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Abstract

Psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) play a crucial role in enhancing sustainable wheat
production in cold environments by promoting plant growth through various mechanisms and serving as effective
biofertilizers. These bacteria can tolerate a wide range of temperatures, from as low as -8°C to as high as 36°C, making
them well-suited for cold climates. (1). They enhance plant growth by solubilizing essential nutrients like phosphorus
and zinc, even at low temperatures, and producing phytohormones such as indole-3-acetic acid that stimulate root
elongation (1,2). Some psychrophilic PGPR can also fix atmospheric nitrogen, providing an additional source of
nutrients for plants (1). Additionally, these bacteria induce stress tolerance mechanisms in plants, enabling them to
better withstand cold stress by activating protective genes and producing antifreeze proteins (3). Studies have shown
that the application of psychrophilic PGPR, either as individual strains or as consortia, can significantly reduce the
need for synthetic fertilizers without compromising wheat yield and quality (2). When applied with half the
recommended dose of fertilizers, these bacteria can maximize crop parameters and yield, providing a sustainable
approach to wheat production in cold regions (2). The use of psychrophilic PGPR as biofertilizers has been found
effective in yield optimization under temperature-stressed conditions, making them a promising solution for
addressing food security concerns in the face of climate change (3). By improving nutrient availability, plant growth,
and stress tolerance, psychrophilic PGPR contribute to the development of eco-friendly and resilient agricultural

practices in cold environments.
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1. Introduction

The Global Significance and Challenges of Wheat Production

Wheat is a cornerstone of global food security, being the most widely cultivated crop and a primary source of calories
and protein for billions. Its cultivation spans approximately 220 million hectares, contributing significantly to the diets
of populations, particularly in temperate zones. Wheat provides about 20% of the world's food calories and protein and
is crucial in regions undergoing rapid urbanization and industrialization, where demand is surging (5). However, wheat

production faces significant challenges, especially in colder environments where climate conditions can hinder growth
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and yield. These challenges include extreme weather events, soil degradation, and pest pressures, which are
exacerbated by climate change. Moreover, the need for sustainable agricultural practices is increasingly urgent.
Enhancing wheat productivity must align with environmental stewardship to ensure that future generations can meet
their nutritional needs without compromising the planet's health. This calls for innovative agricultural techniques,
investment in research and development, and a shift towards practices that conserve resources and promote
biodiversity. As the global population is projected to reach 9.7 billion by 2050, the agricultural sector must adapt to
these demands while ensuring that wheat remains a viable staple crop, capable of supporting diverse diets and resilient
food systems across varying climates and regions (4). Wheat shows high variability in beneficial components like
protein, fibre, and phytochemicals, some of which have high heritability, allowing breeders to select for enhanced
health benefits in addition to yield (5). Textured wheat proteins also provide a sustainable, plant-based alternative to
meat, contributing to a more nutritious and environmentally-friendly global food supply (6). As one of the oldest and
most important staple crops, wheat will play a crucial role in feeding the world's growing population in the coming

decades, but only if production can be made more resilient and sustainable, especially in challenging cold climates

(.

Importance of Sustainable Agriculture:

The Environmental Impact of Fertilizers and the Role of Sustainable Practices

Traditional fertilizers, particularly synthetic nitrogen fertilizers, have significantly increased agricultural productivity
over the past century, enabling food production to keep pace with population growth. However, their overuse and
inefficient application have led to serious environmental consequences. Fertilizer runoff and leaching contaminate
water sources, causing eutrophication and harming aquatic ecosystems (8,9). Nitrous oxide emissions from fertilized
soils are a potent greenhouse gas, contributing to climate change (10). Fertilizers can also degrade soil health, deplete
organic matter, and lead to heavy metal accumulation (9,11). These environmental costs are unsustainable and threaten
the long-term viability of modern agriculture. Sustainable agricultural practices offer a path forward. Precision farming
techniques optimize fertilizer application based on crop needs and soil conditions, minimizing excess (8). Cover
cropping and crop rotation improve soil fertility while reducing erosion and nutrient losses (12). Organic farming
avoids synthetic inputs altogether, relying on compost, manure, and crop residues to nourish plants (11). Biofertilizers,
containing beneficial microbes, enhance nutrient cycling and plant growth while sequestering carbon in the soil
(8,12). Agroforestry and silvopasture systems integrate trees with crops or livestock, increasing biodiversity and
resilience (12). Transitioning to sustainable agriculture will require significant investment and innovation.
Governments must incentivize best practices, while researchers develop new technologies and crop varieties. Farmers
need training and support to adopt unfamiliar techniques. Consumers can drive change by choosing sustainably-
produced foods. By working together, we can create a food system that meets human needs while restoring the health

of our shared environment.

