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Abstract: Co-inoculation of plant growth promoting rhizobacteria (PGPR) with Sinorhizobium meliloti has been
shown to increase legume nodulation and nitrogen fixation at suboptimal soil temperatures. In this work, three
rhizobacteria (Pseudomonas, Azotobacter and Azospirillum) co-inoculated with S. meliloti were tested for their
ability to reduce the negative effects of low root zone temperature (RZT) on alfalfa (Medicago sativa L.)
nodulation and nitrogen fixation. Three RZTs were tested: 25 (optimal), 15 (somewhat inhibitory) and 10°C (very
inhibitory). The results of this study indicate that nodulation was inhibited under suboptimal root zone
temperatures. At low temperature PGPR strains increased the number of nodules formed and the amount of fixed
nitrogen when co-inoculated with S. meliloti, but the stimulatory strains varied with temperatures. Rhizobium
and Pseudomonas co-inoculation moderated the negative effects of low temperatures on nodulation and
nitrogen fixation in alfalfa plants. 
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INTRODUCTION in non-legume crops such as potato, radish, sugar beet,

Bacteria of the genus Rhizobium are capable of and Sinorhizobium meliloti have also demonstrated
infecting the roots of host plants, resulting in the increased alfalfa plant root and shoot weight, seed yield,
development of novel organs called nodules, where plant vigour, nodulation and nitrogen fixation [10, 11].
biological N -flxation takes place [1, 2]. Biological nitrogen Similarly, an increase in grain yield, nodule dry matter and2

fixation is a sustainable alternative to industrial nitrogen nitrogenase activity were also obtained in chickpea
fixation which is associated with several environmental inoculated with a mixture of Azospirillum brasilense and
problems [3]. Rhizobium strains [12]. Grimes and Mount [13] found that

In areas with suboptimal root zone temperatures a Pseudomonas putida strain (M17), which had been
(RZTs) early in the growing season, nitrogen fixation by selected as a potential biological control agent, markedly
legume crops is a major limitation to crop yield [4] as increased Rhizobium nodulation of bean in field soils.
nitrogen fixation is more sensitive than dry weight to RZT Polonenko et al. [9] found similar effects of certain
[3]. Studies of low RZT effects on nitrogen fixation by rhizobacteria (primarily pseudomonads fiuorescent) on
soybean and other subtropical legumes have indicated nodulation of soybean roots by B. japonicum.
that low RZT decreases both nodulation and nodule Numerous  studies  have  therefore  indicated   that
function [5, 6]. Infection and early nodule development co-inoculation of rhizobium and certain PGPR, can
processes are most sensitive to low RZT [7]. positively affect symbiotic nitrogen fixation by enhancing

Certain rhizosphere microorganisms, collectively both root nodule number or mass [14] and increasing
referred to as plant growth promoting rhizobacteria nitrogenase activity [15]. However, these studies have all
(PGPR), can increase plant growth, development and yield been conducted using optimal RZT and to date, there has

wheat and canola [8, 9]. Co-inoculation studies with PGPR
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been no detailed investigation of the effect of PGPR on temperature without shaking. The inoculum was then
nodulation and nitrogen fixation at different RZTs. cooled to the corresponding root temperature and 2 ml
Therefore, the present study was conducted to determine were applied by pipette to the rooting medium at the base
whether PGPR could increase alfalfa nodulation and of the plant.
nitrogen fixation at suboptimal and optimal RZTs and
whether the PGPR could increase nitrogen transport from Experimental Design and Data Collection: The
root nodules to the plant shoot. experiment was conducted using a completely randomized

MATERIALS AND METHODS units consisted of three RZTs, 25°C [optimal temperature

Plant Materials: Seed of the alfalfa (Medicago sativa) [somewhat inhibitory], or 10°C [very inhibitory].
cv. Bami was surface sterilized in sodium hypochlorite Combinations of S. meliloti and PGPR strains
(2% solutions containing 4 ml  Tween 20) and then (Pseudomonas, Azotobacter and Azospirillum) formed the1

rinsed with distilled water several times [16]. Then seeds sub-units. A control (S. meliloti) was included in each
placed in sterilized trays of 27×50 cm and 6 cm deep, filled experiment. Plants were harvested one month after sowing
with vermiculite and allowed to germinate. Ten-day-old and nodule number and dry weight, shoot and root dry
seedlings  were  transferred  to  1  litre pots, containing weight, the nitrogen concentration of different plant
950 ml  of  sterilized  sand and turface (2:1 v:v) mixture. tissues (nodules, shoots and roots) and nitrogenase
The plants were grown in a growth chamber (Conviron enzyme activity measured by acetylene reduction method
Inc. Winnipeg, Manitoba) with day/night temperatures of [19] were measured. 
25°C and a 16:8 h photoperiod. The pots were then sealed
to  the  bottom  of  plastic  tanks  (68×42  cm)  and  RZTs Statistical Analysis: Results were analysed statistically
(± 0.5°C) were controlled by circulating cooled water for analysis of variance (ANOVA) using SAS software
around the pots, with eight pots in each tank. A hole [20]. When analysis of variance showed significant
drilled in the bottom of each pot and through the bottom treatment effects, the least significant differences test
of the tank allowed the pots to drain when watered. Plants (LSD) was applied to make comparisons among the means
were acclimatized for 24 h prior to inoculation. Plants were at the 0.05 level of significance.
then watered with a modified Hoagland's solution [16], in
which Ca(NO )  and KNO  were replaced with 1 mM RESULTS3 2 3

