in all the areas or seasons. They
are highly specific in time, space and food preferences.
Many of the newly evolved varieties of sugarcane possess resistance to insect
pests. This has mainly resulted from the inclusion of Saccharumspontaneum in
their parentage. The highly variable geneticmaterial, which ismaintained at Coimbatore (India) and Florida (U.S.A.), possesses many visible characters of great
diversity such as lignification of cell walls and length of spindle, etc., and can be
successfully used for evolving varieties resistant to top borer.
1. Moth borer(Diatraea saccharalis F.)
Mathes & Charpentier (1963) suggested four main types of resistance to moth
borer, D.saccharalis, namely, (i) unattractiveness to the moth for egg-deposition,
(ii) unfavourable conditions for the young larvae to establish, (iii) inhibition of
borer development due to certain nutritional and physical qualities of its tissues,
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(iv) ability of the plant to tolerate or ability to yield well,in spite of borer injury.
In an early communication, Mathes, Ingram & Haley (1939) found that the percentage of joints bored were (i) directly proportional to the diameter of the stalk
and (ii) inversely proportional to plant height. These results did not show any
significant differences in both the years, (iii) There was no relationship between
the percentage of joints bored and the width of the leaves and (iv) the white and
pink stalked clones were significantly less bored than green stalks.
2. Internode borer (Proceras indicus K.)
The internode borer (P.indicus) isamajor borer pest of sugarcane in Peninsular
India. Agarwal (1964) worked on its biology. He found that the younglarvae after
feeding on the epidermis of tender leaves for 48—78 hours enter into the stalk and
get into the tender fibrous joints.It has been found (Agarwal, 1959a, b) that about
85% new holes in stalks were made in top immature i.e. 1 to 6 internodes only.
Examination of 41 commercial varieties revealed that the age of the shoot did not
alter the behaviour of clones towards the internode borer, e.g. the mother shoots
and the first, second and subsequent (up to 8) tillers were almost equally damaged
(Agarwal, 1960).
Effect of fibre content on borer incidence
The fibre content has avery greatinfluence on theresistant behaviour of clones.
Windred (1939), Mathes et al. (1952) and Cleare (1934) established that high
fibred clones were least preferred by the moth borer (D. saccharalis).
From theimmature part of theplant i-e.,from top internodes 1—5 and 6—8,and
from the entire cane, the fibre content of 33 promising clones was estimated. Four
samples in each group were taken for these investigations (Table I).
It was found that the fibre content significantly differed in different clones as
also in the same clone, of the above three groups viz. top' and upper internodes
and the whole cane.
Effect of rindhardness on borer incidence
Four anatomical characters contribute to rind hardness in cane stalk. They are:
(i) The number of vascular bundles per unit area of rind, (ii) the lignification of
the cell wall of the vascular bundle sheaths, (iii) the lignification of the cell walls
of the parenchyma of the sub-epidermal layers and (iv) the lignification of the cell
walls of the intervascular parenchyma cells. Sugarcane clones differ in these
characters and the rind hardness is due to one or more of the above anatomical
factors.
Thehardness of rind was measured withthehelp of apenetrometer from the top
1 to 5 and 6to 8internodes at 8points in each internode and for 5 stalks in each
clone. The rind hardness differed significantly in different clones as also in the
two sets of the same clone (Table I).
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The correlation coefficient between the percentage of incidence and fibre, as also
the percentage incidence and rind hardness, were found negatively associated. The
't' values weresignificant for both the factors (Table I).
TABLE I

Fibre content and rind hardness of stalk portions of sugarcane clones;
33 clones examined (P. indicus)
Internodes from top

% fibre
range
average
8.5—15.5 12.6*
9.7—22.1 14.1*
9.2—29.1 16.0

1 to 5
6 to 8
whole cane (average)
* signif. diff. at 5%

% rind hardness
range average
2.6— 5.9 4.34*
4.8—10.2 6.86*

—

level

Correlation coefficient between fibre rind and incidence of internode borer
correlation coefficient between
Percent internodes damaged with % fibre
Percent internodes damaged with % rind hardness

'r' value
—0.51214*
—0.5924*

* 't' value significant

Effect of trashing theleafsheaths
Sugarcane plots of 100m2 in four replications were trashed at monthly intervals
from July to November. The data on trash and untrashed stalks were recorded at
harvest. It was found that the trashing of leaves did not show any significant
differences between the trashed and untrashed clones. Evidently self-trashing
character of the clones may not contribute to resistance in case of internode borer
(P.indicus).
Morphological characters and borer incidence
Sixteen clones were grown in three replications of two rows of 6m each. The
data recorded on the percentage of internodes damaged showed that the incidence
of this pest ranged from 9.5 to 21.8% in different varieties. The mean value was
16.2%. Based on mean value and on the range in the incidence, the clones were
rated as given in Table II.
TABLE II

Rated values of 16 promising sugarcane clones
Incidence between
Rated value
9.5 to 12.9%
Resistant
13.0 to 16.3%
16.4 to 19.0%
19.1 to 21.8%

Clones
Col007, Co975, Col049
and Co6510
Moderately susceptible Co312, Co449 and Co740
Susceptible
Co678, Co6504, Co6507
and Co6607
Highly susceptible
Co775, Col287, Co6508,
C066OI and C066O9

Number of clones
4
3
4
5
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Nine morphological characters, namely, (i) leaf width, (ii)length of internodes,
(iii) length of vulnerable portion, (iv)width ofvulnerable portion and(v)lengthof
stalk, (vi)colour of leaves, (vii)nature of leafsheath, (viii) colour of stalk and(ix)
nature ofleaveswere examined inrelation tothepercentage ofinternodes damaged
by the internode borer. The top 1—5 internodes are generally damaged by this
borer (Agarwal, 1959a, b). Therefore, the length of the top portion of the stalk
i.e. from thetipof thegrowing point uptotheinternode covered bythe 8thleaf,
including the spindle leaf, was defined as the vulnerable portion. The girth was
recorded from themiddleofthe8th sheath. Thecorrelation coefficient betweenthe
incidence of internodes borer and the aforesaid morphological characters showed
that:
(i) thelength of theinternodes or thewidth of theleaves didnotmanifest any
significant correlation (+0.39 and +0.45, respectively).
(ii) Thenature of theleaf, i.e.thedrooping type wassignificantly more damaged
than the erect type. This may be due to more shelter provided by clones with
drooping leaves (TableIII).
TABLE III

Effects of leaf and leafsheath

on the incidence of internode borer

(P.indie

% incidence
SI. No . Variety
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Co.312
Co.449
Co.678
Co.740
Co.775
Co.975
Co.1007
Co.1049
Co.1287
Co.6504
Co.6507
Co.6508
Co.6510
Co.6601
Co.6607
Co.6609
Average
' P Value

Nature of leaf
Erect
Drooping
14.7
15.6
x
14.5
x
x
9.5
12.5
x
x
x
x
12.9
x
16.4
x
Significant

Nature of leafsheath
Loose
Tight

X

14.7

X

X

X

16.7

X

15.6
16.7

X

14.5

X

19.2
11.8

X

19.2

11.8
9.5
12.5

X

X
X

X
X

X

19.8
18.6
17.7
21.8

X

12.9

X

19.3

X

19.3

X

16.4

X

19.1

X

19.1

19.8
18.6
17.7
21.8

X
X
X

Significant

The data analysed for the two alternative characters.

(iii) The colour of the leaves or the colour of the stalk had no significant
influence on the internode borer.
(iv) Theclones with loose leafsheath were significantly more damaged than the
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clones having tight leafsheath (Table III). This may also be due to the samecause
asin the case of droopingleaves.
(v) The length of the vulnerable portion as also the girth of the vulnerable
portion showed positive and significant (at 5.0% level) correlation (r = +0.54
and + 0.55) with the incidence of internode borer (Table IV).

Correlation coefficient between the percent internodes damaged and the height, length and
width of the vulnerable portion
SI.No. Variety
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Co.312
Co.449
Co.678
Co.740
Co.775
Co.975
Co.1007
Co.1049
Co.1287
Co.6504
Co.6507
Co.6508
Co.6510
Co.6601
Co.6607
Co.6609
Average

% internodes Height of stalks
damaged
(cm)
14.7
15.6
16.7
14.5
19.2
11.8
9.5
12.5
19.8
18.6
17.7
21.8
12.9
19.3
16.4
19.1

91.40
114.06
147.10
108.16
98.70
103.50
69.63
108.63
106.10
134.43
77.00
110.20
88.66
105.76
120.86
120.96
r= +0.7491

significant

Length of
Width of
vulnerable vulnerable portion
portion (cm)
(cm)
1.56
19.6
2.38
19.2
2.54
19.2
2.20
12.5
2.52
15.4
2.19
16.4
' 2.12
16.8
1.90
15.8
2.33
24.0
2.44
19.5
2.29
16.5
2.35
21.3
1.85
12.7
2.11
17.2
2.28
20.9
2,67
20.2
r
=
+0.55
r = +0.54
significant

significant

(vi) There was a positive and significant correlation (r = + 0.74) between the
height of canes and the incidence of the intemode borer (Table IV). It may be
that the tall canes were preferred by the moths for oviposition.
(vii) Other characters e.g. number of stalks per unit area, weight of stalks or the
number of internodes did not manifest any correlation with the attack of the
internode borer.
3. Sugarcane scale(Melanaspis glomerata (G.)).
The sugarcane scale (M.glomerata)is a serious pest in Peninsular India. In
severe cases the nymphs and adults colonize on the entire stalk. The host rangeof
the scale insect includes many hybrid clones, S1. spontaneum and Erianthus sp.
clones, etc. Clones like Co440 and Co442 manifested high resistance to the scale.
However, infestation varied widely in different clones.
The screening of various S,spontaneum clones revealed that the clones which
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were originally collected from Assam, East Pakistan, Burma, Thailand, Indonesia
and Far Eastern countries were invariably more heavily attacked than to clones
collected from Africa, Middle East and India.
The scale insect occurs more freely on clones which have an enveloping leafsheath, as a safe protective covering is necessary for the prolific breeding of the
pest. The attack isless in the free trashing clones. Rao (1951) and Khanna (1957)
suggested that the scale insect protrudes its stylets into the stem through the
stomata and that there was a direct relationship between the number of stomata
and resistance in different clones. Agarwal et al. (1959) illustrated the mode of
feeding of thescaleinsect.He found that thescaleinsectsucksitsfoodmaterialfrom
the parenchymatous cells. The stylets penetrate through the epidermis and go deep
inside the stem, almost to the pith region. They make their way through the
parenchymatous cells of the ground tissues and clearly avoid the vascular bundles.
Evidently the stylets are not able to penetrate through the vascular bundles. If the
latter happen to be on their way the stylet curves round the bundles and passes
through the parenchymatous cells.The entry of the styletswas always intracellular.
Epidermal characters, such as number of cork and silica cells, stomata and
vascular bundles per unit area, were studied in 21 hybrid canes and 155. spontaneum clones, vis-à-vis their effects on thenature of attack upon sugarcane scale.
From the data given in Table V, it may be observed that wide variations existed
TABLE

