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S T E L L I N G E N 

I 

De breedte van een slablad is een indicatie voor de photosynthesecapaciteit van 
de plant ten tijde dat het blad werd aangelegd. 

Dit proefschrift. 

II 

De eindige groei van bladen is niet genetisch maar phaenotypisch bepaald. 

Ill 

Tijdens de phase van meristematische groei wordt de toename in volumen door 
factoren die de celstrekking belnvloeden bepaald. 

A. H. HABER and D. E. FOARD, Amer. J. Bot. 50,937-944 (1963). 
Dit proefschrift. 

IV 

Morphogenetisch onderzoek dient vergelijkenderwijs bij verschillende uitwen-
dige omstandigheden te geschieden. 

Meer aandacht dient geschonken te worden aan de physiologische motivering 
van de verlangde nauwkeurigheid bij de conditionering van de klimaatruimten 
voor planten. 

P. GAASTRA, Proc. IBP/PP Technical Meeting, Trebon, 14-21 
September 1969, pp 387-398. 

VI 

De ontdekking van de betekenis van absciscinezuurachtige stoffen voor de 
sluiting van huidmondjes biedt nieuwe perspectieven voor de plantenteelt in 
aride gebieden. 

WRIGHT, S. T. C. Planta 86,10-20 (1969). 
JONES, R. J. and T. A. MANSFIELD, J. Exp. Bot. 21,714-719 (1970). 

VII 

Het is niet waarschijnlijk dat de primaire effecten van IAA op de celstrekking 
verlopen via het RNA systeem. 

BURSTRAM, H. G., I. UHRSTR&M and B. OLAUSSON, Phys. Plant. 
23, 1223-1223 (1970). 



vni 
De landbouw zal voor een evenwichtige bestemming van de open ruimte zelf 
een fundamentelere inbreng moeten leveren. 

SLUIS, P. A. VAN DER, Omvang van een landbouwgebied. Voor-
dracht voor de Ver. Hoger Landbouw-Onderwijs 26-1-1971 te 
Groningen. 
BEEREN, J.Th. J. and J. W. VAN DEN BERG, Stedebouw en volks-
huisvesting 7,251-258 (1970). 

IX 

De door Posthumus voorgestelde veranderingen in het Hoger onderwijs kunnen 
het behoud van de niet doelgerichte wetenschapsbeoefening in Nederland zijn. 

X 

Men zal de Waddenzee droogleggen, niet omdat het moet, maar omdat het kan. 

Proefschrift van J. Bensink 
Wageningen, 30juni 1971 



V O O R W O O R D 

Bij het schrijven van dit laatste, maar als eerste bedoelde woord, besef ik hoe 
velen, in welke vorm dan ook, hebben bijgedragen aan het tot stand komen van 
dit proefschrift. Ik hoop dat zij alien overtuigd zijn van mijn zeer grote dank. 

Het onderwerp van mijn onderzoek verraadt mijn tuinbouwkundige voor-
opleiding. Daarvan ondervind ik nog dagelijks de grote waarde, vooral van-
wege het aandeel dat U, hooggeleerde WELLENSIEK, daarin hebt gehad. Door U 
werd voor het eerst mijn belangstelling voor de plantenphysiologie gewekt, met 
voor mij verstrekkende gevolgen. Daar kan ik U niet anders dan dankbaar voor 
zijn. 

Aan U, hooggeleerde WASSINK, hooggeachte promotor, dank ik grotendeels 
mijn verdere 'specialisatie' in de plantenphysiologie. De veelzijdige kennis die U 
op dit gebied hebt en het zeer gevarieerde onderzoekprogramma dat door Uw 
toedoen en onder Uw leiding op ons Iaboratorium aanwezig is, hebben daar in 
belangrijke mate toe bijgedragen. Zeer erkentelijk ben ik U voor Uw nooit ver-
flauwde belangstelling in de resultaten van mijn werk. De kritische aandacht 
die U aan mijn manuscript hebt besteed werkte op mij zeer inspirerend. 

