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ABSTRACT

Legumes are vital to food and nutritional security, often referred to as the “poor man’s meat” because of their high protein content.
Their role in sustainable agriculture is anchored in Biological Nitrogen Fixation (BNF), a symbiotic process involving rhizobia that is
highly sensitive to fluctuation in soil temperature. Soil temperature governs root system architecture (RSA), microbial colonization
and enzymatic activity and is a critical determinant of legume productivity. Extreme soil temperatures impair root activity, microbial
symbiosis and nitrogen fixation. This synthesis drew from over 91 out of 124 peer-reviewed studies spanning molecular biology,
microbial ecology and agronomic interventions. It examines temperature thresholds affecting nodulation kinetics, RSA traits and
symbiotic gene expression, including heat shock proteins (HSPs), cold responsive genes (e.g., GmFRI-1) and hormonal signalling
pathways. RSA traits such as root elongation, branching, biomass and vascular development are temperature sensitive, with
optimal performance between 20-30°C. Cold stress delays nodulation and reduces nitrogenase activity (~60% at 4°C), while heat
stress damages root tip and reduces nitrogenase reductase (~42%). Molecular responses include disrupted auxin transport and
HSP induction. Thermotolerant rhizobial strains, Nod factors and inoculation strategies support symbiosis. Agronomic practices such
as mulching, conservation tillage and strategic sowing buffer soil thermal regimes and enhance microbial activity. Managing the
thermal sensitivity of the legume-rhizobium system through integrated genetic, microbial and agronomic strategies are vital for

climate resilient legume cultivation and sustained productivity under variable soil temperature regimes.
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Legumes play a pivotal role in food and nutritional security,
especially in low-income and vegetarian populations,
earning the moniker ‘poor man’s meat” due to their protein,
essential amino acids and affordability. Rich in
micronutrients like iron, zinc and folate, contribute to
balanced diets and combat hidden hunger. Agronomically,
legumes sustain farming systems through biological
nitrogen fixation (BNF), wherein symbiotic rhizobia convert
atmospheric nitrogen into plant-available forms, reducing
fertilizer dependency and enhancing soil fertility (Wissal
etal., 2020; Owaresat et al., 2023). Their dual roles in nutrition
and agro-ecological resilience makes legumes central to
climate-smart agriculture and inclusive food systems.

Global and regional legume crops in food security

Legumes have diverse global centres of origin, reflecting
their ancient domestication across continents. Chickpea
and Lentil were domesticated in the Fertile Crescent
(Zohary et al., 2012). Peas traces its roots to the Mediterranean
Basin and Central Asia. Soybean originated in northeastern
China (Hymowitz and Shurtleff, 2005). The common bean
has dual centres in Mesoamerica and the Andean region
of South America (Bellucci et al., 2013), while Faba bean
originated in the Near East, although its wild progenitor
remains unidentified (Caracuta et al., 2016). Groundnut is
native to South America, particularly Brazil and Peru
(Krapovickas, 2017). Cowpea emerged from Sub-Saharan
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Africa, adapted to arid climates and low-input systems
(Boukar et al., 2019). Grass pea, known for its drought tolerance,
is native to the Mediterranean and South Asia (Gongalves
et al., 2024). India is a major centre of origin for several
tropical legumes such as pigeon pea, black gram, green
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gram, Horse Gram, Lablab Bean and Moth Bean are native
to the Indian subcontinent, where they have long supported
rainfed subsistence farming and protein nutrition
(Srivastava et al., 2025). These origins underscore the
ecological and cultural significance of legumes in shaping
resilient food systems across agro climatic zones in India.

Leguminosae crops addresses global food and
nutritional security challenges, particularly in regions with
protein-deficient diets (Salaria et al., 2022; Amel et al., 2018),
being rich in protein (20-35%) (Grdefi and Jakubczyk, 2023),
essential amino acids, fibre, vitamins and minerals (Cakir
et al., 2019). Legumes offer a nutritionally balanced alternative
to animal protein (Rajput et al., 2024), make them especially
valuable in vegetarian populations in India, where pulses
are dietary stables. Globally, rising demand for plant-based
proteins reflects health and sustainability concerns
(Aschemann-Witzel et al., 2021).

Legumes like lentils, chickpeas, mung beans and
soybeans are recognized as “future-smart foods” for their
nutritional and ecological resilience (Sharma et al., 2024).
In India, pulses contribute significantly to protein intake
and are culturally embedded in rural traditional food
systems (Singh et al., 2017; Sonika et al., 2020). Beyond
human nutrition, legumes also support sustainable diets
by reducing reliance on resource-intensive animal agriculture
(R60s et al,, 2020). Their inclusion in cropping systems enhances
food system diversity and resilience, align with the UN
Sustainable Development Goals (SDGs), particularly SDG 2
(Zero Hunger) and SDG 13 (Climate Action) (Unicef, 2022).

Despite their benefits, legume production is constrained
by low yields, biotic and abiotic stresses and limited policy
support. Breeding, biofortification and value addition are
key to enhancing their role in global food and nutritional
security worldwide.

Objective and scope of the review

This review synthesizes current knowledge on soil
temperature effects on legume rhizobium interactions, with
emphasis on root morphogenesis and nitrogen dynamics
across physiological, molecular, microbial and agronomic
dimensions relevant to climate resilient cultivation. The
process is illustrated in the graphical abstract (Fig 1) and
PRISMA flow diagram (Fig 2).

From an initial 162 publications retrieved via Scopus,
Web of Science, Google Scholar, PubMed and CAB
Abstracts using targeted keywords, 124 were shortlisted
after screening and 91 peer-reviewed studies were retained
for final synthesis, based on rigor and relevance.

Thematic organization focused on temperature thresholds
influencing nodulation, root system architecture (RSA) and
symbiotic gene expression. Key regulators included heat
shock proteins, cold responsive genes (e.g., GmFRI-1)
and hormonal pathways modulating auxin-cytokinin dynamics.
Integrated analysis covered physiological traits (root elongation,
branching, biomass), microbial adaptations (strain
tolerance, inoculant formulations) and agronomic practices
(mulching, conservation tillage, co-inoculation) that shape
symbiotic efficiency under variable soil temperatures.

