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stress-induced expression profiling, and protein
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Abstract

Background Heat shock proteins (HSP20s) are crucial components in plant stress responses, acting as molecular chap-
erones to safeguard cellular integrity and prevent abnormal protein aggregation. While extensive research has been con-
ducted on HSP20s in various plant species, limited information is available regarding the HSP20 protein family in poplar
(Populus yunnanensis), a species of significant ecological and economic importance native to southwestern China.

Results To elucidate the distribution, structural features, and functional characteristics of HSP20 proteins in P. yun-
nanensis, a combination of bioinformatics tools and experimental validation was utilized. A total of 53 PyHSP20s

were identified within the P yunnanensis genome and classified into 12 subfamilies: Cl, ClI, Clll, CIV, CV, CVI, CVII, MI,
MII, ER, CP. and Px containing 24,1, 1, 1,2,2,14,3,1, 1,2, and 1 HSP20 proteins, respectively. Classification was based
on subcellular localization and phylogenetic relationships, revealing subfamilies with varying exon—intron structures
and conserved motifs. The 3D structures analysis showed significant differentiation, with the CI subfamily PyHSP20s
exhibiting 8 B-sheets, compared to 7 3-sheets in other subfamilies. Additionally, the N-terminal arms displayed hetero-
geneity in length and sequence. The 53 PyHSP20s were unevenly distributed across 15 chromosomes, with tandem
segmental duplications explaining the expansion of subfamilies, particularly Cl, CV, CVI, and CVII. The analysis of cis-
elements associated with stress response and hormone regulation underscored the critical role of PyHSP20 in stress
adaptation. Expression profiling via database analysis and gRT-PCR confirmed the responsiveness of PyHSP20s to mul-
tiple stressors, including salt, mannitol, drought, heat, and abscisic acid (ABA). Furthermore, Yeast Two-Hybrid (Y2H)
assays demonstrated potential regulatory interactions between PyHSP20s and other functional proteins involved

in stress responses.

Conclusions These findings provide a comprehensive understanding of the classification, structural differentiation,
and functional roles of PyHSP20s in P yunnanensis, thereby establishing a foundation for future functional investiga-
tions into this protein family.
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Background

Heat shock proteins (HSPs) are ubiquitous, ATP-inde-
pendent chaperones that play critical roles, particularly
under fluctuating conditions [1]. These proteins are
essential for cellular protection and homeostasis, facili-
tating protein folding, preventing aggregation, and pro-
moting degradation under stress conditions [2]. HSPs are
classified into different families based on their molecular
weight, including HSP40, HSP60, HSP70, HSP90, and
small HSPs [3].

Small heat shock proteins (sHSPs) are a group of pro-
teins with monomeric masses ranging from 16-40 kDa
and a conserved C-terminal a-crystallin domain (ACD)
consisting of approximately 90 amino acids [4]. sHSPs
are key components of the cellular protein system and
participate in various biological processes, including cell
growth, regulation, and stress adaptation [5]. Most sHSPs
have molecular weights in the range of 15-22 kDa and
are also known as HSP20 [6]. The primary amino acid
sequences of HSP20 proteins include a variable N-termi-
nal domain, a highly conserved C-terminal region (known
as the ACD domain), and a C-terminal region [7]. In
angiosperms, eleven subfamilies of HSP20 proteins can
be classified based on their amino acid sequence identity
and subcellular targeting signals [6]. CP (chloroplast),
MTII (mitochondria), ER (endoplasmic reticulum), PX
(peroxisomes), CIII (nucleus), and MTI/CP (mitochon-
drial and chloroplast double locational proteins) are six
classes of HSP20 proteins with specific targeting signals.
In addition to these six classes, five subfamilies that lack
targeted organelle signals but are responsible for target-
ing the cytosol are also classified (CI, CII, CIV, CV, and
CVI) [8]. HSP20 proteins can prevent the aggregation of
misfolded proteins in vitro due to their ATP-independent
chaperone activity [9]. The polydisperse state of HSP20
proteins reveals various oligomeric states during cell
growth and regulation [10]. The dynamic structure and
chaperone binding ability of HSP20 proteins enable them
to bind and sequester target proteins promptly after the
production of abnormal proteins induced by stress and
defense responses [11]. HSP20 proteins maintain mem-
brane integrity through their amphitropic and non-trans-
membrane signals by associating with membranes and
capturing unfolding proteins to prevent their irreversible
aggregation, which is particularly important under stress
conditions [12].

During the heat response of Agaves tequilana, the
enrichment of HSP20 proteins enhances the thermoreg-
ulatory capacity of leaves and protects the shoot apical
meristem (SAM) and folded leaves from high tempera-
tures [13]. The increased expression of HSP20 during
heat pretreatment plays a probable role in enhancing
chilling tolerance of banana fruit [14]. Heterologously
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expressed HSP20s, isolated from thermotolerant bacte-
ria such as Escherichia coli, exhibit enhanced tolerance
to heat, cold, acid, alkaline, and hyperosmotic stresses
[15]. In another study, HSP20 proteins have been shown
to enhance tolerance to heat, salt, osmotic and drought
stress, not only in prokaryotic and eukaryotic microor-
ganisms, but also in higher plants [16].

The number of HSP20s varies among different plants.
The subfamilies also display variations across various
plant species. Potato contains 48 HSP20s, categorized
into 12 distinct subfamilies [17]. Forty-eight VVHSP20s
in grape are organized into 11 subfamilies based on
phylogenetic analysis and subcellular localization [18].
Thirty-two HSP20 proteins from Coix lacryma-jobi L.
are organized into 11 subfamilies [19], while forty-four
PpHSP20s from peach are categorized into 10 distinct
subfamilies [20]. Thirty CsHSP20s from cucumber are
grouped into 11 subfamilies [21], and thirty-eight HSP20
proteins from Sorbus pohuashanensis are categorized
into 10 distinct subfamilies [22]. Forty-one HSP20 pro-
teins from Cynodon transvaalensis (African bermudag-
rass) are organized into 12 subfamilies [23].