De geografische spreiding tussen het 'oude' en 'nieuwe' gebouw en de graad van 
gemeenschappelijke interesses.brachten met zich mee dat de contacten met U, 
collega's en oud-collega's van het Iaboratorium, verschillend van aard en in-
tensiteit waren, maar ik dank U alien voor de grote mate van collegialiteit, de 
adviezen en steun die ik steeds van U ondervonden heb. Deze dank geldt ook 
zeker alle technische medewerkers op wie ik nooit tevergeefs een beroep deed. 

Hoewel al geruime tijd geleden, Uw aandeel, mevrouw E. VOS-TIMMER, in de 
beteugeling van 'epidermitis' ben ik allerminst vergeten. 

De daadwerkelijke en daarmee morele steun tijdens de laatste fase van voor-
bereiding van het manuscript ondervonden van DR. IR. J. P. VAN DEN BERGH 
en IR. F. KUIPER, is voor mij van groot belang geweest. Paul, Fred, mijn harte-
lijke dank. De heer D. STEDELAAR dank ik in het bijzonder voor de wijze waarop 
hij in korte tijd de tekeningen heeft verzorgd. 
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CHAPTER 1 

I N T R O D U C T O R Y 

1.1. INTRODUCTION 

Lettuce is a common garden vegetable, grown in particular for its leaves. Al­
though different types of lettuce are known, classified partly on base of the 
organisation of the leafy shoot, those in which relatively large leaves are arrang­
ed in dense rosettes, eventually developing into more or less compact 'heads', 
are economically the most important ones. 

Head formation or hearting, evidently, is a process closely related to leaf 
morphogenesis. Since leaf growth is strongly influenced by light, hearting is 
likely to be light dependent. This appears when lettuce is grown during winter in 
Holland, when light conditions are poor, as well as head formation. On the 
other hand, since lettuce is consumed in a fresh state only and, therefore, in 
demand the whole year round, a winter crop production is attempted at. Hence, 
efforts have been and still are made to improve the growth of lettuce under glass 
during the winter months. New varieties have been bred which, genetically, 
seem to be more adapted to poor light conditions (HUYSKES, 1968, 
RODENBURG, 1960, 1965, SMITH, 1964). Culture methods have also been im­
proved, notably by means of extra C 0 2 supply (VAN BERKEL, 1964, HARTMANN, 

1966). As a result, winter crop production of lettuce in The Netherlands has very 
much increased during the last ten years (VAN SOEST and KEMMERS, 1959, VAN 

DER HOEVEN and GROENEWEGEN, 1970). Yet, if one would ask by the improve­
ment of which qualities of the plant these higher yields are being obtained, and 
whether still further improvements might be achieved, an answer will be difficult 
to give, because of lack of factual knowledge in this respect. BROUWER and 
HUYSKES (1968) found the more rapid growth of a promising hybrid to be due 
to a better exposition to light of its leaves rather than to enhanced photosyn-
thetic capacity. As to this, it should be remarked that hearting as such can be 
considered incompatible with the requirements of unhampered photosynthesis 
of the leaves, as this supposes easy access for light and C 0 2 to the photosyntheti-
cally active sites within the leaves. Hence, under restricted light conditions, it 
seems difficult to combine satisfactory plant growth as measured by weight in­
crease with adequate head formation. One of the aims of the present study is to 
obtain a better insight into the external and internal conditions of the plant, 
controlling head formation. This has been attempted in the first place by study­
ing leaf morphogenesis under different conditions of light and temperature. 
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1.2. PRELIMINARY SURVEY OF SOME BASIC FACTS AND 
STATEMENT OF THE PROBLEM 

Previous to experimental research it seems useful to consider the construction 
of a lettuce head more closely, in particular to obtain more information about 
the relationship between leaf shape and head formation. 

On plate IA, a plant of the variety 'Meikoningin' (syn. May Queen) is shown 
which, for six weeks after planting has grown in a cold frame in the laboratory 
garden at Wageningen in April and May. Although the plant is not yet full-
grown, it clearly has started to form a head which only has to be 'stuffed' with 
more leaves in order to reach a marketable weight. 