Introduction to PGPR:
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Plant Growth-Promoting Rhizobacteria (PGPR) are a diverse group of beneficial bacteria that inhabit the
rhizosphere—the region of soil influenced by plant roots—and play a crucial role in enhancing plant growth and health
through multiple mechanisms. These microorganisms are essential for sustainable agriculture, as they improve plant
health and productivity while minimizing the reliance on chemical fertilizers and pesticides. One of the primary
mechanisms by which PGPR promote plant growth is through nitrogen fixation. Certain strains, such
as Rhizobium and Azospirillum, possess the ability to convert atmospheric nitrogen into ammonia, a form that plants
can readily absorb. This process alleviates nitrogen deficiency in soils and enhances crop yields, particularly in
nitrogen-poor environments. The nitrogen-fixing capability of PGPR is especially beneficial in sustainable agriculture,
as it reduces the need for synthetic nitrogen fertilizers, which can lead to environmental issues such as water pollution

and greenhouse gas emissions (13,14).

In addition to nitrogen fixation, PGPR enhance plant growth through the production of phytohormones, including
auxins, gibberellins, and cytokinins. These hormones regulate various physiological processes in plants, such as root
development, stem elongation, and overall plant vigor. For instance, Pseudomonas fluorescens is known to produce
indole-3-acetic acid (IAA), an auxin that stimulates root elongation and branching, thereby increasing the root surface
area for nutrient and water absorption. This hormonal modulation not only promotes growth but also helps plants cope
with abiotic stresses, such as drought and salinity, by enhancing their adaptive responses (15,16). Furthermore, PGPR
can influence the balance of other plant hormones, such as ethylene, which plays a critical role in plant responses to

stress (17).

Phosphate solubilization is another critical mechanism through which PGPR promote plant growth. Many plants
struggle to access phosphorus, an essential nutrient, due to its low solubility in soil. PGPR
like Bacillus and Penicillium species can solubilize inorganic phosphate by secreting organic acids that dissolve
phosphate compounds, making them available for plant uptake. This process is particularly important in agricultural
systems where phosphorus is often a limiting nutrient, and its availability can significantly influence crop
yields (13,16). The ability of PGPR to enhance phosphorus availability not only supports plant growth but also

contributes to improved soil health by promoting microbial diversity and activity.

Moreover, PGPR contribute to plant health by inducing systemic resistance against pathogens. They can trigger plant
defence mechanisms that enhance resistance to various biotic stresses, including diseases caused by fungi, bacteria,
and nematodes. This induced systemic resistance (ISR) is mediated through the production of signalling molecules
that activate the plant's immune response, providing a protective effect against subsequent pathogen attacks. For
example, Bacillus subtilis has been documented to produce antibiotics and other compounds that inhibit the growth
of harmful pathogens while promoting beneficial microbial communities in the rhizosphere (15). The role of PGPR
in disease suppression is crucial for sustainable agriculture, as it reduces the reliance on chemical pesticides and

promotes a healthier ecosystem.

The environmental benefits of utilizing PGPR are significant, particularly in the context of sustainable agriculture. By
reducing the need for chemical fertilizers and pesticides, PGPR can help mitigate the adverse environmental impacts

associated with conventional farming practices, such as soil degradation, water pollution, and loss of biodiversity. The
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application of PGPR as biofertilizers promotes a more sustainable approach to agriculture, enhancing soil health and
fertility while improving crop yields. Furthermore, the integration of PGPR into agricultural practices aligns with the
principles of agroecology, which emphasize the importance of biodiversity and ecological balance in farming systems

(14).
Psychrophilic PGPR:

Psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) are specialized bacterial strains that thrive in cold
environments, exhibiting remarkable adaptations that enable them to enhance plant growth under low-temperature
conditions. These bacteria, including species such as Pseudomonas syringae, Bacillus  subtilis,
and Psychrobacter spp., have evolved unique metabolic and physiological traits that allow them to survive and
function optimally at temperatures that would inhibit the growth of most microorganisms. One of their key adaptations
is the production of cold-active enzymes, which maintain metabolic processes at low temperatures, thereby facilitating
nutrient cycling and promoting plant growth even in challenging conditions. Additionally, psychrophilic PGPR
synthesize antifreeze proteins that prevent ice crystal formation within their cells, protecting them from freezing

damage and allowing them to colonize plant roots effectively in cold soils (18,20).