Soil temperature and crop production

Soil temperature is a fundamental environmental variable
regulating biological, chemical and physical processes in
agriculture. It directly influences seed germination, root
development, microbial activity, nutrient mineralization and
water uptake, making it a critical determinant of crop
productivity (Hatfield and Prueger, 2015). Optimal soil
temperatures for tropical and subtropical crops are typically
20-30°C, varying by species and growth stage. Deviations
from this range due to seasonal or climate induced shifts
can disrupt enzymatic activity and hormonal signalling,
impairing seed imbibition, radicle emergence and root
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Fig 1: System of literature review process adopted in this
review article.
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Fig 2: PRISMA flow diagram.
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elongation. (Yanjun et al., 2005). Cold soils delay germination
and weaken seedling vigour, while excessive warmth
accelerates metabolism but impairs root integrity and water
balance. Nutrient solubility and uptake is also affected,
with phosphorus availability reduced in cooler soils due to
limited microbial activity (Blackwell et al., 2010). Microbial
processes like decomposition, nitrification and symbiosis
are highly temperature sensitive, shaping microbial
biomass, diversity and nutrient cycling.

Conservation practices such as mulching, cover
cropping and residue management help maintain optimal
thermal regimes for microbial health and crop resilience
(Lal, 2020). Moreover, soil temperature interacts with
moisture dynamics, influencing evapotranspiration, root
water uptake and drought tolerance. Recent studies
highlight its role in regulating enzymatic activity, membrane
fluidity and hormonal signalling, affecting germination, root
growth and biomass accumulation (Yeremko et al., 2025).

Understanding soil temperature dynamics is crucial
for optimizing legume productivity, guiding sowing windows,
varietal choice and inoculant strategies for climate resilient
agriculture. While warmer soils may extend temperate
growing seasons but also intensify heat stress and disrupt
root—microbe interactions in tropical zones. A nuanced
grasp of these dynamics is essential for designing adaptive
agronomic practices, selecting thermotolerant cultivars and
refining sowing schedules under variable climates.

Root system architecture under soil temperature
stress

The rhizosphere is highly sensitive to temperature fluctuations,
especially in legumes where root-microbe interactions drive
productivity. Soil temperature shapes root system architecture
(RSA), influencing elongation, branching and biomass (Luo
et al., 2020). RSA governs water and nutrient uptake, microbial
colonization and stress resilience. A dual fertilizing layer at
the 30/ cm crest buffers soil temperature, enhancing root
geometry through shallower angles, lateral proliferation,
increased diameter and vertical expansion (Kang et al.,
2025). Conversely, cooler root zones (7-13°C) restrict root
growth and reduce vascular duct size, impairing mineral
uptake and translocation (Miao et al., 2023).

Root elongation

Highly temperature sensitive, elongation in soybean peaks
near 30°C, while drops by 70% at 12°C (de Moraes and
Gusmao, 2021). Near-zero temperatures halted root extension
in cereals like wheat and maize (Morandage et al., 2021),
while cooler soils reduce root length density in spring
cereals, limiting soil exploration (Qin et al., 2018). Most
legumes elongate optimally 20-28°C; below 15°C, cell
division slows, while above 35°C root tips are damaged,
reducing elongation and lateral root formation.

Lateral root formation

Moderate soil warmth promoting auxin-mediated lateral
root development, while excessive heat disrupts hormonal

signalling, producing sparse roots. Tripathi et al. (2024) reported
that legumes exposed to fluctuating soil temperatures
exhibited altered branching patterns and reduced adventitious
root density, impairing nodulation and nitrogen fixation.

Biomass accumulation

Root biomass peaks under optimal soil temperature and
moisture. Legumes showed higher root biomass cooler
temperatures (19-20°C), due to improved water retention
and reduced thermal stress (Tchapga et al., 2023). Elevated
temperatures accelerate decomposition but reduce
biomass via increased respiration and lower carbon
allocation. In maize, root dry weight was highest under 30/
22°C and 35/27°C regimes (Walne and Reddy, 2022), while
warming 4-6°C above ambient deteriorated fine roots and
reduce absorptive root biomass (Parts et al., 2019). In cold
ecosystems, warming increased root, fungal and fungivore
biomass, though bacterial and archaeal levels remained
stable (Salazar et al., 2020).

Thermal sensitivity of rhizobial function

Rhizobial activity and colonization under soil temperature
stress

Soil temperature is a critical determinant of rhizobial activity,
colonization efficiency and legume-rhizobium symbiosis.
Rhizobia exhibit optimal metabolic activity and BNF
between 20-30°C (Bordeleau and Prévost, 1994), while
below 15°C or above 35°C impair bacterial viability, signal
exchange and symbiotic function. Low temperatures slow
rhizobial metabolism, reduce Nod factor synthesis and
delay colonization (Liu et al., 2019). Cold stress also alters
gene expression in rhizobia and host roots, affecting early
signalling and nodule initiation. In contrast, elevated
temperatures may boost root growth but disrupt rhizobial
membrane integrity, enzymatic stability and signalling
molecule production (Kumar et al., 2023; Caruso et al., 2014).

Soil temperature strongly influences rhizobial motility,
chemotaxis and attachment to root hairs, critical steps for
colonization. Moderate warmth enhances these processes
and boosts nodule biomass, while temperatures outside
the optimal (20-30°C) delay colonization (Zhang et al.,
2020). Optimal temperatures (20-30°C) favour rhizobial
colonization, nodule development and nitrogenase
efficiency. Conversely, temperatures below 15°C or above
30°C can hinder nodulation and reduce nitrogen fixation
rates (Aranjuelo et al., 2007; Mohammadi et al., 2012).
Importantly, rhizobial strains vary in thermal tolerance, with
some maintaining symbiotic efficiency under heat stress,
making their selection vital for legume cultivation in
warming climates (Asadi Rahmani et al., 2009; Alexandre
and Oliveira, 2011).

Rhizobial inoculant formulation and delivery systems

The efficacy of rhizobial inoculants under temperature
stress depends on both strain selection and formulation.
Carrier-based inoculants using peat, lignite, or charcoal
help buffer rhizobia against desiccation and thermal
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fluctuations, extending shelf life and field viability (Bashan
et al., 2014). Liquid inoculants enriched with protective
polymers and osmolytes enhance thermal tolerance and
rapid colonization, especially in high-temperature environments
(Tittabutr et al., 2007). Encapsulation in alginate beads or
biochar matrices creates protective microenvironments that
moderate temperature and moisture stress (Schoebitz
and Lopez Belchi, 2016). Precision placement of inoculants
near the rhizosphere, particularly in mulched or conservation
tilage systems, enhances nodulation. Combining themmotolerant
strains with optimized formulations and targeted delivery
sustains symbiosis under climate variability.