In a 5/13 spiral phyllotaxy, 37 leaves longer than 1 cm have been formed on a 
stem of only 2.5 cm length. This means an average internode length of 0.7 mm. Ex­
cept for the first three leaves which were lost at the time of harvest, the leaves are 
shown separately on plate IB. In the apical bud, a further 27 leaf primordia are 
present, making a total of 65 leaves formed. Heading appeared to have started 
with the outgrowth of the 12th leaf. A close-up of leaf 17 is shown on plate IIA. 
One of the most striking features of this leaf is a conspicuous surplus of meso-
phyll development relative to midrib elongation. This causes folding and crink­
ling of the lamina, in particular along the basic part of the midrib, a type of 
development described by HELM (1954, p. 93), as: 'Die Spreite der meisten 
(Buttersalat) Sorten ist infolge Starkeren Flachenwachstums auffallend blasig-
runzelig. Die daran nicht beteiligten, begrenzend wirkenden, grosseren Leit-
bundelstrange bewirken eine Aufteilung in eine Anzahl Auftreibungen und 
fiihren zu einer Reihung der Spreite entlang der Mittelrippen'. 

When the leaf blade is cut along the midrib and flattened thereafter, as has 
been done for one half of the leaf on plate IIB, the deficit of midrib length, 
necessary for a flat leaf surface is evident. There is no doubt, that this relative 
surplus of mesophyll development promotes head formation and gives a sub­
stantial contribution to the solidity of the formed head. Differential growth of 
midrib and leaf blade, therefore, can be regarded as an essential element of 
hearting. 

In fig. 1.1, A the course of the average length and width is shown for the first 
37 leaves taken from ten plants identical to the one shown on plate IA. Both 
length and width strongly increase in the first 12 to 15 leaves, remain con­
stant for a number of leaves thereafter, and eventually decrease again. The latter 
phenomenon, evidently, represents the successive growth stages the younger 
leaves had reached at the time of harvest. Periodic measurements revealed that 
the first 20 leaves had stopped growth, and hence could be considered as having 
reached their final dimensions, although the leaves 16 to 20 had not reached the 
size of the preceding ones, 12 to 16. It seems that for some reason they have 
stopped growing before they have realized their potential growth capacity. With 
respect to this, it may be noted that it is a common feature of rosette plants to 
show a continuous decrease in leaf size over a large number of leaves. 

Increase in leaf size of the first leaves of the plant, evidently, displays the in-
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PLATE IA 

PLATE IB 

PLATE I. A plant of the variety 'Meikoningin' grown under natural conditions during April 
and May (IA). Separate leaves arranged according to leaf number from old to young (IB). 
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PLATE IIB 

PLATE II. Close-up of leaf 17, intact and left half cut from midrib and flattened. 
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FIG. 1.1. A: Length (•) and 
width (x ) of the successive 
leaves of a plant grown under 
natural conditions during 
April and May. Leaves 
numbered stem upwards, 
from old to young. 
B: Length-width ratio of the 
same leaves. 

20 0 r 
• Length 
x w id th 

0.80 

20 30 
Leaf number 

creasing growth capacity which characterizes early plant development. Apart 
from an increase in leaf size, a change of leaf shape is found, yielding a gradual 
decrease of the length to width ratio (L/W). This is shown in fig. 1.1,B. Starting 
at a value of about 2.40 for the first leaf, L/W decreases to a value below unity 
in the next 12 leaves. For the then following leaves it remains constant at this 
low value, but increases again for the very young, still expanding ones. Since 
hearting became manifest from leaf 12 onwards, development of a low L/W 
ratio may be taken as favourable for the onset of head formation. 

Some points of interest appear when for all leaves, used for fig. 1.1, length is 
plotted against width, as has been done in fig. 1.2. The result is a continuous 
loop-shaped curve, of which the upper, curvi-linear half is made up by the leaves 
1 to 10, and the straight lower half by the leaves 18 to 38. The leaves 11 to 18 are 
located at the meeting point of both parts of the curve, indicating the maximum 
leaf size present. 

Linearity of the lower leg suggests that during leaf expansion a constant pro­
portionality between increase in length and in width is maintained. The line does 
not pass the origin but cuts the vertical (length) axis somewhat higher, since very 
young leaves show appreciably increasing L/W ratios, as demonstrated in fig. 
1.1,B. The intersection of the length axis may be interpreted as representing the 
length of the leaf primordium at the moment leaf blade extension properly starts. 