Nature of scale (M.glomerata) attack, num.

v

ber of stomata, cork cells,

and vascular bund

Stalk portion

Number
(per field)

Mature of attack
Light
Medium
Heavy
Hybrid canes

Internode

Stomata
Silica cells
Cork cells
Vascular bundles
Stomata
Silica cells
Cork cells
Vascular bundles

0.8
111
129
13
1.9
128
157
101

Wax band

Internode

Wax band

*S = significant
N—S = non-significant

Stomata
Silica cells
Cork cells
Vascular bundles
Stomata
Silica cells
Cork cells
Vascular bundles

' P value

3.0
106
163
19
5.9
108
165
111

S
N—S
S
N—S
S
N—S
N—S
N—S

Saccharum spontaneum cl ones
0.7
2.2
3.5
34
11
15
74
94
1224
23
26
22'
7.8
7.8
8.6
45
28
22
89
152
169
23
25
23

S
N-^S
S
N—S
N—S
S
S
N—S

1.0
95
136
15 '
2.5
122
164
114
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in the epidermal pattern at different locations in the same stalk as also in clones
of different species. The occurrence of stomata in greater number in the medium
and heavily infested spontaneums and hybrid canes, both in the internode and
wax band regions, indicated the possibility of stomata being associated with the
intensity of attack of the scale insect. The wax band was more severely infested.
Correspondingly, the number of stomata were also more in that region than in the
middle portion of the sameinternode. This wastrue both in theS.spontaneum and
hybrid clones. The scale insect, however, did not show any preference for varieties
with a lesser number of vascular bundles, i.e. for soft varieties. The S. spontaneum
and Erianthus sp. clones are generally very hard. They were invariably more
heavily attacked than thehybrid or 5.officinarium, i.e. soft clones.
4. Sugarcane whitefly (Aleurolobus barodensis Mask.)
Two species of aleurodids, namely, Aleurolobus barodensisMask, and Neomaskellia bergiiSign, damage sugarcane in India. These aleurodids are always
found on the lower side of the leaves. It was found that the clones belonging to
5.spontaneumwereheavily attacked whereas clonesof allied genera, e.g. Erianthus
sp., and many hybrid clones were almost free of them. The morphological studies
of the clones showed that:
(i) the wiry clones (leaf width less than 2.5 to 3.3mm) as also broad leaved
clones (leaf width of 12—14mm) were almost free of the whitefly attack, whereas
the clones of narrow and mediumleaf width (5 to 10mm) were generally attacked.
(ii) there were no significant differences in the population of cork and silica
cellsand number of stomata per unit area in free, light and heavily infested clones.
Evidently, there does not appear any association with regard to the above
characters.
(iii) allthe free andlightinfested clones had 5to 7 stomatal grooves and heavily
infested clones had 6—9 grooves per unit area. The distance between the grooves
in the free, lightly and heavily infested clones varied from 144to 208, respectively.
These differences in thenumber of grooves as alsoin thedistancesin between them
were quite apparent in the three differently infested clones.
(iv) the spines per unit area varied from 33 to 49, in the free, light and heavily
infested clones,respectively. Thesevalueswerealsoclearlymanifested inthe different
clones. The spinous outgrowth evidently causes obstructions in establishing
thenymphs. The highly spiny cloneswere,therefore, comparatively free of whitefly
attack.
5. Eriophyid mite (Eriophyid sp.)
Theinjuries caused bythe eriophyid mitecanbeidentified by external leafsheath
scars and deformed erineum and russet patches or the 'acro-cecidii'. The damage
is mostly confined to the neighbourhood of the actual cells in the inner side of the
leafsheath. The organization within the affected tissues is greatly disrupted. Epidermal cells in the outer layer are largely flattened and destroyed.
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Field screening of several hundred clones showed (Agarwal, 1965 and Agarwal
and Bhatio, 1965) that the sugarcane clones differed widely in their behaviour
towards this mite. Clones like Co285, Co331, Co997, Col150, Col266 and
Col269 were classified as susceptible and Co443, Co664, Co992, Col167 and
Col268 as resistant. The thickness of the green leafsheath as also the distance
between the inner epidermis and the vascular bundles located towards the outer
side seem to influence the resistance to this mite. For example, Co419 is more
severely attacked than Co312. The former has a thicker leafsheath and also the
distance between the inner epidermis and the vascular bundles on the outerside
is comparatively greater than in Co312. This susceptibility may be due to the fact
that the mite is able to colonize successfully the deep parenchymatous tissues of
Co419 but not those of Co312.
DISCUSSION

The sugarcane crop is damaged by a large number of insect pests. These pests
can be (i) of the boring, biting or chewing type, e.g. tissue borers, grasshoppers
and termites and (ii) of the sucking typebelonging to fulgorids, coccids, aleurodids
or acarina. The physical and chemical make-up of the plants has a great influence
in protecting them from insect damage.
Many morphological characters of plants have been found obstructing or completely restricting the entry, penetration and feeding of insects on some clones.
This may be called direct resistance. Indirect resistance may be due to many
clones having thepotentialities to recover from damage or injury or to tolerate pest
attack. These potentialities are afforded by increased vigour, etc. However, while
searching for resistant clones, a single basis of resistance may be of little practical
use, specially when dealing with a highly heterozygous polyploid plant like sugarcane.
Many morphological characters have been found associated with the moth
borers. The larvae first feed on leaf or leafsheath tissues and later enter into the
stalk. Therefore, the make-up of affected tissues, e.g. the denticules on the midrib
of leaves, the number of vascular bundles, the lignification of cell walls and the
number of layers of sclerenchymatous cellsplay a very important role in imparting
resistance against the first and second instar larvae. Later the larvae enter into
the stalk. In doing so, they first encounter hard fibrous tissues, i.e. rind. Therefore, the hardness of rind and fibre percent in stalk are important factors for
resistance to the larvae. It has been established by many workers that clones with
a high percentage of fibre and rind hardness are always more resistant.
In addition to the hardness of rind, the nature of the leaf and leafsheath also
contribute towards resistance to moth borers in some clones. In case of the top
borer, (Scirpophaga nivellaF.), a clone with a combination of characters such as
long spindle, long effective length, highly lignified cells of the midrib and high
population of denticules will be highly resistant. A clone with short and thin
vulnerable tops will be highly resistant to interaode borer.
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Likewise clones with alownumber of stomata andspines ontheir leaves anda
smallpopulation ofstomata onthestalks willshowaconsiderably reduced susceptibility tothewhitefly (A. barodensis) andscale insect (M.glomerata), respectively.
Evolution of a clone's resistance to insects is a continuous and timetaking
process. It maybe worth considering that in a heterozygous polyploid plant like
sugarcane phenotypic selection is likely to be quicker and less cumbersome
than biochemical tests. It is, therefore, suggested that for obtaining sugarcane
clones resistant to different insect pests, the selection of clones which have combinations of several morphological characters contributing to resistance maybe
more useful than testingfor other characters.
ZUSAMMENFASSUNG

MORPHOLOGISCHE EIGENSCHAFTEN
RESISTENZ GEGEN

DES ZUCKERROHRS
INSEKTEN

UND

Die physiologische, chemische und morphologische Ausstattung der verschiedenen Zuckerrohr-Klone hat eine große Bedeutung für die Resistenz gegenüber verschiedenen Insekten.
Die Resistenz gegen den Internodienbohrer (Procerasindicus) ist nachweislich mit Umfang
und Länge der oberen 5—6 Internodien verbunden.
/
Eine geringe Spaltöffnungszahl steht in Beziehung zu den Resistenzeigenschaften der Sorten
gegen die Zuckerrohr-Schildlaus (Melanaspis glomerata).
Verschiedene ähnliche morphologische Eigenschaften der Zuckerrohr-Sorten erwiesen sich
als verknüpft mit ihrer Resistenz gegen den Zuckerrohrbohrer {Diatraea saccharalis), die
Mottenschildlaus (Aleurolobus barodensis), die Zikade Pyrilla perpusilla, die Spinnmilbe
Oligonychus indicus, eine Gallmilbe und die Schwarze Wanze (Macropes excavatus).
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CHEMICAL BASIS OF HOST SELECTION A N D PLANT
RESISTANCE IN OLIGOPHAGOUS INSECTS*
BY

TING H. HSIAO
Department of Zoology, Utah State University, Logan, Utah, U.S.A.
Recent investigations of the Colorado potato beetle and the alfalfa weevil reveal many
similarities in their modes of host selection. Many plant chemicals influence their behavioral
responses and physiological processes. Chemical stimuli influencing host finding and acceptance or rejection of plants include attractants, repellents, sign stimulants, feeding stimulants
and deterrents. Both species are highly sensitive to deterrent chemicals present in many plants.
Feeding stimulants are indispensible for these insects and are supplied by both primary
nutrients (i.e. sugars, amino acids, phospholipids and potassium salts) and secondary plant
substances. The important role played by different plant chemicals in host selection and
plant resistance is discussed.

