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The potential use of cold-adapted rhizobia to improve symbiotic 
nitrogen fixation in legumes cultivated in temperate regions 
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1 
Introduction 

Nitrogen is one of the most limiting factors for plant growth, and nitrogen fertiliz
er is one of the major cost for crop production. Legumes can meet most of their 
nitrogen requirement through the process of biological nitrogen fixation in which 
atmospheric nitrogen (N2) is reduced to ammonium (NH4) by the enzyme nitro
genase present in the bacteria rhizobia. The site of nitrogen fixation is inside the 
nodule, a root structure where bacteroids of rhizobia take energy to reduce nitro
gen from carbohydrates derived from plant photosynthesis. Legumes species are 
found under all ecosystems from tropical to arctic climates, and usually. nodulated 
species are associated with one or few rhizobial species. Rhizobia show high levels 
of phylogenetic diversity and they are actually grouped in five genera; Azorhizobi
urn, Rhizobium, Sinorhizobiurn, Mesorhizobium and Bradyrhizobium.l For instance, 
strains of Sinorhizobium meliloti (former Rhizobium melilon) are specific to aI:fitlfa 
and cannot nodulate soybean, and soybean is usually nodulated by Bradyrhizobium 
japonicum or Sinorhizobium fredii which do not nodulate alfalfa. Cultivating leg
umes is beneficial for soil N-fertility and overcomes the high costs ofN-fertil.izers 
which cause groundwater pollution. Legumes have higher protein content than 
cereals, and constitute high quality protein or oil source for human and animal 
nutrition. They are also used for soil remediation or reforestation ofdevasted areas. 

Legume productivity is thus influenced through the interactions of legume host, 
rhizobia and environmental factors. Improvement of legume productivity can be 
achieved through the management of cropping systems to minimize stresses and 
maximize yield, and by the development of legume cultivars and the selection of 
rhizobia with high efficiency to fix nitrogen.2- Both macro- and microsymbionts 
should be tolerant to soil and environmental stress factors. Inoculation of legumes 
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with rhizobia has been practiced for a long time, and the first commercial legume 
inoculants were produced at the beginning of the 19305. However, the competition 
for nodulation between indigenous soil rhizobia and commercial inoculant strains 
may reduce the economic benefits (increased crop yield) of inoculation.3 The need 
to inoculate is not universal and some legumes may be effectively nodulated by 
indigenous soil rhizobia. Commercial inoculants consist of preparations of living 
rhizobia in a solid or liquid support that is applied to the seeds or in soil at sowing. 
The use of pre-inoculated legumes seeds is an approach that eliminates the inocu
lation procedure by the farmers. A review of different methods of inoculation and 
types of inocnlants is given by Smith.4 

Under cool temperate climates, the early growth of legumes occurs when soil 
temperatures are far below the optimum range for the growth of rhizobia and for 
nitrogen fixation by the symbiotic association.5 For instance, Sprent6 reported that 
the establishment of an effective N2-fixing symbiosis one week earlier in the grow
ing season could double the amonnt ofN2 fixed and thus increase legume produc
tivity. In Canada, slow establishment and regrowth of al.faJ.fu (a perennial legume) 
and poor early vegetative growth of soybean (an annual legume) in spring may be 
attributed to the inhibitory effect ofcool soil conditions.7,8 With the aim to improve 
nitrogen fixation of temperate legumes nnder low temperatures, selection of cold
adapted rhizobia has been considered as a valuable tool in many studies. Screening 
techniques often involve comparison of symbiotic activities between rhizobia iso
lated from a temperate legume species cultivated in northern regions to those orig
inating from the same legume species cultivated in southern regions.9 Psy
chrotrophic rhizobia from legumes indigenous to arctic ecosystems constitute also 
a good genetic reservoir to transfer cold-adaptation traits to rhizobia that are spe
cific to legumes of agricultural importance. to The aim of this chapter is to present 
the actual knowledge of cold-adapted rhizobia and the benefits of using them in 
agriculture. 

2 
Effect of low temperature on the establishment ofthe symbiosis between 

legumes and rhizobia 


In the plant-soil ecosystem, temperature is a very important environmental factor, 
that influences the different interactions occurring between plant, soil and 
microorganisms. That temperature effect can be indirect, through its interaction 
with other environmental parameters like moisture or oxygen, or direct by affect
ing the rate ofbiological reactions. The behavior of the free-living rhizobia in soil, 
and every step involved in the establishment of the symbiosis between rhizobia and 
legumes are therefore affected by cold temperature. 

