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Abstract
Heat shock transcription factors (Hsfs) play crucial roles in plants' responses to abiotic stress. However, the identification of Hsf family genes and their stress

tolerance functions in switchgrass are less well studied. This study aimed to screen and identify PvHsf genes from the whole genome of switchgrass. A total

of  51 PvHsfs were  identified  and  categorized  into  three  classes:  Class  A  (PvHsf01−PvHsf28),  Class  B  (PvHsf29−PvHsf42),  and  Class  C  (PvHsf43−PvHsf51).

Collinearity  analysis  revealed  that  46 PvHsfs had  42  collinearity  relationships,  and PvHsf49 and PvHsf50 were  a  pair  of  tandem  duplicate  genes.

Developmental and stress-regulatory expression patterns of PvHsfs were also analyzed in various tissues and developmental stages or under NaCl, PEG, ABA,

and CdCl2 treatments. Nine PvHsfs were responsive to CdCl2-treatment, including PvHsf3, PvHsf4, PvHsf16, PvHsf19, PvHsf23, PvHsf24, PvHsf35, PvHsf44, and

PvHsf45, which were evaluated for their roles in cadmium (Cd) tolerance. By ectopic expressing these PvHsf genes in a Cd-sensitive yeast mutant, yeast cells

expressing PvHsf3 and PvHsf16 exhibited  higher  Cd  tolerance  and  the  best  result  was  by  expressing PvHsf16.  PvHsf16  was  subcellularly  localized  in  the

nucleus. Expressing PvHsf16 in Arabidopsis led to enhanced Cd tolerance with significantly higher Chl content, root length, and biomass compared to the

WT plants under CdCl2 treatment. Knowledge gained from this study will facilitate further functional analysis of PvHsfs, particularly PvHsf16, for molecular

breeding of switchgrass and other related grass species.
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Introduction

Plant  heat  shock  transcription  factors  (Hsfs)  play  pivotal  roles  in
protecting against  various  stresses[1−3].  To  date,  genome-wide ana-
lysis  of  the  Hsf  family  have  been  successfully  characterized  in
Arabidopsis  (Arabidopsis  thaliana)[1],  rice  (Oryza  sativa)[1],  tomato
(Solanum  lycopersicum)[4],  maize  (Zea  mays)[5],  soybean  (Glycine
max)[6],  peach  (Prunus  persica)[3],  radish  (Raphanus  sativus)[7],  and
common  bean  (Phaseolus  vulgaris)[8],  etc.  For  example,  Arabidopsis
contains  21 Hsf genes  that  could  be  classified  into  three  classes:
class  A  (15  genes),  class  B  (five  genes),  and  class  C  (one  gene)[1].
Soybeans had a much bigger Hsf family with 52 Hsf genes[6].

Besides  conferring  plant  heat  tolerance, Hsf genes  also  serve  as
regulators in other abiotic and biotic stress tolerances. For example,
tomato  HsfA1a  serves  as  the  master  regulator  of  acquired  thermo-
tolerance  that  was  irreplaceable  by  other  Hsf[9],  whereas  tomato
HsfB1  serves  as  a  synergistic  co-activator  of  HsfA1a[10].  Hsfs  can
recognize the conserved binding motifs (heat shock elements, HSEs)
within  the  promoters  of  their  responsive  genes,  including  those
coding  for  heat  shock  proteins  (HSPs)[11].  For  example,  Arabidopsis
HsfA1a  could  sense  heat  stress  and  pH  changes  by  binding  to  the
promoters of HSP18.2 and HSP70[12]. Overexpressing HsfA1b resulted
in increased water productivity and harvest index under both water-
sufficient and water-limiting conditions in Arabidopsis[13]. Arabidop-
sis HsfA2 regulates multiple stress tolerances including salt,  anoxia,
osmotic,  and submergence stresses[14].  Ecotypic expressing two Hsf
genes  (SaHsfA4a and SaHsfA4c)  of Sedum  alfredii in  yeast  signifi-
cantly  enhanced  its  cadmium  (Cd)  tolerance[15].  Furthermore,
HsfA4a  in  rice  and  wheat[16] and  LpHSfa1a  in  tomato[17] were  also
involved in the regulation of Cd tolerance[17].

Cadmium  (Cd)  is  a  non-essential  heavy  metal  trace  element  and
toxic  to  both  animals  and  plants[18].  Cd  stress  significantly  reduces
the  seeds'  germination  and  rooting  rates,  inhibits  water  and
nutrient absorption and results in physiological and metabolic disor-
ders,  including  decreased  photosynthetic  efficiency,  inactivated
enzymes,  and  developmental  symptoms  such  as  dwarfism,  fading,
and  delayed  growth  phenomena[19,20].  Soil  Cd  pollution  not  only
causes long-term adverse effects on crop growth but can also enter
food chains posing significant health risks to humans. Phytoremedi-
ation by growing Cd-tolerant non-edible perennial tall grass species
on  Cd-polluted  soil  has  been  proposed  as  one  effective  option  to
mitigate the harm of Cd soil pollution.

Switchgrass  (Panicum  virgatum)  is  a  perennial  tall  C4  grass  that  is
native  to  North  America.  It  serves  as  a  model  plant  for  bioenergy,
ethanol,  and methane production[21−23].  Previous studies have demon-
strated  that  switchgrass  has  moderate  tolerance  to  Cd  toxicity[24−26],
and  overexpressing  one  HSP  family  gene  (PvBiP2)  improved  both
biomass  yield  and  Cd  tolerance  in  switchgrass[27].  Therefore,  it  was
proposed that  at  least  some Hsf genes  are  involved in  switchgrass  Cd
tolerance.  The  objective  of  this  study  was  to  characterize Hsf family
genes on a genome-wide scale and identify potential Cd-regulatory Hsf
genes in switchgrass. The identified Cd-tolerant Hsfs can be utilized for
the molecular breeding of Cd-sensitive grass species. 

Materials and methods
 

Identification and sequence analysis of the Hsf family
genes in switchgrass

The  Hidden  Maekov  Model  (HMM)  profile  of  the  Hsf  domain
(PF00447) was downloaded from the Protein family (Pfam) database
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(http://pfam.xfam.org/) and used to search the Switchgrass Genome
Database  (http://phytozome.jgi.doe.gov/, Panicum  virgatum v1.0,
DOE-JGI).  Based  on  the  results,  the  specific  HMM  model  file  of  the
conserved  domain  of  the  Hsf  protein  was  established,  and  the
sequences containing the conserved Hsf domain were also used as
query sequences to search against Panicum virgatum v1.0 database.
All output genes with E-value ≤ 0.001 were collected and examined
for  the  presence  of  the  Hsf  domain  by  Pfam  and  SMART  (http://
smart.embl-heidelberg.de/),  and  the  incorrect  putative  genes  were
deleted. The non-redundant and identified genes were assigned as
P. virgatum Hsf genes (PvHsfs).