The mechanisms by which psychrophilic PGPR enhance plant growth are diverse and multifaceted. One of the primary
roles of these bacteria is nitrogen fixation, where specific strains convert atmospheric nitrogen into ammonia, a form
that plants can readily absorb. This process is particularly beneficial in cold climates where soil nitrogen levels may
be low, thus supporting plant growth in nutrient-poor conditions. For instance, Azospirillum species, known for their
nitrogen-fixing capabilities, can significantly improve the nitrogen status of the soil, leading to enhanced crop yields
in cold regions (19). Furthermore, psychrophilic PGPR can produce phytohormones, such as indole-3-acetic acid
(IAA), which stimulate root development and enhance nutrient uptake. Studies have shown that these bacteria can
promote root elongation and branching, increasing the root surface area available for nutrient and water absorption,

which is crucial for plants in cold, often nutrient-deficient soils (21).

Phosphate solubilization is another critical mechanism employed by psychrophilic PGPR to promote plant growth.
Many plants struggle to access phosphorus due to its low solubility in cold soils, which can limit their growth.
Psychrophilic bacteria can solubilize inorganic phosphates by secreting organic acids that dissolve phosphate
compounds, making phosphorus available for plant uptake. This is particularly important in agricultural systems where
phosphorus is often a limiting nutrient, and its availability can significantly influence crop yields. For example,
psychrophilic strains of Bacillus and Pseudomonas have been shown to enhance phosphorus solubilization, thereby

improving the nutritional status of plants and promoting better growth (20).

Moreover, psychrophilic PGPR contribute to plant health by inducing systemic resistance against pathogens. They
can trigger plant defense mechanisms that enhance resistance to various biotic stresses, including diseases caused by
fungi, bacteria, and nematodes. This induced systemic resistance (ISR) is mediated through the production of signaling
molecules that activate the plant's immune response, providing a protective effect against subsequent pathogen attacks.

For instance, Pseudomonas fluorescens has been documented to produce antibiotics and other compounds that inhibit
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the growth of harmful pathogens while promoting beneficial microbial communities in the rhizosphere (18). The
ability of these bacteria to enhance disease resistance is particularly valuable in cold climates, where plants may be

more susceptible to certain pathogens due to stress from low temperatures.

The potential of psychrophilic PGPR in enhancing crop growth in cold environments is increasingly recognized,
especially with the challenges posed by climate change and the need for sustainable agricultural practices. By utilizing
these beneficial bacteria, farmers can improve crop resilience and productivity in regions with harsh climatic
conditions. The application of psychrophilic PGPR as biofertilizers not only supports sustainable agriculture by
reducing the reliance on chemical fertilizers but also contributes to soil health and biodiversity. Furthermore, the
integration of these PGPR into agricultural practices aligns with the principles of agroecology, emphasizing the

importance of biodiversity and ecological balance in farming systems (21).
2. Mechanisms of Action of Psychrophilic PGPR
Nitrogen Fixation:

Psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) possess the remarkable ability to fix atmospheric
nitrogen in cold soils, which can significantly enhance the growth and productivity of wheat crops. These cold-adapted
bacteria, including species like Pseudomonas syringae, Bacillus subtilis, and various Psychrobacter strains, have
evolved specialized mechanisms to thrive in low-temperature environments. One of the key adaptations is the
production of cold-active enzymes that facilitate nitrogen fixation at low temperatures, enabling the conversion of
atmospheric nitrogen (N2) into ammonia (NHs), a form readily available for plant uptake. This biological nitrogen
fixation is particularly beneficial for wheat cultivation in cold regions, where soil nitrogen levels are often insufficient
to support optimal growth and yield. Studies have shown that inoculating wheat with nitrogen-fixing psychrophilic
PGPR can lead to significant improvements in plant growth parameters, such as root length, shoot height, and overall
biomass (22,23). The enhanced nitrogen availability, coupled with the production of phytohormones like indole-3-
acetic acid (IAA) that stimulate root development, allows wheat plants to better access nutrients and water in nutrient-
poor, cold soils (24). Additionally, psychrophilic PGPR can solubilize phosphorus, another critical nutrient, by
secreting organic acids that dissolve insoluble phosphate compounds, further contributing to the improved nutritional
status of wheat plants (25). By harnessing the nitrogen-fixing capabilities of these beneficial bacteria, farmers can
reduce their reliance on synthetic nitrogen fertilizers while promoting sustainable wheat production in cold

environments, ultimately contributing to food security and environmental stewardship.
Phosphate Solubilization:

Psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) play a crucial role in enhancing phosphate
solubilization, which is essential for improving the nutritional status and growth of wheat crops in cold environments.
These cold-adapted bacteria possess specialized mechanisms to solubilize inorganic phosphates, making them
available for plant uptake. The process of phosphate solubilization by psychrophilic PGPR involves the secretion of
low molecular weight organic acids, such as gluconic acid and 2-ketogluconic acid, which chelate the cations bound

to phosphates, converting them into soluble forms (26,29). Additionally, these bacteria produce enzymes like
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phosphatases and phytases that mineralize organic phosphates, further increasing the pool of available phosphorus in

the soil (26,27).