In fig. 1.2, the straight part of the length to width relationship runs at an angle 
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Length In mm 

1 6 0 

120 -
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160 200 
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F/u. 1.2. Length-width diagram for the leaves presented in fig. 1.1. A represents the maximum 
leaf size reached under the given conditions. 

of 40°, indicating that leaves grow faster in width than in length. If this line may 
be considered as indicating the course of growth of all leaves above leaf 12, it is 
quite clear that the (eaves I to 10 cannot have developed along the same line but 
are likely to have grown along possibly similar straight lines for the L/W rela­
tionship, only with steeper slopes. Actually, the slope should have been steepest 
for leaf 1, decreasing gradually for each following leaf until!, with leaf 10, an 
L/W relationship is reached which, apparently, holds for the growth of all 
further leaves. In order to investigate this, we have periodically harvested plants 
from the moment of planting onwards, and L/W relationships were determined 
for the growth of the leaves 4, 6, 8, 10 and 12. As shown in fig. 1.3, the leaves in 
this sequence indeed display an increasing leaf blade development, resulting in a 
decreasing slope of the L/W lines as expected. A fact of great importance, evi­
dently, is formed by the number of leaves, making up a head, determined by the 
rate at which leaves are initiated and the rate at which they grow out and sub­
stantially contribute to head formation. For the plant shown on plate I, in total 
65 leaf initiations have been counted. Considered over a growth period of six 
weeks, this implies an average production rate of 1.5 leaves per day. It should be 
noted, however, that from these 65 leaves, 27 are still less than 1 cm long and do 
not, as yet, substantially contribute to the formation of the head. Further out­
growth of leaves apparently proceeds at a much lower rate than that at which 
they are initiated. The more the rate of outgrowth of leaves matches a high rate 
of initiation, the better the conditions are for head formattion. 

At the same time, elongation of the stem on which these leaves are produced, 

6 Meded. Landbouwhogescliool Wageningen 71-15 (1971) 



Length in m m 

200 

160 -

120 -

120 160 200 
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Flo. 1.3. Length-width relationships for leaves 4, 6, 8, 10, and 12 as measured at subsequent 
harvests. Conditions as in fig. 1.1. 

appears very much restricted. A length of 2.5 cm, developed during a six weeks 
growth period, implies an average daily extension of only 0.6 mm. It needs no 
further comment that, together with the high rate of leaf production observed, 
the low rate of stem elongation favours the density of the head. 

Normally, for most rosette plants, a strong elongation of the stem introduces 
the formation of a flower stalk, and marks the transition from vegetative to 
reproductive growth. This, necessarily, inhibits further head development, so 
that premature 'bolting' is one of the reasons of insufficient heading. Since, for 
several lettuce varieties, including 'Meikoningin', flower initiation is promoted 
by longphotoperiods (ERNST-SCH WARZENBACH, 1936), this easily happens during 
growth in the long days of early summer. 

Finally, it should be noted that leaves developing inside the head often show 
a hyponastic (adaxial) curvature, in particular of the basal part of the leaf axis 
or midrib. As these curvatures are becoming fixed in the course of growth, they 
may greatly contribute to the formation of a solid head. It cannot be decided 
beforehand whether these leaf curvatures should be considered as a consequence 
or as a cause of head formation. 

For the plants, analized above, they are less prominent, although they may arise 
at a later stage of growth. It is observed that the degree of hyponasty shows a 
great varietal diversity. An example of this is given on plate I'll, showing partly 
defoliated heads and single leaves of two varieties. Left, heads are shown after 
removal of the outer 24 leaves. In the middle, the leaves 25 to 30 are shown on 
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PLATE III. Varietal difference in hyponastic curvature of the midrib. Upper row: partly 
defoliated heads and single leaves of'Secura'. Lower row: same for 'Profos'. 

their side (one ha!f of the leaf having been cut off), while the remainder of the 
head is shown on the right The bottom row represents the variety 'Profos', 
characterized by a 'square'-head (sic), originating from strongly curved leaves, 
whereas the top row represents a 'slender'-head variety, 'Secura', the leaves of 
which are only slightly curved 

For the butterhead varieties these leaf curvatures seem to be restricted to the 
leaf base only, and develop gradually in the course of growth. 

