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Cold-adapted bacteria survive in extremely cold temperature conditions and exhibit various mechanisms of
adaptation to sustain their regular metabolic functions. These adaptations include several physiological and
metabolic changes that assist growth in a myriad of ways. Successfully sensing of the drop in temperature in
these bacteria is followed by responses which include changes in the outer cell membrane to changes in the
central nucleoid of the cell. Theirsurvival is facilitated through many ways such as synthesis of cryoprotectants,
cold acclimation proteins, cold shock proteins, RNA degradosomes, Antifreeze proteins and ice nucleators.
Agricultural productivity in cereals and legumes under low temperature is influenced by several cold adopted
bacteria including Pseudomonas, Acinetobacter, Burkholderia, Exiguobacterium, Pantoea, Rahnella,
Rhodococcus and Serratia. They use plant growth promotion mechanisms including production of T1AA,
HCN, and ACC deaminase, phosphate solublization and biocontrol against plant pathogens such as
Alternaria, Fusarium, Sclerotium, Rhizoctonia and Pythium.

Key words: Psychrotrophs, Psychrophiles, Cold-adaptation Mechanisms, Plant growth-promoting bacteria

Introduction

About more than 80% of the earth’s surface is exposed
to temperature of 15°C or below at various times of the
year (Kawahara, 2002). In particular, soils that belong to
the temperate regions are subjected to seasonal drop in
temperature for a considerable portion of a year, during
which, any biological activity is low or even negligible
due to intermittent dropping of soil temperatures to
suboptimal ranges (Robertson and Grandy, 2005). This
has led to short cropping periods for agriculture in the
temperate regions (Mishra et al., 2011a). Cold stress
causes a major metabolic response in plants, affecting
their growing periods and consequently resulting in loss of
agricultural production (Chu et al., 2010). The effect and
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importance of cold stress, along with other abiotic stresses
on agricultural productivity was discussed by Boyer
(1982). The significance of low temperature as one of the
major agricultural barriers exists till date even decades
after Boyer’s report. Evidence to support this can be taken
from northern temperate countries such as Sweden or
Canada, where a combination of cold stress and high light
were found to be major problem affecting the agricultural
economy (Mittler, 2006). Improving plants by introducing
traits such as frost hardiness through breeding or genetic
transformations is not completely feasible (Kasuga et al.,
1999) as the property of cold resistance cannot be caused
through expressing a single gene, but includes complex
mechanisms acting together to protect the plant against
cold (Beck et al., 2004; Fowler and Thomashow, 2002).
Bacteria thriving under cold conditions are found in
abundance over the earth’s surface, including the Polar
Regions, temperate regions and deep sea depths. With
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respect to agriculture, about 20% of organic matter in
arable soils is the living biomass consisting mainly of soil-
borne microorganisms and insect decomposers. Sustenance
of soil health is predominantly dependent on these soil
organisms (Robertson and Grandy, 2005). Therefore, as
an integrated measure towards management of cold stress,
bacteria may play an inevitable role and help in promoting
plant growth under short time periods. This review focuses
on the definition of psychrophiles and psychrotrophic
bacteria, their cold sensing mechanisms and adaptations
and finally, their applications in agriculture, in particular,
their role in the cereal and legume crop production.

Definition of Psychrophiles and
Psychrotrophs

The terms psychrophiles and psychrotrophs are often
found to be confused in usage. The term Psychrophiles
was defined by Morita back in 1975 to be microorganisms
that have an optimum temperature of growth around 15C
or less (Moyer and Morita 2007). Psychrophilic bacteria
include Gram-negative genera such as Pseudoalteromonas,
Moraxella, Psychrobacter, Flavobacterium Polaromonas,
Psychroflexus, Polaribacter, Moritella, Vibrio and
Pseudomonas; Gram-positive Arthrobacter, Bacillus and
Micrococcus species and several psychrophilic species of
archaea, yeasts, fungi and microalgae (Feller and Gerday,
2003).