Molecular mechanisms of nodule initiation

Nodule formation begins with molecular dialogue between
host roots and compatible rhizobia. Within nodules, rhizobia
differentiate into nitrogen-fixing Bacteroides (Ledermann
et al., 2021), supported by spatially and temporally regulated
signalling networks. Nodules create a microaerobic niche
for nutrient exchange and nitrogenase activity. Soil
temperature influences nodule development and rhizobial
strain competitiveness, for instance, B. diazoefficiens USDA
110/122 perform best at 28/23°C, while B. japonicum USDA
123 prefers cooler conditions (Shiro et al., 2016). Maintaining
optimal soil temperatures and using thermotolerant strains
with suitable soil management enhances symbiotic efficiency
and legume productivity.

Thermal sensitivity of rhizobial function
Soil temperature on nodule formation

Rhizobia form a symbiotic association with legumes, enabling
atmospheric nitrogen fixation through nodule formation
(Masson-Boivin and Sachs, 2018; Raza et al., 2020). The
process begins with root-exuded flavonoids that attract
compatible rhizobia and induce Nod factor synthesis (Abd-
Alla et al., 2023). These signals recognized by root surface
receptors, triggering root hair curling and infection thread
formation (Krénauer and Radutoiu, 2021; Ghantasala and
Roy Choudhury, 2022). Soil temperature critically influences
rhizobial strain competitiveness and nodule occupancy.
For example, B. diazoefficiens USDA 110/122 nodulated
optimally at 28/23°C, while B. japonicum USDA 123 prefers
cooler conditions, highlighting the importance of
temperature-specific strain selection (Shiro et al., 2016).

Temperature effects on nodule development

Optimal root-zone temperatures for nodule development
are species-specific: 25°C for tropical beans, 20°C for peas
and 15°C for lentils (Junior et al., 2005). Deviations delay
nodule initiation and reduce size, number and growth rate.
Rhizobial colonization also varies with temperature,
rhizosphere populations rise between 20-30°C, while
endophytic movement in chickpea peaks at 25°C (Landa
et al., 2004). Co-inoculation with Bradyrhizobium and
Azospirillum brasilense enhances nodulation in soybean
under 20-30°C, with peak efficiency at 76% soil water
retention and 112 nodules per plant (Deak et al., 2019).

In contrast, low temperatures (15°C) reduce clover productivity
and delay nodulation (Janczarek et al., 2024), while high
temperatures (>40°C) can cause nodulation failure and
genetic stress in rhizobia (Hungria and Vargas, 2000).

Role of heat shock proteins in nodule development

In legumes, Heat shock proteins (HSPs) are essential for
symbiosis during nodule development, preventing protein
aggregation and maintaining cellular homeostasis (Ogden
et al., 2017; Flynn et al., 2024). Small HSPs like GmHSP17.9
inhibit thermal aggregation of malate dehydrogenase at
45°C and support early signalling and differentiation (Yang
et al., 2022). HSPs also safeguard nitrogenase enzymes from
heat-induced denaturation and oxidative stress, preserving
nitrogen fixation (Rajaram and Apte, 2008). Heat-tolerant
rhizobial strains such as CIAT899 upregulate specific HSPs
(e.g., 21/ kDa) under 40-45°C, enhancing thermotolerance
(Michiels et al., 1994). Their stress-induced expression
makes HSPs valuable biomarkers and breeding targets
for heat-resilient legumes, supporting symbiotic efficiency
under climate stress (Aranjuelo et al., 2015).

Cold responsive genes and their impact on
nodulation

Cold responsive genes enable legumes to sustain symbiosis
under low-temperature stress by encoding proteins such
as C-repeat binding factors (CBFs), antifreeze proteins and
Osmo protectant enzymes that preserve cellular
homeostasis (Thomashow, 2010). Active rhizobial symbiosis
enhances cold tolerance in alfalfa by boosting antioxidant
defences and modulating cold-response genes (Liu et al.,
2019). Cold stress disrupts hormonal signalling, cytokinin
is pivotal for Nod factor transduction and nodule
organogenesis (Dolgikh et al., 2016), while low temperatures
suppress auxin transporters (PIN1-PIN7), impairing root
elongation and gravitropism (Tiwari et al., 2023). Nitrogenase
activity is highly cold-sensitive, declining by 60% in
Bradyrhizobium japonicum nodules within 24 hours at 4°C
(Zhang et al., 2014). However, genes like GmFRI-1 help
maintain nodulation under cold stress, its overexpression
enhances soyabean nodule formation at 4°C, while RNAI
silencing inhibits it (Zhang et al., 2025).

Nodule senescence under temperature stress

Root nodule senescence is an orchestrated process involving
the programmed death of bacteroids and plant cells, which
results in a gradual decline in nitrogen fixation (Tsyganova
et al., 2023). Temperature strongly shapes senescence,
at 28°C, wild-type SGE nodules senesced centrally after
three days, while mutant lines SGEFix’-3 and SGEFix’-7
showed rapid apex and basal senescence within one day
(Serova et al., 2023a). Heat-induced senescence is also
governed by hormonal pathways, with upregulation of GA
deactivation (PsGA20x1), ethylene (PsACS2, PsACO1),
jasmonic acid (PsLoxN1) and ABA synthesis genes
(PsNCED2, PsAO3), alongside downregulation of GA
biosynthesis gene PsGA20o0x1-collectively promsoting
nodule aging (Serova et al., 2023b).
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Nitrogen fixation dynamics under soil temperature
variability

Biological nitrogen fixation (BNF) is highly soil temperature-
sensitive with extremes threaten symbiotic efficiency and
crop productivity (Flynn et al., 2024; Kaji¢ et al., 2016).
Conservation tillage enhances nodulation and BNF by
improving moisture retention, moderating temperature and
boosting microbial biomass (Torabian et al., 2019). Root-
zone temperature (RZT) is critical, nitrogen fixation in grass
pea halts below 10°C, temperate rhizobia peak at 25°C
and cold-adapted strains at 15°C (Mahdavi et al., 2010).
This highlights the importance of matching rhizobial thermal
adaptation to local soil conditions. In Arctic soils, BNF peaks
below 14°C with adequate moisture, suggesting vulnerability
of cold-adapted diazotrophs to warming (Rousk et al., 2018).
In temperate zones, BNF rates rise with temperature,
peaking at 35°C under moderate moisture (Li et al., 2018).
In chickpea, nitrogenase and nitrate reductase activities

peak during flowering but decline at ~39°C, with nitrogenase
reductase dropping by 40.12% and nitrogenase by 20.21%
(Jain et al., 2014). Ammonium assimilation enzymes GS
and GOGAT are even more sensitive to heat stress
(Hungria and Kaschuk, 2014). These findings highlight
the critical need for temperature resilient symbiotic systems
to sustain BNF under climate stress. The interactions
between soil temperature and key activities in legume-
rhizobium systems are summarized in Table 1 and a
graphical abstract (Fig 3).

