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Abstract

Main conclusion HSP60 gene family in pepper was analyzed through bioinformatics along with transcriptional
regulation against multiple abiotic and hormonal stresses. Furthermore, the knockdown of CaHSP60-6 increased
sensitivity to heat stress.

Abstract The 60 kDa heat shock protein (HSP60) also known as chaperonin (cpn60) is encoded by multi-gene family that
plays an important role in plant growth, development and in stress response as a molecular chaperone. However, little is
known about the HSP60 gene family in pepper (Capsicum annuum L.). In this study, 16 putative pepper HSP60 genes were
identified through bioinformatic tools. The phylogenetic tree revealed that eight of the pepper HSP60 genes (50%) clustered
into group I, three (19%) into group 11, and five (31%) into group III. Twelve (75%) CaHSP60 genes have more than 10
introns, while only a single gene contained no introns. Chromosomal mapping revealed that the tandem and segmental dupli-
cation events occurred in the process of evolution. Gene ontology enrichment analysis predicted that CaHSP60 genes were
responsible for protein folding and refolding in an ATP-dependent manner in response to various stresses in the biological
processes category. Multiple stress-related cis-regulatory elements were found in the promoter region of these CaHSP60
genes, which indicated that these genes were regulated in response to multiple stresses. Tissue-specific expression was studied
under normal conditions and induced under 2 h of heat stress measured by RNA-Seq data and qRT-PCR in different tissues
(roots, stems, leaves, and flowers). The data implied that HSP60 genes play a crucial role in pepper growth, development,
and stress responses. Fifteen (93%) CaHSP60 genes were induced in both, thermo-sensitive B6 and thermo-tolerant R9 lines
under heat treatment. The relative expression of nine representative CaHSP60 genes in response to other abiotic stresses
(cold, NaCl, and mannitol) and hormonal applications [ABA, methyl jasmonate (MeJA), and salicylic acid (SA)] was also
evaluated. Knockdown of CaHSP60-6 increased the sensitivity to heat shock treatment as documented by a higher relative
electrolyte leakage, lipid peroxidation, and reactive oxygen species accumulation in silenced pepper plants along with a
substantial lower chlorophyll content and antioxidant enzyme activity. These results suggested that HSP60 might act as a
positive regulator in pepper defense against heat and other abiotic stresses. Our results provide a basis for further functional
analysis of HSP60 genes in pepper.
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Abbreviations
DAB  Diaminobenzidine

HS Heat stress

HSP  Heat shock protein
MeJA Methyl jasmonate

NBT  Nitro-blue tetrazolium
PDS  Phytoene desaturase
ROS  Reactive oxygen species

SA Salicylic acid

TRV  Tobacco rattle virus
VIGS Virus-induced gene silencing
Introduction

Plants are sessile organisms and are exposed to various
threats, both biotic and abiotic. These stresses individually
or in combination result in huge losses in terms of growth,
development, yield and sometimes leading to plant’s death
(Mittler 2006). Plants continuously confront harsh environ-
ment, such as high and low temperatures, drought, salinity,
heavy metals, light, flooding, and physical wounding (Al-
whaibi 2011; Guo et al. 2016). These stresses negatively
affect plant germination (Cheng et al. 2009), growth (Wahid
et al. 2007), and loss of photosynthetic pigment (Tan et al.
2011). These stresses also affect the reproductive character-
istics by causing male sterility (Young et al. 2004), reduced
pollination and fertilization (Guo et al. 2015), and increased
premature flower and fruit drop (Tubiello et al. 2007).

On the onset the of stress situation, plants improvised a hor-
monal balance of ABA, ethylene, salicylic acid (SA), jasmonic
acid (JA), and other steroids to enhance stress tolerance and
resistance (Wang and Li 2006). Besides these adaptations, at
the cellular and molecular levels, plants also tend to enhance
the production of special stress-related proteins instead of nor-
mal proteins. The specialized stress-related proteins known as
heat shock proteins (HSP) are produced through transcription
and translation of special HSP genes (Guo et al. 2016; Singh
et al. 2016). The up- and down-regulation of these stress-
responsive biomolecules, which act as molecular chaperones,
are controlled by transcription factors, i.e., heat shock factor
(HSF) (Ahuja et al. 2010). Heat shock proteins (HSP) are
grouped into different classes based on their molecular weight,
such as HSP100, HSP90, HSP70, HSP60, and the small HSP
including HSP40, HSP20, and HSP10, respectively (Wang
et al. 2004; Kotak et al. 2007). These are responsible for main-
taining cell homeostasis, transport of newly synthesized pro-
teins across cell organelles, preventing mis-folded, denatured,
and aggregated proteins caused by stress conditions (Balchin
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et al. 2016). Heat shock proteins (HSP60), as molecular chap-
erones, assist in folding and refolding of proteins (Hartl et al.
2011; Balchin et al. 2016). Chaperonins share a double ring-
like structure that plays an important role in protein functional
conformation and transport (Saibil et al. 2013). The group I
chaperonin, HSP60, is well studied in prokaryotes, Escheri-
chia coli, both structurally and functionally. ATP binds to the
GroEL making the GroEL/GroES (HSP60/HSP10) complex
having a barrel like structure, which refolds the substrate into
its normal structure. After proper folding the proteins with
the use of ATP, GroES detach from GroEL releasing the
proper folded protein molecule from the cavity, and the pro-
cess repeats with the expenditure of ATP (Hartl et al. 2011).
Chaperonins have been studied in Arabidopsis (Xu and Huang
2010; Jungkunz et al. 2011), rice (Wang et al. 2014), maize
(Prasad et al. 1990), foxtail millet (Singh et al. 2016) and pop-
lar (Yer et al. 2018), however, little in pepper.

