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A B S T R A C T

Pollen development and function are highly sensitive to abiotic stresses such as heat, drought, salinity, and cold, 
making pollen one of the most vulnerable stages in the life cycle of a plant. These stress factors affect pollen 
viability and disrupt pollen tube growth and germination, directly impacting fertilization success and thereby 
reducing crop yield. Advances in plant molecular biology have helped identify several stress-responsive genes 
and regulatory mechanisms that govern pollen responses to stress, including transcription factors, hormonal 
signalling components, ion transporters, and epigenetic regulators. Studies across different model plants and crop 
species have utilized techniques like RNA sequencing, qRT-PCR, multi-omics, and in vitro assays to unravel gene 
expression changes and molecular pathways associated with pollen responses to abiotic stress. However, mo
lecular insights into pollen responses to salinity, cold, and oxidative stress remain comparatively limited in 
contrast to heat and drought stress. This mini-review provides a gene-centred synthesis of the molecular 
mechanisms underlying pollen responses to abiotic stress and highlights shared regulatory nodes that integrate 
multiple stress-response pathways. By comparing mechanisms reported across different plant species and stress 
types, this review also emphasizes understudied areas such as pollen responses to cold, salinity, and oxidative 
stress, and outlines key knowledge gaps that must be addressed to improve pollen adaptability and reproductive 
stability under changing climatic conditions.

1. Introduction

Pollen plays a vital role in the reproduction of flowering plants. They 
not only act as carriers for the male gamete, but also serve as links be
tween phenotype and plant fitness (Opedal et al., 2023). The key driver 
responsible for delivering the sperm cell to the ovule is the pollen tube, 
whose growth is highly sensitive to environmental stressors (Cai and Del 
Duca, 2019). Due to the stress-sensitivity of pollen development and 
fertilization, it presents a growing concern regarding reproductive suc
cess, as even short-term fluctuations in the environment can cause 
irreversible impairment. This presents a challenge when it comes to 
growing plants for ornamental purposes and food crop production under 
fluctuating conditions (Pereira and Coimbra, 2019). Since pollen 

development happens within a very tightly controlled time period that 
involves coordinated meiotic and post-meiotic stages, even short-term 
environmental stress can interfere with pollen viability and successful 
fertilization. As a result, this disruption can negatively affect the overall 
reproductive fitness of the plant (Singh et al., 2021; Begcy and Dres
selhaus, 2018).

Among abiotic stresses, heat is a major factor impacting pollen 
development, and significant temperature rise can hamper the process, 
leading to a decrease in the viability of pollen, impacting germination 
and ultimately yield loss (Chaturvedi et al., 2021; Santiago and Sharkey, 
2019). High temperatures can disrupt several key processes during 
pollen development, including meiotic progression, proper functioning 
of the tapetum, and the formation of the pollen wall. These disruptions 
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often lead to pollen sterility under heat stress conditions. In addition to 
heat stress, other prominent factors affecting pollen are drought (Dong 
et al., 2017; Yu et al., 2019), salinity (Khaleghi et al., 2019; Razzaq et al., 
2019), cold (Huang et al., 2022), and oxidative stress, which often arises 
as an effect of other stressors (Jia et al., 2017). Pollen has a limited 
ability to recover from stress in contrast to vegetative tissues; therefore, 
changes in temperature, water scarcity, and salinity that arise due to 
climate change pose a great risk to plant reproductive success. In the 
context of ongoing climate change, the viability of pollen and its 
response mechanisms against abiotic stress critically determine the ef
ficiency of fertilization and reproductive success across plants (Pacini 
and Dolferus, 2019).

The response is regulated by a complex and interconnected network 
of molecular mechanisms that maintain homeostasis and reproductive 
function, making the pollen resilient to induced stress. This network 
includes a wide range of transcription factors, such as bZIP60 
(Chaturvedi et al., 2021) and certain members of the Ethylene Response 
Factors (ERF) family (Jin et al., 2018), heat-shock proteins (Singh et al., 
2021), stress-responsive enzymes, including IRE1 (Ren et al., 2021; 
Chaturvedi et al., 2021; Raja et al., 2019), and hormonal signals 
(Jegadeesan et al., 2018) that work seamlessly together to protect pollen 
from damage. Along with gene-specific stress response, larger regulatory 
systems also help maintain pollen stability during environmental stress. 
These include signalling through reactive oxygen species (ROS), 
calcium-mediated signalling pathways, and interactions between 
different plant hormones, all of which work together to support pollen 
homeostasis (Jia et al., 2017; Singh et al., 2021). Emerging evidence also 
highlights the role of epigenetic modifications (Chaturvedi et al., 2021) 
and non-coding RNAs (Jha et al., 2020; Keller et al., 2020) contributing 
to pollen stress response. Furthermore, large-scale datasets like the 
GloPL datasets have shown that pollen limitation is a common issue 
across ecosystems and taxa (Bennett et al., 2018), thereby emphasizing 
the criticality of analyzing and maintaining the molecular resilience of 
pollen and its strong ecological and agricultural relevance.

Though there are growing insights into the molecular basis of pollen 
stress responses, the current understanding and its depth remain 
dispersed across the types of stress and different plant species. Addi
tionally, although many studies have identified stress-responsive gene 
expression patterns in pollen using transcriptomic analyses, only a 
limited number of studies provide direct functional genetic evidence 
that clearly connects specific regulatory genes to pollen fertility out
comes under stress conditions. Accordingly, this review examines the 
current knowledge on molecular mechanisms underlying pollen re
sponses to abiotic stresses, with a focus on key pathways, genes, and 
regulatory components identified across model plants and crops, while 
also highlighting conserved signalling pathways and shared molecular 
regulators that integrate stress perception with reproductive 
development.

Despite significant advances in transcriptomic and multi-omics 
technologies, several limitations constrain the interpretation of pollen 
stress-response datasets. Comparative analyses across studies are 
complicated by variability in species, stress intensity, developmental 
timing, and experimental design. Importantly, many studies utilize 
whole-anther samples, which comprise multiple cell types including the 
tapetum and anther wall layers. As a result, gene expression profiles 
derived from such samples may not accurately represent pollen-intrinsic 
responses. This limitation is particularly relevant when inferring 
mechanisms of stress tolerance, as reproductive phenotypes may arise 
from indirect effects mediated through tapetal dysfunction rather than 
direct effects on pollen cells. Therefore, careful consideration of tissue 
specificity and experimental context is essential when interpreting 
existing datasets.

