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Chickpea is highly drought-resistant and can withstand high temperatures and pro-
longed droughts, making it suitable for climate conditions in Ukraine, so increas-
ing of chickpea drought tolerance is highly important. Heat shock proteins (HSP),
especially small HSP (sHSP), are diverse and have evolved significantly, indicat-
ing their ancient origins and critical roles in plant stress responses. These proteins
have undergone extensive gene duplication and divergence, leading to various func-
tions and stress responses across different plant species. sHSP have conserved
a-crystallin domain, and typically form large oligomeric complexes essential for
their chaperone activity. They prevent protein aggregation and assist in protein
refolding under stress. SHSPs are found in various cellular compartments, indicat-
ing specialized roles in different cellular environments. HSP regulation is con-
trolled by heat shock factors (HSF), which activate in response to stress and bind
to heat shock elements in HSP promoters. HSF are regulated at multiple levels,
ensuring balanced stress adaptation and recovery. Identified HSF in chickpea are
significantly upregulated during heat stress, indicating their critical role in stress
tolerance. HSP, including sHSP like CaHSP18.5 and CaHSP22.7, are upregulat-
ed under drought stress in chickpea, contributing to improved membrane stability
and antioxidative protection. Proteomic and transcriptomic analyses have identi-
fied key HSP that are differentially expressed in drought-tolerant chickpea geno-
types. Cross-priming with mild drought stress can enhance the expression of HSP,
providing potential strategy for improving both drought and heat tolerance in
chickpea. MicroRNAs (miRNA) play crucial roles in regulating HSPs and other
stress-responsive genes. miR408 and miR398 are significant in enhancing drought
and heat tolerance by targeting specific genes and modulating HSP expression. The
differential expression of various miRNA under drought conditions highlights their
importance in multiple regulatory pathways.
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Chickpea (Cicer arietinum L.) is a highly valued legume crop known for its
significant nutritional benefits and economic importance. It is widely cul-
tivated and consumed across the globe, particularly in developing coun-
tries. Chickpea is a rich source of high-quality protein, carbohydrates,
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dietary fiber, and essential vitamins and minerals, making it a crucial com-
ponent of a balanced diet [1—3]. It contains essential amino acids, unsat-
urated fatty acids, and bioactive compounds like isoflavones and
carotenoids, which contribute to its health benefits, including antioxidant,
anti-inflammatory, and anti-diabetic properties [4]. Chickpea ranks third
in global legumes production, with an annual yield of over 11.5 million
tons, primarily centered in India [5].

Advances in chickpea breeding, including biofortification and the
development of stress-tolerant varieties, are crucial for enhancing its nutri-
tional quality and yield under extreme environmental conditions [6, 7].
Climate change is leading to more frequent and severe droughts, particu-
larly in regions like Europe, North America, and China, which negatively
impact crop yields and agricultural productivity [8]. Chickpea is highly
drought-resistant and can withstand high temperatures and prolonged
droughts, making it suitable for the climate conditions in Ukraine [9], so
increasing of chickpea drought tolerance by techniques such as marker-
assisted selection and genetical transformation is highly important. One of
the promising targets are heat shock proteins (HSP). HSPs help maintain
protein homeostasis by assisting in protein folding, assembly, translocation,
and degradation under stress conditions, including drought [10]. HSPs are
involved in the quality control of plasma membrane-resident pattern recog-
nition receptors (PRRs) and intracellular resistance (R) proteins, which are
crucial for plant immunity and stress responses, such as thermal and
drought response [11].

HSPs phylogeny and evolution. HSPs are a diverse group of molecu-
lar chaperones that play crucial roles in protecting plants from stress-
induced damage. Among them, small heat shock proteins (sHSPs) are par-
ticularly notable for their evolutionary diversity and functional significance.
Plant sHSPs are highly diverse, with some species having up to 40 diffe-
rent sHSPs, which are categorized into multiple classes based on their cel-
lular localization and function [12—15]. The sHSP gene families under-
went significant lineage-specific expansions early in land plant evolution,
with further diversification in seed plants and angiosperms [16].
Phylogenetic analyses reveal that gene duplication, sequence divergence,
and gene conversion have played significant roles in the evolution of plant
sHSPs [17]. The presence of SHSPs in both mosses and higher plants indi-
cates that these gene families are ancient, evolving at least 450 million
years ago [18]. sHSPs have diversified not only in sequence but also in
function and cellular localization, suggesting that they may have different
roles in stress responses and development. Some sHSPs are highly upreg-
ulated in response to heat and other stressors, while others are selectively
expressed in seeds and pollen, or are constitutively expressed [19].

