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Abstract

Perennial ryegrass (Lolium perenne L.) is a vital cool-season forage and turfgrass species whose productivity is increasingly threatened by climate change-
induced abiotic stresses. The Heat Shock Factor (HSF) family are key transcription factors known to mediate plant stress responses, yet their functional
landscape in perennial ryegrass remains poorly characterized, especially beyond heat stress. In this study, genome-wide identification revealed 26 LpHSF
genes in perennial ryegrass, harboring abundant stress-responsive cis-elements. Moving beyond a singular focus on thermotolerance, the study established
a comprehensive spatio-temporal expression atlas of LpHSFs. The findings demonstrate that specific LpHSFs, particularly members of the LpHSFA2 subclass,
LpHSFA3, LpHSFC1.3, and LpHSFC1.4, are significantly upregulated under a broad spectrum of abiotic stresses, including salinity, alkalinity, and heavy metal
exposure, indicating their roles as broad-spectrum stress regulators. Furthermore, this study uncovered distinct tissue-specific expression patterns, with
Class A genes predominantly expressed in leaves and Classes B and C in roots and crowns, implicating their roles in organ development and stress
adaptation. Notably, the expression of numerous LpHSFs during leaf senescence and their induction by hormones such as ABA and MeJA further highlights
their functional diversity. This study provides the first integrated expression atlas of the LpHSF family, revealing their versatile roles in coordinating
responses to diverse environmental and developmental signals. This work lays a crucial foundation for future functional studies and positions LpHSFs as
prime targets for molecular breeding aimed at enhancing multi-stress resilience in perennial ryegrass.

Citation: Yu G, Li P, Zhou Y, Wang X, Xie Z, et al. 2026. Beyond heat stress: the heat shock factor family orchestrates multifaceted abiotic stress responses in

perennial ryegrass. Grass Research 6: €004 https://doi.org/10.48130/grares-0025-0037

Introduction

Perennial ryegrass (Lolium perenne L.) is a high-value cool-season
species widely utilized as premium turfgrass and nutritious forage,
prized for its high protein content, extended growing season, strong
grazing tolerance, and excellent palatability. As the most exten-
sively cultivated perennial forage grass in temperate regions, it plays
a critical role in landscaping and ecological management('-2, How-
ever, climate change has led to increasingly frequent and severe
abiotic stresses—including heat waves, drought, soil salinization,
and heavy metal contamination. These stresses can significantly
disrupt plant hormone homeostasis, while phytohormones like
abscisic acid (ABA), auxin, jasmonic acid, etc, in turn, play critical
regulatory roles in mediating plant responses and adaptation to
such environmental challenges. The adverse effects markedly impair
its growth, yield, and persistence, thereby threatening agricultural
sustainability and food security’>4. In this context, uncovering the
genetic basis of stress adaptation is essential for breeding resilient
cultivars through molecular approaches!>©!,

Among key regulators of plant stress responses, the Heat Shock
Factor (HSF) gene family stands out as a master transcription factor
family involved in diverse abiotic and biotic stressesl:8l. HSFs are
characterized by conserved domains such as the N-terminal DNA-
binding domain (DBD) and the oligomerization domain (HR-A/B),
and are classified into subfamilies A, B, and C based on structural
features and functional motifs—including activation domains (AHA)
in class A and repressor domains in class Bl°l. Functional studies
across species have revealed their critical roles: in Arabidopsis,
AtHSFAT acts as a master regulator of heat stress response (HSR)['%],
while AtHSFA2 overexpression improves tolerance to heat, salt,
and osmotic stress''. In maize, ZmHSF20 negatively regulates

© The Author(s)

thermotolerance by modulating cell wall-related genes!'Z, whereas
in lily, LIHSFC2 forms heteromeric complexes with HSFAs to
enhance proteostasis under heat stress!'3l.

Although HSFs have been identified in several forage grasses—
including 16 members in Italian ryegrasst'yl and 25 in an earlier
perennial ryegrass genomel'®l—their functional characterization
remains fragmentary, largely limited to heat stress. A comprehen-
sive expression atlas capturing their roles across multiple stresses
and developmental contexts is still lacking. This study systemati-
cally identified 26 LpHSFs from the updated perennial ryegrass
genome, classifying them into 16 class A, six class B, and four class C
members. A spatio-temporal expression atlas of LpHSFs was further
established under diverse abiotic stresses (heat, salt, alkali, heavy
metals) and hormone treatments, as well as across tissue types and
senescence stages. Beyond confirming their canonical heat-respon-
sive roles, broad-spectrum stress responsiveness and tissue-specific
regulation were uncovered, highlighting the functional diversifica-
tion of LpHSFs within the plant stress adaptation network. This work
provides a foundational resource for elucidating HSF-mediated
regulatory mechanisms and supports molecular breeding aimed at
enhancing multi-stress resilience in perennial ryegrass and related
species.

Materials and methods

Identification of the LpHSF gene family in
perennial ryegrass

The protein sequences of HSF family members from Arabidopsis
thaliana, Zea mays, and Oryza sativa were retrieved from the Plant
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Transcription Factor Database (PlantTFDB; http://planttfdb.cbi.pku.
edu.cn)l'®l, HSF protein sequences from perennial ryegrass were
acquired from its published genomel'”! and used to construct a
local protein database. Using BLASTP, proteins containing the HTH
(helix-turn-helix) domain were identified by querying with the HSF
sequences from A. thaliana, Z. mays, and O. sativa. Candidate genes
were further screened using the hidden Markov model (HMM) pro-
file of the HTH domain (PF00447) obtained from the PFAM database
(http://pfam.xfam.org). Redundant sequences were filtered using
the online tools HMMER (www.hmmer.org), and SMART (http://
smart.embl-heidelberg.de). Non-redundant sequences and those
predicted with high confidence were selected and designated as
LpHSF genes. The coding sequences (CDS) of the LpHSF genes were
extracted from the perennial ryegrass genome annotation files.
Finally, the physicochemical properties of the LpHSF proteins,
including molecular weight (MW) and theoretical isoelectric point
(pl), were predicted using ProtParam (https://web.expasy.org/
protparam).