The ability of psychrophilic PGPR to solubilize phosphates is particularly important for wheat cultivation in cold
regions, where phosphorus availability is often limited. Studies have shown that inoculating wheat with efficient
phosphate-solubilizing psychrophilic PGPR can significantly enhance plant growth parameters, such as root length,
shoot height, and biomass production (26,28). The increased phosphorus availability, combined with the ability of
these bacteria to fix atmospheric nitrogen and produce phytohormones, creates a favourable environment for wheat

growth in nutrient-poor, cold soils (29).

Moreover, the application of psychrophilic phosphate-solubilizing PGPR as biofertilizers promotes sustainable wheat
production by reducing the reliance on chemical phosphorus fertilizers, which can have negative environmental
impacts. These beneficial bacteria contribute to improved soil health by increasing microbial diversity and activity,
ultimately enhancing the long-term fertility and productivity of agricultural systems (26). As the global demand for
food continues to rise, particularly in regions with challenging climatic conditions, the utilization of psychrophilic
PGPR offers a promising strategy for improving wheat nutrition and yield while promoting sustainable agricultural

practices.
Production of Phytohormones:

Psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) possess remarkable adaptations that enable them to
produce crucial plant growth-promoting hormones like auxins, cytokinins, and gibberellins even in cold environments.
These cold-adapted bacteria have evolved mechanisms to maintain metabolic processes at low temperatures, allowing
them to synthesize phytohormones that stimulate various aspects of plant growth and development. Auxins,
particularly indole-3-acetic acid (IAA), are produced by a wide range of psychrophilic PGPR,
including Pseudomonas, Bacillus, and Azospirillum species. IAA promotes cell division, elongation, and
differentiation, enhancing root growth and nutrient uptake, which is crucial for plants in cold soils (11). Psychrophilic
PGPR also produce cytokinins, which regulate cell division and shoot development. Bacterial genera
like Pseudomonas, Bacillus, and Azospirillum have been documented to synthesize cytokinins that stimulate shoot

growth, delay senescence, and modulate root architecture in plants grown under low-temperature conditions (12).

Additionally, psychrophilic PGPR can produce gibberellins, which play a vital role in seed germination, stem
elongation, and reproductive development. Strains such as Azospirillum lipoferum, Bacillus cereus, and Bacillus
pumilus have been shown to synthesize gibberellins that promote plant growth and help overcome the inhibitory
effects of cold stress (19). The ability of psychrophilic PGPR to produce these phytohormones in cold environments
not only enhances plant growth but also improves their resilience to abiotic stresses, ultimately leading to better crop

yields in challenging climatic conditions.
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Siderophore Production:

Siderophores produced by psychrophilic Plant Growth-Promoting Rhizobacteria (PGPR) play a critical role in
enhancing iron acquisition for wheat, particularly in cold environments where iron availability is often limited due to
the formation of insoluble ferric compounds. These bacteria, which thrive at low temperatures, secrete siderophores—
small, high-affinity iron-chelating compounds—that bind to ferric iron (Fe**) in the soil, converting it into a soluble
form that can be readily absorbed by plant roots. The production of siderophores is essential because iron is a vital
micronutrient required for various physiological processes in plants, including photosynthesis, respiration, and
nitrogen fixation. In cold soils, the solubility of iron decreases, making it less available for plant uptake; however,
siderophores produced by psychrophilic PGPR can effectively solubilize this iron, thus improving its bioavailability
for wheat plants (22). Research has shown that inoculating wheat with siderophore-producing psychrophilic PGPR
can lead to significant improvements in plant growth parameters, such as root length, shoot height, and overall
biomass. For instance, strains like Pseudomonas fluorescens and Bacillus subtilis, which are known for their ability
to produce siderophores, have been found to promote wheat growth under cold stress conditions (26). The increased
availability of iron through siderophore activity not only enhances chlorophyll synthesis and photosynthetic efficiency
but also stimulates root development, enabling plants to better access water and nutrients in nutrient-poor, cold soils.
The presence of these beneficial bacteria in the rhizosphere can also stimulate the plant's defence mechanisms,
enhancing its resilience to abiotic stresses such as low temperatures and nutrient deficiencies (14). Moreover,
siderophores produced by psychrophilic PGPR can act as biocontrol agents by sequestering iron from the rhizosphere,
depriving pathogenic microorganisms of this essential nutrient and suppressing their growth. This competitive
advantage is crucial in nutrient-poor conditions, as it not only enhances the iron nutrition of wheat but also suppresses
the growth of harmful pathogens. The ability of these bacteria to produce siderophores is influenced by various
environmental factors, such as soil pH, temperature, and the availability of iron in the soil. Psychrophilic PGPR have
evolved mechanisms to optimize siderophore production even at low temperatures, ensuring that plants receive
adequate iron during critical growth phases (31). The types of siderophores produced by psychrophilic PGPR can
vary, with some strains producing hydroxamate-type siderophores, while others produce catecholate-type
siderophores. The diversity of siderophores produced by these bacteria contributes to their ability to chelate iron under
different soil conditions, making them more effective in promoting plant growth. For example, the hydroxamate
siderophores produced by Pseudomonas species have been shown to have a higher affinity for iron compared to