The protein sequences, genomic sequences, intron numbers, and
chromosomal  location  data  of  identified PvHsfs were  derived  from
Panicum  virgatum v1.0  database.  The  protein  sequences  were
analyzed  with  WOLFPSORT  program  (www.genscript.com/wolf-
psort.html) to obtain the number of amino acids, molecular weight,
theoretical isoelectric points (pI) and instability index (considered as
unstable if the value was > 40). 

Multiple sequence alignment and phylogenetic
analysis of Hsf proteins

The  full  amino  acid  sequences  of  Hsf  members  from  three  plant
species,  including A.  thaliana,  rice,  and  switchgrass  were  aligned
using CLUSTALW program. The full  amino acid sequences of Arabi-
dopsis  and  rice  were  downloaded  from  the  TAIR  database  (www.
arabidopsis.org)  and  the  RGAP  database  (http://rice.plantbiology.
msu.edu), respectively. An unrooted neighbor-joining (NJ) phyloge-
netic tree was constructed using MEGA 7.0 software with the boot-
strap  test  replicated  1,000  times  pair-wise  deletion  in  a  Poisson
model. 

Gene structure and conserved motif analysis of
PvHsfs

Exton and intron organization of PvHsfs was illustrated with Gene
Structure  Display  Server  program  (GSDS, https://gsds.gao-lab.org/
Gsds_help.php).  The  identification  of  PvHsfs  conserved  motifs  was
performed  using  MEME  program  (http://meme-suite.org/tools/
meme)  and  the  TBtools  program[28] (https://github.com/CJ-Chen/
TBtools/releases) was used to visualize the analysis results. 

Chromosomal locations and gene duplication analysis
of PvHsfs

The GFF3 file  containing the positional  and gene structure infor-
mation  of  switchgrass  was  downloaded  from  Switchgrass  Genome
Database.  TBtools  software  was  selected  to  map  the PvHsfs on
distinct  chromosomes[28].  The  gene  duplication  events  of PvHsfs
were  analyzed  by  using  the  Multiple  Collinearity  Scan  toolkit
(MCScanX). 

Heterologous expression of PvHsfs in yeast
Saccharomyces cerevisiae yeast mutant strain Δycf1[27,29],  that was

sensitive  to  Cd  stress,  was  used  to  screen PvHsfs.  The  differentially
expressed PvHsfs were  selected  based  on  the  transcriptome  data
was  sourced  from  previous  work[30] and  qPCR  results  obtained  in
this  study.  In  our  previous  work,  switchgrass  seedlings  were
exposed to a 50 μmol·L−1 CdCl2 hydroponic solution for durations of
0,  6,  and 24 h.  Subsequently,  root  samples were collected for  RNA-
seq  transcriptome  analysis[30].  The  CDS  of  selected PvHsfs were
cloned into the pGAD426 vector and then transformed to the yeast
strain using the Frozen-EZ Yeast Transformation Kit (Zymo Research,
USA).  The  transformed  yeast  strains  were  grown  in  the  synthetic
dropout  uracil  (SD/-URA)  medium.  The  pGAD426-GUS plasmid  was
used as the negative control. For Cd tolerance assessment, the trans-
formed Δycf1  yeast  solution  was  spotted  on  solidified  SD/-URA
medium containing 100 μM CdCl2 and incubated at 28 °C for 3 d. 

Subcellular localization gene transformation analysis
The  coding  sequences  (CDS)  of  the PvHsf16 were  amplified  with

gene-specific primers (Supplementary Table S1) and cloned into the
pEarleyGate103  and  then  transformed  into Agrobacterium  tumefa-
ciens strain 'AGL1'. Then, the resuspended Agrobacterium at OD600 =
0.6  in  1/4  MS  solution  was  injected  into Nicotiana  benthamiana
leaves.  The transformed leaves were incubated in the dark for 12 h
and then moved to a normal growth environment for 3 d, and then
examined  the  GFP  fluorescence  signal  using  a  Zeiss  LSM  800  laser
scanning confocal  microscope (Carl  Zeiss  SAS,  Jena,  Germany).  The
AGL1 cell harboring pEarleyGate103- PvHsf16 was used to transform
Arabidopsis  ecotype 'Columbia'  using the floral  dip method.  Trans-
genic  lines  were  selected  through  basta  resistance  and  PCR  confir-
mation  and  the  T2  homozygous  lines  were  used  for  salt  tolerance
analysis. 

Plant material and stress treatments
An elite line 'HR8'of switchgrass was used as the plant material[31].

The  method  of  seedling  cultivation  was  the  same  as  a  previous
study[30].  In  brief,  the  hydroponic-grown  plants  with  five  fully
expanded  leaves  were  treated  with  200  mM  NaCl,  200  g·L−1 PEG,
0.1 mM ABA, and 50 μM CdCl2, respectively. In all treatments, seven
uniform  plants  were  grown  in  each  beaker,  plants  in  each  beaker
were  treated  as  one  replicate,  and  there  were  three  replicates  for
each  treatment.  The  second  leaves  from  the  top  were  sampled  at
designated  time  points,  such  as  0,  1,  3,  6,  12,  and  24  h,  and  the
collected  samples  were  immediately  frozen  in  liquid  nitrogen  and
stored at −80 °C for further analysis.

Seeds  of  wild  type  (WT)  and PvHsf16-overexpression  (OE  lines)
Arabidopsis  were  germinated  and  grown  on  1/2  MS  medium  for
5 d, followed by transfer to 1/2 MS medium containing 90 mM and
180 mM CdCl2 for an additional 10 d. After this the Chl content, root
length,  and  biomass  under  each  treatment  were  measured.  Four
biological  replicates  were  used  for  measuring  these  physiological
and  morphological  indicators.  The  1/2  MS  medium  without  CdCl2
was  used  as  non-stress  control.  Chl  of  Arabidopsis  leaves  was
extracted by dimethyl sulfoxide (DMSO) and the absorbance values
of the extraction solution were measured at wavelengths of 663 and
645  nm  using  a  spectrophotometer  (Biochrom  Ltd,  Cambridge,
UK)[32]. 

qRT-PCR analysis
The  procedure  for  mRNA  isolation,  gDNA  digestion,  first-strand

cDNA  synthesis,  and  the  qRT-PCR  reaction  was  the  same  as
described  previously[33].  Relative  expression  levels  of PvHsfs were
calculated  using  the  2−ΔΔCᴛ method  with PvFTSH4 as  the  reference
gene.  Primers  used  for  PCR  reaction  are  listed  in Supplementary
Table S1. 