Pepper (Capsicum annuum L.) is one of the important
solanaceous crop in the world and is used as a major spice in
cuisines due to its appealing taste and nutritional value (Kim
et al. 2014). Pepper is sensitive to various stresses, particu-
larly to high-temperature stress during the reproductive stage.
HSP70 and HSP60 gene families are the most studied chap-
erones under heat stress (HS) (Hartl et al. 2011), and several
reports are available studying these in prokaryotes and some
other eukaryotes. However, no systematic study has been
reported on the role of HSP60 gene family in pepper. In this
study, we identified 16 HSP60 genes in the pepper genome
through bioinformatic analysis. Phylogenic relationship and
gene-duplication events were studied to know the expansion of
HSP60 genes in the pepper along the gene structure, conserved
motifs and distribution of these genes on different chromo-
somes. In a functional analysis, cis-regulatory elements in the
promoter region and gene ontology (GO) were also elucidated.
Expression analyses of CaHSP60 genes in different vegetative
and reproductive plant parts and under multiple environmental
stresses were also performed. Based on the expression profile
of CaHSP60-6 to heat, other abiotic and hormonal stresses,
and presence of multiple stress-related cis-regulatory elements
in the promoter region, it was speculated that this gene might
be involved in pepper defense to abiotic stresses. Thus, this
study aimed to identify the function of CaHSP60-6 and its
involvement in different biological processes. We knocked
down this gene through virus-induced gene silencing (VIGS)
assay and exposed the pepper plants to HS. The results of this
study indicated that this gene positively regulates the pepper
defense against HS. This study will provide a basis for further
insight into this vital gene family in the development of stress
tolerance in pepper plants.
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Materials and methods

Identification and sequence analysis of CaHSP60
gene family in pepper

To identify the HSP60 gene family members in pepper,
profile of “PF00118” from Protein family (Pfam) database
(http://pfam.xfam.org/) was blast searched, using the Hid-
den Markov Model (HMM) via HAMMER 3.0 with default
parameters, in the current version of Pepper Genome Plat-
form (PGP) (http://peppergenome.snu.ac.kr/download.php)
for CM334 (release 1.55) and Zunla-1 (v 2.0) (Kim et al.
2014; Qin et al. 2014). Initial sequences of CaHSP60 like
genes from different pepper genomes were aligned through
DNAMAN program. The putative pepper HSP60 genes were
examined for the presence of Cpn60_TCP1 domain using
SMART (http://smart.embl-heidelberg.de/) and NCBI CDD
tool. The confirmed and non-redundant genes (molecular
weight (MW) <69 and > 50 kDa and with Cpn60_TCP1
domain) were named CaHSP60 following the method of
Guo et al. (2016).

Physico-chemical attributes and bioinformatics
analysis of CaHSP60 genes

To compute and analyze the MW, theoretical isoelectric
point (pl) and instability index; protein sequences were
blasted in ExXPASy-ProtParam tool (http://web.expasy.org/
ProtParam/) (Gasteiger et al. 2003). For subcellular location
prediction, the program WOLF PSORT (https://www.gensc
ript.com/wolf-psort.html) was used (Horton et al. 2007).
Exon/intron structure of CaHSP60 genes was determined
by blasting fasta format the coding DNA sequences (CDS)
to corresponding genomic sequences in the online tool
Gene Structure Display Server (GSDS2.0) (http://gsds.cbi.
pku.edu.cn/) as described by Kang et al. (2016). For phylo-
genetic tree construction, protein sequences from different
plants and pepper HSP60 were aligned by CUSTALW and
the tree was generated by MEGA 6.0, using neighbor-joining
(NJ) method with 1000 bootstraps following our previous
study of Khan et al. (2018). Gene ontology (GO) enrichment
analyses were performed using the online program Blast2Go
(http://www.blast2go.com). The results were predicted and
analyzed in three categories, i.e., cellular component, molec-
ular function, and biological processes (Ali et al. 2018).

Analysis of conserved motifs and cis-acting
elements in the promoter region of CaHSP60 genes

We used MEME online program to determine the conserved
motifs in the CaHSP60 genes (http://meme-suite.org/tools

/meme), keeping the settings as described by Guo et al.
(2016). The conserved domains in the sequences were con-
firmed by the conserved domain database (CDD) (http://
www.ncbi.nlm.nih.gov/cdd/), SMART (http://smart.embl-
heidelberg.de/), and EMBL-EBI (https://www.ebi.ac.uk/
interpro/).

