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STELLINGEN

I
Bij onderzoek over symbiose van Rhizobium en Vlinderbloemigen wordt het
microbiologische aspect vaak ten onrechie verwaarloosd.
Dit proefschrift.

II
Yao en Vincent (1978} concluderen tot het bestaan van een dialyseerbare
stof die vertakking van wortelharen veroorzaakt en een nict dialyseerbare stof
die kromming van wortelharen veroorzaakt; beide stoffen zouden worden uit-
gescheiden door de bijpassende Rhizobium-soort. Dit onderscheid is voor-
barig en berust op onvolkomenheden in hun proefopstelling.

Ya0,P. Y. and J, M. VINCENT, Plant and Soil 45 (1976) 1-16.
Dit proefschrift.

I
Het is niet waarschijnlijk dat lectine van de erwt van belang is bij het ver-
klaren van de specificiteit van Rhizobium leguminosarum. Het is niet vitgesloten
dat deze verbinding ecn algemene rol speelt bij de hechtlng van de bacteri€n aan
de wortels.

VanWauwg, L P, F.G. LODNT]ENS, C. K. pE BRUYNE, Biochem.
Biophys. Acta, 379 (1975) 456-461.

ZeveNHUIZEN, L. P, T. M, J. Gen, Microbiol. 68 (1971) 239-243.
ZEVENHUIZEN, L. P. T. M., Carbohydrate Research 26 (1973)
409-419.

Dazzo, F. B. and D. H. HUBBELL, Appl. Microbiol. 30 (1975)
1017-1033.

v
Het is niet te verwachten dat ethyleen een belangrijke rol speelt bij de rem-
ming door het eerst verschijnende knollet_]e van de vorming van nieuwe wortel-
knolletjes.

DarT, P. J. In: The biology of nitrogen fixation. ed. A. Quispel.
North Holland Publ]shmg Company, Amsterdam, 1974, 381-
427.

NutMan, P. 8., Ann. Bot. 16 (1952) 79-101.

v
De eindigheid van de voorraad beschikbare fossiele brandstoffen voor de
productie van stikstofmeststoffen is een beter vitgangspunt om de betekenis in
de landbouw van Vlinderbloemigen als stikstofbinders te bestuderen, dan de
filosofieén van aanhangers van de ‘alternatieve’ landbouw.

Interimrapport Commissic Onderzoek Biologische landbouw-
methoden. PUDOC, Wageningen, 1974.



VI
Er is geen oorzakelijk verband tussen de kans op het optreden van resistentic
tegen een biocide en het aantal plaatsen waarop deze stof ingrijpt in de stof-
wisseling van een cel.

HamiLTON-MILLER, J. M. T., Adv. Appl. Microbiol. 17 (1974)
109-134.
Hiry, P. J,, I. Gen. Microbiol, 70 (1972) 243-252,

Vi
De definitie van symbiose dient te luiden: het in nauw verband samenleven
van ongelijksoortige organismen, die wederzijds van elkaar profijt trekken.

Commissie voor de Terminologic van de Nederlandse Plante-
ziektenkundige Vereniging, Ned. Tijdschr. P1. Ziekt. 74 (1968)
65-84.

VIII
Microbiologie leent zich bij het voortgezet onderwijs uitermate goed voor
het bestuderen van verschillende onderdelen van de biologie.

IX
Het kiezen van een vakkenpakket bij het voortgezet onderwijs, gebaseerd op
beroepskeuze, voldoet nict.

X
Het verdient aanbeveling de academische promotieplechtigheid te wijzigen
in een openbare inleiding tot het proefschrift, te houden door de promovendus,
en leidende tot een discussie,

X1
Het door Gilbert gelegde verband tussen episoden in James Joyce’s Ulysses
en organen van het menselijk lichaam berust op een oppervlakkige biologische

kennis.

S. GuBERT. James Joyce’s Ulysses.
Penguin Books Ltd. Harmondsworth 1952.

X1
Het specialist zijn is een verfijnde vorm van beperktheid.

Proefschrift van J. F. J. FRINGS
Wageningen, 29 oktober 1976.



WOORD VOORAF

Het beéindigen van een proefschrift is wel een dankzegging waard aan al
diegenen die dit mogelijk hebben gemaakit.