In contrast to this, leaves of the so called crisp-head varieties, a type of lettuce 
grown especially in the U.S.A., show hyponastic curvatures along the entire leaf 
axis. Since these curvatures are noticeable already at the primordial stage, the 
successive leaves overlap each other rather closely from the beginning. Conse­
quently, rather compact heads are formed, resembling those of cabbage. When 
grown for seed production, it often is necessary to quarter the tight heads to al­
low normal development of the flower stalk (JONES, 1927), a method which can 
be replaced by spraying the plants with gibberellin at an early stage (HARRING­

TON, 1960). The nature of these leaf curvatures has not been examined further in 
this study; they, possibly, are related to auxin metabolism in the midrib. 

Coming to a preliminary conclusion of this introductory survey, it may be 
stated that hearting is not a monofactorial effect, but should be considered as 
the ultimate result of different processes operating simultaneously. As has been 
indicated by DULLFORCE (1962), hearting seems to depend upon a relatively high 
rate of leaf production, a relatively slow rate of stem elongation, a relatively lar­
ge size of individual leaves, and a relatively short length of petioles. 
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The last two indications directly refer to matters of leaf morphogenesis and 
seem to be ultimately due to a control of the ratio of mesophyll to midrib 
development in favour of the first. The way this is affected by both internal and 
external growth conditions is the main basis of the experiments to be dealt with 
in the following chapters. 

1.3. DISCUSSION OF SOME RELATED LITERATURE 

Under the heading 'Lettuce and other salad crops', Horticultural Abstracts 
annually refers to more than 100 articles which, although all bearing on lettuce 
as a research object, are of widely different nature, from simple field experiments 
to elaborate studies on the mode of action of phytochrome in lettuce seed ger­
mination or hypocotyl lengthening. Those dealing with leaf morphogenesis, 
however, are scarce. 

A well documented survey from the morphological and taxonomical view­
point of the different types of lettuce is given by HELM (1954, 1955); special 
attention being paid to probable ontogenetic relationships between the different 
forms of lettuce leaves, varying from long and narrow to round and wide, either 
with smooth or Iobed margins. 

The presence of discrete marginal meristems ('Fiederprimordien') should be 
basic to the development of more or less divided or Iobed leaves. Leaves with 
entire or slightly serrate margins may be understood to be formed as a result of 
a reduction of these meristems. At the same time a primarily longitudinal 
growth tendency may change into one resulting in a more prominent surface 
extension. Long and narrow leaves yield the loaf-shaped heads of different Cos 
or Romaine varieties (Lacluca provar. longifolia Lam.). Large, round to kidney-
shaped leaves are formed in the true heading types of lettuce {Lacluca provar. 
capita/a L.). 

The true origin of Lacluca saliva as plant species is unknown, although it is 
generally accepted to have originated through domestication of a wild form, 
Lactuca scariola L, possibly out of two already different forms, one with divided 
Iobed leaves (f. serriola) the other with entire leaf margins (f. integrifolia). For 
full, historical details see HELM (I.e.). 

DULLFORCE (1962) has summarized the requirements for heading as mention­
ed before. Hearting of the variety Cheshunt 5B further appeared associated with 
a critical value of the leaf area ratio of the plant (dm2/g), being satisfactory at 
8 dm2/g, marginal at 9 to 11 dm2/g, and absent at still higher values. As is found 
also for other plant species (BLACKMAN, 1958), temperature and light intensity 
had an opposite effect on leaf area ratio, viz, showing a positive correlation with 
light intensity and a negative one with temperature. Hence, light and tempera­
ture may exert a compensatory influence on hearting as was found for the length 
to width ratio developed by the leaves (BENSINK, 1958). Both high light inten­
sity and low temperature tend to decrease the L/W ratio. Hearting may occur 
at high temperature (21°C.) provided light intensity is sufficiently high, 

Meded. Landbouwhogeschool Wageningen 71-15 (1971) 9 



(DULLFORCE, 1969). Similar to the effects of light intensity are those of light 
duration, as observed by OLSON (1968). Growth at a 16 hours photoperiod re­
sults in wider leaves that are only slightly longer than those developing under an 
8 hours light period, the greater leaf lamina under the long days being mainly the 
result of a larger number of cells. 