Populus yunnanensis, a poplar species native to south-
western China, is highly valuable for forestry produc-
tion and environmental conservation due to its rapid
growth and environmental adaptability [24, 25]. In this
study, bioinformatics methods were employed to iden-
tify HSP20 genes in P. yunnanensis. Through sequence
alignment and functional domain verification, a total of
53 HSP20 genes were identified in P yunnanensis. By
constructing phylogenetic trees of HSP20 proteins from
P. yunnanensis and Arabidopsis thaliana, combined with
subcellular localization prediction and sequence-struc-
ture analysis, the 53 HSP20 proteins from P yunnanen-
sis were classified into 12 subfamilies: CP, MTII, ER, PX,
CIII, MTI, CP, CI, CII, CIV, CV, and CVI, which are also
conserved among the other five Populus species (Popu-
lus euphratica, Populus deltoides, Populus trichocarpa,
Populus tomentosa, Populus alba). Sequence and pro-
tein structure analysis revealed that the HSP20 proteins
in P yunnanensis are conserved within subfamilies. The
53 HSP20 proteins were dispersed across the 15 chromo-
somes of P yunnanensis. Collinearity analysis revealed 8
pairs of initial HSP20 proteins in P. yunnanensis. Cis-ele-
ment analysis revealed that the promoter regions of most
HSP20 genes harbor binding sites for response elements
related to drought, salt, and ABA (Abscisic acid), suggest-
ing their potential involvement in plant stress response
mechanisms. This conclusion was further supported
by gene expression analysis. Given that HSP20 proteins
exhibit binding and chaperone properties, we confirmed
their interactions with ABA response proteins, other heat
shock proteins, and kinases via yeast two-hybrid (Y2H)
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assays. This study lays the foundation for further investi-
gations into the function of HSP20 and the utilization of
stress resistance gene resources for genetic improvement
in P. yunnanensis.

Results

Identification and sequence analysis of P. yunnanensis
HSP20s

A total of 57 candidate HSP20 proteins were initially
identified in P yunnanensis via local BLASTP searches
against 19 HSP20 proteins from A. thaliana (Table S1).
Subsequently, using these initial 57 candidates, an addi-
tional 77 candidate PyHSP20 proteins were identified via
local BLASTP searches in the P yunnanensis genome.
Following domain detection using CDD (pfam00011),
SMART, and molecular weight screening (Table 1) [4,
6], 53 PyHSP20 proteins were confirmed. The physico-
chemical characteristics of these proteins varied signifi-
cantly. The protein lengths ranged from 137 amino acids
(Poyun21268) to 331 amino acids (Poyunl7694), with
molecular weights ranging from 15.7 kDa (Poyun02516)
to 36.7 kDa (Poyunl17694). The theoretical isoelec-
tric points (pI) ranged from 4.62 (Poyun34740) to 9.23
(Poyun24554), with 12 proteins classified as basic. The
GRAVY scores, which indicate hydropathy, ranged from
—0.94 to —0.059, suggesting strong hydrophilicity across
all PyHSP20 proteins. Aliphatic indices ranged from
60.61 to 98.39, reflecting varying degrees of protein sta-
bility. The characteristic ACD domain (pfam00011) in
PyHSP20 proteins spanned from 73 to 107 amino acids.
Subcellular localization predictions indicated that 38
PyHSP20s were likely located in the cytoplasm, 7 in the
nucleus, 2 in the chloroplast, 4 in the mitochondrion, 1 in
the endoplasmic reticulum, and 1 in the peroxisome, sug-
gesting that the cytoplasm is the primary localization site
for HSP20s in P. yunnanensis (Table S2).

Protein and gene structure analysis

To investigate the structural features of PyHSP20 pro-
teins, we conducted an analysis of motifs, protein
domains, and gene structures (Fig. 1). Using MEME soft-
ware, we identified 10 distinct conserved motifs within
the PyHSP20 proteins. Motifs 1, 3, and 4 were the most
frequently occurring, present in 34, 49, and 37 proteins,
respectively. Additionally, motif 2 was found in 30 pro-
teins, motif 5 in 18, motif 6 in 29, motif 7 in 21, motif 8 in
13, motif 9 in 20, and motif 10 in 17 proteins.

Conserved domain analysis revealed that nearly all
PyHSP20 proteins possessed the ACD domain, with
exceptions being Poyun01954, and Poyun18465, which
belonged to the IbpA superfamily, and Poyun36443,
which belonged to the HSP20 superfamily [26]. Addition-
ally, some PyHSP20 proteins exhibited extra conserved
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domains, such as those in the Iso_dh superfamily
(Poyun38293), PTZ00121 superfamily (Poyun17694), and
PRK10263 and PRK12323 superfamily (Poyun08023), in
addition to the key heat-shock protein domains.

Gene structure analysis showed that 24 PyHSP20
genes consisted of a single exon, 26 PyHSP20 genes had
two exons, 2 PyHSP20 genes had three exons, and the
remaining PyHSP20 genes had six exons.