The optimum growth temperature for most rhizobia occurs between 25 and 
30"C, with 35°C preferred by S. meliloti strains.ll However, strains of clover rhizo
bia grow well at lOoC,12 and some arctic rhizobia from Astragalus and Oxjtropisu 
and strains of Rhizobium leguminosarum bv. viciae isolated from LathyruS spp. 
fonnd in arctic regions14 are able to grow at 5°C. The survival of rhizobia in soil is 
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more affected by elevated temperature, particularly under moist conditions, than 
by low temperature. In fact, as rhizobia are tolerant to temperatures below 4°C,1l 
manufacturers recommend the storage of rhizobia! inocula under refrigeration to 
insure a higher number of rhizobia per seed at sowing. 

Nodulation of soybean (Glycine max (L) Merrill) is drastically reduced at a root 
temperature of ISOC as compared to 25°C.1S For soybean, nodulation occurs pre
dominantly within the topmost 0-10 em of root, Montanez et al.,15 however, 
observed that, in general, about 17% of nodules were located below 10 em of roots 
at 15°C compared to 26% at 25°C. These observations suggest that cold tempera
ture might also affect the ability of the different strains to migrate in the rhizos
phere. . 

In a study on the effect of temperature on the early symbiotic establishment 
events between soybean and R japonicum, Zhang and Smith16 observed that at root 
zone temperatures between 25 and 17.S°C, the infection processes were progres
sively delayed as temperature declined. At root zone temperatures lower than 17"C, 
the infection steps were strongly inhibited. In legumes: the formation ofnodules is 
the result of a series of complex signals exchange between plant and bacteria. 
Flavonoids are secreted by plant roots and they cause the induction of nodulation 
genes (nod) in compatIble rhizobiaY As a result, rhizobia produce 
lipo-chito-oligosaccharidic signal molecules known as Nod-factors, that induce 
various plant responses including root-hair deformation, cortical cell-division and 
nodule formation.I8J9 Low root zone temperature inhibits the biosynthesis of 
genistein, an isoflavone identified as one of the major compounds in soybean root 
extract responsible for induction of nod genes, in soybean plants.20 In B. japonicum, 
higher concentrations of genistein were required for maximum expression of nod 
genes at 1Q and 15°C than at 2S0C.21 McKay and Djordjevic22 examined Nod 
metabolite production and excretion in R.ieguminosarum bv. trrrolli, under a range 
of environmental conditions reported as having an adverse effect on nodulation 
(pH 5, enId temperature, and low levels ofphosphorus). They observedthat by low
ering the incubation temperature from 28 to 18°C the relative concentration and 
number, and in particular the amount of Nod metabolite excreted, were signifi
cantly reduced in strains showing a temperature sensitive nodulation phenotype 
with Trifolium subterraneum. The ability of different strains of rhizobia to produce 
and release Nod factors is probably a major determinant of nodule formation and 
occupancy at lowtemperature, and it can explain in part the inhibitory effect oflow 
temperature on nodule formation and nitrogen fixation in legumes. . 

Cold root temperatures can significantly influence the competition between 
strains of rhizobia.23 For example. when two strains of R. leguminosarum bv. trrrolii 
where used as inoculum with clover plants, the majorityofnodules were formed by 
one strain at 12°C, but the other strain was more competitive at 2S0C.24 

Most legumes cultivated in temperate area have an optimum growth tempera
ture ranging from 15 to 25OC, and they are exposed to a wide range of temperature 
during their life cycle. Annual and perennial legumes are exposed to cold tempera
ture early in spring and perennial legumes are also exposed to extreme cold during 
overwintering. Extreme temperatures are known to reduce nitrogenase activity in 
nodules of annual and perennial legumes. From 5 to 25°C the nitrogenase activity 
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of alfalfu-attached nodules increased linearly with a Ql0 value of 1.7.25 Layzell et 
al.26 also recorded Q10 value ranging from 1.3 to 2.4 for nitrogenase activity (C2H2 