The cis-regulating elements in the promoter region of
CaHSP60 genes were searched in the pepper genome plat-
form (PGP). PlantCARE online tool was used to find out
cis-acting elements (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Lescot et al. 2002).

Chromosomal location and gene-duplication
analysis of CaHSP60 genes

Information about the chromosome and position of
CaHSP60 genes on the respective chromosome was retrieved
from pepper genome platform (PGP) (http://peppergeno
me.snu.ac.kr/) as described by Zhang et al. (2016), and the
genes mapping diagram on chromosomes was constructed
using Map Draw (Liu and Meng 2003). Duplication analysis
was performed following the method of Gu et al. (2002),
briefly described as follows: (1) the FASTA-alignable region
among the two proteins should be more than 70% of the
longer protein sequence and (2) the identity between the two
protein sequences (/) should be I_30% if the alignable region
is longer than 150 amino acid and />0.01n+4.8L~0-32(1 +exp
(-L/1000) " \where n=6 and L is the alignable length between
the two protein sequences of the gene.

Tissue-specific expression of CaHSP60 genes based
on RNA-Seq data

Previously published and publically available data (Kim
et al. 2014) were used for tissue-specific expression from
online server (http://peppergenome.snu.ac.kr/). These data
in reads per kilo base per million mapped reads (RPKM) for
roots, stems, leaves, and for pericarp and placenta each at
mature green (MG), breaker (B), 5 day post-breaker (5B),
10 day post-breaker, 6 day post-anthesis (6DPA), 16 day
post-anthesis (16DPA), and 25 day post-anthesis (25DPA)
were used for CaHSP60 genes members and the results were
normalized to log 2 and heat maps were generated through
Heml 1.0 heat map illustrator (Deng et al. 2014).

Plant materials and growth conditions

Pepper thermo-tolerant cultivar R9 (sweet pepper, intro-
duced from the World-Asia Vegetable Research and Devel-
opment Center, PPO042-51) and thermo-sensitive line B6
from the Laboratory of Vegetable Plant Biotechnology and
Germplasm Innovation, Northwest A&F University, China,
were used in this study. The previously described methods of
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Huang et al. (2018) were followed by growing the seedlings
in growth chamber (GXZ-380C, Jiangnan Instrument Fac-
tory, Ningbo, China) at day (25 °C for 16 h) and night (20 °C
for 8 h) with 60% relative humidity and 200 pmol m=2 s~
illumination intensity.

Abiotic stress treatments and hormonal
applications

Plants were subjected to high-temperature stress as described
by Guo et al. (2015, 2016). Briefly, pepper seedlings in the
growth chambers at 68 true leaves stage were treated with
HS of 42 °C for 0.5, 1, 2, 4, and 8 h, respectively, to deter-
mine dynamic expression profile of HSP60 genes. Plants
grown at 25 °C in the day conditions were considered as
controls. For tissue-specific expression, R9 plants treated
with HS at 42 °C for 2 h and others at 25 °C were treated
as control. Samples from leaves, stems, roots from seed-
lings, and flowers of adult plants with and without HS were
collected.

For other abiotic stresses, pepper seedlings were exposed
to low temperature (6 °C) in the growth chamber, and for
salt and osmotic stresses, the seedlings were treated with
300 mM NaCl and mannitol for 0, 1, 3, 6, 12, and 24 h. Simi-
larly, for hormonal applications, 50 uM methyl jasmonate
(MeJA), 5 mM SA, and 0.57 mM ABA solution were used.
Methods of our previous study were followed and samples
were collected at 0, 1, 3, 6, , and 24 h post-treatment (hpt)
(Ali et al. 2018). The samples after collection were immedi-
ately frozen in liquid nitrogen and stored at — 80 °C.

RNA extraction and qRT-PCR analysis

Total-RNA extraction, cDNA synthesis, dilution, and qual-
ity checking were done following the protocol of Ali et al.
(2018). Primer Premier 6.0 package (http://www.premierbio
soft.com/primerdesign/index.html) was used for designing
gqRT-PCR gene-specific primers (Table S1). The designed
primers were analyzed and confirmed through the NCBI
Primer BLAST tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). The pepper CaUbi3 gene was used as a ref-
erence gene and 2-22CT method was used for the determina-
tion of relative expression of all the genes.

VIGS assay of CaHSP60-6 in pepper

VIGS technique was used to knockdown the CaHSP60-6 in
pepper cultivar R9. The pTRV2:CaHSP60-6 recombinant plas-
mid was engineered following the method of Liu et al. (2016);
briefly, a 337-bp sequence part of CaHSP60-6 was cloned into
pTRV2 vector using the forward 5' GCCGCCCAAGGAATG
3" and reverse primers 5" CCGCAAATGTTGAGACCA 3'.
Afterwards, the freeze—thaw method was used to transform
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pTRV1, pTRV2 (negative control), and pTRV2:CaPDS (posi-
tive control) with the combined vector pTRV2:CaHSP60-6
into Agrobacterium tumefaciens (GV3101). A. tumefaciens
carrying pTRV1 was mixed in a ratio of 1:1 with pTRV2,
pTRV2:CaPDS and pTRV2:CaHSP60-6. The agrobacterium-
mediated suspensions with pTRV 1, pTRV2, pTRV2:CaPDS,
and pTRV2:CaHSP60-6 (OD600=1.0) were infiltrated and
pepper seedlings. Samples from leaves in the control and
CaHSp60-6 knockdown plants were collected 6 week post-
infiltration to measure the silencing efficiency by qRT-PCR.
These experiments were conducted with three biological
replicates.