The chloroplast-localized sHSPs in mosses and angiosperms show
unexpected evolutionary relationships, suggesting that these proteins
evolved via gene duplication from nuclear-encoded cytosolic sSHSPs rather
than from cyanobacterial ancestors. In Liriodendron chinense, the HSP
gene family has undergone segmental and tandem duplication events, con-
tributing to its expansion and evolution, with many genes showing respon-
siveness to temperature stress [20].
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The evolution of plant heat shock proteins, particularly sHSPs, is
characterized by significant diversification and functional specialization.
These proteins have ancient origins and have undergone extensive gene
duplication and divergence, leading to a wide range of functions and stress
responses. Despite their sequence variability, structural conservation sug-
gests a stable evolutionary role in protecting plants from stress. Under-
standing the phylogeny and evolution of these proteins provides critical
insights into plant adaptation to environmental challenges.

HSPs structure and functional mechanism. Plant small heat shock pro-
teins (sSHSPs) are a diverse and structurally complex group of proteins that
play a critical role in plant stress tolerance. They function as molecular
chaperones, preventing protein aggregation and assisting in protein refold-
ing under stress conditions. The diversity and evolutionary expansion of
sHSPs in plants highlight their importance in adapting to various environ-
mental stresses. Understanding the structural and functional mechanisms
of sHSPs, including their compartment-specific roles, is essential for devel-
oping strategies to enhance plant resilience to thermal stress. SHSPs share
a conserved a-crystallin domain with a B-sandwich structure and a variable
N-terminal domain [21].

These proteins typically form large oligomeric complexes, often with
12 or more subunits, which are crucial for their chaperone activity. The
crystal structure of sHSPs reveals a hollow spherical complex with octahe-
dral symmetry, composed of 24 monomers [22]. sHSPs act as molecular
chaperones, binding to partially denatured proteins to prevent irreversible
aggregation, and assist in refolding [23]. Different classes of SHSPs in the
plant cytosol (Class I and Class II) exhibit varied mechanisms of target
molecules protection, with Class II sHSPs maintaining oligomeric struc-
tures at high temperatures [24]. sHSPs are found in various cellular com-
partments, including the cytosol, chloroplasts, endoplasmic reticulum, and
mitochondria, indicating specialized roles under different cellular environ-
ments. Chloroplast-localized sHSPs, such as Hsp21, associate with thy-
lakoid membranes during heat stress, protecting photosystem II and elec-
tron transport [25].

HSPs regulation. The regulation of HSPs is primarily controlled by
heat shock factors (HSFs), which are activated in response to stress. HSFs
are essential regulators of HSP transcription. They bind to heat shock ele-
ments in HSP promoters, and mediate the dissociation of bound histones,
leading to HSP transcription. HSFs are regulated at multiple levels, includ-
ing transcriptional, post-transcriptional, and post-translational modifica-
tions, adding complexity to their function [26—28].

AtHSBP, a heat shock factor-binding protein in Arabidopsis, acts as a
negative regulator of the heat shock response by interacting with HSFs and
reducing their DNA-binding capacity. This regulation is crucial for seed
development and recovery from heat stress. Genome-wide analyses have
identified numerous HSFs and HSPs in various plant species, highlighting
their conservation and diversification across different plant lineages. These
studies provide valuable insights for breeding programs aimed at improving
stress tolerance [29].

HSPs and HSFs play a critical role in managing stress responses, par-
ticularly heat stress. HSPs function as molecular chaperones, ensuring pro-
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tein stability and preventing aggregation. HSFs regulate the transcription of
HSPs through complex signaling pathways. The diversity of sHSPs and
their specific roles in protecting cellular components, like photosystem 11,
underscore their importance in plant thermotolerance. Additionally, nega-
tive regulators like AtHSBP fine-tune the heat shock response, ensuring
balanced stress adaptation and recovery. Understanding these mechanisms
provides a foundation for developing stress-resistant plant varieties.

