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Abstract

differentiation during evolution.

Background: Studies have shown that HSP20 (heat-shock protein 20) genes play important roles in regulating plant
growth, development, and stress response. However, the grape HSP20 gene family has not been well studied.

Results: A total of 48 VWHSP20 genes were identified from the grape genome, which were divided into 11
subfamilies (CI, ClI, Clll, CV, CVI, CVII, MI, MII, ER, CP and PX/Po) based on a phylogenetic analysis and subcellular
localization. Further structural analysis showed that most of the WHSP20 genes (93.8%) had no intron or only one
intron, while genes that clustered together based on a phylogenetic tree had similar motifs and evolutionarily
conserved structures. The HSP20s share a conserveda-crystalline domain (ACD) and the different components of
the ACD domain suggest the functional diversity of VWHSP20s. In addition, the 48 Vi/HSP20 genes were distributed
on 12 grape chromosomes and the majority of Vi/HSP20 genes were located at the proximal or distal ends of
chromosomes. Chromosome mapping indicated that four groups of VWHSP20 genes were identified as tandem
duplication genes. Phytohormone responsive, abiotic and biotic stress-responsive, and plant development-related
cis-elements were identified from the cis-regulatory elements analysis of VWHSP20s. The expression profiles of
VWHSP20s genes (WHSP20-1, 11, 14, 17,18, 19, 20, 24, 25, 28, 31, 39, 42, and 43) were largely similar between RNA-
Seq and gRT-PCR analysis after hydrogen peroxide (H,0,) treatment. The results showed that most WHSP20s were
down-regulated by H,O, treatment during fruit development. VwHSP20s genes were indeed found to be involved in
the grape berry development and differences in their transcriptional levels may be the result of functional

Conclusions: Our results provide valuable information on the evolutionary relationship of genes in the VWHSP20
family, which is useful for future studies on the functional characteristics of WHSP20 genes in grape.
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Background

As one of the most important cultivated fruit crops in the
world, grape has high economic value. ‘Kyoho' is a tetraploid
interspecific hybrid and mid-late ripening grape cultivar
derived from a cross between Vitis vinifera x Vitis labrusca,
which is widely cultivated in China. Our previous studies on
‘Kyoho have shown that hydrogen peroxide (H,O,)
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treatment could promote the early ripening of ‘Kyoho’
grape, causing it to ripen 20 days earlier than the control [1,
2]. Other studies in tomato [3] and pear [4] have also dem-
onstrated that H,O, is associated with fruit development.
H,0, is an early component of the thermal signal pathway,
which is a necessary condition for the activation of heat-
shock protein 20 (HSP20) synthesis [5]. In addition, the re-
sponse of HSP20s to H,O, has also been revealed in tomato
and rice, where H,O, was shown to induce the expression
of mitochondrial HSP22 and chloroplast HSP26, respectively
[6, 7]. It has been reported that HSP21 could protect
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photosystem II (PSII) from oxidative stress, promote color
change during fruit ripening, and play a key role in the
transformation of chloroplasts to pigment mother cells dur-
ing fruit ripening [8].

The expression of HSPs is activated or increased under
high temperature stress. According to molecular weight
and sequence homology, HSPs can be divided into five
families, which include HSP100, HSP90, HSP70, HSP60,
and HSP20 [9, 10]. Among them, the molecular weights
of HSP20 proteins are between 15 and 42 kDa, and are
thus considered small HSPs. In some plant tissues,
HSP20s comprise the largest proportion of HSPs [9].
HSP20s possess a typical conserved domain, known as
the a-crystalline domain (ACD), which contains a con-
served 80—100 amino acid sequence, a compact [3-strand
structure, and two conserved regions (CRs): CR I with
B2, B3, B4, and B5; and CR II with p7, 38, B9, and a 6
loop [11]. HSP20s can prevent the damage of proteins
caused by environmental stress and help them to fold or
degrade [12, 13]. Thus, HSP20s are the important parts
of cellular molecular chaperones.

In plants, HSP20 genes are involved in many develop-
mental processes and responses to abiotic stresses [14,
15]. Under heat stress, HSP20s can prevent the aggrega-
tion and irreversible denaturation of heat-denatured pro-
teins, which ensures that other proteins can perform
normal functions at high temperature, providing a
strong basis for improving the heat resistance of plant
organs. HSP20s have been shown to be located in mito-
chondria, cytoplasm, and endoplasmic reticulum [16].

The number of HSP20 genes in plants is about four times
greater than that in animals [17]. For example, 19, 35, 39,
42, 44, 51 members of the HSP20 gene family were respect-
ively investigated in Arabidopsis (Arabidopsis thaliana) [11],
pepper (Capsicum annuum L.) [18], rice (Oryza sativa) [19],
tomato (Solanum lycopersicum) [20], watermelon (Citrullus
lanatus 1.) [21], and soybean (Glycine max) [22]. To date,
HSP20 gene family members in grape have not been identi-
fied. Therefore, this study aims to elucidate the composition,
gene structure, evolution, and expression of the grape
HSP20 gene family, in an attempt to characterize structural
and functional features, and to establish a foundation for
further utilization of plant HSPs.

Results

Genome-wide identification of VwvHSP20 gene family in
grape

A total of 61 VVHSP20 genes were obtained by Hidden Mar-
kov Model (HMM) analysis. The presence of an ACD do-
main was confirmed by submitting the protein sequences to
CDD, Pfam, and SMART database. The sequences without
the typical ACD domain were discarded. A total of 48 se-
quences were retained and confirmed as grape HSP20 after
removing the sequences with a molecular weight beyond
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the 15-42kDa. Detailed information on physicochemical
properties of these HSP20s are listed in Table 1. The length
of the VVHSP20 proteins varied from 136 (VvHSP20-47
and VVHSP20-48) to 365 amino acids (VVHSP20-41); the
molecular weights of VVHSP20s were from 15.27 kDa
(VWHSP20-30) to 40.59 kDa (VvHSP20-41). The predicted
pI values of VVHSP20s ranged from 4.68 (VVHSP20-41) to
9.48 (VVHSP20-20).

