PHYSICAL ENVIRONMENT AND SYMBIOTIC NITROGEN FIXATION

I. THE REFFECT OF ROOT TEMPERATURE ON RECENTLY NODULATED TRIFOLIUM
SUBTERRANEUM L. PLANTS

By A. H. Gisson®
[Manuscript recetved July 10, 1962]

Swmmary

The effeet of root temperatures (5-30°C) on the growth and symbiotic
nitrogen fixation by nodulated plants of four varieties of Trifolium subterraneum
L., inoculated with each of two strains of Rhizobiwm trifolii, was examined.

Symbiotic nitrogen fixation was reduced at temperatures below 22°C, and
at 3°C was only 10-179%, of that achieved at 18°C. At 30°C, there was a marked
reduction in nitrogen fixation by some host-strain combinations.

Some combinations of host variety and baecterial strain achieved levels
of growth similar to that made by plants receiving adequate combined nitrogen,
while the others were consistently less effective.

For both dry weight and nitrogen fixation, there was a significant inter-
action between the varieties and bacterial strains throughout the ifemperature
range and, above 18°C, the degree of this interaction was influenced by the root
temperature.

During the 20.day temperature treatment, the inerease in dry weight and
symbiotically fixed nitrogen was exponential, indicating that any adverse effect
of Toot temperasuro was directed towards processes controlling the rate of nitrogen
fixation and plant growth in any host-strain combination. The principal dif-
ferences between the treatments was reflected by the slopes of the regression lines,

There was a marked effect of root temperature on further nodule produe-
tion by these plants. At higher root temperatures nodule production was deter-
mined by the combination of host snd strain, and appeared to be independent
of the amoeunt of symbiotic nitrogen fixation.

I. INTrRODUCTION

In studying the effect of the physical environment on the growth of legumes,
a relevant question is whether plants dependent upon symbiotic nitrogen fixation
and plants receiving adequate nitrogen in a combined form differ in their response
to changes in the physical environment. If there are differences, it is important
to ascertain the environmental factors responsible, and to determine which aspect
of the formation and function of the nodules is affected. Furthermore, the influence
of the strain of root nodule bacteria on the response of a particular species, or
variety, to the environmental conditions should be known.

Previous investigations have shown that both low and moderately high
temperatures, imposed on either the whole plant or the root system only, adversely
influence symbiotic nitrogen fixation. TUnfortunately, these studies were
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designed so that the differentiation of environmental effects on nodule formation
and module function was not possible (Mes 1959; Meyer and Anderson 1959;
Joffe, Weyer, and Saubert 1961) or adequate controls receiving combined nitro-
gen were omitted (Jones and Tisdale 1921; Smith and P. B. Gibson 1960). Although
these investigations provided interesting information, critical examination of the
problems outlined above was not possible. In preliminary reports, A. H. Gibson
(1961) and Pate (1961) showed that the strain of root nodule bacteria forming
the symbiosis may influence the response of the plants to the temperature stress,
in terms of nitrogen fixation and nodule formation respectively.

The experiments reported in this paper are part of a general programme
in which the effect of the physical environment on nodule formation and nodule
function is being investigated. The present study was designed to examine the
effect of root temperatures on growth and nitrogen fixation by nodulated plants
of four Trifolium subterrancum L. varieties. Plants receiving combined nitrogen
were uged as a basis for comparison. The interaction between the host varieties,
bacterial strains, and the temperature conditions was examined, and observations
were made on the effect of root temperature on nodule formation.

I1I. MATERIALS AND METHODS

(@) Host Materials

Certified commercial seed of the 7. subterranewm varieties Diwalganup,
Mount Barker, Tallarook, and Yarloop was obtained from F. H. Brunning Pty.
Litd., Melbourne. Within each experiment the seeds were selected visually for
uniformity of size, both within and between varieties.

(b) Bacterial Strains

The strains used were Rhizobium trifolii TAL (ex. T. repens L.) and Eh.
trifolii NA30 (ex. T'. subferraneum). Three-day-old cultures of the bacteria grown on
yeast extract mannitol agar were used to prepare the inocula for each experiment.