Phylogenetic analysis and classification of the
LpHSF gene family

The HSF proteins of Lolium perenne, Oryza sativa, Triticum aesti-
vum, Zea mays, and Arabidopsis thaliana were downloaded from the
perennial ryegrasst'’], ricel'8), wheat!'?, corni20l genome annotation
project, and TAIR11[2", respectively. The HSF protein sequences of
Lolium perenne, Oryza sativa, Triticum aestivum, Zea mays, and Ara-
bidopsis thaliana were used for multiple sequence alignment with
Muscle?2, The maximum-likelihood phylogenetic tree was con-
structed using 1Q-treel?3 with the VT+F+R10 model identified as the
best substitution model using ModelFinder(24, Ultrafast bootstrap(2°!
with 1,000 replications was used to test the branch supports. The
LpHSF genes were divided into different subgroups on the basis
of the classification of perennial ryegrass, rice, wheat, corn, and
Arabidopsis HSF.

Gene structure, cis-acting analysis, and
chromosomal locations

To visualize the exon-intron structure of LpHSF genes, the gene
structure was displayed using TBtools[?%], according to the perennial
ryegrass genome annotation filel'”l. The analysis of cis-acting ele-
ments of 2,000 bp upstream of the 26 LpHSF genes was performed
by using the PlantCARE software (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html) and PlantPAN 4.0 (http://plantpan.
itps.ncku.edu.tw/plantpan4/index.html), and then the illustrations
were drawn using the TBtools!26],

The chromosomal locations of the LpHSF genes were obtained
from the perennial ryegrass genome annotation files and mapped
to the corresponding chromosomes using TBtools[?6l, In order to
beautify the chromosome distribution of LpHSF genes, the online
tool MapGene2Chrome (MG2C, http://mg2c.iask.in/mg2c_v2.1)27
was used to make it.

Plant materials and growth conditions

The perennial ryegrass seeds (cv. 'Buena Vista') were germinated
at Sichuan Agricultural University in a growth chamber for 10 d.
Germination was carried out in petri dishes lined with filter paper
and moistened with sterile water. The seedlings were then trans-
planted into a hydroponic box containing 1/2 Hoagland (pH = 5.8)
for 4 weeks. The Hoagland's solution was changed every 3 d. The
growth temperature was 25/22 °C (day/night) with and a 16/8 h
light/dark photoperiod.
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Stress treatments and several hormone
treatment

To assess the expression patterns in response to various treat-
ments, one-month-old perennial ryegrass seedlings were subjected
to drought stress (20% PEG6000), salt stress (250 mM NaCl), heat
stress (38/33 °C, day/night), alkaline stress (200 mM, pH = 9.4), heavy
metal stress (1.33 mM CdCl,)12829, and phytohormones treatment%
such as gibberellins (GA, 100 uM), auxin (IAA, 20 uM), abscisic acid
(ABA, 50 pM), salicylic acid (SA, 100 pM), methyl jasmonate (MeJA,
20 uM), ethephon (ETH, 200 pM), N-(Phenylmethyl)-9H-purin-6-
amine (6-BA, 25uM). After 0, 1, 4, 12, and 72 h of different treat-
ments, samples were collected, rapidly frozen in liquid nitrogen,
and stored at —80 °C before RNA extraction.

RNA extraction, cDNA synthesis, and RT-qPCR
analysis

Total RNA was isolated using the HiPure Plant RNA Mini Kit
(Magen Biotech Co., Ltd., China), according to the manufacturer's
protocol. MonScript™ RTIII All-in-One Mix with dsDNase (Monad
Biotech Co., Ltd., China) was used for the synthesis of cDNA. RT-
gPCR analyses were performed using the Tag SYBR® Green gPCR Pre-
mix x (BestEnzymes Biotech Co., Ltd., Canada), in accordance with
the manufacturer's protocol; the reactions were run using the CXF
Connect™ Real-Time System (Bio-Rad). The EUKARYOTIC INITIATION
FACTOR 4 ALPHA (EIF4A) was selected as the internal reference gene.
Relative expression was calculated using the 2-2ACT methodB'l,
The primers used in this study are listed in Supplementary Table S1.

Statistical analysis

All statistical analyses were conducted in JMP software (Version
10, SAS Institute Inc., USA). Results are reported as mean values *
SEM derived from three independent biological replicates. To deter-
mine the statistical significance of differences in LpHSFs transcript
abundance among different organs and in response to various
abiotic stresses and phytohormone treatments, Fisher's protected
least significant difference (LSD) test was applied, with a probability
level of 0.05 considered statistically significant.

Results

Identification and phylogenetic analysis of HSF
family in perennial ryegrass based on a new
genome version

Based on the newly released genome version of perennial
ryegrassl'7, a total of 26 HSF genes (LpHSFs) containing the charac-
teristic HTH domain were identified and systematically classified
into three classes (A, B, and C) with 16, six, and four members,
respectively, and named accordingly from LpHSFA1B to LpHSFC1.4
(Fig. 1a). The coding sequence lengths of these LpHSFs ranged from
369 bp (A7A) to 2,067 bp (A1B), while the molecular weights of the
encoded proteins varied from 1,2581.2 Da (A7A) to 74,431.97 Da
(A1B), with isoelectric points spanning 4.74 (A2.5) to 10.69 (C1.7).