Phylogenetic analysis and classification of PyHSP20s

To better understand the phylogenetic relationships and
classification of PyHSP20s, an unrooted phylogenetic
tree was constructed using the protein sequences of 53
PyHSP20s and 19 AtHSP20s (Fig. 2). Based on the phylo-
genetic relationships and subcellular locations of HSP20
proteins of P yunnanensis and A. thaliana (Table 1), the
53 PyHSP20s were classified into 12 subfamilies: 24 CI
(22 localized in the cytosol and 2 in the nucleus), 1 ER
(endoplasmic reticulum), 2 CVI (cytosol), 1 Px (peroxi-
some), 1 CIV (cytosol), 2 CV (nucleus), 3 MI (mitochon-
dria), 2 CP (plastid), 1 MII (mitochondria), 14 CVII (11
in the cytosol and 3 in the nucleus), 1 CII (cytosol), and 1
CIII (cytosol). Additionally, we analyzed the phylogenetic
relationships of HSP20 proteins among different poplar
species. All five poplar species analyzed contained 12
subfamilies of HSP20s (Figure S1).

The structures of PyHSP20s were conserved among
evolutionarily related proteins and even extended beyond
the boundaries of subfamilies. Three protein models
(Poyun18465, Poyun06896, Poyun08063) were con-
structed using PyHSP20 proteins, all of which contained
characteristic p folds. Two of these models (Poyun18465
and Poyun06896) additionally included o-helices
(Fig. 3). The protein structure model of Poyun18465
was constructed based on the A0A251JRI8.1.A tem-
plate (small heat shock protein domain-containing
protein) with 78.57% sequence identity. A model qual-
ity estimate (MQE) of 0.78 GMQE was generated using
ProMod3 version 3.4.0. Five PyHSP20s from the MII,
Px, ER, CII, and CIV subfamilies exhibited structural
similarities to Poyun18465, possessing two conserved a
helixes (al-a2), seven B folds (B1-p7), and highly con-
served sequence motifs between p2-3 (Pro-Gly), p5-p6
(Leu-Pro) and p6-p7 (Gly) (Fig. 3A). The protein struc-
ture model of Poyun06896 was constructed based on
the AO0A836Y6]7.1.A template with 85.33% sequence
identity and a MQE of 0.69 GMQE was obtained using
ProMod3 3.4.0. Eight PyHSP20s from the MI, CP, CVI
and CVII subfamilies displayed structural similarity to
Poyun06896, including one conserved a-helix and seven
B-fold (B1-B7), with conserved sequence motifs between
B2-B3 (Pro and Val), B5-p6 (Pro) and p6-p7 (Gly-Val-Leu)
(Fig. 3C). The protein structure model of Poyun08063
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Table 1 Characteristics of PyHSP20s in P yunnanensis

ID Number of Molecular Theoretical pl Aliphatic index Grand average of pfam00011 Domain subcellular localization
amino acids weight (Da) hydropathicity (GRAVY)
Poyun01954 243 27,398.19 8.28 82.63 —0.647 142-243 mitochondrion
Poyun02516 147 15,707.25 8.76 88.78 —-0.059 35-140 cytoplasm
Poyun06896 150 17,050.18 4.68 7133 -0.314 61-146 cytoplasm
Poyun15799 237 26,786.38 79 65.02 -0.741 130-237 chloroplast
Poyun17694 331 36,790.86 8.64 63.75 -0.761 23-99 cytoplasm
Poyun24210 222 23,702.7 57 69.73 -0.319 123-215 cytoplasm
Poyun24897 192 21,790.05 6 98.39 -0414 71-153 endoplasmic reticulum
Poyun31249 198 22,418.05 538 74.29 -0.721 32-112 cytoplasm
Poyun36443 238 26,204.72 6.92 77.73 -0.55 140-238 chloroplast
Poyun38019 229 25,228.92 6.53 7795 -0.516 125-223 mitochondrion
Poyun02471 144 16,201.64 9.01 82.57 —-0.466 40-143 cytoplasm
Poyun02640 158 18,231.67 598 68.42 -0.639 54-157 cytoplasm
Poyun03516 144 16,360.72 534 83.06 —-0.605 31-134 cytoplasm
Poyun03517 144 16,360.72 5.34 83.06 —-0.605 31-134 cytoplasm
Poyun03518 144 16,360.72 5.34 83.06 —-0.605 31-134 cytoplasm
Poyun05362 157 17,560.19 6.16 7452 —-0.489 51-138 cytoplasm
Poyun06689 140 15,887 5.99 80 -0.656 36-139 cytoplasm
Poyun08063 161 18,314.7 5.98 70.81 -0.631 55-160 cytoplasm
Poyun08064 158 18,275.81 6.77 69.68 —0.685 54-157 cytoplasm
Poyun08065 154 17,750.21 6.19 75.19 -0.626 50-153 cytoplasm
Poyun08066 158 18,292.64 522 7272 —-0.647 54-157 cytoplasm
Poyun08067 145 16,710.09 6.2 7862 —-0.792 38-141 cytoplasm
Poyun08071 160 18,266.47 5.08 66.94 —0.652 56-159 cytoplasm
Poyun17195 162 18,605.03 6.35 7037 -0.725 58-161 cytoplasm
Poyun18465 156 17,566 643 79.81 -0.537 48-154 cytoplasm
Poyun21268 137 15,747.83 524 86.86 -0411 34-112 cytoplasm
Poyun22158 162 18,322.72 6.2 7037 -0.68 58-161 cytoplasm
Poyun22160 162 18,322.77 6.77 7037 —-0.682 58-161 cytoplasm
Poyun22161 162 18,251.68 6.2 7037 —-0.656 58-161 cytoplasm
Poyun24552 169 19,233.14 6.9 85.38 -0.367 22-98 cytoplasm
Poyun24553 168 19,162.02 6.96 84.7 -0421 22-107 cytoplasm
Poyun27967 172 19,271.14 6.52 85 -0.276 22-108 cytoplasm
Poyun28484 152 17,534.83 571 69.14 —-0.705 48-151 cytoplasm
Poyun28485 152 17,465.72 549 69.14 -0.681 48-151 cytoplasm
Poyun34740 150 16,943.05 4.62 7273 -0.325 61-146 cytoplasm
Poyun38186 156 18,040.38 6.19 64.23 -0.796 51-155 cytoplasm
Poyun38292 155 17,820.24 6.19 7348 —-0.683 50-154 cytoplasm
Poyun39254 158 18,011.36 6.19 72.72 -0.64 54-156 cytoplasm
Poyun39298 247 27,359.89 6.11 80.04 -0.71 37-112 cytoplasm
Poyun24554 201 23,037.49 9.23 7801 -0.531 19-105 cytoplasm
Poyun07304 180 20,439.98 467 7794 —0.495 81-169 cytoplasm
Poyun18517 225 25,633.88 599 6547 —0.696 140-220 cytoplasm
Poyun18518 214 23,572.79 9.18 76.96 -0.484 119-203 mitochondrion
Poyun18860 212 23,786.75 575 77.69 -0.64 116-189 mitochondrion
Poyun04237 196 22,378.79 5.01 60.61 -0.656 87-183 nucleus
Poyun08023 323 35,986.8 9.19 67.62 -0.94 23-110 nucleus
Poyun20302 202 23,098.88 513 7045 -0.554 87-194 nucleus
Poyun26228 266 29,702.92 9.15 7549 -0.491 168-265 nucleus
Poyun38293 189 21,863.09 9.16 74.66 -0814 70-174 nucleus
Poyun39253 227 26,521.11 9.01 67.31 -0.856 123-226 nucleus
Poyun39300 208 23,722.28 9.16 79.13 -0.602 35-107 nucleus
Poyun16995 155 17,693.15 6.25 7413 —0.693 30-135 cytoplasm
Poyun33147 141 15,943.08 6.98 76.67 -0.613 31-138 peroxisome