Plant chemicals, as they relate to phytophagous insects, may be divided into
two broad categories: those influencing behavioral responses and those influencing
physiological processes. The chemicals that affect insect behavior are classified
according to their influence on sensory response. Chemical stimuli that elicit
positive responses are attractants, arrestants, or stimulants. Those which evoke
negativeresponses arerepellents or deterrents.Plant chemicals which affect physiological processes of insects may be classified as nutrients, physiological inhibitors
or toxicants. The diverse effects attributed to plant chemicals emphasize the complicated relationships between insects and plants.
A satisfactory plant for an oligophagous insect can be regarded as one that
provides all thepositive chemical stimuli needed to fulfill the sensory requirements
of the insect while being devoid of negative chemical stimuli. Any alteration in the
chemical composition of a suitable host plant leading to negative insect responses
would make it unsuitable for that insect. In studying the host specificity of oligophagous insects, consideration must be given to chemical factors that favorably or
unfavorably influence the behavioral responses and physiological processes of
insects.
Oligophagous insects, because of their high degree of host plant specificity, are
excellent subjects for investigations of insect plant relationships. The Colorado
potato beetle (Leptinotarsa decemlineata Say) and the alfalfa weevil (Hypera postica(Gyll.)) will be used in this discussion to illustrate the chemical bases of host
selection and plant resistance in oligophagous insects.
* Journal paper No

, Utah Agricultural Experiment Station, Logan, Utah.
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Oligophagy in Leptinotarsa decemlineata
The oligophagous feeding habit of the Colorado potato beetle is well-known and
much investigated (Grison, 1963). The behavioral aspects of host-finding and food
selection by the larvae have been studied in detail by Chin (1950) and de Wilde
(1958). Jermy (1961) investigated the preference and acceptability of various
solanaceous and non-solanaceousplants to the adults. Recently, Hsiao &Fraenkel
(1968 a, b, c, d) have studied the relationships between plant chemicals and host
specificity of thisinsect.
Under natural conditions, a food plant is selected by the adult female during
the process of oviposition. Hence, the selection of an oviposition site is the first
step in host selection. Oviposition involves a series of behavioral events which are
regulated by different chemical stimuli. Initial orientation of the gravid female to
a prospective host plant is influenced by olfactory stimuli originating from the
plant (Schantz, 1953; Jermy, 1958; de Wilde, Lambers-Suverkropp & van Tol,
1969). The females can discriminate between solanaceous and non-solanaceous
plants and even among different species of the Solanaceae (Trouvelot & Grison,
1935; de Wilde, Slooff & Bongers, 1960; Hsiao & Fraenkel, 1968a). Preference
experiments showed that chemical rather than physical characters of the plants are
thedeterminingfactors. In thepresence of anoviposition inhibitor, asin thespecies
Capsicum annuumand Solanumciliatum,egg-laying never occurs. Plant chemicals
that stimulate oviposition appear tobemore than onekind. Those that are present
in the Solanaceae are most attractive and induce most egg-laying by the potato
beetle. Under laboratory conditions, a few non-solanaceous plants also attract a
higher amount of egg-deposition than on neutral substrates, indicating the presence
of some non-specific oviposition stimuli. Solanum nigrum, a plant that is not
attacked by the potato beetle, but is nevertheless highly attractive for egg-laying,
demonstrates that chemosensory requirements for oviposition and feeding are not
always the same. De Wilde et al. (1960) found that Solanum luteum, a plant
toxic to the larvae, waspreferred to potato for oviposition. Oviposition preference,
therefore, is not a mere consequence of feeding preference.
Host finding and feeding comprise another determining factor in host plant
specificity. Both adults and larvae of thepotato beetle feed on the same plant. The
sequence of activities leading to the finding and acceptance or rejection of a plant
canbe arbitrarily divided intofive behavioral components as suggested bydeWilde
(1958). These are: (1) host plant perception, (2) initiation of biting, (3) feeding
action,(4) continuous feeding,and(5)cessation of feeding (resting and locomotion).
The types of chemical stimuli influencing host finding and feeding behavior of the
larvae are illustrated in Table I.
Under natural conditions the egg-masses of the potato beetle are deposited on
the food plant and the larvae do not have to locate the plant themselves. Yet the
capacity to perceive food still exists and the larvae are able to locate their host
plant from a very short distance by smell (Chin, 1950) and sight (de Wilde & Pet,
1957). However, the perceptive ability of the larvae is limited to a distance of less
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TABLE I

Chemical stimuli influencing host finding and feeding behavior of the Colorado potato beetle
Type of stimulant

Behavioral response

Method of bioassay

Chemical nature

Olfactory attractant

Orientation toward
plant
Recognition of host
plant

Olfactometer

Unknown

Choice experiment
with leaf discs

Phenolic flavonoid

Sign stimulant
Feeding stimulant

Agar-cellulose medium Sucrose, amino acids,
Initiation and
continuation of feeding
chlorogenic acid,
phospholipids

Feeding co-factor

Continuous feeding

Agar-cellulose plus
feeding stimulant

Inhibitors (repellent,
deterrent, toxicant)

Rejection of plant

Artificial diet plus leaf Secondary plant subpowders or extracts stances (tomatine,
leptine, demissin,
nicotine, etc.)

KCl, KH2PO4, NaCl

than 5cm. This suggests that, when away from the plant, host finding by larvae is
/
accomplished byrandom searching.
Biting on the leaf surface is initiated as soon as a larva comes in contact with
the plant. The biting action may be initiated by a variety of external stimuli and
be affected also by internal physiological conditions. Thus, a starved larva will
try to bite on a variety of substances including filter paper, agar medium and nonhost plants which it will not attack when well-fed. Investigation of larval plant
preferences between solanaceous and non-solanaceous plants indicates that
botanically restricted 'sign stimuli' are required to initiate and release the biting
and feeding action. Larvae feeding on acceptable non-solanaceous plants require
a considerable period of adaptation, whereas no adaptation isrequired when larvae
feed on solanaceous plants (Hsiao & Fraenkel, 1968a). Chemicals having a signstimulant effect have been isolated from fresh potato leaves in an alcohol extract
and partially purified leaf fraction (Chauvin, 1952; Yamamoto &Fraenkel, 1960;
Hsiao & Fraenkel, 1968b). These findings emphasize the important role of sign
stimuli as behavioral releasers in the host selection by the potato beetle.
The feeding responses of the larvae are also regulated by feeding deterrents
and stimulants. In the presence of deterrents, food ingestion does not occur despite
the presence of feeding stimulants. The alkaloids demissin, leptine, tomatine, and
others found in solanaceous plants have previously been reported to act as feeding
deterrents for the potato beetle (Schreiber, 1958). Nicandrenone, a ketone isolated
from Nicandra physaloides, is also a potent feeding deterrent. A systematic investigation of the chemical basis of resistance to larvae of various solanaceous and
non-solanaceous plants further substantiates the general occurrence of feeding
deterrents for the potato beetle (Hsiao &Fraenkel, 1968c). Of 104 plant species
tested for acceptability in a fresh leaf form, over 80% of the plants were rejected
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by the larvae. Incorporation of leaf powders of these rejected plants into artificial
diets demonstrated the presence of deterrent compounds. When the leaf powders
of these plants were fractionated into an ether extract, a water extract and the
residue fraction, deterrent chemicals occurred mainly in the water extracts, and
rarely in the ether extracts or residue portions. These findings show that feeding
deterrents are responsible for the resistance to larvae by the majority of solanaceous and non-solanaceous plants. Feeding deterrents other than secondary plant
substances have also been reported in several instances. Jermy (1958, 1961) found
that salts of organic acids, fungicide preparations, and copper sulfate inhibit the
feeding of larvae and adults when applied on potato leaves. The fungicide, fentin
acetate, was a potent inhibitor of feeding, oviposition and egg-hatching of the
potato beetle (Murbach, 1967).
Feeding stimulants are indispensable as behavioral releasers for the potato
beetle.Nofood ingestionisinitiatedintheir absence.Therole of nutrient chemicals
as feeding stimulants has been investigated by Hsiao & Fraenkel (1968d). The
results are summarized in Table II. The chemicals that had feeding stimulative
effects include carbohydrates (sucrose, melezitose, glucose and fructose), amino
acids (L-alanine, y-aminobutyric acid, L-serine, DLna-aminobutyric acid, DL-/5aminobutyric acid and L-proline), and phospholipids (lecithin, phosphatidyl Lserine and inositol phosphatide). In addition, chlorogenic acid (Table I) that was
isolated from potato leaves acts as a feeding stimulant for the potato beetle (Hsiao
& Fraenkel, 1968b). The effect of feeding stimulants is further accentuated by
inorganic salts (KCl, KH 2 P0 4 and NaCl) which serve as feeding co-factors. Interactions between different feeding stimulants and co-factors produce additive or
synergistic effects which further enhance feeding responses. Since most of these
feeding stimulants and co-factors are generally distributed in green plants, the
feeding response of the potato beetle apparently does not require the presence of
botanically restricted plant chemicals. Therefore, potato beetle larvae can be
reared on non-solanaceous plants as well as on artificial diets supplied with
adequate feeding stimulants.
Continuous feeding on the plant requires an adequate supply of feeding stimulants and co-factors and the absence of feeding deterrents and toxicants. Presumably, the texture and moisture content of the plant also help to determine feeding
duration. When fed on suitable host plants such as Solanum tuberosum,S. dulcamara,S. rostratumetc., the larvae spend most of the time feeding with only short
periods of rest. However, when fed onunsuitable plants such asS.nigrum, Petunia
hybrida,Physalissubglabrata, etc., the larvae spend most of the time wandering
and resting and feed only for short periods.
Feeding of the larvae on acceptable non-solanaceous plants and on an artificial
diet differs from that on natural host plants, because a period of adaptation is
required before normal feeding proceeds. This phenomenon is due to the lack of
sign stimuli that initiate feeding behavior. It is remarkable that after an adaptation
period involving starvation and test-biting, the larvae feed normally and no longer
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need the presence of the sign stimuli. This ability to adapt is an important
mechanism in the feeding behavior of the potato beetle.
The suitability of plants for growth and reproduction of the potato beetle
depends upon the absence of physiological inhibitors and an adequate supply of
essential nutrients. Physiological inhibitors such as metabolic inhibitors and toxicants are probably widely distributed in many plants. Buhr, Toball & Schreiber
(1958) showed that among 83 alkaloids, saponins and naturally occurring substances that were investigated, nicotine, physostigmine, colchicine, veratrine,
aconitine, delphinine, cantharidin, quassiin, and picrotoxin had adverse or toxic
effects on the feeding and growth of the larvae. Similar findings on the effect of
alkaloids from Solanaceae and other plants were reported by Koch (1960) and
Stürckow & Low (1961). Whether or not plant toxins play an important role in
the rejection of plants by the potato beetle has not been clearly established.
Investigations of the chemical constituents of two toxic plants, Nicotiana rustica
and Dryopterismarginalis, indicated that the toxic properties of these plants were
also associated with the presence of deterrent substances (Hsiao & Fraenkel,
1968c). Therefore, larvae would be effectively prevented from consuming these
plants and thus avoid intoxication. The influence of metabolic inhibitors of plants
on growth of thepotato beetle ismore difficult to demonstrate. Until a satisfactory
artificial diet is developed for rearing this insect, the long term effects of metabolic
inhibitors can not be determined. Studies of other phytophagous insects have
shown that some plant chemicals act both as feeding deterrents and metabolic
inhibitors. Benzoxazolinones conferring resistance to the European corn borer
are the best examples (Beck & Smissman, 1961; Klun, Tipton & Brindley, 1961).
Nutritional factors are alsoimportant in determining the suitability of plants for
supporting the growth and reproduction of potato beetles. Differences among
solanaceous plants in their ability to support larval growth and adult reproduction have been reported in many instances (Trouvelot, Lacotte, Dussy & Thénard,
1933a, b; Mclndoo, 1935; Schaper, 1938; Brues, 1940; Chin, 1950; Grison,
1958; de Wilde et al, 1960). Hsiao & Fraenkel (1968a) found that the potato
beetle could be reared on several non-solanaceous plants including Asclepias
syriaca,A. tuberosa (Asclepiadaceae), Capsella bursa-pastoris(Cruciferae), and
Lactucasativavar. romana(Compositae). Except for A. syriaca, larval growth on
all the plants was inferior as compared to that obtained from potato and other
solanaceous plants. Adult females reared on A. syriaca and L. sativavar.romana
for 3—6 generations laid substantially fewer eggs than those reared on potato,
suggesting that nutritional factors wereinvolved. Grison (1957, 1958) showed that
the amount of phospholipids in the food plant influences the fecundity of potato
beetles. In this connection it is interesting to note that phospholipids are also
important feeding stimulants for the potato beetle (Table II).
Theimportance of specific nutrient chemicals for growth has been demonstrated
with an artificial diet by Hsiao (1966), who showed that the addition of casein
hydrolysate or essential amino acids significantly improved growth of larvae reared
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TABLE II