2. Pollen development

Pollen development is a tightly regulated process that takes place 

within the anther and results in the formation of viable male gameto
phytes. It begins with microsporogenesis, during which diploid pollen 
mother cells undergo meiosis to produce haploid microspores. These 
microspores then enter the microsporogenesis stage, where they develop 
into mature pollen grains capable of fertilization. The successful pro
gression of these stages depends on coordinated gene expression, proper 
cellular differentiation, and precise developmental timing (Begcy and 
Dresselhaus, 2018; Singh et al., 2021).

During microsporogenesis, meiotic division produces tetrads of 
haploid microspores that are temporarily enclosed within a callose wall. 
The degradation of this callose layer releases individual microspores 
into the anther locule, where they undergo expansion and differentiate. 
Early anther and tapetum development is regulated by several tran
scription factors, including DYT1 (Dysfunctional Tapetum1) and TDF1 
(Defective in Tapetal Development and Function1), which control the 
expression of genes involved in tapetal function and microspore matu
ration (Zhang et al., 2006; Xu et al., 2010).

The tapetum, the innermost anther wall, plays a critical role in 
supporting developing microspores by providing nutrients, enzymes, 
and precursors required for pollen wall formation. Transcription factors 
such as AMS (Aborted Microspores), MYB80, and MS1 (Male Sterility1) 
regulate key processes including sporopollenin biosynthesis, pollen coat 
formation, and the programmed cell death of tapetal cells (Sorensen 
et al., 2003; Xu et al., 2010; Zhu et al., 2011). Proper pollen wall for
mation, particularly the deposition of sporopollenin in the exine layer, is 
essential for protecting pollen and ensuring fertility.

Following differentiation, pollen grains proceed through a matura
tion phase and typically contain a vegetative cell and two sperm cells 
enclosed within a protective pollen wall. Because pollen development 
involves highly coordinated cellular and molecular processes, it is 
particularly sensitive to environmental stress. Abiotic stresses such as 
heat, drought, and salinity can disrupt meiotic progression, impair 
tapetum function, and reduce pollen viability, ultimately affecting plant 
reproductive success (Chaturvedi et al., 2021; Huang et al., 2022).

Key transcriptional regulators of pollen development, including 
DYT1, TDF1, AMS, MYB80 and MS1, form a well-defined regulatory 
cascade controlling tapetum function and microspore maturation. 
Functional genetic studies have demonstrated that disruption of these 
genes leads to defective pollen development and male sterility, high
lighting their central role in reproductive success. Integrating these 
developmental regulators with stress-responsive pathways is essential to 
understanding how environmental stress impacts pollen viability at 
different developmental stages (Zhang et al., 2006; Ko et al., 2014; Zhu 
et al., 2011).

3. Overview of abiotic stresses

Given the changing climate, including global warming, reduced 
precipitation, and rising sea levels, abiotic stress such as heat, drought, 
and salinity significantly affect the growth, development, and repro
duction of a plant. These stress factors affect the overall developmental 
processes of a plant (Table 3.1), and the effect on pollen is a potential 
threat that affects crop yield, which leads to food demands.

3.1. Heat stress

Heat is a major threat to plant reproductive success. This has been 
demonstrated in various studies. Simulation of heatwaves showed a 
decrease in pollen production of Brassica napus by about 20% and a 
sharp decrease in pollen vigor, resulting in an 87% decrease in seed set 
(Rosenberger et al., 2024). Heat stress is shown to cause early tapetal 
degradation and carbohydrate depletion in pollen (Chaturvedi et al., 
2021). In maize, a transient heat-wave has been shown to cause long- 
term damage to the pollen, resulting in reduced starch accumulation, 
altered pollen composition, and poor seed set (Smith, 2019).

Heat stress during critical stages such as microsporogenesis and 
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microgametogenesis can interfere with normal meiotic progression, 
disrupt tapetum function, and alter pollen wall development. These 
disturbances ultimately affect pollen viability and its ability to germi
nate. The tapetum, which plays a crucial role in supplying nutrients and 
materials required for pollen wall formation, is particularly sensitive to 
high temperatures. As a result, premature or delayed degeneration of the 
tapetum is often associated with heat-induced male sterility (Chaturvedi 
et al., 2021).

3.2. Drought stress

Drought can cause structural damage and physiological changes in 
pollen, showing evident differences between normal and drought- 
stricken pollen. Drought stress disrupts tapetal integrity and limits 
starch accumulation in pollen, resulting in reduced nutrient availability 
and compromised pollen performance. Comparable pollen damage has 
also been reported under polyethylene glycol (PEG)-induced drought 
stress conditions. Prolonged or severe water deficit can eventually lead 
to pollen abortion and yield reduction; however, drought-tolerance 
species are able to maintain pollen viability under limited water avail
ability (Yu et al., 2019; Dong et al., 2017).

In addition to causing structural damage, drought stress can disrupt 
carbohydrate metabolism and hormonal signalling within the anther. 
Reduced transport of assimilates to reproductive tissues limits the 
accumulation of essential reserves in developing pollen grains, which in 
turn affects pollen germination and pollen tube growth. Moreover, 
drought conditions can induce oxidative stress and alter abscisic acid 
(ABA) signalling pathways, and these changes together contribute to 
reduced reproductive success under water-limited conditions (Yu et al., 
2019).

3.3. Salinity stress

Salinity stress induces morphological alterations in pollen, including 
cellular shrinkage and membrane disruption, resulting in a marked 
decline in pollen viability. Pollen viability is closely linked to salinity 
tolerance and is frequently used as a marker of stress-tolerant genotypes 
(Khaleghi et al., 2019; Razzaq et al., 2019). Notably, certain aquatic 
plant species, such as Ruppia and Althenia, regulate aperture opening and 
closure in response to fluctuating salinity, reflecting adaptation to saline 
environments (Severova et al., 2022).