Agronomic and microbial interventions for soil
temperature management

Soil temperature regulates seed germination, root development,
microbial activity and nutrient cycling, making its
management vital under climate variability. Mulching with
straw, leaf litter, or green manures, buffers temperature,
conserves moisture and promotes microbial health. In
Indian natural farming, mulching synergizes with inputs

Table 1: Optimal soil temperature for the key activities in legume-rhizobium systems.

Optimal soil Effect of low

Activity

Effect of high o
Remarks / Citations

temperature range

temperature (<15°C)

temperature (>35°C)

Seed germination 20-30°C Delayed imbibition,
poor viguor
Root elongation 20-28°C 70% reduction in
soybean at 12°C
Lateral root 22-30°C Sparse branching,
Formation hormonal disruption
Root biomass 19-30°C Reduced cell division,
accumulation poor vascular
development
Rhizobial 20-30°C Delayed Nod factor
colonization synthesis, impaired

Nodule initiation

Species-specific

infection threads
Delayed primordia

(15-25°C) formation, reduced
nodule number

Nitrogenase 25-30°C 60% decline at 4°C
activity in B. japonicum nodules
Heat shock >40°C Not induced
protein expression
Cold-responsive <15°C Upregulated (e.g.,
Gene expression GmFRI-1, CBFs)
Agronomic All ranges Buffers cold stress,
Interventions improves microbial
(Mulching) activity
Microbial inoculant 20-30°C Thermotolerant strains

Selection

Sowing window
Optimization

Region-specific

underperform

Avoid early sowing
in cold soils

Accelerated metabolism,
reduced viability

Tip damage, inhibited
elongation and branching

Auxin imbalance,

reduced adventitious roots
Increased respiration,
reduced carbon allocation

Membrane instability,
reduced signaling

Genetic stress,
nodulation failure

40% reduction at

~39°C in chickpea
Upregulated to protect
nitrogenase and inhibit
thermal aggregation of MDH
Suppressed

Reduces evapotrans-
piration, stabilizes
root zone
Cold-adapted strains
underperform

Avoid peak
heat periods

(Hatfield and Prueger,
2015) and (Yeremko
et al., 2025)

(de Moraes and Gusmao,
2021) and (Tripathi
et al., 2024)

(Tripathi et al., 2024)

(Tchapga et al., 2023)
and (Walne and Reddy,
2022)

(Liu et al., 2019) and
(Mohammadi etal., 2012)

(Junior et al., 2005) and
(Hungria and Vargas,
2000)

(Zhang et al., 2014)
and (Jain et al., 2014)
(Yang et al., 2022) and
(Michiels et al., 1994)

(Zhang et al., 2025)
and (Thomashow, 2010)
(Lakhani and Bodar,
2025) and (Demo and
Asefa Bogale, 2024)
(Asadi Rahmani et al.,
2009) and (Alexandre
and Oliveira, 2011)
(Zhang et al., 2019)
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like Jeevamrit and Bijamrut to enhance nutrient cycling and
nitrogen fixation (Lakhani and Bodar, 2025). Muiching also
suppresses weeds, reduces evapotranspiration and cold
stress, making it especially valuable in dryland and semi-
arid regions (Demo and Asefa Bogale, 2024).

Thermotolerant strains of Rhizobium, Azospirillum
and phosphate-solubilizing bacteria improve nodulation
and nutrient uptake. Inoculants applied with organic carriers
and placed near the root zone, often alongside mulching
enhance microbial efficacy (Abro et al., 2011). Region-
specific formulations are increasingly recommended to
match local soils and cropping systems. Sowing window
optimization-based on soil temperature thresholds
improves germination and seedling vigour. Aligning sowing
with seasonal rainfall and temperature patterns boosts
yields (Zhang et al., 2019). Longterm Agrometeorological
data and crop-weather calendars guide ideal sowing
periods for rainfed crops.

Together, these interventions form a low-cost, synergistic
framework for climate-resilient agriculture across diverse
agro-climatic zones. Integrated with conservation agriculture
and ICT-based advisories, they strengthen soil health, microbial
diversity and crop productivity under temperature stress.

Way forward

To enhance legume productivity and nitrogen fixation under
variable soil temperatures, integrated agronomic
management strategies are essential to improve resilience.
Advanced inoculant technologies, including encapsulated
and polymer-enriched formulations may strengthen the
nodulation process. Molecular insights into heat shock
proteins, cold-responsive genes and hormonal pathways
provide breeding targets. Embedding these approaches
in extension programs, policies and farmer training ensures
scalable adoption across diverse agro-climatic zones.

CONCLUSION

Soil temperature critically shapes root architecture and
legume-rhizobium symbiosis, influencing water uptake,
nutrient acquisition and nitrogen fixation. Extreme heat or
cold impair root development and symbiotic efficiency.
Integrating thermotolerant rhizobial strains, optimized
inoculants, mulching and conservation tillage helps buffer
temperature stress. Strategic sowing windows and root-
zone management further enhance nodulation in rainfed
systems. Molecular insights into heat shock proteins and
cold-responsive genes offer new breeding targets for
thermal resilience. Coupled with ICT-based advisories and
region-specific agrometeorological data, these interventions
can boost legume productivity and soil health. A systems
approach, linking genetic, microbial and agronomic
innovations is essential for sustaining biological nitrogen
fixation and advancing climate-smart agriculture.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the Ministry of Social
Justice and Empowerment and the University Grants
Commission (UGC), Government of India, for the student
fellowship and sincerely thank the scientists of the DST—
Centre of Excellence on Disaster and Climate Resilient
Agriculture, Agro Climate Research Centre, TNAU, Coimbatore,
for valuable support in collecting review materials.

Disclaimers

The views and conclusions expressed in this article are
solely those of the authors and do not necessarily
represent the views of their affiliated institutions. The
authors are responsible for the accuracy and completeness
of the information provided, but do not accept any liability
for any direct or indirect loss resulting from the use of this
content.

Informed consent
No animal used during the research.
Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Abd-Alla, M.H., Al-Amri, S.M. and EI-Enany, A.W_.E. (2023). Enhancing
rhizobium-legume symbiosis and reducing nitrogen fertilizer
use are potential options for mitigating climate change.
Agriculture. 13(11): 2092. https://doi.org/10.3390/agriculture
13112092.

