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Pumpkin (Cucurbita moschata) is an important cucurbit vegetable crop that has strong
resistance to abiotic stress. While heat shock protein 20 (HSP20) has been implicated
in vegetable response to heat stress, little is known regarding activity of HSP20 family
proteins in C. moschata. Here, we performed a comprehensive genome-wide analysis
to identify and characterize the functional dynamics of the Cucurbita moschata HSP20
(CmoHSP20) gene family. A total of 33 HSP20 genes distributed across 13
chromosomes were identified from the pumpkin genome. Our phylogenetic analysis
determined that the CmoHSP20 proteins fell into nine distinct subfamilies, a division
supported by the conserved motif composition and gene structure analyses.
Segmental duplication events were shown to play a key role in expansion of the
CmoHSP20 gene family. Synteny analysis revealed that 19 and 18 CmoHSP20 genes
were collinear with those in the cucumber and melon genomes, respectively.
Furthermore, the expression levels of pumpkin HSP20 genes were differentially
induced by heat stress. The transcript level of CmoHSP20-16, 24 and 25 were
down-regulated by heat stress, while CmoHSP20-7, 13, 18, 22, 26 and 32 were
up-regulated by heat stress, which could be used as heat tolerance candidate genes.
Overall, these findings contribute to our understanding of vegetable HSP20 family
genes and provide valuable information that can be used to breed heat stress
resistance in cucurbit vegetable crops.

Keywords: Cucurbita moschata, heat shock protein 20, gene family, gene expression, heat stress

INTRODUCTION

Plants are typically afflicted by a wide variety of abiotic and biotic stresses during growth, including
as extreme heat, cold, drought, elevated salinity levels, and pest and pathogen infestations. Over
evolutionary time, plants have evolved a set of unique defenses including different morphological,
molecular and physiological mechanisms or adaptations to avoid exposure to adverse effects (Wang
et al.,, 2004). Heat shock protein (HSP) are often associated with plant responses to temperature
stress, heavy metals and reactive oxygen species (ROS) (Sun et al., 2002), as well as infection by
pathogens (Maimbo et al., 2007; Sarkar et al., 2009; Kandoth et al., 2011).

Recently, extreme global temperatures have become increasingly frequent due to climate change,
increasing the frequency and severity of heat damage to crop production. Extreme temperatures can
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reduce seed vigor, inhibit germination, and restrict plant growth
(Yamori et al., 2014). It is important, therefore, to understand the
plant heat tolerance. HSP produced under high temperature
stress is highly conservative proteins in organisms (Gupta
et al,, 2010). The abundance of heat shock proteins is typically
low under normal conditions, but under heat stress, rapidly grows
to account for up to 15% of the total protein content in organisms
(Swindell et al., 2007).

Plant HSPs respond to the external environment changes to
confer plant thermotolerance by acting as molecular chaperones,
maintaining homeostasis of protein folding, and preventing or
repairing the misfolding and degradation of proteins (Charng
et al,, 2006). Plant HSPs can be grouped into five categories
according to their molecular weight and sequence homology,
including HSP100, HSP90, HSP70, HSP60 and HSP20 (Waters,
2013). HSP20s—also called as small heat shock proteins
(sHSPs)—are the most prevalent and abundant proteins in
plant HSPs and have a molecular weight ranging from 15 to
42 kDa (Ji et al,, 2019). Many HSP20s can form oligomers with
high molecular weight and are involved in maintaining the
stability of proteins, thus playing a vital role in the formation
of plant acquired thermotolerance (Maimbo et al., 2007; Waters,
2013; Haslbeck and Vierling, 2015). For instance, a majority of
HSP20 genes are induced by heat stress in pepper and apple
species (Guo et al.,, 2015; Yao et al., 2020). Additional studies have
verified the heat tolerance of HSPs in transgenic plants. The
Populus trichocarpa HSP20 gene PtHSP17.8 is involved in heat
tolerance (Li et al, 2016). The rice HSP20 protein sHspl7.7
confers both heat tolerance and UV-B resistance of transgenic
rice plants (Murakami et al., 2004). The transgenic tobacco
overexpressing Zea mays HSP20 gene ZmHSP16.9 showed
increased heat tolerance (Sun et al., 2012). Overall, these
studies suggest that HSP20 genes are key to mediating heat
tolerance in plants.

HSP20 bind target proteins through conformational changes
to prevent misfolding and irreversible protein aggregation
(Hilton et al, 2013). The most prominent feature of HSP20
protein is a highly conserved alpha-crystallin domain (ACD)
containing approximately 90 amino acid residues (Waters et al.,
1996). This domain is flanked by a variable N-terminal region and
a C-terminal extension (Hilton et al., 2013; Waters, 2013). These
three regions possess different functions: the ACD participates in
substrate interactions, the N-terminus is involved in substrate
binding, and the C-terminal extension is responsible for homo-
oligomerization (Kirschner et al., 2000; Giese and Vierling, 2004;
Basha et al., 2006; Jaya et al., 2009). The ACD domain contained
4 anti-parallel sheets and 3 p-strands, ie., conserved region I
(CRI, B2-p3-B4-B5) in the N-terminus and conserved region II
(CRIL, B7-B8-P9) in the C-terminus, respectively, separated by a
hydrophobic region loop (B6-loop) (Bondino et al, 2012;
Haslbeck and Vierling, 2015).

Unlike other HSPs, HSP20 gene family exhibits extreme
sequence variability and evolutionary divergence (Basha
et al, 2012). For example, plants contain approximately
four times more HSP20 genes than do animals (Waters
et al, 1996). The number of HSP20 genes in commonly
studied or economically important plant species ranges
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from 19 (Arabidopsis; Scharf et al., 2001; Waters, 2013) to
94 (Gossypium hirsutum; Ma et al., 2016). Furthermore, plant
HSP20s can be divided into different subfamilies based on
cellular location, sequence homology or function (Vierling,
1991; Waters et al., 1996). In Arabidopsis, HSP20 proteins
were divided into 12 subfamilies (Scharf et al., 2001; Waters,
2013), while 15 subfamilies in soybean (LoPes-Caitar et al.,
2013), and 14 subfamilies in G. hirsutum (Ma et al., 2016).

Pumpkin (Cucurbita moschata) is a globally important
cucurbit vegetable crop. The top producer of pumpkin is
China with 7.7 million tons, followed by India (5 million
tons) and Russia (1.2 million tons) (Worldmapper, 2021).
Pumpkin exhibits strong resistance to abiotic stress and is
often used as rootstock to improve stress tolerance of other
cucurbits (Cao et al., 2017). However, the molecular regulatory
mechanism underlying pumpkin responses to abiotic stresses
are not yet fully understood. In recent years, increasingly
frequent temperature extremes have seriously limited the
quality and vyield of cucurbits. Therefore, it is very
important to study the heat resistance mechanism of
pumpkin and select strong heat resistant pumpkin rootstock
varieties to improve the heat resistance of cucurbits. Study of
HSP20s is important for understanding the mechanism of heat
tolerance in pumpkin.

In this study, we used bioinformatics methods to identify
HSP20 genes based on the full genomic sequence of Cucurbita

moschata  (Sun et al, 2017) and investigated their
physicochemical  properties,  phylogenetic  relationships,
conserved domains, gene structures, cis-elements and

expression patterns in response to heat stress. This study
provides foundational information for new research into the
functions of CmoHSP20 gene family and future screening of
candidate heat tolerance genes for the improvement of cucurbit
vegetable crops.