, reduction) in intact nodulated soybean plants at root temperatures between 15 and 
25°C. Lindstrom27 performed a study with three different legumes, to analyze the 
different factors affecting nitrogenase activity measured under field conditions in 
Finland. Generally, there was a good correlation between nitrogenase activity and 
plant growth rate, indicating that all factors influencing growth rate in the field also 
affected nitrogenase activity. With red clover (Trifolium pratense) and alfalfa (Med
icago sativa) nitrogenase activity was still detected in November when soil temper
ature was I.SOC and air temperature O.5°C. In a large study performed with 226 iso
lates of S. meliloti, Rice et all found that alfalfa nodulation occurred at 9°C, but 
there was no significant N2-dependent plant growth at this temperature. However, 
several isolates were able to produce N2-dependent plant growth at root tempera
tures between 10 and 12"C. Lynch and Slnith29 did not observe any difference 
between the soybean cv. Mapple Arrow and a cold tolerant Evans isoline at a root 
zone temperature of 19°C. Both cultivars were equally limited by the low root zone 
temperature and at 19°C N2-fixation was substantially reduced (30-40%),44 days 
after inoculation. However, a cold-tolerant line of Phaseolus vulgaris had a superi
or growth at low temperature and this was attn1mted to its ability to nodulate well, 
and to form larger nodules which fixed more N under low temperature stress.3D 
When Vida faba L. was grown at lOoC as compared to 18°C, nodules developed 
much more slowly and were much larger, but the larger size did not compensate for 
the lower nitrogenase activity measured in the cold grown nodules.31 Finally; low 
root temperatures delay nodule senescence and this provides a probable explana
tion for overwintering in nodules observed in cold regions.32 

3 
Improvement of symbiotic nitrogen fixation by rhizobia isolated from 

temperate legumes 


Improvement of productivity of forage legumes, such as alfalfa, or grain legumes, 
such as beans, has been extensively performed through the selection of plant culti
var. However, some studies demonstrated the importance of rhizobial strain selec
tion to improve growth of legumes under cool climates. 

3.1 
Clover 

Earlier studies showing the differential response of rhizobia to temperature have 
been conducted with clover which is one of the most important legumes under 
European northern temperate conditions. The effect of temperature on competi
tion for nodulation of white clover (Trifolium repens) amongst two strains similar
ly effective at 20°C clearly demonstrated that the host preference for rhizobia! 
strains can be altered by temperature.24 Surprisingly, the strain isolated from Unit
ed Kingdom was relatively more competitive at the low temperature of 12°C than 

~ ..-------
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the Icelandic strain. Low root temperature also affected differently the structure of 
nodules of white clover fonned by two fully effective rhizobial strains from white 
clover.33 Strain TAl, originating from a cold environment in Tasmania, was the only 
one to form bacteroids at 7°C and differed from strain SU297 which was isolated 
from northern New South Wales. The persistence of nitrogenase activity at low 
temperature also depended on the Rhizobium strain, and strain TAl was the most 
efficient and maintained greater enzymatic activity for a longer period than strain 
SU297.34 In another study with white clover,' strains of rhizobia isolated from sub
arctic Scandinavia (68" to 70"N lat.) showed a faster growth, nodulated earlier and 
showed a better nitrogenase activity at lOoC than isolates from more southern 
areas, while no significant differences were observed at 20°C. With red clover (Tri
folium pratense), there was no correlation between geographical origin, growth rate 
at lOoe, and nodulation rate under simulated cold and warm climates of rhizobia 
isolated beween the latitudes 60" and 63"N in Finland.9 However, under the cold cli
mate, most northern strains grew faster at lO°C and had hlgher nitrogenase activi
ty than the most southern strains. It was concluded that growth rate in pure culture 
at low temperature alone does not allow the prediction of the symbiotic ability 
under cold conditions. In the latter study, none of the strains was able to grow at 
5°C. 

3.2 
Alfalfa 

With the aim to improve symbiotic nitrogen fixation of alfalfu grown in north
western Canada where soil temperatures are often lower than lOGC at the 5-cm 
depth in May, Rice and Olsen35 studied the effect of low root temperature on the 
competitive abilities of the two commercial strains of S. meliloti BALSAC and 
NRG-l85. These two strains were equally competitive when alfalfa inoculated with 
both was grown under constant conditions (both shoot and root at 20GC, 16 h light, 
and 15°C, 8 h dark), but responded differently to various root-environment tem
peratures during nodulation. In fact, immunoassay of nodule strain occupancy 
showed that 63% of nodules were occupied by both strains at SoC, and that strain 
NRG-185 alone occupied from 9 to 75% of nodules with increasing temperatures 
from 8 to 25°C, while proportions of nodules containing only strain BALSAC were 
relatively constant at 25% from 8 to 21ac. Growth rate of the strains under low 
temperatures was not determined in this study, but may have been a factor involved 
in the differential nodulation. These results showed that root-environment tem
peratures affected the competitive abilities of rhlzobia and that selection of 
S. meliloti strains should take into account the effect of low temperatures at the 
time of nodule initiation. In a subsequent study by the same authors? selection of 
S. meliloti strains capable of initiating efficient nodulation at low temperatures was 
carried among 226 isolates including NRG-185 and BALSAC. There was no appar
ent relationship between. the doubling times at 10"C and the origin of the isolates 
(northwestern Canada, Alaska, strains from commercial inoculants), and some iso
lates produced nodules when whole plants of alfalfa were grown at 10"C. A further 
screening of 20 isolates sbowing variation in doubling times and abilities to nodu