Chemosensory influence of nutrient chemicals on feeding of the Colorado potato beetle
and the alfalfa weevil
Type of chemical
Carbohydrates (25)3 )
Glucose
Fructose
Mannose
Maltose
Sucrose
Turanose
Melezitose
Amino acids (23)
L-alanine
L-serine
DL-a-aminobutyric acid
DL-jS-aminobutyric acid
y-aminobutyric acid
L-proline
B-vitamins (8)
Brewer's yeast extract (1)
Steroids (4)
Lipids (8)
Lecithin, vegetable
Phosphatidyl L-serine
Inositol phosphatide

Potato beetle larvae ] ) Alfalfa weevil larvae2)

+
+++++

++++
++
++
+++++
+
+++

+++++
+++
++
+
+++++
+
++++
++++
++
+

+++

+ + + -f-f- highly stimulative; — non-stimulative.
!) Hsiao & Fraenkel (1968d).
2
) Hsiao (unpubl. data).
3
) number in parenthesis indicates the total number of compounds tested within each type.

on a casein-based artificial diet.Theimportance of free amino acidsinthe nutrition
of thepotatobeetlewasfurther demonstrated byCibula, Davidson,Fisk &Lapidus
(1967), who showed that quantitative and qualitative differences in amino acidsof
several solanaceous plants related to their suitability for growth. Differences in the
nutritive values of various solanaceous and non-solanaceous plants to insects have
been demonstrated by utilization studies. Waldbauer (1964) found quantitative
differences in the rate of utilization of solanaceous and non-solanaceous plants by
the tobacco hornworm, Manduca sexta (Johan.). Some non-solanaceous plants
were effectively utilized while others did not support growth although they were
eaten at the same or higher rates than plants which supported good growth. Soo
Hoo &Fraenkel (1966a) obtained similar results with the polyphagous larvae of
Prodenia eridania (Cramer). Food utilization experiments have not been done with
the potato beetle. However, the results of growth experiments indicate that
differences inthe nutritive value of plantswould also affect the suitability of plants
for growth of this insect (Hsiao &Fraenkel, 1968a).
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Oligophagy in Hypera postica
Thealfalfaweevil.Hyperapostica, isatypicaloligophagousinsectthatfeedsalmost
exclusively on leguminous plants of the genus Medicago and occasionally on a few
species of the genera Melilotusand Trifolium.The life history and biology of this
insect resemble those of the Colorado potato beetle. Both larva and adult feed on
the sameplant. The female deposits eggsinside alfalfa, Medicago sativa,stems and
the larvae crawl outside the stem and feed on the leaf bud. The selection of food
plant isperformed by the adult female during the process of oviposition. Olfactory
stimuli originating from thehost are important inhost finding by the adults. Byrne
& Steinhauer (1966), by the use of an olfactometer, demonstrated the presence of
an olfactory attractant in the fresh alfalfa. The field investigation of Norwood,
VanDenburgh, Hanson & Blickenstaff (1967) and the laboratory study of VanDenburgh, Norwood, Blickenstaff & Hanson (1966) showed that the physical
characteristics of the plant, such as stem diameter and toughness, influence the
selection of plants for oviposition. Oviposition preferences have also been
observed among different species and strains of Medicago (Campbell & Dudley,
1965;Ratcliffe &Barnes, unpubl.). Byrne et al.(1967) demonstrated the presence
of anoviposition stimulant inboth alfalfa and sweetclover. The stimulant appeared
to function via gustatory rather than olfactory means. An oviposition deterrent
was also found in the hop clover, Trifoliumcampestre. The weevils were found to
oviposit under field and laboratory conditions on a non-host plant — the henbit
deadnettle, Lamium amplexicaule (Labiatae) (Pass, 1967). However, the presence
of alfalfa as a stimulus was essential for egg-laying.
The chemical basis of host selection and plant resistance to alfalfa weevil larvae
is currently being investigated in our laboratory. Two types of bioassay methods
have been used to determine the effects of various plant chemicals on feeding
behavior. An agar-cellulose medium was used to evaluate the stimulative effects
of plant chemicals on feeding. An artificial diet, which is adequate for growth of
4th-instar larvae, was used to determine the growth promoting or inhibitory effects
of plant chemicals. The feeding response of the alfalfa weevil was found to be
regulated by both primary and secondary plant chemicals. The primary nutrient
chemicals that serve as feeding stimulants are cited in Table II. Sucrose and
fructose were highly stimulative carbohydrates. Melezitose, mannose and maltose
are moderately stimulative whereas glucose and turanose were only slightly
stimulative. The stimulative effects of the sugars were correlated with the amount
present in the alfalfa plant. The alfalfa weevil did not respond at all to amino
acids, but the larvae were stimulated by a phospholipid (lecithin) and Brewer's
yeast extract. Potassium salts also acted as feeding co-factors for this species and
enhanced the larval feeding response to sugars. Recently, two feeding stimulants
isolated from alfalfa leaveswereidentified asadenine and adenosine (Hsiao, 1969).
Adenine nucleotides were also active as feeding stimulants whereas other purines,
pyrimidines, and their nucleosides and nucleotides were not effective. Adenine
was found to be at least ten times more stimulative than sucrose as a feeding
stimulant.
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Other plant chemicals that stimulate feeding have also been demonstrated by
chemical fractionation of alfalfa leaves. Thus, a non-sâponifiable stimulant was
found in the ether extract, and feeding stimulants having the nature of secondary
plant substances were found in the lead acetate precipitate of the alcohol extract.
The chemical natures of these feeding stimulants are being investigated.
Alfalfa and related leguminous plants are characterized by their high content of
triterpenoid saponins and coumestans. The alfalfa saponins have been shown to
contribute to the occurrence of bloat in ruminants and can cause metabolic disorders in domestic animals (Lindahl et al., 1957). These compounds are also
potent inhibitors of the growth of microorganisms (Pedersen, Zimmer, Anderson
& McGuire, 1966). Coumestans of alfalfa, notably coumestrol, are structurally
related to estradiol and have estrogenic effects on animals (Bickoff, Livingston,
Hendrickson & Booth, 1962). The biological functions of these secondary plant
chemicals in relation to insect feeding on these plants have not been clearly
established. Loper (1968) found that injury of alfalfa by aphid feeding stimulated
an increase in the coumestrol contents of aphid susceptible varieties but did not
significantly effect aphid resistant varieties, indicating that the coumestrol content
of alfalfa is negatively correlated with aphid resistance.
We found no feeding stimulative effect with trifoliol, coumestrol, 4-methoxycoumestrol, lucernol, sativol, medicagol, tricin or coumarin by using agar-cellulose
medium assay. Growth experiments on artificial diets indicated that trifoliol,
sativol and tricin exert no adverse effect. Coumarin deterred feeding and growth
at 0.50% in the diet, but had no deterrent effect at 0.25%. A distinct inhibition
of larval growth was observed with 0.25% coumestrol. However, this amount of
coumestrol is much higher than that present in commercial alfalfas (about 0.05%
dry weight). Nevertheless, some deterrent effects by coumestrol or related compounds may exist in view of the fact that these compounds can increase in the
plant as a result of insect feeding. Several saponin fractions isolated from alfalfa
leaves inhibited microbial growth and were incorporated into artificial diets at
a 1% concentration. None of the saponin fractions inhibited larval growth. In fact,
some of these fractions improved larval feeding and growth, and tests on agarcellulose medium confirmed their stimulative effects on feeding. This finding
suggests that saponins and related compounds are actually promoting rather than
inhibiting feeding and growth of the alfalfa weevil.
The chemical basis of acceptance or rejection of various leguminous plants by
the alfalfa weevil has been investigated. The study included Medicago sativa,
Melilotus officinalis, Trifolium pratense,Astragalus utahensis,Galega officinalis,
Phaseolus vulgaris, Pisumsativum,Lathyrus latifolius, Glycyrrhiza lepidota, Lupinus caudatus,L. sericeus,Onobrychissativa and Westeriasinensis.These plants
were first tested as fresh leaves to determine their acceptability for feeding. Leaf
powders were prepared and extracted first with ether and then 80% ethanol. The
threeleaf fractions (ether extract, alcohol extract, and residue) and theleaf powder
itself were incorporated into artificial diets at a 5% concentration. Weight gainsof
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larvae feeding on these diets were recorded to determine the influence of leaf
fractions on feeding and growth. The results indicate that the beneficial or
inhibitory effects of the fresh plants can be duplicated for all species in an artificial
diet using leaf powders. Among plants that were not acceptable to the larvae,
feeding inhibitors werefound in the alcohol extracts of Visumsativum, Glycyrrhiza
lepidota and Lupinus sericeus.The ether extracts of Lupinuscaudatusand Westeria
sinensisand the alcohol extract of Onobrychissativawere toxic to the larvae. In
the majority of plant species tested, the ether extracts did not show an inhibitory
effect and in many cases actually improved growth. Results obtained with the
acceptable plants (Medicago sativa, Melilotusofficinalis, Trifoliumpratense, Astragulus utahensis)indicated that the leaf extracts were either neutral or promoted
larval growth. These data demonstrate that a diverse group of secondary plant
chemicals appears to be involved in the determination of plant resistance to the
alfalfa weevil.
DISCUSSION