In de eerste plaats geldt mijn dank mijn ouders, die me hebben laten studeren.

Mijn promotor, Professor Mulder, dank ik voor de intense aandacht en het
stimulerende enthousiasme bij het bespreken van resultaten en manuscript,
De belangstelling en hulp van de medewerkers van het Laboratorium voor
Microbiologie bij mijn werk was zeer stimulerend, zowel tijdens de onderzocks-
periode als tijdens de schrijfperiode, waarin ik gebruik heb mogen maken van
de faciliteiten van het laboratorium, terwijl ik elders mijn werkkring had; dit
geldt wel heel in het bijzonder voor Dr. Middelhoven, die me menigmaal over
een dood punt heen heeft geholpen en tevens gastvrijheid heeft verleend. Mijn
grote waardering voor de¢ assistentic die ik mocht ondervinden van Mevr.
van Joolen-de Moel, Mevr. Jansen-Jurcovi¢ova, Mevr, van Laar-Meintz en
de Heer Moller is bekend.

De Nederlandse Organisatie voor Zuiver Wetenschappelijk Onderzoek wil
ik mijn dank betuigen voor de financiéle steun, ‘

Mijn Nijmeegse collega’s ben ik dankbaar voor de wijze waarop ze me ge-
steund en, als dat nodig was, vervangen hebben.

Tenslotte wil ik mijn vrouw bedanken, die alles mogelijk maakte door een
bijkans vaderloos gezin te bestieren.



CONTENTS

1. GENERAL INTRODUCTION . . . . . . . . . . . . . . . ... ..

2. MATERIAL AND GENERAL METHODS . . . . . . . . . . . ... ..
2.1. Plant material . . . . . . . . . . .. .. ... .. e e e e
2.2, Bacteria ., . . . . . . . . . . Lo e oo o e e e e
2.3. Nodulation time and nodule number . . . . . . . . . . . ... L.
2.4, Temperaturas . . . . . . . . L e e e e e e e e

3. LOCALIZATION OF THE HIGH TEMPERATURE EFFECT ON
NODULATION ., . . . . . . . . . . .. o . ... e e e e
3.1. The possibility of a transported compound . . . . . . . . . . .. ..
3.2, Estimation of optimum inoculation time . . . . . . . . . . . . .. B
3.3 Determination of the nodulation sites in relation to rootage . . . . . .
34, Summary . . . . . . L oL e e e e e e e '

4. EFFECT OF TEMPERATURE AND THE PRESENCE OF RHIZOBIA ON
MORPHOLOGICAL CHARACTERS OF THE ROOT SYSTEM . . . ., . .

4.1 Introduction . . . . . . . ... ..o e
4.2, The effect of temperature on number of nodules and nodulation time

4.3, Effect of temperature and the presence of R. leguminosarum on root growth

androotnumbers . . . . . oL L L L L L0

4.4, Summary . . . . . . L L oo e e e e e

5. THEINFLUENCE OF HIGH TEMPERATURE PERIODS ON NODULATION

OF PEAPLANTS . . . . . . . . . . . . o .,

5.1 Temperature-sensitive stages in the formation of nodules . . . . . . . .

511, Introduction . . . . . . . . . .. .. L. Lo

5.1.2.  Effect of transfer to 30°C on nodule number and nodule growth . . . . .

5.1.3.
5.2,

5.3,

Transfer of inoculated pea plants to 30°C, followed by return to 22°C

The adverse effect of high temperatures on leghaemoglobin content and
acetylene-reducing activity . . . . . . . . .. .. .. ... L.
Summary . . . .. L. o L L e e e e e