Phylogenetic analysis of VvHSP20 genes

An unrooted Neighbor-Joining (NJ) phylogenetic tree
was constructed based on the alignment of amino
acid sequences of HSP20 from grape, Arabidopsis, to-
mato (Fig. 1). In total, 19 sequences from Arabidop-
sis, 26 sequences from tomato, and 48 sequences
from grape were assessed in the phylogenetic tree.
According to the phylogenetic and the subcellular
localization analysis, the grape HSP20 protein are di-
vided into 11 subfamilies (CI, CII, CIII, CV, CVI,
CVIIL, MI, MII, ER, CP, and PX/Po) (Fig. 1, Table 1).
Clustering of the subfamilies in grape is largely con-
sistent with the subcellular localization, i.e., the pro-
teins in the same cluster were located in the same
subcellular sites. Specifically, six HSP20 subfamilies
(CI-CVI), MTI and MTII subfamilies, CP, ER and PX
/Po localize to the cytoplasm/nucleus, mitochondria,
chloroplast, endoplasmic reticulum and peroxisome,
respectively. The 93 HSP20s were classified into 14
distinct subfamilies, except for the unclassified
VVHSP20s (VVHSP20-15, VvHSP20-16, VvHSP20-38,
and VvHSP20-41), the subcellular localization of
which could not be predicted using the online tool
Protcomp. Most of the VvHSP20s, including 33 out
of 44, were classified into CI-CVII, which suggested
that the cytosol may be the primary functional site of
plant HSP20s.

Characterization of the amino acid sequences and gene
structure of VVHSP20s

As shown in Fig. 2a, 48 VVHSP20s were divided into
11 subgroups, except for the unclassified HSP20
(VVHSP20-15, VvHSP20-16, VvHSP20-38 and
VvHSP20-41). Ten conserved motifs of VvHSP20
proteins were identified by the MEME website and
listed in Table 2. The lengths of these conserved mo-
tifs ranged from 6 to 60 amino acids (Fig. 2b,
Table 2). ACD consists of two conserved regions, CRI
of B2, B3 and P4, and CRI of B7, B8 and P9, sepa-
rated by a variable length hydrophilic region 6 loop
(Fig. 3). VVHSP20-2, 3, 39, 40, 47 and 48 lacked the
B6-loop. VvVHSP20-36 lacked the [-strands 4. The
different components of the ACD domain suggest
functional diversity among VvHSP20s. The same
group of VVHSP20 proteins in the phylogenetic tree
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Table 1 Features of VWWHSP20 genes identified in grape
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Gene name Sequence ID ORF Length (bp) Chr Chromosome Position Length (aa) MW (KDA) pl ProtComp
HSP20-1 VIT_0150010g02290.t01 549 1 19,257,410-19,258,339 182 20.74 542 Chloroplast
HSP20-2 VIT_0250154900480.t01 606 2 5,248,542-5,250,041 201 2245 924 Mitochondrial
HSP20-3 VIT_0250154900490.t01 606 2 5,255,141-5,256,154 201 22.55 911 Mitochondrial
HSP20-4 VIT_04s0008g01490.t01 471 4 1,219,942-1,220,465 156 17.34 5.94 Cytoplasmic
HSP20-5 VIT_04s0008g01500.t01 459 4 1,221,915-1,222,579 1521 16.69 6.84 Cytoplasmic
HSP20-6 VIT_04s0008g01510.t01 471 4 1,223,278-1,224,822 156 1740 577 Cytoplasmic
HSP20-7 VIT_04s0008g01520.t01 471 4 1,224,823-1,225,354 156 17.58 558 Cytoplasmic
HSP20-8 VIT_04s0008g01550.t01 471 4 1,237,576-1,240,002 156 1741 594 Cytoplasmic
HSP20-9 VIT_04s0008g01570.t01 501 4 1,244,737-1,246,530 166 18.60 595 Cytoplasmic
HSP20-10 VIT_04s0008g01580.t01 471 4 1,248,569-1,249,249 156 1742 6.62 Cytoplasmic
HSP20-11 VIT_0450008g01590.t01 468 4 1,251,984-1,252,699 155 1729 594 Cytoplasmic
HSP20-12 VIT_04s0008g01610.t01 477 4 1,255,490-1,256,222 158 18.14 6.33 Cytoplasmic
HSP20-13 VIT_0450008901620.t01 480 4 1,257,262-1,257,741 159 1842 846 Cytoplasmic
HSP20-14 VIT_0650004g05770.t01 435 6 6,524,201-6,524,870 144 16.31 693 Cytoplasmic
HSP20-15 VIT_0650009g01090.t01 948 6 12,540,124-12,542,550 315 34.98 858 -

HSP20-16 VIT_0850032g00100.t01 579 8 3,034,519-3,035,221 192 2152 845 -

HSP20-17 VIT_0850058g00210.t01 447 8 8,901,763-8,902,216 148 16.88 581 Nuclear
HSP20-18 VIT_0950002g00640.t01 483 9 440,684-441,359 160 17.89 6.3 Cytoplasmic
HSP20-19 VIT_0950002906790.t01 702 9 6,710,140-6,711,133 233 26.31 7.78 Mitochondrial
HSP20-20 VIT_1250028g01390.t01 780 12 2,044,541-2,046,498 259 28.71 948 -

HSP20-21 VIT_1250035g01910.t01 753 12 22,228,715-22,229,897 250 2839 794 Endoplasmic reticulum
HSP20-22 VIT_1350019g00860.t01 429 13 2,689,279-2,690,178 142 15.81 6.75 Peroxisomal
HSP20-23 VIT_1350019g02740.t01 456 13 3,999,388-4,000,084 151 1717 581 Nuclear
HSP20-24 VIT_1350019g02760.t01 423 13 4,003,325-4,003,954 140 158 6.77 Cytoplasmic
HSP20-25 VIT_1350019902770.t01 456 13 4,006,363-4,007,091 151 17. 581 Nuclear
HSP20-26 VIT_1350019902780.t01 456 13 4,015,394-4,016,080 151 17.02 58 Nuclear
HSP20-27 VIT_1350019g02820.t01 456 13 4,036,190-4,036,907 151 1712 581 Nuclear
HSP20-28 VIT_1350019902840.t01 456 13 4,043,383-4,044,010 151 17.09 5.54 Nuclear
HSP20-29 VIT_1350019g02850.t01 456 13 4,048,636-4,049,360 151 17.05 58 Nuclear
HSP20-30 VIT_1350019g02920.t01 41 13 4,108,657-4,109,160 136 1527 57 Cytoplasmic
HSP20-31 VIT_1350019902930.t01 483 13 4,112,675-4,113,430 160 1817 6.78 Cytoplasmic
HSP20-32 VIT_1350019903000.t01 483 13 4,149,244-4,149,995 160 1815 793 Cytoplasmic
HSP20-33 VIT_1350019g03010.t01 435 13 4,151,427-4,155,706 144 1637 9.21 Cytoplasmic
HSP20-34 VIT_1350019g03050.t01 498 13 4,180,057-4,183,444 165 1923 6.46 Cytoplasmic
HSP20-35 VIT_1350019903090.t01 483 13 4,195,524-4,196,187 160 1817 543 Cytoplasmic
HSP20-36 VIT_1350019g03160.t01 483 13 4,227,250-4,227,937 160 18.02 794 Cytoplasmic
HSP20-37 VIT_1350019g03170.t01 480 13 4,234,111-4,234,852 159 18.19 6.17 Nuclear
HSP20-38 VIT_14s50128g00280.t01 750 14 2,945,472-2,949,352 249 26.84 5.82 -