Plant physiological indices

Measurement of excised leaf water loss assay,
relative electrolyte leakage, chlorophyll contents,
and lipid peroxidation

To determine water loss assay, the top second fully expanded
leaves of silenced and control plants at untreated and heat-
stressed were detached and placed on blotting papers and
weight was recorded every half-hour interval for 8 h, under
light conditions and at room temperature. The water loss
assay of leaves was calculated as the percentage of fresh
weight of the control and silenced plants. Relative elec-
trolyte leakage (REL) was computed by the formula REL
% = (EC1/EC2) % 100 according to the method described by
Yin et al. (2014).

Total chlorophyll was spectrophotometrically deter-
mined in the leaves using an 80% acetone method. Leaves
from untreated and stressed plants in control and knock-
down plants were collected and incubated overnight in 80%
acetone and absorbance was taken at 663 and 646 nm and
the chlorophyll content was measured in milligrams per
gram FW (Lichtenthaler and Wellburn 1983). Lipid per-
oxidation was determined by calculating the malondial-
dehyde (MDA) contents following the method of Campos
et al. (2003). Briefly, 0.5 g leaves’ sample was grounded
in sodium phosphate buffer (pH 7.8) having 1% polyvinyl
pyrrolidone (PVP) on an ice bath. The homogenate was cen-
trifuged at 12,000g, for 20 min at 4 °C, and the supernatant
was mixed with 5% TCA having 0.5% 2-thiobarbituric acid
(TBA) and boiled for 20 min in a water bath. Absorbance of
the cooled and centrifuged solution was measured at 600,
532, and 450 nm.

Measurement of H,0, content, histochemical
detection of ROS, and antioxidant enzymes activity

H,0, was determined according to Sergiev et al. (1997).
First, the standard solution was prepared to obtain a curve
by dilution of 100 pM H,0, and 0.1% trichloroacetic acid
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(TCA) in the ratio of 0:1; 0.1:0.9; 0.2:0.8; 0.4:0.6; 0.6:0.4;
0.8:0.2; and 1:0 mL in 3 mL of potassium phosphate buffer
and potassium iodide (KI) solution. Samples were homog-
enized with 0.1% TCA (w/v). The solution was centrifuged
for 15 min at 12,000g and the supernatant was added to
1 M KI and 10 mM potassium phosphate buffer pH 7. The
mixture was gently mixed and absorbance was measured at
390 nm. Superoxide radical (O,) was estimated in leaves by
staining with 0.1% nitro blue tetrazolium (NBT) in 50 mM
potassium phosphate buffer (pH 7.8) as described by Liu
et al. (2016). Hydrogen peroxide (H,0,) was detected by
the 3,3 diaminobenzidine (DAB) method (Feng et al. 2019)
according to Su et al. (2014).

Antioxidant enzymes, superoxide dismutase (SOD),
and peroxidase (POD) activities were estimated follow-
ing the protocol of Guo et al. (2012). For SOD activity, the
enzyme mixture contained 130 mM methionine (MET),
0.1 mM EDTA-Na,, 0.75 mM NBT, 0.02 mM riboflavin,
and 0.05 mM phosphate buffer was used and the activity
was recorded at 560 nm. POD activity was calculated by
mixing the crude enzyme extract with 0.2% guaiacol and
0.3% H,0, diluted with 0.2 mM phosphate buffer (pH 7.0)
and absorbance was noted at 470 nm at 30 s intervals for
3 min reaction time.

Statistical analysis

The data were analyzed by SPSS package (SPSS version
23.0, SPSS Inc., Chicago, IL, USA). Analysis of variance
(ANOVA) and least significant difference (LSD; P <0.05)
test were employed to compare the significant differences
among the given treatments using standard deviation (SD) of
three replications in all measured parameters. Data were pre-
sented as graphs that were constructed by GraphPad Prism
7.0 (GraphPad Software, Inc., LA Jolla, CA, USA).

Results

Identification, sequence analysis, and annotation
of CaHSP60 genes family in pepper

Initially, 32 and 43 HSP60-like genes were extracted
from the pepper genome platform for CM334 and Zunla-
1, respectively, employing the Hidden Markov Model
(HMM) profile of HSP60 (accession no: PF 00118).
After alignment by DNAMAN, similar sequences were
considered as a single gene; as a result, 36 sequences
were obtained. Furthermore, based on the SMART scan
and NCBI CDD tool, 20 candidate sequences (molecu-
lar weight > 69 and < 50 kDa and without Cpn60_TCP1
domain) were removed. Finally, we obtained a total of
16 HSP60 genes which were named CaHSP60-1 to 16

based on the molecular weight. Subsequently, primers
pairs (Table S2) were designed to amplify and confirm
the sequence through cloning.