6. THE INFLUENCE OF HIGH TEMPERATURES, LIGHT INTENSITY AND

DAY LENGTH ON NODULATION OF PEA PLANTS . . . . . . .. ..
6.1. Effect of alternating high and low temperatures on nodulation . . . . .
6.2, Effect of high temperatures during light and dark periods . . . . . . .
6.3. Effect of day length on nodulation . . . . . . . . ... . ... ..
6.4, SUMMATY .« v v+ v v v v v e e e e e e e e e e e e e e
7. INHIBITION BY HIGH TEMPERATURES OF PROCESSES OCCURRING
DURING THE INITIAL PHASE OF THE SYMBIOSIS . . . . . . . . ..
7.1 The first inhibitedstage . . . . . . . . . . . .. ... ... ...
7.2 Bacterial attachment totheroot . . . . . . . . . .. ... ..
7.2.1. Imtroduction . . . . . . . . . . . ... L0
7.22. Experimental . . . . . . . . ... 0L oo e
7.23. Resultsand Discussion . . . . . . . . . . ... . 0. o0
7.2.3.1. Influence of temperature on attachment . . . . . . . . . . ., . . ..
7.2.3.2. Influence of bacterial density of the inoculum on nodulation time . . . .

7.233.

Counting of Rhizobium cells attached to theroot . . . . . ., ., , . ..



7234, DISCUSSION . . . . . & v . e e e e e e e e e e e e e e
7.3. SUMMArY . . . . v v e e e e e e e e e e e e e

8. INFLUENCE OF HIGH TEMPERATURES ON NODULATION AS AF-

FECTED BY RHIZOBIAL GROWTH . . . . . . ... ... . ... ..
8.1. Estimation of the pre-infection pericd by using antibiotics . . . . . . .
8.2 The influence of high temperatures on the muliiplication of rhizobia in the
rhizesphere . . . . . . . . .. o L L. oL

8.3. The influence of size and origin of the inoculum on nodule number
3.4, Summary . . . . . . L L o e e e e e e e e e e
9. THE EFFECT OF BACTERIA, PARTICULARLY R. LEGUMINOSARUM,
AND TEMPERATUREON ROOTHAIRS . . . . . . . . . . ... ...
9.1. The motphology of roothairs . . . . . . . . . . . . . . ... .
9.2. Numbers of root hairs and of root-hair deformations as affected by the
presence of Rhizobium cells and by temperature . . . . . . . . . . . .
9.3, Relationship between root hairs and infection . . . . . . . . . . ..
9.4. Influence of a rhizobial compound on the deformation of root hairs . . .
9.5. Summary . . . . . . . . e e e e e e e e e e
10. GENERAL DISCUSSION . . . . . .. .. .. ... e e
1. SUMMARY . . . . L . o

SAMENVATTING: DE INVLOED VAN HOGE TEMPERATUREN OP DE
SYMBIOSE VAN RHIZOBIUM LEGUMINOSARUM ENERWT . . . . . .

REFERENCES

..............................



1. GENERAL INTRODUCTION

Nitrogen fixation by the legume-Rhizobium symbiosis is accomplished after
a series of previous stages of nodule development. The Rhizobium cells multiply
in the rhizosphere (vaN EGERAAT, 1972), causing root hair deformations as
branching and tip curling (Haack, 1964; Yao and VINCENT, 1969). Subse-
quently, the infective rhizobia enter the plant via a tube, the infection thread,
which, according to NuTMaN (1965) is formed by redirected growth of part of
the cell wall. The involvement of cell wall-degrading enzymes in this process
has been reported (e.g. by FAHREUS and LIUNGGREN, 195%; LIUNGGREN, 1969;
Munns, 1969) and contradicted (e.g. by LiLLicH and ELkaN, 1968; Mac-
MirLan and CooKE, 1969; SorLHEM and Raa, 1971). The infection thread
growing into the root’s cortex, induces some cortex cells to mitotic activity
(LIBBENGA, 1970), which leads eventually to a macroscopically visible nodule
on the root. Within the root nodules, most of the bacteria leave the infection
thread, surrounded by a membrane (Dixon, 1967). They become pleomorphic
(bacterois), and at the same time leghaemoglobin is formed (KEILIN and WANG,
1945; VIRTANEN, [945), giving a pink colour to the nodules, which now are
able to fix gaseous nitrogen (VIRTANEN et al., 1947). More extensive descrip-
tions of the nodulation process are given by several authors (e.g. STEWART,
1966).

Since the early studies of JONEs and T1SDALE(1921), temperature, among other
environmental factors, has been recognized to influence symbiosis, and to
affect both nodule formation and nitrogen fixation (e.g. Mes, 1959; ROUGHLY
and DART, 1969; PANKHURST and GIBSON, 1973; WILsON, 1975). A review of
the literature on this subject has been given by Gison (1971) and by LIE (1975).