HSP20-39 VIT_1650022g00510.t01 627 16 11,604,847-11,606,213 208 23.74 561 Mitochondrial
HSP20-40 VIT_1650098g01060.t01 684 16 21,339,160-21,340,093 227 2503 6.35 Chloroplast
HSP20-41 VIT_1850072g00490.t01 1098 18 19,691,814-19,692,987 365 40.59 468 -

HSP20-42 VIT_1850089g01270.t01 561 18 29,188,982-29,189,738 186 21.13 589 Cytoplasmic
HSP20-43 VIT_1950014g05050.t01 579 19 5,376,784-5,377,821 192 22.39 535 Cytoplasmic
HSP20-44 VIT_1950085g01050.t01 441 19 23,631,036-23,631,743 146 16.44 59 Cytoplasmic
HSP20-45 VIT_1850001g01570.t01 492 18_random 2,135,300-2,136,089 163 18.28 6.33 Nuclear
HSP20-46 VIT_18s0001g01610.t01 480 18_random 2,183,110-2,184,273 159 18 574 Nuclear
HSP20-47 VIT_00s0707g00010.t01 411 unknow 34,510489-34,511,388 136 15.69 4.89 Nuclear
HSP20-48 VIT_0050992900020.t01 411 unknow 37,397,842-37,398,790 136 15.7 501 Nuclear
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Fig. 1 Phylogenetic tree of HSP20 proteins from grape and other plants. Phylogenetic tree of HSP20 proteins from grape and other plants
including Arabidopsis thaliana and Solanum lycopersicum was constructed using MEGA7.0 based on the NJ method; bootstrap was 10,000

replicates. Percentage bootstrap scores of > 50% were displayed

had the same motif, which indicated that they were
highly conserved.

Next, we analyzed gene structure in order to better
understand HSP20s. Among the VVvHSP20s genes, 24
(50.0%) were intronless, and 21 genes (43.8%) possessed
one intron. VvHSP20-38 (2 introns), VvHSP20-34 (3 in-
trons), and VvHSP20-20 (5 introns) had two or more in-
trons (Fig. 2c). Genes of the same subgroup had the same

intron phase, which indicated that the structure was quite
conserved over evolution.

Chromosomal location and gene duplication of VvHSP20

The 48 VVHSP20 genes were distributed on 12 grape
chromosomes (Fig. 4). Most of the VVHSP20 genes were
present on chromosome 4 (10 genes) and chromosome
13 (16 genes), while each of the remaining 10
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chromosomes had one or two genes. Both tandem and
segmental duplication contribute to the production of
gene families during the process of evolution. Thus, po-
tential duplication events of VVHSP20 genes were ana-
lyzed. In total, four groups of VVvHSP20 genes
(VwHSP20-2, 3; VvHSP20-4, 5, 6, 7, 8, 9, 10, 11,
VVHSP20-23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 35, 36
and VVHSP20-47, 48) were identified as tandem duplica-
tion genes (Additional file 1: Figure S1). Furthermore,
none of the genes were suggested to be products of seg-
mental duplication. Based on the above results, we in-
ferred that tandem duplication played an important role
in the expansion of the VvHSP20 family in grape.

Analysis of cis-element in VvHSP20 gene promoters

To understand the possible role of cis-regulatory elements
of VWHSP20, the promoter sequences (comprising — 2000 bp
upstream of the translation start site) of 48 VVHSP20 genes
were submitted into PlantCARE to detect the cis-elements.
Three categories of cis-elements, including phytohormone
responsive, abiotic and biotic stress-responsive, and plant
development-related cis-elements were identified and are
shown in Fig. 5. Among the three categories of cis-elements,
the phytohormone responsive category accounts for the
highest proportion. In this category, cis-acting elements
were widely present in the promoter region, including auxin
responsive (TGA-element and AuxRR-core), gibberellin-
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Motif Length (aa) Sequence

1 70 VEEGRILQISGDRSVEKEEKNDKWHRVERSSGKFMRRFRLPENVKVDEVKAAMENGVLTVTVPKAEVQKP
2 21 DWKETPEAHVFKADLPGLKKE

3 21 NNMFDLWDPFQDFPFTGGALS
4 21 KSVSAPTRTYVRDAKAMAATP

5 21 MIDIDGISAGYEDGVLTVTVP

6 21 MMGFDSPLFSALQHMLDATDD
7 1M GETSAFANTRI

8 8 VKAIDISG

9 1 MSLIPSFFGGR

10 1 KKPKTIEVKIA

responsive elements (GARE-motif, P-box, and TATC-box),
ethylene-responsive (ERE), MeJA-responsive (TGACG-
motif and CGTCA-motif), abscisic acid-responsive (ABRE),
and salicylic acid-responsive (TCA-element). Among these
elements, ABRE and ERE accounted for the largest part of
the phytohormone responsive category. In the abiotic and
biotic stress-responsive category, stress response-related cis-
elements, such as HSE1 (heat stress), WUN motif (wound-
responsive element), TC-rich repeats (stress response), LTR
(low temperature-responsive), ARE (anaerobic induction),
and GC-motif (anoxia) were detected. In the last category,
plant development-related elements, including meristem
expression (CCGTCC-box and CAT-box), circadian, zein

metabolism regulation (O2-site), cell cycle regulation (MSA-
like), differentiation of the palisade mesophyll cells (HD-Zip
1), and endosperm expression (AACA_motif and GCN4_
motif) were identified. In addition, most of the VvHSP20
genes possessed W boxes and MYB binding sites, including
CCAAT-boxes.