To elucidate their evolutionary relationships, a phylogenetic tree
was constructed using HSF protein sequences from Lolium perenne,
Oryza sativa, Triticum aestivum, Zea mays, and Arabidopsis thaliana.
The classification was further supported by distinct functional
domains: Class A members possess an activation domain (AHA),
Class B contains a repressor domain (RD), and Class C comprises
the remaining members. Phylogenetic analysis revealed that
LpHSFs cluster closely with other Gramineae homologs, indicating a
common evolutionary origin. Notably, this study identifies 26 LpHSF
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Fig. 1 (a) Unrooted phylogenetic tree representing relationships among the HSF proteins of Lolium perenne, Oryza sativa, Triticum aestivum, Zea mays,
and Arabidopsis thaliana. The genes in Lolium perenne are marked in orange, while those in Oryza sativa, Triticum aestivum, Zea mays, and Arabidopsis
thaliana are marked in black. For the identification of subgroup A, the following color scheme was applied: A1 (mediumorchid), A2 (hotpink), A3
(lightsalmon), A4 (lightorange), A5 (khaki), A6 (goldenrod), A7 (aliceblue), A8 (skyblue), and A9 (olivedrab). In subgroup B, B1, B2, B3, and B4 were assigned
the colors indianred, bluegray, slategray, and aquamarine, respectively. Within subgroup C, C1 was colored dark_goldenrod, and C2 was designated
chocolate. Non-grouped members were uniformly colored slate_blue. (b) The cis-acting elements of the LpHSFs promoter region from perennial ryegrass,
and gene structures of LpHSFs from perennial ryegrass in which the exons region is indicated by green boxes.
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members, differing from the previous report!’! by the inclusion of
additional members such as A6B.4, A7A, and A2.4, a discrepancy
likely attributable to the improved genome assembly used here.
Detailed information on all identified LpHSF genes is provided in
Supplementary Table S2.

Genomic distribution and putative functional
analysis of LpHSF genes

Chromosomal localization analysis revealed that the 26 identified
LpHSF genes are distributed across all seven chromosomes. As illus-
trated in Supplementary Fig. S1, chromosome 4 harbors the highest
number, with eight genes (A1B, A6B.3, A2.2, A2.3,A2.4,B4.2, A7A, and
A6B.2). Five genes (A6B.4, A5, B4.3, B1, and B2A.2) are located on
chromosome 5, while four ones (A2.1, C1.1, A4C, and C1.4) reside on
chromosome three. Chromosome 2 contains three HSFs (B4.1, A6B.5,
and B2A.1), and chromosomes 1, 6, and 7 each contain only two
genes.

To gain functional insights, the cis-elements in the promoters
of these genes (pLpHSFs) were analyzed using PlantCARE. The
results indicate that most pLpHSFs contain a variety of hormone-
responsive and mRNA recognition elements (Fig. 1b; Supplemen-
tary Table S3), suggesting potential roles in abiotic stress responses
and hormone signaling pathways. Furthermore, gene structure anal-
ysis showed diversity in intron-exon organization (Fig. 1b). Specifi-
cally, A5 is intronless, AT1B and A2.4 contain three introns, five genes
(A6B.1, A6B.2, A6B.4, C1.1, and (C1.3) have two introns, and the
remaining LpHSF genes possess a single intron.

Expression profiling of LpHSF genes across tissues

The tissue-specific expression profiles of LpHSF genes were inves-
tigated to elucidate their potential roles in development and leaf
senescence (Fig. 2). The analysis revealed that 23 out of 26 LpHSFs
were highly expressed in leaves at different developmental stages.
Strikingly, 15 A-type, three B-type, and two C-type LpHSFs displayed
peak expression in the older, lower-positioned leaves (4th or 5th),
Notably, six genes (A2.4, A4, A4C, A6B.2, A6B.3, B2A.1) exhibited leaf-
specific expression.

In roots, 21 LpHSFs showed relatively high expression, with all B-
and C-type members included. The C-type genes C1.7, C1.3,and C1.4
were particularly prominent, showing their highest transcript abun-
dance in root tissue.

Within the crown tissue, 13 LpHSFs were highly expressed. Among
these, A6B.4, B4.1, B4.2, and B4.3 achieved their maximum expres-
sion levels in the crown, with B4.7 and B4.2 exhibiting expression
approximately 3.5-fold and 3-fold higher, respectively, than in their
next highest-expressing tissue (root).

Only ten LpHSFs were highly expressed in the leaf sheath, and for
all of them, the sheath was not their primary site of expression.

Expression profiles of LpHSF response to
phytohormones

Although the presence of abundant hormone-responsive cis-
regulatory elements in pLpHSFs suggested their potential regula-
tory roles, expression profiling of all 26 LpHSFs was conducted under
phytohormone treatments using RT-gPCR. As shown in Fig. 3, the
expression of most LpHSFs was unstable under control conditions.

In response to ABA, half of the subfamily A members exhibited
significant expression changes, including seven upregulated genes
(A2.1,A2.4,A2.5, A3, A6B.4, A6B.5, A7A) and one downregulated gene
(A1B). In contrast, only three subfamily B members (B4.1, B2A.1,
B2A.2) were repressed, and three subfamily C members (C1.2, C1.3,
C1.4) were upregulated.
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Under MelA treatment, 11 out of 16 subfamily A members
responded, with six being upregulated (A2.1, A2.3, A2.4, A4C, A6B.1,
A6B.4) and five downregulated (A1B, A2.2, A2.5, A6B.5, A7A). In
subfamily B, B2A.2 was induced, and B2A.7 was suppressed. Among
subfamily C members, C1.7 and C1.2 were upregulated, while C1.3
was downregulated.

Following IAA treatment, A2.3, A2.4, and A6B.2 were upregulated
in subfamily A, whereas A1B, A3, A5, and A6B.4 were downregulated.
In subfamilies B and C, only B2A.2 and B4.2 were induced.