At the cellular level, salinity stress can disrupt ionic balance and 
osmotic homeostasis in developing pollen grains. High salt concentra
tions often lead to increased production of reactive oxygen species 
(ROS), which can damage cellular membranes and interfere with 

metabolic pathways involved in pollen maturation. These disruptions 
ultimately reduce pollen germination efficiency and fertilization po
tential in salt-affected environments (Khaleghi et al., 2019; Razzaq et al., 
2019).

3.4. Cold stress

Cold stress interferes with another development and pollen matu
ration, resulting in pollen abortion and decreased fertilization efficiency 
(Huang et al., 2022; Parrotta et al., 2019). Cold-related pollen damage is 
often linked to elevated cellular stress, which further exacerbates pollen 
injury under low-temperature exposure (Jia et al., 2017).

Low temperatures can disrupt meiotic division, impair tapetal ac
tivity, and interfere with pollen wall formation, leading to abnormal 
pollen development and reduced viability. In many crop species, expo
sure to cold during early stages of pollen development has been linked to 
delayed anther dehiscence and reduced pollen germination, ultimately 
affecting fertilization success and seed formation (Huang et al., 2022; 
Parrotta et al., 2019).

4. Molecular mechanisms regulating pollen response

In this section, stress-responsive mechanisms affecting pollen 
development are synthesized in a structured framework based on stress 
type, developmental stage, tissue specificity, and level of experimental 
evidence. For each stress condition, regulatory pathways are discussed 
with emphasis on gene-specific functions, distinguishing between 
mechanisms acting directly within pollen and those mediated through 
surrounding anther tissues such as the tapetum. Furthermore, evidence 
supporting gene-function relationships is critically evaluated to differ
entiate experimentally validated regulators from those inferred pri
marily from transcriptomics or correlative studies. This integrative 
approach enables a more systematic and mechanistic understanding of 
pollen stress responses across species.

It is important to note that a substantial proportion of reported stress- 
responsive genes are identified through transcriptomic profiling or as
sociation studies. Therefore, unless supported by direct genetic or 
functional validation, these relationships should be interpreted as 
indicative rather than definitive, and conclusions regarding gene func
tion are presented with appropriate caution throughout the text.

4.1. Heat stress response

Heat stress triggers a multilayered response in pollen, referred to as 
the heat stress response, which supports pollen viability. This process 
begins with heat perception through calcium ion (Ca2+) fluxes and the 
accumulation of misfolded proteins within the endoplasmic reticulum 
(ER). These signals activate the unfolded protein response (UPR), mainly 
mediated through IRE1-dependent splicing by bZIP60, which controls 
the expression of stress-responsive genes. Moreover, the transcription 
factors bZIP17 and bZIP28 participate in ER homeostasis and promote 
pollen tolerance to elevated temperatures. These ER-localized signalling 
pathways primarily function to restore protein-folding capacity and 
maintain secretory pathway integrity during heat stress. Although these 
processes underscore the importance of ER-mediated stress signalling, 
how ER stress responses are coordinated with cytosolic heat shock 
pathways in pollen remains largely unclear (Chaturvedi et al., 2021; 
Singh et al., 2021).

Alongside ER-mediated signalling, the cytosolic heat stress response 
in pollen is governed by the heat shock factor-heat shock proteins (HSF- 
HSP) axis, which limits protein misfolding by stabilizing native protein 
structures, refolding denatured proteins, and restricting protein aggre
gation. This process involves increased expression of heat shock pro
teins, including HSP70 and HSP90, under the control of heat shock 
transcription factors, particularly HSFA1 and HSFA2 (Raja et al., 2019). 
Recent studies also highlighted the role of HSP101 in maintaining 

Table 3.1 
Effect of abiotic stress on pollen development.

Abiotic 
stress

Major effect on 
pollen

Changes Reference

Heat 
stress

Reduced pollen 
viability, decreased 
pollen production, 
and poor seed set

Early tapetal 
degeneration, 
carbohydrate 
depletion, and reduced 
starch accumulation

Rosenberger et al., 
2024; Chaturvedi 
et al., 2021; Smith, 
2019

Drought 
stress

Pollen abortion, 
reduced 
germination, 
reduced pollen tube 
growth

Tapetal disruption, 
limited starch 
accumulation, altered 
ABA signalling

Yu et al., 2019; 
Dong et al., 2017

Salinity 
stress

Reduced pollen 
viability and fertility

Cellular shrinkage, 
membrane damage, 
ionic imbalance, and 
ROS accumulation

Khaleghi et al., 
2019; Razzaq 
et al., 2019

Cold 
stress

Pollen sterility, 
reduced fertilization 
efficiency

Impaired meiosis, 
disrupted tapetal 
activity, and delayed 
anther dehiscence

Huang et al., 2022; 
Parrotta et al., 
2019; Jia et al., 
2017
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meiotic thermotolerance in rice and Arabidopsis. Disruption of this 
chaperone has been shown to reduce pollen viability under high- 
temperature conditions (Li et al., 2025). In addition, cytosolic heat 
stress responses interact with ROS signalling and Ca2+ homeostasis, 
which together regulate pollen tube growth and cellular stability under 
stress. These coordinated molecular responses ultimately help maintain 
pollen viability, germination capacity, and successful fertilization under 
elevated temperature conditions.

Heat stress also promotes elevated production of reactive oxygen 
species (ROS) in pollen, leading to oxidative injury and pollen abortion. 
Activation of antioxidant enzymes, such as catalase, reduces this dam
age by sustaining cellular redox balance. Other antioxidant enzymes, 
such as superoxide dismutase (SOD) and ascorbate peroxidase (APX), 
have also been reported to help reduce the accumulation of reactive 
oxygen species (ROS) in heat-stressed reproductive tissues. Neverthe
less, the relative influence of ROS-mediated injury versus protective 
antioxidant responses to pollen thermotolerance appears to differ 
among plant species (Chaturvedi et al., 2021). Notably, heat-induced 
reproductive failure often arises from premature tapetum degenera
tion; however, direct effects on pollen cells, including protein misfold
ing, oxidative stress, and impaired metabolism, also contribute 
significantly to thermosensitivity.

Recent developments in multi-omics technologies have revealed key 
molecular components governing pollen thermotolerance. Integrated 
studies in cotton have identified genes associated with metabolic regu
lation, hormonal signalling, lipid synthesis, and transcriptional control, 
while also emphasizing the role of epigenetic modifications, including 
DNA and RNA methylation and histone acetylation, in modulating gene 
expression under heat stress (Ijaz et al., 2024). For example, chromatin 
remodelling mediated by the ALBA protein GhAL5 has been shown to 
regulate thermotolerant male fertility in cotton by influencing chro
matin organisation and modulating the stress-responsive genes (Li et al., 
2026).