(¢) Seed Germination

The seeds were placed in a desiccator overnight, surface-sterilized by immer-
sion in concentrated sulphuric acid for 15-20 min, thoroughly rinsed in sterile
distilled water, and spread on 19, agar in Petri dishes. Following a 48-hr period
of cold treatment at 4°C to break dormancy (Loftus Hills 1944), the dishes were
transferred to 25°C for seed germination, and inverted to provide seedlings with
straight radicles.

(&) Plant Culture

A modification of Thornton's tube-culture technique (Thornton 1930) was
used for growing the plants. 13 ml of seedling nutrient agar (Jensen 1942}, sup-
plemented with the addition of 1-0 mljl of a trace element solution containin,
boron (0-50 gfl), manganese (0-50 gfl), zine (0-050 g/l), copper (0020 gfl), and

molybdenum (0-050 g/l), and with the pH adjusted to 6-7, were added to 6 by § in.
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test tubes. An aluminium foil cap (0-0012 in. thickness) of 12 in. diameter was
held in place on the top of the tube by a rubber ring (} in. internal diameter, § in.
external diameter). A small hole in the foil was plugged with cotton wool. After
autoclaving, the tubes were sloped so that the agar extended to the top of the
tube.

After 30 hr at 25°C, seedlings with radicles §-§ in. long were planted through
a freshly made hole in the aluminium cap, so that the radicle grew on top of the
agar slope and the cotyledons were outside the tube. This hole was just large
enough to accept the radicle, and the foil then maintained a seal around the root
as it expanded. The sown tubes were placed beneath a bank of Philips 4-ft 40-W
white “Reflectalite” fluorescent lamps (light intensity 900 f.c., photoperiod 16 hr}
in a constant-temperature room held at 20°C. A specimen tube (2 by I in.), with
a moist cotton-wool pad in the bottom, was inverted over each tube in order to
maintain a humid atmosphere around the cotyledons. These tubes were removed
3 days after planting, and where necessary, the cotyledons and petioles freed from
the seed coat. A uniform population of seedlings was selected. A sterilized
Cornwall Luer-Lok syringe with automatic-filling attachment and 4-in. eannula
was used to deliver 22 ml of sterile seedling nutrient solution (S.N.S., I-strength
of the nutrient solution used to prepare the agar plus 1-0 mlfl trace element
solution, pH 6-7) to each tube through the plugged hole.

As the aim of the experiments was to examine nitrogen fixation and growth
of nodulated plants, it was important to have .all host-strain treatments at
approximately the same level of nodulation when the temperature treatments
commenced. To achieve this, it was necessary to inoculate the plants with strain
NA30 3 days after planting, or with strain TAl 4 days after planting. The tubes
were inoculated by suspending two 3-day-old cultures of bacteria in each 5 1. of S N.S.
used for watering. Where required, uninoculated plants were included for use as
combined nitrogen controls; these controls provided a standard with which to
compare the performance of nodulated plants.

The seedlings were kept under the above conditions in the 20°C room for
14 days after planting by which time pink nodules had formed on all incculated
plants. A uniform population of plants was again selected and divided into five
groups—one group was taken for pretreatment harvest and the other groups
allocated to temperature treatments in a controlled-environment cabinet. Ammo-
nium nitrate was added to the uninoeulated controls (3 mg nitrogen/tube) and
all plants transferred to the root temperature treatments. Within a treatment,
the plants were distributed in randomized blocks. The treatments were main-
tained for 20 days and further additions of sterile 8.N.8. were made when neces-
sary. Additional ammonium nitrate was added to the nitrogen eontrols 7 and 14
days after the treatments commenced.