Abro, S., Tian, X., You, D., Ba, Y., Li, M. and Wu, F. (2011). Influence of
microbial inoculants on soil response to properties with
and without straw under different temperature regimes.
African Journal of Microbiology Research. 4(19): 3054-
3061. https://doi.org/10.5897/AJMR11.193.

Alexandre, A. and Oliveira, S. (2011). Most heat-tolerant rhizobia show
high induction of major chaperone genes upon stress.
FEMS Microbiology Ecology. 75(1): 28-36.https://doi.org/
10.1111/j.1574-6941.2010.00993.x.

6 Legume Research- An International Journal



Thermal Sensitivity of Legume-rhizobium Interactions: Root Morphogenesis and Variability: A Review

Amel, B., Sihem, T., Faiza, O. and Mohamed, O.S. (2018). Characteri-
zation of rhizobia from root nodule and rhizosphere of Vicia
faba in Algeria. Legume Research-An Intemational Journal.
41(4): 624-628. doi: 10.18805/LR-399.

Aranjuelo, |., Aldasoro, J., Arrese-Igor, C., Erice, G. and Sanz-Saez,
A. (2015). How does high temperature affect legume
nodule symbiotic activity? In Legume nitrogen fixation
in a changing environment: Achievements and challenges
Springer. (pp. 67-87).

Aranjuelo, |., Irigoyen, J.J. and Sanchez-Diaz, M. (2007). Effect of
elevated temperature and water availability on CO, exchange
and nitrogen fixation of nodulated alfalfa plants. Environmental
and Experimental Botany. 59(2): 99-108. https://doi.org/
10.1016/j.envexpbot.2005.10.008.

Asadi Rahmani, H., Saleh-Rastin, N., Khavazi, K., Asgharzadeh, A.,
Fewer, D., Kiani, S. and Lindstrom, K. (2009). Selection
of thermotolerant bradyrhizobial strains for nodulation
of soybean (Glycine max L.) in semi-arid regions of
Iran. World Journal of Microbiology and Biotechnology.
25(4): 591-600. https://doi.org/10.1007/s11274-008-9927-8.

Aschemann-Witzel, J., Gantriis, R.F., Fraga, P. and Perez-cueto, F.J.A.
(2021). Plant-based food and protein trend from a business
perspective: Markets, consumers and the challenges and
opportunities in the future. Critical Reviews in Food Science
and Nutrition. 61(18): 3119-3128. https://doi.org/10.1080/
10408398.2020.1793730.

Bashan, Y., de-Bashan, L.E., Prabhu, S.R. and Hernandez, J.P. (2014).
Advances in plant growth-promoting bacterial inoculant
technology: Formulations and practical perspectives
(1998-2013). Plant and Soil. 378(1): 1-33. https://doi.org/
10.1007/s11104-013-1956-x.

Bellucci, E., Bitocchi, E., Rau, D., Rodriguez, M., Biagetti, E., Giardini,
A., Attene, G., Nanni, L. and Papa, R. (2013). Genomics of
origin, domestication and evolution of Phaseolus vulgaris.
Genomics of Plant Genetic Resources: Volume 1. Managing,
Sequencing and Mining Genetic Resources. 483-507.

Blackwell, M.S.A., Brookes, P.C., de La Fuente-Martinez, N., Gordon,
H., Murray, P. J., Snars, K.E., Williams, J.K., Bdl, R. and Haygarth,
P.M. (2010). Phosphorus solubilization and potential transfer
to surface waters from the sail microbial biomass following
drying-rewetting and freezing-thawing. Advances in
Agronomy. 106: 1-35.

Bordeleau, L.M. and Prévost, D. (1994). Nodulation and nitrogen fixation
in extreme environments. Plant and Soil. 161(1): 115-125.

Boukar, O., Belko, N., Chamarthi, S., Togola, A., Batieno, J., Owusu,
E., Haruna, M., Diallo, S., Umar, M.L. and Olufajo, O. (2019).
Cowpea (Vigna unguiculata): Genetics, genomics and
breeding. Plant Breeding. 138(4): 415-424.

Cakir, O., Ugarli, C., Tarhan, C., Pekmez, M. and Turgut-kara, N.
(2019). Nutritional and health benefits of legumes and
their distinctive genomic properties. Food Science and
Technology. 39(1): 1-12. https://doi.org/10.1590/fst.42117.

Caracuta, V., Weinstein-Evron, M., Kaufman, D., Yeshurun, R., Silvent,
J. and Boaretto, E. (2016). 14,000-year-old seeds indicate
the Levantine origin of the lost progenitor of faba bean.
Scientific Reports. 6(1): 37399. https://doi.org/10.1038/
srep37399.

Caruso, R., Warner, N., Inohara, N. and Nufez, G. (2014). NOD1 and
NOD2: Signaling, host defense and inflammatory disease.
Immunity. 41(6): 898-908. https://doi.org/10.1016/j.immuni.
2014.12.010.

de Moraes, M.T. and Gusmao, A.G. (2021). How do water, compaction
and heat stresses affect soybean root elongation? A
review. Rhizosphere. 19: 100403. https://doi.org/10.1016/
j- rhisph.2021.100403.

Deak, E.A., Martin, T.N., Fipke, G.M., Stecca, J.D.L., Tabaldi, L.A.,
Nunes, U.R., Winck, J. E.M. and Grando, L.F.T. (2019).
Effects of soil temperature and moisture on biological nitrogen
fixation in soybean crop. Australian Journal of Crop Science.
13(8): 1327-S1. https://doi.org/10.21475/ajcs.19.13. 08.
p1739.

Demo, A.H. and Asefa Bogale, G. (2024). Enhancing crop yield and
conserving soil moisture through mulching practices in
dryland agriculture. Frontiers in Agronomy. 6: 1361697.
https://doi.org/10.3389/fagro.2024.1361697.

Dolgikh, E.A., Kirienko, A.N., Leppyanen, .V and Dolgikh, A.V. (2016).
Role of phytohormones in the control of symbiotic nodule
development in legume plants. |. Cytokinins. Sel'skokhozy-
aistvennaya Biologiya. 3: 285-98. Russian.

Flynn, C.G,, Fakih, R., Gehring, K. and Soper, F.M. (2024). Small heat
shock proteins (sHSPs) identified in nodules of tropical
woody legumes. BioRxiv. 2010-2024.

Ghantasala, S. and Roy Choudhury, S. (2022). Nod factor perception:
An integrative view of molecular communication during
legume symbiosis. Plant Molecular Biology. 110(6): 485-
509. https://doi.org/10.1007/s11103-022-01307-3.