For the morphogenetic effects of light, the nitrate concentration at which the 
plants are grown appears important (BENSINK, 1960). The effects of a low light 
intensity, both on leaf shape and on stem elongation (etiolation) could be 
strongly suppressed by growing the plants at a very low nitrate concentration. 
Flower initiation and subsequent shooting was speeded up by low nitrate supply 
which seems in accordance with old views on the importance of the C/N ratio 
of the plants for the vegetative and reproductive growth (KRAUS and KRAYBILL, 

1918). JAGER, VAN DER BOON and PAUW (1968 a,b; 1970) found that soil steaming 
led to accumulation of ammonium and manganese which, together with poor 
light conditions, stimulated poor heading, while the length-width ratio of the 
leaves was increased. 

Several physiological and ecological investigations on lettuce growth have 
been carried out in Japan. Since most of the results are published in Japanese 
language, though with English summaries, they are less accessible for many 
readers, {TO, already in 1936, made a study of changes in nitrogen and carbo­
hydrate contents of the leaves during growth. Both were found to be higher for 
leaves forming the head. Heading did not occur at too high and too low a carbo­
hydrate nitrogen ratio of the plants. According to MIYAZAKI (1960), moisture 
content of the leaves increases at the time the plants start to heart which seems to 
agree with findings of KATO et al. (1963) who stated that transpiration of the 
plants decreases after they have started to form heads. KATO (1964a,b) studied 
also the auxin and gibberellin metabolism in relationship to stem elongation and 
flowering of three varieties including May King(syn. Meikoningin, ROODENBURG 

1960). Of interest is that under natural conditions gibberellin-Iike substances 
were hardly detectable up to the time of flower bud differentiation, but increased 
rapidly thereafter. High temperatures induced the appearance of gibberellin-Iike 
substances, and also enhanced flowering. Whereas application of gibberellin in­
duced stem elongation both at high and at low temperature, it induced 
flowering only at high temperature. The auxin (IAA) content of apical buds 
showed a tendency similar to that of gibberellin, while IAA-oxidase activity 
was reduced by all combinations of gibberellin application and high tempera­
tures. At low light intensities, stem elongation occurred, while the gibberellin 
level in the apical bud increased, and IAA oxidase decreased. 

SHIBUTANI and KINOSHITA (1966 and 1968), in a study on the ecological adap­
tation of lettuce, concluded that the optimum temperature for the crisphead 
varieties Great Lakes and Imperial was 17° to 18°C. Above 18°C, leaf weight 
declined and above 20°C the plants rapidly flowered. Also HIRAOKA (1967a,b, 
1969), studying the effects of temperature, photoperiod and gibberellin sprays 
on bolting, budding and flowering of the cultivar Wayahead (a butterhead type), 
found that flowering was accelerated by high temperatures and long days, 
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whereas short days and temperatures between 15° and 20°C were favourable for 
heading. Gibberellin application promoted stem elongation but did notacceller-
ate flowering. 

Valuable information on the growth of lettude can be found also in publica­
tions of a more practical conception, such as given by BANGA (1940), VAN KOOT 

and GROENEWEGEN(1 955), WmTAKERetal. (1962), and others, while a full account 
on the anatomical structure of different parts of the lettuce plant is given by 
HAYWARD (1938). 

Clearly, a vast literature on leaf morphogenesis exists when not restricted to 
the growth of lettuce leaves. Thus, similar problems on the influence of light 
and temperature on the growth of leaves of Fragaria are dealt with by ARNEY 

(1954-1956), of cucumber by MILTHORPE, NEWTON, and WILSON (1959-1966), 
of Phaseolus vulgaris by DALE (1964-1970), a list which may be extended at will; 
however a full account of this seems to be outside the scope of this Chapter. To 
some of them we will refer at more appropriate places in the course of this paper. 

In 'The Growth of Leaves', MILTHORPE (1956) has edited a series of papers 
which are still of great value, while HUMPHRIES and WHEELER (1963) have re­
viewed literature on that subject up to that time. Much work of the type dealt 
with in the present paper is going on in the U.K. which may be related to the 
circumstance that expansion of the leaf surface is an essential detail of the 
method of growth analysis introduced and advocated in particular there 
(GREGORY, 1921, 1952). 