Statistical analysis
Data were statistically  analyzed by the LSD and Duncan test  at  a

significance  level  of  0.05  using  PASW  Statistics  software  (Version
18.0,  SPSS  Inc.,  Chicago,  IL,  USA).  Data  are  expressed  as  means  ±
standard error (SE). 

Results
 

Genome-wide identification and gene duplication of
PvHsf genes in switchgrass

A total of 51 PvHsfs,  named PvHsf 01−PvHsf 51,  were identified in
the switchgrass genome (Fig. 1, Supplementary Table S2).  Fifty-one
PvHsf genes  were  distributed  unevenly  among  the  16  chromo-
somes  (Chr)  from  Chr01K  to  Chr09K  and  Chr01N  to  Chr09N,  while
Chr08K  and  Chr08N  had  no PvHsf gene  (Fig.  1).  There  were  seven
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Fig. 1    Chromosomal distribution and circos diagram for the chromosomal distribution and interchromosomal relationships of Hsf genes in switchgrass.
(a) The scale bar on the left indicates the length (Mb) of switchgrass chromosomes. (b) Gray lines indicate all synteny blocks in the switchgrass genome,
and the red lines indicate duplicated Hsf gene pairs. The chromosome number is indicated at the center of each chromosome.
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PvHsf genes  localized  on  Chr09K  and  Chr09N,  respectively,  while
only one PvHsf on Chr03K, Chr06K, Chr07K, Chr03N, Chr06N, Chr07N
(Fig. 1). The PvHsf proteins ranged from 207 (PvHsf 13) to 562 amino
acids  (PvHsf  32)  in  length with  predicted isoelectric  points  (pI)  var-
ying  from  4.8  (PvHsf  06)  to  11.84  (PvHsf  50)  and  molecular  weight
(MW) from 22.1 kDa (PvHsf  13)  to 61.9 kDa (PvHsf  32)  (Supplemen-
tary Table S2). PvHsf49 and PvHsf50 were found as a pair of tandem
duplication  genes  located  on  Chr01K  (Fig.  1b).  And  46  genes  from
42 groups exhibiting replication relationships: some genes occurred
from  multiple  duplication  events  (e.g., PvHsf09 is  paired  with
PvHsf07, PvHsf08,  and PvHsf10);  and  some  might  only  experience  a
single duplication (e.g., the pair of PvHsf17 and PvHsf18, and the pair
of PvHsf45 and PvHsf46). 

Phylogenetic analysis and multiple sequence
alignment of PvHsf proteins

To investigate the classification and the evolutionary characteris-
tics of the PvHsf proteins, an unrooted phylogenetic tree was gene-
rated  by  using  the  51  PvHsfs,  21  AtHsfs  from Arabidopsis,  and  25
OsHsfs from rice (Fig. 2, Supplementary Table S3). According to this
phylogenetic  analysis,  the PvHsfs  were clustered into three classes,
namely A, B (PvHsf29−PvHsf42), and C (PvHsf43−PvHsf51). The class
A PvHsf was the largest group and consisted of 28 members, inclu-
ding  PvHsf01-PvHsf28,  which  can  be  further  classified  into  nine

subclasses.  In class A,  no switchgrass was identified as orthologous
to Arabidopsis HsfA7  and  HsfA8.  Class  B  consisted  of  14  members
that can be classified into three subclasses, and no switchgrass gene
was found to be orthologous to the Arabidopsis HsfB3. Class C only
contained nine members comprising two subclasses (Fig. 2, Supple-
mentary  Table  S3).  This  result  implied  gene  expansion  as  well  as
gene  deletion  in  a  rarer  case  occurred  during  the  evolutionary
process in switchgrass.

Multiple  sequence  alignment  analysis  of  51  PvHsf  proteins
showed  that  every P.  virgatum Hsf  protein  contained  the  DBD
domain,  including  three α helices  and  four β sheets  at  N-terminal
(Fig.  3).  The  DBD  domain  of  PvHsfs  is  highly  conserved,  with  42
PvHsfs  composed  of  90  aa  and  the  rest  nine  PvHsfs  of  83  to  94  aa
due to insertion and deletions (InDels) in different positions (Fig. 3).
For  example,  PvHsf47  missed  seven  aa  in  the α1  helical  structure,
while PvHsf21contained eight additional aa inserted between the α1
helix and the β1 fold. These InDels occurred during the evolutionary
process  resulting  in  genetic  variations  besides  Hsf  expansion  in
switchgrass. 

Structure and motif analysis of PvHsf proteins
To  study  the  structural  diversity  of PvHsf genes,  the  exon/intron

organization of each PvHsf gene was analyzed by comparing its CDS
to its full gene sequence. As shown in Fig. 4, the number of introns
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Fig. 3    Multiple sequence alignment of the DBD domains of Hsfs in switchgrass.  The secondary structure elements of DBD (α1-β1-β2-α2-α3-β3-β4) are
shown above the alignment. Rectangles represent α-helices and arrows represent β-sheets.
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of  51 PvHsfs varied  from  one  to  three,  while  all  nine  class  C  (HsfC)
genes, 11 HsfBs, and 15 HsfCs contained only one intron.

Twenty  motifs  were  detected  in  PvHsf  proteins  (Fig.  4b, Supple-
mentary Table S4). The DBD domains, composed of motif 4, motif 1,
and  motif  2,  were  the  most  conserved  ones  in  nearly  all  of  the  51
PvHsf members with only one exception for PvHsf47 in the absence
of  motif  2.  The  Coiled-Coil  motif  (motif  3),  a  unique  motif  forming
the  HR-A/B  regions  within  the  three  classes,  was  found  in  most
PvHsf members except PvHsf23, PvHsf24, PvHsf45, and PvHsf46. The
AHA  motif  (motif  7),  NLS  motif  (motif  6),  and  NES  motif  (motif  11)
were  found  in  most  class  A  members  but  not  in  classes  B  and  C
(Fig. 4b). 