catecholate siderophores, which enhances their effectiveness in iron acquisition (13).
ACC Deaminase Activity:

Psychrophilic plant growth-promoting rhizobacteria (PGPR) play a crucial role in mitigating plant stress by lowering
ethylene levels through the activity of the enzyme I1-aminocyclopropane-1-carboxylate (ACC) deaminase (4).
Ethylene is a plant hormone that is typically produced in response to stress factors such as salinity, drought, and cold,
leading to adverse physiological effects including inhibited growth and premature senescence. ACC deaminase
catalyzes the conversion of ACC, a precursor of ethylene, into ammonia and o-ketobutyrate, effectively reducing the

amount of ethylene synthesized by the plant. This enzymatic activity is particularly significant under stress conditions
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where the accumulation of ACC is heightened due to stress-induced root exudation. Studies have shown that
psychrophilic PGPR, such as specific strains of Bacillus and Pseudomonas, possess high ACC deaminase activity,
which enables them to thrive in cold environments while simultaneously promoting plant growth and resilience (2).
For instance, research indicates that these bacteria not only lower ethylene levels but also enhance root development,
nutrient uptake, and overall plant vigor by modulating phytohormone levels. The presence of psychrophilic PGPR has
been linked to improved plant growth metrics, such as shoot length, fresh weight, and dry weight, particularly in crops
subjected to cold stress. Furthermore, the genetic screening of these bacteria reveals specific genes associated with
ACC deaminase production, underscoring their potential utility in sustainable agriculture, especially in regions facing
climate challenges (4). By utilizing psychrophilic PGPR, farmers can enhance crop resilience, ensuring better yields
even under adverse environmental conditions, thus contributing to food security and sustainable agricultural practices
in a rapidly changing climate. This synergy between psychrophilic PGPR and plants exemplifies a promising avenue
for biotechnological applications aimed at enhancing agricultural productivity while minimizing reliance on chemical
fertilizers and pesticides, ultimately fostering a more sustainable approach to crop management in the face of global
climate variability (17). The ongoing exploration of the mechanisms underlying PGPR interactions with plant systems
continues to reveal the multifaceted benefits these beneficial bacteria provide, making them invaluable allies in

modern agriculture.
3. Isolation and Characterization of Psychrophilic PGPR Strains
Sources of Psychrophilic PGPR:

Psychrophilic plant growth-promoting rhizobacteria (PGPR) are microorganisms that thrive in extremely cold
environments, such as alpine regions and polar soils. These cold-adapted bacteria play a crucial role in enhancing
plant growth and resilience in harsh climatic conditions. The unique ecological niches from which psychrophilic PGPR
can be isolated include diverse cold environments characterized by low temperatures, high altitudes, and specific soil

and water characteristics.
Cold Environments Hosting Psychrophilic PGPR

1. Alpine Regions: Alpine ecosystems, defined by their high elevation and cold temperatures, provide a rich
habitat for psychrophilic microorganisms. These areas experience extreme weather conditions, including
heavy snowfall and low temperatures that can drop well below freezing. The soil in these regions often has a
unique composition, influenced by glacial activity and the presence of permafrost. Research has shown that
various strains of psychrophilic PGPR, particularly from the genus Pseudomonas, can be isolated from alpine
soils, where they exhibit traits that promote plant growth despite the challenging conditions. For instance,
studies have documented the isolation of Pseudomonas corrugata and Pseudomonas fragi from high-altitude

locations, demonstrating their potential as bioinoculants for crops grown in these environments (1,3).

2. Polar Soils: The polar regions, including the Arctic and Antarctic, are characterized by extreme cold and
prolonged periods of darkness. These environments are often covered in ice and snow, with temperatures that

can remain consistently below freezing. The microbial communities in these soils have adapted to survive in
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such harsh conditions, leading to the presence of psychrophilic PGPR that can thrive at temperatures as low
as -20°C. The unique adaptations of these bacteria allow them to maintain metabolic functions and support
plant growth even in the frigid polar climate. For example, psychrophilic strains isolated from polar soils
have shown significant plant growth-promoting activities, including enhanced nutrient uptake and stress

resistance in plants (21).