This modification of the tube-culture technique enabled the application of
different shoot and root temperature regimes. Furthermore, growth was up to
six times greater than when plants were grown entirely within the tubes in the
glagshouse.
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{e) Enwvironmental Conditions

The controlled-environment cabinet consisted of four water-baths and a bank
of lights controlled by a time switch. The temperature in the baths was main-
tained by circulating brine at 2°C through coils situated adjacent to Braun
Thermomix 11 heater-stirrers, the rate of flow of the brine being regulated according
to the root temperature required. The tubes were suspended through -holes in a
1-in. compressed asbestos cover over each bath. The temperature variation
within the tubes, both in time and position in the bath, was 40-3°C. The bank
of lights 14-16 in. above the plant culture tubes, contained eight Philips T.L.F.
80-W/33 “Reflectalite” fluorescent tubes and four Mazda 2-ft 75-W incandescent
tubes. The light intensity was 950-1150 f.c., measured with an “E.E.L.” photometer.
The unit was situated in a 10°C constant-temperature room, and air from the
room wag circulated continuously through the unit. The ambient temperature
1 in. above the bath covers was 22-23°C during the 16 hr light period and 10°C
during the 8 hr dark period.

(f) Nitrogen Determinations
Groups of three or four plants were pooled for nitrogen determinations.
Total plant nitrogen was determined by Kjeldahl digestion, distillation, and
titration.
IT1. R=surts
(@) Ejffect of Low Root Temperatures

Nodulated and combined nitrogen control plants of the varieties Dwalganup,
Mount Barker, Tallarook, and Yarloop were grown at root temperatures of 5,
9.5, 14, and 18°C. The bacterial strains used were NA30 and TAI.

All varieties showed a reduction in growth at root temperatures below 18°C
(Fig. 1). Over the 20-day temperature treatment period, the increase in the mean
dry weight of plants grown with a root temperature of 5°C was 25-33%, of that for
the same host-strain treatments grown with a root temperature of 18°C. Within
particular temperature levels, there were up to 2j-fold differences between the
increments in mean dry weight of the various host—strain treatments {e.g. Yarloop/
TAl compared with Dwalganup/TAl or Mount Barker/NA30} at all four root
temperatures.

In the statistical analysis of the plant dry weights (log transformed) the
nitrogen control treatment was included as a strain. The analysis showed signifi-
cant variety Xstrain and temperature Xstrain interactions, while within each
variety, strain effects were significant (Table 1).

The principal factor contributing to the variety Xstrain interaction was the
degree to which the dry weight of the nitrogen control treatments exceeded that
of the inoculated treatments (Fig. 1), although differences in the behaviour of the
two bacterial strains added to the interaction.

The significant temperature Xstrain interaction was due largely to a smaller
difference between the nitrogen control and inoculated treatments at 5°C than
at higher root temperatures. However, the interpretation of this interaction is
influenced by the more significant interaction between variety and strain.
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The amount of nitrogen fixed at 5°C was only 10-17 % of that fixed at 18°C,
depending on the combination of host and strain (Table 2). Within the tempera-
ture freatments, the amount of nitrogen fixed by some host—strain combinations
was four times greater than that fixed by others, At higher temperatures, the
relative differences were smaller, but even at 18°C, twice the amount of nitrogen
was fixed by Yarloop/TAl, Yarloop/NA30, and Tallarook/TAl than by Dwalganup/
TAl and Mount Barker/NAS30.

TaBre 1
ANALYSES OF VARIANCE ON THE TOTAL PLANT DRY WEIGHT (LOG. TRANSFORMED) AND TOTAL
PLANT NITROGEN FOR PLANTS GROWN AT ROOT TEMPERATURES OF 5, 0-5, 14, anp 18°C
The nitrogen eontrol treatment was included as a strain in the dry weight analysis. There were
10 replicates per treatment

Plant Dry Weight Total Plant Nitrogen
Source of Variation

Degrees of Error Mean Degrees of Error Mean

Freedom Square Freedom Square
Variety (V) 3 1-35319%* 3 T4-130%*
Strain (8) 2 0-88700%+* 1 13- Bdg*
Temperature {T) 3 3-90033%* 3 194 . 806**
VX8 6 0-00228%* 3 7-065%*
VT 9 0-00653 9 6-852%+
8xT 6 0-02783%% 3 0-570
Vx8xT 18 000383 9 0600
Residual 432 000610 64 0-512

Strain effects separately for each variety

Mount Barker 2 0-5286%* 1 2-297%
Tallarook 2 0-2646%* 1 12-974%%
Yarloop 2 0-1643%* 1 16-673%*
Dwalganup 2 0-2072%% 1 3096+