Conclusions from the study of the Colorado potato beetle and the^alfalfa weevil
reveal many similarities in their modes of host selection. Many different types of
plant chemicals serve as regulating factors. Thus, the host finding and oviposition
of both species require the presence of host specific olfactory and gustatory
stimulants and the absence of repellents and deterrents. Recognition of host and
the initiation of biting and feeding also require the presence of host specific sign
stimulants. Feeding stimulants are indispensable for the initiation and maintenance
of feeding behavior in both species. The types of plant chemicals that serve as
feeding stimulants for the two species are similar in some instances but are
different in others (Table II). Thus, sucrose and the phospholipid, lecithin, are
common feeding stimulants for both species.Some amino acids, notably L-alanine,
y-aminobutyric acid and L-serine, are effective feeding stimulants for the potato
beetle but not for the alfalfa weevil. Neither species responded to vitamins or
steroids which have been reported as feeding stimulants for other phytophagous
insects. These two insect species also responded to more specific plant chemicals.
Thus, chlorogenic acid serves as a feeding stimulant for the potato beetle but not
for the alfalfa weevil. On the other hand, adenine and related substances are
important feeding stimulants for the alfalfa weevil but not for the potato beetle.
In addition, unidentified feeding stimulants are present in the host plants of both
species, and each insect exhibits a high degree of chemosensory specificity to plant
chemicals. In this respect, amarked difference isfound in the feeding requirements
of oligophagous insects and polyphagous insects. In the polyphagous desert locust,
Schistocerca gregaria Forskâl, Dadd (1960) indicated that specific gustatory stimuli
are unnecessary for initiating feeding activity in hungry hoppers and are of minor
importance in sustaining it. The locusts fed well on synthetic diets consisting solely
of materials that had no feeding stimulative effect. A similar conclusion was drawn
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by SooHoo &Fraenkel (1966b) inregard tothe feeding responses ofthepolyphagous southern army worm, Prodeniaeridania(Cramer), onanartificial diet.
Thiswascertainlynotthe caseintheColoradopotato beetleandthealfalfa weevil,
as maintenance offeeding definitely required the presence offeeding stimulants.
This rigid chemosensory requirement for feeding also reflects thehigher degreeof
host plant specificity ofthese insects.
Both theColorado potato beetle andthe alfalfa weevil exhibit ahigh degreeof
sensitivity tofeeding inhibitors. Many plants arenot accepted asfood becauseof
the presence ofrepellents orfeeding deterrents. Chemical investigations indicate
that thedeterrent chemicals belong toa diverse group of botanically unrelated
substances. Thepresence of these deterrent chemicals serves as an effective
mechanism inlimiting thefood spectrum oftheseinsects.
On thebasis of available evidence, itappears that theresistance ofbotanically
unrelated speciesto oligophagous insectsislargely duetothepresenceofadiverse
group of repellents anddeterrents andtheabsence of attractants and feeding
stimulants. Among thebotanically related plant species orvarieties, the presence
of physiological inhibitors, and thedeficiency and imbalance of nutrient factors
would also beimportant determining factors.
ZUSAMMENFASSUNG

DIE CHEMISCHEN

GRUNDLAGEN
DER WIRTSWAHL
RESISTENZ BEI OLIGOPHAGEN

UND DER
INSEKTEN

PFLANZLICHEN

Neuere Untersuchungen a mKartoffelkäfer undamLuzerneblattnager förderten viele Übereinstimmungen in der Art ihrer Wirtswahl zu Tage. Viele Pflanzenstoffe beeinflussen ihre
Verhaltensweisen und physiologische Prozesse. Chemische Reize, welche die Auffindung des
Wirtes, Annahme oder Ablehnung derPflanzen beeinflussen, umfassen Attractants, Repellents,
Signalstoffe, Fraß-Stimulatoren und Abschreckstoffe. Beide Arten sind hochempfindlich gegenüber abschreckenden Verbindungen in vielen Pflanzen. Fraß-Stimulatoren sind für beide
Insekten unabdingbar notwendig undwerden sowohl vonprimären. Nährstoffen (wie Zucker,
Aminosäuren, Phospholipiden u n d Natriumsalzen) wievon sekundären Pflanzenstoffen gestellt. Diebedeutsame Rolle, welche Pflanzenstoffe beiderWirtswahl undder Resistenz der
Pflanzen spielen, wird diskutiert.
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STEM BORER A N D LEAFHOPPER-PLANTHOPPER
RESISTANCE IN RICE VARIETIES
BY

M. D. PATHAK
International Rice Research Institute (IRRI) Los Banos, Laguna, The Philippines
A total of 10,000 varieties, representing the world rice germ plasm collection at the International Rice Research Institute, were evaluated for their resistance to the striped borer,
Chilo suppressalis Walker, in field and greenhouse experiments. From these, 20 varieties
were recorded as highly resistant. The resistance appears to be non-preference and/or antibiosis in nature. Several plant morphological and anatomical characters have been recorded
to be correlated with stem borer resistance. On resistant varieties, the borer larvae suffer
high mortality, have a slower rate of growth, and their body-size is smaller than those of
the larvae reared on susceptible hosts.
The selected resistant varieties have been also used in a hybridization program which
sought to combine stem borer resistance with improved plant type and other desirable
characters. Several progenies of one such cross between TKM-6 (resistant to borers) and
Peta3 X Taichung (Native) 1 (improved plant type) are particularly promising. They are of
improved plant type, resistant to borers, tolerant to the green leafhopper, Nephotettix impicticeps and the brown planthopper, Nilaparvata lugens, and possess some resistance to the
tungro virus, bacterial leaf blight, bacterial leaf streak and the local races of the blast disease.
They have high yield potentials and fine-quality grains.
The screening of about 1,000 rice varieties led to the identification of some varieties with
natural resistance to the brown planthopper and to the rice green leafhopper. Resistance to
the brown planthopper appears to be due to the presence of a strong repellent or a lack of
feeding stimulus in the plants, while resistance to the green leafhopper is due either to the
presence of toxic materials or nutritional deficiencies in the plant for the insect.

Several species of stem borers, leafhoppers and planthoppers are serious pests
of rice and cause extensive losses (Pathak, 1968). Infestations of these insects are
particularly intense in places where 2 to 3 rice crops are grown in a year because,
in such areas, the pests occur in multiple overlapping generations. The screening
of about 10,000 rice varieties representing the rice germ plasm collection of the
International Rice Research Institute has revealed that several varieties possess a
high degree of resistance to one or more species of these pests. The selected
resistant and susceptible varieties have been used in investigations on insect-host
interrelations and in hybridization programs to develop insect-resistant rice varieties. Some of this work isreviewed in this paper.
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RESISTANCE TO STEM BORERS

Varieties were screened in field experiments for their resistance to the striped
rice borer, Chilo suppressalis(Walker) under natural insect infestations. These
were tested over five crop seasons in batches of 1,000 to 2,000 each season. The
planting of the test varieties at a time when the neighboring crop was nearing
maturity generally brought about heavy borer infestations. The varieties which
showed low borer incidence in these tests were evaluated further in field and
greenhouse experiments. In the later tests, the plants were infested artificially with
uniform borer population. These tests showed distinct differences in varietal
susceptibility to the borers. The borer larvae caged on resistant varieties suffered
high mortality and had a slower rate of growth, smaller body-size, and lower
percentage of pupation than those caged on susceptible varieties (Figs 1 and 2).
Similar results were also obtained by rearing the larvae either on stem pieces or
on the seedlings of resistant and susceptible varieties.
CAUSES OF BORER RESISTANCE

Preference of moths foroviposition
Field experiments indicated the strong preference of the moths for ovipositing
on certain varieties. In these experiments, even under low borer population, certain
varieties received a much larger number of eggs and were heavily infested while
others were almost insect-free. Many resistant varieties, however, had only a few
eggmasses even under heavy infestations. The results of one test are presented in
Fig. 1.As is evident from this figure, the number of eggmasses on variety TKM-6
was about ten times lower than the number laid on the susceptible variety Rexoro.
Also, the varieties which contained a larger number of eggs generally had a higher
percentage of deadhearts, indicating the important role that oviposition preference
plays in determining the borer damage on these varieties. The varieties Chianan 2,
Yabami Montakhab and Taitung 16 had comparatively more eggs but lower percentages of deadhearts. In subsequent experiments these varieties were observed
to exert adverse effects on the borer larvae caged on them. Also, Chianan 2 and
Taitung 16 exhibited a rather interesting phenomenon; they were highly resistant
during the vegetative phase but became susceptible after flowering when they
developed higher percentages of whiteheads. It appears that, after flowering, these
varieties lose their resistance to larval survival and development on them.
Differencesin larval survivalon resistant andsusceptible varieties
The adverse effects of resistant varieties on larval survival and development
appears to be another major factor of varietal resistance (Fig. 2). On the resistant
varieties Chianan 2 and Taitung 16 the borer larvae had only about half as much
survival as on the susceptible varieties Rexoro and Sapan Kwai. Also, the larvae
pupated earlier, and in greater numbers on the latter varieties than onthe resistant
ones. Furthermore, the larvae caged on the susceptible varieties weighed about
twice as much as those caged on the resistant varieties (Fig. 3).
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Fig. 1. Ovipositional preference of stemborer moths and percentage deadhearts on selected
resistant and susceptible varieties.
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Correlationsbetween plant morphologicaland anatomical charactersand stem
borer susceptibility
A general association between several plant morphological and anatomical
characters and stem borer resistance has been recorded (Table I). Each of these
characters appears to contribute to borer resistance but none by itself appears to
be the real cause of such resistance. This was evident in several varieties having
one of these characters positively correlated with resistance but still reacting as
susceptible to the borers.
TABLE I

Correlations between percentages of infested tillers and plant characters
Plant Characters
Height of culm
Number of elongated internodes
Length of the 3rd elongated internode
Length of the flag leaf
Width of the flag leaf
External diameter of culm at
half of its length
VA to the base
Internal diameter of culm
at half of its culm
at V4 to the base
Number of tillers per plant
Number of borers per plant vs.
percentages of infested tillers
Percentage of stem area occupied by
vascular bundle sheaths

Correlation Coefficient
.796**
.632**
.715**
.798**
.836**
.672**
.785**
.671**
.790**
—.756**
.863**
—.756**

Tall varieties, because of their height, might have been more attractive to ovipositingmoths. The number of internodes and the elongation of the third internode
contribute to the height of the plants. The length and width of the flagleaf blade
were positively correlated with borer susceptibility. In separately conducted ovipositional preference tests these characters were positively correlated (r = 0.743
and 0.924, respectively) with the number of eggmasses laid. Also, it appears that
the hairy leaf blade surface acts as a physicalrepellent for the female moths during
oviposition. Most of the eggs were laid either on the smooth lower leaf surface
or along the smooth midrib area or the upper leaf surface. The role of hairiness
of theleaf blade surface was further investigated by shaving off the hairs from the
leaf blade of the resistant variety TKM-6 and then comparing the number of eggs
laid on it with the number deposited on thesusceptible variety Rexoro. The results
showed that even after shaving,the numberofeggslaid onTKM-6was significantly
lower than that laid on Rexoro. This, therefore, indicates that hairiness by itself
may not be the major factor deterring the moths from ovipositing on a resistant
variety.
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The borer larvae which hatch from the egg masses migrate within the leaf
sheaths and the rice stem generally within 48 hours after hatching and feed on
theleaf sheath tissues for about 6 days, after which they bore inside the rice stem.
Thus, the varieties whose internodes are completely covered by tight leaf sheaths
offer more resistance to the first-instar larvae than those whose internodes are
only partially covered by loose leaf sheaths.
120
- o Sapan Kwai
- • Rexoro
- o Taituivj16
- • Chianan2

_ 90

s

5

15

20

25

AgeofLarvae (days)

Fig. 3. Average weight of individual Chilo suppressalis larvae reared on resistant and
susceptible varieties of rice.