Psychrotrophs, on the other hand, refer to bacteria
that can only survive low temperatures but have optimal
temperature of growth above 15°C (Moyer and Morita,
2007). Various psychrotrophs have been reported from
several bacterial genera included Pseudomonas, Brochothrix,
Buttiauxella, Carnobacterium, Halomonas, Leuconostoc,
Acinetobacter, Exiguobacterium, Serratia, Rhodococcus,
Rahnella, Pantoea (Ercolini et al., 2009; Pandey et al.,
2006; Mishra et al., 2008; Gulati et al., 2009; Selvakumar et
al., 2010, 2008a, 2008b; Trivedi et al., 2007; Egamberdiyeva
and Hoflich, 2003; Vyas et al., 2010).

Gow and Mills in 1984 tried to differentiate psychrophiles
from psychrotrophs by calculating the number of bacterial
colonies in agar plates incubated at temperature conditions
optimal for both classes of bacteria. It was observed that
psychrotrophic bacteria were capable of exhibiting growth
over a wide temperature range and they could even grow at
around freezing temperature conditions (Hébraud and
Potier, 1999). Therefore, psychrotrophs are considered

more versatile than psychrophiles as they are ubiquitous in
most of the environments including permanently frozen
Polar Regions (Ray, 2006).

Cold Temperature Sensing and

Responses in Bacteria

Primary sensing of drop in environmental temperature
in bacteria occurs at the cellular membrane through active
phosphorylation and dephosphorylation mechanisms (Ray
et al., 1994a; Shivaji and Prakash, 2010). The general
signal transduction pathway to perceive cold signal in
bacteria has been proposed to be a two component system
(Shivaji and Prakash, 2010). This process is explained
in Fig. 1. The first component is the sensor embedded
in the cell membrane which encloses a sensory domain
and the enzyme histidine kinase. The sensory domain is
transmembrane in nature and found to contain numerous
interspersed segments. Drop in temperature is perceived
through these segments and autophosphorylation of the
histidine by histidine kinase takes place. The phosphate is
then transferred to aspartate component of the response
regulator present in the cytoplasm, which contains a DNA
binding domain and a transcription activation domain
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Fig. 1. A simple two-component system of signal transduction
under cold condition is represented here. The first component
(sensor) is embedded in the cell membrane which encloses a
sensory domain and histidine kinase. As seen in the figure,
the sensory domain is transmembrane in nature. Cold sensing
initiates autophosphorylation of the histidine by histidine
kinase. The phosphate group is then transferred to the second
component (response regulator), present in the cytoplasm and
thus its aspartate is phosphorylated. In addition, response
regulator contains a DNA binding domain and a transcription
activation domain. Consequently, the response regulator initiates
the transcription of various cold expressed genes such as des
genes, cspA, afpA, etc.
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(Shivaji, 2007). A similar 66 kDa cytosolic protein which
was found to be phosphorylated at its tyrosine residue, was
reported much earlier and may also function as a response
regulator (Jagtap and Ray, 1999). The response regulator
in addition acts as a transcriptional regulator and performs
the function of transcription initiation of various cold
expressed genes. This pathway is comparatively simple
and can also occur in complex form involving a phosphate
cascade or relay systems in some cells (Appleby et al.,
1996; Zhang and Shi, 2005).

Exposure to lower temperatures resulted in the nucleoid
of bacteria becoming compact (Weber et al., 2001), which
might have occurred due to temperature drop or alterations
in the activity and/or quantities of proteins responsible
for maintaining DNA structure (Jones et al., 1992).
Low temperature sensing has been also observed through
changes in the secondary or tertiary structures in ribosome
(Ray et al., 1998) and mRNAs (Liu et al., 2002). Cold
shock is also found to affect translation, which in turn
arrests or reduces the growth in bacteria (Shivaji and
Prakash, 2010).

Various Modes of Adaptation of
Bacteria to Low Temperatures

Bacteria need to survive and continue life has led to

Table 1. General cold adaptation mechanisms in bacteria.

various adaptations in response to cold conditions. These
include structural and physiological modifications in the
cell to counteract reduction in the reaction rates due to the
drop in temperature (D’ Amico et al., 2002). Some of the
mechanisms of adaptation by bacteria to cold temperature
are discussed here. A concise report on various adaptation
mechanisms has been provided in Table 1.

