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1. G E N E R A L I N T R O D U C T I O N 

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 LJUNGGREN, 1959; LJUNGGREN, 1969; 
MUNNS, 1969) and contradicted (e.g. by LILLICH and ELKAN, 1968; MAC-

MILLAN and COOKE, 1969; SOLHEIM 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 
(bacteroids), and at the same time leghaemoglobin is formed (KEILIN and WANG, 

1945; VIRTANEN, 1945), 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 TISDALE (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 GIBSON (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 LIE (1969) for Pisum 
sativum, and by MUNNS (1968, 1970) for Medicago sativa. With respect to 
high temperatures, similar results were obtained by GIBSON (1967) for Trifolium 
subterraneum and by LIE (1971) for Pisum sativum. 

GIBSON (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 nodulation 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. 
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2. MATERIAL AND G E N E R A L M E T H O D S 

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 2 0 2 , 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 2 HP0 4 , 0.36 g; KH 2 P0 4 , 
0.12 g; MgS0 4 -7H 20, 0.25 g; CaS04 , 0.25 g; Fe(III)-citrate, 30 mg; 
MnS0 4 -4H 2 0 , 1 mg; ZnS0 4 -7H 20 , 0.25 mg; CuS0 4 -5H 20 , 0.25 mg; 
H3BO3, 0.25 mg; Na 2 Mo0 4 -2H 2 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/m2, 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 2 HP0 4 , 0.5 g; MgS04 . 
7H 20, 0.25 g; NaCl, 0.1 g; CaC03 , 3 g; Davies agar, 10 g, per 1000 ml of tap 
water. 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/?, 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 
(yeast 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 104 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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LOCALIZATION OF THE H I G H T E M P E R A T U R E 
E F F E C T ON N O D U L A T I O N 

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 

. UWJUSMI) rn.j j'tjpi<iiaii^4i»iiii!miii'gt^iqwww^Bi^^ JIm&, any 

^ » - « i 

t 

FIG. 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. 
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FIG. 2. Nodulated root system of a pea plant, kept at 22 °C and photographed 14 days after 
inoculation with R. leguminosarum. During that time the shoot was exposed to 30°C (compare 

Figs. 3, 5, 6). 

TABLE 1. The relationship between nodulation and incubation temperatures of the upper 
and lower parts of pea roots. 

Temperature Nodulation 

Upper part 
22 °C 
22 °C 
30°C 
30 °C 

Lower part 
22 °C 
30 °C 
30 °C 
22 °C 

Upper part Lower part 
+ 

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 
is 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 
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FIG. 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 (GIBSON, 

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 

10 20 30 40 
Inoculation time (days after sowing) 

FIG. 4. Relationship 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 ofRhizobium 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 IN 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 clear 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 

at a later 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 usual 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 simultaneous dipping and inoculation 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 system 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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FIG. 5. Root system of a pea plant inoculated 7 days after sowing. 

10 

6. Root system of a pea plant inoculated 16 days after sowing. 
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TABLE 2. Number of nodules perceptible on either black or white parts of the roots marked 
at the indicated day by dipping of the root system into a charcoal suspension. 

Time of dipping into Number of nodules on % of nodules on 

after inoculation) 

- 1 
0 
1 
2 
3 

black parts 

0 
27 
31 
92 

168 

white parts 

211 
122 
66 
2 
0 

black parts 

0 
18 
33.5 
98 

100 

white parts 

100 
82 
66.5 
2 
0 

/ 

/ 

• 

FIG. 7. Root of a pea plant dipped into a charcoal suspension one day before inoculation. 
All of the nodules were formed on the white part of the root grown after dipping time. Plant 
exposed continuously to 22 °C. 
FIG 8 Root of a pea plant dipped into a charcoal suspension at inoculation time. Some no
dules were formed on part of the root existing at the time of inoculation (black). Plant exposed 
continuously to 22 °C. , . , . . 
FIG 9 Similar to Fig 8 with the exception that prior to inoculation, the root system had 
been exposed to 30 °C for 3 days (from inoculation the incubation temperature was 22 °C). 
Localization of the nodules was similar to that of Fig. 8. 
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