Under GA treatment, ten subfamily A members (A1B, A2.1, A2.2,
A2.4, A3, A5, A6B.1, A6B.2, A6B.3, A6B.4) were upregulated, while A4,
B2A.1,B2A.2,B4.1,B4.2, C1.3, and C1.4 were downregulated.

In response to 6-BA, nine subfamily A members (A2.1, A2.2, A2.4,
A2.5, A4, A4C, A6B.1, A6B.3), four subfamily B members (B4.1, B4.2,
B4.3), and one subfamily C member (C7.4) were upregulated, where-
as A1B, A3, and B2A.2 were downregulated.

Under ETH treatment, only B4.2 and B4.3 were upregulated, while
12 subfamily A members (A1B, A2.1, A2.2, A2.4, A2.5, A4, A5, A6B.2,
A6B.3, A6B.4, A6B.5, A7A) and one subfamily C member (C1.7) were
downregulated.

After SA treatment, two subfamily A members (A4C, A6B.4) and
two subfamily B members (B4.1, B4.2) were upregulated, while
nine subfamily A members (A1B, A2.2, A2.5, A3, A4, A5, A6B.3,
A6B.5, A7A) and three subfamily C members (C1.1, C1.2, C1.3) were
downregulated.

Notably, A6B.2 showed marked downregulation across multiple
treatments. Within class B, all genes except B1 exhibited no hor-
mone responsiveness. Additionally, A2.3, A4C, C1.1, and C1.3 were
specifically induced by MeJA.

Comprehensive expression profiling of LpHSF
genes under abiotic stresses

The expression patterns of all 26 LpHSF genes were comprehen-
sively profiled under various abiotic stresses, including heat, salt,
cadmium (Cd), drought, and alkali treatments (Fig. 4). The gRT-PCR
analysis under heat stress across four time points corroborated
the transcriptomic data, establishing the reliability of the dataset.
Beyond heat stress, the LpHSF family exhibited extensive transcrip-
tional responsiveness to all other tested conditions.

Under salt stress, 15 LpHSFs were upregulated, comprising nine
from subfamily A (A1B, A2.1, A2.2, A3, A6B.1-A6B.5), three from B
(B2A.1, B2A.2, B4.1), and three from C (C1.2-C1.4). In contrast, five
genes (A2.3, A4, A4C, B4.3, C1.1) were downregulated. Notable induc-
tion was observed for A2.1, A3, B2A.2, C1.3, and C1.4, which exhib-
ited upregulation ranging from 3- to 200-fold, whereas A4 and B4.3
were the most significantly repressed.

Exposure to heavy metal (Cd) stress resulted in the upregulation
of 13 LpHSFs, including A2.1, A2.2, A2.5, A3, and A6B.5 from subfam-
ily A; B1, B2A.2, B4.1, and B4.2 from subfamily B; and C1.2, C1.3, and
C1.4 from subfamily C. Conversely, ten genes were downregulated,
including A1B, A2.3, A4, A4C, A5, A6B.1-A6B.3, B4.3, and C1.1. Marked
induction was observed for A3, C1.3, and C1.4, with expression peaks
elevated by 6- to 100-fold, while A4 was the most suppressed.

Under drought conditions, 15 genes were upregulated, including
nine A-subfamily members (A2.1, A2.2, A2.4, A2.5, A3, A6B.1, A6B.4,
A6B.5, A7A), three from the B-subfamily (B2A.1, B2A.2, B4.1), and
three from the C-subfamily (C7.7, C1.2, C1.4). Eight genes were
downregulated, including A2.3, A4, A4C, A5, A6B.2, A6B.3, B1, and
B4.3. The expression of A2.1 and A3 was steadily induced, while C1.4
showed the most dramatic upregulation, and A2.3 was the most
strongly repressed.

A distinct expression profile emerged under alkali stress, which
triggered the most widespread upregulation, affecting 18 LpHSFs.
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(LSD) test (p < 0.05).

These included 12 A-subfamily members (A1B, A2.1, A2.2, A2.3, A2.5,  B4.1, B4.2, B4.3) were downregulated. The induction patterns of A2.7,
A3, A5, A6B.1, A6B.3, A6B.4, A6B.5, A7A), two from B-subfamily (B1, A3, and C1.4 under alkali stress were notably consistent with those
B2A.2), and all four C-subfamily members. Only five genes (A4, A6B.2,  observed under drought.
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The statistical significance was determined using Fisher's protected least significant difference (LSD) test (p < 0.05).

Discussion

Perennial ryegrass is a widely cultivated cool-season species
valued both as forage and turfgrass. However, its productivity and
survival are increasingly threatened by climate change-induced
abiotic stresses, including extreme temperatures, salinity, alkalinity,
and heavy metal toxicity. The heat shock transcription factor (HSF)
family has been widely reported to play critical roles in plant
responses to such stresses, positioning it as a key target for
molecular breeding aimed at enhancing stress resiliencel'21332],
Beyond their canonical role in thermotolerance, this study pro-
vides a comprehensive expression atlas of the HSF gene family in
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perennial ryegrass, revealing their functional diversity and tissue-
specific regulation under multiple abiotic stresses, thereby under-
scoring their versatile roles in stress adaptation.