Expression patterns of VvHSP20s in response to H,0,
treatment

There is a close relationship between gene expression
and function. To determine the functions of VvHSP20s
in grape, a heatmap of 47 VvHSP20 genes was con-
structed using FPKM values from RNA-Seq data in

Consensus RUHR& iﬁm uLibRIPC KEEEF R Eug»‘ Rk 8u nﬁgﬁ"ﬁupm;géﬁ‘%saﬁ ¥R% .85 51 HER RRBuOE DF‘ 5 EQE 110 =ruui‘§5%5sleuﬂ5§ni MgEEENRBRRGRE S X
DWKETPEAHVFKADLPGLKKEEVKVEVEEG+VLRVLQI$++GER+9 EK+ EKDEEKGDKWHRVERGRSSGKFMRRFRLPENLAKTDE I KAAMENGVVLTVTVFKLEVKKPKSKVKAI EISGALE+ LA+0A+++++K+E +
VVHSP20-10 14 DVKEYPNSYTFIVDMPGLRSGDI|KVQVEDG- - -NVLVIS- -GERKREE- - - -EKEGAKYVRMERR - VG- KFMRKFVLPEN - ANTDKI SAVCQDGV -LTVTVEKLPPPEPK-KPKTIEVKIA- - 120
VWHSP20-7 14 DVKEYPNAYSFI IDMPGLKSGDI|KVQVEDD- - -NVLMI S - - GERKREE -EKEGAKYVRMERR-VG-KFMRKFVLPEN-ANTDKISAVCQDGV-LTVTVEKLPPPEPK-KPKTIEVKIA 120
VWVHSP20-11 49 DVKEYPNSYVFI| IDMPGLKSGDI|KVQVEDD- - -NVLVIS- - GERKREE -EKEGAKYVRMERR-VG-KFMRKFVLPEN-ANTDKISAVCQDGV -LTVTVEKLPPPEPK-KPKT I EVKVA - 155
VWHSP20-9 14 DVKEYPNSYTFIVDMPGLKSGDIKVQVEDD- - -NVLVIS - - GERKREE -EKEGVKYVRMERR-VG-KFMRKFALPEN-ANTDKISAVCQDGV-LTVTVEKLPPPEPK-KPKTIEDALTFNGFIFPKTK 130
VWHSP20-8 14 DVKEYPNSYTFIVDMPGLKSGDI|KVQVEDD- - -NVLVIS - - GERKREE -EKEGVKYVRMERR-VG-KFMRKFALPEN-ANTDKISAVCQDGV-LTVTVEKVPPPEPK-KPKTIEVKIA- 120
VWHSP20-4 14 DVKEYPNSYAF! IDMPGLKSGDI| KVQVEDD- - -NVLVIS - - GERKREE -EKEGAKYVKMERR-VG-KFMRKFVLPEN-ANTDKISAICQDGV-LTVTVEKLPPPEPK-KPKTIEVKIA 120
VWHSP20-5 10 DVKEYPNSYAF!| IDMPGLKSGDI|KVHVGGD- - -NVLVIS - - GERKREE -EREGAKYVRMERR-VG-KFMRKFALPEN-ANTDKISAVCQDGV-LTVTVEKLPPPEPK-QPKTIEVKIA 16
VVHSP20-6 14 DVKEYPNSFTFIVDMPGLKSGDI|KVQVEDD - <GERKREE - - - -EKEDAKHVIMERR-VG-KFMRKFALPEN-ADTDKISAVCQDGV-LTVTVEKLPPPAPK-KPRT | EVKMA 120
VWHSP20-12 14 DVKEYPNSYVFLVDMPGLKPDQIKVQIEEP - GERKHEK - EKDEKEGVKFLRMERR-LG-KFLKTFMLPEN-ANPEAISAVYQDGV-LTVTVEKKPLPEPK -KAKS | EVKVGG- 124
VWHSP20-13 14 DVKEYPNAYVFLVDMPGLKAYKIKVHIEDE - GERKQDKDEKDKKEMVKYLKIERR-FG-KFLKRFVLAKN-VDMDT I SAIYQDGV-LTVTVEKKYLPETK-PCKRIEVRVG 125
VWHSP20-18 16 DIMDTPKEYLFYMDVPGLCKSDIQVTVEDD - GEEEGCKYVRLERK-APQKLMRKFRLPEN-ANTSAISAKCENGV-LTVVIEKHPPPP- - -KSKTVEVNIA - 124
VWHSP20-47 32 HWTETPESHIYSANLPGVRKEEIRVELEDS - -IDESTKP - - AKS FMRKFRLPDM- IDIDGISAGYEDGV-LTVTVPRSFVRRGF-YIDPGDLPEQLELLARAA- - 136
VVHSP20-48 32 HWTETPESHIYSANLPGVRKEEIRVELEDS - - IDESTKP - AKS FMRKFRLPDM- IDIDGISAGYEDGV-LTVTVPRSFVRRGF-YIDPGDLPEQLELLARAA- - 136
VVHSP20-40 129 DIVDDENE|KMRFDMPGLSKEDVKVSVEDD - -KEEGEKD- - SWSGSGFSSYSTRLQLPDN-CEKDKI KAELKNGV-LSISIPKTKVERK---VvIDVQIQ- - - - - 227
VWHSP20-1 79 EIKEDEGEYKIRFDMPGMTKDDVKLWVEEK - -EGNGEEDEGAWSAKSYGRYNSRVALPEN-VQFEKI KAEVKDGV -LYITIPKASDNPK- - -ILDINVE- - 182
VWHSP20-2 105 DVKEEKDAL FVRMDMPGLGKEDVKVSVEQN - ~KELEND------ETGRKYTSRIDLPANLYKFDE | KAEMKNGV - LKVVVPKVKEDGKK -DAFQVNIN- - 201
VVHSP20-3 105 DVKEEKDAL FVRMDMPGLGKEDVKVSVEQN - -EKWEND - -ECRRKYTSRIDLPAKMYKFDE | KADMKNGV - LKVVVPKVKEDGRK-EVLQVDID- - 201
VVHSP20-39 58 DVKETDDALHLRVDMPGLSKEDVKVSVEQN - -NETEDE------ESRRRYSSRIDLPEKLYKTGE | KAEMNKGV -LKIVVPKLKEEERT -DVINVKVE - - 154
VVHSP20-31 10 DWKETPEAHVFKADLPGLKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGKFLRRFRLPEN - AKMDEVKATMENGV - LTVRVPKEEVKKPE - -VKAIEISG- 14
VVHSP20-32 10 DWKETPEAHVFKADLPGLKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGKFLRRFRLPEN - AKMDQVKATMENGV - LTVRVPKEEVKKPE - -VKAIEISG- 14