The subcellular localization of PyHSP20s just list the most likely localization from WOLF PSORT (https://wolf-psort.hgc.jp/)
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was constructed based on the AOA0O59AGUL.1.A tem-
plate (sHSP domain-containing protein) with 80.25%
sequence identity, and a MQE of 0.75 GMQE was gen-
erated using ProMod3 3.4.0. All 24 CI PyHSP20s exhib-
ited structural similarity to Poyun08063, containing six
conserved n-helices and eight p folds (B1-$8), with highly
conserved sequence motifs between 3-p4 (Phe, Leu-Pro
and Val) and p6-p7 (Phe, Arg, Leu-Pro, Lys, and Lys-Ala)
(Fig. 3B).

Chromosome location and gene duplication of PyHSP20
genes

Based on the chromosome locations of HSP20s in P
yunnanensis, 53 PyHSP20 genes were found to be une-
venly distributed across 15 chromosomes (Fig. 4A).
Chromosomes 1 and 19 had the highest number of
PyHSP20 genes (Fig. 4A). Chromosome 3 with 7 genes,
exhibited concentrated distribution sites. Chromosome
10 had 5 PyHSP20 genes. Chromosomes 2, 6 and 7 each
had 4 PyHSP20 genes. Chromosomes 9 and 12 each
contained 3 PyHSP20 genes, and chromosome 8 had 2
PyHSP20 genes. Additionally, chromosomes 11, 14, 15,

16 and 18 each carried only one PyHSP20 gene. Based
on these findings, we hypothesized that tandem dupli-
cations and segment duplications might account for the
expansion of PyHSP20 genes. To further investigate the
evolutionary relationships between different PyHSP20
genes, a collinearity analysis was performed. The eight
pairs of PyHSP20 genes exhibited similarities in their
sequences and shared origins (Fig. 4B, Table S3). The
collinearity pairs were exclusively identified within the
same subfamily groups (CI, CV, CVI, and CVII), sug-
gesting that the expansion of PyHSP20 genes resulted
from tandem replication within the same subfamilies.

The predicted cis-elements in the promoter regions

of PyHSP20 genes

Cis-elements were predicted to act as binding sites for
regulatory proteins in the promoter regions of genes,
thereby facilitating the regulation of gene expression. In
the promoter regions of PyHSP20 genes, numerous cis-
elements associated with stress response and hormone
responsiveness were identified, with light-responsive
elements being the most abundant (Fig. 5, Table S4).
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Notably, all PyHSP20s contained light-responsive ele-
ments in their promoter regions, a characteristic feature
of plant functional genes. Anaerobic induction-related
elements were the second most abundant cis-elements in
the PyHSP20 promoters, present in 49 PyHSP20 promot-
ers, excluding Poyun08063, Poyun28484, Poyun39253,
and Poyuni8517. This suggested the involvement of
PyHSP20s in abiotic stress responses. ABA-responsive
elements, which were crucial for stress response and
gene regulation, were universally distributed in the pro-
moters of 41 PyHSP20 members across all subfamilies.
MeJA (Methyl Jasmonate) -responsive elements were
identified in 43 PyHSP20 promoters, excluding mem-
bers of the CVI, ER, and CP subfamilies. MYB bind-
ing elements were identified in 35 PyHSP20 promoters,
excluding members of the CIII and ER subfamilies. Addi-
tionally, elements related to plant growth and hormone
regulation, as well as stress-responsive elements (e.g.,
zein metabolism, salicylic acid, gibberellin, auxin, defense
and low-temperature responsiveness), were identified in

the promoters of more than twenty PyHSP20s. The wide-
spread distribution of these detected elements, associ-
ated with regulatory hormones and stress responsiveness
in the PyHSP20 promoters highlighted their functional
associations.