Changes associated with the cell membrane The changes
that have been reported in the membrane with respect
to low temperature are as follows: changes in membrane
lipids, changes in size, length, branching, cis-trans
configurations and desaturation of membrane lipids.
Changes in fatty acids were found to affect the interaction
of proteins on the membrane lipids as well the composition
of carotenoids (Kiran et al., 2004; Shivaji and Prakash,
2010; Chattopadhyay, 2006; Russell, 1997; Hébraud and
Potier, 1999). Desaturation of the membrane lipids with
the help of desaturases was one of the common mechanisms
to survive under cold stress (Mishra et al., 2011a). In
addition to desaturation, other effective adaptations in
the membranes include changes in fatty acid isomerization
and increased carotenoid synthesis in the membrane
(Shivaji and Prakash, 2010). In some Bacillus sp., increase
in anteiso-branched fatty acids was found to increase
membrane fluidity at low temperatures compared to iso

Vicinity Nature of adaptation

Protective function

References

Cell outer space  Ice nucleator proteins

Unsaturation of
membrane lipids
Conversion of trans-
unsaturated fatty
acids to cis-
unsaturated fatty acids
Increase in number
of polar carotenoids
Enzymes forming

Cell membrane

Stabilizes cell membrane

Imitate ice crystal surface outside
cell membrane and inhibit supercooling

Improves membrane fluidity

Increase membrane fluidity

Kawahara, 2002

Russel, 1997

Kiran et al., 2005

Chattopadhyay and
Jagannadham, 2001

Cytoplasm

tetramers
Cryoprotectants

Cold acclimation
proteins

Cold shock proteins
RNA degradosomes

Antifreeze proteins

Increases thermostability of enzymes

Stabilize cell membrane (glycine betaine),
nitrogen reserves (polyhydroxyalkonate)

Chaperones to refold denatured enzymes

m-RNA chaperone and maintenance of
DNA structure and other metabolic functions
Reduce ATP consumption by RNA helicase
Modify ice crystals and inhibit re-
crystallization of ice

Coker et al., 2003

Chattopadhyay, 2002;
Methe et al., 2005

Kawahara et al., 2000

Chattopadhyay, 2006;
Russel, 1997
Purusharath et al., 2005

Xu et al., 1998
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forms (Kaneda, 1991; Okuyama et al., 1991). Increase in
levels of cis-unsaturated fatty acids was favored at lower
temperatures as cis-unsaturated fatty acids increase fluidity
of the membrane compared to frans-unsaturated fatty
acids (Heipieper et al., 2003; Shivaji and Prakash, 2010).

In general, carotenoid pigments were found to be
synthesized as a result of various environmental stresses;
their functional role can be associated to shifts in membrane
permeability under cold conditions (Chattopadhyay, 2006).
Increase in polar carotenoids and a consequent decrease
in non-polar carotenoids have been reported at low
temperatures (Jagannadham et al., 2000; Chattopadhyay
and Jagannadham, 2001). These carotenoids were found to
be stacked in the cellular membranes and their arrangement
provides stabilization to the cell membrane effecting
permeability (Gruszecki and Strzatka, 2005; Jagannadham
et al., 1996, 2000).

Changes in enzymes Drop in the environmental
temperature conditions from 37°C to 0°C was found to
affect mesophilic enzymes by inhibiting their activity
by 20-250-times (Feller and Gerday, 2003). Maintaining
stability by increasing the rigidity of protein structure will
reduce the activity of the enzyme. Therefore, the enzyme
needs to be flexible which will favor reduced energy
expense (Chattopadhyay, 2006). Consequently, the enzyme
must exhibit a balance between flexibility and stability to
sustain freezing temperatures (D’Amico et al., 2002);
the property of being flexible, offering a logical reason
for high specificity of cold active enzymes (Huston et al.,
2004). The explanation put forth by D’Amico and co-
workers (2002) for structural adaptations of cold-adapted
enzymes include decrease in number of proline and
arginine residues and increase and clustering of glycine.
This explanation however, was found to be in conflict
with Coker’s (2003) comparison of psychrophilic and
mesophilic enzyme constituents ((3-galactosidase) obtained
from Arthrobacter. He suggested that the thermo stability
of the enzyme maybe due to formation of tetrameric
structures, which disassociated into inactive monomers
at 25°C (Coker et al., 2003). Report from Gianese and
coworkers (2001) supported Coker’s argument when it
claimed that the substitutions of amino acids such as
glutamine, valine, arginine, and lysine present in mesophilic
or thermophilic enzymes by alanine, serine, aspargine and
isoleucine in cold-active enzymes influence the enzyme
structure. In conclusion, maintaining a balance in activity-

stability-flexibility relationship to actively maintain their
function under freezing conditions is a widely accepted
hypothesis (Johns and Somero, 2004).