VVHSP20-35 10 DWKETPEAHVFKADLPGLKKEEVKVEVEEG- -EEKKDKWHRVERS - - SGKFLRRFRLPEN - AKMDEAEASLENGV -LTVTVPKEEVKKAE - -VKAIEISG- - - 14
VVHSP20-36 10 DWKETPEAHVFKADLPGLKKE- - - -EVEEG- -EEKKDKWHRVERS - - SGKFLRRFRLPEN - AKMDEVKASLENGV -LTVTVPKEEVKKAE - - VKASRSLAKALS 14
VVHSP20-17 44 DWKETPDAH| FKADLPGLKKEEVTVEVEEG- -EDKNGKWHQ I ERS - -RGKFLRRFRLPEN - AKMDEVKASMENGV -LTVTVPKEEVKKPK - -VKAIEISG- - - 148
'VVHSP20-33 14 DWKETLVAHVFKADLPGLKKEEVKVEVEEG- -EEKNDKWHRMDRS - - SGKFLCRFRLPED - AKTDEVKAS | ENGV-LTMT I PKEEVKKAE - -VKAIEISG- 18
VVHSP20-30 32 DWKETLVAHVFKADLPGLKKEEVKVEVEEG- -EEKNDKWHHVDRS - - SGKFLCRFRLPED - AKTDEVKAS | ENGV -LTMT I PKEEVKKAE - -VKAIEISG- 136
VVHSP20-34 61 DWKETPEAH| FKANLPGLRKEEEKVEVEEG- -EEKNDKWHRVEMS - - SGRFLRRFRLLEN-VKTDEVKACMENGV -L | VMVSKEEVKKAK - -VKAIEISG- 165
VVHSP20-29 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGHFMRRFRLPEN - VKVDEVKAAMENGV - LTVTVPKAEVQKPD - -VKAIDISG- 13
VWHSP20-26 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGKFMRRFRLPEN - VKVDEVKAAMENGV - LTVTVPKAEVQKPD- -VKAIDISG- 13
VWHSP20-27 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGQFMRRFRLPEN-VKVEEVKAAMENGV -LTVTVPKAEVKKPD - -VKAIDISG- 13
VVHSP20-24 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGQFMRRFRLPEN - VKVEEVKAAMENGV -LTVTVPKAEVKKPD - -VKAIDISG- 13
VWHSP20-25 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGQFMRRFRLPEN - VKVEEVKAAMENGV -LTVTVPKAEVKKPD - -VKAIDISG- 13
VVHSP20-28 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGQAFMRRFRLPEN - VKVEEVKAAMENGV -LTVTVPKAEVNKPD - -VKAIDISG- 13
VVHSP20-23 9 DWKETPEAHVFKADLPGVKKEEVKVEVEEG- -EEKNDKWHRVERS - - SGKFMRWFRLPEN - VKVEEVKAGMENGV -LTV I VPKAEVKKPD - -VKVIDISG- 13
VWHSP20-14 9 DWKETPEAHVFKADLPGLKKEEVKVEVEEG- -EDKNDKWHRVERS - -HGKFLRSFRLPEN - AKVDAVKAAMENGV - LTVTVPKKEVKKHE - -VKSIEISG- 13
VVHSP20-37 55 DWKETPNSHVFKADVPGLKKEELKVEVEDG- -EEKTDTWHRVERS - -SGSFLRRFRLPED - AKVDQVKAAMEDGV - LTVTVPKEAAKKPD - -VKS 1QISG- 159
VVHSP20-45 16 DWRETDNAHT | RADLPGVRKEDVKVQVEDG - -EESGERWHRIERQ- -RGSFLRRFRLPEN-ANTEGINCALENGV-LTVTVPKKEATSTGSDVKQIDIG- - 121
VWHSP20-46 10 DWRETDNAHVFRADLPGVRREELKVQVEDN - -EEVDDQWHRVERQ - -RGSFLRRFRLPEN-AITDRISSALKDGV-LTVTVPKKTESPSG- -VRT I HVAQL - - 15
VVHSP20-44 22 DWKETPQAHI FQVDLPGLTKNEVKLEVHQG- -EEKGEKWHCRERS - -CGSFSRQFRLPED - AKVEE | KASMHDGV -L | VTVPKDEALMKHSQKNMVE | SGDDEAHAPKGLGRFVCCKA 146
VVHSP20-21 79 DWKETISAHI ITLDVPGMKKEDIKIEIEEN- - - -EAEGEKWHRSERA - - TGKFWRQFRLPAN - ADLDRI KAHLENGV -LRITIPKLAEDRKK-QAKVVNIA- - -EETNSGEDVMATKSEM 199
VWHSP20-42 22 DWKETPEGHVIMMDIPGLRKEEVKIEVDESQ- - -EKKGDHWHRMERS - - YGKFWRQFRLPNN - VDLEGVKAKLENGV -LTLSLPNLSSDRIK-GPKVVS| AGGDEEENPKLKSETSKQEL 146
VWHSP20-22 31 DWLESPAAH!| FKFDVPGLSKDDIKVEIEDGNVLRVYRVA- - -VVKDTVWH | AERGGGRGEFSREFELPEN-VKVDQ!I KAQVENGV -LT I VVPKDTSPKAS - KVKT I NI SSKL - 142
VVHSP20-19 82 RLKEQDQCYKLRYEMPGLTKEDVKISVEDG----ILSIR- - -EEGSDDEHWSATS - - YGYYDTSLLLPTD-AKIEEIKAELKDGV-LTI | IPRNEKKGKD- -VKEVQIQ- - 184
VVHSP20-43 48 DWLQTDKDYVLKAELPGVGKNSVQVYVENG- KVVEIS- -GLWRHQK - - - -EPKTKEWRSGHWW - - EHGYVRRLELPEN - ADWRRIEASVKDE I YLEIRIPKCDIPHGK- -EEGAEDSE - 153
VHSP20-20 103 DVAESGCNYVVTVELPGVGTNDIRVEINSQ- - NLIVMGKRSTQWWKVASCSNDSIPAVHKRE IL--QGPYQVAWTLPFN-ANKDRVSAQFVDGF-LQITIPKL 199
B —— S >} = »—#—#}
conserved regions | conserved regions Il
Alpha-Crystallin Domain