Study of Chidambaranathan et al. [30] had identified 22 HSFs in both
desi and kabuli chickpea genomes. Specifically, CarHSFA2, A6, and B2
are significantly up-regulated in response to heat stress during the seedling
and pod development stages. Comparative expression analysis in five dif-
ferent plants revealed that orthologs of CarHSFA2, A6, and B2 are also
upregulated under heat stress, indicating the critical role of these HSFs in
conferring heat tolerance in chickpea during pod development.
Additionally, there is notable expression plasticity of HSFs under field con-
ditions compared to control conditions. The identified heat stress-inducible
HSFs in chickpea and the environmental influence on their expression
require further detailed analysis.

HSPs in drought response in chickpea. HSPs, including small HSPs
like CaHSP18.5 and CaHSP22.7, are upregulated in chickpea under
drought stress, contributing to improved membrane stability and antiox-
idative protection [31—33]. Overexpression of specific HSPs, such as
CaHsp25.9, in other plants like pepper, has shown enhanced drought tole-
rance by reducing reactive oxygen species (ROS) accumulation and
increasing antioxidant enzymes activity [34].

Heat shock transcription factors (HSFs) like CarHSFB2 and
MdHSFAS8a are involved in regulating the expression of heat-responsive
genes, which also play a role in drought tolerance. These factors help in
the accumulation of flavonoids and activation of stress-responsive genes
[35, 36].

Proteomic studies have identified several HSPs and other stress-rela-
ted proteins that are differentially expressed in drought-tolerant chickpea
genotypes. These proteins are involved in various physiological processes,
including protein synthesis, intracellular traffic, and protective mechanisms
[37—39]. Transcriptomic analyses have revealed that genes encoding HSPs
and other stress-responsive proteins are upregulated in drought-tolerant
chickpea genotypes, indicating their role in drought stress adaptation.
Cross-priming with mild drought stress has been shown to enhance heat
tolerance in chickpea by stimulating the expression of small HSPs and
antioxidative protective mechanisms. This suggests a potential strategy for
improving drought and heat tolerance simultaneously.

In the study of Juneja et al. [40], 18 Hsf and 42 Hsp genes were iden-
tified in desi chickpea, while 17 Hsf and 34 Hsp genes were identified in
kabuli chickpea. Gene structure, conserved protein motif, and phylogene-
tic tree analyses were performed to classify and understand the evolution-
ary relationships between these genes. qRT-PCR results indicated the
involvement of CaHsf and CaHsp genes in the heat stress response.
Interaction network analysis revealed that HsfsAl regulates the Hsp70 and
Hsp18.2 genes, suggesting their role in various developmental processes.
The regulation of CasHsp, CaHsp70, CaHsfs, CaHsp90, and CaHsp100
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genes was further elucidated by identifying their miRNA targets, which
include miR156, miR166, miR319, miR171, and miR5213, respectively.
Additionally, it was observed that priming/pre-conditioning enhanced the
plants’ ability to withstand lethal stress and maintain cross-tolerance under
both laboratory and field conditions.

Heat shock proteins (HSPs) and heat shock transcription factors
(HSFs) play a significant role in enhancing drought tolerance in chickpea.
These proteins help in maintaining membrane stability, reducing oxidative
damage, and activating stress-responsive genes. Proteomic and transcrip-
tomic analyses have identified key HSPs and other stress-related proteins
that are upregulated in drought-tolerant genotypes. Cross-priming with
mild drought stress can further enhance the expression of HSPs, providing
a potential strategy for improving both drought and heat tolerance in
chickpea.