http:SU297.34
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late at lOoC was done with alfalfu grown under controlled root temperatures. The 
:isolates were divided in three groups based on the interaction between the number 
(effective and ineffective) and the weight of nodules and the plant dry matter yield. 
In a field experiment with three strains, one strain (NRG-34), previously classified 
as effective in its response to low temperature, produced more nodules and greater 
plant drymatter yield than the two others strains. Moreover, this strain was a strong 
competitor for nodulation under field conditions, having a higher nodule occu
pancy rate (80 and 60% nodules occupied 145 days and 412 days after planting 
respectively) than strain NRG-185 (50 and 25%), which is known to compete with 
indigenous rhizobia in the soils of northwestern Canada. These results suggest that 
evaluation of rhizobia by laboratory and growth chambers procedures is a valuable 
approach to select strains of S. meliloti showing a good performance for nodula
tion at low temperatures. 

33 
Soybean 

Soybean is a very important crop that :is now cultivated in eastern Canada because 
of the introduction of some varieties adapted to cool and short growing seasons. 
However, as stated for alfalfa, root temperature is still a dominant factor controlling 
competition for nodulation, symbiotic effectiveness and yield of soybean. In a 
study to evaluate the distribution of strains of B. japonicum in soybean nodules 
developed at different soil temperatures, Weber and Miller36 found that strains 
belonging to serogroups which were infrequently recovered at low temperatures 
(lO°C) became dominant at 30"C whereas serogroups forming the majority ofnod
ules at 10 or 15Q C formed fewer nodules at 30"C. Subsequent studies also 
showed marked differences between soybean strains for their competition and their 
rates of nitrogen fixation suggesting that specific B. japonicum should be selected 
for growing areas where soil temperatures are favorable for their establishment and 
corresponding to those encountered during plant growth. IS For instance, Lynch 
and Smith3 conducted field and laboratory studies to determine whether adapt
ability to cool soil conditions existed among Bradyrhizobium strains and among 
soybean cultivars under Canadian growing conditions. The relative growth rates of 
four rhizobial isolates obtained from Hokkaido, northern Japan, and two commer
cial strains used in Canada were fastest for two Japanese :isolates (H5 and H30) and 
one commercial strain (532C) at lS"C and at 25"C. In field experiments, levels of 
nodule mass, shoot total nitrogen and nitrogen fixed were significantly comparable 
for soybean inoculated with each of the two Japan isolates H5 and H30, and with 
each of the commercial strains (532C and USDA 110). Under laboratory condi
tions for the determination of the effect oflow root temperature (1~25()C), differ
ences between B. japonicum strains (H5, H30 and 532C) were consistent across 
temperatures, and the commercial strain 532C always performed better than the 
two strains from Japan (HS and IDO). This better efficiency of strain S32C may be 
due to enhanced N2-fixation per gram nodule and not due to increased nodula
tion.29 These results suggest that strains of B. japonicum from cold environments 
are unlikely to enhance soybean N2-fixation and growth under cool temperatures, 
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and the symbiotic effectiveness at different temperatures appears to be unrelated to 
the growth in liquid cultures. Montanez et ailS also observed significant strain 
effects on the soybearl symbiosis at the lowest (l5D C) and the highest plant growth 
temperature (35"C). Two strains which were effective at 25 and 30°C were found to 
be ineffective at 15°C, and these were not originating from cold environments. 