CaCl ,1mM K HPO  and 1 mM KH PO , to provide a2 2 4 2 4

nitrogen-free solution. Prior to each watering the added Nodulation: The effects of the three tested PGPR strains
Hoagland's solution was adjusted to the treatment RZTs. on nodule number varied with RZT. At 10°C RZT,

Inoculum and Inoculation: Sinorhizobium meliloti was number when compared with the control without PGPR,
cultured in yeast extract mannitol broth [17] in 250 ml but the treatment containing P. fluorescence increased
flasks  shaken  at 125 rpm at room temperature (20-23°C). nodule number in this experiment (Table 1). At 15°C RZT
S. meliloti has been shown to perform well over a range Pseudomonas and Azotobacter of the PGPR increased
of temperatures [6]. Three PGPR strains were used in the nodule number in plants (Table 1). At optimal RZT (25°C),
experiment. All the PGPR strains were cultured in only co-inoculation of S. meliloti with P. fluorescence
Pseudomonas medium [9] in 250 ml flasks shaken at 250 increased nodule number compared with the control
rpm at room temperature (20-23°C). After reaching without PGPR. PGPR increased not only nodule number,
stationary phase (7 d for S. meliloti and 1.5 d for PGPR), but also nodule dry weight per plant at both suboptimal
both S. meliloti and PGPR were subcultured. At log and optimal RZT. For example, P. fluorescence increased
phase, (3 d for S. meliloti and 1 d for PGPR), the cell the total nodule weight per plant at 10°C RZT, with these
density of S. meliloti was adjusted with distilled water to increases being partially due to increased nodule size
an approximately 10  cells ml  [18] and each PGPR strain (indicated by the higher average weight per nodule) and8 1

was adjusted with distilled water to an A  value giving partially to increased nodule number (Table 1). Also, P.400

an approximate cell density of 10) cells ml . Before fluorescence increased total nodule weight per plant at1

inoculation, broth containing S. meliloti was added to the the optimal (25°C) RZT in this experiment. Nodule dry
same volume of the appropriate PGPR strain and the weight was not affected by co-inoculation with
mixture was allowed to stand for more than 30 min at room Azospirillum  at 10 and 15°C, whereas it was increased by

split-plot design with three replications. The main-plot

for alfalfa nodulation and nitrogen fixation], 15°C

Azotobacter and Azospirillum did not increase nodule
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Table 1: The effect of co-inoculation of S. meliloti with plant growth promoting rhizobacteria on alfalfa nodulation and nitrogen fixation at three RZT.
Shoot Root dry Total nodule Total nodule Plant N 
dry weight weight number weight concentration ARA per plant

Strains (g organ ) (g organ ) (plant ) (mg DW plant ) (mg g ) (mmol C H  plant h )1 1 1 1 1 1 1
2 4

10°C root zone temperature
Pseudomonas 1.38 0.56 12 6.4 19.1 1.12a a a a a a

Azotobacter 1.23 0.46 7 4.8 14.51 0.65b b b b b b

Azospirillum 1.2 0.4 7 1.7 11.74 0.54b b b c c b

Control ( only S. meliloti) 1.14 0.28 5 1.2 10.44 0.54b c b c c b

15°C root zone temperature
Pseudomonas 1.63 0.88 17 8.3 22.41 1.64a a a a a a

Azotobacter 1.32 0.63 12 4.6 17.2 1.07b b b b b b

Azospirillum 1.31 0.56 8 4.2 16.46 1.05b b c b b b

Control ( only S. meliloti) 1.11 0.38 7 3.8 15.22 0.91c c c b b b

25°C root zone temperature
Pseudomonas 2.2 1.12 25 13.6 27.69 2.74a a a a a a

Azotobacter 1.63 0.8 15 7.5 22.99 1.83b b b b b b

Azospirillum 1.38 0.72 15 7.1 20.43 1.35c b b b c c

Control ( only S. meliloti) 1.22 0.5 14 6.8 17.59 1.1d c b b d d

Means within the same column and experiment were analysed by an ANOVA protected LSD test.

Table 2: The effect of co-inoculation of B. japonicum with plant growth promoting rhizobacteria on nitrogen concentrations of di?erent alfalfa tissues and
nitrogen concentration ratios for nodule : shoot, nodule : root and shoot : root at three RZT.