Gongalves, L., Rubiales, D., Lourenco, M. and Patto, M.C.V. (2024).
Exploring grass pea (Lathyrus sativus L.) genetic diversity
in Mediterranean changing climate conditions. European
Journal of Agronomy. 156: 127142. https://doi.org/10.1016/).
eja.2024.127142.

Grdef, P. and Jakubczyk, A. (2023). Health benefits of legume seeds.
Journal of the Science of Food and Agriculture. 103(11):
5213-5220. https://doi.org/10.1002/jsfa.12585.

Hatfield, J.L. and Prueger, J.H. (2015). Temperature extremes: Effect
on plant growth and development. Weather and Climate
Extremes. 10(PartA): 4-10. https://doi.org/10.1016/j.wace.
2015.08.001.

Hungria, M. and Kaschuk, G. (2014). Regulation of N2 fixation and
NO3-/NH4+ assimilation in nodulated and N-fertilized
Phaseolus vulgaris L. exposed to high temperature stress.
Environmental and Experimental Botany. 98: 32-39.
https://doi.org/10.1016/j.envexpbot.2013.10.010.

Hungria, M. and Vargas, M.A.T. (2000). Environmental factors affecting
N2 fixation in grain legumes in the tropics, with an emphasis
on Brazil. Field Crops Research. 65(2-3): 151-164. https:/
doi.org/10.1016/S0378-4290(99)00084-2.

Hymowitz, T. and Shurtleff, W.R. (2005). Debunking soybean myths
and legends in the historical and popular literature. Crop
Science. 45(2): 473-476. https://doi.org/10.2135/cropsci
2005.0473.

Jain, A.K., Ruhela, A K. and Panwar, J.D.S. (2014). Effect on nodulation
and enzymatic activity related to nitrogen metabolism in
chickpea (Cicer arietinum) under elevated temperature
conditions. Bulletin Biosci. 5: 1-9. (http://creativecommons.
org/licenses/by-nc-nd/3.0/.



Thermal Sensitivity of Legume-rhizobium Interactions: Root Morphogenesis and Variability: A Review

Janczarek, M., Adamczyk, P., Gromada, A., Polakowski, C., Wengerska,
K. and Bieganowski, A. (2024). Adaptation of Rhizobium
leguminosarum sv. trifolii strains to low temperature
stress in both free-living stage and during symbiosis
with clover. Science of the Total Environment. 951: 175554.
https://doi.org/10.1016/j.scitotenv.2024.175554.

Junior, M. de A.L., Lima, A.S.T., Arruda, J.R.F. and Smith, D.L. (2005).
Effect of root temperature on nodule development of bean,
lentil and pea. Soil Biology and Biochemistry. 37(2): 235-
239. https://doi.org/10.1016/j.s0ilbio.2004.07.032.

Kaji¢, S., Hulak, N. and Sikora, S. (2016). Environmental stress response
and adaptation mechanisms in rhizobia. Agriculturae
Conspectus Scientificus. 81(1): 15-19.

Kang, B., Yan, X., Zhang, Y., Huang, R., Luo, Y., Xu, Q., Han, L., Wang,
C. and Li, B. (2025). Layered manure enhances root
development via soil hydrothermal optimization in ridge
tillage. Plant and Soil. 1-16. https://doi.org/10.1007/
s11104-025-07786-9.

Krapovickas, A. (2017). The origin, variability and spread of the
groundnut (Arachis hypogaea). In The domestication
and exploitation of plants and animals Routledge.
(pp. 427-442).

Krénauer, C. and Radutoiu, S. (2021). Understanding Nod factor
signalling paves the way for targeted engineering in
legumes and non-legumes. Current Opinion in Plant Biology.
62: 102026. https://doi.org/10.1016/j.pbi.2021.102026.

Kumar, S., Gopinath, K.A., Sheoran, S., Meena, R.S., Srinivasarao, C.,
Bedwal, S., Jangir, C.K., Mrunalini, K., Jat, R. and Praharaj,
C.S. (2023). Pulse-based cropping systems for soil health
restoration, resources conservation and nutritional and
environmental security in rainfed agroecosystems. Frontiers
in Microbiology. 13: 1041124. https://doi.org/10.3389/
fmicb.2022.1041124.

Lakhani, H. and Bodar, N. (2025). Natural farming and mulching
synergies: Enhancing soil health and crop productivity
in Indian agroecosystems. International Journal of Current
Microbiology and Applied Sciences. 14(6). https://doi.org/
10.20546/ijcmas.2025.1406.002.

Lal, R. (2020). Soil organic matter and water retention. Agronomy
Journal. 112(5): 3265-3277. https://doi.org/10.1002/agj2.
20282.

Landa, B.B., Navas Cortés, J.A. and Jiménez Diaz, R.M. (2004).
Influence of temperature on plant-rhizobacteria interactions
related to biocontrol potential for suppression of fusarium
wilt of chickpea. Plant Pathology. 53(3): 341-352. https://doi.
org/10.1111/j.0032-0862.2004.01008.x.

Ledermann, R., Schulte, C.C.M. and Poole, P.S. (2021). How rhizobia
adapt to the nodule environment. Journal of Bacteriology.
203(12): 10-1128. https://doi.org/10.1128/jb.00.

Li, D., Zhang, Q., Xiao, K., Wang, Z. and Wang, K. (2018). Divergent
responses of biological nitrogen fixation in soil, litter and
moss to temperature and moisture in a karst forest, South-
west China. Soil Biology and Biochemistry. 118: 1-7. https:/
doi.org/10.1016/j.s0ilbio.2017.11.026.

Liu, Y.S., Geng, J.C., Sha, X.Y., Zhao, Y.X., Hu, T.M. and Yang, P.Z.
(2019). Effect of rhizobium symbiosis on low-temperature
tolerance and antioxidant response in alfalfa (Medicago
sativa L.). Frontiers in Plant Science. 10: 538. https://
doi.org/10.3389/fpls.2019.00538.

Luo, H., Xu, H., Chu, C., He, F. and Fang, S. (2020). High temperature
can change root system architecture and intensify root
interactions of plant seedlings. Frontiers in Plant Science.
11: 160. https://doi.org/10.3389/fpls.2020.00160.

Mahdavi, B., Modarres Sanavy, S.A.M., Saberali, S.F. and Dolatabadian,
A. (2010). Influence of root-zone temperature on growth
and nitrogen fixation in three Iranian grasspea landraces.
Acta Agriculturae Scandinavica Section B-Soil and Plant
Science. 60(1): 40-47. https://doi.org/10.1080/090647108
02609527.