In this study, 26 LpHSF genes were identified from the perennial
ryegrass genome. Promoter analysis revealed an abundance of
hormone-responsive cis-elements, including those associated with
abscisic acid (ABA), methyl jasmonate (MeJA), salicylic acid, auxin,
and gibberellin. This composition is consistent with findings in Dian-
thus caryophyllus’33, Phaseolus vulgaris¥, and Triticum aestivumB3],
suggesting an evolutionarily conserved role of HSFs in hormonal
and abiotic stress signaling across plant species. The genome-wide
identification and expression profiling further demonstrated that
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specific LpHSFs, particularly members of the LpHSFA2 subclass,
LpHSFA3, LpHSFC1.3, and LpHSFC1.4, exhibit broad-spectrum stress
responsiveness beyond heat stress. For instance, LpHSFA2.1 and
LpHSFC1.3 were significantly upregulated under salt stress, mirror-
ing the function of GmHSFB2b in soybean, which acts as a positive
regulator of salt tolerance3l. Similarly, the induction of multiple
LpHSFs under cadmium stress aligns with the role of PvHSF16 in
switchgrass as a positive regulator of cadmium tolerancel7l, Under
heat stress, several Class A LpHSFs, including LpHSFA2.2, LpHSFA2.3,
and LpHSFA4, were markedly upregulated, consistent with their
established role as master regulators of the heat stress response.
This functional parallel is observed in other species, such as
TaHSFA2h in wheat!38! and OsHSFA4d in rice, which enhances ther-
motolerance by activating HSP10139, Thus, these heat-induced Class
A LpHSFs likely serve as key positive regulators within the thermotol-
erance network of perennial ryegrass.

Class B HSFs have traditionally been regarded as transcriptional
repressorsl*], a view supported by their expression patterns under
heat stress in this study. However, emerging evidence indicates
functional divergence within this class. For example, ZmHSF21 in
maize acts as a positive regulator of cold tolerancel', suggesting
that Class B HSFs may exert both positive and negative regulatory
effects depending on the species and stress type. Among Class C
members, LpHSFC1.4 responded to multiple stresses, including heat,
salt, and alkali. In wheat, TaHSFC2a functions as a co-activator for
Class A HSFsB38], whereas OsHSFCla in rice acts by repressing a nega-
tive regulator!*?, This implies that stress-responsive Class C HSFs in
ryegrass may operate either as transcriptional repressors or through
the formation of heteromeric complexes with other HSFs. Collec-
tively, the broad upregulation of LpHSFs under diverse stresses—
such as salt, drought, alkali, and heavy metal exposure—aligns with
recent studies in major crops including rice, maize, and wheat, under-
scoring the evolutionarily conserved role of HSFs as central regula-
tors in plant abiotic stress networks.

Tissue-specific expression analysis revealed that most Class A
LpHSFs were highly expressed in leaves, indicating a potential role in
leaf development. In contrast, Class B and C members showed pre-
ferential expression in crowns and roots, suggesting specialized
functions in below-ground organ development. Notably, many
LpHSFs were also highly expressed in leaves across different devel-
opmental stages, implying a role in regulating leaf senescence. This
observation is consistent with reports in rye (Secale cereale L.), where
nearly half of the HSF members exhibit stage-specific expression[*3,
In late-senescing barley genotypes, HSFs were significantly upregu-
lated during late senescence stages, whereas no such enrichment
was observed in early-senescing genotypes, indicating a positive
correlation between HSF expression and leaf longevity®™4. Similarly,
in bermudagrass, six HSFs were upregulated during dark-induced
senescence, potentially facilitating the refolding of damaged pro-
teins to maintain proteostasisi. In tall fescue, distinct functional
specializations among HSF classes have been reported: Class A
HSFs are rapidly induced under short-term heat stress and activate
HSP expression to confer thermotolerance and delay heat-induced
senescence; Class B members are also heat-induced but may partici-
pate in stress-senescence crosstalk through unclear mechanisms;
and Class C HSFs are repressed by senescence, suggesting a role in
modulating the antagonism between heat stress and senescencel*6],

Previous studies have identified 16 HSF members in Italian rye-
grass (Lolium multiflorum L.)['4land 25 in perennial ryegrass('>.. While
these studies primarily emphasized the role of HSFs in heat and
drought responses, our time-course transcriptome analysis under
heat stress revealed distinct temporal activation patterns among
LpHSF members. Moreover, it was found that most LpHSFs are

Page 80f 10

A comprehensive spatio-temporal expression atlas of LpHSFs

significantly induced by ABA and MeJA, highlighting their integra-
tion into hormone-mediated stress signaling pathways. Building on
these findings, our promoter cis-element analysis elucidated the
transcriptional regulatory basis of this response. The promoters
were notably enriched with hormone-responsive motifs, particu-
larly ABRE and MeJA elements. Strikingly, ABRE copy number exhib-
ited a significant positive correlation with the level of heat-induced
gene upregulation (r = 0.45, p < 0.05), functionally implicating this
element in thermotolerancel’). Similarly, the frequency of DRE
elements correlated with transcriptional induction under both heat
(r = 0.49, p < 0.05) and drought stress (Supplementary Table S4),
suggesting its role as a signaling integrator(*8l, Members such as
LpHSFA2.1 and LpHSFA2.2, which harbor multiple ABRE and DRE
copies, showed pronounced induction under saline-alkali and
heat stress (Fig. 5). This establishes a direct link between specific cis-
regulatory architectures and the observed multi-stress expression
profiles of key LpHSF genes.

In summary, the systematic expression profiling demonstrates
that most LpHSF genes are transcriptionally regulated under diverse
abiotic stresses and hormone treatments, reflecting the functional
diversification of LpHSF proteins. This comprehensive analysis estab-
lishes a foundational resource for future investigations into the
molecular mechanisms underlying stress adaptation in perennial
ryegrass and supports the targeted selection of candidate genes for
improving stress resilience through molecular breeding.