* P<0-05. ** P<0-01,

For the analysis of the total plant nitrogen data, the nitrogen control treat-
ments were excluded because percentage nitrogen values of 4-5-5-0 in these
treatments indicated that uptake of combined nitrogen was in excess of require-
ments. Analysis of the data for the two strains showed significant variety xstrain
and variety X temperature interactions (Table 1). Further analysis of the data
indicated that the strain effect within each variety was significant. Strain TAl
was more effective than strain NA30 on all varities except Dwalganup, on which
strain NA30 was better (total column, Table 2). In addition, there were marked
differences between varieties when each strain was examined separately. The
significance of the variety xtemperature interaction was due to the increase in
differences between the total nitrogen content of Yarloop and Tallarook, and
Tallarook and the other varieties, as the root temperature increased from 5 to 18°C
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(total rows, Table 2). The failure of this interaction to reach significance in the
analysis of the dry weights may be explained by the greater differences between
the nitrogen controls and inoculated treatments within the varieties Mount Barker
and Dwalganup, than are found between these treatments in Tallarook and
Yarloop.

At a root temperature of 5°C, the percentage nitrogen in the plants was low,
but increased with an increase in root temperature to 14°C (Table 2). Although
nitrogen fixation and plant growth was greater at 18°C than 14°C, there was no
further increase in the nitrogen level in the plants. Similarly, differences in the
amount of nitrogen fixed by the eight host-strain combinations at any one root
temperature above 5°C were not reflected in differences in the percentage nitrogen
in the plants.
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Fig. 1.—Effect of low root temperatures (5-18°C) on plant dry weight for four subter-
rancan clover varieties nodulated by Rh. frifolit strains TAI(Q) and NA3D (@)
ANitrogen control plants.

(b) Effect of High Root Temperafures

Nodulated and nitrogen control plants of the varieties Mount Barker,
Tailarook, and Yarloop were grown at root temperatures of 18, 22, 26, and 30°C.
The bacterial strains used were NA30 and TAl.

The effect of higher root temperatures (26 and 30°C) on the growth of plants
receiving combined nitrogen varied with the varieties, while the effect on the
growth of nodulated plants varied with the combination of host and strain (Fig. 2).
Within a particular temperature treatment, there were considerable differences
between the host—strain treatments, but these differences were greatest at the
30°C root temperature level. The optimum root temperature under these con-
ditions appeared to lie between 22 and 26°C.



GIBSON

A, H.

34

(9.0 ‘doopmex

$¢ -0 ‘dnusdeadg
£6G-0 “NoOMBILL, 0G-0 ‘Iedamg qunoly :sem juougsexjerd toype sSurpess pegemoourun ul {juspd/Suz) ueFomru T8I0, 4

90-%T | 9¢-9 €09 198 980 — 180T,
L1-8 P8 293 06-3 9z-¢ ¥E-9 (48 GE-Z 13T 6g-0 gg-0 IVL
L¥- € 19-¢ 085 8T8 Lg% gLk L€ 1L-8 0% 1T L%-0 89-0 08V dousSesacg
FF-86 | $E-¢1 | 68-6 ) Y @1 — ®10L
g8 € 9€-€ 89:3 80-F LG £1-9T | 8%8-9 615 G0-8 01T 690 VL
3¢ %€ 08:% 781 89-% FE-61 | 9%8-9 0% % FI-2 19-0 £L0 0EVN doopre g
SL 86 L6-8 8G-L eL-¥ 8% 1 - 18101
S¥-6 9¢-g 80-& 8% €8-% 8L-G1 F¥0O-4 66-§ 6L-3 96-0 890 VL
£9-€ 99§ L6:T 605 89-2 166 €6-¢ 658 86-1T 50 8¢ 0EVN TOOIBI[BT,
LO-FT | 86-2 6L-F 09-3 ZL-o - B0,
6e-¢ 9% & ¥6:C E1-2 GL-Z Bh L 158 09-% £8-T 8%-0 gg-0 IVL Tosreg
5¥-8 1¢-% GL-E %61 ¥8-2 ge-9 99z 613 Lg- 1 ¥5:0 8g-0 08V JuTo
08T D.F1 0:8:8 Q.8 %30T, D81 DoP1 IS ] .4 (puegd/Fo)
(%)
Ao uedoaany #ISOAIVH TR Lyorrep
JUOUIPRRIRL T J8 | [eNejosg
mmu.ﬂ.u‘mhm.m.aor._w PIsunearjar g “mgﬂ.ﬂhwmﬁﬂwrﬁ 100  — o
900y 18 (%) s[easry uefoxgin ¢ poxty (yue(d/Bur) uaBorIN 810, N T30L