Moreover, appropriate regulation of endoplasmic reticulum chap
erones and protein disulfide isomerases is critical for preserving pollen 
viability, as these proteins maintain quality control during heat-induced 
protein stress (Singh et al., 2021). Taken together, these processes 
support pollen heat tolerance and offer potential targets for enhancing 
crop resilience and fertilization success under global warming.

Recent pollen-focused transcriptomic analyses further support the 
central role of ER stress signalling in thermotolerance. RNA-seq studies 
in Arabidopsis and maize pollen under heat stress identified significant 
upregulation of the IRE-bZIP60 pathway components along with 
downstream chaperons, including HSP70, HSP90, and protein disulfide 
isomerases, highlighting coordinated regulation of protein quality con
trol during stress (Chaturvedi et al., 2021; Y. Zhang et al., 2022; H. 
Zhang et al., 2022). In addition, GWAS and transcriptome-wide associ
ation studies in cotton revealed multiple heat-responsive loci associated 
with pollen stability, including genes involved in ER homeostasis, hor
monal signalling, and carbohydrate metabolism (Ma et al., 2021; Ijaz 
et al., 2024), reinforcing the importance of integrated molecular path
ways in pollen heat tolerance.

The significance of translation in pollen thermotolerance has been 
emphasised by recent research. By encouraging the overexpression of 
heat shock proteins like HSP70, the eukaryotic translation initiation 
factor eIF3M2 plays a critical role in preserving pollen tube integrity 
under heat stress. Translational control is a crucial regulatory layer in 
pollen stress adaptation, as functional investigations have demonstrated 
that disruption of eIF3M2 impairs pollen tube development and reduces 
thermotolerance. Furthermore, HSP90 has been functionally identified 
as a crucial element of stress resilience in the male gametophyte, where 
it supports cellular homeostasis under high temperatures, regulatory 
protein stabilisation, and protein folding (Kahrizi et al., 2025a, 2025b).

Nevertheless, most multi-omics insights into pollen thermotolerance 
originate from a limited number of species, and their broader relevance 
across diverse crop plants has yet to be fully clarified.

4.2. Drought stress response

Drought-tolerance genotypes activate multiple protective molecular 
responses to preserve pollen viability under water-deficit conditions. 
Genes associated with abscisic acid (ABA) biosynthesis, osmoprotectant 
accumulation (such as proline), antioxidant enzymes, including super
oxide dismutase and heat shock proteins, are upregulated, while aqua
porin expression is maintained in pollen, as demonstrated in tomato 
(Solanum lycopersicum) (Lamin-Samu et al., 2021).

ABA plays a central role in coordinating drought responses and has 
been implicated in regulating pollen tube growth by modulating cellular 
hydration status and metabolic activity under stress conditions. Key 
components of the ABA-signalling pathway, including PYR/PYL re
ceptors and downstream SnRK2 kinases, play an important role in 
regulating drought-responsive gene expression and carbohydrate 
metabolism in pollen (Zhang et al., 2021).

Drought-induced pollen abortion is largely associated with tapetal 
degeneration, and transcription factors such as NAC have been shown to 
regulate redox homeostasis and metabolic balance, thereby protecting 
pollen development (Yu et al., 2019). These effects reflect both direct 
impacts on pollen physiology, such as a dehydration-induced metabolic 
disruption, and indirect effects mediated through altered tapetum 
function, which is essential for nutrient supply and pollen maturation.

In maize, drought tolerance involves the activation of stress-sensing 
enzymes such as histidine kinases, which trigger downstream signalling 
cascades mediated by transcription factors, including WRKY (Singh 
et al., 2023; Y. Zhang et al., 2022; H. Zhang et al., 2022). Tolerant lines 
display sustained expression of sugar transporters, starch biosynthetic 
enzymes, and cell wall-modifying proteins, thereby maintaining 
adequate carbohydrate supply to developing pollen. Increased antioxi
dant capacity further reduces drought-induced oxidative damage. 
Drought stress also affects the expression of genes associated with 
tapetum development and hormonal regulation, including ABA, gib
berellic acid, and indole-3-acetic acid pathways, along with small RNAs, 
indicating the participation of epigenetic and post-transcriptional reg
ulatory mechanisms in pollen drought tolerance.

In addition, ABA signalling components, including PYR/PYL re
ceptors and SnRK2 kinases, have been implicated in regulating pollen 
tube growth and carbohydrate metabolism under drought stress, indi
cating direct hormonal control of pollen performance (Zhang et al., 
2021).

Collectively, these coordinated molecular responses contribute to the 
maintenance of pollen viability under drought conditions. However, 
despite the recognized importance of ABA signalling in drought re
sponses, its direct and dynamic regulation of pollen tube growth under 
field-relevant drought stress remains insufficiently understood.

4.3. Salt stress response

Pollen under salinity shows decreased germination and abnormal 
wall formation, particularly in sensitive lines. Olive cultivars show 
varying tolerance to salinity, which causes deformation in pollen and 
lowers viability, due to different genotypes (Khaleghi et al., 2019). Na+/ 
K+ imbalance occurs as a result of ionic stress induced by salinity, which 
disrupts membrane integrity and metabolism. Na+ and K+ transporters, 
for example, HKT and components of the CBL-CIPK signalling pathway, 
have been shown to regulate ion homeostasis in plant tissues, including 
the anther (Ketehouli et al., 2019). Other ion transport regulators, 
including NHX antiporters and components of the SOS signalling path
ways, have also been shown to play a role in maintaining cellular ion 
balance under salt stress. While ionic imbalance and osmotic stress 
directly affect pollen cells, salinity-induced changes in anther tissue 
physiology, including disruption of tapetal function, may also indirectly 
influence pollen development and fertility.