Nodulation of pea plants is known to be adversely affected by exposing the
plants to 30°C (DIENER, 1950; LiE, 1964}). In contrast to the sensitivity of the
association, the nodule bacteria as well as the plants, supplied with adequate
combined nitrogen, are able to grow satisfactorily at this temperature. Al-
though environmental conditions may affect all stages of nodulation, a dis-
cernable sensitivity of specific stages of the nodulation process was demon-
strated with respect to acidity by MULDER et al. (1966) and Lig (1969) for Pisum
sativum, and by MUNNs (1968, 1970) for Medicago sativa, With respect to
high temperatures, similar results were obtained by Gieson (1967) for Trifolium
subterraneum and by LIE (1971) for Pisum sativum.

Gieson (1967) divided the nodulation time, i.e. the period between inocula-
tion and time of appearance of the first nodule, into two parts, During a period
until 36 hours after inoculation the sensitivity of the association to high tem-
peratures would be different from that in the following period. His suggestion
that the two stages involved concerned infection and beginning of nodule
growth (nodule initiation) were not supported by direct observations.

Lie(1971) reported that the nodulation of pea cv ‘Iran’ requires a temperature
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of 26°C during the 2nd or 3rd day after inoculation. If this requirement is met
with, nodulation at 20°C for the remaining time is far better than at a constant
exposure to 26°C. At a constant temperature of 20°C, no nodulation takes
place.

From the above-mentioned results it can be seen that high temperatures
during different periods of nodulation may affect noduiation in a different
way. It is not clear, however, which stage or stages in nodulation are involved.
The aim of the present investigation was (a) to localize temperature-sensitive
periods during nodulation, (b) to determine which stages are involved, and (c)
to find out in what way high temperatures affect the sensitive stages.

2 Meded. Landbouwhogeschool Wageningen 76-7 ( 1976)



2. MATERIAL AND GENERAL METHODS

2.1. PLANT MATERIAL

The experiments were carried out with pea plants, Pisum sativum L., cultivar
Rondo.

Selected seeds were surface-sterilized by shaking in 3%, H,0O,, containing a
drop of detergent (Teepol) per 25 ml, for 15 minutes. The seeds were transferred,
without washing, to Petri dishes containing 1% agar in tap water and left to
germinate at 25°C for about a week. When the roots had attained a length of
about 5 cm, the seedlings were transferred aseptically to jars containing a
nutrient solution of the following composition; K,HPO,, 0.36 g; KH,PO,,
0.12 g; MgS0,-7H,0, 0.25 g; CaSO,, 0.25 g; Fe(lll)-citrate, 30 mg;
MnSOQ,-4H,0, 1 mg; ZnSO,-7TH,0, 0.25 mg; CuSO,-5H,0, 0.25 mg;
H,BO,, 0.25 mg; Na,MoQ,-2H,0, 0.05 mg, per 1000 ml of tap water. The
seedlings were wrapped in sterile cotton wool and placed with their roots in
tubes of 4 x 30 cm, containing 200 ml nutrient solution. The plants were grown
in a controlled-environment cabinet using artificial light (45 W/m?2, photo-
period 12 hours}) at a temperature of 22°C, unless otherwise stated.

2.2. BACTERIA

The plants were usually inoculated with Rhizobium leguminosarum, strain
PRE. The bacteria were maintained on yeast agar slopes of the following com-
position: Difco yeast extract, 1 g; mannitol, 10 g; K,HPO,, 0.5 g; MgSO,.
7H,0, 0.25 g;: NaCl, 0.1 g; CaCO,, 3 g; Davies agar, 10 g, per 1000 ml of tap
waler. In the earlier experiments, 1-2 drops of a slightly turbid cell suspension
in sterile water, made from a 7-day old slope culture of R. leguminosarum, were
applied per plant. In later experiments, the bacteria were grown in Erlenmeyer
flasks of 300 ml capacity containing 100 ml of yeast-extract glucose medium
(veast extract 7 g, glucose 10 g per 1 of tap water). Incubation took place on a
shaker at 30°C. The bacteria were harvested during the exponential growth
phase and counted in a counting chamber. The plants were inoculated with

about 10* bacteria per plant.