LO0Y HIIA SAVAI (g 904 MNMOUD

queuryesr Jed seyeordes O

Do8T-C EONVHE HHL NI SEEQLVETINAL

SINVId JHEIVIOJON Y04 STHAWT NEHDOULIN HHVINIOHEL ANV INANLIVALL DNIHNC JdIXTd NADOUELIN TVIOL

& TIav ],



PHYSICAL ENVIRONMENT AND SYMBIOTIC NITROGEN FIXATION. I 35

In the statistical analysis of the plant dry weights (log transformed), the
nitrogen control treatment was included as a strain. Analysis of the dry weight data
showed a significant second-order interaction between strain, variety, and root
temperature (Table 3; Fig. 2).

Analysis of the total plant nitrogen data for the six host-strain combinations
{excluding nitrogen controls), also showed a significant second-order interaction
between variety, strain, and temperature (Table 3). Within the temperature
treatments, the variety X strain interaction was gignificant at 26 and at 30°C. At
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TFig, 2.—Effect of high root temperatures (18-30°C) on plant dry weight for three
subterranean clover varieties nodulated by Rh. trifolii strains TA 1 {(Q) and NA30 (@).
ANitrogen contrel plants.

these temperatures, the varieties Tallarook and Mount Barker fixed more atmos-
pheric nitrogen when inoculated with strain TAl than when inoculated with
NA3(; both strains achieved a similar level of fixation with the variety Yarloop
(Table 4).

Examination of the percentage nitrogen data (Table 4) showed that percen-
tage nitrogen was unaffected up to root temperatures of 26°C. At 30°C, there was
a decline in the values for all treatments, the extent of which was influenced by
the combination of host and strain.

(¢) Rate of Nitrogen Fizution and Plant Growth

The variety Mount Barker, nodulated by strains TAl and NA30, was grown
at root temperatures of 5, 14, 22, and 30°C. Twelve replicates of each treatment
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were harvested 6, 10, 14, 17, and 20 days after the temperature treatments
commenced.

After transformation of the dry weight data to logarithms, the regression
between these values and time did not show a significant departure from linearity
(Fig. 3). Further analysis indicated that the slopes of the lines differed significantly.

TaBrE 3
ANATYSES OF VARIANCE ON THE TOTAL PLANT DRY WEIGHT (LOG TRANSFORMED) AND TOTAL
PLANT NITROGEN FOR PLANTS GROWN AT ROOT TEMPERATURES oF 18, 22, 26, anp 30°C
The nitrogen control trestment wes included as a strain in the dry weight analysis. There
were 11 replicates per treatment

Plant Dry Weight: Total Plant Nitrogen
Source of Variation

Degrees of Error Mean Degrees of Error Mean

Freedom Square Freedom Square
Variety (V) 2 1-44026%* 2 56-163%*
Strain (S} 2 1-28140%* 1 41-111%*
Temperature (T) 3 067976 3 56-558**
VX8 4 0-08218%* 2 2-719%
VT 6 0-02033* 6 1.882
BxT 6 0-05T75%* 3 1-349
Vx8xT 12 0-02039%* 6 2-052*
Residual 311 0-00783 48 0-838

* P<0-05. *¥¥ P<0-01.,

The total nifrogen data was treated similarly except that the values were
transformed to log{z+-1) to account for mean total nitrogen values of less than
1 mg per plant. The b values from the expression y = a-}-ba were:

Root Strain NA30 Strain TAL
Temperature {°C}
5 0-0087 00067
14 0-0287 0-0288
22 0-0276 0-0310
30 0-0049 0-0293

8.E. of difference between b values = 0-0024

A similar experiment with the variety Yarloop confirmed the result that
the increase in dry weight and fotal nitrogen was approximately exponential.