Pollen viability is considered a marker of sensitivity to salt stress, and 
the response can be enhanced by the upregulation of antioxidant 
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enzymes or by breeding plants for increased osmoprotectant production 
and accumulation (Razzaq et al., 2019). Apart from inducing changes in 
pollen, salinity also disrupts pollen-pistil interaction by altering calcium 
signalling. In sunflowers, the expression of enzymes and molecules 
involved in ion transport and membrane stability required for pollen 
tube growth, such as annexins and H+ -ATPase, is altered, and sunflower 
seedlings exposed to 120 mM NaCl exhibit high proteolytic degradation 
of OB membrane proteins, indicating membrane destabilisation (Bhatla 
et al., 2021).

Salinity stress response is largely mediated through ion homeostasis 
and hormonal regulation, particularly involving Na+/H+ exchanges 
(NHX), high-affinity potassium transporters (HKT), and the SOS sig
nalling pathway. In addition, ABA-dependent signalling pathways 
contribute to stress adaptation by modulating gene expression and 
cellular responses. However, the specific functional roles of these 
pathways in pollen development and viability under salinity stress 
remain insufficiently characterised (Deinlein et al., 2014; Van Zelm 
et al., 2020; Ismail and Horie, 2017).

Abscisic acid (ABA), which accumulates under salinity stress, further 
regulates pollen tube elongation through modulation of Ca2+ signalling 
and cytoskeletal dynamics. Apart from molecular defence mechanisms 
against salt stress, certain plants have developed morphological adap
tations through evolution. Harmomegathy, observed in some aquatic 
plants, helps maintain pollen viability by reducing the impact of fluc
tuating salinity. These plants have developed dynamic apertures that 
adjust water volume in response to osmotic changes. At the cellular 
level, salt stress induces endoplasmic reticulum (ER) stress related to 
protein folding, which is distinct from the cytosolic heat stress response 
mediated by heat shock proteins (Severova et al., 2022).

Although ion transporters such as HKT, NHX, and components of the 
SOS signalling pathways are well characterised in vegetative tissues, 
their direct functional roles in pollen remain less clearly defined. Cur
rent evidence in reproductive tissues is largely based on gene expression 
patterns and physiological correlations rather than targeted genetic 
validation. This indicates that the molecular mechanisms underlying 
pollen-specific salinity tolerance are still not fully resolved (Van Zelm 
et al., 2020; Ismail and Horie, 2017).

Compared to heat stress, molecular mechanisms underlying re
sponses to salinity remain less well characterised. Much of the avail
ability evidence is derived from vegetative tissues or whole-anther 
analyses, with limited studies focusing specifically on pollen, high
lighting a specific gap in current understanding.

4.4. Cold stress response

Cold stress significantly affects pollen development by disrupting 
cellular metabolism, membrane fluidity, and cytoskeletal organisation, 
which ultimately reduces pollen viability and impairs fertilization. Low 
temperatures can also interfere with microsporogenesis and pollen 
maturation, often leading to delayed anther dehiscence and abnormal 
pollen germination.

One of the key molecular pathways involved in plant cold stress 
tolerance is the ICE–CBF–COR signalling cascade. In this pathway, the 
transcription factor ICE1 activates C-repeat binding factors (CBF1/ 
CBF2/CBF3), which in turn regulate the expression of cold-responsive 
(COR) genes associated with membrane stabilisation, osmoprotection, 
and antioxidant defence. Studies in Arabidopsis have shown that pollen- 
specific overexpression of CBF1 can improve fertility under temperature 
stress, suggesting that the CBF pathway plays an important role in 
maintaining reproductive resilience (Yun et al., 2025). The ICE-CBF- 
COR signalling pathway represents a central regulatory module in 
cold stress response, where ICE transcription factors activate CBF genes, 
which in turn regulate downstream COR genes involved in cellular 
protection. While this pathway is well established in vegetative tissues, 
its functional role in pollen remains less clearly defined, with most ev
idence based on expression studies rather than direct genetic validation 

in reproductive tissues (Shi et al., 2018; Ding et al., 2019). Cold stress 
therefore impacts reproductive success through both direct inhibition of 
pollen development and indirect effects mediated by altered tapetum 
activity and anther tissue organisation.

Cold stress can also disrupt reactive oxygen species (ROS) homeo
stasis and antioxidant defence systems. Under low-temperature condi
tions, increased ROS accumulation can damage cellular membranes and 
impair pollen tube growth. Therefore, the activation of antioxidant en
zymes such as SOD, CAT, and APX plays an important role in protecting 
pollen from oxidative damage during cold stress.

Hormonal signalling pathways also play an important role in cold 
stress response. Auxin-mediated regulation of ROS homeostasis has been 
linked to reproductive thermotolerance through genes such as OsLEML2 
in rice, which helps regulate auxin signalling and maintain redox bal
ance under stress conditions (Sun et al., 2025). In addition, cold stress 
can disrupt carbohydrate metabolism and sugar transport within the 
anther, reducing the energy available for pollen germination and pollen 
tube elongation.

Although considerable progress has been made in understanding 
cold stress responses in vegetative tissues, the molecular mechanisms 
that regulate cold tolerance during pollen development remain rela
tively less explored. Future studies that integrate transcriptomics, pro
teomics, and epigenetic profiling will be important for identifying 
pollen-specific regulators of cold tolerance across different crop species.

In addition to the ICE-CBF-COR pathway, functional studies in Ara
bidopsis have demonstrated that overexpression of CBF genes can 
partially restore pollen fertility under temperature stress, supporting a 
direct regulatory role in reproductive resilience. However, a substantial 
portion of current knowledge regarding cold-responsive genes is derived 
from studies in vegetative tissues, and pollen-specific functional vali
dation remains limited. This highlights a critical gap in understanding 
the molecular basis of cold tolerance in reproductive development (Ding 
et al., 2019; Dong et al., 2022).

Although key cold-responsive pathways have been identified, 
including ICE-CBF-COR signalling, their specific roles in pollen devel
opment remain incompletely understood. Most insights are extrapolated 
from vegetative tissues, and direct evidence in pollen systems is still 
limited.

4.5. Shared response

As discussed in the previous sections, abiotic stresses, including heat, 
drought, and salinity, disrupt pollen development and can significantly 
impact fertilization success. To cope with these stress factors, plants 
exhibit certain responses that appear to be commonly expressed across 
stresses. Epigenetic modulations, such as DNA methylation and histone 
acetylation, as well as the role of miRNAs and other small RNAs in 
regulating gene expression under stress, are shown to contribute to 
stress resilience. Chromatin remodelling during meiosis and tapetum 
development aims to maintain fertility under stress in cereals (Begcy and 
Dresselhaus, 2018), while heat has been shown to alter histone 
methylation in pollen, affecting tapetum functioning and reducing 
viability (Chen et al., 2016).