Cryoprotectants  Cryoprotectants are defined as
substances that accumulate in body fluids of higher living
forms, such as frogs and insects (Chattopadhyay, 2006).
They are also referred as compatible solutes and include
generally sugars, sugar alcohols and sometimes amino
acids. Trehalose, glycine betaine and carnitine are commonly
found cryoprotectants, while glycerol, sorbitol, manitol,
glucose, fructose, alanine and proline were also found to
have similar functions in bacteria (Shivaji and Prakash,
2010; Mishra et al., 2011a; Chattopadhyay, 2006). The term
cryoprotectants also extended to molecules accumulated
in bacteria adapted to cold environmental conditions.
Their function was to protect cells by acting as chemical
chaperones, preventing processes of protein denaturation
and aggregation (Shivaji and Prakash, 2010). Among the
compatible solutes in bacteria, the role of glycine betaine
maybe possibly attributed to maintaining the fluidity of
cell membrane (Chattopadhyay, 2002). Trehalose was
found to function in stabilizing cell membranes and proteins
by replacing water, thereby, preserving intracellular water
structure (Sano et al., 1999). In Colwellia psychrerythraea,
accumulation of cryoprotectant polymers like polyhydro-
xyalkanoate has been reported, with its production
seemingly enhanced at -8 to -14°C (Methe et al., 2005;
Marx et al., 2009).

Cold acclimation proteins Shortly called “Caps”, the
cold acclimation proteins are produced in bacteria that
grow in permanently cold environments (Hébraud and
Potier, 1999; Mishra et al., 2011a). These proteins have
been reported by a number of workers (Araki, 1992; Roberts
and Inniss, 1992; Piette et al., 2011). Due to their presence
in bacteria growing at permanently cold environments,
these proteins can serve as markers in distinguishing
psychrotrophs from mesophiles (Hébraud and Potier,
1999). Cold acclimation proteins are believed to be
responsible for sustenance of life as they are found to
facilitate synthesis of adequate amounts of cellular proteins
even under cold stress (Margesin et al., 2007). A cold
acclimation protein (Hsc 25) isolated from Pantoea
ananas KUIN-3 was envisaged to function in the refolding
of cold denatured enzymes (Kawahara et al., 2000).
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Cold shock proteins Cold shock is described as the
action of shifting the environmental temperature of bacteria
from mesophilic conditions to a much lower temperature
within a short duration of time (Hébraud and Potier, 1999;
Mishra et al., 2011a). Such an event is implausible
in natural environments, however, they are created in
laboratories to study the mechanisms involved in cold
shock response (Hébraud and Potier, 1999). Bacteria were
found to respond to cold shock by transiently synthesizing
cold shock proteins (Csps) which were found to be present in
both mesophilic and psychrophilic bacteria (Chattopadhyay,
2006). Cold shock response included induction of Csp
genes, which in turn will regulate synthesis of cellular
proteins and mRNA (Mishra et al., 2011a; Polissi et al.,
2003). Cold shock proteins were found to contain the
DNA binding domain called the cold-shock domain,
regarded as one of the most conserved domains through
evolution of life (Graumann and Marahiel, 1999).

Cold shock proteins accounted for a large fraction of
proteins synthesized during cold shock events (Goldstein
etal., 1990). In Escherichia coli, the Csps identified include
histone-like proteins, RNA-binding proteins, transcription
factors, acyl lipid desaturases, subunit of DNA gyrase,
heat shock protein (Hsc 66) and y-glutamyl-transpeptidase
(Chattopadhyay, 2006). A DNA-binding protein, H-NS
associated with the nucleoid was induced during cold
shock and protects the E. coli against cold shock in
addition to improving its growth (Russell 1997). Cold
shock protein A (Csp A), the most common protein
expressed during cold shock is found to act as a mRNA
chaperone and is involved in transcriptional regulation
of various other cold shock genes (Mishra et al., 2011a;
Chattopadhyay, 2006). Homologues of Csp A gene was
also reported from Arthrobacter protophormiae and
Pseudomonas fluorescens, the psychrophilic bacteria
isolated from the Antarctic regions, suggesting its role
as cold acclimation protein as well (Ray et al., 1994b).
Though expression of Csps and homologues of such
proteins is intricate, they can be controlled in bacteria at
transcription and translational level (Horn et al., 2007).