Expression profile of PvHsfs at different
developmental stages and in various organs

The RNA-seq data (FPKM values) of 51 PvHsf genes at seven deve-
lopmental stages (days after pollination, DAP) and in 14 organs were
downloaded from the PviUTs  database[34].  According to  the cluster
analysis  of  FPKM  values,  the  expression  profiles  of  51 PvHsf genes
were divided into three distinct groups on the heatmap of develop-
mental  stages  or  of  various  organs  (Fig.  5).  All  16 PvHsf genes  in
group  1  showed  high  expression  levels  at  initial  developmental
stages  (0−10  d  after  pollination,  DAP),  18  genes  in  group  2  were
highly expressed at 15−20 or 25 DAP and the expression of 17 genes
in  group 3  were  consistently  upregulated with  the peak at  30  DAP
(Fig.  5a).  The  differential  expressions  at  developmental  stages
indicated that some PvHsfs might be involved in seed development.
There  were  16 PvHsfs clustered  into  group  1  because  of  high

expression level in floral organs, 21 PvHsfs in group 3 (i.e., PvHsf 27/28/
14/45/17/18/43/46) were highly expressed in vascular tissue (Fig. 5b).
Specifically,  the  expression  level  of PvHsf51 was  highest  at  30  DAP
and was also highly expressed in roots. 

qRT-PCR expression analysis of PvHsf genes under
abiotic stresses

The expression patterns of PvHsf genes were analyzed after NaCl,
PEG,  ABA,  and  CdCl2 treatment.  Nearly  all  51 PvHsf genes'  expres-
sion levels increased after NaCl, PEG, and ABA treatments, but only a
few  increased  after  the  CdCl2 treatment  (Fig.  6).  For  example,
PvHsf09 and PvHsf10 in  group 1  were  highly  expressed after  1  h  of
treatment, and the 40 PvHsfs in group 2 reaching peak value after 12
h and the remaining nine genes were continuously up-regulated by
NaCl treatment (Fig. 6a). Under 24 h of PEG treatment, a total of 48
PvHsf genes in group 1 were up-regulated to their  peak expression
at  6  or  12  h,  while  the  remaining  three PvHsf genes,  such  as
PvHsf37/38/42,  in  group  2  were  consistently  up-regulated  (Fig.  6b).
PvHsf24, the only gene in group 2, was consistently up-regulated by
24  h  after  ABA  treatment  (Fig.  6c). PvHsf09 and PvHsf10 in  group  1
were  rapidly  induced  after  1  h  of  ABA  treatment  (Fig.  6c).  The
remaining  48 PvHsf genes  were  clustered  into  group  3,  and  their
expression  levels  were  up-regulated  to  their  peak  at  6  h  of  treat-
ment  (Fig.  6c).  For  CdCl2 treatment,  the  relative  expressions  of  51
PvHsf genes  were  clustered  into  two  groups,  namely  group  1  and
group  2.  Thirteen PvHsfs in  group  1  were  up-regulated,  including
PvHsf3, 4, 7, 8, 19, 21, 23, 24, 30, 35, 36, 44,  and 45,  while PvHsfs in
group 2 were down-regulated by CdCl2 treatment (Fig. 6d). 
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Fig. 4    Phylogenetic relationship, exon-intron structure, and conserved motifs of the Hsf family in switchgrass.
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Identification of PvHsfs as a potential positive
regulator in Cd stress

To  screen  potential PvHsfs regulating  Cd  tolerance,  CdCl2-
inducible  genes  were  expressed  in  yeast  mutant  strains Δycf1 that
was  susceptible  to  Cd  stress.  The  differentially  expressed  PvHsfs
were  selected  based  on  the  transcriptome  data  was  sourced  from
previous work[31] and qPCR results obtained in this study (Fig. 6d). As
shown in Fig.  7,  the Δycf1 cells  harboring PvHsf16 and PvHsf3 exhi-
bited  remarkably  enhanced  growth  when  compared  with  the GUS
control  on  the  SD/-URA  agar  medium  with  100 μM  CdCl2.  For  the
rest PvHsf genes, no significant effect was observed on Cd tolerance
of  the  yeast  mutants  compared  to  the GUS control  (Fig.  7),  indica-
ting that PvHsf16 and PvHsf3 might positively regulate Cd-tolerance. 

Subcellular localization and functional
characterization of PvHsf16

The  potential  function  of  PvHsf16  in  Cd-tolerance  was  then  eva-
luated. When expressed in N. benthamiana, the fluorescent signal of
PvHsf16-GFP merged with the nuclear marker signal, indicating that
PvHsf16  was  subcellularly  localized  to  the  nucleus  (Fig.  8a).  Eleven
transgenic Arabidopsis with overexpressed PvHsf16 (abbreviated as
OE lines) were then generated and three liens,  e.g.,  OE-5/-6/-8 with
the  highest  expression  levels  of  the PvHsf16 were  selected  for
further  analysis  (Supplementary  Fig.  S1).  By  growing  the  wildtype
(WT)  and  OE  lines  in  a  plate  containing  1/2  MS  with  supplementa-
tion of 0, 90 μM, and 180 μM CdCl2, the OE lines demonstrated simi-
lar  growth  trait  under  1/2  MS,  but  enhanced  Cd  tolerance  as
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evidenced by the significantly  higher  Chl  content,  root  length,  and
biomass than the WT plants under CdCl2 treatment (Fig. 8b−e). 

Discussion

Cd is one of the most toxic heavy metals in the environment, and
its  pollution  has  become  more  severe  over  the  past  decade[18,35].
Establishing vegetation cover on Cd-contaminated land is an effec-
tive  strategy  for  phytoremediation  of  Cd-contaminated  soil[36].
Switchgrass  (Panicum  virgatum L.)  is  a  C4  perennial  grass  species
that  has  been  identified  as  a  prime  candidate  crop  for

phytoextraction of  heavy metals  because of  its  broad climatic  tole-
rance,  rapid  growth  rate,  and  high  biomass  yield  on  marginal
lands[24−26,35].  Previous  studies  have  shown  that  switchgrass  exhi-
bited  relative  tolerance  to  Cd  stress,  despite  growth  inhibition  by
Cd[27,31].  The Hsfs family enables plants to withstand various abiotic
stresses,  such as heat,  drought,  salt,  and Cd[37,38].  The availability  of
genome  databases  has  facilitated  the  genome-wide  characteriza-
tion  of  Hsf  and  other  gene  families[39,40].  This  study  presented  the
first  genome-wide  overview  of  the Hsf gene  family  in  switchgrass
and  identified  potential PvHsf genes  positively  regulating  switch-
grass Cd-tolerance.

The Hsf gene  family  were  found  in  most  eukaryotes  but  expe-
rienced  dramatic  expansion  in  the  sessile  plants. Drosophila
melanogaster and Caenorhabditis elegans contain only one member
each, while yeast has only one Hsf and three Hsf-related proteins. In
higher  plants,  the  Hsf  family  comprises  a  much  larger  family  of
genes  derived  from  a  complex,  plant-specific  superfamily  found
across various species[3−8]. For example, Arabidopsis contains 21 Hsf
members,  rice  contains  25[1,41],  and  soybean  contains  52  Hsf
members[6].  Although  Hsfs  vary  in  sequence  size,  eukaryotic  Hsfs
generally  exhibit  a  typical  structure that  includes a  conserved DNA
binding  domain  (DBD)  and  an  oligomerization  domain  (OD  or  HR-
A/B). The DBD is a highly conserved region characterized by a helix-
turn-helix structure, allowing it to specifically recognize and bind to
heat shock elements (HSE) in the promoters of target genes, thereby
activating  the  transcription  and  expression  of  stress  resistance
genes[41].  The  OD  domain,  also  known  as  HR-A/B,  consists  of  two
hydrophobic  heptapeptide  repeat  regions  and  possesses  a  helical
coiled-coil  spatial  structure.  Therefore,  we  predicted  the  PvHsfs
using  the  conserved  DBD  and  OD  domain  and  identified  52 PvHsf
genes through genome-wide analysis.