Apart from epigenetic responses, redox signalling pathways are 
activated to combat oxidative damage in plants. Although reactive ox
ygen species (ROS) are toxic at higher concentrations, they also play a 
role in activating heat shock proteins and antioxidant enzymes, which 
protect pollen plasma membranes, organelles, and DNA. The systems are 
shared across major stress factors (Xie et al., 2022). Transcription factors 
such as bZIP and WRKY help connect ROS signalling with the regulation 
of stress-responsive genes, thereby contributing to tolerance against 
multiple environmental stresses (Shriti et al., 2024).

The central role of (ROS) and Ca2+ homeostasis in pollen survival has 
been demonstrated by increased antioxidant capacity and restored Ca2+

signalling in maize pollen under oxidative stress following treatment 
with selenium-fortified emmer wheatgrass extracts (Del Pino et al., 
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2022). These signalling pathways not only protect cellular structures but 
also maintain pollen viability, germination ability, and pollen tube 
growth, which are critical determinants of fertilization success.

Taken together, ROS signalling, Ca2+ homeostasis,s and epigenetic 
regulation emerge as common molecular nodes integrating stress 
perception with gene regulation and cellular protection, thereby 
providing mechanistic clarity on how diverse abiotic stresses converge 
on conserved pathways controlling pollen viability and fertilization 
success.

The genes summarised in Table 4.1 indicate that several molecular 
mechanisms regulating pollen stress tolerance are conserved across 
different plant species and stress conditions. For instance, transcription 
factors such as heat shock factors (HSFs) and other stress-responsive 
regulators have been reported to play key roles in pollen thermotol
erance in multiple species, including Arabidopsis thaliana, rice, and to
mato. Similarly, mechanisms involving reactive oxygen species (ROS) 

homeostasis, calcium signalling, and hormonal pathways appear to in
fluence pollen viability and pollen tube growth under diverse abiotic 
stresses. However, the extent to which these regulatory pathways are 
conserved or diversified among crop species remains unclear. Moreover, 
comparable molecular studies investigating pollen responses to salinity, 
cold, and oxidative stress are relatively limited, highlighting important 
gaps in our understanding of pollen stress adaptation across plant 
systems.

It is important to note that while several genes discussed above have 
been identified through transcriptomic and association-based studies, 
only a subset have been validated through direct functional genetic 
approaches. Therefore, interpretations of gene function should be 
considered in the context of the type and strength of supporting evi
dence, particularly when extrapolating their roles in pollen stress 
tolerance (Atanasov et al., 2021).

Table 4.1 
Key genes regulating pollen responses to abiotic stress.

Gene/protein Stress type Molecular function Plant species Evidence Reference

IRE1 Heat ER stress sensor activating unfolded protein 
response (UPR)

Arabidopsis thaliana, Zea mays 
(maize)

Mutant phenotype, RNA-seq Chaturvedi 
et al., 2021

bZIP60 Heat Transcription factor regulating UPR gene 
expression

Arabidopsis thaliana Mutant phenotype, 
transcriptomics

Chaturvedi 
et al., 2021

bZIP17 Heat ER stress signalling and protein quality control Arabidopsis thaliana Mutant phenotype Singh et al., 
2021

bZIP28 Heat ER stress signalling and thermotolerance regulation Arabidopsis thaliana Mutant phenotype Singh et al., 
2021

HSFA1 Heat Master heat shock transcription factor activating 
HSP genes

Arabidopsis thaliana, Triticum 
aestivum (wheat)

Mutant phenotype, expression 
analysis

Raja et al., 
2019

HSFA2 Heat Heat stress transcription factor involved in acquired 
thermotolerance

Arabidopsis thaliana, Solanum 
lycopersicum (tomato)

Overexpression, transcriptomics Raja et al., 
2019

HSP70 Heat Molecular chaperone preventing protein misfolding Arabidopsis thaliana, Zea mays 
(maize), Oryza sativa (rice)

Transcriptomic association Chaturvedi 
et al., 2021

HSP90 Heat Protein folding and stabilisation mediate stress 
resilience in the male gametophyte

Arabidopsis thaliana Functional study Kahrizi et al., 
2025a

HSP101 Heat Protein disaggregation and protection of pollen 
viability

Arabidopsis thaliana, rice 
(Oryza sativa)

Mutant phenotype Li et al., 2025

GhAL5 Heat Chromatin remodelling regulates the 
thermotolerant male fertility

Gossypium hirsutum (cotton) Mutant analysis, chromatin 
assays

Li et al., 2026

SOD (superoxide 
dismutase)

Heat, 
drought, 
cold

Detoxification of superoxide radicals Zea mays (maize), Oryza 
sativa (rice), Triticum aestivum 
(wheat)

Enzyme activity assays Xie et al., 2022

CAT (catalase) Heat, 
drought, 
cold

Decomposition of hydrogen peroxide Arabidopsis thaliana, Oryza 
sativa (rice)

Enzyme activity assays Xie et al., 2022

APX (ascorbate 
peroxidase)

Heat, 
drought, 
cold

ROS scavenging and redox balance Oryza sativa (rice), Triticum 
aestivum (wheat)

Enzyme activity assays, 
transcriptomics

Xie et al., 2022

PYR/PYL 
receptors

Drought ABA perception and signal transduction Arabidopsis thaliana, Oryza 
sativa (rice)

Mutant phenotype, biochemical 
assays

Zhang et al., 
2021

SnRK2 Drought Kinase regulating ABA-responsive transcription Arabidopsis thaliana, Zea mays 
(maize)

Mutant phenotype Zhang et al., 
2021

WRKY TFs Drought Regulation of stress-responsive gene expression Zea mays (maize) Transcriptomics, functional 
validation

Singh et al., 
2023

NAC TFs Drought Regulation of redox balance and tapetal stability Oryza sativa (rice), Triticum 
aestivum (maize)

Mutant phenotype Yu et al., 2019

HKT1 Salinity Na⁺ transporter regulating ion homeostasis Arabidopsis thaliana, Triticum 
aestivum (maize)