Fig. 3 The alignment of ACDs of HSP20s in grape. Names of all members are shown on the left side of the figure. Each predicted B-plated sheet
is shown for shadow. The primary structure of the ACD, including the conserved regions | (CRI), Il (CRIl), and  6-loop, is shown at the bottom of
the figure
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Fig. 4 Chromosomal locations of VWwHSP20 genes on grape chromosomes. Blue lines indicated gene position

control and H,O,-treated berries of ‘Kyoho’ (Fig. 6, sam-
pling period is described in Materials and Methods and
Table 3). The expression level of HSP20-33 was
extremely low and not detected by RNA-Seq analysis
during fruit development. Most VvHSP20s were down-
regulated after treatment, especially at the fourth period.
However, the opposite trend was also observed for a few
genes, including HSP20-13, HSP20-20, and HSP20-30.
These results indicated that most of the VvHSP20 genes
responded to H,O, treatment, and the response mecha-
nisms of different VvHSP20 genes to H,O, were
different.

Based on the statistical significance of the gene expression
levels from the RNA-Seq analysis and the partitioning of the
clusters of genes from the phylogenetic analysis, 14 differen-
tially expressed VWHSP20 genes were selected to be further
validated by qRT-PCR in response to control and H,O,
treatment (Fig. 7). Consistent with the RNA-Seq data, the
expression level of most genes decreased after the treatment.
Besides HSP20-31, the relative expression levels of the
remaining 13 genes were extremely down-regulated at the
fourth period. It is worth noting that VvHSP20-17 and
VVHSP20-25 were hardly expressed after treatment. Similar

expression patterns were revealed within the tandem dupli-
cated gene groups (VWHSP20-25 and VvHSP20-28). The
similar expression patterns indicated that the tandem dupli-
cated VVHSP20 genes had similar functions and structures.
Members of the CI subgroup (VvHSP20-24, VvHSP20-25,
VWHSP20-28, and VvHSP20-31) had similar expression pat-
terns after the treatment, which suggested that they had
similar functions in response to H,O, treatment.

Expression patterns of ABA-related genes in response to
H,0, treatment

It is well known that ABA plays an important role in grape
[23, 24]. In the previous study [1], H,O, treatment was
shown to promote the early fruit ripening of ‘Kyoho’. To fur-
ther explore the role of ABA in this process, RNA-Seq and
qRT-PCR were performed to examine the expression ana-
lysis of ABA-related genes. As shown in Fig. 8, the expres-
sion patterns of the ABA synthesis-related gene (NCED3)
and degradation-related gene (CYP707A4) were different
following H,O, treatment. Compared with the control, the
expression level of NCED3 reached the highest level at verai-
son (H3 stage), then decreased at the H4 stage. On the
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Fig. 5 Investigation of cis-acting element numbers in VWHSP20 genes. a The phylogenetic tree of VWWHSP20s was constructed using Muscle
module and neighbor-joining (NJ) method with 1000 bootstrap replicates implemented in MEGA7. Displaying of different background colors to
distinguish the clades and subclades. b The different colors and numbers of the grid indicated the numbers of different promoter elements in
these WHSP20 genes. ¢ The different colored block represented the different types of cis-acting elements and their locations in each

contrary, the expression level of the CYP707A4 gene in-
creased rapidly after treatment and reached its lowest level
at veraison. The changes in the expression levels of ABA-
related genes indicated that H,O, may regulate fruit devel-
opment possibly through control of ABA catabolism and
biosynthesis.

Discussion

Fruit ripening is known to be regulated by a balance be-
tween reactive oxygen species (ROS) formation and detoxifi-
cation by antioxidant enzymes [25, 26]. ROS causes
senescence by accumulation of superoxide anion (O,7) and
hydrogen peroxide (H,O,) during fruit ripening [3]. H,O,
not only acts as a stress inducing factor, but also as a signal-
ing molecule. Imbalance between ROS generation and re-
moval can lead to oxidative stress in aerobic organisms [27,
28]. Previous studies on H,O, signaling have identified a
number of genes that are regulated by H,O, levels [29, 30].
Among H,0,-inducible genes, HSPs are related to defense
or stress responses [5]. However, the relationship between
H,0, and HSP20 in grape berry development is not clear.
Therefore, a preliminary study on this issue was conducted.

HSP20 proteins as molecular chaperones play an import-
ant role in plant growth and development, and deter or
reduce the irreversible aggregation of denatured proteins
under stress [14, 15]. Although HSP20s block the aggrega-
tion and stabilization of non-natural proteins in an ATP-
independent manner [17], HSP20s themselves could not
refold non-native proteins. Pea Hsp18.1 had to work with
the hsp70 system to refold thermally-modified proteins
[31]. In recent years, due to the availability of whole gen-
ome sequences, HSP20 families have been identified from
plants, such as Arabidopsis [11], tomato [32], rice [19], and
soybean [22]. However, there are few studies on the HSP20
family in grapes.

Following an integrated approach to detect HSP20s in
grape, 48 putative VVHSP20 genes were identified. These
genes were divided into 11 subgroups (CI, CII, CIII, CV,
CVI, CVII, M1, MII, ER, CP, and PX/Po). Previous research
showed that 12 HSP20 gene subgroups were identified from
Arabidopsis (CI-CVII, MI, MII, ER, CP, and PX/Po) [11,
33]. Likewise, four new nuclear subgroups from rice (CVIII,
CIX, CX, and CXI) were reported [9]. However, several
subgroups including CIV, CVIII, CIX, CX, and CXI of rice
were not identified from the VvHSP20 genes of grape. One
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Fig. 6 Relative transcriptional expression levels of VwHSP20 from RNA-seq data in the H,O, treatment and the control. Data were plotted after the
Z-score normalization across the row based on absolute FPKM values of each gene at different development stages. The colors vary from blue to

_

red representing the scale of the relative expression levels. ID in Red indicate genes selected for gRT-PCR analysis

study demonstrated that the CIV subgroup may be in-
volved in coping with diverse stress conditions and may be
developmentally regulated [33]. Under normal growth con-
ditions, members of the CVIII subgroup may be heat-
induced, while the CX subgroup of genes may be related to
specific housekeeping functions [9]. Interestingly, in pepper
plants, the HSP20 CIV, CV, CVII], CIX, CX, and CXI sub-
groups were found to be absent [18]. In addition, the
HSP20 family of rice lacked CIV and CVII subgroups [9].