Role of miRNA in HSPs regulation. MicroRNAs (miRNAs) are small
non-coding RNAs that play crucial roles in regulating gene expression,
including the modulation of heat shock proteins (HSPs) and other stress-
responsive genes. Overexpression of miR408 in chickpea leads to increased
drought tolerance by regulating drought-responsive genes, including DREB
and other related genes [41, 42]. miR398 is induced by heat stress and
downregulates its target genes (CSD1, CSD2, and CCS), enhancing ther-
motolerance by modulating heat shock proteins and heat stress transcrip-
tion factors [43]. miR160 modulates the expression of heat shock proteins
(HSP17.6A, HSP17.611, HSP21, and HSP70B) and improves heat toler-
ance in Arabidopsis, suggesting a potential role in drought tolerance
through similar mechanisms [44]. Differential expression of miRNAs (e.g.,
miR396, miR408, miR414, miR528, and miR1533) in chickpea under
drought conditions indicates their role in regulating multiple pathways,
including protein and nitrogen metabolism [45]. miRNAs play a pivotal
role in regulating heat shock proteins and other stress-responsive genes,
contributing to drought tolerance in chickpea. miR408 and miR398 are
particularly significant, with miR408 enhancing drought tolerance by tar-
geting plantacyanin and laccase, and miR398 improving thermotolerance
by modulating heat shock proteins. The differential expression of various
miRNAs under drought conditions highlights their importance in multiple
regulatory pathways, making them potential targets for genetic manipula-
tion to enhance drought tolerance in crops.

Conclusions. HSPs, especially small heat shock proteins (sHSPs), are
diverse and have evolved significantly, indicating their ancient origins and
critical roles in plant stress responses. These proteins have undergone
extensive gene duplication and divergence, leading to various functions and
stress responses across different plant species. sHSPs have a conserved
a-crystallin domain and typically form large oligomeric complexes essen-
tial for their chaperone activity. They prevent protein aggregation and assist
in protein refolding under stress. SHSPs are found in various cellular com-
partments, indicating specialized roles in different cellular environments.

HSP regulation is controlled by heat shock factors (HSFs), which
activate in response to stress and bind to heat shock elements in HSP pro-
moters. HSFs are regulated at multiple levels, ensuring balanced stress
adaptation and recovery. Identified HSFs in chickpea are significantly
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upregulated during heat stress, indicating their critical role in stress toler-
ance. HSPs, including sHSPs like CaHSP18.5 and CaHSP22.7, are upreg-
ulated under drought stress in chickpea, contributing to improved mem-
brane stability and antioxidative protection. Proteomic and transcriptomic
analyses have identified key HSPs that are differentially expressed in
drought-tolerant chickpea genotypes. Cross-priming with mild drought
stress can enhance the expression of HSPs, providing a potential strategy
for improving both drought and heat tolerance in chickpea.

MicroRNAs (miRNAs) play crucial roles in regulating HSPs and
other stress-responsive genes. miR408 and miR398 are significant in
enhancing drought and heat tolerance by targeting specific genes and mod-
ulating HSP expression. The differential expression of various miRNAs
under drought conditions highlights their importance in multiple regulatory
pathways.