MATERIALS AND METHODS

Identification of the HSP20 Genes in

Cucurbita moschata

The Hidden Markov Model (HMM) profile of the HSP20 domain
(PF00011) was taken from Protein family database (Pfam 34.0;
http://pfam.xfam.org/). The Cucurbita moschata Genome
Database  (CuGenDB,  http://cucurbitgenomics.org/)  was
searched for this profile using BlastP methods with a cut-off
E-value <10~ (Yu et al., 2016). The Pfam, Simple Modular
Architecture Research Tool (SMART, v9; http://smart.embl.de/
smart/batch.pl) and Conserved Domain Database (CDD, v3.19;
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi)
confirmed the locations of the conserved HSP20 domain. After
excluding the redundant sequence lacking the common HSP20
domain or with a molecular weight outside the range of
15-42 kDa (Ji et al.,, 2019), the final candidate HSP20 proteins
of Cucurbita moschata were identified. Using the same method,
the putative HSP20 members from Arabiodpsis thaliana and
Oryza sativa were obtained from the TAIR database (https://
www.arabidopsis.org/index.jsp) and the Rice Genome
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Annotation
respectively.

Project (http://rice.plantbiology.msu.edu/),

Sequence Analysis, Structural
Characterization and Chromosomal

Localization

The coding sequences, genomic sequences, and amino acid
sequences of the CmoHSP20 genes were obtained from the
CuGenDB. The theoretical isoelectric point (pI) and molecular
weight (MW) of each HSP20 protein was estimated using the pI/
MW tool from ExPASy (v.3.0; http://web.expasy.org/protparam/
), and the number of transmembrane regions per protein was
calculated using TMHMM software (v.2.0; http://www.cbs.dtu.
dk/servicess TMHMMY/). The structures of the HSP20 genes were
visualized using the Gene Structure Display Server (GSDS 2.0;
http://gsds.cbi.pku.edu.cn). The Multiple Em for Motif Elicitation
(MEME) program (MEME Suite 5.3.3; http://meme-suite.org/
tools/meme) was used to identify conserved motifs of HSP20
proteins, specifically recording the number of repetitions (any,
maximum number of motifs-10, and the optimum motif widths
set from 6 to 200 amino acid residues). The results were visualized
using TBtools (Chen et al., 2020). The chromosomal position of
each CmoHSP20 gene was acquired from the C. moschata genome
browser at the CuGenDB and mapped using MapChart software
(Voorrips, 2002).

Phylogenetic Analysis and Classification of
Cucurbita moschata HSP20 Genes

The full amino acid sequences of 97 total HSP20 members from
C. moschata (N = 33), Arabidopsis (N = 31) and Oryza sativa (N =
33) were aligned using CLUSTALW (Thompson et al., 1994)
program (Supplementary Table S1). MEGA-X (Kumar et al,
2018) was used to construct a phylogenetic tree using the
Maximum Likelihood (ML) method with bootstrap test of
1,000 times. The HSP20 proteins were classified into different
groups according to the classifications and in silico subcellular
localization of HSP20 proteins in O. sativa and Arabidopsis
(Waters et al., 1996). The phylogenetic tree was visualized and
enhanced using the EvolView online tool (Evolview v3; https://
evolgenius.info/evolview-v2).

Gene Duplication, Collinearity and Ka/Ks of
HSP20 Analysis

To investigate the degree of synteny, the homologous regions of
the CmoHSP20 genes were first identified using Multiple
Collinearity Scan toolkit (MCScanX) software (Wang et al,
2012). CmoHSP20 gene duplication events were determined
based on whether the length of the shorter gene covered was
equal or greater than 70% of the longer gene and if the similarity
of the two aligned genes was equal or greater than 70% (Gu et al,,
2002; Yang et al., 2008). Tandem and segmental duplications are
reported to be the two main mechanisms underlying gene family
expansion (Cannon et al, 2004). Genes located on the same
chromosome fragment of less than 100 kb and separated by five
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or fewer genes were considered to be tandem duplicated genes
(Wang et al., 2010). Genes found to be coparalogs located on
duplicated chromosomal blocks were considered to be segmental
duplicated genes (Wei et al, 2007). Tandem and segmental
duplication events were visualized using Circos software
(v0.69; Krzywinski et al., 2009). Ka/Ks values can be used to
predict selection pressure for replicating genes. A Bio-linux
system was used to calculate the nonsynonymous (Ka) and
synonymous (Ks) nucleotide substitution parameters. If the
ratio of Ka/Ks was greater than, equal to, or less than one, this
indicated positive, neutral, and purifying selection, respectively
(Hurst et al., 2002). Syntenic maps were generated using Circos
software to display synteny relationships in the orthologous
HSP20 genes obtained from pumpkin and the other focal species.

Protein 3D Structure and Promoter Analysis
of CmoHSP20 Genes

The tertiary structures of CmoHSP20 proteins were predicted
using the online prediction tool SWISS-MODEL (https://
swissmodel.expasy.org/) according to the default parameters.
The cis-acting elements in the 1,500 bp upstream sequences of
coding region of C. moschata HSP20 genes were retrieved from
the C. moschata genome, and the types, numbers and functions of
these elements were analyzed using PlantCARE software (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Plant Materials and Heat Stress Treatment
Pumpkin cultivar Miben 2 (Cucurbita moschata cv. Miben 2)
seeds were sprouting in an incubator under 37°C for 2 days under
dark condition and then grown in a growth chamber under
standard greenhouse conditions (light/dark cycle: 12h/12h at
25°C, 70% relative humidity). When seedlings sprouted three true
leaves, uniform seedlings were transferred to a high temperature
growth chamber (42°C). Root and leaf samples were collected
after 0, 3, 6, 12, and 24 h under normal condition (25°C) and heat
stress treatment (42°C) and frozen with liquid nitrogen for total
RNA extraction and expression analysis. Each treatment was
conducted with three independent replicates, and samples from
five plants were collected for each replicate.

Total RNA Extraction and Expression
Analyses of CmoHSP20 Genes

Total RNA was extracted from each sample using an RNAprep
Pure Plant kit (Tiangen Biotech (Beijing) Co., Ltd., China,
DP441) according to the manufacturer’s instructions. First
strand cDNA was synthesized from 1pg of RNA using the
PrimeScript RT reagent kit (TaKaRa, Japan, RR047A).
Quantitative RT-PCR (qRT-PCR) was performed to study the
expression profiles of CmoHSP20s using gene-specific primers
from TransStart Tip Green qPCR SuperMix (TransGen Biotech,
AQ141-04) with an Applied Biosystems QuantStudio 3 & 5
system (ThermoFisher Scientific, United States). The
housekeeping gene Actin was used as an internal control. All
primers were designed to avoid the conserved region for
specificity (Supplementary Table S2).

Frontiers in Genetics | www.frontiersin.org

October 2021 | Volume 12 | Article 753953


http://rice.plantbiology.msu.edu/
http://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://gsds.cbi.pku.edu.cn
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
https://evolgenius.info/evolview-v2
https://evolgenius.info/evolview-v2
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Hu et al.

TABLE 1 | Features of CmoHSP20 genes in pumpkin.