Masson-boivin, C. and Sachs, J.L. (2018). Symbiotic nitrogen fixation
by rhizobia-the roots of a success story. Current Opinion
in Plant Biology. 44: 7-15. https://doi.org/10.1016/j.pbi.
2017.12.001.

Miao, Y.N., Ren, J.L., Zhang, Y., Chen, X.M., Qi, M.F,, Li, T.L., Zhang,
G.X. and Liu, Y.F. (2023). Effect of low root-zone temperature
on photosynthesis, root structure and mineral element
absorption of tomato seedlings. doi: 10.1016/j.scienta.
2023.111956.

Michiels, J., Verreth, C. and Vanderleyden, J. (1994). Effects of temperature
stress on bean-nodulating Rhizobium strains. Applied
and Environmental Microbiology. 60(4): 1206-1212. https://
doi.org/10.1128/aem.60.4.1206-1212.1994.

Mohammadi, K., Sohrabi, Y., Heidari, G., Khalesro, S. and Majidi, M.
(2012). Effective factors on biological nitrogen fixation.
African Journal of Agricultural Research. 7(12): 1782-1788.
doi:10.5897/AJARX11.034.

Morandage, S., Vanderborght, J., Z6mer, M., Cai, G, Leitner, D., Veereecken,
H. and Schnepf, A. (2021). Root architecture development
in stony soils. Vadose Zone Journal. 20(4): €20133. https:/
doi.org/10.1002/vzj2.20133.

Ogden, AJ., Gargouri, M., Park, J., Gang, D.R. and Kahn, M.L. (2017).
Integrated analysis of zone-specific protein and metabolite
profiles within nitrogen-fixing Medicago truncatula-
Sinorhizobium medicae nodules. PLoS One. 12(7): e0180894.
https://doi.org/10.1371/journal.pone.0180894.

Owaresat, J.K., Siam Habib, M.A., Dey, D., Jabed, S., Badsha, F., Islam,
M.R. and Kabir M.S. (2023). Factors impacting rhizobium-
legume symbiotic nitrogen fixation with the physiological
and genetic rresponses to overcome the adverse conditions:
A review . Agricultural Reviews. 44(1): 22-30. doi: 10.
18805/ag.RF-257.

Parts, K., Tedersoo, L., Schindlbacher, A., Sigurdsson, B.D., Leblans,
N.L.W., Oddsdéttir, E.S., Borken, W. and Ostonen, I. (2019).
Acclimation of fine root systems to soil warming: Comparison
of an experimental setup and a natural soil temperature
gradient. Ecosystems. 22(3): 457-472. https://doi.org/
10.1007/s10021-018-0280-y.

Qin, R., Noulas, C. and Herrera, J.M. (2018). Morphology and distribution
of wheat and maize roots as affected by tillage systems
and soil physical parameters in temperate climates: An
overview. Archives of Agronomy and Soil Science. 64(6):
747-762. https://doi.org/10.1080/03650340.2017. 1406078.

Rajaram, H. and Apte, S.K. (2008). Nitrogen status and heat-stress-
dependent differential expression of the cpn60 chaperonin
gene influences thermotolerance in the cyanobacterium
Anabaena. Microbiology. 154(1): 317-325. https://doi.
org/10.1099/mic.0.2007/011064-0.

8 Legume Research- An International Journal



Thermal Sensitivity of Legume-rhizobium Interactions: Root Morphogenesis and Variability: A Review

Rajput, A., Panhwar, Q.A. and Babar, H. (2024). Role of leguminous
crops by enhancing soil fertility and plant nutrition. doi: 10.
5772/intechopen.1006827.

Raza, A., Zahra, N., Hafeez, M.B., Ahmad, M., Igbal, S., Shaukat,
K. and Ahmad, G. (2020). Nitrogen fixation of legumes: Biology
and physiology. In The plant family Fabaceae: biology
and physiological responses to environmental stresses.
Springer. https://doi.org/10.1007/978-981-15-4752-2_3.
(pp. 43-74).

R&6s, E., Carlsson, G., Ferawati, F., Hefni, M., Stephan, A., Tidaker, P.
and Witthoft, C. (2020). Less meat, more legumes: prospects
and challenges in the transition toward sustainable diets
in Sweden. Renewable Agriculture and Food Systems.
35(2): 192-205. https://doi.org/10.1017/S17421705 180
00443.

Rousk, K., Sorensen, P.L. and Michelsen, A. (2018). What drives biological
nitrogen fixation in high arctic tundra: Moisture or temperature?
Ecosphere. 9(2): e02117. https://doi.org/10.1002/ecs2.
2117.

Salaria, S., Boatwright, J.L., Thavarajah, P., Kumar, S. and Thavarajah,
D. (2022). Protein biofortification in lentils (Lens culinaris
Medik.) toward human health. Frontiers in Plant Science.
13: 869713.https://doi.org/10.3389/fpls.2022.869713.

Salazar, A., Rousk, K., Jonsddttir, |.S., Bellenger, J. and Andrésson,
0.S. (2020). Faster nitrogen cycling and more fungal and
root biomass in cold ecosystems under experimental warming:
A meta analysis. Ecology. 101(2): €02938. https://doi.org/
10.1002/ecy.2938.

Schoebitz, M. and Lépez Belchi, M.D. (2016). Encapsulation techniques
for plant growth-promoting rhizobacteria. In Bioformulations:
for Sustainable Agriculture Springer. (pp. 251-265).
https://doi.org/10.1007/978-81-322-2779-3_14.

Serova, T.A., Kusakin, P.G,, Kitaeva, A.B., Seliverstova, E.V, Gorshkov,
A.P., Romanyuk, D. A., Zhukov, V.A., Tsyganova, A.V and
Tsyganoy, V.E. (2023a). Effects of elevated temperature
on Pisum sativum nodule development: |-Detailed characteristic
of unusual apical senescence. International Journal of
Molecular Sciences. 24(24): 17144. https://doi.org/10.
3390/ijms242417144.

Serova, T.A., Kusakin, P.G. and Tsyganov, V.E. (2023b). Effect of
elevated temperature on premature senescence in nodules
of pea (Pisum sativum L.) sym26 and sym27 mutants. |.
Histological organization and expression of marker genes.
Russian Journal of Plant Physiology. 70(8): 198. https://
doi.org/10.1134/S1021443723603373.

Sharma, P., Tailor, A., Joshi, A. and Bhoi, T.K. (2024). Genetic diversity
of grain legumes for food and nutritional security. In Sustainable
utilization and conservation of plant genetic diversity.
(pp. 63-105). Springer. 978-981-99-5245-8.