Understanding these mechanisms offers valuable strategies for devel-
oping stress-resistant chickpea varieties, which is crucial for sustaining agri-
cultural productivity under changing climate conditions.
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HyTt Moxe BUTpMMYyBaTH BUCOKi TeMMepaTypu Ta TpUBIi MOCYXH, 10 POOUTH MOro Mpu-
JATHUM JUIsI BUPOLIYBaHHS B KJIIMAaTUYHMX YMOBax YKpaiHU, TOMY MiABMIIEHHS IOCYXO-
CTiIMKOCTi HYTY BHACJiIOK 3aCTOCYBaHHS METOJiB CeJeKIlii 3a IOMOMOIol0 MapKepiB Ta re-
HeTUYHOi TpaHcdopMallii Hafa3BuyaitHo Baxiuse. [Ipoteinu TeruoBoro 1oky (heat shock
proteins, HSP), ocob6iuBo mani HSP (small HSP, sHSP), pisHomaHiTHiI I 3HauYHO €BO-
JIIOIIIOHYBaJIM, 110 CBiTYUTh MPO iXHE JABHE TMOXOMKEHHS i KPUTUYHO BaXKJIMBY DPOJIb y
CTPECOBUX peakllisix pociauH. Lli mpoTeiHn 3a3HaIu YUMaoro reHHOro AyOJl0BaHHS Ta IU-
BepreHl1ii, 10 MPUBEIO A0 BUHMKHEHHS Pi3HMX (DYHKII Ta CTpeCOBUX peaklliii y pizHUX
BuiB pociuH. sHSP MaloTh KOHCEepBAaTMBHMI o-KpPUCTAJIYHUI JOMEH i 3a3BUYail yTBOpIO-
IOTh BEJIMKi OJIiITOMEpHi KOMILUIEKCH, HEOOXiAHI IJIs1 IXHbOI 1IarepoOHHOI aKTUBHOCTI. BoHu
3aro6iraloTh arperailii MpoTeiHiB i JoMmoMaraloTh y BiTHOBJIEHHI MPOTEiHiB MiJ Yac CTpecy.
sHSP 3HaxonsThcsl B pi3HMX KIITMHHMX KOMIApTMEHTaX, 10 BKa3ye Ha iXHIO CIeliali3o-
BaHy poJb y Pi3HUX KIITUHHUX cepenoBuilax. Perynsuis HSP koHTpomoeTbest hakTopamu
teruioBoro 1oky (heat shock factors, HSF), siki akTuBYIOTbCSI Y BillTOBiIb Ha CTpeC i 3B’513y-
IOTbCS 3 €JeMEHTaMM TeIuioBOro 1oky B npomoTtopax HSP. PerymioBanns HSF BinOy-
BA€EThCS Ha JEKiJIbKOX DiBHAX, 3abe3neuyroun 30alaHCOBaHy ajamnTallilo 10 CTpecy Ta
BimHoBNeHHs. IneHTudikoBani HSF B HyTi 3HauHO MiABUILYIOTh CBOIO aKTUBHICTh 3a Tell-
JIOBOrO CTpecy, 10 BKa3ye Ha IXHIO BaXJIMBY poyib y crTpecocTiiikocti. HSP, BkiItouHO
sHSP, taki sx CaHSP18.5 Ta CaHSP22.7, ninBuiiytoTh CBOIO aKTUBHICTh B HYTi Ml 4yac
BOJIHOTO CTpecy, CIPHUSIOUM MOKpAIeHHIO CTaOUIbHOCTI MeMOpaH Ta aHTMOKCUAAHTHOTO
3axucty. [IpoTeoMHuUii Ta TPaHCKPUNTOMHUI aHali3u ineHTUdiKyBanu kiao4yoBi HSP, ski
nubepeHliiioBaHO eKCIPECYIOTbCS Yy TIOCYXOCTiKMX TeHoTuIax HyTy. IlepexpecHe
NMpaiiMyBaHHS 3 JIETKMM BOJHMM CTPECOM MoOXe MocuiauTu ekcrpecito HSP, mo € mo-
TEHLITHOIO CTpaTeTi€lo ISl MOKPalleHHs CTIHKOCTI HYyTy A0 mocyxu Ta cneku. MikpoPHK
(miRNA) BinmirpaioTh BaxuBy posib y peryiasuii HSP Ta iHIIMX cTpecouyyTJMBUX TEeHiB.
miR408 ta miR398 BixirpaloTh BaxXJMBY poJib y MiABUILIEHHI CTIMKOCTi A0 MOCYXU Ta CIie-
KM HalLTIOBAaHHSIM Ha KOHKPETHI reHu Ta MonyJsuii ekcripecii HSP. IudepeHiiiioBaHa ex-
cnpecig pisHux MiPHK 3a yMOB mocyxu miKpeciioe iXHIO BaXJIMBICTh Y YMCIEHHUX PETy-
JISTOPHUX 1UIsiXaX. PO3yMiHHS LIMX TeHETMYHUX MEXaHi3MiB MPOMOHYE LIiHHI CTpaTeril Mis
BUBEJICHHSI CTPECOCTIMKMX COPTIB HYTY, 1110 MA€ BUpilllaJibHe 3HAYEHHS IS MiATPUMAaHHS
MPOAYKTUBHOCTi CUIBCHKOIO TOCIIOAApCTBAa B YMOBAaX MiHJMBOIO KiiMary.

K./uo'wei caosa: Q’cer arietinum, nochOCTiﬁK.iCTL, copr, CiJIbCHKOTOCITOIapChKa MPOIYKTUB-
HiCTb, 3MiHa KJIIMATUYHUX YMOB, T'€HU, Mali IPOTETHU TETUIOBOTO ILIOKY.
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