Gene Gene ID Chr. Genomic
name location
CmoHSP20-1 CmoCh01G006670.1 1 3394161...3394613
CmoHSP20-2 CmoCh01G007920.1 1 4173468...4174690
CmoHSP20-3 CmoCh01G009310.1 1 5353002. ..5353550
CmoHSP20-4 CmoCh01G009330.1 1 5377056...5377670
CmoHSP20-5 CmoCh01G017970.1 1 13240619...13241032
CmoHSP20-6 CmoCh01G017990.1 1 13241940...13242419
CmoHSP20-7 CmoCh02G008240.1 2 5035698...5036180
CmoHSP20-8 CmoCh02G012130.1 2 7301684...7304736
CmoHSP20-9 CmoCh03G003990.1 3 4821790. . .4822221
CmoHSP20-10 CmoCh04G012110.1 4 6165702...6166181
CmoHSP20-11 CmoCh04G012120.1 4 6168330...6168779
CmoHSP20-12 CmoCh04G012140.1 4 6169337...6169816
CmoHSP20-13 CmoCh04G012160.1 4 6177931...6178374
CmoHSP20-14 CmoCh04G012170.1 4 6178926...6181730
CmoHSP20-15 CmoCh04G019050.1 4 9714250. ..9718681
CmoHSP20-16 CmoCh06G002650.1 6 1347700...1348293
CmoHSP20-17 CmoCh06G008000.1 6 4285176...4287336
CmoHSP20-18 CmoCh09G003550.1 9 1535666...1536418
CmoHSP20-19 CmoCh10G010540.1 10 5590943...5591889
CmoHSP20-20 CmoCh10G010550.1 10 5605564. . .5606784
CmoHSP20-21 CmoCh11G007950.1 ihl 3938717...3940523
CmoHSP20-22 CmoCh13G000910.1 13 5411883...541665
CmoHSP20-23 CmoCh13G000920.1 13 543065. ..543553
CmoHSP20-24 CmoCh13G007610.1 13 7389761...7390857
CmoHSP20-25 CmoCh14G000990.1 14 460488...461081
CmoHSP20-26 CmoCh14G012350.1 14 10468467...10468943
CmoHSP20-27 CmoCh14G013730.1 14 11333320...11337010
CmoHSP20-28 CmoCh15G001240.1 15 597875...598357
CmoHSP20-29 CmoCh15G007840.1 15 3854071...3856991
CmoHSP20-30 CmoCh15G010620.1 15 6921213...6922114
CmoHSP20-31 CmoCh16G009150.1 16 5520923. ..5521723
CmoHSP20-32 CmoCh19G005900.1 19 6628407...6629798
CmoHSP20-33 CmoCh19G010850.1 19 9329362...9333815

Statistical Analysis
The relative expression levels of CimoHSP20 genes in roots and

leaves were calculated by the 274" method (Livak and
Schmittgen, 2001). All data were calculated using the
expression level under heat stress divided by that under
normal condition at the same time points and presented as
the means + standard error (SE) of three replicates and
differences were detected using the Student’s t-test. Asterisk (*
or **) indicate a significant difference at p < 0.05 or 0.01,
respectively.

RESULTS

Identification of the HSP20 Proteins in

Cucurbita moschata

Fourty-three HSP20 proteins were initially obtained by HMM
search from pumpkin genome database. After removing the
repetitive and incomplete sequences and the sequences with a
molecular weight outside of the 15-42 kDa range, 33 sequences
were confirmed as HSP20 genes and named based on their
chromosomal locations.  Sequences including genomic
sequence, transcript sequence, CDS sequence and protein

Analysis of CmoHSP20s in C. moschata

ORF AA Mw pl No. Type
of transmembrane
453 150 16.65 4.42 0 ER
471 156 17.37 9.54 1 Clll
549 182 21.00 6.98 1 PX/Po
615 204 23.36 9.66 0 PX/Po
414 137 15.32 6.79 0 cv
480 159 17.77 6.29 0 cV
483 160 18.08 6.82 0 Cl
789 262 29.04 9.87 1 Clil
432 143 15.93 7.7 0 Cl
480 159 17.89 5.89 0 Cl
450 149 16.95 9.66 0 Cl
480 159 17.78 5.88 0 Cl
444 147 16.81 9.06 0 Cl
810 269 30.43 9.85 0 Cl
711 236 26.63 9.66 0 P
594 197 23.07 8.41 0 Unclassified
636 211 23.69 5.92 0 Mil
654 217 24.60 9.34 0 cV
510 169 19.15 9.12 1 Clil
834 277 30.14 10.08 1 Clll
1062 353 39.57 8.87 1 Clll
483 160 18.38 5.4 0 Cl
489 162 18.40 4.86 0 Cl
414 137 15.37 7.18 0 ER
594 197 23.13 9.17 0 Unclassified
477 158 17.23 8.2 0 cv
675 224 25.64 6.54 0 P
483 160 18.24 5.44 0 Cl
426 141 15.84 7.85 0 ClvV
678 225 25.14 8.89 0 P
366 121 14.29 6.77 0 Ml
606 201 22.59 6.52 0 PX/Po
735 244 26.42 74 0 ER

sequence of the gene family were shown in Supplementary
Tables S3-S6. For information including gene name, gene
identity, chromosomal location, open reading frame (ORF)
length, amino acid (AA) number, molecular weight (MW) and
isoelectric point (pI) of each CmoHSP20 gene, see Table 1.
CmoHSP20 genes were distributed on 13 pumpkin
chromosomes. The AA number of the CmoHSP20 proteins
ranged from 121 (CmoHSP20-31) to 353 (CmoHSP20-21),
with an average of 189 AAs. The MW of CmoHSP20s was
between  14.29kDa  (CmoHSP20-31) and  39.57 kDa
(CmoHSP20-21), with an average of 21.27 kDa, while the pl
values of CmoHSP20 ranged from 4.42 (CmoHSP20-1) to 10.08
(CmoHSP20-20), with an average of 7.69. All but six proteins
lacked transmembrane domains, suggesting that most
CmoHSP20s were non-membrane protein.

Phylogenetic Analysis of CmoHSP20

Proteins

To evaluate the evolutionary relationships of pumpkin HSP20
proteins, a ML phylogenetic tree was constructed. The pumpkin
HSP20 proteins were divided into nine subfamilies: cytosol I (CI),
CIIL CIV, CV, mitochondria I (MI), MIL, endoplasmic reticulum
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AtHSP20-]13
AtHSP20-22
CIll OsHSP20-31

CmoHSP20-29

Crv

FIGURE 1 | Phylogenetic analyses of HSP20s proteins from Cucurbita moschata, Arabidopsis and Oryza sativa. A phylogenetic tree of HSP2 proteins was
constructed using MEGA-X software. The 10 subgroups are indicated with different colors. The red triangles represent Cucurbita moschata HSP20s (CmoHSP20s), the
green stars represent Arabidopsis thaliana HSP20s (AtHSP20s), and the black circles represent Oryza sativa HSP20s (OsHSP20s).

(ER), plastid (P), and peroxisome (PX/Po). Cytoplasmic
subfamilies (CI to CV) contained 20 members and constituted
the largest clade, while no CmoHSP20s were found in subfamily
CIL The M (MI and MII) contained two gene members while the
ER, P, and PX/Po subfamilies each contained three HSP20s. Two
CmoHSP20s (CmoHSP20-16 and CmoHSP20-25) could not be
clustered into any subfamily and remained unclassified (Figure 1;

Table 1).