Plant Hsfs can be divided into three classes,  A B,  and C based on
the  number  of  inserted  amino  acids  in  the  HR-A/B  region[42].  In
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Fig.  6    qRT-PCR analysis  of  the PvHsf gene expression in switchgrass  leaves in  response to (a)  NaCl  stress,  (b)  PEG stress,  (c)  ABA stress,  and (d)  CdCl2
stress. The expression of PvHsfs was analyzed at 0, 1, 3, 6, 12, and 24 h under stress treatment.

 

Fig.  7    Functional  evaluation  of PvHsfs in  Cd-tolerance  using  Cd-
sensitive yeast.
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switchgrass,  we  were  also  able  to  divide  PvHsfs  into  class  A−C,
namely  PvHsfAs,  PvHsfBs,  and  PvHsfCs.  Gene  features,  including
exon-intron distribution, gene length, and GC content,  significantly
influence  evolutionary  events  such  as  whole  genome  duplication
(WGD). Numerous studies suggest that introns play a crucial role in
gene expression and evolutionary  processes.  Most Hsf members  of
the  Rosaceae  family  possess  only  one  intron[39].  However,  introns
vary from zero to two in Brassica oleracea[43] and from zero to five in
B.  napus[44].  In  this  study,  the  number  of  introns  in  PvHsfs  ranges
from  zero  to  three  in  switchgrass.  For  instance, Hsf18/23/27/28 in
class A and Hsf33/34 in class B each contain two introns, while only
PvHsf21 in class A possesses three introns. Notably, all PvHsfs in class
C  contain  solely  one  intron.  As  previously  mentioned,  class  C Hsfs
are  the  smallest  families[1].  These  reports  provide  substantial
evidence  for  the  tight  conservation  of  class  C  and  moderate

conservation of class B members;  however,  evolutionary events are
most frequently observed among class A members. Moreover, even
though the DBD domain of PvHsfs is highly conserved, nine PvHsfs
had  deleted  and  inserted  aa  in  different  positions  of  the  DBD
domain.  It  is  still  unknown  whether  and  how  InDels  in  the  DBD
domains might affect the DNA-binding preference and binding effi-
ciency  of  these  Hsfs,  which  is  worth  further  study  into  how  these
variations might contribute to the plasticity  and successful  adapta-
tion of switchgrass in different environmental niches.

Plants frequently encounter various abiotic stresses, such as high
temperature,  drought,  salinity,  and  heavy  metal  stress.  Plant  Hsf
transcription  factors  are  crucial  for  the  response  to  abiotic  stress.
For  example,  Arabidopsis  AtHsfA1a  and  AtHsfA1b  mitigate  high-
temperature  damage  by  regulating  the  synthesis  of  heat  shock
proteins  (Hsp)[45].  In  plants  such  as  rice  and  strawberries,  genes
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including OsHsfA2, OsHsfA4, OsHsfA7, OsHsfA9, OsHsfB2b,  and
FvHsfA2a are activated by high salinity stress, thereby improving salt
tolerance[46,47].  AtHsfA1b  not  only  mediates  the  expression  of  the
galactinol  synthase  gene GolS1,  but  also  regulates  downstream
drought-responsive  elements DREB2A and DREB2C,  thereby  enhan-
cing plant drought resistance[48]. For instance, AtHsfA3 directly inter-
acts  with  the DREB2A and DREB2C elements  in  the  promoters  of
Hsp18.1-CI, Hsp26.5-II,  and Hsp70,  and  thereby  activating  their  pro-
moter activities[49]. Regarding heavy metal (i.e., Cd) stress regulation,
the  identification  of  Hsf  family  members  in  switchgrass  remains
limited.  In  this  study,  it  was  found  that  the  expressions  of PvHsf
genes are directly involved in abiotic stress signaling pathways. The
transcriptions of PvHsf genes were regulated by NaCl, PEG, ABA, and
CdCl2 treatment.  Notably,  the  expression  of  most Hsf genes
suddenly decreased under abiotic  stress at  24 h compared to 12 h.
This  sudden decrease could likely  be attributed to regulatory feed-
back  mechanisms  that  activate  after  an  initial  response  to  stress,
leading to a  reduction in Hsf gene expression as  part  of  a  negative
feedback loop. Consequently, more sampling times should be incor-
porated between 12 and 24 h to further investigate the expression
patterns of Hsfs under these abiotic stress conditions. Notably, nine
CdCl2-inducible PvHsfs,  including PvHsf3, PvHsf4, PvHsf16, PvHsf19,
PvHsf23, PvHsf24, PvHsf35, PvHsf44,  and PvHsf45.  Their  potential
regulatory role in Cd-tolerance was tested using the yeast heterolo-
gous system and two potential regulatory genes PvHsf3 and PvHsf16
identified.  It  is  notable  that  the  result  of  the  yeast  system  is  only
preliminary  that  relies  on  the  precondition  of  an  existence  of  a
conserved signaling pathway across plants and yeast. Therefore, it is
necessary to further test the selected genes' function in plants. The
ectopic  expression  of PvHsf16 in  Arabidopsis  further  confirmed  its
role  in  plant  Cd-tolerance.  Analyzing  Cd  concentrations  in  diverse
tissues of transgenic Arabidopsis is crucial for elucidating the regula-
tory role of PvHsf16 in Cd stress. Genetic transformations of PvHsf16
are currently being performed, specifically overexpression and RNA
interference,  in  switchgrass.  Subsequently,  alterations  in  biomass,
reactive oxygen species content, and Cd accumulation in transgenic
switchgrass  will  be  assessed  to  investigate  how PvHsf16 regulates
Cd stress.  Together,  these results  imply that PvHsf16 could be used
as a candidate gene for Cd- tolerance in the molecular breeding of
switchgrass. 

Conclusions

Through  genome-wide  Hsf  gene  family  analysis,  a  total  of  51
PvHsf genes  were  identified  and  characterized  in  switchgrass.  This
analysis  led  to  the  identification of  two genes, PvHsf16 and PvHsf3,
potentially  positively  regulating  switchgrass  Cd  tolerance.  Know-
ledge gained from this  study will  facilitate further functional  analy-
sis of PvHsfs, particularly PvHsf16, for understanding the mechanism
of  Cd  tolerance  and  for  molecular  breeding  of  switchgrass  and
related grass species. 

Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:  study
conception and design:  Zhang J,  Xu B;  data analysis:  Song G,  Guan
H,  Fang  Z,  Ji  Y;  draft  manuscript  preparation:  Zhang  J,  Xu  B.  All
authors  reviewed  the  results  and  approved  the  final  version  of  the
manuscript. 

Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article and its supplementary information files.

Acknowledgments

This  study  was  supported  by  the  Science  and  Technology
Program  of  Jiangsu  Vocational  College  of  Agriculture  and  Forestry
(Grant  No.  2019kj009)  and  by  grants  from  the  National  Natural
Science Foundation of China (Nos 32371778 and 32271755) and by
the China Postdoctoral Science Foundation (2023M731733).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary  information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/grares-0024-0027)

Dates

Received  12  November  2024; Revised  9  December  2024;
Accepted 17 December 2024; Published online 10 January 2025

References 

 Guo J,  Wu J,  Ji  Q,  Wang C,  Luo L,  et  al. 2008. Genome-wide analysis  of
heat  shock  transcription  factor  families  in  rice  and Arabidopsis. Journal
of Genetics and Genomics 35(2):105−18

1.

 Miller G, Mittler R. 2006. Could heat shock transcription factors function
as hydrogen peroxide sensors in plants? Annual of Botany 98:279−88

2.

 Wang L, Hou Y, Wang Y, Hu S, Zheng Y, et al. 2022. Genome-wide identi-
fication of heat shock transcription factors and potential role in regula-
tion of antioxidant response under hot water and glycine betaine treat-
ments in cold-stored peaches. Journal of the Science of Food and Agricul-
ture 102:628−43

3.

 Scharf KD, Rose S, Zott W, Schöffl F, Nover L. 1990. Three tomato genes
code  for  heat  stress  transcription  factors  with  a  region  of  remarkable
homology to the DNA-binding domain of the yeast HSF. EMBO Journal
9:4495−501

4.

 Lin  YX,  Jiang  HY,  Chu  ZX,  Tang  XL,  Zhu  SW,  et  al. 2011. Genome-wide
identification,  classification,  and  analysis  of  heat  shock  transcription
factor family in maize. BMC Genomics 12:76

5.

 Chung  E,  Kim  KM,  Lee  JH. 2013. Genome-wide  analysis  and  molecular
characterization of heat shock transcription factor gene family in Glycine
max. Journal of Genetics and Genomics 40:127−35

6.

 Tang M,  Xu L,  Wang Y,  Wang Y,  Cheng W,  Luo X,  et  al. 2019. Genome-
wide characterization and evolutionary analysis of heat shock transcrip-
tion factors (HSFs) to reveal their potential role under abiotic stresses in
radish (Raphanus sativus L.). BMC Genomics 20:772

7.

 Mallick  B,  Kumari  M,  Pradhan  SK,  Parmeswaran  C,  Acharya  GC,  et  al.
2021. Genome  wide  analysis  and  characterization  of  heat  shock  tran-
scription  factors  (Hsfs)  in  common  bean  (Phaseolus  vulgaris L.). Func-
tional & Integrative Genomics 22:743−56

8.

 Mishra  SK,  Tripp  J,  Winkelhaus  S,  Tschiersch  B,  et  al. 2002. In  the
complex family  of  heat  stress  transcription factors,  HsfA1 has a  unique
role as master regulator of thermotolerance in tomato. Genes & Develop-
ment 16:1555−67

9.

 Czarnecka-Verner  E,  Yuan  CX,  Scharf  KD,  Englich  G,  Gurley  WB. 2000.
Plants  contain  a  novel  multi-member  class  of  heat  shock  factors  with-
out transcriptional activator potential. Plant Molecular Biology 43:459−71

10.

 Bienz M, Pelham HR. 1987. Mechanisms of heat-shock gene activation in
higher eukaryotes. Advances in Genetics 24:31−72

11.

 Liu Y,  Zhang C,  Chen J,  Guo L,  Li  X,  et  al. 2013. Arabidopsis  heat  shock
factor  HsfA1a  directly  senses  heat  stress,  pH  changes,  and  hydrogen
peroxide  via  the  engagement  of  redox  state. Plant  Physiology  and
Biochemistry 64:92−98

12.

 Bechtold  U,  Albihlal  WS,  Lawson  T,  Fryer  MJ,  Sparrow  PAC,  et  al. 2013.
Arabidopsis  HEAT  SHOCK  TRANSCRIPTION  FACTORA1b overexpression
enhances water productivity, resistance to drought, and infection. Jour-
nal of Experimental Botany 64:3467−81

13.

PvHsf16 confers cadmium stress in switchgrass
 

Song et al. Grass Research 2025, 5: e001   Page 9 of 10

https://www.maxapress.com/article/doi/10.48130/grares-0024-0027
https://www.maxapress.com/article/doi/10.48130/grares-0024-0027
https://www.maxapress.com/article/doi/10.48130/grares-0024-0027
https://www.maxapress.com/article/doi/10.48130/grares-0024-0027
https://www.maxapress.com/article/doi/10.48130/grares-0024-0027
https://doi.org/10.1016/S1673-8527(08)60016-8
https://doi.org/10.1016/S1673-8527(08)60016-8
https://doi.org/10.1093/aob/mcl107
https://doi.org/10.1002/jsfa.11392
https://doi.org/10.1002/jsfa.11392
https://doi.org/10.1002/jsfa.11392
https://doi.org/10.1002/j.1460-2075.1990.tb07900.x
https://doi.org/10.1186/1471-2164-12-76
https://doi.org/10.1016/j.jgg.2012.12.002
https://doi.org/10.1186/s12864-019-6121-3
https://doi.org/10.1007/s10142-022-00875-3
https://doi.org/10.1007/s10142-022-00875-3
https://doi.org/10.1101/gad.228802
https://doi.org/10.1101/gad.228802
https://doi.org/10.1101/gad.228802
https://doi.org/10.1023/A:1006448607740
https://doi.org/10.1016/S0065-2660(08)60006-1
https://doi.org/10.1016/j.plaphy.2012.12.013
https://doi.org/10.1016/j.plaphy.2012.12.013
https://doi.org/10.1093/jxb/ert185
https://doi.org/10.1093/jxb/ert185


 Ogawa D, Yamaguchi K, Nishiuchi T. 2007. High-level overexpression of
the Arabidopsis  HsfA2 gene confers not only increased themotolerance
but also salt/osmotic stress tolerance and enhanced callus growth. Jour-
nal of Experimental Botany 58:3373−83

14.

 Chen SS, Jiang J, Han XJ, Zhang YX, Zhuo RY, et al. 2018. Identification,
expression analysis of the Hsf family, and characterization of class A4 in
Sedum  Alfredii Hance  under  cadmium  stress. International  Journal  of
Molecular sciences 19(4):1216

15.