Physico-chemical attributes and bioinformatics
analysis of CaHSP60 genes

Considerable variations were recorded for the physico-
chemical properties of HSP60 genes in pepper (Table 1),
such as CDS. The length of HSP60 genes ranged from
1509 bp (CaHSP60-1) to 1923 bp (CaHSP60-16). Simi-
larly, the molecular weights ranged from 502 amino acids
(aa) in CaHSP60-1 to 640 (aa) in CaHSP60-16. The pre-
dicted PI values were between 5.28 (CaHSP60-11) and
6.99 (CaHSP60-9), whereas the predicated instability index
showed that 14 out of 16 CaHSP60s (87%) were stable pro-
tein (instability index < 40) (Table 1).

Intron/exon analysis revealed that only a single gene
(CaHSP60-2) had no intron, while others had multi introns.
More than 10 introns were noticed in 12 (75%) of the
CaHSP60 genes (Fig. 1). A total of 10 conserved motifs of
CaHSP60 genes was identified through the online server
MEME tool (http://meme-suite.org/tools/meme). Motifs 3,
4,5, 6, and 7 were present in 8 (50%) of CaHSP60 (-1, -2,
-3, -4, -5, 6, -7, and -8) genes, forming group I, while along
with the above-mentioned motifs, additional motifs 1, 2, &,
9, and 10 were found in CaHSP60 (-9, -10, -11, -13, -14,
-15, and -16), whereas only motif 8 was absent in CaHSP60-
12 (Fig. 2). Details about motifs and domains are shown in
Suppl. Tables S3 and S4.

To understand the evolutionary history, similarities and
differences of pepper HSP60 genes and those related genes
in other crop species, an un-rooted phylogenetic tree was
constructed. These sequences were from Arabidopsis thali-
ana, Artemisia annua, Capsicum annuum, Carica papaya,
Gossypium hirsutum, Glycine max, Hordeum vulgare, Malus
domestica, Nicotiana benthamiana, Oryza sativa, Sesamum
indicum, Solanum lycopersicum, Solanum tubersosum, Sor-
ghum bicolor, Triticum aestivum, and Zea mays. Analysis of
the phylogeny revealed that these sequences clustered into
three groups based on the sequence similarities and related-
ness. Out of 16 peppers HSP60 genes, eight (50%) genes
separated into group I, three (19%) into group II and five
(31%) genes clustered into group III, respectively (Fig. 3).
The chromosomal location revealed that CaHSP60 genes
were distributed on 7 different chromosomes in pepper,
where the highest number of 4 CaHSP60 was clustered on
chromosome 3, followed by chromosomes 1 and 11 carrying
3 genes each (Fig. 4). In the gene-duplication event, a single
tandem duplication (CaHSP60-3 and -12) and two segmen-
tal duplication events (CaHSP60-13, -9 and CaHSP60-2,
-11) were recorded.
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Table 1 List of CaHSP60 family genes identified

Name Gene ID Chr ORF (bp) Intron AA WT (kDa) PI Instability index Localization predicted
CaHSP60-1 CAO00g87440/CAPANA05g002534 5 1509 11 502 54 5.72 35.36 Cyto, Chlo
CaHSP60-2 CA03g32900/CAPANA03g000395 3 1518 0 505 54.5 6.3 3195 Cyto, Nucl
CaHSP60-3 CA11g18030/CAPANA11g000137 11 1559 10 526 57 10.65 62.8 Cyto, Chlo
CaHSP60-4 CAO01g21370/CAPANAO00g003818 1 1626 12 541 58.3 5.38 34.25 Cyto, Chlo
CaHSP60-5 CA02g23270/CAPANA02g002768 2 1608 14 535 58.9 5.79 33.08 Cyto, Chlo
CaHSP60-6 CA00g32440/CAPANAO1g003544 1 1639 16 545 59 5.86 30.42 Cyto, Chlo
CaHSP60-7 CA04g19360/CAPANA04g000494 4 1608 8 535 59.2 5.63 40.81 Cyto, Chlo
CaHSP60-8 CAO06g14400/CAPANA00g002925 6 1683 12 560 59.2 6.2 36.77 Cyto, Pero
CaHSP60-9 CA03g36370/CAPANAO03g000172 3 1722 17 573 59.9 6.99 28.4 Chlo, Mito
CaHSP60-10 CAO05g16900/CAPANA05g002262 5 1722 17 573 61 5.76 28.18 Mito, Chlo
CaHSP60-11 CA00g90610/CAPANA06g000535 6 1770 7 589 62 5.28 31.21 Chlo, Mito
CaHSP60-12 CA11g19690/CAPANA11g000039 11 1776 9 591 63 5.65 27.01 Chlo
CaHSP60-13 CAO1gl18140/CAPANAO1g002025 1 1812 13 603 64 5.56 26.5 Chlo, Mito
CaHSP60-14 CA03g34990 3 1851 12 616 65 6.4 26.08 Chlo, Mito
CaHSP60-15 CA11g02350/CAPANA00g002729 11 1857 11 618 67 8.76 25.04 Chlo, Nucl
CaHSP60-16 CA03g02420/CAPANA03g004399 3 1923 14 640 69 6.06 29.03 Mito, Chlo