RNA degradasomes
made of proteins present in most bacterial cells and are

Degradosomes are complexes

involved in maintaining the stability of cellular RNA
molecules (Chattopadhyay, 2006). In E. coli, the RNA
degradosome was found to be comprised of an endoribo-
nuclease RNAse E, a RNA helicase and an exoribonuclease

(polynucleotide phosphorylase) (Carpousis, 2002). However,
in Pseudomonas syringae isolated from Antarctic region,
the exoribonuclease component was replaced with RNAse
R that performs similar function. It is believed that RNAse
R can degrade RNAs due to their extensive secondary
structures, consequently reduce the need of ATP by RNA
helicase to unwind RNA duplexes, thereby saving energy
at low temperatures (Purusharth et al., 2005).

Antifreeze proteins Antifreeze proteins (AFPs) are a
large group of molecules that influence the structures of
extracellular ice crystals (Raymond and DeVries, 1977).
These proteins prevent recrystallization of ice crystals,
which are detrimental to the cell during supercooling at
freezing temperatures (Knight et al., 1988; Chattopadhyay,
2006). This process referred as thermal hysteresis, was
demonstrated in Psychrobacter urativorans and Rhodococus
erythropolis (Duman and Olsen, 1993). Antifreeze proteins
have been reported from a number of bacteria, with first
reports by Yamashita and co-workers (2002) in the bacterium
Moraxella sp. Following this, AFPs were reported in
bacteria from Antarctic lakes including Pseudomonas
putida and Marinomonas primoryensis (Gilbert et al.,
2004; Muryoi et al., 2004; Gilbert et al., 2005).

Ice nucleator proteins Ice nucleator proteins (INPs) are
molecules present on the outer cell membrane of bacteria
and inhibit heterogeneous ice-nucleation processes common
in cold environments, by imitating ice crystal structure
surface (Kawahara, 2002). By mimicking the freezing
effect on the outer surface of the cell, these molecules
help to prevent harmful intracellular freezing in bacteria
(Zacharuassen and Kristiansen, 2000). Ice nucleating
proteins were found to contain an octapeptide chain repeated
contiguously and their structure elicitation showed presence
of three distinct domains (Kawahara, 2002). Three classes
of INPs were reported, which are structurally similar to
lipoglycoproteins, glycoproteins and proteins (Turner et
al., 1991). Their expression depends on the external crystal
lattice, surface charge and degree of hydrophobicity (Franks,
1985). Bacteria that possessed ice nucleation active (Ina)
protein on the outer cell wall, that acts as nucleating centers
were called as “ice plus” bacteria (Lee et al., 1995). Those
bacteria which lacked these proteins on their outer walls
were called “ice minus” bacteria and were deficient in ice
nucleating function (Mishra et al., 2011a). INPs have been
reported in various species of Pseudomonas, Pantoea,
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Xanthomonas, and some fungi (Maki et al., 1974; Lindow
et al., 1978; Kozloff et al., 1983; Obata et al., 1990;
Kawahara, 2002).

Other mechanisms In addition to the above mentioned
mechanisms of adaptations to cold temperatures, numerous
other reports suggested other mechanisms, such as increase
in rates of transcription and translation of several meta-
bolically important molecules, acceleration of metabolic
pathways, such as the pentose phosphate pathway and
entering into viable but nonculturable states (Liu et al.,
2002; Sardesai and Babu, 2001, Chattopadhyay, 2000).

Use of Cold Adapted Microorganisms
in Agriculture

A lot of work has been made on cold adapted plant
growth promoting psychrotrophs in the past decade which
are mentioned briefly in Table 2. Most of such studies,
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on application of psychrotrophic bacteria in agriculture
have been reported from India, concentrated along the
Himalayan region (Mishra et al., 2009, 2008, 2010; Vyas
et al., 2010; Selvakumar et al., 2008a, 2008b, 2010, 2011;
Pandey et al., 2006; Gulati et al., 2009). As low temperature
acts a major factor affecting distribution and growth of
many plant species, growth and productivity of economically
important crops, like rice, wheat and soybean cultivated in
the temperate regions were found to be affected by cold
(Guy, 1990; Solanke and Sharma, 2008). Cold-adapted
microorganisms can be supportive to these plants by
mitigating the detrimental effects of cold and help improve
productivity even under unfavorable temperature conditions.