Several plant anatomical characters such as heavily sclerotized stem tissues,
closely spaced vascular bundle sheaths, rigid stem surface, and high silica content
have shown positive correlations with stem borer resistance. (Van & Guan, 1959;
Israel,Vedarmurthy &Rao, 1961; Djamin &Pathak, 1967 and'Patanakamjorn &
Pathak, 1967). Each of these characters has been observed to interfere with larval
feeding. It has been reported that, on rice varieties with high silica content, stem
borer larvae suffer high mortality and their mandibles tend to wear off (Sasamoto,
1961; Djamin & Pathak, 1967). Also, many of the larvae die without being able
to bore inside the stems, which is not the case with larvae on varieties with low
silica content.
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DEVELOPMENT OF STEM BORER POPULATION ON RESISTANT AND
SUSCEPTIBLE VARIETIES

The cumulative effects of varietal resistance on stem borer population were
investigated by confining an identical number of borers for several generations
separately on a resistant variety (Chianan 2) and on a susceptible one (Sapan
Kwai). The number and emergence of moths and thenumber of eggs laid on these
varieties were observed periodically and recorded. The plants in each cage were
replaced with uninfested healthy plants of the same variety at 40-day intervals.
At 120 days after infestation, 91larvae and 2 eggmasses were recovered from the
resistant varietyChianan2,in contrast to 1,583 larvae and 83eggmasses recovered
from the susceptiblevariety Sapan Kwai. At thisstage, 56.3%of the total number
of tillers of Sapan Kwai showed deadheart damage while only less than 1% of the
tillers of Chianan 2 were similarly damaged. Besides the slow rate of growth and
low survival of stem borer larvae on resistant varieties, the uneven emergence of
moths appeared tobe amajor cause of thelownumber of eggmasses deposited.

BREEDING FOR STEM BORER RESISTANCE

About 20 varieties have been identified through field and greenhouse screening
as resistant to stem borers. Although most of these varieties showed consistently
lower borer infestations in repeated field experiments, many were damaged either
by other insectpests or by some diseases. An exception wasvariety TKM-6 which
besides being resistant to the striped borer, also possesses tolerance to the green
leafhoppers and the brown planthoppers and some resistance to the bacterial leaf
blight, bacterial leaf streak and the tungro virus. It has good quality grains but its
plant type is rather poor and it frequently lodges even before flowering. Thus, it
has a lowyield potential.
Toimproveitsplant typebutretain itsresistance toinsects and diseases, TKM-6
was crossed with [Peta/3xTaichung (Native) 1] in cooperation with the IRRI
plant breeders. The progenies, now in the F 8 generation, possess the desirable
qualities of TKM-6 and also have a better plant type. A promising selection,
IR532E576, is resistant to borers, tolerant to the green leafhoppers and brown
planthoppers, and possesses some resistance to the tungro virus, bacterial leaf
blight, bacterial leaf streak and the local races of the blast disease. Furthermore,
it has fine-quality grains. When grown without any insecticidal protection, it outyielded IR8 in several field experiments, and when protected from insect damage,
it produced yields similar to those of IR8. Its major weakness appears to be its
weak stems which cause it to lodge at high fertility levels. Several other crosses
involving TKM-6 and other stem borer resistant varieties are also under investigation.
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RESISTANCE TOTHE BROWNPLANTHOPPER,NUaparVütalugetlSSTAL, ANDTHE RICE
GREEN LEAFHOPPER, Nepfiotettix impicticeps (ISHIHARA)

About 1,000 varieties selected from the preliminary screening of the 10,000
lines for stem borer resistance were also screened for their resistance to the green
leafhopper and brown planthopper. The screening was done by exposing 15-to
20-day old seedlings growing in 60 X 45cmwooden flats to heavy insect populations inside a 4 X 6 X 3.3cmcage made of fine mesh screen. Separate cages were
used for each insect species and the population in each cage was maintained at
such a high level as to kill more than 9 0 % of the plants of the susceptible check
variety in 7 to 10days after infestation. Thevarieties which survived the infestation
were evaluated further for their true resistance by caging a known number of
insects on individual plants.
Resistance to Nilaparvata lugens
The variety Mudgo exhibited a very high degree of resistance to N. lugens. It
showed no apparent damage in the screening tests long after most of the other test
varieties had been killed. When a uniform number of N. lugens nymphs were
caged onindividual Mudgo plants, thenymphs died generally within 10 days without becoming adults, whereas those on susceptible varieties had normal survival
and growth (Fig.4).As evident from this figure, at 5 days after caging, only2.0%
of the nymphs were living on Mudgo plants while more than 9 0 %were still alive
on Pankhari 203and Taichung (Native) 1.Allthe nymphs on Mudgo died during
the next five days, while about 9 0 % of those on Pankhari 203 and Taichung
(Native) 1 survived to become adults. When adult insects were caged on these
varieties, those on Mudgo lived for only a short period and produced very few
nymphs while those on Pankhari 203had normal survival and fecundity.
Resistance to Nephotettix impicticeps
In similar studies, thevariety Mudgo reacted as susceptible toN. impicticeps but
Pankhari 203 was highly resistant. Taichung (Native) 1 was susceptible to both
N. lugens andN. impicticeps. Also, IR8 exhibited high resistance toiV. impicticeps.
In themass-screening tests,both Pankhari 203andIR8 suffered little damage while
plants of most of the other test varieties were killed. In repeated experiments, leafhoppers caged on these two varieties suffered higher mortality than those caged
on susceptible hosts (Fig.4). Furthermore, those caged on Mudgo and Taichung
(Native) 1 grew faster and hence reached the adult stage earlier. Also, the adults
were larger.
It is interesting that a variety highly resistant to one species was susceptible to
the other and vice versa, indicating that the resistance is highly specific. Also, the
level of resistance of these varieties was so high that infestations of individual
15-day old seedlings with 100 or 200 nymphs caused very little plant damage
(Fig. 5). The levels of insect infestations used in these tests were much higher
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than natural infestations on young plants.
Thus, these varieties provide valuable materials for developing leafhopper- and
planthopper-resistant rice varieties and excellent differentials for basic studies on
the nature of insect resistance in host plants.
6
Nephotettix impicticeps

/

^ 9 - v Nilaoarvata luaens
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Fig. 5. Damage caused by caging 100 first instar nymphs on resistant and susceptible
varieties, IRRI 1968. Larger numbers indicate more plant damage and 0 represents no
visible plant damage while 6 indicate that all plants were killed.
TABLE II

Sites of feeding punctures and termination of brown planthopper salivary sheaths
on susceptible and resistant rice varieties. IRRI, 1968
Salivary Sheaths

Rice Variety
Taichung (Native) 1 Mudgo
(susceptible)
(resistant
425
457

Total no. of salivary sheaths observed
Stylets penetration (%) through
Fibers
Just beside fibers
Parenchyma
% salivary sheaths with different no. of branches
1
2
3
4
5
Termination of salivary sheaths (%)
A. Considering each branch as a separate probe
Phloem
Xylem
Parenchyma
Air space
Others
B. Termination of at least one branch of the
salivary sheath in
Phloem
Xylem
Phloem and xylem (at least 1 branch)
All ending in non-vascular tissues

10
13
77

45
18
38

23
24
28
16
9

42
21
20
10
6

21
10
40
26
3

38
6
48
5
2

38
17
11
4

68
4
7
21
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Causesof resistance to Nilaparvata lugens and Nephotettix impicticepsand
possibility of incorporating resistance in oneplant
The high mortality of N. lugens and N. impicticepsinsects within a few days
after caging on resistant plants suggests that either the insects are not capable of
feeding on these plants, or the plants contain substances deleterious to these
species. No mechanical barrier to the feeding oi these insects has been observed
intheplants (TableII).However,N- lugens adultshavebeen recorded asdoingvery
little feeding on Mudgo as compared to Pankhari 203 or Taichung (Native) 1.
Although the N. impicticepsadults did more feeding on a susceptible host [Taichung (Native) 1]than onresistant varieties (Pankhari 203 and IR8), the differences in the feeding rates were not as distinct as with N. lugens.These indicate that
the Mudgo plants either lack feeding stimulus or contain strong repellents for
N. lugens, but the varieties resistant to N. impicticeps contain some toxic materials
or lack vital nutrients for the insect.
Current experiments have shown that resistance to these two insects can be
combined in a single plant and is dominant over susceptibility. Several selections
from the cross Mudgo X IR8 possess a high level of resistance and have desirable
plant types similar to that of IR8. Thus, it seems possible to develop plants with
highyield potentials and possessingresistance toboth N. impicticeps and N. lugens.
ZUSAMMENFASSUNG