Table 3 The sampling date of grape berries in this study

Development Sampling Code

stage (dpa) time control Treated
35 6.12 K1 H1

45 6.21 K2 H2

55 7.1 K3 H3

65 7.12 K4 H4

dpa: Days post anthesis

Therefore, it was easy to see that gene acquisition and loss
events are widespread in plant species. The absence of sub-
groups may be due to the loss of genes during the evolution
of HSP20 genes.

Gene structure plays a crucial role in the evolution of mul-
tiple gene families. Our results showed that most of the
VWHSP20 genes (93.8%) had no intron or only one intron of
short length. Plants tend to retain genes without introns or
with shorter introns [34]. This is consistent with previous re-
ports from pepper [18] and tomato [32], where 97.14 and
83.33% of HSP20 genes, respectively, have no or one short
intron. Most VvHSP20s in the CII and ER subgroups had no
intron, which is consistent with orthologs in pepper, rice,
and soybean [18, 19, 22], but the gene structure (exon-in-
tron) of the CI group in grape was different from those in
these species, indicating that the intron pattern might not be
well preserved among different species. In addition, the sta-
bility index of most VVHSP20 proteins was greater than or
equal to 40, indicating that most of them were unstable
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Fig. 7 Expression profiles of VwHSP20s from gRT-PCR in the H,O, treatment and the control. The x-axis represented different sampling date, while
relative expression levels for the y-axis. Data represented the mean of three biological replicates. Error bars represented standard deviations from

three independent technical replicates. And the expression level of K1 was used as the calibrator. The asterisks indicate the significant level (*P <

0.05, **P < 0.01) based on a Duncan’s multiple range test

proteins. Instability is believed to be a common feature of
stress-responsive proteins, and may also reflect the rapid
induction of VVHSP20 genes [35].

The expression of heat-shock proteins (HSPs) is acti-
vated or increased under hight termperature stress, a
condition in which HSP20s play important roles in pro-
tecting against protein aggregation [14]. HSP20s could
be induced not only by environmental stresses, including
heat, cold, drought, and salinity, but also by various de-
velopmental processes, such as embryogenesis, seed ger-
mination, and fruit ripening [22, 36-38]. In this study,
the expression of VvHSP20s was down-regulated by
H,0, treatment during fruit development (Fig. 7), in line
with our previous research showing hydrogen peroxide
can promote the early ripening of ‘Kyoho' grape [1].
Similarly, FaHSP17.4 was highly expressed in leaves and
flower organs of ‘Fengxiang’ strawberry, but the expres-
sion decreased gradually during fruit development [36].
In addition, HSP expression is induced at specific devel-
opmental stages in plants. HSP20s were highly expressed

in the development stages of zygotic embryonic tissues,
and during pollen maturation in rice and tomato [9, 39].
The NJJS4 gene is a type of HSP20-coding gene, which
accumulates in strawberry fruit (Fragaria x ananassa cv,
receptacle) during ripening [40]. Class II sHSP17.4 is
expressed at almost all stages of fruit development, and
maintained at a high level at the later stage of fruit rip-
ening, while Class II sHSP17.6 reached a peak at the
turning stage, and Class I HSP17.7 reached a high level
at the pink stage [41]. Four differentially expressed
HSP20 genes were revealed from the RNA-Seq results of
tomato fruit (Heize 1706), which were considered to play
an important role in fruit development [42]. These ob-
servations indicate that HSP20s are associated with fruit
development.

ABA plays an important role in promoting fruit ripening.
In non-climacteric grape berries, ABA is considered to be
the main signal that triggers the onset of maturation-related
processes as it peaks at version, accompanied by the begin-
ning of berry softening and skin coloration [43]. ABA
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Fig. 8 Expression profiles of ABA-related genes in the H,O, treatment and the control. a The expression pattern of ABA-related genes from RNA-
seq data. b Expression patterns of ABA-related genes from gRT-PCR. The x axis represented different sampling dates, while the y axis indicated
relative expression levels. The data represent the average of three biological replicates. The error bar represents the standard deviation of three
independent techniques. The expression quantity of K1 was used as calibrator. The asterisk indicates the significance level based on the Duncan
multiple range test (*P < 0.05, **P < 0.01)
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content is determined by the dynamic balance of endogen-
ous ABA biosynthesis and catabolism [44]. A previous study
showed that 9-cis-epoxycarotenoid dioxygenase (NCED) is a
key enzyme involved in ABA biosynthesis [45] and
CYP707A (an key ABA degradation enzyme) plays a
predominant role in ABA catabolism in vivo in strawberry
[46, 47]. NCED plays an important role in the ABA-
mediated signaling pathway [45, 48]. In order to further
understand the relationship between hydrogen peroxide and
ABA during grape development, we analyzed the expression
of ABA synthesis and degradation-related genes after H,O,
treatment (Fig. 8). In this study, NCED3 was found to have
low expression at the early stages of fruit development, but
to rapidly increase at the K4 stage in the control. However,
it reached peak levels at veraison then rapidly decreased at
H4 stage. This is consistent with changes in ABA during
fruit development, whereby ABA reaches peak levels at the
veraison stage and decreases after that [49, 50]. ABA catab-
olism and biosynthesis are closely linked through feedback
and feedforward loops to limit the amount of ABA needed
for fruit growth and to rapidly increase the amount of ABA
before fruit ripening [47]. The CYP707A4 gene is highly in-
duced at the H1 stage, then gradully decreases, and finally
reaches the lowest values at veraison after H,O, treatment.
It was previously shown that the expression level of FreCY-
P707A4a was higher in the early stages of fruit development
in woodland strawberry [47]. This may be due to a high level
of ABA inhibiting early fruit growth [47] and accelerated
ABA degradation following hydrogen peroxide treatment.