Cold-Adapted Plant Growth Promoting
Rhizobacteria in Cereal Crops and Legumes

Psychrotolerant bacteria have been reported to possess
plant growth promoting traits and their association with

Table 2. Psychrotrophic bacteria from various environments in the past decade and observed plant growth promoting traits.

Organism

Environment

PGP traits

Reference

Mycobacteruim phlei MbP18

Mycoplana bullata MpB46

Pseudomonas putida (B0)

Serratia marcescens SRM

Rhodococcus erythropolis
MtCC 7905

Pantoea dispersal A

Pseudomonas sp. PGERs17

Exiguobacterium acetylicum 1P

Acinetobacter rhizosphaerae
BIHB 723

Rahnella sp. BHIB783

Pseudomonas lurida M2RH3

Root zone soil of
winter wheat

Root zone soil of
maize

Soil from Central
Himalayas

Flower of Cucurbita pepo

Magnesite Mines

NW Indian Himalaya

Garlic root

Rhizosphere of apple tree

Rhizosphere of
Hippophae rhamnoides

Rhizosphere of
Hippophae rhamnoides

Rhizosphere of
radish plants

Improved growth of

winter wheat in nutrient
poor calcisol soil

Improved growth of

winter wheat in nutrient
poor calcisol soil

P- Solublization, biocontrol to
Alternaria alternata,
Fusarium oxysporum
P-solublization, 1AA,
Siderophore & HCN
production

Chromium reduction, IAA
& Siderophore production
P-solublization, IAA
production, HCN production
P- solublization, antagonistic
to Sclerotium rolfsii,
Fusarium oxysporum,
Rhizoctonia solani & Pythium
P-solublization, IAA
production, HCN production
P-solublization, 1AA,

ACC deaminase production
P-solublization, Siderophore,
IAA, ACC deaminase
production

P-solublization

Egamberdiyeva and
Hoflich (2003)

Egamberdiyeva and
Hoflich (2003)

Pandey et al. (2006)

Selvakumar et al. (2008b)

Trivedi et al. (2007)

Selvakumar et al. (2008a)

Mishra et al. (2008)

Selvakumar et al. (2010)

Gulati et al. (2009)

Vyas et al. (2010)

Selvakumar et al. (2011)




Mechanisms of adaptations and plant growth-promotion by cold-adapted bacteria 631

crops was found to induce numerous positive responses in
plants (Table 3.). Pseudomonas fluorescens and Pantoea
agglomerans have been reported to effectively improve plant
growth of winter wheat crops in loamy soils (Egamberdiyeva
and Hoflich, 2003). The genus Pseudomonas acts as a
natural r-strategist among soil microbial communities and
several species in this genus were found to possess plant
growth promoting characteristics. Halotolerant strains
Pseudomonas putida UW4 and GR12-2 were found to
promote plant growth in canola at cold temperatures (Cheng
et al., 2007; Sun et al., 1995). Pandey and co-workers
(2006) reported that Pseudomonas putida (BO) from a
sub-alpine site located in central Himalayas is capable
of growing at 4°C. The isolate was reported to solubilize
phosphate, antagonize the fungal pathogens Alternaria
alternata and Fusarium oxysporum and induce growth of
maize under green house conditions. Pseudomonas lurida
(M2RH3), isolated from rhizosphere of radish plants
(Raphanus sativus) growing in high altitude regions of
Himalayas was found to solubilize phosphate even under
longer incubation periods and promote growth of wheat
(Selvakumar et al., 2011). Pseudomonas sp. (PGERs17)
isolated from garlic root grown in sub alpine regions of
North Western Himalayas was found to be antagonistic to
phytopathogens Sclerotium rolfsii, Fusarium oxysporum,
Rhizoctonia solani and Pythium. Moreover, the strain was
found to assist growth of wheat plants (Mishra et al.,
2008). Several strains of psychrotrophic pseudomonads
improved growth of wheat and also alleviated cold stress
by increasing protein, phenolics and anthocyanin synthesis
in leaves. In addition, they decreased electrolyte leakage
as well as water loss in plants (Mishra et al., 2011b).
Several cold-tolerant mutants have been developed, with
plant growth promoting efficiency at low temperatures
(Mishra and Goel, 1999; Katiyar and Goel, 2004; Trivedi
and Sa, 2008; Xu et al., 1998). “Ice minus” mutants of
Pseudomonas syringae have been reported to prevent ice
nucleation in plant leaves at lower temperatures (Xu et al.,
1998). NTG (N’-methyl-N’-nitro-N-nitrosoguanidine)
mutated Pseudomonas corrrugata has been reported to
effectively solubilize rock phosphate under low temperature
conditions and promotes growth of wheat plants (Trivedi
and Sa, 2008). A similar report was made by Katiyar
and Goel (2004) on a cold tolerant mutant, P. flouresens
(ATCC13525) - developed to increase rhizosphere competi-
tiveness. This strain showed enormous increase in sidero-
phore production and exhibited plant growth promotion of