Shiro, S., Kuranaga, C., Yamamoto, A., Sameshima-Saito, R. and Saeki,
Y. (2016). Temperature-dependent expression of nodC
and community structure of soybean-nodulating bradyrhizobia.
Microbes and Environments. 31(1): 27-32. https://doi.org/
10.1264/jsme2.ME15114.

Singh, Y.V,, Singh, B.B., Massey, P. and Singh, PK. (2017). Short durartion
cowpea varieties for cultivation as a niche crop in various
cropping systems for enhanced pulse production. Agricultural
Science Digest. 37(3): 232-236. doi: 10.18805/asd.v37i03.
8996.

Sonika, Kumar, V. and Monika. (2020). Pulses production: Status, trends
and strategies in India. Bhartiya Krishi Anusandhan Patrika.
35(3): 135-142. doi: 10.18805/BKAP240.

Srivastava, A., Nath, S., Singh, P., Sharma, P., Srivastava, S., Tyagi,
A. and Yadav, S.K. (2025). Assessment of yield-contributing
traits and genetic variability in field pea (Pisum sativum
L.) under heat stress using half-diallel derived genotypes.
Legume Research-An International Journal. 48(10): 1627-
1634. doi: 10.18805/LR-5526.

Tchapga, F.J.N., Chotangui, A.H., Fouegag, M.T. and Mubeteneh,
T.C. (2023). Effects of potato (Solanum tuberosum L.)-
Mucuna pruriens intercropping pattern on the agronomic
performances of potato and the soil physicochemical
properties of the western high lands of Cameroon. Open
Agriculture. 8(1): 20220142.https://doi.org/10.1515/opag-
2022-0142.

Thomashow, M.F. (2010). Molecular basis of plant cold acclimation:
insights gained from studying the CBF cold response
pathway. Plant Physiology. 154(2): 571-577. https://doi.org/
10.1104/pp.110.161794.

Tittabutr, P., Payakapong, W., Teaumroong, N., Singleton, P.W. and
Boonkerd, N. (2007). Growth, survival and field performance
of bradyrhizobial liquid inoculant formulations with polymeric
additives. Science Asia. 33(1): 69-77. doi: 10.2306/scienceasia
1513-1874.2007.33.069.

Tiwari, M., Kumar, R., Subramanian, S., Doherty, C.J. and Jagadish,
S.V.K. (2023). Auxin-cytokinin interplay shapes root
functionality under low-temperature stress. Trends in
Plant Science. 28(4): 447-459. 10.1016/j.tplants.2022.
12.004.

Torabian, S., Farhangi-Abriz, S. and Denton, M.D. (2019). Do tillage
systems influence nitrogen fixation in legumes? A review.
Soil and Tillage Research. 185: 113-121. https://doi.org/
10.1016/j.still.2018.09.006.

Tripathi, D.K., Corpas, F.J. and Yadav, S.R. (2024). Plant root biology
under a changing environment. Planta. 260(6): 129. https:/
doi.org/10.1007/s00425-024-04562-4.

Tsyganova, A.V, Seliverstova, E.V, Gorshkov, A.P., Serova, T.A. and
Tsyganov, V.E. (2023). Effect of elevated temperature
on premature senescence in nodules of pea (Pisum sativum
L.) sym26 and sym27 mutants. Il. Ultrastructural organization.
Russian Journal of Plant Physiology. 70(8): 201.

Unicef. (2022). The State of Food Security and Nutrition in the
World (SOFI) report-2022.

Walne, C.H. and Reddy, K.R. (2022). Temperature effects on the
shoot and root growth, development and biomass accumulation
of corn (Zea mays L.). Agriculture. 12(4): 443. https://
doi.org/10.3390/agriculture12040443.

Wissal, M., Nadia, K. and Haythem, M. (2020). Legumes: Model
plants for sustainable agriculture in phosphorus and iron
deficient soils. Agricultural Science Digest. 40(4): 445-
447. doi: 10.18805/ag.D-243.

Yang, Z., Du, H., Xing, X., Li, W., Kong, Y., Li, X. and Zhang, C.
(2022). A small heat shock protein, GmHSP17. 9, from nodule
confers symbiotic nitrogen fixation and seed yield in soybean.
Plant Biotechnology Journal. 20(1): 103-115. https://doi.
org/10.1111/pbi.13698.

Volume Issue 9



Thermal Sensitivity of Legume-rhizobium Interactions: Root Morphogenesis and Variability: A Review

Yanjun, Z., Yanrong, W. and Ping, B. (2005). Study on the effects of
soi8l temperature, soil moisture content, sowing depth and
sand cover on seed germination and seedling growth of
Reaumuria soongorica and Zygophyllum xanthoxylum.
Acta Prataculturae Sinica. 14(5): 24-31.

Yeremko, L., Czopek, K., Staniak, M., Marenych, M. and Hanhur, V. (2025).
Role of environmental factors in legume-rhizobium symbiosis:
A review. Biomolecules. 15(1): 118. https://doi.org/10.
3390/biom15010118.

Zhang, H., He, L., Li,H., Tao, N., Chang, T., Wang, D., Lu, Y., Li, Z., Mai,
C. and Zhao, X. (2025). Role of GmFRI-1 in regulating
soybean nodule formation under cold stress. International
Journal of Molecular Sciences. 26(3): 879. https://doi.
org/10.3390/ijms26030879.

Zhang, J., Singh, D., Guo, C., Shang, Y. and Peng, S. (2020). Rhizobia
at extremes of acidity, alkalinity, salinity and temperature.
In Microbial Versatility in Varied Environments: Microbes
in Sensitive Environments Springer. (pp. 51-65).

Zhang, S., Wang, Y., Li, K., Zou, Y., Chen, L. and Li, X. (2014).

Identification of cold-responsive miRNAs and their target
genes in nitrogen-fixing nodules of soybean. International
Journal of Molecular Sciences. 15(8): 13596-13614.
https://doi.org/10.3390/ijms150813596.

Zhang, Y., Zhang, L., Yang, N., Huth, N., Wang, E., van der Werf, W.,

Evers, J. B., Wang, Q., Zhang, D. and Wang, R. (2019).
Optimized sowing time windows mitigate climate risks for
oats production under cool semi-arid growing conditions.
Agricultural and Forest Meteorology. 266: 184-197. https://
doi.org/10.1016/j.agrformet.2018.12.019.

Zohary, D., Hopf, M. and Weiss, E. (2012). Domestication of plants

in the old World: The origin and spread of domesticated
plants in Southwest Asia, Europe and the Mediterranean
Basin. Oxford University Press.

Legume Research- An International Journal