Conserved Motifs and Gene Structures of

CmoHSP20s

To investigate the structural features of the HSP20 proteins, the
conserved motifs were analyzed using MEME. A total of 10
distinct motifs, named motif 1 to motif 10, were detected
(Supplementary Figure S1). The lengths of these conserved
motifs varied from 8 (motif 8) to 49 (motif 7) AAs. The
number of the conserved motifs for each HSP20 protein
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FIGURE 2 | Phylogenetic relationships, structures, and motifs of CmoHSP20 family members. (A) A phylogenetic tree of 33 CmoHSP20 proteins constructed using
Maximum Likelihood methods. The different subgroups are indicated with different background colors and letters. (B) Conserved motifs of CmoHSP20 proteins.
Different motifs are represented by colored boxes and different numbers. (C) Exon/intron structures of CmoHSP20 genes. Exons, introns, and UTRs are represented by
green boxes, black lines, and yellow boxes, respectively. The phylogenetic tree, conserved motifs, and gene structures were predicted with TBtools.

ranged from 1 to 9. While most CmoHSP20s had 3 to 7 conserved
motifs, CmoHSP20-31 and CmoHSP20-33 contained only one
motif each (motifs 1 and 2, respectively; Figure 2B). The ACD
was formed from two conserved regions, CRI (p2, 3, p4, and 5)
and CRII (B7, B8, and B9), which were separated by a hydrophilic
domain P6-loop. Based on the Pfam and SMART analyses, the
highly conserved ACD is formed from the full sequences of motif
2, 3, 1, and 5 (Figure 3A), in which the combined sequence of
motif 2 and 3 contained the CRI of ACD, while the combined
sequence of motif 1 and 5 contained the CRII of ACD
(Figure 3B). These four motifs were detected in majority of
the CmoHSP20 proteins (Figure 2B), with only four proteins
(CmoHSP20-1, CmoHSP20-17, CmoHSP20-21, CmoHSP20-30)
either lacking the (6-loop or containing variable sequences
between B5 and (7.

To understand the evolutionary relationships of pumpkin
HSP20 genes, the exon-intron structures were analyzed
(Figure 2C). Among the HSP20s, 17 (52%) were intronless, 14
(42%) possessed one intron, and one gene (CmoHSP20-31)
contained two introns and one gene (CmoHSP20-33)
contained five introns. Gene structure analysis grouped genes
with similar exon-intron patterns into the same clusters
(Figures 2A,C).

Homology Modelling of the CmoHSP20

Proteins

In order to obtain a reasonable theoretical structure of the
CmoHSP20s, protein homology modelling was performed
using a SWISS-MODEL server. The predicted 3D structures
are shown in Figure 4. Each CmoHSP20 protein was searched
for template automatically in the software and then built model
using the template (Supplementary Figure S2). The proteins can
be divided into eight groups (group A to H) according to their
structure similarity. Group A contained 22 proteins, with the
most members. Group B, D, E and G all had only one protein. All
CmoHSP20 proteins had B-turn, and the protein structures of the
same template were basically similar, suggesting that the
predicted results were credible.

Chromosomal Location, Gene Duplication

and Synteny Analysis of CmoHSP20s

A total of 33 CmoHSP20 genes were mapped on 13
chromosomes (Chr) and exhibited a non-uniform
distribution (Figure 5). The maximum number of
CmoHSP20 genes per Chr was six (Chr01 and Chr04) with
only a single gene on Chrs 03, 09, 11 and 16.
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According to the defined criteria, the analysis of gene
duplication events showed that there were two pairs of
tandem duplication genes (CmoHSP20-10/-11 and CmoHSP20-
22/-23) and two pairs of segmentally duplicated genes
(CmoHSP20-10/-28 and CmoHSP20-16/-25) in the pumpkin
HSP20 gene family (Figure 5; Supplementary Table S7).

To understand the phylogenetic relationships of the
HSP20 genes with other species, comparative synteny maps
of four related genomes (C. moschata VS A. thaliana, C.

moschata VS O. sativa, C. moschata VS Cucumis sativus, and
C. moschata VS Cucumis melo) were created. Twelve
CmoHSP20 genes displayed a syntenic relationship with
genes in Arabidopsis, 19 with those in C. sativus, 18 with
those in C. melo and only 1 syntenic relationship with O.
sativa genes (Figure 6; Supplementary Table S8). The
number of collinear gene pairs between pumpkin and
other members of Cucurbitaceae (cucumber or melon) was
greater than that between more distantly-related Arabidopsis
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FIGURE 4 | The cartoon representation of the predicted 3-dimensional structural models of CmoHSP20 proteins. The capital letter (A to H) represents the
different types.
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FIGURE 5 | Chromosomal location and gene duplication events in CmoHSP20s. The chromosome number is listed at the top of each chromosome while the
number to the left of each chromosome represents the location of the CmoHSP20 gene on the right. Only the chromosomes where CmoHSP20 genes were mapped are
shown. The tandem duplicated genes are marked by grey rectangles and the segmental duplicated genes are linked by colored dotted lines.

or rice, with the number of collinear gene pair being lowest
between pumpkin and rice.

The ratio of Ka/Ks for each orthologous CrnoHSP20 gene pair
was used to evaluative the type and strength of selective pressure.
Both the segmental duplicated CrnoHSP20 gene pairs possessed a
Ka/Ks ratio <1 (purifying selection), with the higher in the
CmoHSP20-16/CmoHSP20-25 pair (Ka/Ks value = 0.26).

Promoter Analysis of CmoHSP20 Genes

To understand the role of cis-regulatory elements in
CmoHSP20, cis-elements were identified in the 1.5kb
upstream sequence from the translation start site (ATG) of
each CmoHSP20 (Figure 7; Supplementary Table S9). Four
types of cis-elements, including hormone responsive, stress-
responsive, plant development-related, and light responsive
elements were identified. The largest number of cis-elements
observed across the 33 CmoHSP20 genes was associated with
light-related responsiveness, such as G-box, Box 4, AE-box
and GT1-motif. The hormone-related cis-acting elements,
including abscisic acid responsiveness (ABRE), auxin
responsiveness (AuxRR-core and TGA-element),
gibberellin responsive elements (GARE-motif, P-box, and
TATC-box), MeJA-responsive (CGTCA-motif and
TGACG-motif), and salicylic acid-responsive (TCA-
element and SARE), were widely present in the promoter
region. Among these elements, ABRE, CGTCA-motif and
TGACG-motif accounted for the largest part of the hormone
responsive category, while the SARE element was only found
in the promoter region of CmoHSP20-21. The stress-related
category cis-elements containing abiotic stress-related

elements (LTR, TC-rich repeats and MBS) and biotic
stress-related elements (WUN-motif), as well as plant
development-related elements, including circadian control
(circadian), differentiation of the palisade mesophyll cells
(HD-Zip 1), endosperm expression (GCN_4 motif),
meristem expression (CAT-box), flavonoid biosynthetic
genes regulation (MBSI), seed-specific regulation (RY-
element), and zein metabolism regulation (O2-site) were
also identified. Only CmoHSP20-25 promoter region
contained HD-Zip 1 element, and only CmoHSP20-26
promoter region contained RY-element element.

Expression Patterns of CmoHSP20 Genes

Under Heat Stress

To investigate the expression changes of pumpkin HSP20 genes in
response to heat stress, QRT-PCR was used to examine the
transcript levels of the 33 CmoHSP20 genes. Overall, the
relative expression level of CrmoHSP20 genes fluctuated during
the 24 h treatments under heat stress conditions (Figure 8).
Compared to roots, the expression levels of almost all the
genes in leaves were extremely up-regulated. For example,
CmoHSP20-3, -5, -7, -9, -13, -14, -15, -17, -18, -22, -23, -26,
-29, -30 and -32 were highly induced in leaves after short-term
heat stress (42°C for 3 h), with the expression levels were more
than 300-fold than under normal condition. The CrmoHSP20-16,
-24 and -25 genes were down-regulated under heat stress in both
roots and leaves, while the expression level of CrmoHSP20-31 did
not change within neither roots nor leaves in response to heat
stress.
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FIGURE 6 | Synteny analyses of HSP20 genes between Cucurbita moschata and four other representative plant species (Arabidopsis thaliana, Oryza sativa,
Cucumis sativu and Cucumis melo). (A) C. moschata and A. thaliana. (B) C. moschata and O. sativa. (C) C. moschata and Cucumis sativu. (D) C. moschata and Cucumis
melo. Gray lines indicate significantly collinear blocks within and among plant genomes, while red lines highlight syntenic HSP20 gene pairs. The chromosome number is
indicated at the top of each chromosome.