mung bean (Vigna radiata).

Anunclassified firmicute, Exiguobacterium acetylicum,
isolated from the North Western Indian Himalayan region
was reported to show growth and plant growth promotion
over a wide range of temperature from 4C to 42°C. The
bacterium demonstrated multiple plant growth promoting
traits including solublization of phosphates and produ-
ction of IAA, siderophores as well as hydrogen cyanide
(Selvakumar et al., 2010). Cold tolerant strains Pantoea
dispersa (1A) and Serratia marcescens (MTCC 8708) were
reported to sustain IAA production at low temperatures
and promote plant growth in wheat and summer squash
(Cucurbita pepo) (Selvakumar et al., 2008a, b). A
psychrotrophic actinobacterium - Rhodococcus erythropolis
was reported to transform higher concentrations of toxic
hexavalent chromium (Cr6+) to non toxic trivalent form
(Cr’"), in addition to aiding growth of pea plants (Trivedi
et al., 2007). Gulati and co-workers (2009) reported on
high IAA-producing Acinetobacter rhizosphaerae isolated
from common sea-buckthorn (Hippophae rhamnoides)
growing in cold deserts of Himalayas. The isolate was
found to promote plant growth in a number of crops
including maize, pea, chickpea and barley in vitro and pea
under field conditions. A novel psychrotrophic enteroba-
cteriaceae member (Rahnella sp.) augmented plant growth
through a number of mechanisms, such as production of
siderophores, phytohormones, organic acids, and enzymes
such as phytase and ACC deaminase in maize, pea,
chickpea and barley under in vitro conditions and pea in
the field (Vyas et al., 2010). Kaushik et al. (2002) reported
the plant growth promotion in wheat crops at sub-optimal
temperatures by two strains of Azospirillum brasilense.
Bacterial ACC deaminase activity may be helpful in
reducing the levels of ethylene produced at low temperatures
and promote growth of plants (Saleem et al., 2007). Barka
et al. (2006) demonstrated enhanced cold resistance and
ACC deaminase activity by Burkholderia phyto firmans in
grapevine.

Under sub-normal temperature conditions, yield of
leguminous plants were found to be affected due to the
reduced Rhizobium competitiveness, and nodule formation
and functioning (Mishra et al., 2011a). Moreover, legumes
cultivated in the arctic regions are exposed to a short
growing season, a long photoperiod, low precipitation and
low soil nitrogen levels (Bordeleau and Prévost, 1994).
This necessitates the selection of cold-adapted rhizobial
strains for increasing productivity of legumes under cold
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Table 3. Psychrotolerant plant growth promoting bacterial association with crops and their induced responses in plants.