To conclude this brief introduction into the literature, it might be stated that 
Lactuca saliva is a plant species which displays a great sensitivity to light in its 
growth and even in the early developmental processes going on during seed 
germination. For that reason it is generally used as a research object in thestudy of 
photomorphogenesis. Thus, lettuce has also been used as a test plant in studies 
of plant growth under light of different spectral composition, carried out in this 
laboratory since 1948 (WASSINK, STOLWIJK and BEEMSTER, 1951). The present 
study may be considered as a logical continuation of this type of research,in a 
wider context also of studies on the relationship between production and mor­
phogenesis of plants as carried out mainly by WASSINK and others in this labora­
tory, on different types of plants (KAMEL, 1959, BUTT, 1968, SANCHEZ, 1967, 
WASSINK, 1960, 1963, 1969). 
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CHAPTER 2 

M A T E R I A L AND M E T H O D S 

2.1. PLANT MATERIAL 

Only the growth of so called 'butterhead' lettuces has been investigated. Al­
though, in the course of this study different varieties have been used, most ex­
periments were carried out with 'Meikoningin' and 'Rapide'. For a long time, 
Meikoningin, a relatively old variety, well known all over the world 
(RODENBURG, 1960), has been the only variety suitable for growth under glass 
during winter and early spring in The Netherlands. During the last 15 years, 
however, it has been replaced almost completely by an ever increasing number 
of new varieties yielding better results in this type of growth (ANON., 1970); 
Rapide is one of these new varieties. Occasionaly, also other varieties have been 
used, mainly to investigate possible differences in growth type. 

Originally, seeds of all varieties were obtained from Dr. J. A. HUYSKES of the 
Institute of Horticultural Plant Breeding (IVT) at Wageningen. For further use, 
each year a few plants of each variety have been raised for seed production, 
the production of one plant, generally, being sufficient to supply all experimental 
plants needed in one yaer. 

Seeds were sown in seed boxes, at 20°C. As soon as both cotyledons had fully 
expanded and the first leaf started to elongate, seedlings were pricked out at 
2 cm distance in fertile soil. Further growth occurred under fluorescent light at 
about 30,000 ergs/cm2 sec, given during 12 hours per day, at a temperature of 
20 °C throughout. At the time the sixth leaf had reached a length of about 1 cm, 
plants were selected for uniformity to enter the experiments. 

2.2. EXPERIMENTAL CONDITIONS 

2.2.1. Culture methods 
Plants are grown either in pots or in PVC-plastic containers of 80 x 60 x 20 

cm. In the latter case, a number of plants were grown together. Pots or container 
are placed on wheeled trucks of 80 x 60 cm surface area, adjustable in height. 
When necessary, trucks with plants were moved daily to different rooms. 

Fertile soil, a mixture normally prepared and used in this laboratory, or fine 
gravel (2-4" mm) together with a nutrient solution, was used. 

A pot size of 13 cm diameter (0,7 L content) proved to be the minimum size to 
avoid influences on growth to be ascribed to pot limitation of the root system. 
Recently, square pots of 17 x 17 cm and 17 cm height of black PVC have been 
successfully used. 

The gravel used had a free air space of 36%. Through a hole in the bottom of 
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the container nutrient solution could be pumped up from a reservoir placed on 
the lower floor of the truck. By means of an overflow, 2 cm below the gravel 
surface, the solution was circulated as long as the pump was in operation and 
drained back into the reservoir as soon as the pump was switched off. Using a 
time switch, the solution was circulated for five minutes every hour. 

A nutrient solution of half the strength of the four-salt mixture given by 
HOAGLAND and ARNON (1938) was used. Iron was given as a mono-sodium ferri 
salt of E.D.T.A. 