Relative expression levels of PyHSP20s

To predict the functions of different HSP20 subfam-
ily members, we examined the expression levels of
PyHSP20 homologous in Populus trichocarpa, the
closest evolutionary relative to P yunnanensis [28],
across various tissues and hormone treatments using
expression data from Phytozome. Within each HSP20
subfamily, we identified several representative mem-
bers whose expression was significantly induced by
hormones, particularly stress-related hormones such
as abscisic acid (ABA), methyl jasmonate (MeJA), and
Salicylic acid (SA). Notably, members of the CI, CII,
and MII subfamilies exhibited significant induction
(Fig. 6A). Additionally, expression patterns of different
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Fig. 3 Sequence and structure analysis of PyHSP20s based on their 3D models. Multiple sequence alignment of PyHSP20s were analyzed using
ESPript 3.0 based on different protein models built with the SWISS-MODEL Workspace of Expasy. A Sequence alignment of five PyHSP20 proteins
based on protein model of Poyun18465 built with AOA251JRI8.1.A template (SHSP domain-containing protein). B Sequence alignment of 24 Cl
PyHSP20 proteins based on protein model of Poyun08063 built with AOA251JRI8.1.A template (SHSP domain-containing protein). C Sequence
alignment of 8 PyHSP20 proteins based on protein model of Poyun06896 built with AOA836Y6J7.1.A template. Highly conserved residues are

highlighted in red and blue boxes, whereas variable residues are highlighted in black. Conserved amino acids: P (Pro),

F (Phe), R (Arg), (Ala). The structure markers on the top and bottom of the sequence alignment correspond to the 3D models built

K(Lys), A

on SWISS-MODEL [ 27 1. A helices were highlighted in purple, and B folds were highlighted in green

G(Gly), L (Leu), V (Val),
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PyHSP20 subfamilies were observed in our RNA-seq
data of P yunnanensis under NaCl treatment (Fig. 6B).
These variations in expression further indicated func-
tional differentiation among the HSP20s.

To investigate the functional differentiation of
HSP20s in P yunnanensis during stress responses, we
measured the relative expression of representative PyH-
SP20s under various stress conditions using qRT-PCR.
All detected PyHSP20s exhibited stress responses under
stress conditions, with relative expression levels signifi-
cantly different from those of the untreated controls.
This finding was consistent with the number of cis-ele-
ments related to the stress response detected (Fig. 7).

Specifically, Poyunl7195, Poyun28484, Poyun38186,
Poyun38292, Poyunl6995, and Poyun22158, belong-
ing to the CI subfamily of HSP20s, were significantly
induced under salt, heat, drought, mannitol and ABA
treatments. Notably, except for Poyuni6995, which
was evolutionarily closest to the ER subfamily and
was primarily induced by heat stress, all other tested
CI PyHSP20 members were most strongly induced by
salt stress. Poyunl5799 (CP subfamily), Poyuni8860
(MI subfamily), and Poyun34740 (CVI subfamily)
exhibited similar changes in expression under stress
conditions, with the greatest increase in expression
under heat stress and relatively high expression levels
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Fig.5 Cis-elements predicted within PyHSP20s promoters. Different colored boxes on the left represented different cis-elements in the promoters
of PyHSP20s within 2000 bp sequences before their transcription start sites. The right color-coded matrix summarized the number of cis-elements

in the promoters of PyHSP20s

under salt, drought, ABA, drought and mannitol treat-
ments. Poyun05362, a representative member of the
CII PyHSP20 subfamily, exhibited the highest expres-
sion under salt stress, followed by mannitol and heat
stress. However, its expression level was lower under
drought and ABA stress compared to untreated condi-
tions, despite the presence of numerous ABA-related
cis-elements on its promoter. These observations
indicated significant differences in expression trends
among subfamily members in response to various
stress conditions, highlighting the functional differen-
tiation of PyHSP20s and their regulation by promoter
cis-elements.

The proteins predicted to interact with PyHSP20s
underwent a Y2H assay

HSP20 exhibited polymerization activity, enabling it
to bind with other proteins. The interaction network of
the PyHSP20s predicted via STRING revealed that most
PyHSP20s can interact with other heat-shock proteins.
Some PyHSP20s were predicted to potentially interact
with functional proteins and enzymes, including shiki-
mate kinase and chloroplastic isoform proteins (Fig. 8A;

Table S6). Interaction relationships between different
HSP20 proteins were predicted (Fig. 8B).

To further investigate the function of PyHSP20s,
we conducted Y2H assays to examine the interactions
between PyHSP20s and their predicted interacting pro-
teins. During the examination of PyHSP20s’ interactions,
Poyun18860 (MI) exhibited the highest number of inter-
actions and was found to bind with CHLOROPLAST
UNUSUAL POSITIONING 1 (CHUPI1, Poyunl5301),
Shikimate kinase-like protein (Poyun32474), and PyH-
SP20s (Poyun05362 (CII), Poyun01954 (MII)). Shikimate
kinase-like protein (SKL2) has been reported to function
as a drought and salinity stress response factor, enhanc-
ing rice stress resistance by binding with the ABA stress
ripening (ASR) protein and the ABA signaling pathway
[29]. CHLOROPLAST UNUSUAL POSITIONING 1
(CHUP1) functions as a plant-specific actin polymeri-
zation factor, regulating the movement of chloroplasts
[30]. The protein binding relationships of PyHSP20s with
CHUP1 and SKL provided valuable insights into the
function of PyHSP20s under stress. The interactions of
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Fig. 6 The expression profiles of PyHSP20s and their homologous in P, trichocarpa across different tissues and under stress conditions. A Expression
profiles of PyHSP20 homologous in P trichocarpa across different tissues and hormone treatments. Expression data for various tissues (root, stem,