Strain

Crop

Temperature Plant responses

References

Pseudomonas putida

(B0) Zea mays var. QPM-1 22 + 2°C
Pantoea dispersa 1A Triticum sp. 22 +1C

P (cv. VL.802)
Acinetobacter
rhizosphaerae Zea mays var. Girija 25 £27C
BIHB 723
Acinetobacter Pisum sativum var
rhizosphaerae Pal . ’ 25 £ 27T
BIHB 723 am prya
Acinetobacter Cicer arietinum var
rhizosphaerae HPG 17 ’ 25 £2C
BIHB 723
Acinetobacter
rhizosphaerae gofizum vulgare var. 25 £ 2T
BIHB 723 °
Pseudomonas lurida Triticum sp. 18 + 2C
M2RH3 (cv. VL.804)
Exlgu?bacterlum Triticum sp cv. VL 7+ 1C
acetylicum 1P 802

Triticum aestivum cv. q
Mycobacteri . 44 16T
[ycobacterium sp Bussard 6

Pseudomonas sp. Triticum sp. cv. 18°C
NARs9 VL 829
Rhodococcus Pisum sativum var
erythropolis Arkel 10-15C
MICC 7905 €
Serratia marcescens Triticum sp. cv. 7 1 1C
SRM VL 802
Burkholderia phytofi  Vitis vinifera L. cv. 26C

rmans PsIN

Chardonnay

Resistance to fungal pathogens
Phytophthora parasitica

and Fusarium sp

Increase in root and shoot lengths
by 38.5 and 12%; root and shoot
dry mass by 15.3 and 6.4%

Pandey et al., (2006)

Selvakumar et al.,
(2008a)

Increase in root and shoot lengths .
by 28 and 35% plant dry mass by 34% Gulati et al., (2009)
Increase in root and shoot lengths by .
23 and 34%; plant dry mass by 32% Culati et al, (2009)
Increase in root and shoot lengths by .
16 and 15%; plant dry mass by 30% Culati et al, (2009)
Increase in root and shoot lengths by

24 and 19% plant dry mass by 27% Oviad e al. (2009)

Root and shoot length increased by

47.5 and 13.3%; increase in N, P, Selvakumar et al.,
K uptake by 26.31, 40 and 47.16%  (2011)
respectively

Root and shoot length increased by

16.54 and 8.16%; increase in N, P,  Selvakumar et al.,
K uptake by 51.9, 38.5 and 45.4%  (2010)

respectively

Root and shoot dry mass increase
by >110 and >130%

Germination rate enhanced by
19.2%; shoot and root lengths
increase by 30 and 22.9%
Mitigation of Cr® caused stress;
increase in plant height and plant
dry weight by 37.9 and 43.5%
under Chromium stress conditions
Increase in root and shoot length by
20.9 and 21.59%; root and shoot
dry mass by 15.38 and 28.5%;
increase in N, P, K uptake by
17.3, 18.6% and 26.7%
Tolerance to chilling effects;
increase in total phenolics,
photosynthetic activity

Egamberdiyeva and
Hoflich, (2003)

Mishra et al., (2009)

Trivedi et al, (2007)

Selvakumar et al.,
(2008b)

Barka et al., (2006)

climatic conditions. Cold-adapted rhizobial strains were
isolated from leguminous plants growing in arctic and
subarctic soils of Canada and reported to improve nodulation
in legume Onobrychis viciifolia, however, they failed to
nodulate agronomically important legumes (Prevost et al.,
1999). In a later study, Prevost et al. (2003) reported that
nodulation and growth could be increased by Sinorhizobium
meliloti in alfalfa under rigorous cold conditions.

Conclusion

Most of the cold tolerant mechanisms of adaptation are
known to us at this stage. However, some mechanisms are
yet to be completely understood and the present classification
of adaptations may even be revised in near future based on
further studies. The present report was aimed at bringing
out the use of plant growth promoting cold-adapted bacteria
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in agriculture and in particular, in cereal and leguminous
crops. Studies on use of such bacteria for other temperate
crops have a huge scope in the field of agriculture.
Furthermore, the process of nutrient cycling which is
affected due to drop in temperature can be dealt by making
use of potential cold-adapted bacteria, which can continue
the process even under unfavorably low temperature
conditions. Among cold-adapted bacteria, psychrophilic
bacteria were found to be sensitive to increased temper-
atures, finding difficulty in taking up oxygen required for
their metabolism at temperatures above their maximum
requirement. Moreover, psychrophilic enzymes possess
weak conformational stability, which requires freezing
temperatures for growth and maintenance. These properties
make psychrophiles vulnerable and weak to temperate
conditions. However, as mentioned eatlier, psychrotolerant
bacteria are more pronounced than psychrophiles and their
survival even at higher temperatures makes them good
potential candidates for screening of plant growth promoting
characteristics.
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