2.2.2. Environmental control 
Most of the experiments to be described were made in growth rooms of the 

climatized department of this laboratory. In these rooms (300 x 400 cm and 
190 cm high) temperature can be controlled within 1 °C. between 10° and 30°C. 
Relative humidity can be varied, a facility, however, not used so far, as it was 
kept constant at about 75% in all experiments. Light is provided by fluorescent 
tubes (Philips 120 Watt, TL 55), mounted parallelly as individual units on top 
of a double layer of perspex panes which form the ceiling of the growth rooms. 
Every month, a quarter of the lamps is renewed in order to make light intensities 
less dependent on lamp age. Light intensity can be varied either by changing the 
number of lamps used or by adjusting the distance between plants and ceiling. 
Intensities are measured in ergs/cm2sec(l erg/cm2sec = 0.24.10~7gcal/cm2sec = 
0.1 mW/cm2) with a cosine corrected photocell, calibrated for the spectral ener­
gy distribution of the lamps used, with the aid of a standarized thermopile. See 
for details STOLWIJK 1954, and GAASTRA 1959. Thirty cm underneath the per­
spex ceiling an intensity of 100,000 ergs/cm2sec can be obtained. When neces­
sary, the plants are moved to dark rooms, identical to the light rooms apart 
from the illumination. 

2.2.3. Application of higher C02 concentrations 
Some experiments were carried out in which plants were grown in an enriched 

C0 2 atmosphere. Two leak-proof cabinets of 100 x 100 x 70 cm were used for 
these experiments. Plants were grown in 1 liter glass jars, subirrigated with 
nutrient solution. The jars were covered with plastic foil. In both cabinets, air 
was pumped through at a rate of 1000 1 per hour and in one of them COa gas 
was added at a rate of 15 1 per day, calculated to maintain a C 0 2 concentration 
of about 1000 ppm. Small fans were used for proper mixing of air and C0 2* 

2.3. MEASUREMENTS 

2.3.1. Macroscopical measurements 
Since, forobvious reasons, leaf areas (see plate 11) are difficult to be measured ac-

* Technical advice was kindly supplied by DR . P. GAASTRA, at that time a collaborator of this 
laboratory. 
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curately, growth effects will be related to differences in total leaf length and 
greatest measurable leaf width. The first represents midrib elongation, the latter 
is a measure for leaf blade extension. 

Growth effects have been measured in the first place in leaves which represent 
the maximum attainable leaf dimensions under the given conditions, i.e., those 
indicated by A in figure 1.2. They are produced only after a different number of 
leaves of gradually increasing size, demonstrating the increasing growth capa­
city of the plant. 

Besides the dimensions of mature, full grown leaves, also time courses of 
growth in length and in width have been measured under different experimental 
conditions. For this, leaf number 12 or 15 was chosen counted from below. It 
will be clear that, when growth is to be measured on the plant, measurements 
can start only after the leaf has reached a certain seize. Hence, early growth will 
not be covered by this kind of measurements. To meet this difficulty, the course 
of growth has also been derived from measurements made on leaves of one par­
ticular serial number taken from different plants which were periodically har­
vested. Plants were selected carefully on uniformity beforehand. In this way, in­
formation about primordial leaf development could be obtained which, other­
wise, was imposible to collect. 

Leaves are numbered in the order of appearance, and accordingly plotted in the 
graphs. When counting leaf numbers, a difference has been made between total 
number, including all the primordial leaves, and the number of leaves having 
reached a length of more than one cm. Actually, in the latter case the plasto-
chron-index of the plants has been determined, as defined by ERICKSON and 
MICHELINI (1957), see page 20. 

2.3.2. Microscopical observations 
In order to compare differences in leaf size on a cellular level, the number and 

the size of epidermal cells covering midrib and leaf blade have been determined. 
The whole leaf or samples of it (leaf blade discs of 10 mm diameter cut half 
way from both leaf halves) were preserved in 70% alcohol. The epidermis of the 
midrib could easily be stripped off and examined under the microscope; samples 
of the leaf blade were left intact, epidermal cells and the underlying palisade 
cells could easily be seen. 

On the midribs, epidermal cells extend primarily in longitudinal direction, so 
that they appear as long, elongated cells, usually with tapering ends. The lengths 
often cells or more in one row have been measured; per sample hundred cells 
were measured. Average cell lengths were determined for subsequent sections of 
the midrib from base to tip. Cell number per single row was estimated by divi­
ding midrib length by average cell length. 

On the leaf lamina, mature epidermal cells show wavy anticlinal walls, well 
known for the leaf epidermis. Camera-lucida drawings of a group of cells were 
made, and their surface areas measured with a planimeter. After calibration with 
an object micrometer, planimeter readings were converted to \L2 cell surface. 
Dependent on cell size and magnification used, each drawing comprised ten to 
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