4 
Seledion of rhizobia from armc legumes 

4.1 
Rhizobia from Astragaills and Oxytropis l~ume species 

The adaptation of legumes to the extreme environment of the high arctic is of in
terest because of the likelihood that specific characteristics have evolved which may 
be useful in northern agricultural regions. The three species of arctic legumes 
(Astragalus alpinus, Oxytropis rnaydeUiana and Oxytropis arctobia) indigenous to 
8arcpa Lake (68°32'N, 83°19W), Northwest Territories, Canada, have been report
ed to bring a significant contribution to the nitrogen budget of their environ
ment.37 This area is a tundra under continuous permafrost characterized by short 
growing season, low soil and air temperatures, long photoperiods and low soil 
nitrogen. Nitrogenase activity in nodules is dearly adapted to the prevailing soil 
temperatures, since activity was detectable down to O°C and probably below _4°C.38 

Nodule development and basic structure arrangement ofarctic nodules were found 
to be similar to that of the cylindrically-shaped nodules formed ou temperate 
species of legumes. However, the host cytoplasm of the nodules contain unique 
lipid droplets that may be used to support nitrogen fixation under cool tempera
tures.39,40 

Strains of rhizobia isolated from the legume species Astragalus and Oxytropis 
showed high genotypic diversity by the MRSP-analysis of 168 rRNA genes and were 
not classified according to their host plant or their geographic origin. Most ofthem 
had 16S rDNA genotypes similar or very dose to species of the genus Mesorhizobi
urn (loti, ciceri).4l The ability of rhizobia isolated from arctic species of Astragalus 
and Oxytropis to grow at SOC in comparison to those isolated from temperate 
species was an indication of their adaptation to low temperatures.13 Sinee their 
minimal and maximal growth temperatures were O"C and 27-30°C respectively,42 
they could be classified as psychrotrophs,also defined as psychrotolerant according 
to Russell.43•44 Arctic rhizobia could not nodulate legumes of agricultural impor
tance in Canada such as soybean (unpubL data) or dover,13 but few strains could 
form empty nodules on alfulfu.45 However, they could nodulate two temperate for
age legumes: sainfoin (Onobrychis viciifolia) and cieer milkvetch (Astragalus cicer). 
Further evaluation ofthe symbiotic effectiveness (shoot dry matter weight ofplants 
nodulated by a specific strain) of 48 arctic strains on sainfoin showed that 5 strains 
were as effective as commercial strains.46 The association arctic rhizobia and sain
foin was then used in subsequent studies to establish the advantages of using cold
adapted strains with a temperate legume. 

http:strains.46
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4.2 
Rhizobia from Lathyrus legume species 

Another study was conducted with rhizobia isolated from two legume species of 
Lathyrus indigenous to northern Quebec, Canada. Lathyrus japonicus is a perenni
allegume indigenous to Kuujjuarapik (55°20'N, 77'50W) in the Hudson's Bay arc
tic zone, and 1. pratensis is an introduced European species that can grow in rela
tively cold regions of the forest boreal zone (Val d'Or, 48°07'N, 77°50'W). By the 
analysis of the 16S rRNA genes, these strains were identified as R. leguminosarum 
bv. viciae, a species that is also associated with the temperate legume genera Pisum, 
Vida and Lathyrus.14 However, most strains from 1. japonicus (arctic) and a few 
from 1. pmtensis were in general able to grow at SoC, while other 1. pratensis strains 
and reference temperate strains showed no growth or very poor growth at this tem
perature. Like arctic strains from Astragalus and Oxytropis, some strains of1. japon
icus and L. pratensis could be classified as psychrotrophs.47 A few strains with dif
ferent capacities to grow at low temperatures were selected for a symbiotic study 
with Lathyrus sativus, an annual temperate legumes species that showed a good 
potential to be used as green manure in western Canada. 411 

4.3 
Potential use ofarctic rhizobia with temperate legumes 

As stated above, the association arctic rhizobia (from Astragalusand Oxytropis) and 
sainfoin was used as a model to determine the agronomic potential of cold-adapt
ed rhizobia to improve nodulation and nitrogen fixation of temperate legumes 
under low temperatures. Sainfoin is a perennial forage legume that has potential in 
western Canada and in United States.49 Its forage is similar in quality to that of 
alfalfa;but its major problem is a slow growth rate probably resulting in a reduc
tion of the energy for nitrogen fixation.so However, for the purpose of the study, 
evaluation of arctic strains was always made in comparison to effective temperate 
strains (including one commercial strain). 