2.3, NODULATION TIME AND NODULE NUMBER

The roots were inspected at daily intervals, beginning 3 days after inoculation
and ceasing when all the plants had formed nodules. The period between inocula-
tion and appearance of the first nodule was defined as nodulation time.
Nodules were counted usually 14 days after inoculation. When it was not clear -
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whether something protruding was a rootlet or a nodule, no nodule was
reported.
2.4. TEMPERATURES
Plant roots were exposed to high temperatures by placing the plants in a

water bath, controlled with a Grant thermostat. The temperatures were
regularly checked with the aid of a gauged thermometer,
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3. LOCALIZATION OF THE HIGH TEMPERATURE
EFFECT ON NODULATION:

3.1. THE POSSIBILITY OF A TRANSPORTED COUMPOUND

3.1.1. Introduction

The absence of nodulation at high temperatures might be brought about by
several mechanisms. One of the possibilities is the involvement of a substance,
synthesized either locally of elsewhere. If this compound would be translocated,
the shoot or the root meristems would be the most probable sites of synthesis.
The hypothetic agent might be either a thermolabile compound, essential for
nodulation, or an inhibitor formed at high temperatures.

3.1.2. Experimental

For growing the plants, S-shaped tubes were used. Tilting of such a liquid-
filled tube 90° counterclockwise creates two compartments, both of them filled
with liquid, separated by air (Fig. 1). These compartments can be independently
subjected to the desired temperatures. Plants used in these experiments were
somewhat older than usual, because the root system had to be present in the
lower compartment at the beginning of the experiment. Bacteria were added
just before tilting the tube.

3.1.3. Results and Discussion
The results of this experiment are given in Table 1. In both compartments,
nodules were formed only at 22°C, If the upper part of the root system was

Fi1G. 1. S-tube in horizontal position containing a pea plant. The left-hand compartment
has been exposed to 30°C, the right-hand compartment to 22°C, Nodules can be seen in the
air compartment, indicating that nodulation was not affected by subjecting a zone of the root

system between shoot and nodulation site to 30°C.

Meded. Landbouwhogeschool Wageningen 76-7 (1976) 5



F16. 2. Nodulated root system of a pea plant, kept at 22°C and photographed 14 days after
inoculation with R, feguminosarum, During that time the shoot was exposed to 30°C {(compare
Figs. 3, 5, 6).

TasLE |, The relationship between nodulation and incubation temperatures of the upper
and lower parts of pea roots.

Temperature Nodulation
Upper part Lower part . Upper part Lower part
22°C 22°C + +
22°C : 30°C + -
30°C 30°C - - N
30°C 22°C - - +

exposed to 22°C and the lower part to 30°C, nodules were only formed on the
former roots. Although most nodulated roots were entirely present in the 22°C-
compartment, nodules were also found on the upper parts of roots which had
their meristem exposed to 30°C. If the upper part of the root system was
incubated at 30°C, only the lower part of the root system was nodulated. _
These results show that the adverse effect of high temperatures on nodulation
1s not due to the elimination of a translocated thermolabile compound, syn-
thesized in the shoot or the meristem or to a translocated inhibitor, synthesized
at high temperatures outside the nodulation site. That such an inhibitor is not

6 Meded. Landbouwhogeschool Wageningen 76-7 (1976)



F1G. 3. Non-nodulated root system of a pea plant, exposed to 30°C during 14 days from
inoculation with R. leguminosarum and photographed after that period.

produced in the shoot and translocated to the nodulation site was shown by the
results of the following experiment. Inoculated plants were grown in a 30°C
cabinet with their root systems in a thermostate at 22°C. Nodulation occurred
both when the shoots were kept at 30°C or at 22°C, provided the root system
was exposed to 22°C (Fig. 2). No nodules appeared when both root and shoot
were kept at 30°C (Fig. 3).

From the results obtained in this section, it can be concluded that the adverse
effect of high temperatures on nodulation is localized at the nodulation site.
The possibility that this effect is due to the elimination of a compound, essential
for nodulation, or to a nodulation-inhibiting compound, produced at a high
temperature, has not to be excluded.