STENGELBOHRER-

UND ZIKADEN-RESISTENZ

BEI REISSORTEN

Eine Gesamtheit von 10000 Varietäten, die beim Internationalen Reis-Forschungs-Institut
das Welt-Reis-Sortiment darstellen, wurde auf ihre Resistenz gegenüber dem Gestreiften
Stengelbohrer, Chilo suppressalis, in Feld- und Gewächshausversuchen geprüft. Unter diesen
werden 20 als hochresistent bewertet. Die Resistenz scheint Nonpräferenz- und/oder Antibiosis-Charakter zu haben. Verschiedene morphologische und anatomische Eigenschaften der
Pflanzen sollen in Beziehung zur Stengelbohrer-Resistenz stehen. Auf resistenten Pflanzen
erleiden die Stengelbohrer-Larven hohe Mortalität, haben eine geringere Wachstumsrate, und
ihre Körpergröße ist geringer als die von Larven, welche auf anfälligen Wirten aufgezogen
wurden.
Die selektierten resistenten Varietäten sind auch in einem Hybridisierungs-Programm benutzt
worden, das die Stengelbohrer-Resistenz mit einem verbesserten Pflanzentyp und anderen
wünschenswerten Eigenschaften zu verbinden sucht. Verschiedene Nachkommenschaften einer
solchen Kreuzung zwischen TKM-6 (resistent gegen Stengelbohrer) und Peta3 X Taichung
(wild) 1 (verbesserter Pflanzentyp) sind besonders vielversprechend. Sie haben einen verbesserten Pflanzentyp, sind widerstandsfähig gegen Stengelbohrer, tolerant gegen die Grüne Zwergzikade, Nephotettix cincticeps und die Braune Spornzikade, Nilaparvata lugens, und besitzen
eine gewisse Resistenz gegen das Tungro-Virus, bakteriellen Blattmehltau, bakterielle Blattstreifen und lokale Rassen der Pestkrankheit. Sie haben hohe Ertragspotentiale und gute
Kornqualität.
Die Prüfung von etwa 1000 Reissorten führte zur Feststellung einiger Varietäten mit
natürlicher Resistenz gegen die Braune Spornzikade und die Grüne Zwergzikade. Die Resistenz
gegen die Braune Spornzikade scheint auf der Anwesenheit eines starken Repellents oder auf
dem Fehlen eines Fraßstimulants in den Pflanzen zu beruhen, während die Resistenz gegen
die Grüne Zwergzikade entweder eine Folge der Anwesenheit toxischer Stoffe oder minderer
Nahrungsqualität der Pflanze für das Insekt ist.
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FACTORS CONTRIBUTING TO RESISTANCE A N D SUSCEPTIBILITY OF COTTON A N D OTHER HOSTS TO THE BOLL
WEEVIL, ANTHONOMUS GRANDIS
BY

FOWDEN G. MAXWELL, JOHNIE N. JENKINS,
W. L. PARROTT AND W. T. BUFORD
Department of Entomology, Mississippi State University, State College, Miss., U.S.A.
A large portion of the world's germ plasm of cotton has been screened at the USDA Boll
Weevil Research Laboratory, State College, Mississippi during the period 1962—68 utilizing
developed techniques.
An oviposition suppression factor causing 25—40% reduction in number of eggs laid by
the weevil has been found in Gossypium barbadense and successfully moved into upland
cotton, G. hirsutum.
'
Two years field data with frego cottons indicate that the frego character contributes a
significant degree of non-preference for egg laying by the boll weevil under field conditions.
The frego character is currently being combined with selected lines of G.hirsutum carrying
the oviposition suppression factor.
A seedling screening technique utilizing field cages and greenhouse sand flats has been
shown to have significant value in screening for individual resistant plants within a commercial
variety. A number of selections with 25% or more resistance to oviposition are under extensive
investigation.
A number of biologically active materials have been detected in the cotton plant and other
hosts of the boll weevil which significantly influences feeding stimulation, feeding deterrency,
repellency and attractancy of the weevil to its hosts.
A highly active square abscission factor has been detected and extracted successfully from
2nd and 3rd instar larvae. The material injected into cotton squares causes 95% abscission
of squares within 48—60 hours.

The boll weevil, Anthonomus grandis Boheman, is a very destructive insect on
cotton, Gossypium hirsutum L. in the U.S. Cotton Belt. The weevil first entered
thecountry from Mexicoin 1892 and by 1922had covered the entire Cotton Belt.
Knipling (1966) estimated that the boll weevil causes a $300 million annual loss
plus insecticide costs estimated at $70million annually.
The USDA Boll Weevil Research Laboratory was built and staffed with personnel dedicated to developing "new approaches" which would lead to the economic control and hopefully eventual eradication of this pest without increasing the
use of insecticides in our environment.
Host plant resistance was one of the areas selected for major emphasis at this
laboratory. The host plant resistance team, composed of geneticists and entomologists, began accumulating and screening theworld germ plasm of cotton in 1962.

802

FOWDEN G. MAXWELL, JOHNIE N. JENKINS, W. L. PARROTT AND W. T. BUFORD

By 1964, a number of techniques for measuring preference and antibiosis mechanisms in cotton to the boll weevil had been developed and were inuse.
Because of the broad scope of the host plant resistance program, we have
chosen the following areas which will probably be of greatest general interest:
1. Oviposition suppression factor in cotton. Detection in G.barbadense L. and
transference to G.hirsutum.
2. Seedling screening technique for boll weevil resistance.
3. Field plot studies with frego bract cottons.
4. Biologically active substances in cotton and certain alternate hosts affecting
boll weevil behaviour.
5. Abscission factor in boll weevil larvae.
Oviposition suppression factor
In 1963 we found that S. I. Seaberry, a G.barbadense cotton, suppressed boll
weevil oviposition approximately 40% compared with commercial uplands, when
weevils were confined on the squares in thelaboratory. Our technique consisted of
growing test lines in the field, picking squares, debracting the squares and placing
five squares with five females and one male weevil in a screened Vi pint fruit jar
(Buford et al. 1967). Previous work had shown the need to measure oviposition
over as long a period during the season as possible. We have found that it is
better to replicate in time than to do several replicates at the same time. We,
therefore, tested utilizing two replications of each line, repeating the test 4—5
times over a 5-week-testing period for a total of 8—10 replications. Each test
consisted of 5 days, two for conditioning and three for counting sealed oviposition
punctures. Sealed oviposition punctures give an accurate account of the number
of eggs actually laid in the square.
Since 1963,wehave been workingwith thepreviously described technique, with
certain modifications, to determine if the 40% oviposition reduction in S. I. Seaberry was (1) genetic in effect, (2) if genetic, to move the genes responsible into a
plant more like upland cotton in plant type and (3) to test developed lines in field
plot tests to determine the effects of the oviposition suppression factor under field
plot conditions.
We have now completed the first two objectives. The oviposition suppression
factor has been moved into upland cotton. Several lines have been selected which
have upland fruiting patterns and plant type that carry 25—40% reduction in
oviposition when compared to standard commercial type cottons. Table I shows
the pedigree of the best lines selected during 1968 at State College, The best lines
in 1968 trace back to twoYx plants which were backcrossed to Deltapine Smoothleaf in the winter of 1964—65. The family where we found the most resistant
plants was 67—328 which traces back to two individual plants selected in 1966,
the progeny of which were grown in Iguala, Mexico, in 1966—67 and intercrossed. These finally trace back to one F± plant backcrossed to Deltapine
Smoothleaf (Plant number 645—717—1 x DPSL, Table I).
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Pedigree of best lines selected in 1968 stemming from original cross in 1963 between S.I.
Seaberry and Deltapine Smoothleaf
634 SIS
DPSL

Ffi!=1xDPSL=6 4 5 Z ^ -

^2xDPSL=6457^^-

1

656-879 2 plants

656-877-12xp|ot 877 plant12

1

6 5 6 - 8 7 9 - 1 3x

1

66-851 plot-2 plants Selected

66-877 bulk op
/
/
66-877-4 66-877-1

7^
66-851-1 op

J

66-851-4 op

\2

1

Crossed
667-1156
667-1159
6 6 7 . 1156
1159

—r~~
67-328

—r~
1968 Plant-to-row test
Tested 4 4 rows
Selected 12

656-879-21x

1
6 6 - 8 8 5 bulk op

~1—7

667-1164 667-1161
667-1153 667-1154
x~ ^S1 Crossed
x~"
/Crossed
1161
1153
6 6 7 1164
667 1154