(d} Nodule Formation during Temperature Treatment

For two experiments, the number of nodule meristems was recorded prior
to, and at the completion of, the 20-day temperature treatment.

The effect of root temperature on nodule production by plants which were
nodulated at the commencement of the temperature treatment was influenced
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by the combination of host variety and bacterial strain (Iig. 4). The combination
Yarloop/NA30 showed a definite increase in the number of nodules formed as the
root temperature rose from 18 to 30°C, whereas nodule formation by the same
variety, inoculated with strain TAl, was relatively unaffected by an increase in
root temperature. With the strain NA30 and the variety Dwalganup, further nodule
production was inhibited by root termperatures above 22°C, whereas the varietios
Tallarook and Mount Barker inoculated with NA30 showed an increase in nodule
production above this temperature. With strain TAl, the effect of inereasing the
root temperature was different for each of the four varieties.
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Fig. 3.—Increase in dry weight for Mount Berker plants nodulated by strains
NA30 and TA1 at each of four roob temperatures (5, 14, 22, and 30°C).
Regression lines are fitted according to the equation y = a-+bx. b indicates
the slope of the regression line. S.E. of difference between slopes = 0-0031.

In the low temperature range (5-18°C), all host X strain combinations showed
an increase in further nodule production as the root temperature rose. Even at
5°C new nodules were formed although the mean increase above the pretreatment
level was only 1-2 nodules per plant.

IV. Discussron
(a} General Effects of Root Temperature on Growth and Nitrogen Fization

The experiments reported show that root temperatures exerted a marked
effect on the growth of plants receiving adequate combined nitrogen, and also on
the growth of those plants dependent on the symbiotie fixation of nitrogen.

While the environmental conditions, such as photoperiod and shoot tem-
perature, in conjunction with some of the root temperatures imposed, were dif-
ferent from those likely to be encountered in nature, it was necessary to adopt
this procedure for the effective comparison of results. Furthermore, it is unlikely
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that the general principles enunciated will be influenced to a major extent by
these other conditions.

Large differences were observed in the growth of the nitrogen control plants
of the four varieties. This applied to results at specific oot temperatures, and also
to effects observed over the range 5-30°C. At all Toot temperatures, the variety
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Tig. 4.—Increase in number of nodules during temperature treatment phase. O Strain TAl.
@ Strain NA30. The number of nodules per plant after the pretreatment phase for the four
subterranean clover varieties are as follows:

Variety Strain TAl Strain NA30
Yarloop 15 21
Mount Barker 11 11
Tallarook 17 15
Dwalganup 6 g

Yarloop achieved the highest dry weight. This variety also showed the greatest
response to an increase in root temperature from 5-18°C, while in the temperature
range 18-30°C, it was least sensitive to an increase in root temperature. The
growth of the variety Tallarock was only slightly inferior to that of Yarloop.

The growth by nodulated plants at low root temperatures was greatly
reduced when compared with that achieved by similar plants at 18°C. In relation
to the growth of the mitrogen controls, the magnitude of the reduction of growth
varies with the combination of host variety and bacterial strain (Fig. 1). The
total plant dry weight of the varieties Tallarook and Yarloop, when inoculated
with strain TAl, closely approached that of the nitrogen controls at root tempera-
tures between 5 and 18°C. However, the growth of the remaining host X strain
combinations was consistently less than that achieved by their respective nitrogen
controls,
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Although the amount of nitrogen fixed by all host xstrain combinations
was low at 5°C, there was a fourfold difference bhetween the poorest and the best
of these associations, and up to twofold differences in the amount of nitrogen
fixed by the two strains in symbiosis with any selected variety were observed.
Under fleld conditions, many well-nodulated plants die during periods of prolonged
low temperature, and this can be attributed to severe nitrogen deficieney (Hely,
personal communication). Under such conditions, any advantage gained by a
plant through forming a more effective symbiotic association may mean the dif-
ference between survival and death of the plants. At higher root temperatures
(9-5-18°C), the relative differences in amounts of nitrogen fixed by the hostx
bacterial strain associations are less, bub at this level the absolute differences are
more important. These results indicate that the careful selection of the host
variety and the bacterial strain could be important in extending the period
of plant growth at the beginning, and possibly at the end, of periods of lower soil
temperatures.