Chr chromosome, ORF open reading frame, AA amino acid, WT molecular weight (kDa), P/ isoelectric point, Cyfo cytoplasm, Mito mitochon-

dria, Pero peroxisome, Nucl nucleus
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Fig. 1 Phylogenetic tree and exon—intron analysis of pepper CaHSP60s. a Phylogenetic tree. b Exon—intron analysis

Gene ontology and cis-acting elements analysis
of CaHSP60 genes

GO analysis showed that CaHSP60 genes were involved
primarily in protein folding and refolding through an ATP-
dependent manner. In addition, CaHSP60s were predicted
to be localized in cell compartments, such as cytoplasm,
mitochondrial matrix, chloroplast, and few in the nucleus
(Fig. 5).

@ Springer

To find out the cis-regulatory elements in the promoter
region of CaHSP60 genes, the upstream region of 1500
bp was analyzed in all the CaHSP60 genes through the
plantCARE program. The silico analysis showed that the
promoter region contained cis-acting elements related to
abiotic, biotic, and hormonal stresses (Fig. 6; Table S5).
Defense- and stress-related TC-rich repeats were found in all
16 CaHSP60 genes with a maximum of five in CaHSP60-6
followed by two each in CaHSP60-3, -4, -7, -9, -13, and -14,
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Fig. 2 Distribution of conserved motifs in pepper HSP60 genes. Ten putative motifs are shown by different colored boxes. The names of all

CaHSP60 along with their P values are shown at the left side of the figure

respectively, while other genes had only one. Heat shock ele-
ments (HSE) were detected in nine (56%) CaHSP60 genes,
low-temperature responsive elements (LTR) in six (37%),
drought responsive elements (MBS), TGAG, and TCA ele-
ments in 11 (69%) of pepper HSP60 genes, while ABRE
(ABA responsive elements) were found in ten (62%) of
the CaHSP60 genes. In addition, fungal elicitor P-Box and
wound responsive motifs were also found in promoter region
of some pepper HSP60 genes.

Expression analysis of pepper HSP60 genes
under HS

To investigate the transcriptional regulation of CaHSP60
genes under high-temperature stress, pepper thermo-toler-
ant line R9 and thermo-sensitive line B6 were treated with
42 °C for different periods and their expression level were
analyzed by qRT-PCR (Fig. 7). The pepper HSP60 genes
transcriptionally responded differently in both lines at dif-
ferent timepoints. The expression profile revealed that 15
(93%) out of 16 genes were up-regulated under HS and only
CaHSP60-3 was down-regulated in both lines. CaHSP60-4
showed a slight down-regulation, soon after HS, followed
by progressive up-regulation in both the pepper lines. While
CaHSP60-16 was down-regulated in the B6 line only, it was
progressively up-regulated in the R9 line with maximum
expression (5.22) at 8 h. CaHSP60-7 did not significantly
respond to HS in line R9, whereas its expression increased
in line B6 at 1 h (60.78) and 8 h (38.42), respectively. No

significant response of CaHSP60- 8 and -10 occurred until
2 h, yet then the expression progressively increased in both
lines. Many CaHSP60 genes during HS exhibited a grad-
ual up-regulation, reaching to peak at 2 h HS treatment. A
more prominent response was recorded in the R9 line for
CaHSP60-5, -6, -11, and -15 (37.809, 45.924, 43.25, and
9.09) after 2 h exposure to HS, respectively.

Expression profile of pepper HSP60 genes
in response to other abiotic stresses

To investigate the transcriptional regulation of pepper
HSP60 genes in response to other abiotic stresses, 9 can-
didate CaHSP60s (1, 3, 5, 6, 9, 10, 11, 13, and 14) in
the R9 line were selected as representatives of the pep-
per HSP60 family on the basis of cis-acting elements and
the expression profile to HS. These genes were subjected
to cold, salt, and osmotic stresses (Fig. 8). The results
revealed that almost all the candidate genes showed a
differential up-regulation to these abiotic stresses except
CaHSP60-3, which showed down-regulation under cold
and NaCl stresses. The expression of CaHSP60-1 gradu-
ally increased and reached the maximum at 12 hpt under
cold and drought (5.389 and 13.072) and at 24 hpt under
NaCl (9.16) treatment. Pepper HSP60-3 was down-reg-
ulated under cold and NaCl stresses, while no response
occurred to mannitol stress until 6 hpt, and afterwards, it
was gradually up-regulated. For other candidate pepper
HSP60 genes, a steady and gradual increase in expression
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Fig.3 Phylogenetic tree of HSP60 genes in pepper and other plant species.