bud, leaf) and hormone-treated leaves (ABA (Abscisic acid), SA (Salicylic acid), MeJA (Methyl Jasmonate), ACC (1-Aminocyclopropane-1-carbox
ylic acid), BAP (6-Benzylaminopurine), BL (Brassinolide), GA (Gibberellic Acid), NAA (Naphthaleneacetic acid), SL (Strigolactone)) were retrieved

from Phytozome 13. B Expression profiles of PyHSP20s under salt stress conditions in P yunnanensis. RNA-seq data: T1, two days of 25 mM NaCl

treatment; T4, the fourth cycle of NaCl treatment (each cycle consisting of two days of NaCl treatment followed by three days of recovery,

as described in the methods); CK, untreated control. All heatmaps were generated using TBtools with log2-transformed FPKM values (Table S5)

PyHSP20s with different activation and binding partners
revealed their functional flexibility.

Discussion

Small heat shock proteins (sHSPs) are ubiquitous chap-
erone proteins that play crucial roles in maintaining
ATP-independent protein stability by preventing protein
misfolding and aggregation [1]. In addition to heat stress,
plant sHSPs also play roles in tolerating various types
of stress [31]. With advances in sequencing technology,
numerous sHSPs have been identified across various
plant species, such as Arabidopsis, potato, peach, and so
on [17, 20, 32]. However, limited information is available
regarding HSP20 proteins in Populus species, particularly
P yunnanensis, an economically important tree species
native to China [24]. In this study, we identified a total of
53 HSP20 proteins in P. yunnanensis, which were classi-
fied into twelve subfamilies based on their phylogenetic

relationships and subcellular localization. In P yunnan-
ensis, both protein and gene structures were conserved
among HSP20 proteins within the same subfamily. The
eight pairs of PyHSP20s identified through collinearity
analysis offered insights into gene expansion and dupli-
cation events. The expression profiles of the PyHSP20s
also confirmed the functional conservation of subfamily
members under stress conditions, reflecting their coop-
erative ability with functional proteins.

The number (53) of P. yunnanensis HSP20 proteins
was more similar to those of perennial plants than to
those of annual herbs (Table 1) [18, 20-23, 32, 33]. The
number of HSP20 proteins in poplar species was com-
parable (Figure S1). The diversity of the physicochemi-
cal properties among PyHSP20 proteins indicated
functional differentiation, particularly in subcellular
localization (Table 1) [34]. Protein and gene structures
varied among PyHSP20 members. Conserved short
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Fig. 7 Relative expression of PyHsp20s under stress. Relative expression levels of PyHSP20s under various stress conditions were depicted. Different
colored boxes represented different stress and hormone treatment: blue for un-treated control; red for salt treatment; grey for D-mannitol
treatment; yellow for drought treatment; purple for heat treatment; green for ABA treatment. Error bars indicated the standard error of three
replicates. Significant differences (p < 0.05) were denoted by different letters above the bars

motifs were identified and arranged in different orders
at various positions within PyHSP20 sequences [35].
The varying numbers of exons in PyHSP20s correlated
with motif distribution and phylogenetic relationships
(Fig. 1). Most PyHSP20s had fewer than three exons,
except for three PyHSP20s (Poyun26228, Poyunl18517,
Poyun24210) belonging to the same phylogenetic
branch. Conversely, gene lengths of PyHSP20s var-
ied due to the presence of long introns, which didn’t
affect protein sequence length or composition but may
influence gene function, regulation and evolution [36,

37]. IbpA proteins, a type of HSP20 involved in heat
stress resistance, are primarily found in bacteria [38].
The presence of IbpA domains in some PyHSP20s
(Poyun01954, Poyunl18465) may provide insights into
their evolution and origin. The identification of addi-
tional domains in Poyun01954 and Poyun18465 could
clarify the specificity of their structure and function
[39].

The classification of HSP20 proteins, based on their
phylogenetic relationships and subcellular localization, is
a widely adopted approach [6]. A total of 53 PyHSP20s
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were classified into twelve subfamilies (Fig. 2), consist-
ent with the classifications observed in P. euphratica, P,
deltoides, P. trichocarpa, P. tomentosa, P. alba (Figure
S1) and Arabidopsis [32]. However, the classification dif-
fered from that of Prunus persica, which comprises 13
subfamilies, and peach, which contains 10 subfamilies
[20, 40]. This subfamily classification may offer valuable
insights into the functional differentiation of HSP20 pro-
teins [32]. The cytoplasmic PyHSP20s formed the largest
cluster, facilitating chaperone binding and the capture of
unfolded proteins [11, 12]. The CI subfamily of PyHSP20
represented the largest HSP20 subfamily, consistent with
findings in potato, peach, Arabidopsis, Coix and grape
[17-20, 32], underscoring the evolutionary conserva-
tion of HSP20 proteins across species. The a-crystallin
domain (ACD), a conserved hallmark of sHSP20s, com-
prises seven or eight antiparallel  strands that are essen-
tial for maintaining their binding function [8]. Although
all PyHSP20 proteins possessed an ACD domain (Fig. 3),
we generated three distinct 3D protein models for PyH-
SP20s using complete protein sequences and diverse
sHSP templates from various species (Fig. 3). These
models revealed significant differences in both sequence
and structure among the PyHSP20 proteins [27]. The CI
subfamily, the largest among PyHSP20s, contains eight
[-strands, exceeding the number found in other subfami-
lies, which may explain its functional specificity. The con-
served amino acids located within the B-strand regions
further contribute to the binding affinity of HSP20 [41].
Beyond the core ACD domain, PyHSP20s feature an
N-terminal arm with variable lengths and sequence
diversity, potentially influencing their function and struc-
ture [42]. Compared to other PyHSP20 subfamilies, the
CI subfamily exhibited shorter N-terminal and C-termi-
nal arms, indicative of functional divergence [43].