DISCUSSION environmental stress (Wang et al, 2004). Many studies have

shown that members of the HSP20 gene family produce heat
Environmental stress is one of the most important environmental ~ shock proteins and are widely involved in abiotic stress in plants
and economic challenges in the world today, with the potential to ~ (Yu et al., 2016; Zhao et al., 2018). These family members appear
dramatically decrease crop yield and quality across agricultural  to be highly conserved across plant species (Aghdam et al., 2013).
systems. Small heat shock proteins are widely prevalent across ~ With the wide availability of genomic information, the functions
plants species and are rapidly synthesized in response to  of the HSP20 family genes in many plants have now been
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CmoHSP20 genes were determined using PlantCARE software.

characterized, including the model plants Arabidopsis (Scharf
et al,, 2001) and rice (Sarkar et al., 2009), as well as soybean
(Lopes-Caitar et al., 2013), watermelon (He et al., 2019), potato
(Zhao et al., 2018), pepper (Guo et al., 2015), grape (Ji et al., 2019)
and apple (Yao et al,, 2020). A comprehensive identification and
analysis of HSP20 gene in pumpkin will add important
information to this collective knowledge while revealing their
functions in pumpkin stress resistance.

With the successful genome sequencing of Cucurbitaceae
plants such as pumpkin, it is possible to identify members of
the HSP20 gene family at the whole genome level (Sun et al,
2017). In this study, 33 HSP20 gene family members were
identified from the pumpkin genome database using
bioinformatics methods. We found that the number of
pumpkin HSP20 genes was similar to those in Arabidopsis
(N = 31) and O. sativa (N = 33) (this study), as well as
Capsicum annuum (N = 35) (Guo et al., 2015), but lower than
that of Gossypium hirsutum (N = 94) (Ma et al,, 2016). These
findings suggest the possibility of a gene gain event during the
evolutionary process from diploid (Arabidopsis, O. sativa, C.
annuum and C. moschata) to tetraploid (G. hirsutum).

To determine the evolutionary relationships of HSP20 genes,
we constructed a phylogenetic tree based on the AA sequences of

C. moschata, A. thaliana and O. sativa HSP20s. Our phylogenetic
analysis indicated that the pumpkin HSP20 family could be
divided into nine subfamilies, including 20 HSP20 proteins
located in cytoplasm belonged to CI, CIII, CIV and CV, two
proteins located in mitochondria belonged to MI and MII, three
located in endoplasmic reticulum, three in the plastids, and three
in the peroxisome. Two proteins could not be clustered into any
subfamily (Guo et al.,, 2015). These patterns are similar to the
distribution characteristics of HSP20 family members in
Arabidopsis and O. sativa (Scharf et al., 2001; Sarkar et al,
2009), indicating a close relationship among HSP20s from
pumpkin, Arabidopsis and O. sativa. This suggests that the
biological function of pumpkin HSP20s may be predicted
based on the activity of similar genes in these other species. In
addition, over 50% of CmoHSP20s were classified into CI-CV
subfamilies, providing evidence that the cytoplasm could be the
primary functional area of the HSP20 family in pumpkin.
However, no HSP20 members belonged to CII family, a
finding inconsistent with that from the other focal plants
(Lopes-Caitar et al., 2013; Guo et al,, 2015; Yao et al., 2020).
Possibly, the CII subfamily appeared before pumpkin speciation
through multiple gene duplication. Unexpectedly, pumpkin
CmoHSP20 members were more closely related to those in the
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same subfamily from different species than to the other HSP20s
from the same species, implying a relatively high synteny between
the same HSP20 subfamily across plant species.

The exon/intron structure plays an important role in the
evolution of multiple gene families (Xu et al, 2012).
Approximately 94% of the CmoHSP20 genes (predominantly
belonging to the CI and CV subfamilies) have lack or possess
only a single intron (Figure 2). This result is not unexpected, as
plants overall tend to retain genes with no intron or less intron
(Mattick and Gagen, 2001). HSP20 gene families are one of the
rapidly expressed genes under environmental stresses (Sarkar
et al, 2009; Yu et al, 2016). Here, we tested the expression
patterns of pumpkin HSP20 genes under heat stress and found
that most HSP20 genes were up-regulated after heat treatment.

Presence of conserved motif was also investigated to further
study the evolution of pumpkin HSP20 proteins. We found that

67% of the CmoHSP20 proteins had three to seven conserved
motifs and almost all the proteins contained motif 2 and motif 1,
consisting of the ACD. Furthermore, we found that most HSP20s
in the same subfamilies showed conserved motifs and similar
gene structures, a finding also reported in tomato and apple (Yu
et al., 2016; Yao et al., 2020). This phenomenon supported their
close evolutionary relationship and classification of the
subfamilies. The features of conserved motifs and gene
structures of CmoHSP20 family may facilitate the identification
of additional functions of CrmoHSP20 genes, such as in responses
to different types of stressors.

Gene duplication events play a major role in genomic
rearrangements and expansions (Vision et al.,, 2000), allowing
an increase in functional divergences that enables plants to adapt
to changing environmental conditions (Conant and Wolfe, 2008;
Grassi et al., 2008; Flagel and Wendel, 2009). The 33 CmoHSP20
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genes were unevenly dispersed on 13 chromosomes of pumpkin,
and five clusters with at least two CmoHSP20 genes each were
identified (Figure 5). A number of family members gathered into
clusters in certain segments, especially in Chrs 04 and 13. We
discovered two pairs of predicted tandem duplicated genes and
two pairs of predicted segmental duplicated genes, suggesting that
the two duplicated events contributed to the expansion of
CmoHSP20 family. Furthermore, both the segmental
duplicated genes were found to have undergone strong
purifying selective pressure, confirming that the evolutionary
pattern of CmoHSP20 genes was highly conservative.

In addition, numerous hormone responsive, stress-responsive,
plant development-related and light responsive elements were
found in the promoter regions of CmoHSP20 genes (Figure 7;
Supplementary Table S9), indicating that pumpkin HSP20 genes
performed multiple or specific functions. All CrmoHSP20 genes
contained light responsive cis-elements, suggesting that the
pumpkin HSP20s were essential in plant growth and
development. It has been demonstrated that HSP20s played
key roles in the control of plants’ response to environmental
stress (Neta-Sharir et al., 2005; Guo et al., 2015; Zhao et al., 2018;
He et al., 2019; Ji et al,, 2019). We found that most of these genes
were up-regulated under heat stress. We also tested the
expression levels of other HSP and heat shock transcription
factors, and found that the CmoHsfA2, CmoHSP70 and
CmoHSP83 were all induced by heat stress, and showed
similar ~ expression patterns with CmoHSP20  genes
(Supplementary Figure S3). It is worth noting that the
relative expression levels of 6 HSP20 genes (CmoHSP20-7, 13,
18, 22, 26 and 32) were extremely up-regulated after 3 h of heat
stress. These genes might be mainly involved in the heat stress
biological pathway and could be used as candidate genes for heat
resistant breeding of Cucurbitaceae vegetable crops.