Mutant phenotype Ketehouli et al., 
2019

CBL Salinity Calcium sensor in stress signalling pathways Arabidopsis thaliana, Oryza 
sativa (rice)

Mutant phenotype Ketehouli et al., 
2019

CIPK Salinity Kinase interacting with CBL proteins for ion 
regulation

Arabidopsis thaliana, Oryza 
sativa (rice)

Mutant phenotype Ketehouli et al., 
2019

NHX Salinity The vacuolar Na⁺/H⁺ antiporter maintains ionic 
balance

Arabidopsis thaliana, Solanum 
lycopersicum (tomato)

Mutant phenotype Razzaq et al., 
2019

SOS1 Salinity Plasma membrane Na⁺/H⁺ exchanger Arabidopsis thaliana, Oryza 
sativa (rice)

Mutant phenotype Razzaq et al., 
2019

ICE1 Cold Transcription factor initiating cold signalling Arabidopsis thaliana Mutant phenotype Yun et al., 2025
CBF1/CBF2/ 

CBF3
Cold Regulator of cold-responsive gene expression/ Cold 

stress transcriptional regulator/ Activation of cold- 
responsive genes

Arabidopsis thaliana Overexpression study/ 
Expression analysis/ 
Overexpression study

Yun et al., 2025

OsLEML2 Heat, cold Regulation of auxin signalling and ROS homeostasis Oryza sativa (rice) Mutant phenotype Sun et al., 2025
eIF3M2 Heat Translational regulation, maintains pollen tube 

integrity via HSP70 upregulation.
Arabidopsis thaliana Functional study, mutant 

phenotype
Kahrizi et al., 
2025b
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5. Model systems and experimental tools

Different plants have been used to study the pollen response to 
abiotic stressors, and this has been achieved by integrating molecular, 
physiological, and imaging strategies. The model system selected for the 
study has been crucial to unfold the response mechanisms to stress at 
distinct regulatory levels.

Recent advances in molecular biology and genomics have enabled 
the use of multiple experimental tools to investigate pollen stress re
sponses at the transcriptomic, epigenetic, and functional levels. Tech
niques such as RNA sequencing (RNA-seq), chromatin accessibility 
profiling (ATAC-seq), genome editing, and quantitative gene expression 
analysis are widely applied to identify stress-responsive genes, regula
tory networks, and functional pathways in pollen development. How
ever, each methodological approach presents specific advantages and 
limitations that must be considered during experimental design and 
interpretation of results. A comparison of commonly used tools in pollen 
stress research is summarised in the table below (Table 5.1).

Arabidopsis thaliana (Thale Cress) is one of the primary genetic 
models employed for the study of pollen response to heat and is 
particularly useful due to its short life cycle, access to a wide range of 
mutant types, and its suitability for functional genomic analyses. This 
plant model has been specifically used to confirm the mechanistic role of 
transcription factors and signalling pathways of the endoplasmic retic
ulum in stress response. In-depth analysis of heat shock transcription 
factors and epigenetic modifications has been possible in Arabidopsis 
using tools like CRISPR-Cas9, RNA sequencing, and methylation assays, 
often performed at defined stages of pollen development to capture 
stage-specific transcriptional responses to stress. Additionally, the 
expression of genes under stress has been validated through qRT-PCR 
(Chaturvedi et al., 2021; Chen et al., 2016). However, direct 

physiological and biochemical assays are limited due to the small pollen 
size of the plant.

Oryza sativa (Rice) has been used to study the effect of cold and heat 
stress during flowering because the plant is known for its agronomic 
relevance and has well-defined reproductive development. Tran
scriptomic analysis, hormonal analysis, and ultrastructure studies of the 
tapetum have revealed the roles of abscissic acid and the sugar transport 
system in pollen sterility caused by stress (Begcy and Dresselhaus, 
2018). These studies show that the effect of stress in the tissues sur
rounding the pollen also contributes to pollen failure, complementing 
pollen-focused analyses in Arabidopsis. In many studies, sampling is 
aligned with specific stages of anther and pollen development to ensure 
that stress-induced transcriptional and physiological responses are 
accurately captured.

Drought and heat stress responses have been investigated in Zea mays 
(Maize) pollen using RNA-sequencing, metabolomics, and pollen 
viability assay. These approaches have unveiled the disruption of sugar 
metabolism, accumulation of reactive oxygen species, and hampered 
pollen germination under field-relevant conditions. Such multi-omics 
analyses are often combined with physiological measurements and tar
geted validation experiments to strengthen the interpretation of stress- 
induced molecular changes. The expression of sugar transporters and 
antioxidant enzymes has been further confirmed with qRT-PCR valida
tion (Y. Zhang et al., 2022; H. Zhang et al., 2022; Del Pino et al., 2022).

The large anthers of Solanum lycopersicum (Tomato) make it suitable 
for in vitro germination studies, imaging, and proteomics to analyse heat 
and salinity response. Under stress, it has been shown that the remod
elling of the cell walls and hampered growth of pollen tubes limit 
fertility success (Parrotta et al., 2019). These traits allow direct visual
isation of pollen tube growth under stress, which is difficult in models 
with smaller flowers.

Genome-wide association studies and Transcriptome Wide Associa
tion Studies of Gossypium hirsutum (Cotton) have been used to identify 
genes involved in male sterility due to heat (Ma et al., 2021). Although 
functional validation of the genes remains limited, these studies serve as 
a bridge between regulation at the molecular level and crop perfor
mance. Nicotiana tabacum (Tobacco) has been studied under cold stress 
to observe pollen tube integrity and growth disruption with the help of 
confocal microscopy and staining techniques owing to its large pollen 
grains and fast-growing pollen tubes (Parrotta et al., 2019).

Studies across various models and crop species suggest that several 
core stress-response mechanisms, such as heat shock protein response, 
detoxification of reactive oxygen species, hormonal regulation, and 
calcium signalling, are broadly conserved in pollen across flowering 
plants. However, the regulation and extent to which these pathways 
contribute to stress response vary among species, and the different 
developmental stages, and some of these responses may be specific to 
the species or influenced by surrounding reproductive tissues.