The nodulating competitiveness of arctic (N3l, NlO) and temperate (1l6Al5, 
SM2) rhizobia in association with sainfoin was investigated at root zone tempera
tures of 9, 12 and 15°C and shoots were kept at 20nc day and night.51 Sainfoin was 
inoculated with arctic and temperate strains individually or in mixture. At 9°C, arc
tic strains occupied more than 65% of sainfoin nodules, while at 15°C the converse 
was apparent, except for one inoculum mixture (NI0+116A15). Moreover, arctic 
strains elicited more nodules than temperate strains at 9°C, and less nodules at 
15°C. At each temperature, values for symbiotic effectiveness (shoot dry weight, 
nitrogenase activity) and nodule number in plants inoculated by a mixture did not 
differ significantly than those from the most effective strain in the mixture, and 
were related to the proportion of this strain in the mixture. Since arctic rhizobia 
show shorter generation times and greater cell yields at 5 and lOoC than temperate 
strains, the overall advantage of arctic strains at 9°C maybe related to a differen
tial multiplication in the rhizosphere. 
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In another study, the effect of temperatures (5, 10, 15 and 20°C) was evaluated 
on nitrogenase activity of detached nodules and whole plants of sainfoin grown at 
optimal temperatures.52 Evidence of an adaptation of nitrogen fixing-activity of 
arctic strains was demonstrated by the fact that they expressed at 5 and 10QC an 
average of 12 and 33% of their activity at 20QC, while temperate strains showed an 
average of only 3.7% and 22%. Also, the QlO value (5-15°C) of 3.3 for the arctic 
strain N31 suggests that the nitrogenase system is affected by temperature like sim
ple enzymatic reaction (Qlo=2), while the high QlO value of 23.2 for temperate 
strains may indicate either that other factors influencing nitrogenase were affected 
or that nitrogenase itself was more sensitive. 

Further studies under controlled and field conditions were conducted to ascer
tain whether this characteristic could improve the growth yield of sainfoin under 
low temperature.53 Under controlled conditions simulating spring (3 weeks) and 
summer (9 weeks) temperatures, two arctic (N31, NlO) and two temperate strains 
(5M2, 116Al5) showed the same symbiotic effectiveness as measured by dry mat
ter yield on sainfoin. 5ainfoin is slow to develop an efficient Nz-fixing system, and 
maybe the simulated spring period of three weeks was too short to reflect the cold
adaptation of the arctic strains. Regrowth (second harvest) of sainfoin under opti
mal sununer temperatures was similar for both types of strams. The effect of low 
temperature was evaluated on regrowth ofwell-established plants (after the second 
harvest), and the better efficiency of arctic strains under the low temperature 
regime was strongly evident, representing up to three times the shoot dry matter 
. yield obtained with temperate strains. Nitrogenase activity measured during 
regrowth followed the same trends as yield. 

Field evaluation is the most important test to demonstrate the agronomic 
advantages of cold-adapted rhizobia for the growth of legumes because it encom
passes interactions between soil and environmental factors. Very few field studies 
have been reported in literature, except the evaluation of Japan isolates on soybean 
by Lynch and Smith,8 just stated above. Field tests comparing arctic (NlO, N3l) and 
temperate (commercial inoculant) rhizobia in symbiosis with sainfoin were con
ducted in two sites located in eastern and two sites located in western Canada. 53 

Variations in symbiotic efficiencies were observed among the sites, probably due to 
differences in agronomic practices for seeding and weeding and in edaphic condi
tions, the difficulty to determine if there was a competition problem with indige
nous rhizobia in soils, and other factors such as temperature, moisture regimes and 
length of the growing period. In both sites, growth of sainfoin during the seeding 
year was too poor to evaluate yield. In western Canada, one site did not show any 
advantage ofinoculation, whatever the strain used, and the other site showed a bet
ter efficiency of the arctic strain N31 over a commercial inoculant for the two years 
after seeding. In eastern Canada, the higher efficiency of the arctic strain was shown 
1 or 2 years after seeding depending of the site. 'The effect was more significant at a 
coldest site (northern), where sainfoin nodulated by the arctic strain N31 produced 
2 and 3 times more dry matter yield than the commercial inoculant at the first and 
second harvest respectively. 

Symbiotic efficiency of cold-adapted rhizobia from Lathyruswere also evaluated 
under controlled cool conditions with Lathyrus sativus, an annuallegurne species 
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used as green manure in Canadian prairies.47 Results showed that a commercial 
strain, 175PI (from Vicia dasycarpa) not able to grow at ODC, was more efficient 
than strain LP0610 (from L. pratensis). cold-adapted (growth at O°C) under an 
optimal temperature regime of 20JlSoC (day/night), showing 49% more nitroge
nase activity and 38% more shoot dry weight. However, at the lower temperature 
regime of IS/TC, the cold-adapted strain LP0610 was slightly more efficient than 
the commercial strain I75PI, producing 7% more shoot dry weight and 8% more 
nitrogenase activity. Since some other cold-adapted or non-adapted rhizobia from 
L. japonicus or L. pratensis were not effective on L. sativus, it may be worthy to find 
a legume host showing more compatibility with Lathyrus rhizobia. Lens cu1inaris, 
Vida sativa and Vida falla could be alternative legume species to be used since all 
Lathyrus strains could nodulate them.l4 Nevertheless, results suggest a putative 
advantage of cold-adapted rhizobia to improve nitrogen fixation of Lathyrus at low 
temperatures, but emphasize the advantages to select cold-adapted strains that are 
as efficient (under optimal growth conditions) as commercial or reference strains 
with the legume species under study. 