Both the longest chromosome, LGO1, and the short-
est chromosome, LG19, contained the largest number
of PyHSP20 genes, indicating an uneven distribution
of PyHSP20 (Fig. 4). Unlike those in peach, potato and
grape, PyHSP20 genes were not located in the terminal
regions of chromosomes [17, 18, 20]. Gene duplication
events are the primary drivers of gene family expan-
sion and genome evolution [44]. Following collinearity
analysis, 16 PyHSP20 genes were identified, all belong-
ing to the CI, CV, CVI], and CVII subfamilies (Table S3).
These PyHSP20s were localized in the cytoplasm, pos-
sessed similar molecular weights, and shared similar
amino acid sequences, elucidating the origins of HSP20
members within the same subfamily. The expansion
of the HSP20 gene family in P yunnanensis may differ
from that in peach, where a collinear relationship exists
between the CI and ER subfamilies [20, 40]. Transcrip-
tional regulation plays a crucial role in controlling gene
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expression levels [45]. The cis-elements detected in the
promoters of HSP20 genes revealed the transcriptional
regulatory functions of transcription factors and hor-
mone signals, including ABA, MeJA, and MYB (Fig. 5,
Table S4). ABA is a plant hormone extensively involved
in plant stress responses, and had been found to increase
abiotic stress tolerance in creeping bentgrass through the
function of AsHSP17 [46]. The exogenous application of
MeJA enhances stress tolerance in perennial ryegrass by
regulating the expression of various pathway genes [47].
The increased expression of PyHSP20 homologous in P
trichocarpa and PyHSP20s under hormone treatment
and stress may be consistent with the regulatory effects
of their promoters (Fig. 6). The enhanced expression of
representative PyHSP20s, as verified by qRT-PCR, fur-
ther confirmed the function of HSP20 under abiotic
stress (Fig. 7). In addition to transcription activation, the
formation of protein complexes with interacting pro-
teins, which act as molecular chaperones, is a key func-
tional mechanism by which HSP20 prevents protein
misfolding and irreversible aggregation [7]. SKL2, a shi-
kimate kinase-like protein, has been identified as a fac-
tor responding to drought and salinity stress. It enhances
rice’s resistance to these stresses by interacting with the
ABA stress ripening (ASR) protein and modulating ABA
signaling responses [29]. CHUP1 (CHLOROPLAST
UNUSUAL POSITIONING 1) is a plant-specific actin
polymerization factor that regulates chloroplast mobil-
ity [30]. The interaction between PyHSP20s from the CII,
MI and MII subfamilies, along with SKL2, and CHUP]I,
as confirmed by Y2H assays, provided insights into the
functional mechanisms and stress response pathways of
PyHSP20s (Fig. 8, Table S6). These findings suggested
that the interactions between PyHSP20s and functional
proteins may enhance the stress response of PyHSP20s
and improve plant stress tolerance.

Conclusions

In summary, the 53 PyHSP20s identified in this study
were categorized into 12 subfamilies: CI, CII, CIII, CIV,
CV, CVI, CVII, MI, MII, ER, CP, and Px. The varia-
tions in member numbers, gene structures, and protein
structures were correlated with their protein subcellu-
lar locations, consistent with observations in five other
poplar species. The pB-fold structures, characteristic of
the PyHSP20 ACD domains, exhibited differences in
B-fold numbers, lengths, and sequence-variable N-ter-
minal arms across different PyHSP20 subfamilies. Anal-
ysis of gene locations and duplications revealed that
tandem segmental duplications significantly contrib-
uted to the expansion of PyHSP20 genes, particularly
those located in the cytoplasm. The cis-elements related
to the stress response, detected in the promoters,
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provided insights into the stress response mechanisms
of PyHSP20s, as verified through database searches and
qRT-PCR assays. The interactions among PyHSP20s,
ABA response proteins, and other HSP proteins also
elucidated the mechanisms behind the induced expres-
sion of PyHSP20s. Overall, this study provided a solid
foundation for further functional research on PyHSP20
family genes in poplar.

Materials and methods

Identification of HSP20 proteins in P. yunnanensis

P. yunnanensis HSP20 proteins were initially identified
through homolog analysis utilizing protein sequences
from 19 A. thaliana HSP20 proteins via the Basic Local
Alignment Search Tool (BLAST, version: blast-2.14.1+,
downloaded on Oct 9, 2023), with an E-value thresh-
old set at le-5 [6]. The genome data used in this study
were obtained from the National Genomics Data Center
(NGDC, https://ngdc.cncb.ac.cn) with the accession
number PRJCA008692 [48]. The candidate P yunnan-
ensis HSP20 proteins were validated via the Conserved
Domain Database (CDD; https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi, accessed on Apr 8, 2024) and
SMART (http://smart.embl.de/, Mar 23, 2024), with the
Pfam domain pfam00011 as the validation criterion [49,
50]. To ensure the comprehensive identification of HSP20
in P yunnanensis, the initially identified HSP20 pro-
teins were used as queries for further homology analysis
within the P. yunnanensis genome [51].