The interaction between host variety and bacterial strain was statistically
significant in both the 5-18°C and 18-30°C root temperature ranges, but in the
higher range the interaction included the root temperature effect (Table 3; of.
Gibson 1961). Within the lower range, the relative order of the two strains on
any one variety remained constant, whereas within the higher range there was
a reversal of order with inereasing temperature. For example, strain NAS0O was
the better strain with Dwalganup up to 18°C, while at 26 and 30°C, strain TAlL
formed a more effective symbiotic association with this variety (Gibson 1961). For
the current experiments, the interaction with root temperature was due to the
greater reduction of symbiotic nitrogen fixation by Tallarook and Mount Barker
when inoculated with strain NA30O and grown at 30°C, than when these plants were
inoculated with strain TAl. In addition, both TAl and NA30 had a similar level
of effectiveness at 26°C and at 30°C on the variety Yarloop, whereas TAl was
superior at lower root temperatures. Only with the Tallarook/TAl combination
was a reasonable level of symbiotic nitrogen fixation and plant growth maintained
at a root temperature of 30°C.

Nutman (1961) examined the symbiotic effectiveness of 15 varieties of
subterranean clover in association with several strains of root-nodule bacteria, and
concluded that the interaction between host varieties and bacterial strains was
of minor importance. However, for the experiments reported herein, bacterial
strains different to those examined by Nutman were used, and the finding that
host variety X bacterial strain interactions can be of major importance was not
necessarily at variance with Nutman’s observations. Another aspect on which
the present results and those of Nutman differed was the ranking of the varieties.
Nutman found that Mount Barker and Yarloop were more effective in their sym-
biosis with the two main strains examined (SU297 and SU220), than were Dwal-
ganup and Tallarook; in this investigation, Yarloop and Tallarook were consis-
tently better than Mount Barker and Dwalganup. This may be further evidence
in favour of strong host Xstrain interactions within the species. Alternatively, it
may reflect differences due to the method of plant culture as Nutman’s plants
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were grown entirely within the test tubes, and under glasshouse environmental
conditions.

There seems little doubt that some combinations of host variety and bac-
terial strain are able to withstand the stresses imposed by either low or high root
temperatures more effectively than other associations. Consideration may profitably
be given to the effect of stresses such as these and other environmental factors
when testing the suitability of strains of root nodule bacteria for use in inoculants.

(b) Growth Rales

The exponential increase in dry weight, and total nitrogen, indicated that
the effect of adverse root temperatures was continuous throughout the period of
temperature treatment. There was no indication that the temperatures examined
caused plant growth or nitrogen fixation to be affected to a greater extent with
time. Similarly the results did not suggest that the plants, when exposed to the
extreme conditions, received an initial set-back from which they were able to
recover. Whether subjected to root temperatures of 5°C or 30°C, the adverse cffects
were directed towards the rates of the processes concerned with symbiotie nitro-
gen fixation and plant growth.

The linearity of the regression lines between dry weight, or total nitrogen,
and time also indicated that the technique of plant culture was satisfactory. The
implication of this result was that the differences between treatments after 34 days
plant growth were still maximal and not affected by deficiencies in the medium,
or by factors other than those of the physical environment.

{¢) Nodule Number

Pate (1961) found an interaction between temperature and bacterial strain,
for each of two species, with regard to the number of nodules formed during a
whole plant-temperature freatment which commenced when the plants were
inoculated. For the experiments reported lerein, the femperature treatments
were commenced when the plants were well nodulated, at which stage the number
of nodules formed by the two strains was similar for any one variety, but con-
giderably different between varieties (Wig. 4). Further nodule formation was
influenced markedly by the host Xstrain combination, and the root temperature.