5 
Relation between cold-adaptation for growth and symbiotic cold-adaptation 

The examples reported above show that it is possible to improve competition, 
nodulation and nitrogen fixation at low temperatures by selecting adapted rhizobia 
from temperate and arctic ecosystems. This improvement in symbiotic properties 
is reflected on the growth of legumes. Plant dry matter yield of field-grown a1fa1fa 
was increased by 23% when inoculated with temperate strain NRG-34 selected on 
the basis of the interaction between growth rate, competitivity, nodulation and effi
ciency at a root temperature of l2°C in comparison to a commercial strain. 28 From 
the studies with arctic rhizobia from Astragalus and Oxytropis, it was possible to 
improve growth of a temperate legume by 30% under controlled and field condi
tions, and these strains also showed better competitivity and nitrogen fixation at 
low temperatures. Its seems that cold-adaptation for growth in pure culture at 10QC 
and symbiotic effectiveness (nodulation and nitrogenase activity) are closely relat
ed.5,9 However, there was not always a correlation between the geographic origin of 
rhizobia and their growth rate at low temperatures, probably because northern and 
southern areas of isolation of the two studies were not situated between the same 
range oflatitudes. Growth capacity of strains isolated from temperate legumes was 
determined at temperatures not lower than 1000 or 15°C,B except in one study 
where rhizobia tested at 5°C9 did not grow, as stated above.42 Rhizobia isolated from 
indigenous arctic legumes where clearly classified as psychrotrophs on the basis of 
their growth temperature range (min. O°c, max. -30°C) while temperate rhizobia 
used for comparison could be classified as mesophiles (min. 4-TC, max. 30-38°C). 

In a programme to select rhizobia to improve nitrogen fixation at low tempera
tures, it seems that the capacity of rhizobia to grow at low temperature is not the 
only factor to predict a better competitivity, nodulation and nitrogen fixation at 
low temperature. For instance, the 226 isolates of S. meliloti could be classified in 
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three groups showing variability in the interaction between growth rate and nod
ule formation.7 Arctic rhizobia from Astragalus and Oxytropis Showed in general 
very good growth at SoC, but, in symbiosis with sainfoin grown under optimal con
ditions, only five strains (out of48 tested) were as effective as the two effective tem
perate strains used for comparison.4.6 However, in nodules of sainfoin plants devel
oped at optimal temperature with two arctic and two temperate strains of similar 
efficiency (very effective) and with one less effective arctic strain, the relative nitro
genase activity at 5°C (percentage of that at 25°C) of all three arctic strains was 
greater than that of the two temperate strains, suggesting an adaptation of the arc
tic strains to low temperature for nitrogenase activity,52 

The mechanisms that may be involved in cold-adaptation of nitrogenase in rhi
zobia have not been deeply investigated either in pure culture or in symbiosis. The 
bacteria Azotobacter vinelandii, Clostridium pasteurianum and other soil dia
zotrophs showed a similar response of nitrogenase activity to temperature 
changes.54 However, like arctic rhizobia, diazotrophic Pseudomonas species origi
nating from Canadian high Arctic were unique in their capacity to fix nitrogen at 
temperatures as low as 9 or even 4°C,55 For rhizobial studies, intact nodules ofalfal
fa maintained high nitrogenase activity to much lower temperatures than the iso
lated enzymes, 56 suggesting that legumes possess a compensating mechanism for 
maintenance of nitrogenase activity problably due to an increase in adenylate ener
gy charge in nodules. In arctic rhizobia in pure cultures, the total amount of 
nudeotides increased with the lowering of temperatures from 25 to 15°C.lo How
ever, arctic rhizobial strain N31 did not show higher affinity than temperate strain 
SM2 for the transport of succinate, a source of energy for nitrogenase at low tem
peratures)7 So, it is unlikely that arctic rhizobia will use more efficiently sainfoin 
photosynthates than temperate rhizobia to support nitrogen fixation at low tem
peratures. However, the different structure of sainfoin nodules formed by both 
strains maybe a factor that influences the substrate uptake: bacteroids of strain N31 
are spherical and included in low numbers in the membrane envelope whereas 
those of the temperate strain SM2 are elongated and included in large numbers.40 