We propose a model for HSP20s and ABA, H,O,,
fruit development, and high temperature (Fig. 9).
Under high temperature, HSP20s are activated or in-
creased [51]. In our study, the expression levels of
most HSP20s were down-regulated during fruit devel-
opment after HyO, treatment (Fig. 7) and H,O, treat-
ment promoted early ripening of ‘Kyoho’ grape [1]. In
addition, ABA play significant roles in promoting fruit
ripening and it is considered that ABA is the main
signal triggering the beginning of maturation-related
processes. ABA synthesis and metabolism were also
affected by H,O, (Fig. 8). Interestingly, other studies
have shown that ABA induces H,O, formation [52].
However, the role of HSP20s in this process needs to
be further explored.

Conclusion

In this study, the HSP20 gene family of grape was
comprehensively identified. The phylogenetic rela-
tionships, gene structures, conserved motifs, and cis-
acting elements of 48 VvHSP20 genes were analyzed,
while the expression levels were explored by RNA-
Seq and qRT-PCR analysis. A total of 48 HSP20
were divided into 11 subfamilies according to the
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Fig. 9 Proposed Model for HSP20 and ABA, H,0,, high temperature,
fruit development

phylogenetic tree and subcellular localization. The
expression levels of HSP20 genes in grape under
H,0, treatment were verified by qRT-PCR analysis,
providing a basis for further study on the functional
analysis of HSP20 genes during fruit development.
Finally, the expression levels of ABA-related genes
were verified. We confirmed that H,O, indeed af-
fected ABA metabolism and the expression of
HSP20 genes to promote fruit development and
ripening.

Methods

Identification of HSP20 genes in grape genome

We downloaded the grapevine reference genome assembly
and protein sequences from Ensembl Plants Database
(http://plants.ensembl.org/index.-html). The grape HSP20
candidates were identified based on the HMM profile of
HSP20 (PF00011). The CDD (https://www.ncbinlm.nih.
gov/Structure/bwrpsb/bwrpsb.cgi), Pfam and SMART
(http://smart.embl-heidelberg.de/) were used to further con-
firm the conserved HSP20 domain. Finally, 48 HSP20s were
identified after removing the redundant sequence without
the conserved ACD domain of HSP20 and with the molecu-
lar weight outside the range of 15-42 kDa. The Protparam
online tools (https://web.expasy.org/protparam/) were used
to predict physicochemical properties of HSP20 proteins.
The online tool Protcomp (http://linux1.softberry.com/) was
used to perform the subcellular localization prediction. The
identified V¥HSP20 genes were named according to their
positions on pseudomolecules [19].

Phylogenetic analysis of HSP20 genes in plants

The amino acid sequences of HSP20s derived from Ara-
bidopsis and tomato and newly identified VvHSP20s
were used for phylogenetic analysis. The neighbor join-
ing phylogenetic tree was constructed with the default
parameters based on the multiple sequence alignments
of the HSP20s amino acid sequences by MEGA 7.0
software.
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Characterization of the amino acid sequences and gene
structure of VVHSP20s

The conserved motifs of VWVHSP20s were identified using
MEME program (version 4.11.2, http://alternate.meme-
suite.org/tools/meme), and the parameters were as fol-
lows: optimum motif width ranges from 6 to 200 amino
acid residues and maximum of 10 misfits. The structures
of VWHSP20 genes in grape was identified using TBtools
software [53].

Chromosomal location and gene duplication of HSP20
genes

Chromosomal localization information of VvHSP20
genes was obtained from Ensembl Plants Database
(http://plants.ensembl.org/index.html) and the chromo-
some location images were generated using the Map-
Draw V2.1 tool (http://mg2c.iask.in/mg2c_v2.0/). The
definition of CaHSP20 gene replication is based on the
previous research [54]. The duplication events and syn-
tenic analysis of VWHSP20 genes were determined using
MCScanX (Multiple Collinearity Scan) [55] and Circos
software, respectively.

Analysis of cis-elements in VvHSP20 gene promoters

The cis-elements were identified from the upstream 2 kb
promoter sequences of the VVHSP20 genes which were sub-
mitted to PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) [56].

Plant material

Plant samples were collected from the farm of Henan Uni-
versity of Science & Technology, Luoyang, China in 2017.
‘Kyoho' grape treated with distilled water (containing 0.03%
silicon wet-77 surfactant) was naturally grown for 6 years as
a control and treated twice with 300 mmol/L. H;O,. The
first spraying was conducted at 25 days post anthesis (dpa)
in 2017 and the second was 35 dpa. Samples were taken 35
days after flowering and every 10 days until the treated fruits
were ripe (Table 2). In addition, the treated berries reached
the veraison at 55 dpa. Representative pest-free samples
were collected from 5 individual vines of ‘Kyoho'. Thirty
samples were randomly selected from each tree to record
the phenological data of fruit development.

RNA extraction and quantitative real-time PCR (qRT-PCR)
data analysis

The RNAprep Pure Plant Kit (TIANGEN, Beijing China)
was used to isolate total RNA. cDNAs were obtained by
total RNA reverse transcription using HiScript® II 1st Strand
¢DNA Synthesis Kit (Vazyme, Nanjing China). Primers for
the VWHSP20 genes were designed by Primer Premier 5.0
software and listed in Additional file 2: Table S1. The grape
ubiquitinl gene was used as the reference gene [57, 58] and
the expression level of K1 was used as the calibrator.
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Quantitative real-time PCR was conducted with a total vol-
ume of 10 pL. of TransStart Top Green qPCR SuperMix kit
(TRANSGEN, Beijing China) in CFX96 Real-Time PCR De-
tection System (Bio-Rad). The relative expression changes of
VVHSP20s genes were calculated using the 272" method
from three independent replicates [59]. SPSS version 21.0
was employed to analyze the statistical significant differences
of the gene expression levels by ANOVA with Duncan’s
multiple range test.

The FPKM values of VVHSP20 genes were from the
RNA-Seq data (Accession codes, SRA: PRINA541089).
The average FPKM value of each repetition was con-
verted to log10. Pheatmap (R package) was used to gen-
erate the heatmap.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512870-019-2031-4.

Additional file 1: Figure S1. Syntenic relationships among WHSP20s
genes. Different colors represent different chromosomes. Lines of
different colors represent different tandem duplication genes.

Additional file 2: Table S1. Primers used for the qRT-PCR reactions.
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