method and the diagram was built by MEGA 6.0 software

was recorded for NaCl stresses with the maximum fold
transcription recorded at 24 hpt. CaHSP60-5, -6, and -14
responded in a similar fashion to cold stress. However,
the expression peaked at 6 hpt (23.3, 34.9, and 10.58),
respectively. The same genes were maximally expressed
at 12 hpt under mannitol stress. In response to cold stress,
CaHSP60-13 showed no significant response, a gradual
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The phylogenetic tree was constructed using the neighbor-joining

increase was recorded for NaCl, reaching a maximum
of 10 folds at 24 hpt, whereas the same gene showed a
concomitant up/down expression response for mannitol
stress. CaHSP60-11 was significantly up-regulated (14-,
14-, and 15-folds) at 3, 6, and 12 hpt under cold treatment
and abruptly down-regulated at 24 hpt.
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Fig.5 Gene ontology analysis of CaHSP60s was done using the Blast2Go package. Different colors stand for different categories of cellular
component, molecular function, and biological process of pepper HSP60 genes

Expression profile of CaHSP60s in response
to hormonal treatments

The above selected 9 candidate pepper HSP60 genes were
also treated with exogenous SA, ABA, and MeJA treatment
to study the effect of these treatments on the expression level
of these genes. Many of the studied genes responded to these
hormonal treatments (Fig. 9). The pepper HSP60 genes
showed a gradual and steady expression pattern to MeJA
treatment, where maximum expression folds were recorded
at 24 hpt except for CaHSP60-3, which showed no response
to MeJA at all the timepoints. Maximum expression of

CaHSP60-14 was observed when exposed to SA treatment
at 1 h (12.188), to ABA (15.18) at 6 hpt and to MeJA (4.50)
at 24 hpt. In case of SA treatments, CaHSP60-1, -5, and -6
were up-regulated (5, 23, and 15 folds, respectively) at 6 hpt;
CaHSP60-9 and -11 expressions peaked (67 and 14 folds)
at 12 hpt, while CaHSP60-3 and -13 showed no response to
SA treatment. After ABA treatment, CaHSP60-1, -10, and
-11 showed a maximal expression (9, 28, and 13 folds) at 1
hpt and then smoothly declined. Expression of CaHSP60-5,
-6, and -4 suddenly increased (50.84, 48.32, and 7.12) at 1
hpt and then steadily increased over time; the expression was
at peak (55.24, 53.4, and 15.18) at 6 hpt and then declined.
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Fig.6 Cis-acting elements in the promoter regions of pepper HSP60 genes, which were determined by PlantCARE online tool
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Fig.7 Expression pattern HSP60 genes of pepper thermo-tolerant
line R9 and thermo-sensitive line B6 under HS condition. 6-8 true
leaves of R9 and B6 seedlings were used to check gene expression
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CaHSP60-9 and -11 were maximally expressed (10 and 24
folds) at 12 h post-ABA treatments.

Expression analysis of CaHSP60 genes in different
tissues of pepper

To further explore the role of CaHSP60 genes in growth
and development of pepper, we conducted in silico tissue-
specific analysis in vegetative (roots, stems, and leaves) and
reproductive parts (seven different developmental stages of
pericarp and placenta) through publically available RNA-
Seq data (Kim et al. 2014). It can be seen in the heat map
(Fig. 10a), pepper HSP60 genes exhibited a differential
expression in various tissues and developmental stages.
CaHSP60-12 and -14 showed the lowest expression, while
CaHSP60-1,-5 and -16 showed a higher expression in almost
all the tested tissues and stages. Since the HSP60 gene fam-
ily is stress-responsive and the in silico transcriptomic analy-
sis were conducted at normal condition, R9 pepper plants
were also exposed to 2 h heat treatment at 42 °C. As shown
in Fig. 10b, most of the genes showed higher expression in

many of the tested tissues. Flower buds exhibited the highest
CaHSP60 genes expression, followed by stems and leaves,
while roots had the lowest expression level. In addition,
CaHSP60-3 showed the lowest genes expression in almost
all the tested tissues, while CaHSP60-16 was also down-
regulated in leaves. In roots, CaHSP60-3, -8, -9, -10, and -14
showed the lowest expression, while maximum expression
was recorded in leaves for CaHSP60-5, -6, and -11.

CaHSP60-6 knockdown impact on resistance to HS

To study the loss of function of CaHSP60-6 in pepper,
VIGS was employed in pepper cultivar R9. To witness
the success of the VIGS phenotypically, TRV2:CaPDS
vector (positive control) was used for the silencing of the
pepper PDS gene, which resulted in typical white color
leaves considered as markers of the photo-bleached phe-
notypes. TRV2:00 (empty vector) was used as a negative
control. After 6 weeks of infiltration, the CaPDS-treated
plants showed a photo-bleached phenotype demonstrating
the success of the VIGS (Fig. 11a). At that time, silencing
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Fig.9 Expression pattern of pepper HSP60 genes in response to
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Fig. 10 a In silico expression pattern of CaHSP60 genes in different
tissues as derived from the database of pepper (CM334). The results
were log2 transformed before generating heat maps in leaf, root,
stem, 6, 16, and 25 day post-anthesis (60DPA, 16DPA, and 25DPA),
mature green (MG), breaker (B), 5- and 10-day post-breaker (B5 and
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Mean values +SD for three replicates are shown; small letters (a—f)
stand for significant differences (P <0.05)