Changes in fatty acid composition at low temperatures could be part of a mech
anism to maintain membrane fluidity, and hence the ability to transport nutrients 
at low temperatures.43 However, there was no relationship between the proportion 
of unsaturated fatty adds of bacteria, bacteroids or nodules, and the efficiency of 
two strains of R. leguminosarum in the fababean symbiosis at two temperature 
regimes; but, these strains did not differ in their growth rates at low remperatures.58 

Finally, the relative efficiency of the nitrogen fixing system may differ between cold
adapted and non-adapted rhizobia. In fact, in a study with different rhizobial 
strains with Lotus pedunculatus,59 temperatures affected differently the ratio 
between Hz involved in the enzymatic system of nitrogenase and the electron allo
cation to this enzyme. 
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Prospective reseaKh avenues 

Under temperate agricultural conditions, the cold periods encountered during the 
growing season can significantly limit the establishment of the symbiosis between 
legumes and rhizobia. In this chapter we have presented many evidences indicating 
that it is possible to improve the performance ofthe symbiosis under cold stress. To 
realize such improvement, one has to select among each symbiotic partners indi
viduals that perform well under cold conditions. As the first step of the symbiosis 
is the critical step in nodule formation, it will be worthy to check if legume lines 
that synthesize more flavonoids under cold temperature have better nodulations 
than their parents. As a direct correlation between plant growth and nitrogenase 
activity under cold conditions was observed,27 legumes exhtbiting better growth 
under stress should also in theory have a higher nitrogenase activity. Castonguay et 
al.60 also reviewed the different biotechnological strategies for the improvement of 
cold temperature tolerance in forage legumes. 

Rhizobia isolated from Canadian arctic legumes, are adapted to cold and sup
plied a very nice model illustrating strains that perform well under low tempera
ture with the temperate legume sainfoin. In order to be able to use some of the 
interesting traits found in these arctic rhizobia with other agronomically important 
crop like alfalfa, Ooutier et al:!5,61.62 have described 11 nodulation genes in the arc
tic strain N33. This strain has a content in nodulation genes similar to that of 
S. meliloti, but it can form only a few, white empty nodules on alfalfa.45 These 
results suggest that N33 and S. meliloti probably excrete similar Nod factors, how
ever the nodulation genes of N33 are induced by flavonoid compounds (for
mononetin and p-coumaic acid) different from those inducing S. meliloti. Will it be . 
possible to efficiently nodulate alfalfa with strain N33? To answer such question it 
is necessary to pursue the studies of nodulation genes in this strain in order to 
determine ifany specificity genes are present, and to determine the structure of the 
Nod factor(s) produced by this strain. 

Survival ofrhizobia to winter freezing would be advantageous for early nodulation 
of perennial legumes at spring. However, in a study on heat-shock proteins (HSPs) 
and ~ld-shock proteins (CSPs) comparing three arctic strains (psycbrotrophs) from 
Astragalus and Oxytropis and three temperate strains (mesophiles) from alfalfa and 
sainfoin, survival of arctic strains to freezing at -5 and -lO"C was slightly lower (64 
and 58%) than that of temperate strains (75 and 7l%) although arctic strains pro
duced more CSPs under freezing conditions (-10°C). 42 In these experiments, survival 
was estimated in pure cultures after a short period of3 h ( corresponding to the shock 
treatment), but the real potential of survival should be investigated from long-term 
frozen soils containing indigenous bacteria (with and without temperate rhizobia). 

Finally, other rhizobia isolated from alpine or arctic legumes also have many 
potential genetic traits that can be used to improve the symbiosis under cold stress. 
However many studies need to be performed to appraise the behavior of these strains 
at each step of the symbiosis under cold conditions. 
Future research needs with cold adapted rhizobia should target the following: 
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1. 	determination of the molecular basis of competition, early root colonization 
and infection of legumes by cold-adapted rhizobia; 

2. isolation, characterization and comparison of the functions of the cold-shock 
and cold-adaptation proteins produced bycold-adapted rhizobia and temperate 
rhizobia; 

3. 	elucidation of the mechanisms of action involved in the cold adaptation of the 
nitrogenase activity (~H2 reduction) in nodules formed by cold-adapted rhizobia; 

4. 	determination of the possibility to use plant growth promoting rhizobacteria 
(PGPR) in co-inoculation with rhizobia to improve nodulation at suboptimal 
root zone temperature as observed in soybean symbiosis.63 
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