While these experimental systems and molecular tools have signifi
cantly advanced our understanding of pollen stress responses, high- 
throughput approaches such as RNA-seq, ATAC-seq, and other multi- 
omics technologies require careful experimental design for reliable 
interpretation. This includes precise developmental staging of anthers 
and pollen, appropriate biological replication, and standardised stress 
treatments. Detailed reporting of experimental conditions and metadata 
is also important to ensure reproducibility and enable meaningful 
comparisons across studies and species.

6. Gap and future directions

Significant progress has been made in understanding the molecular 
mechanisms underlying pollen responses to abiotic stress. However, 
most studies remain focused on the responses to heat and drought stress, 
while pollen responses to cold, salinity, and oxidative stress are 
comparatively understudied, particularly with respect to epigenetic 
regulation and the role of non-coding RNAs in stress response. In 

Table 5.1 
Experimental tools used to study pollen stress responses and their advantages 
and disadvantages.

Tools Advantage Limitation Reference

RNA-seq Enables genome-wide 
identification of stress- 
responsive genes and 
transcriptional changes 
during pollen 
development.

Measures gene 
expression but cannot 
directly establish gene 
function or causal 
relationships.

Stark 
et al., 
2019

ATAC-seq Identifies chromatin 
accessibility and 
regulatory elements 
controlling stress- 
responsive gene 
expression.

Requires high-quality 
nuclei isolation and 
careful sample 
preparation, which can 
be challenging for 
small reproductive 
tissues.

Shaw 
et al., 
2021

CRISPR/Cas 
genome 
editing

Allows precise 
functional validation of 
candidate genes 
involved in pollen 
development and stress 
tolerance.

Potential off-target 
mutations and 
requirements for 
efficient plant 
transformation 
systems.

Wang 
et al., 
2022

qRT-PCR Provides sensitive 
validation of gene 
expression

Limited to targeted 
genes and does not 
provide genome-wide 
expression 
information.

Upton 
et al., 
2023

Proteomics Identifies stress- 
responsive proteins 
and post-translational 
modifications involved 
in pollen stress 
responses.

May fail to detect low- 
abundance regulatory 
proteins and requires 
complex protein 
extraction procedures.

Tu et al., 
2022

Metabolomics Reveals metabolomic 
changes associated 
with pollen stress 
tolerance and energy 
metabolism.

Data interpretation is 
complex, and 
metabolite 
identification may be 
incomplete.

Tu et al., 
2022
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addition, although several molecular regulators such as heat shock 
transcription factors (HSFs), unfolded protein response components 
(bZIP60, IRE1), and ABA signalling regulators (PYR/PYL receptors and 
SnRK2 kinases) have been implicated in pollen stress responses, many of 
these relationships are derived primarily from transcriptomic or asso
ciation studies rather than direct functional genetic validation. More
over, current knowledge is largely based on a limited number of model 
species, such as Arabidopsis thaliana, rice, and maize, while many agri
culturally important and stress-adapted crops remain poorly explored.

Future research should focus on expanding the studies on pollen- 
specific stress to include cold, salinity, and oxidative stress responses, 
especially in understudied crops and plants that naturally adapt to 
extreme environmental conditions. Particular emphasis should be 
placed on identifying pollen- and tapetum-specific regulatory genes and 
transcriptional networks that control microspore development, pollen 
maturation, and pollen tube growth under abiotic stress conditions. 
Integration of advanced molecular approaches, including multi-omics 
analyses like transcriptomics, epigenomics [e.g., Assay for Transposase 
Accessible Chromatin using sequencing (ATAC-seq)], proteomics, and 
metabolomics, will be key to capturing the complex network of pollen 
stress-response. Emerging tools and technologies, such as single-cell and 
spatial transcriptomics, also offer opportunities to unravel responses 
specific to a particular cell type or developmental stage during the 
development of pollen under abiotic stress. These approaches may help 
distinguish molecular responses occurring in different anther tissues, 
such as the tapetum, developing microspores, and mature pollen grains, 
which often exhibit distinct stress sensitivities.

Additionally, comparative analyses of cultivated crop species with 
their wild relatives may reveal conserved and novel regulatory pathways 
with respect to tolerance of pollen against stress. Genome editing 
technologies such as CRISPR/Cas systems also provide promising op
portunities to functionally validate candidate genes and to engineer 
crops with improved reproductive stress tolerance. Finally, the gap be
tween molecular insights derived from laboratory experiments and their 
confirmation at the field level, along with plant breeding strategies, 
must be bridged as a crucial step to translate fundamental knowledge 
into approaches for developing plants for the future, which are climate 
resilient and reproductively stable. Bridging this gap will require coor
dinated studies integrating molecular genetics, physiological analyses, 
and field-based validation to determine whether stress-responsive genes 
of candidate plants identified under controlled conditions contribute to 
improved pollen fertility under realistic environmental conditions.

7. Conclusion

Abiotic stresses, including heat, drought, salinity, cold, and oxidative 
stress, pose a significant threat to pollen development, viability, and 
germination, thereby causing a direct impact on plant fertilization suc
cess and crop yield. Studies to date have identified several key stress- 
responsive genes and regulatory networks controlling pollen re
sponses, including transcription factors, hormonal signalling, ion 
transporters, and epigenetic modifications, with most insights into these 
mechanisms derived from model plant systems such as Arabidopsis, rice, 
e and maize. However, the depth of understanding remains unevenly 
spread across the different stress types, molecular and genetic mecha
nisms governing pollen responses to salinity, cold, and oxidative stress 
remaining comparatively less explored.

Particularly, the roles of epigenetic regulation and non-coding RNAs 
in modulating pollen stress tolerance remain poorly understood. 
Addressing these gaps will require the integration of gene-focused mo
lecular studies with advanced multi-omics approaches, including tran
scriptomics, epigenomics, proteomics, and metabolomics, combined 
with cell-type-specific analyses of pollen development under stress 
conditions. Furthermore, functional characterisation of stress- 
responsive genes identified in different plant species and field-level 
validation of findings will be essential to translate fundamental 

insights into strategies that can improve the fertility of pollen grains and 
reproductive stability in crops under the changing climate.

Future research should prioritise pollen-specific functional valida
tion of candidate genes across diverse abiotic stress conditions to 
establish causal regulatory mechanisms and improve their translational 
potential in crop improvement programs.
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