3. Glacial and Snow-Fed Lakes: Glacial meltwater and snow-fed lakes are also significant habitats for
psychrophilic microorganisms. These water bodies often have low temperatures and high nutrient loads from
surrounding glacial runoff, creating an ideal environment for psychrophilic PGPR. The microbial
communities in these lakes are diverse, with many species exhibiting cold-adapted traits. Research has
indicated that psychrophilic bacteria from these ecosystems can contribute to nutrient cycling and plant

growth in adjacent terrestrial environments, showcasing their ecological importance (14).

4. Permafrost Regions: Permafrost areas, which are permanently frozen ground found in high-latitude regions,
are another source of psychrophilic PGPR. The microbial communities in permafrost are adapted to survive
in low temperatures and can remain dormant for extended periods. When conditions become favorable, these
microorganisms can become active, contributing to soil health and plant growth. Studies have identified
various psychrophilic bacteria in permafrost, highlighting their potential for agricultural applications in cold

climates (6).
Ecological and Agricultural Implications

The presence of psychrophilic PGPR in these cold environments has significant implications for agriculture,
particularly in regions that experience harsh climatic conditions. These bacteria can enhance plant growth by
improving nutrient availability, promoting root development, and increasing resistance to abiotic stresses such as frost
and drought. The application of psychrophilic PGPR as biofertilizers in cold climates can lead to improved crop yields

and sustainability in agriculture, making them valuable for food security in vulnerable regions (31).
Techniques for Isolation and Characterization:

Psychrophilic plant growth-promoting rhizobacteria (PGPR) are specialized microorganisms that thrive in cold
environments, and their isolation and characterization involve a variety of techniques spanning molecular biology,
physiological assays, and biochemical tests. The methods employed to isolate these bacteria typically begin with
sample collection from cold habitats, such as polar regions, alpine ecosystems, or glacial environments, where they
can be found in association with plant roots or in soil. The initial isolation process often involves serial dilution
techniques, where soil or plant material is suspended in saline solution, followed by plating on selective media at low
temperatures (e.g., 4°C) to encourage the growth of psychrophilic strains while inhibiting mesophilic contaminants.
For example, a study isolated psychrotolerant bacteria from wild flora in Chile by mixing soil samples with saline
solution, serially diluting, and plating on nutrient agar supplemented with antifungal agents to prevent fungal growth,

allowing for the recovery of pure bacterial cultures (32). S
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Once isolated, the characterization of psychrophilic PGPR involves several physiological and biochemical assays to
evaluate their growth-promoting traits. Physiological assays may include testing for cold tolerance, where the survival
rates of isolates at sub-zero temperatures are assessed, often using a bacterial cell survival (BCS) percentage metric.
This allows researchers to identify strains with significant psychrotolerance, which is crucial for their application in
cold agricultural environments (33). Biochemical tests commonly performed include the assessment of plant growth-
promoting traits such as indole-3-acetic acid (IAA) production, phosphate solubilization, and nitrogen fixation. For
instance, IA A production can be quantified using colorimetric methods, where the bacterial isolates are incubated with
tryptophan, and the resulting IAA concentration is measured spectrophotometrically. Phosphate solubilization is
evaluated by culturing the bacteria on media containing insoluble phosphorus sources, with the solubilization

efficiency often indicated by a clear zone around the bacterial colonies on agar plates (34).

Molecular techniques have become increasingly important in the characterization of psychrophilic PGPR. DNA
extraction followed by polymerase chain reaction (PCR) amplification of the 16S rRNA gene allows for the
identification and phylogenetic analysis of the isolated strains. This molecular approach provides insights into the
diversity of psychrophilic bacteria and their evolutionary relationships, which can be crucial for understanding their
ecological roles and potential applications in agriculture (31). Advanced techniques such as whole-genome sequencing
and metagenomics are also being utilized to uncover the genetic basis of cold adaptation and plant growth-promoting

mechanisms in these bacteria, further enhancing their biotechnological potential (35).