CONCLUSION

In this study, a genome-wide identification of HSP20 genes in C.
moschata was performed and a total of 33 CmoHSP20 genes were
identified. These genes are unequally distributed on 13
chromosomes and were classified into nine subfamilies based
on their phylogenetic relationships. The basic features, genome
distribution, gene structures, conserved motifs, gene duplication

REFERENCES

Aghdam, M. S, Sevillano, L., Flores, F. B., and Bodbodak, S. (2013). Heat Shock
Proteins as Biochemical Markers for Postharvest Chilling Stress in Fruits and
Vegetables. Scientia Horticult. 160, 54-64. doi:10.1016/j.scienta.2013.05.020

Basha, E., Friedrich, K. L., and Vierling, E. (2006). The N-Terminal Arm of
Small Heat Shock Proteins Is Important for Both Chaperone Activity and
Substrate Specificity. J. Biol. Chem. 281 (52), 39943-39952. d0i:10.1074/
jbc.M607677200

Basha, E., O'Neill, H., and Vierling, E. (2012). Small Heat Shock Proteins and
a-crystallins: Dynamic Proteins with Flexible Functions. Trends Biochem. Sci.
37, 106-117. doi:10.1016/j.tibs.2011.11.005

Analysis of CmoHSP20s in C. moschata

events, and cis-elements of these genes were analyzed, providing a
foundational understanding of the evolutionary relationships
within the HSP20 gene family. CmoHSP20 genes expression
was studied using qRT-PCR, results from which revealed that
6 pumpkin HSP20 genes were highly induced by heat stress. Our
results provide a basis for identifying important candidate HSP20
genes involved in pumpkin responses to heat stress.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YZ and WZ conceived and designed the study and prepared the
manuscript. YH, TZ, YL, YXL, MW, BZ, DL, TY, and WH
performed the experiments. YH, TZ, and YZ assisted with the
analysis and interpretation of the data. YH, TZ, and YZ drafted
the manuscript. YZ participated in the design of the experiments
and provided a critical review. All authors have read, edited, and
approved the current version of the manuscript.

FUNDING

This study was supported by Hainan Provincial Natural Science
Foundation of China (319MS009, 318QN189), the Education
Department of Hainan Province (Hys2020-242, Hnky2021-19),
Open Project of Key Laboratory for Quality Regulation of
Tropical Horticultural Crops of Hainan  Province
(HNZDSYS(YY)-06), and Startup Funding from Hainan
University (KYQD(ZR)1845).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.753953/
full#supplementary-material

Bondino, H. G., Valle, E. M,, and ten Have, A. (2012). Evolution and Functional
Diversification of the Small Heat Shock Protein/a-Crystallin Family in Higher
Plants. Planta 235 (6), 1299-1313. doi:10.1007/s00425-011-1575-9

Cannon, S. B., Mitra, A., Baumgarten, A., Young, N. D., and May, G. (2004). The
Roles of Segmental and Tandem Gene Duplication in the Evolution of Large
Gene Families in Arabidopsis thaliana. BMC Plant Biol. 4,10. d0i:10.1186/1471-
2229-4-10

Cao, H., Wang, L., Nawaz, M. A,, Niu, M,, Sun, ], Xie, J., et al. (2017). Ectopic
Expression of Pumpkin NAC Transcription Factor CmNACI1 Improves
Multiple Abiotic Stress Tolerance in Arabidopsis. Front. Plant Sci. 8, 2052.
doi:10.3389/fpls.2017.02052

Charng, Y.-y., Liu, H.-c,, Liu, N.-y., Hsu, F.-c., and Ko, S.-s. (2006). Arabidopsis
Hsa32, a Novel Heat Shock Protein, Is Essential for Acquired Thermotolerance

Frontiers in Genetics | www.frontiersin.org

October 2021 | Volume 12 | Article 753953


https://www.frontiersin.org/articles/10.3389/fgene.2021.753953/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.753953/full#supplementary-material
https://doi.org/10.1016/j.scienta.2013.05.020
https://doi.org/10.1074/jbc.M607677200
https://doi.org/10.1074/jbc.M607677200
https://doi.org/10.1016/j.tibs.2011.11.005
https://doi.org/10.1007/s00425-011-1575-9
https://doi.org/10.1186/1471-2229-4-10
https://doi.org/10.1186/1471-2229-4-10
https://doi.org/10.3389/fpls.2017.02052
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Hu et al.

during Long Recovery after Acclimation. Plant Physiol. 140, 1297-1305.
doi:10.1104/pp.105.074898

Chen, C,, Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H,, He, Y., et al. (2020).
TBtools: An Integrative Toolkit Developed for Interactive Analyses of Big
Biological Data. Mol. Plant 13, 1194-1202. doi:10.1016/j.molp.2020.06.009

Conant, G. C,, and Wolfe, K. H. (2008). Turning a Hobby into a Job: How
Duplicated Genes Find New Functions. Nat. Rev. Genet. 9, 938-950.
doi:10.1038/nrg2482

De Grassi, A., Lanave, C., and Saccone, C. (2008). Genome Duplication and Gene-
Family Evolution: The Case of Three OXPHOS Gene Families. Gene 421, 1-6.
doi:10.1016/j.gene.2008.05.011

Flagel, L. E., and Wendel, J. F. (2009). Gene Duplication and Evolutionary novelty
in Plants. New Phytol. 183, 557-564. doi:10.1111/j.1469-8137.2009.02923.x

Giese, K. C,, and Vierling, E. (2004). Mutants in a Small Heat Shock Protein that
Affect the Oligomeric State. J. Biol. Chem. 279 (31), 32674-32683. doi:10.1074/
jbc.M404455200

Gu, Z., Cavalcanti, A., Chen, F.-C., Bouman, P., and Li, W.-H. (2002). Extent of
Gene Duplication in the Genomes of Drosophila, Nematode, and Yeast. Mol.
Biol. Evol. 19, 256-262. doi:10.1093/oxfordjournals.molbev.a004079

Guo, M, Liu, J.-H,, Lu, J.-P., Zhai, Y.-F., Wang, H., Gong, Z.-H,, et al. (2015).
Genome-wide Analysis of the CaHsp20 Gene Family in Pepper: Comprehensive
Sequence and Expression Profile Analysis under Heat Stress. Front. Plant Sci. 6,
806. doi:10.3389/fpls.2015.00806

Gupta, S. C., Sharma, A., Mishra, M., Mishra, R. K., and Chowdhuri, D. K. (2010).
Heat Shock Proteins in Toxicology: How Close and How Far? Life Sci. 86 (11/
12), 377-384. doi:10.1016/j.1fs.2009.12.015

Haslbeck, M., and Vierling, E. (2015). A First Line of Stress Defense: Small Heat
Shock Proteins and Their Function in Protein Homeostasis. J. Mol. Biol. 427,
1537-1548. doi:10.1016/j.jmb.2015.02.002

He, Y., Fan, M,, Sun, Y., and Li, L. (2019). Genome-wide Analysis of Watermelon
HSP20s and Their Expression Profiles and Subcellular Locations under Stresses.
Ijms 20, 12. doi:10.3390/ijms20010012

Hilton, G. R, Lioe, H., Stengel, F., Baldwin, A. J., and Benesch, J. L. P. (2012). Small
Heat-Shock Proteins: Paramedics of the Cell. Top. Curr. Chem. 328, 69-98.
doi:10.1007/128_2012_324

Hurst, L. D. (2002). The Ka/Ks Ratio: Diagnosing the Form of Sequence Evolution.
Trends Genet. 18 (9), 486-487. doi:10.1016/S0168-9525(02)02722-1