Conclusions

This study provides the first comprehensive expression atlas
of the HSF gene family in perennial ryegrass (Fig. 5), revealing its
functional diversification beyond heat stress. The study demon-
strates that specific LpHSFs, particularly from classes A and C, are
transcriptionally regulated by a broad spectrum of abiotic stresses
and hormonal treatments, and exhibit distinct tissue-specific expres-
sion patterns suggestive of roles in leaf and root development as
well as senescence. These findings highlight the evolutionarily con-
served role of LpHSFs as a central regulatory hub in stress adapta-
tion and establish a crucial foundation for future functional studies
aimed at molecular breeding for enhanced multi-stress resilience in
perennial ryegrass.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design: Yu G; data collection: Li P, Zhou Y,
Wang X; analysis and interpretation of results: Li P, Zhou Y, Wang X;
draft manuscript preparation: Yu G, Li P; manuscript revision and
review: Xie Z, Yu G, Zhang X; funding acquisition: Yu G, Zhang X. All
authors reviewed the results and approved the final version of the
manuscript.

Data availability
All the LpHSF sequences were referenced in the NCBI genome
(www.ncbi.nlm.nih.gov/datasets/genome/GCF_019359855.2/).

Acknowledgments

This study was supported by the National Natural Science
Foundation Regional Innovation and Development (Grant No.
U23A20218), the National Key Research and Development Program
of China (Grant No. 2023YFF1001400), and the Sichuan Natural

Yu et al. Grass Research 2026, 6: €004


https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_019359855.2/

Grass

A comprehensive spatio-temporal expression atlas of LpHSFs Research
| |
- —
= ...
.
|| \
|
[ o
- Abiotic stress
|| ! N
| -
— - e -—
response
_ Tissue-specific
expression L
— P - \
Heat Salt Cd Drought Alkali ABA MeJA T1AA GA 6-BA ETH SA
2
. LpHSFAIB
l LpHSFA2.1
1 LpHSFA2.2
LpHSFA2.3
o LpHSFA2.4
LpHSFA2.5
L L;:HSFA}
- -1 LpHSFA4
LpHSFA4C
. LpHSFAS
_ -2 LpHSFAG6B.1
|| LpHSFA6B.2
| LpHSFAGB.3
LpHSFA6B.4
|| LpHSFAGB.S
LpHSFA7A
LpHSFBI
LpHSFB2A.1
LpHSFB2A4.2
LpHSFB4.1
LpHSFB4.2
] LpHSFB4.3
- ] LpHSFCI1
LpHSFC1.2
It 2nd 3rd 4t 5t crown root sheath stem LpHSFCL3

LpHSFCL4

Fig. 5 The expression profiles of the LpHSF gene family in perennial ryegrass under different abiotic stresses and hormone induction, and different

tissues.

Science Foundation project (Grant No. 2023NSFSC0118), and the
Sichuan Forage Innovation Team Program (Grant No. SCCXTD-
2025-16).

Conflict of interest

The authors declare that they have no conflict of interest.
Supplementary information accompanies this paper online at
httsp://doi.org/grares-0025-0037.
Dates

Received 19 November 2025; Revised 18 December 2025;
Accepted 23 December 2025; Published online 23 January 2026

References

[11  Kemesyte V, Statkeviciute G, Brazauskas G. 2017. Perennial ryegrass

yield performance under abiotic stress. Crop Science 57:1935—-1940

[2] Liu S, Jiang Y. 2010. Identification of differentially expressed genes
under drought stress in perennial ryegrass. Physiologia Plantarum
139:375-387

[3] Lobell DB, Schlenker W, Costa-Roberts J. 2011. Climate trends and
global crop production since 1980. Science 333:616—620

[4]  YanH, Sun M, Zhang Z, Jin Y, Zhang A, et al. 2023. Pangenomic analy-

sis identifies structural variation associated with heat tolerance in pearl
millet. Nature Genetics 55:507-518

Yu et al. Grass Research 2026, 6: €004

[7]

[8]

)

101

[11]

2]

Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K, Shinozaki K. 1999.
Improving plant drought, salt, and freezing tolerance by gene transfer
of a single stress-inducible transcription factor. Nature Biotechnology
17:287-291

Valliyodan B, Nguyen HT. 2006. Understanding regulatory networks
and engineering for enhanced drought tolerance in plants. Current
Opinion in Plant Biology 9:189—195

Muszynski MG, Moss-Taylor L, Chudalayandi S, Cahill J, Del Valle-
Echevarria AR, et al. 2020. The maize Hairy Sheath Frayed1 (Hsf1) muta-
tion alters leaf patterning through increased cytokinin signaling. The
Plant Cell 32:1501-1518

Ohama N, Kusakabe K, Mizoi J, Zhao H, Kidokoro S, et al. 2016. The
transcriptional cascade in the heat stress response of Arabidopsis is
strictly regulated at the level of transcription factor expression. The
Plant Cell 28:181-201

Guo M, Liu JH, Ma X, Luo DX, Gong ZH, et al. 2016. The plant heat stress
transcription factors (HSFs): structure, regulation, and function in
response to abiotic stresses. Frontiers in Plant Science 7:114

Raturi V, Zinta G. 2024. HSFA1 heat shock factors integrate warm
temperature and heat signals in plants. Trends in Plant Science
29:1165-1167

Ogawa D, Yamaguchi K, Nishiuchi T. 2007. High-level overexpression
of the Arabidopsis HsfA2 gene confers not only increased themotole-
rance but also salt/osmotic stress tolerance and enhanced callus
growth. Journal of Experimental Botany 58:3373—-3383

Li Z, Li Z, Ji Y, Wang C, Wang S, et al. 2024. The heat shock factor 20-
HSF4-cellulose synthase A2 module regulates heat stress tolerance in
maize. The Plant Cell 36:2652—-2667