Nitrogen concentrations (mg g ) Nitrogen concentration ratios1

--------------------------------------------------- ----------------------------------------------------------------------------
Strains Nodule Shoot Root Nodule : shoot Nodule : root Shoot : root
10°C root zone temperature
Pseudomonas 33.15 10.77 8.32 3.45 4.47 1.29a a a a a a

Azotobacter 28.8 8.16 6.35 2.79 3.59 1.29b b b b ab a

Azospirillum 26 7.62 6.12 2.36 4.37 1.85b b b b a a

Control ( only S. meliloti) 24.26 5.27 5.17 2.71 2.76 1.02c c c b c a

15°C root zone temperature
Pseudomonas 36.23 11.25 9.16 3.11 4.50 1.45a a a a a a

Azotobacter 35.45 9.37 7.83 3.14 3.76 1.20a b b b b a

Azospirillum 31.18 9.3 7.16 2.82 3.66 1.30b b b b b a

Control ( only S. meliloti) 27.54 8.74 6.48 2.12 2.86 1.35c b bc bc c a

25°C root zone temperature
Pseudomonas 52.16 13.43 11.26 3.17 4.63 1.46a a a a a a

Azotobacter 43.23 12.13 9.16 3.13 4.72 1.51b b b a a a

Azospirillum 43.2 11.28 8.15 3.11 4.69 1.51b b c a a a

Control ( only S. meliloti) 39.54 9.48 8.11 2.27 2.66 1.17b c c a b a

Means within the same column and experiment were analysed by an ANOVA protected LSD test

Azotobacter at 10°C). Nodule dry weight was not with Azotobacter, increased 45.9 compared with control
influenced by co-inoculation Azotobacter and plants in the research. At 15°C RZT the nitrogen
Azospirillum with S. meliloti at 25°C RZT (Table 1). At concentration  of  plant  tissues  was  affected  only by
optimal RZT (25°C), only co-inoculation of S. meliloti with co-inoculation of S. meliloti with P. fluorescence.
P. fluorescence increased nodule dry weight compared However, since plant dry matter was increased by P.
with the control without PGPR. fluorescence, total plant nitrogen fixed was increased

Nitrogen Fixation: At 10°C RZT, plant nitrogen was strains increased total plant fixed nitrogen in this research
increased by P. fluorescence and Azotobacter strains in (Table 2).
this experiment. The increase was partly due to an Nitrogenase (acetylene reduction) activity by plants
increase in plant tissue nitrogen concentration and partly inoculated with P. fluorescence increased at three RZTs.
due to an increase in plant total dry matter, which, for For the plants co-inoculation with Azotobacter or
plants inoculated with P. fluorescence increased 45.9 Azospirillum Nitrogenase activity increased only at
compared with control plants and for plants inoculated optimal (25°C) RZT.

(Table 2). At the optimal RZT for alfalfa plant, all PGPR
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Nitrogen Distribution: In this experiment, nodule, shoot Azospirillum  did  not  increase  nodule  number  and
and root nitrogen concentrations were assayed weight at three RZT, but did increase plant nitrogen
separately. The differences of nitrogen concentration ratio concentration. Only P. fluorescence caused both
of nodule to shoot tissues between treatments indicated increased nodulation and fixed nitrogen per plant. A
that the applied treatments variably affected nitrogen possible explanation of these observations is that the
transfer from root-nodules to shoot tissues. For example, PGPR increase overall plant growth which leads to
plants inoculated with P. fluorescence had a higher increased nitrogen demand, which, in turn, leads to a
nitrogen concentration ratio of nodule to shoot tissues controlled   increase   in  nodule  number  and  /or size
when compared to plants receiving Azospirillum or [21].
Azotobacter at 10 RZT. At 25 RZT, the plant nodule / Zhang et al. [7] demonstrated the existence of a linear
shoot and shoot/ root nitrogen concentration ratios were relationship between RZT and the time from inoculation
not different among PGPR treatments or when compared with B. japonicum to the onset of nitrogen fixation
to control plants receiving only S. meliloti (Table 2). between 25 and 17°C RZTs. The results from experiment

DISCUSSION and whole plants grown at 10 and 15°C were lower than

Inoculation of alfalfa plants with PGPR strains previous study [7].
together with S. meliloti produced a wide range of effects, In summary, the results of this study indicated that
which varied among strains of PGPR and over RZTs. some of the PGPR strains tested inhibited aspects of
Some PGPR strains stimulated nodule formation and /or alfalfa nitrogen fixation, the effects of the stimulatory
nitrogen fixation, while others  did  not  affect     these strains varied with RZT in a way that was unique to each
processes. At 10°C RZT, P. fluorescence increased plant strain, (3) some strains affected only nodulation or
nodule number and plant nodule weight, whereas nitrogen fixation,whereas others affected both nodulation
Azospirillum did not exhibit any effect on nodule number and  nitrogen  fixation.  Overall some PGPR stimulate the
and dry weight. At 25°C RZT, only co-inoculation of S. S. meliloti -alfalfa symbiosis, but the nature of these
meliloti with P. fluorescence increased plant nodule effects varied among PGPR. Inoculation with PGPR may
number and nodule weight when compared with the be able to improve alfalfa nitrogen fixation and yield in
control without PGPR. Azotobacter was effective on areas with cool spring soil temperatures, but it will be
nodule number only at 25°C. Also, Nodule dry weight was necessary to screen the PGPR strains at the required
not affected by co-inoculation with Azotobacter at 15 and temperature for the desired effects.
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