 Shim D, Hwang JU, Lee J, Lee S, Choi Y, et al. 2009. Orthologs of the class
A4 heat shock transcription factor HsfA4a confer cadmium tolerance in
wheat and rice. The Plant Cell 21:4031−43

16.

 Cai  SY,  Zhang  Y,  Xu  YP,  Qi  ZY,  Li  MQ,  et  al. 2017. HsfA1a  upregulates
melatonin biosynthesis  to confer  cadmium tolerance in tomato plants.
Journal of Pineal Research 62(2):e12387

17.

 Ganesan V. 2008. Rhizoremediation of cadmium soil  using a cadmium-
resistant  plant  growth-promoting  rhizopseudomonad. Current  Microbi-
ology 56(4):403−07

18.

 Weber  M,  Trampczynska  A,  Clemens  S. 2006. Comparative  transcrip-
tome  analysis  of  toxic  metal  responses  in Arabidopsis  thaliana and  the
Cd2+-hypertolerant  facultative  metallophyte Arabidopsis  halleri. Plant,
Cell & Environment 29(5):950−63

19.

 Seregin IV, Shpigun LK, Ivanov VB. 2004. Distribution and toxic effects of
cadmium  and  lead  on  maize  roots. Russian  Journal  of  Plant  Physiology
51(4):525−33

20.

 Kou L, Song Y, Zhang X, Tan T. 2017. Comparison of four types of energy
grasses  as  lignocellulosic  feedstock  for  the  production  of  bio-ethanol.
Bioresource Technology 241:424−29

21.

 Wu S, Zhang X, Sun Y, Wu Z, Li T, et al. 2015. Transformation and immo-
bilization  of  chromium  by  arbuscular  mycorrhizal  fungi  as  revealed  by
SEM–EDS,  TEM–EDS,  and  XAFS. Environmental  Science  &  Technology
49(24):14036−47

22.

 Schmer MR, Vogel KP, Mitchell RB, Perrin RK. 2008. Net energy of cellu-
losic  ethanol  from  switchgrass. Proceedings  of  the  National  Academy  of
Sciences of the United States of America 105(2):464−69

23.

 Wang Q, Gu M, Ma X, Zhang H, Wang Y, et al. 2015. Model optimization
of  cadmium  and  accumulation  in  switchgrass  (Panicum  virgatum L.):
potential use for ecological phytoremediation in Cd-contaminated soils.
Environmental Science and Pollution Research 22(21):16758−71

24.

 Liu  C,  Lou  L,  Deng  J,  Li  D,  Yuan  S,  et  al. 2016. Morph-physiological
responses  of  two  switchgrass  (Panicum  virgatum L.)  cultivars  to
cadmium stress. Grassland Science 62(2):92−101

25.

 Houben D, Couder E, Sonnet P. 2013. Leachability of cadmium, lead, and
zinc  in  a  long-term spontaneously  revegetated slag heap:  implications
for phytostabilization. Journal of Soils and Sediments 13(3):543−54

26.

 Song  G,  Zhang  J,  Wang  Y,  Ji  Y,  Fang  Z,  et  al. 2023. Overexpression  of
PvBiP2 improved  biomass  yield  and  cadmium  tolerance  in  switchgrass
(Panicum virgatum L.). Journal of Hazardous Materials 446:130648

27.

 hen C, Chen H, Zhang Y, Thomas HR, Frank MH, et al. 2020. TBtools: an
integrative  toolkit  developed  for  interactive  analyses  of  big  biological
data. Molecular Plant 13(8):1194−202

28.

 Karamanou  DA,  Aliferis  KA. 2020. The  yeast  (Saccharomyces  cerevisiae)
YCF1  vacuole  transporter:  evidence  on  its  implication  into  the  yeast
resistance  to  flusilazole  as  revealed  by  GC/EI/MS  metabolomics. Pesti-
cide Biochemistry and Physiology 165:104475

29.

 Song G, Yuan S, Wen X, Xie Z, Lou L, et al. 2018. Transcriptome analysis
of  Cd-treated  switchgrass  root  revealed  novel  transcripts  and  the
importance of HSF/HSP network in switchgrass Cd tolerance. Plant Cell
Reports 37:1485−97

30.

 Xu B, Huang L, Shen Z, Welbaum GE, Zhang X, et al. 2011. Selection and
characterization  of  a  new  switchgrass  (Panicum  virgatum L.)  line  with
high somatic embryogenic capacity for genetic transformation. Scientia
Horticulturae 129(4):854−61

31.

 Zhang J, Li H, Huang X, Xing J, Yao J, et al. 2022. STAYGREEN-mediated
chlorophyll a catabolism is critical for photosystem stability during heat-
induced leaf senescence in perennial ryegrass. Plant, Cell & Environment
45(5):1412−27

32.

 Zhang J, Zhang Q, Xing J, Li H, Miao J, et al. 2021. Acetic acid mitigated
salt  stress  by  alleviating  ionic  and  oxidative  damages  and  regulating
hormone  metabolism  in  perennial  ryegrass  (Lolium  perenne L.). Grass
Research 1:3

33.

 Zhang  JY,  Lee  YC,  Torres-Jerez  I,  Wang  M,  Yin  Y,  et  al. 2013. Develop-
ment of an integrated transcript sequence database and a gene expres-
sion atlas for gene discovery and analysis in switchgrass (Panicum virga-
tum L.). The Plant Journal 74(1):160−73

34.

 Han  Y,  Zveushe  OK,  Dong  F,  Ling  Q,  Dios  VRD. 2021. Unraveling  the
effects of arbuscular mycorrhizal fungi on cadmium uptake and detoxi-
fication  mechanisms  in  perennial  ryegrass  (Lolium  perenne). Science  of
The Total Environment 798(1):149222

35.

 Sun W, Ji B, Khoso SA, Tang H, Liu R, et al. 2018. An extensive review on
restoration technologies  for  mining tailings. Environmental  Science  and
Pollution Research 25:33911−25

36.

 Huang YC, Niu CY, Yang CR, Jinn TL. 2016. The heat stress factor HSFA6b
connects ABA signaling and ABA-mediated heat responses. Plant Physi-
ology 172(2):1182−99

37.

 Nishizawa-Yokoi A, Nosaka R, Hayashi H, Tainaka H, Maruta T, et al. 2011.
HsfA1d  and  HsfA1e  involved  in  the  transcriptional  regulation  of HsfA2
function as key regulators for the Hsf signaling network in response to
environmental stress. Plant and Cell Physiology 52(5):933−45

38.

 Qiao  X,  Li  M,  Li  L,  Yin  H,  Wu  J,  et  al. 2015. Genome-wide  identification
and comparative analysis of the heat shock transcription factor family in
Chinese  white  pear  (Pyrus  bretschneideri)  and  five  other  Rosaceae
species. BMC Plant Biology 15(1):12

39.