Page 90f 10


httsp://doi.org/grares-0025-0037
httsp://doi.org/grares-0025-0037
httsp://doi.org/grares-0025-0037
https://doi.org/10.2135/cropsci2016.10.0864
https://doi.org/10.1111/j.1399-3054.2010.01374.x
https://doi.org/10.1126/science.1204531
https://doi.org/10.1038/s41588-023-01302-4
https://doi.org/10.1038/7036
https://doi.org/10.1016/j.pbi.2006.01.019
https://doi.org/10.1016/j.pbi.2006.01.019
https://doi.org/10.1105/tpc.19.00677
https://doi.org/10.1105/tpc.19.00677
https://doi.org/10.1105/tpc.15.00435
https://doi.org/10.1105/tpc.15.00435
https://doi.org/10.3389/fpls.2016.00114
https://doi.org/10.1016/j.tplants.2024.07.002
https://doi.org/10.1093/jxb/erm184
https://doi.org/10.1093/plcell/koae106

Grass
Research

3]

[14]

[18]

[16]

171

[18]

19l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Wu Z, Li T, Ding L, Wang C, Teng R, et al. 2024. Lily LIHSFC2 coordi-
nates with HSFAs to balance heat stress response and improve ther-
motolerance. New Phytologist 241:2124-2142

Ma G, Shen J, Yu H, Huang X, Deng X, et al. 2022. Genome-wide identi-
fication and functional analyses of heat shock transcription factors
involved in heat and drought stresses in ryegrass. Environmental and
Experimental Botany 201:104968

Sun T, Wang W, Hu X, Fang Z, Wang Y, et al. 2022. Genome-wide iden-
tification of heat shock transcription factor families in perennial
ryegrass highlights the role of LpHSFC2b in heat stress response. Physi-
ologia Plantarum 174:e13828

Jin J, Tian F, Yang DC, Meng YQ, Kong L, et al. 2017. PlantTFDB 4.0:
toward a central hub for transcription factors and regulatory interac-
tions in plants. Nucleic Acids Research 45:D1040—-D1045

Chen'Y, Kolliker R, Mascher M, Copetti D, Himmelbach A, et al. 2024. An
improved chromosome-level genome assembly of perennial ryegrass
(Lolium perenne L.). Gigabyte 2024:1-11

Yu Z, Chen Y, Zhou Y, Zhang Y, Li M, et al. 2023. Rice Gene Index:
a comprehensive pan-genome database for comparative and func-
tional genomics of Asian rice. Molecular Plant 16:798—-801

Ma S, Wang M, Wu J, Guo W, Chen Y, et al. 2021. WheatOmics: a plat-
form combining multiple omics data to accelerate functional geno-
mics studies in wheat. Molecular Plant 14:1965—-1968

Hufford MB, Seetharam AS, Woodhouse MR, Chougule KM, Ou S, et al.
2021. De novo assembly, annotation, and comparative analysis of 26
diverse maize genomes. Science 373:655-662

Rhee SY, Beavis W, Berardini TZ, Chen G, Dixon D, et al. 2003.
The Arabidopsis Information Resource (TAIR): a model organism
database providing a centralized, curated gateway to Arabidopsis biol-
ogy, research materials and community. Nucleic Acids Research
31:224-228

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Research 32:1792—-1797
Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-
TREE: a fast and effective stochastic algorithm for estimating maxi-
mum-likelihood phylogenies. Molecular Biology and Evolution
32:268-274

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
2017. ModelFinder: fast model selection for accurate phylogenetic
estimates. Nature Methods 14:587—-589

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. 2018.
UFBoot2: improving the ultrafast bootstrap approximation. Molecular
Biology and Evolution 35:518-522

Chen C, Wu Y, Li J, Wang X, Zeng Z, et al. 2023. TBtools-II: a “one for all,
all for one” bioinformatics platform for biological big-data mining.
Molecular Plant 16:1733—-1742

Chao J, Li Z, Sun Y, Aluko OO, Wu X, et al. 2021. MG2C: a user-friendly
online tool for drawing genetic maps. Molecular Horticulture 1:16

Cao L, Wei S, Han L, Qian Y, Zhang H, et al. 2015. Gene cloning
and expression of the pyrroline-5-carboxylate reductase gene of
perennial ryegrass (Lolium perenne). Horticultural Plant Journal
1:113-120

Yu G, Xie Z, Chen W, Xu B, Huang B. 2022. Knock down of NON-YELLOW
COLOURING 1-like gene or chlorophyllin application enhanced chloro-
phyll accumulation with antioxidant roles in suppressing heat-induced
leaf senescence in perennial ryegrass. Journal of Experimental Botany
73:429-444

Yu G, Xie Z, Lei S, Li H, Xu B, et al. 2022. The NAC factor LpNAL delays
leaf senescence by repressing two chlorophyll catabolic genes in
perennial ryegrass. Plant Physiology 189:595-610

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the
comparative CT method. Nature Protocols 3:1101-1108

Sun T, Wang W, Hu X, Meng L, Xiang L, et al. 2024. HSFA3 functions as a
positive regulator of HSFA2a to enhance thermotolerance in perennial
ryegrass. Plant Physiology and Biochemistry 208:108512

Li W, Wan XL, Yu JY, Wang KL, Zhang J. 2019. Genome-wide identifica-
tion, classification, and expression analysis of the Hsf gene family in

Page 100f 10

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

A comprehensive spatio-temporal expression atlas of LpHSFs

carnation (Dianthus caryophyllus). International Journal of Molecular
Sciences 20:5233

Zhang Q, Geng J, Du Y, Zhao Q, Zhang W, et al. 2022. Heat shock tran-
scription factor (Hsf) gene family in common bean (Phaseolus vulgaris):
genome-wide identification, phylogeny, evolutionary expansion and
expression analyses at the sprout stage under abiotic stress. BMC Plant
Biology 22:33

Zhou M, Zheng S, Liu R, Lu J, Lu L, et al. 2019. Genome-wide identifica-
tion, phylogenetic and expression analysis of the heat shock transcrip-
tion factor family in bread wheat (Triticum aestivum L.). BMC Genomics
20:505