In addition to these methods, physiological assays can also assess the bacteria's ability to produce exopolysaccharides
or biofilms, which can enhance plant root colonization and stress tolerance. The effectiveness of these PGPR in
promoting plant growth under cold stress can be evaluated through greenhouse or field trials, where the performance
of inoculated plants is compared to control groups. Such studies often measure parameters like plant height, biomass,
and yield, providing a comprehensive understanding of the practical benefits of these psychrophilic strains in

agriculture (32).
4. Impact of Psychrophilic PGPR on Wheat Growth
Field and Laboratory Studies:

Recent studies have increasingly focused on the impact of psychrophilic plant growth-promoting rhizobacteria
(PGPR) on wheat growth in cold environments, highlighting their potential to enhance growth parameters, yield, and
soil health under low-temperature stress. Cold stress is a significant challenge for wheat cultivation, particularly in
regions that experience harsh winter conditions, leading to reduced growth and yield losses. The application of
psychrophilic PGPR has emerged as a promising strategy to mitigate these effects by improving plant resilience and

promoting growth.

One notable study investigated the effects of psychrophilic Bacillus spp. isolated from the Qinghai-Tibetan Plateau on
wheat growth under cold stress. The researchers found that inoculation with these strains significantly improved plant
height, biomass, and root length compared to untreated controls. Specifically, the strains Bacillus CICL2 and RJGP41

were shown to enhance the expression of phytohormones and stress response genes in wheat, leading to improved
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growth metrics even at temperatures as low as 4°C. The study reported a 30% increase in biomass and a 25% increase
in root length in inoculated plants compared to controls, demonstrating the efficacy of these psychrophilic strains in

promoting wheat growth under cold conditions (33).

Another study isolated ten psychrotolerant bacteria from wheat rhizospheres and evaluated their growth-promoting
traits. The results indicated that these bacteria could grow at temperatures as low as -4°C and exhibited significant
abilities in nitrogen fixation, phosphate solubilization, and production of indole-3-acetic acid (IAA). In field trials,
wheat plants inoculated with these psychrotolerant PGPR showed a remarkable 35% increase in grain yield compared
to non-inoculated plants. This yield improvement was attributed to enhanced nutrient uptake and improved soil health,

as indicated by increased microbial activity and organic matter content in the soil (3).

In another investigation, researchers focused on psychotropic phosphorus-solubilizing bacteria and their role in
alleviating cold stress in wheat. A total of 33 P-solubilizing bacterial isolates were screened for their plant growth-
promoting attributes, and eight efficient strains were selected for field trials. The results revealed that inoculated wheat
plants exhibited improved physiological parameters, including increased chlorophyll content and photosynthetic rates,
which were correlated with a 40% increase in yield. The study emphasized that these psychotropic bacteria not only
enhanced plant growth but also contributed to improved soil nutrient status, particularly phosphorus availability,

thereby promoting overall soil health (4).

5. Comparative Effect of Psychrophilic PGPR on Wheat Growth in Different Countries

Country PGPR Strain(s) Temperature (°C) Dry Weight Nitrogen Phosphate
Increase (%) Fixation Solubilization (mg
(mg N/g P/g soil)
soil)
Pakistan Cupriavidus 4 42% (WR22), 58% 15 20
campinensis, Enterobacter (WR24)
ludwigii

Chine Bacillus spp. 25 50% 20 30
India Pseudomonas fluorescens 10 45% 18 25
Turkey Bacillus amyloliquefaciens 15 40% 12 22
Russia Azospirillum brasilense 5 55% 25 28
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6. Application of Psychrophilic PGPR as Biofertilizers

The application of psychrophilic plant growth-promoting rhizobacteria (PGPR) as biofertilizers has emerged as a
promising strategy to enhance agricultural productivity in cold environments, particularly for crops like wheat that are
sensitive to low temperatures. Psychrophilic PGPR, which thrive in cold conditions, possess unique adaptations that
enable them to promote plant growth even under stress. These bacteria can solubilize essential nutrients, produce
phytohormones, and enhance soil health, making them invaluable for sustainable agriculture in regions affected by

cold climates.

Recent studies have demonstrated the effectiveness of psychrophilic PGPR in improving wheat growth and yield under
cold stress. For instance, a study isolated multiple strains of psychrotolerant bacteria from the wheat rhizosphere and
assessed their ability to promote plant growth at low temperatures. The results indicated that these bacteria could
solubilize phosphorus effectively, with some strains exhibiting significant phosphate solubilization capabilities even
at temperatures as low as 4°C. This is particularly important because phosphorus is often a limiting nutrient in cold
soils, and its availability can be drastically reduced under low-temperature conditions. The application of these
psychrophilic PGPR led to increased phosphorus uptake by wheat plants, resulting in enhanced growth parameters

such as plant height, biomass, and root development.

In another study focused on the use of psychrotolerant Pseudomonas spp., researchers found that inoculation with
these bacteria significantly improved wheat yield compared to non-inoculated controls. The inoculated plants
exhibited a remarkable increase in grain yield, attributed to enhanced nutrient availability and improved physiological
responses to cold stress. Specifically, the presence of these beneficial bacteria was associated with increased
production of indole-3-acetic acid (IAA), a key plant hormone that promotes root elongation and overall plant growth.
The study highlighted that the use of psychrophilic PGPR could lead to yield improvements of up to 35% in wheat

grown in cold environments.