Physical, chemical, and phylogenetic analysis of PyHSP20s
The physical and chemical properties of all 2. yunnanen-
sis candidate HSP20 proteins were evaluated using the
ProtParam tool on Expasy (https://web.expasy.org/protp
aram/, Apr 8, 2024). The subcellular locations of the 53
PyHSP20s were predicted using WOLF PSORT (https://
wolf-psort.hgc.jp/; accessed on Apr 10, 2024). To exam-
ine the phylogenetic relationships among the 53 PyH-
SP20s, a phylogenetic tree was constructed based on
the protein sequences of PyHSP20s and 19 A. thaliana
HSP20 proteins using MEGA11 with maximum likeli-
hood (ML) method and 1000 bootstrap replicates [52].
Sequence alignment was conducted using BioEdit (ver-
sion 7.0.9.0) for the complete protein sequences of the 53
PyHSP20s.

Analysis of the motifs, domains, gene structure

and cis-elements of PyHSP20s

The conserved motifs were identified using Multiple Em
for Motif Elicitation (MEME, https://meme-suite.org/
meme/tools/meme, version 5.5.5, Apr 15, 2024). The
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conserved domains of PyHSP20s were identified using
the Conserved Domain Database (CDD, accessed on
Apr 15, 2024). The motifs, domains and gene structures
were visualized using the BioSequence Structure Illus-
trator package in TBtools (version 2.083) [53]. The con-
served cis-elements of PyHSP20s were identified using
PlantCARE  (http://bioinformatics.psb.ugent.be/webto
ols/plantcare/html/, accessed on Apr 8, 2024) with 2 kb
sequences upstream of the start codon and visualized
using the BioSequence Structure Illustrator package in
TBtools.

Chromosome location and collinearity analysis

of PyHSP20s

The chromosomal locations of PyHSP20s in P yun-
nanensis were mapped using the Show Genes on the
Chromosome package in TBtools. Collinearity analy-
sis of PyHSP20s was conducted using the Comparative
Genomics package in TBtools.

Plant material treatment, gRT-PCR and RNA-seq

Poplar cuttings were cultivated in pots containing a
3:1:1 mixture of humus, quartz sand, and perlite in the
greenhouse at Southwest Forestry University (E102.74°,
N25.17°) under controlled environmental conditions,
with temperatures maintained at 25 °C during the light
period and 18 °C during the dark period. Natural light
cycles were employed to simulate photoperiodic con-
ditions. Two-month-old poplar plants were subjected
to various abiotic stress treatments, including ABA
(50 umol/mL ABA for 1 day), heat (45C for 1 day),
drought (withholding water for 2 days), mannitol (25%
D-mannitol for 1 day), and salt (150 mM NaCl for 1 day).
These treatments were conducted following the protocols
established in our previous study [54]. For each treat-
ment, ten healthy plants were used. After the stress treat-
ments, leaves from both treated and control plants were
immediately flash-frozen in liquid nitrogen and stored at
—80 °C for subsequent analysis. In this study, two-month-
old plants were subjected to a cycling treatment involv-
ing incremental salt (NaCl) concentrations over multiple
cycles, each followed by a 3-day recovery period. The
treatment regimen consisted of four cycles with increas-
ing NaCl concentrations: the first cycle used 25 mM
NaCl for 2 days, the second cycle used 50 mM NaCl for
2 days, and the third and fourth cycles both used 75 mM
NaCl for 2 days. After each salt treatment, plants were
allowed a 3-day recovery period. For sampling, T1 rep-
resented samples collected after the first cycle of 25 mM
NaCl treatment, while T4 included samples from the end
of the fourth cycle, which included exposures to 25 mM,
50 mM, and two rounds of 75 mM NaCl, each followed
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by recovery periods. For RNA-seq analysis, leaves were
collected from five plants and sequenced on the Illumina
platform by OEbiotech Corporation in Shanghai, P.R.
China.

Total RNA was extracted from the treated plant leaves
using the RNAprep Pure Plant Plus Kit (Cat. DP441;
Tiangen, Beijing, China). 1 pg of total RNA was reverse
transcribed using the EasyScript® All-in-One First-
Strand ¢cDNA Synthesis SuperMix for qPCR Reagent Kit
(Transgene, Beijing, China). The relative expression levels
of the HSP20 genes were measured using qRT-PCR with
TransStart® Green qPCR SuperMix (Transgene, Beijing,
China) and Bio-Rad CFX96 system. The internal control
and data analysis were conducted according to previously
reported methods [54]. The primers used for qRT-PCR
are listed in Table S7.

Protein interaction relationship prediction and yeast
two-hybrid assays

The potential interacting proteins of PyHSP20 were pre-
dicted using STRING (version 12.0, https://cn.string-
db.org/cgi/input?sessionld=bMVUUvW VnIVI&input_
page_show_search=on) based on protein sequences
derived from the Populus trichocarpa genome. Yeast
two-hybrid assays were employed to verify the interac-
tions between HSP20 proteins and their potential inter-
acting proteins. The coding sequences for verification
were separately cloned and inserted into pGADT7 (AD,
Clontech, USA) and pGBKT?7 (BD, Clontech, USA) using
Phanta Max Super-Fidelity DNA Polymerase (Vazyme
p505, Nanjing, China) and the ClonExpress II One Step
Cloning Kit (Vazyme c112, Nanjing, China). Yeast two-
hybrid assays were performed following the instructions
provided in the Matchmaker™ GAL4 Two-Hybrid Sys-
tem 3 & Libraries User Manual (PT3247-1, Clontech,
USA) and previous methods [54]. The primers utilized
for gene cloning are listed in Table S8.

Abbreviations

HSP Heat shock protein

ACD a-Crystallin domain

Y2H Yeast Two-Hybrid assay

ABA Abscisic Acid

RNA Ribonucleic acid

pl Isoelectric points

GRAVY Grand average of hydropathicity
gRT-PCR  Quantitative reverse transcription polymerase chain reaction
SA Salicylic acid

GA Gibberellin

MeJA Methyl Jasmonate
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