3.2, ESTIMATION OF OPTIMUM INOCULATION TIME

3.2.1. Introduction .
Several processes are involved in the nodulation of legume roots (Gigson,

1971). To elucidate which of these processes is inhibited at high temperatures,
it is important to know at what time between inoculation and appearance of
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the nodule, inhibition occurs and which processes proceed at that time, THORN-
TON (1929) was the first to notice a link between the unfolding of the first true
leaf of lucerne and appearance of the root nodules. Although legume roots at
first are resistant to infection (NUTMAN, 1958}, it is common practice in legume
investigations to inoculate seeds at sowing or a few days afterwards (e.g.
LIBBENGA, 1970; RouGHLEY, 1970). To find out at which plant age nodulation
processes are likely to proceed at an optimum rate, the following experiment
was carried out.

3.2.2. Experimental

Pea plants were inoculated at different periods after sowing (i.e. at different
inoculation times). The interval between inoculation and appearance of the
first nodules, the nodulation time, was recorded.

3.2.3. Results and Discussion

As Fig. 4 shows, the minimum nodulation time was found to occur when
inoculation took place shortly before the unfolding of the first true leaf, Until
that time of inoculation, nodules always appeared at the same plant age. When

Nodulation time {days)
o S

—_
o

0 — 1 1

]
o 10 20 30 40
' Inoculation time {days after sowing)

FIG. 4. Relajcions}lip between age of pea plants, when inoculated with R. leguminosarum,
and nodulation time. Arrow indicates unfolding of the first true leaf,
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inoculation occurred after the unfolding of the first true leaf, the period be-
tween inoculation and nodule appearance increased somewhat. Although in
some experiments a slightly shorter average nodulation period was found, the
minimum nodulation time was always found when inoculation occurred
shortly before or sometimes at the time of unfolding of the first true leaf. The
latter phenomenon appears to be a clear physiological indication of an easy
accessibility of Rhizobium cells to the plant of that age. Hence it was considered
in subsequent experiments as an indicator of the optimum inoculation time.

3.3. DETERMINATION OF THE NODULATION SITES TN RELATION TO ROOT AGE

3.3.1, Introduction

The older the plant at inoculation, the greater is the distance from the
hypocotyl to the sites of nodulation (Figs. 5 and 6). Pea plants inoculated at
sowing on water agar and afterwards transferred to a liquid medium, usually
nodulated at similar sites to those of Fig. 5. It is furthermore ciecar from these
photographs that nodules appear in groups. To study the relationship between
the ability of the root to nodulate and root age, a method was developed to
distinguish between newly grown and older roots.

3.3.2. Experimental

Roots present at a certain date can be distinguished from those appearing
atalater date by dipping the root system into a charcoal suspension which turns
the roots black. After shaking off the excess of charcoal and returning the plant
to the usnal medium, the roots keep their black colour, but they continue
their growth in the normal way. The newly formed parts of the roots are white,
so that it can be clearly seen which parts of the root are formed after dipping.

3.3.3. Results and Discussion

When simultancous dipping and incculation of root systems occurred, most
nodules appeared on the white parts, but some were seen on the blackened
parts of the roots (Table 2, day 0). When blackening of the roots had occurred
at one day before inoculation, all of the nodules appeared on the white roots
(Table 2, day <1; see also Fig. 7). Consequently, nodulation occurred on parts
of the root system being at most one day old at the time bacteria and roots came
into contact. Whether the root systern had been subjected to 30 or 22°C until
inoculation, did not have any influence on the distribution pattern of the nodules
(Figs. 8 and 9). This shows that high temperatures affect nodulation only when
applied after inoculation. Possible influences of high temperatures on features
of a one day old part of a growing root are obviously not affecting the start of
symbiosis. When the roots had been dipped into the charcoal suspension three
days after inoculation, all of the nodules originated from the black parts of the
roots (Table 2). When the charcoal treatment had taken place two days after
inoculation some nodules still appeared on the white parts.
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F16. 5. Root system of a pea plant inoculated 7 days after sowing.

FiG. 6. Root system of a pea plant inoculated 16 days after sowing,

10 ' Meded. Landbouwhogeschoo! Wageningen 76-7 (1976)