A comparison of the effect of root temperature on nodule production by the
various host X strain combinations, with the effect of root temperature on symbiotic
nitrogen fixation by these combinations, indicated that the two characters were
not closely related. For example, there were considerable differences between the
numbers of nodules formed by the strains NA30 and TAl on the variety Yarloop
at root temperatures 26 and 30°C, but total nitrogen fixed was similar for both
host X strain combinations at each temperature (Table 4). Similarly the number
of nodules formed by strain NA30 on Tallarook and Mount Barker was equal to,
or greater than, the number of nodules produced by strain TAl on this variety at
30°C root temperature, although with each variety, nitrogen fixation by plants
nodulated by strain TAl exceeded that by plants nodulated by strain NA30.
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This result was in accord with the finding of Chen and Thornton (1940} that the
Important criterion in assessing nodule function was not the number of nodules
but the volume, and longevity, of the central tissue containing bacteroids,

V. ACKNOWLEDGMENTS

The author is indebted to Mr. G. A. McIntyre and Dr. E. J. Williams, Division
of Mathematical Statistics, C.S.I.R.O., for the statistical treatment of the data
and to Mrs. D. Dienavs for technical assistance.

VI. REFERENCES

CreN, H. K., and TroENTON, H. G. {1940).—The structure of “‘ineffective” nodules and its
influence on nitrogen fixation. Proc. Roy. Soe. B 129: 208-29,

Giesow, A. H. {1961).—Root temperature and symbiotie nitrogen fixation. Nature 191: 1080—1.

JenseN, H. L. {1942).—Nitrogen fixation in leguminous plants, II. Is symbiotic nitrogen
fixation influenced by Azotobacter? Proc. Linn. Soc. N.8.W. 67: 205-12,

Jorre, A., WeYER, F., and SauBerT, 8. (1961).—The role of root temperature in symbiotic
nitrogen fixation. 8. Afr. J. Sci. 57: 278-80.

Jonms, F. R, and Tispaue, W. B. (1921),—The offect of soil temperature upon the develop-
ment of nodules on the roots of certain legumes. J. Agric. Res. 22: 17-31.

Lorrus Hirrs, K. (1944} Dormancy and hard geededness in 7. subterranewsm. IIL. The
offect upon dormancy of germination at three different constant temperatures., J. Coun.
Seé. Industr. Res. Aust, 17: 191-6.

Mrs, M. G. (1959).—Influence of temperature on the symbiotic nitrogen fixation of legumes.
Nature 184: 2032-3.

Meyer, D. R., and ANDERsow, A. J. (1959).—Temperature and symbiotic nitrogen fixation,
Nature 183: 61.

Nurmaw, P. 8. (1961)—Variation in symbiotic effectiveness in subterranean clover (Trifolivm
subterraneum L.). Aust. J. Agric. Res. 12: 212-28.

Pare, J. 8. (1961).—Temperature characteristies of bacterial variation in legume symbiosis.
Nature 192: 637-9.

Srvore, J. H., and Gissow, P. B. (1960).—The influence of temperature on growth and noduls-
tion of white clover infected with bean yellow mosaic virus. Agron. J. 52: 5-7.

Trornron, H. G. (1930).—The influence of the host plent in inducing parasitism in lucerne
and clover nodules. Proc. Roy. Soc. B 106: 110-22,




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -1.02, 659.27 Width 562.32 Height 22.45 points
     Origin: bottom left
      

        
     1
     0
     BL
    
            
                
         Both
         1
         CurrentPage
         1
              

       CurrentAVDoc
          

     -1.0205 659.2692 562.3174 22.4519 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.0d
     Quite Imposing Plus 2
     1
      

        
     1
     15
     1
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -1.02, 659.27 Width 562.32 Height 22.45 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         1
         CurrentPage
         1
              

       CurrentAVDoc
          

     -1.0205 659.2692 562.3174 22.4519 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.0d
     Quite Imposing Plus 2
     1
      

        
     1
     15
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: all pages
     Mask co-ordinates: Horizontal, vertical offset -2.04, 654.17 Width 513.33 Height 19.39 points
     Origin: bottom left
      

        
     1
     0
     BL
    
            
                
         Both
         1
         AllDoc
         1
              

       CurrentAVDoc
          

     -2.041 654.1665 513.3314 19.3902 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.0d
     Quite Imposing Plus 2
     1
      

        
     3
     15
     14
     15
      

   1
  

 HistoryList_V1
 qi2base