 Wang F, Dong Q, Jiang H, Zhu S, Chen B, et al. 2012. Genome-wide ana-
lysis  of  the  heat  shock  transcription  factors  in Populus  trichocarpa and
Medicago truncatula. Molecular Biology Reports 39(2):1877−86

40.

 Scharf  KD,  Berberich  T,  Ebersberger  I,  Nover  L. 2012. The  plant  heat
stress transcription factor (Hsf) family: structure, function and evolution.
Biochimica  et  Biophysica  Acta  (BBA) - Gene  Regulatory  Mechanisms
1819:104−19

41.

 Nover L, Bharti K, Döring P, Mishra SK, Ganguli A, et al. 2001. Arabidop-
sis and the heat stress transcription factor world: how many heat stress
transcription factors do we need? Cell Stress & Chaperones 6(3):177−89

42.

 Lohani  N,  Golicz  AA,  Singh MB,  Bhalla  PL. 2019. Genome-wide analysis
of the Hsf gene family in Brassica oleracea and a comparative analysis of
the Hsf gene family in B. oleracea, B. rapa and B. napus. Functional & Inte-
grative Genomics 19:515−31

43.

 Zhu X, Huang C, Zhang L, Liu H, Yu J, et al. 2017. Systematic analysis of
Hsf family genes in the Brassica napus genome reveals novel responses
to heat, drought and high CO2 stresses. Frontiers in Plant Science 8:1174

44.

 Busch  W,  Wunderlich  M,  Schöffl  F. 2005. Identification  of  novel  heat
shock factor-dependent genes and biochemical  pathways in Arabidop-
sis thaliana. The Plant Journal 41(1):1−14

45.

 Hu Y, Han YT, Wei W, Li YJ, Zhang K, et al. 2015. Identification, isolation,
and expression analysis of heat shock transcription factors in the diploid
woodland strawberry Fragaria vesca. Frontiers in Plant Science 6:736

46.

 Xiang  J,  Ran  J,  Zou  J,  Zhou  X,  Liu  A,  et  al. 2013. Heat  shock  factor
OsHsfB2b negatively regulates drought and salt  tolerance in rice. Plant
Cell Reports 32(11):1795−806

47.

 Panikulangara  TJ,  Eggers-Schumacher  G,  Wunderlich  M,  Stransky  H,
Schöffl  F. 2004. Galactinol  synthase1.  A  novel  heat  shock  factor  target
gene  responsible  for  heat-induced  synthesis  of  raffinose  family
oligosaccharides in Arabidopsis. Plant Physiology 136(2):3148−58

48.

 Chen  H,  Hwang  JE,  Lim  CJ,  Kim  DY,  Lee  SY,  et  al. 2010. Arabidopsis
DREB2C functions as a transcriptional activator of HsfA3 during the heat
stress  response. Biochemical  and  Biophysical  Research  Communications
401(2):238−44

49.

Copyright:  ©  2025  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/.

 
PvHsf16 confers cadmium stress in switchgrass

Page 10 of 10   Song et al. Grass Research 2025, 5: e001

https://doi.org/10.1093/jxb/erm184
https://doi.org/10.1093/jxb/erm184
https://doi.org/10.3390/ijms19041216
https://doi.org/10.3390/ijms19041216
https://doi.org/10.1105/tpc.109.066902
https://doi.org/10.1111/jpi.12387
https://doi.org/10.1007/s00284-008-9099-7
https://doi.org/10.1007/s00284-008-9099-7
https://doi.org/10.1007/s00284-008-9099-7
https://doi.org/10.1111/j.1365-3040.2005.01479.x
https://doi.org/10.1111/j.1365-3040.2005.01479.x
https://doi.org/10.1023/B:RUPP.0000035747.42399.84
https://doi.org/10.1016/j.biortech.2017.04.078
https://doi.org/10.1021/acs.est.5b03659
https://doi.org/10.1073/pnas.0704767105
https://doi.org/10.1073/pnas.0704767105
https://doi.org/10.1007/s11356-015-4878-8
https://doi.org/10.1111/grs.12119
https://doi.org/10.1007/s11368-012-0546-5
https://doi.org/10.1016/j.jhazmat.2022.130648
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.pestbp.2019.09.013
https://doi.org/10.1016/j.pestbp.2019.09.013
https://doi.org/10.1007/s00299-018-2318-1
https://doi.org/10.1007/s00299-018-2318-1
https://doi.org/10.1016/j.scienta.2011.05.016
https://doi.org/10.1016/j.scienta.2011.05.016
https://doi.org/10.1111/pce.14296
https://doi.org/10.48130/GR-2021-0003
https://doi.org/10.48130/GR-2021-0003
https://doi.org/10.1111/tpj.12104
https://doi.org/10.1016/j.scitotenv.2021.149222
https://doi.org/10.1016/j.scitotenv.2021.149222
https://doi.org/10.1007/s11356-018-3423-y
https://doi.org/10.1007/s11356-018-3423-y
https://doi.org/10.1104/pp.16.00860
https://doi.org/10.1104/pp.16.00860
https://doi.org/10.1104/pp.16.00860
https://doi.org/10.1093/pcp/pcr045
https://doi.org/10.1186/s12870-014-0401-5
https://doi.org/10.1007/s11033-011-0933-9
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/10.1379/1466-1268(2001)006<0177:aathst>2.0.co;2
https://doi.org/10.1007/s10142-018-0649-1
https://doi.org/10.1007/s10142-018-0649-1
https://doi.org/10.1007/s10142-018-0649-1
https://doi.org/10.3389/fpls.2017.01174
https://doi.org/10.1111/j.1365-313X.2004.02272.x
https://doi.org/10.3389/fpls.2015.00736
https://doi.org/10.1007/s00299-013-1492-4
https://doi.org/10.1007/s00299-013-1492-4
https://doi.org/10.1104/pp.104.042606
https://doi.org/10.1016/j.bbrc.2010.09.038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Identification and sequence analysis of the Hsf family genes in switchgrass
	Multiple sequence alignment and phylogenetic analysis of Hsf proteins
	Gene structure and conserved motif analysis of PvHsfs
	Chromosomal locations and gene duplication analysis of PvHsfs
	Heterologous expression of PvHsfs in yeast
	Subcellular localization gene transformation analysis
	Plant material and stress treatments
	qRT-PCR analysis
	Statistical analysis

	Results
	Genome-wide identiﬁcation and gene duplication of PvHsf genes in switchgrass
	Phylogenetic analysis and multiple sequence alignment of PvHsf proteins
	Structure and motif analysis of PvHsf proteins
	Expression profile of PvHsfs at different developmental stages and in various organs
	qRT-PCR expression analysis of PvHsf genes under abiotic stresses
	Identification of PvHsfs as a potential positive regulator in Cd stress
	Subcellular localization and functional characterization of PvHsf16

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