—r

67-338

1968 Plant to row test
Tested 9 rows

Selected 2

67-323
1968 Plant to row test
Tested 47 rows
Selected 6

The selected lines from the 1968 season were increased in Iguala, Mexico during
thewinter of 1968—69 to obtain sufficient seed for field plot tests at State College
this season. The tests during the summer of 1969 will hopefully provide the
necessary information toproceed toward utilizing this character in the development
of basic breeding stocks with better agronomic qualities.
Screening cotton seedlings for bollweevil resistance
Since boll weevils must feed to oviposit, limiting their feeding may also reduce
their oviposition. Boll weevils are limited to feeding only on seedling cotton as
cotton buds are necessary for oviposition to occur. Recently we have observed
that seedlings which consistently survive heavy feeding pressures, may also show,
when grown to maturity, a significant degree of resistance to egg laying by the
boll weevil.
During 1967, utilizing large field cages, wescreened in excess of 100,000 seedlings. Technique employed sowing of seedlings in the cages and after the seedlings
had emerged, thinning them to approximately 30—40,000 seedlings per onefourth acre cage. Approximately 40,000 boll weevils were released in the cage
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and allowed to feed until most plants had been killed or severely damaged. Normally, only 2—3 days of feeding was required to create the desired damage.
Seedling plants were selected that remained undamaged or whose terminal bud
had not been chewed out. Survivors were transplanted to the greenhouse and selfpollinated for progeny tests. We tested 30 of the 60 survivors from 1967 in our
1968 oviposition tests. Twelve of the 30 families carried resistance of 25% or
more. Additional testing of these 12 families will be conducted in 1969 as well as
23 selections from an additional 60,000 seedlingsscreened duringthe 1968 season.
During the winter of 1968—69, we have utilized greenhouse flats filled with
sand, to grow seedlings for testing. A screened cage was devised to fit over the
flat to hold weevils down on the seedlings. Seedlings were screened under artificial
light and constant temperature of 88°F. Utilizing this laboratory technique, we
have screened through many thousands of plants of commercial type varieties
this past winter and a number of selections have been made. We are optimistic
about this technique. It holds great promise for finding resistant germ plasm within
standard commercial varieties. Our results thus far tend to indicate as much
variability within a variety of cotton for oviposition as between varieties or even
species. In open, cross-pollinated crops such as cotton, this observed variability
might often exist. This type of screening technique, and the variability observed
within cotton varieties,is encouraging in that it may savevaluableyearsof breeding
work in a host plant resistance program.
Fieldplot studieswith frego bract cottons
The frego character in cotton is controlled by one recessive gene (fg). We have
been interested in the flared twisted bract which leaves the square exposed. This
condition allows better penetration of insecticides, reduces boll rot and based on
2 years of our data, apparently carries a significant degree of non-preference for
oviposition to the boll weevil. Five different genetic lines, each carrying the
frego gene, were evaluated for susceptibility under field conditions for two years.
While there was some indication of the influence of genetic background, all the
lines containing frego showed a significantly reduced seasonal oviposition when
compared to a commercial check, Deltapine Smoothleaf (Jenkins et al. 1969).
Weevils were found to avoid the exposed bud for feeding and oviposition. They
prefer concealment under normal bracts for protection from birds and predacious
insects. Hunter et al. (1965) and Lincoln & Waddle (1966) have also reported
on resistance of frego cottons to boll weevil until late in the season when population pressure becomes extremely heavy.
Currently, we are exploring the possibility of combining frego with some of our
better lines containing the oviposition suppression factor. We hope that a combination of these resistant factors will yield a higher degree of resistance than
either source alone. We are also hoping to eventually include the nectaryless and
super smoothleaf characters which will contribute toward boWviorm-Heliothis
complex resistance.
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Biologically activesubstancesin cotton affecting boll weevil behaviour
a. Feedingstimulant. Early in 1962, Keller et al. (1962) reported on the detection and extraction of a feeding stimulant present in the cotton squares. Later,
Maxwell et al. (1963) and Jenkins et al, (1963) reported on the occurrence and
distribution of the feeding stimulant in cotton and in other plants utilizing a
developed bioassay method. In summary, their results showed that the material
wasspecific to hosts of the boll weevil, was present in allparts of the cotton plant
including the roots, was highest in the squares; and the calyx (exterior covering of
the square) contained the highest concentrations when the individual square components were extracted and bioassayed. They also showed the powerful nature of
the feeding stimulant by demonstrating that treated cork, meat, beans and nonhost plants were readily consumed by theweevilwhen stimulant was added.
Hedin et al, (1966), Struck et al, (1968) and Temple et al, (1968) have
reported on the progress on the chemical identification work associated with the
feeding stimulant. They have concluded that the feeding stimulant activity results
from a combination of chemical substances, each of which contributes individually
to the overall feeding response. Hedin et al, (1968), have formulated a synthetic
mixture of chemicals that occur in the cotton square which results in a laboratory
feeding response equal to that obtained with the crude water extract from cotton
squares.
The crude feeding stimulant and the artificial feeding stimulant are currently
being utilized in baits containing pathogens and chemosterilants (Daum et al,
1967).
b. Plant attractant.This substance was discovered in the ice obtained in the
process of freeze drying cotton squares (Keller et al. 1963). The material could
also be collected from covered seedling benches with a cold trap to condense and
freeze the air after being passed over an enclosed seedling bench, (Keller et al
1965).
The ice from the traps was extracted with chloroform and the extract concentrated at low temperatures. The active crude extract was tested in an olfactometer
developed by Hardee et al, (1966).
Hedin etal, (Pers.comm.),in attemptsto obtain sufficient material for chemical
identification work, steam distilled 3tons of cotton squares to obtain approximately
one pound of oil. Minyard et al, (1965) (1966) (1967) and (1968), have identified many constituents of this oil. Most boll weevil activity was associated with
esters and alcohols. Minyard et al (1969) reported the following compounds as
active in the plant attractant complex: (—)
pinene, (—) —limonene,
(—) —-B-caryophyllene, (+)—B-Bisabolol, caryophyllene oxide and two unidentified sesquiterpenoids. Thus the boll weevil cotton plant attractant complex
appears to be a mixture of many compounds like the feeding stimulant.
c. Repellent. In attempts to purify the crude attractant extract during the early
work with the plant attractant, we accidently found that the residue left after
passing nitrogen through the crude extract and retrapping the vapors in cold traps,
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was strongly repellent (Maxwell et al. 1963). Squares treated with the repellent
material werenot touched byweevilsfor 48 hours ormore. Seedlingcotton sprayed
with the material was also protected while untreated seedlings were readily
destroyed by the weevils. Corks treated with feeding stimulant were eaten by
weevils in preference to repellent treated cotton squares.
Current emphasis on the chemical identification of the feeding stimulant and
the plant attractant has prevented chemical identification work with the repellent.
Preliminary work did indicate that it may be terpenoid in nature.
d. Feeding deterrent. Boll weevils are known to feed on Hibiscussyriacus,
Rose of Sharon, in times of stress when cotton has matured out or in situations
where weevil population pressures are high and there is a short supply of available
food. Under these situations, Rose of Sharon plants near cotton fields have been
observed to be infested. In observing feeding and oviposition on the bud of this
plant it was noticed that the insect always sought the buds where the calyx had
splitprior toblooming. Wenoticed (Maxwell etal, 1965,Parrott etal, 1966) that
if thecalyxwasremoved, weevilsfed and oviposited onthishostaswellasoncotton.
Weevils would not feed through the calyx except on rare instances. In some tests
we removed the calyx whole from the bud and placed a debracted cotton square
in the calyx and resealed the calyx around the cotton square. No weevils fed
through the Rose of Sharon calyx into the cotton square underneath. Later we
extracted the calyx material and found that it contained a non-volatile, water
soluble material which prevented feeding, (Maxwell et ah, 1965) of the adult as
well as inhibiting larval development. We further extracted H. syriacus and
bioassayed the extract for boll weevil attractant activity but were unable to detect
any present with our techniques. We did, however, find significant levels of the
boll weevil repellent. It was concluded that the non-preference shown in nature to
H.syriacus by the boll weevil results from a low level of attractant, high level of
repellent, and a highly activefeeding deterrent in the calyx which effectively masks
feeding and oviposition stimulants present in the H. syriacus bud.
e. Biologically active substancesin Hampea sp., an alternatehost of theboll
weevil.Fryxell & Lukefahr (1967) found Hampea sp. infested by boll weevils in
Vera Cruz, Mexico. Closer examination by Lukefahr & Maxwell (1969) showed
that in nature the male tree of this dioecious species is infested heavily, the female
tree is apparently resistant. Plant materials were harvested, frozen on dry ice, and
brought back into the laboratory for studies to determine basic causes for differences.
Buds of both sexes and female capsules were extracted and analyzed for feeding
stimulant and plant attractant. Male and female buds and female capsules were
homogenized and dried on a freeze dryer apparatus. The resulting powder was
reconstituted into diets on which weevils were reared to detect possible antibiosis
factors. Water obtained from each sample during freeze drying was retained and
bioassayed for attractiveness to the weevil. Female Hampea buds were found to
have less feeding stimulant than cotton and male Hampea buds. Female buds also
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produced smaller weevils than Deltapine Smoothleaf cotton and male Hampea
buds.Male Hampeabuds and female Hampeacapsules both produced significantly
smaller weevils than did cotton. Days to emergence was significantly prolonged by
male and female Hampeabuds, and particularly byfemale capsules. Antibiosiswas
strongly indicated in female buds and capsules bylowpercent emergence.
Extracts of female capsules and buds were significantly less attractive than
cotton and male Hampea buds. It was interesting that male and female extracts
stored at 5°C. for any length of time became equally attractive, indicating the
loss or enzymatic change of the repellent material present in the female Hampea
bud extract.
From our results we have concluded (Maxwell et al, 1969) that the resistance
of the female Hampea tree in nature results from three primary factors: (1) lack
of attractiveness resulting from a highly repellent substance(s) in female buds and
capsules that masks the attractive materials present; (2) thepresence of less feeding
stimulant in the female bud than in the male bud which results in significantly less
feeding and oviposition, and (3) the high antibiosis to the boll weevil larvae in
female buds of Hampearesulting in significantlyreducedandprolongedemergence,
and reduced adult weight.
,
Abscission factor
When boll weevils oviposit in cotton squares, the squares drop from the
plant in 5—6 days. The physiological reactions of the plant resulting in abscission
of the square and the particular phase of the life cycle of the larvae of the boll
weevilresponsible for the abscission havenot been previously determined. Coakley
et ai. (1969) studied the influence of feeding, natural and artificial, 2pi digestive
juices injected into squares, boll weevil eggs (less than 6 hours old) implanted and
removed from squares at different time intervals, homogenate of boll weevil eggs
injected into squares, implanted 2nd instar larvae, and 10pi (1 larval equivalent)
of water homogenates of 1st,2nd and 3rd instar larvaeinjected into cotton squares.
No significant differences in abscission occurred in any of the methods except
larvae implanted and injected. Data showed that injection of homogenates of 1st
instar larvae (less than 6 hours after hatching) gave no difference in abscission
from control. Injection of water homogenates of 2nd instar larvae however, (36
hours after hatching) gave a 3-fold increase and homogenates of 3rd instar larvae,
(144 hours after hatching) a 4-fold increase in abscission within 60 and 48 hours
respectively.
Results obtained with implantation of larvae and with injection of water homogenates of 2nd and 3rd instar larvae demonstrated that these two larval instars
caused the reaction in the plant that resulted in abscission of the squares.
An unknown protein chemical material (partly characterized by Lane & King
1969, pers. comm.) specific to the 2nd and 3rd instar larvae causes the cotton
square to drop, therefore we concluded that the 2nd and 3rd instar boll weevil
larvae are primarily responsible for the phenomenon of abscission of infested
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cotton squares probably through an effect ontheauxin or plant hormone balance.
Studies arecontinuing inaneffort toidentify this abscission factor andtodetermine thephysiological andchemical reactions intheplant caused bythis material.
ZUSAMMENFASSUNG

RESISTENZ- UND ANFÄLLIGKEITSFAKTOREN
DER BAUMWOLLE
UND
ANDERER
WIRTSPFLANZEN
GEGENÜBER
DEM
BAUMWOLLKAPSELKÄFER,
ANTHONOMUS GRANDIS
Ein großer Teil des Weltsortiments der Baumwolle wurde in den Jahren 1962—68 im
USA-Baumwollkäfer-Institut der Staatshochschule von Mississippi mit modernen Methoden
getestet.
Ein dieEiablage unterdrückender Faktor, derdie Anzahl derabgelegten Eier u m 25—40%
herabsetzt, wurde bei Gossypium barbadense gefunden und erfolgreich in Hochland-Baumwolle, G.hirsutum, eingekreuzt.
Zweijährige Erfahrungen mit "frego"-Baumwolle weisen darauf hin, d a ß das "frego"Merkmal unter Feldbedingungen in einem signifikanten Ausmaße zur Nonpräferenz fürdie
eierablegenden Käfer beiträgt. Das"frego"-Merkmal wird laufend mitselektierten Linienvon
G. hirsutum kombiniert, diedenFaktor für Eiablage-Unterdrückung tragen.
Eine Sämlings-Prüfungstechnik, die Feldkäfige u n d Gewächshaus-Sandbeete benutzt, hatte
nachweislich signifikanten Wert für die Auslese resistenter Einzelpflanzen innerhalb einer
Handelssorte. Eine Anzahl Selektionslinien mit 25 oder mehr Prozent Eiablage-Resistenz
wird intensiv geprüft.
Eine Anzahl biologisch aktiven Materials wurde beiBaumwolle undanderen Wirtspflanzen
entdeckt, das Fraßstimulation, Fraßabschreckung, Repellenz und Attraktanz der Käfer in
bezug auf ihre Wirte signifikant beeinflußt.
Ein hochaktiver Kapsel-Abwurf-Faktor wurde entdeckt und erfolgreich aus Larven des
2. u n d 3. Stadiums extrahiert. In Baumwollkapseln injiziert, verursachte dieses Material
innerhalb 48—60 Stunden Abwurf von9 5 % der Kapseln.
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