Jaya, N., Garcia, V., Vierling, E., and Lorimer, G. H. (2009). Substrate Binding Site
Flexibility of the Small Heat Shock Protein Molecular Chaperones. Pnas 106
(37), 15604-15609. doi:10.1073/pnas.0902177106

Ji, X.-R,, Yu, Y.-H,, Ni, P.-Y., Zhang, G.-H., and Guo, D.-L. (2019). Genome-wide
Identification of Small Heat-Shock Protein (HSP20) Gene Family in Grape and
Expression Profile during berry Development. BMC Plant Biol. 19, 433.
doi:10.1186/s12870-019-2031-4

Kandoth, P. K., Ithal, N., Recknor, J., Maier, T., Nettleton, D., Baum, T. J., et al.
(2011). The Soybean Rhgl Locus for Resistance to the Soybean Cyst Nematode
Heterodera glycines Regulates the Expression of a Large Number of Stress- and
Defense-Related Genes in Degenerating Feeding Cells. Plant Physiol. 155,
1960-1975. doi:10.1104/pp.110.167536

Kirschner, M., Winkelhaus, S., Thierfelder, J. M., and Nover, L. (2000). Transient
Expression and Heat-Stress-Inducedco-Aggregation of Endogenous and
Heterologous Small Heat-Stress Proteins in Tobacco Protoplasts. Plant J. 24
(3), 397-412. doi:10.1046/j.1365-313x.2000.00887.x

Krzywinski, M., Schein, J., Birol, I, Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an Information Aesthetic for Comparative Genomics. Genome
Res. 19, 1639-1645. doi:10.1101/gr.092759.109

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
Molecular Evolutionary Genetics Analysis across Computing Platforms. Mol.
Biol. Evol. 35, 1547-1549. doi:10.1093/molbev/msy096

Li, J., Zhang, J., Jia, H,, Li, Y., Xu, X, Wang, L., et al. (2016). The Populus
trichocarpa PtHSP17.8 Involved in Heat and Salt Stress Tolerances. Plant Cel
Rep 35, 1587-1599. doi:10.1007/s00299-016-1973-3

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression
Data Using Real-Time Quantitative PCR and the 2-AACT Method. Methods 25
(4), 402-408. doi:10.1006/meth.2001.1262

Lopes-Caitar, V. S., de Carvalho, M. C., Darben, L. M., Kuwahara, M. K,
Nepomuceno, A. L., Dias, W. P,, et al. (2013). Genome-wide Analysis of the
Hsp 20 Gene Family in Soybean: Comprehensive Sequence, Genomic

Analysis of CmoHSP20s in C. moschata

Organization and Expression Profile Analysis under Abiotic and Biotic
Stresses. BMC Genomics 14 (1), 577. d0i:10.1186/1471-2164-14-577

Ma, W., Zhao, T, Li, J., Liu, B,, Fang, L., Hu, Y., et al. (2016). Identification and
Characterization of the GhHsp20 Gene Family in Gossypium Hirsutum. Sci. Rep.
6, 32517. doi:10.1038/srep32517

Maimbo, M., Ohnishi, K., Hikichi, Y., Yoshioka, H., and Kiba, A. (2007). Induction
of a Small Heat Shock Protein and its Functional Roles in Nicotiana Plants in
the Defense Response against Ralstonia Solanacearum. Plant Physiol. 145 (4),
1588-1599. doi:10.1104/pp.107.105353

Mattick, J. S., and Gagen, M. J. (2001). The Evolution of Controlled Multitasked
Gene Networks: the Role of Introns and Other Noncoding RNAs in the
Development of Complex Organisms. Mol. Biol. Evol. 18 (9), 1611-1630.
doi:10.1093/oxfordjournals.molbev.a003951

Murakami, T., Matsuba, S., Funatsuki, H., Kawaguchi, K., Saruyama, H., Tanida,
M., et al. (2004). Over-expression of a Small Heat Shock Protein, sHSP17.7,
Confers Both Heat Tolerance and UV-B Resistance to rice Plants. Mol. Breed.
13, 165-175. doi:10.1023/B:MOLB.0000018764.30795.c1

Neta-Sharir, 1., Isaacson, T., Lurie, S., and Weiss, D. (2005). Dual Role for Tomato
Heat Shock Protein 21: Protecting Photosystem II from Oxidative Stress and
Promoting Color Changes during Fruit Maturation. Plant Cell 17, 1829-1838.
doi:10.1105/tpc.105.031914

Sarkar, N. K., Kim, Y.-K.,, and Grover, A. (2009). Rice sHsp Genes: Genomic
Organization and Expression Profiling under Stress and Development. BMC
Genomics 10, 393. doi:10.1186/1471-2164-10-393

Scharf, K.-D., Siddique, M., and Vierling, E. (2001). The Expanding Family of
Arabidopsis thaliana Small Heat Stress Proteins and a New Family of Proteins
Containing a-crystallin Domains (Acd Proteins). Cell Stress Chaper 6 (3),
225-237. doi:10.1379/1466-126810.1379/1466-1268(2001)006<0225:
tefoat>2.0.co;2

Sun, W., Van Montagu, M., and Verbruggen, N. (2002). Small Heat Shock Proteins
and Stress Tolerance in Plants. Biochim. Biophys. Acta (Bba) - Gene Struct. Expr.
1577, 1-9. doi:10.1016/S0167-4781(02)00417-7

Sun, L,, Liu, Y., Kong, X., Zhang, D., Pan, J., Zhou, Y., et al. (2012). ZmHSP16.9, a
Cytosolic Class I Small Heat Shock Protein in maize (Zea mays), Confers Heat
Tolerance in Transgenic Tobacco. Plant Cel Rep 31, 1473-1484. doi:10.1007/
500299-012-1262-8

Sun, H., Wu, S, Zhang, G,, Jiao, C., Guo, S., Ren, Y., et al. (2017). Karyotype
Stability and Unbiased Fractionation in the Paleo-Allotetraploid Cucurbita
Genomes. Mol. Plant 10, 1293-1306. doi:10.1016/j.molp.2017.09.003

Swindell, W. R, Huebner, M., and Weber, A. P. (2007). Transcriptional Profiling of
Arabidopsis Heat Shock Proteins and Transcription Factors Reveals Extensive
Overlap between Heat and Non-heat Stress Response Pathways. BMC
Genomics 8, 125. doi:10.1186/1471-2164-8-125

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W: Improving
the Sensitivity of Progressive Multiple Sequence Alignment through Sequence
Weighting, Position-specific gap Penalties and Weight Matrix Choice. Nucl.
Acids Res. 22, 4673-4680. doi:10.1093/nar/22.22.4673

Vierling, E. (1991). The Roles of Heat Shock Proteins in Plants. Annu. Rev. Plant
Biol. 42, 579-620. doi:10.1146/annurev.pp.42.060191.003051

Vision, T. ., BrownTanksley, D. G. S. D., and Tanksley, S. D. (2000). The Origins of
Genomic Duplications in Arabidopsis. Science 290, 2114-2117. doi:10.1126/
science.290.5499.2114

Voorrips, R. E. (2002). MapChart: Software for the Graphical Presentation of
Linkage Maps and QTLs. J. Hered. 93 (1), 77-78. doi:10.1093/jhered/93.1.77

Wang, W., Vinocur, B., Shoseyov, O., and Altman, A. (2004). Role of Plant Heat-
Shock Proteins and Molecular Chaperones in the Abiotic Stress Response.
Trends Plant Sci. 9 (5), 244-252. doi:10.1016/j.tplants.2004.03.006