Additionally, the role of psychrophilic PGPR in enhancing soil health cannot be overlooked. These bacteria contribute
to improved soil structure and nutrient cycling by increasing microbial diversity and activity in the rhizosphere. For
example, field trials have shown that the application of psychrophilic phosphate-solubilizing bacteria not only
enhances phosphorus availability but also stimulates the solubilization of other essential nutrients such as potassium
and zinc. This multifaceted approach not only supports plant growth but also reduces reliance on chemical fertilizers,

promoting more sustainable agricultural practices.

The production of antifreeze proteins by psychrophilic PGPR is another critical factor that contributes to their
effectiveness as biofertilizers. These proteins help prevent ice crystal formation within plant tissues, thereby mitigating
damage caused by freezing temperatures. This ability allows plants to maintain metabolic functions and continue
growing even under extreme cold conditions. Research has indicated that plants inoculated with psychrophilic PGPR

exhibit greater resilience to frost damage, leading to better survival rates and improved yields.

Furthermore, the formulation of these biofertilizers has seen advancements aimed at enhancing their efficacy in cold

climates. Techniques such as encapsulation in protective matrices or carrier-based formulations have been developed
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to ensure the viability and effectiveness of psychrophilic PGPR during application. These formulations can protect the
bacteria from environmental stresses while ensuring their delivery directly to the plant roots where they can exert their

beneficial effects.

7. Conclusion

The review underscores the significant potential of psychrophilic plant growth-promoting rhizobacteria (PGPR) as
sustainable biofertilizers for enhancing wheat growth in cold environments. These cold-adapted bacteria effectively
solubilize essential nutrients like phosphorus, promote plant growth by improving key parameters such as height and
biomass, and enhance soil health through increased microbial diversity and activity. Furthermore, their production of
antifreeze proteins helps mitigate frost damage, allowing wheat plants to thrive under extreme cold conditions while
reducing reliance on chemical fertilizers. To capitalize on these benefits, it is crucial to encourage further research and
collaboration among scientists, farmers, and policymakers to explore the mechanisms and applications of
psychrophilic PGPR. This collaborative effort should focus on conducting field trials, educating farmers about their
use, and advocating for supportive policies that promote sustainable agricultural practices, ultimately enhancing food

security and environmental conservation in the face of climate change.
8. Limitations:

Leveraging psychrophilic plant growth-promoting rhizobacteria (PGPR) for enhanced wheat growth presents several
limitations and challenges. Firstly, the effectiveness of these bacteria can be temperature-dependent, with optimal
growth and metabolic activities occurring at moderate temperatures rather than the low temperatures where they are
typically applied, potentially limiting their efficacy in cold environments. Additionally, the variability in responses
among different wheat cultivars and environmental conditions complicates the predictability of outcomes when using
these biofertilizers. Field application may also face challenges due to interactions with indigenous soil microbiota,

which can outcompete introduced PGPR, thereby diminishing their beneficial effects.

Furthermore, regulatory hurdles associated with the commercialization of PGPR as biofertilizers can hinder their
widespread adoption. Lastly, there is a notable lack of long-term studies assessing the sustainability and ecological
impacts of using psychrophilic PGPR in agricultural practices, raising concerns about their long-term viability and

effects on soil health and biodiversity.
9. Future Prospective:

The future prospects of leveraging psychrophilic plant growth-promoting rhizobacteria (PGPR) for enhancing wheat
growth as a sustainable biofertilizer approach are promising yet fraught with challenges that need to be addressed.
One significant limitation is the temperature dependency of these bacteria, as their metabolic activities and beneficial
traits are often optimized at moderate temperatures rather than the low temperatures they are intended to thrive in,
which may hinder their effectiveness in colder climates. Additionally, the variability in responses among different

wheat cultivars and environmental conditions complicates the predictability of their performance, necessitating
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extensive field trials to establish consistent efficacy. There are also concerns regarding the interactions between
introduced PGPR and native soil microbiota, which could lead to competition and reduced effectiveness of the
biofertilizers. Moreover, regulatory barriers for commercializing these microbial solutions can slow down their
adoption in agricultural practices. Finally, the lack of long-term studies on the ecological impacts and sustainability
of using psychrophilic PGPR raises questions about their viability as a reliable agricultural input in the face of climate
change and increasing food demand. Addressing these limitations through targeted research and development will be

crucial for realizing the full potential of psychrophilic PGPR in sustainable agriculture.
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