Bian X-H, Li W, Niu C-F, Wei W, Hu Y, et al. 2020. A class B heat shock
factor selected for during soybean domestication contributes to salt
tolerance by promoting flavonoid biosynthesis. New Phytologist
225:268-283

Song G, Guan H, Fang Z, Ji Y, Zhang J, et al. 2025. Molecular characteri-
zation of the heat shock transcription factors in switchgrass highlights
PvHsf16 conferring cadmium stress. Grass Research 5:e001

Wei JT, Zheng L, Ma XJ, Yu TF, Gao X, et al. 2025. An ABF5b-
HsfA2h/HsfC2a-NCED2b/POD4/HSP26 module integrates multiple
signaling pathway to modulate heat stress tolerance in wheat. Plant
Biotechnology Journal 23:4735—-4751

Fang Y, Liao H, Wei Y, Yin J, Cha J, et al. 2025. OsCDPK24 and
OsCDPK28 phosphorylate heat shock factor OsHSFA4d to orchestrate
abiotic and biotic stress responses in rice. Nature Communications
16:6485

Scharf K-D, Berberich T, Ebersberger I, Nover L. 2012. The plant heat
stress transcription factor (Hsf) family: structure, function and evolu-
tion. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms
1819:104-119

Gao L, Pan L, Shi Y, Zeng R, Li M, et al. 2024. Genetic variation in a heat
shock transcription factor modulates cold tolerance in maize. Molecu-
lar Plant 17:1423-1438

Lu J, Chen J, Chen H, Fan Z, Lin L, et al. 2025. Heat shock transcription
factor OsHsfc1a enhances rice seedling thermotolerance by regulat-
ing OsMFT1 and preserving chloroplast structure under heat stress.
Plant Biotechnology Journal 0:1-18

Ren Y, Ma R, Xie M, Fan Y, Feng L, et al. 2023. Genome-wide identifica-
tion, phylogenetic and expression pattern analysis of HSF family genes
in the Rye (Secale cereale L.). BMIC Plant Biology 23:441

Cohen M, Hertweck K, Itkin M, Malitsky S, Dassa B, et al. 2022.
Enhanced proteostasis, lipid remodeling, and nitrogen remobilization
define barley flag leaf senescence. Journal of Experimental Botany
73:6816—6837

Fan J, Lou Y, Shi H, Chen L, Cao L. 2019. Transcriptomic analysis of
dark-induced senescence in bermudagrass (Cynodon dactylon). Plants
8:614

Qian Y, Cao L, Zhang Q, Amee M, Chen K, et al. 2020. SMRT and Illu-
mina RNA sequencing reveal novel insights into the heat stress
response and crosstalk with leaf senescence in tall fescue. BMC Plant
Biology 20:366

Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K. 2014. The transcrip-
tional regulatory network in the drought response and its crosstalk in
abiotic stress responses including drought, cold, and heat. Frontiers in
Plant Science 5:170

Sakuma Y, Maruyama K, Qin F, Osakabe Y, Shinozaki K, et al. 2006. Dual
function of an Arabidopsis transcription factor DREB2A in water-stress-
responsive and heat-stress-responsive gene expression. Proceedings of
the National Academy of Sciences of the United States of America
103:18822-18827

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Yu et al. Grass Research 2026, 6: €004


https://doi.org/10.1111/nph.19507
https://doi.org/10.1016/j.envexpbot.2022.104968
https://doi.org/10.1016/j.envexpbot.2022.104968
https://doi.org/10.1111/ppl.13828
https://doi.org/10.1111/ppl.13828
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.46471/gigabyte.112
https://doi.org/10.1016/j.molp.2023.03.012
https://doi.org/10.1016/j.molp.2021.10.006
https://doi.org/10.1126/science.abg5289
https://doi.org/10.1093/nar/gkg076
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1186/s43897-021-00020-x
https://doi.org/10.16420/j.issn.2095-9885.2015-0004
https://doi.org/10.1093/jxb/erab426
https://doi.org/10.1093/plphys/kiac070
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.plaphy.2024.108512
https://doi.org/10.3390/ijms20205233
https://doi.org/10.3390/ijms20205233
https://doi.org/10.1186/s12870-021-03417-4
https://doi.org/10.1186/s12870-021-03417-4
https://doi.org/10.1186/s12864-019-5876-x
https://doi.org/10.1111/nph.16104
https://doi.org/10.48130/grares-0024-0027
https://doi.org/10.1111/pbi.70164
https://doi.org/10.1111/pbi.70164
https://doi.org/10.1038/s41467-025-61827-6
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.1016/j.molp.2024.07.015
https://doi.org/10.1016/j.molp.2024.07.015
https://doi.org/10.1111/pbi.70458
https://doi.org/10.1186/s12870-023-04418-1
https://doi.org/10.1093/jxb/erac329
https://doi.org/10.3390/plants8120614
https://doi.org/10.1186/s12870-020-02572-4
https://doi.org/10.1186/s12870-020-02572-4
https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1073/pnas.0605639103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Identification of the LpHSF gene family in perennial ryegrass
	Phylogenetic analysis and classification of the LpHSF gene family
	Gene structure, cis-acting analysis, and chromosomal locations
	Plant materials and growth conditions
	Stress treatments and several hormone treatment
	RNA extraction, cDNA synthesis, and RT-qPCR analysis
	Statistical analysis

	Results
	Identification and phylogenetic analysis of HSF family in perennial ryegrass based on a new genome version
	Genomic distribution and putative functional analysis of LpHSF genes
	Expression profiling of LpHSF genes across tissues
	Expression profiles of LpHSF response to phytohormones
	Comprehensive expression profiling of LpHSF genes under abiotic stresses

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