Wang, L., Guo, K, Li, Y., Tu, Y., Hu, H,, Wang, B,, et al. (2010). Expression
Profiling and Integrative Analysis of the CESA/CSL Superfamily in rice. BMC
Plant Biol. 10 (1), 282. doi:10.1186/1471-2229-10-282

Wang, Y., Tang, H., DeBarry, J. D, Tan, X,, Li, ]., Wang, X,, et al. (2012). MCScanX:
a Toolkit for Detection and Evolutionary Analysis of Gene Synteny and
Collinearity. Nucleic Acids Res. 40 (7), e49. doi:10.1093/nar/gkr1293

Waters, E. R, Lee, G. ], and Vierling, E. (1996). Evolution, Structure and Function
of the Small Heat Shock Proteins in Plants. J. Exp. Bot. 47, 325-338.
doi:10.1093/jxb/47.3.325

Waters, E. R. (2013). The Evolution, Function, Structure, and Expression of the
Plant sHsps. J. Exp. Bot. 64 (2), 391-403. doi:10.1093/jxb/ers355

Frontiers in Genetics | www.frontiersin.org

14

October 2021 | Volume 12 | Article 753953


https://doi.org/10.1104/pp.105.074898
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1038/nrg2482
https://doi.org/10.1016/j.gene.2008.05.011
https://doi.org/10.1111/j.1469-8137.2009.02923.x
https://doi.org/10.1074/jbc.M404455200
https://doi.org/10.1074/jbc.M404455200
https://doi.org/10.1093/oxfordjournals.molbev.a004079
https://doi.org/10.3389/fpls.2015.00806
https://doi.org/10.1016/j.lfs.2009.12.015
https://doi.org/10.1016/j.jmb.2015.02.002
https://doi.org/10.3390/ijms20010012
https://doi.org/10.1007/128_2012_324
https://doi.org/10.1016/S0168-9525(02)02722-1
https://doi.org/10.1073/pnas.0902177106
https://doi.org/10.1186/s12870-019-2031-4
https://doi.org/10.1104/pp.110.167536
https://doi.org/10.1046/j.1365-313x.2000.00887.x
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s00299-016-1973-3
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/1471-2164-14-577
https://doi.org/10.1038/srep32517
https://doi.org/10.1104/pp.107.105353
https://doi.org/10.1093/oxfordjournals.molbev.a003951
https://doi.org/10.1023/B:MOLB.0000018764.30795.c1
https://doi.org/10.1105/tpc.105.031914
https://doi.org/10.1186/1471-2164-10-393
https://doi.org/10.1379/1466-126810.1379/1466-1268(2001)006<0225:tefoat>2.0.co;2
https://doi.org/10.1379/1466-126810.1379/1466-1268(2001)006<0225:tefoat>2.0.co;2
https://doi.org/10.1016/S0167-4781(02)00417-7
https://doi.org/10.1007/s00299-012-1262-8
https://doi.org/10.1007/s00299-012-1262-8
https://doi.org/10.1016/j.molp.2017.09.003
https://doi.org/10.1186/1471-2164-8-125
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1146/annurev.pp.42.060191.003051
https://doi.org/10.1126/science.290.5499.2114
https://doi.org/10.1126/science.290.5499.2114
https://doi.org/10.1093/jhered/93.1.77
https://doi.org/10.1016/j.tplants.2004.03.006
https://doi.org/10.1186/1471-2229-10-282
https://doi.org/10.1093/nar/gkr1293
https://doi.org/10.1093/jxb/47.3.325
https://doi.org/10.1093/jxb/ers355
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Hu et al.

Wei, F., Coe, E., Nelson, W., Bharti, A. K., Engler, F., Butler, E., et al. (2007).
Physical and Genetic Structure of the maize Genome Reflects its Complex
Evolutionary History. Plos Genet. 3, e123. doi:10.1371/journal.pgen.0030123

Worldmapper (2021). Available at: http://worldmapper.org/maps/pumpkin-
production/(Accessed August 5, 2021)

Xu, G., Guo, C,, Shan, H., and Kong, H. (2012). Divergence of Duplicate Genes in
Exon-Intron Structure. Proc. Natl. Acad. Sci. 109, 1187-1192. doi:10.1073/
pnas.1109047109

Yamori, W., Hikosaka, K., and Way, D. A. (2014). Temperature Response of Photosynthesis
in C3, C4, and CAM Plants: Temperature Acclimation and Temperature Adaptation.
Photosynth. Res. 119, 101-117. doi:10.1007/s11120-013-9874-6

Yang, S., Zhang, X, Yue, J.-X,, Tian, D., and Chen, J.-Q. (2008). Recent
Duplications Dominate NBS-Encoding Gene Expansion in Two Woody
Species. Mol. Genet. Genomics 280, 187-198. doi:10.1007/s00438-008-0355-0

Yao, F,, Song, C., Wang, H., Song, S., Jiao, J., Wang, M., et al. (2020). Genome-wide
Characterization of the HSP20 Gene Family Identifies Potential Members
Involved in Temperature Stress Response in Apple. Front. Genet. 11,
609184. doi:10.3389/fgene.2020.609184

Yu, J., Cheng, Y., Feng, K., Ruan, M., Ye, Q., Wang, R,, et al. (2016). Genome-wide
Identification and Expression Profiling of Tomato Hsp20 Gene Family in
Response to Biotic and Abiotic Stresses. Front. Plant Sci. 7, 1215.
doi:10.3389/fpls.2016.01215

Analysis of CmoHSP20s in C. moschata

Zhao, P., Wang, D., Wang, R., Kong, N, Zhang, C., Yang, C,, et al. (2018). Genome-
wide Analysis of the Potato Hsp20 Gene Family: Identification, Genomic
Organization and Expression Profiles in Response to Heat Stress. BMC
Genomics 19, 61. doi:10.1186/s12864-018-4443-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hu, Zhang, Liu, Li, Wang, Zhu, Liao, Yun, Huang, Zhang and
Zhou. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

15

October 2021 | Volume 12 | Article 753953


https://doi.org/10.1371/journal.pgen.0030123
http://worldmapper.org/maps/pumpkin-production/
http://worldmapper.org/maps/pumpkin-production/
https://doi.org/10.1073/pnas.1109047109
https://doi.org/10.1073/pnas.1109047109
https://doi.org/10.1007/s11120-013-9874-6
https://doi.org/10.1007/s00438-008-0355-0
https://doi.org/10.3389/fgene.2020.609184
https://doi.org/10.3389/fpls.2016.01215
https://doi.org/10.1186/s12864-018-4443-1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Pumpkin (Cucurbita moschata) HSP20 Gene Family Identification and Expression Under Heat Stress
	Introduction
	Materials and Methods
	Identification of the HSP20 Genes in Cucurbita moschata
	Sequence Analysis, Structural Characterization and Chromosomal Localization
	Phylogenetic Analysis and Classification of Cucurbita moschata HSP20 Genes
	Gene Duplication, Collinearity and Ka/Ks of HSP20 Analysis
	Protein 3D Structure and Promoter Analysis of CmoHSP20 Genes
	Plant Materials and Heat Stress Treatment
	Total RNA Extraction and Expression Analyses of CmoHSP20 Genes
	Statistical Analysis

	Results
	Identification of the HSP20 Proteins in Cucurbita moschata
	Phylogenetic Analysis of CmoHSP20 Proteins
	Conserved Motifs and Gene Structures of CmoHSP20s
	Homology Modelling of the CmoHSP20 Proteins
	Chromosomal Location, Gene Duplication and Synteny Analysis of CmoHSP20s
	Promoter Analysis of CmoHSP20 Genes
	Expression Patterns of CmoHSP20 Genes Under Heat Stress

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