B10) of pericarp (PC) and placenta (PL). b Tissue-specific expression
of CaHSP60 genes in the R9 pepper plant. The samples were col-
lected after 2 h heat treatment at 42 °C from different parts root (R),
stem (S), leaf (L), and flower (F) and were analyzed by qRT-PCR; the
results were log2 transformed before generating heat maps
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Fig. 11 Phenotypes and of loss of function of CaHSP60-6 in the
pepper cultivar R9. a Phenotypes of TRV2:00, TRV2:CaPDS, and
TRV2:CaHSP60-6. b Relative expression of CaHSP60-6-silenced
and control (TRV2:00) plants. ¢ Phenotypes of CaHSP60-6 silenced

efficiency was measured through qRT-PCR which confirmed
that transcript level of TRV2:CaHSP60-6 was almost 72%
lower than TRV2:00 (Fig. 11b). HS (42 °C) was applied to
CaHSP60-6 silenced and control pepper plants and the tran-
script level was recorded after different HS exposure times
(0, 0.5, 1, 2, 4, and 8 h) in the pepperline R9. The highest
transcript level (20 folds) was recorded for HS on 2 h in
the TRV2:CaHSP60-6 knock-downed plants as compared
to (42 folds) in the control (empty vector TRV2:00) which
corresponds to (52%) a lowered level in the silenced plants
compared to control plants.

Influence of CaHSP60-6 silencing
on the physiological indices in response to HS

To see the effect of CaHSP60-6 knockdown in pepper plants,
we measured the leaves water loss rate to the fresh weight,
membrane integrity, chlorophyll contents, reactive oxygen
species (ROS), and antioxidant enzymes in the leaves after
HS. Water loss assay indicated a higher water loss (30%)
in silenced plants compared to (22%) control pepper plants
after 8 h of HS (Fig. 12a). A gradual increase in the rela-
tive electrolyte leakage was noted after HS, where excessive

o
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= TRV2:00 CaHSP60-6
m TRV2:CaHSP60-6 @
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and control plants before and after HS. d Relative expression of
CaHSP60-6 in silenced and control plants was analyzed under HS
(42 °C). Data represent mean=+ SD of three biological replicates; let-
ters a—f stands for the significant difference (P <0.05)

damage (>22%) was recorded at 72 h in the silenced pep-
per plants leaves as compared to control plants. As photo-
synthetic efficiency is related to chlorophyll content (Dai
et al. 2009), the chlorophyll contents were measured in
CaHSP60-6 silenced and control pepper plants. In control
pepper plants, a slight decrease in chlorophyll contents was
noted until 24 h post-treatment, then a significant decline
was recorded, whereas in the CaHSP60-6 silenced pepper
plants, HS caused a significant decline in the chlorophyll
content. A substantial reduction (almost 65%) in the chlo-
rophyll contents at 24 h post-heat treatment in the silenced
pepper plants was recorded as compared to control pepper
plants (Fig. 12b, c). Malondialdehyde (MDA) and H,0, con-
tents both followed a similar trend of increase after HS in
both the silenced and control pepper plants. MDA contents
at 72 h after HS were significantly higher in the silenced
plants compared to control pepper plants (Fig. 12d).

HS increased the accumulation of ROS as estimated by
histochemical NBT and DAB staining; this accumulation
was more apparent in the leaves of CaHSP60-6 silenced
plants as compared to control pepper plants (Fig. 13a, b).
Similarly, the measured H,O, contents at 72 h were also
significantly higher (7 folds) in the knockdown plants as
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compared to (5 folds) in the empty vector (control) pepper
plants (Fig. 13c). Pepper plants activated the antioxidant
enzyme system in response to stress to mitigate the ROS-
associated damage. HS significantly induced the activity
of superoxide dismutase; however, this increase in con-
trol plants was significantly higher than in silenced pepper
plants. A similar trend was recorded for peroxidase (POD)
activity which also increased significantly up to 48 h post-
stress in both the silenced and control pepper plants and then
decreased in activity at 72 h. However, the control pepper
plants had a significantly higher POD activity as compared
to CaHSP60-6 silenced plants (Fig. 13d, e).

Discussion

Heat shock proteins genes are important stress-related genes
that not only prevent protein aggregation and maintain non-
native protein functional conformation and cell homeostasis
under HS but also in various biotic and abiotic stresses. Heat
shock proteins (HSPs) are grouped into different classes
based on their molecular weight, such as HSP100, HSP90,
HSP70s, HSP60s, and the small HSPs including HSP40,
HSP20, and HSP10, respectively (Wang et al. 2004; Mittler
2006; Kotak et al. 2007).

Heat shock proteins (HSP60), also called chaperonins,
cpn60, HSD1, or CCT with approximately 60 kDa of

@ Springer

molecular weight, along with HSP70, are the most sig-
nificant molecular chaperones that assist in folding and
refolding of proteins under HS (Hartl et al. 2011; Balchin
et al. 2016). Chaperonins have been little studied in plants;
however, no studies have been conducted on identification,
transcriptional regulation, and characterization of HSP60
gene family in pepper. Thus, the current study described
the identification and analysis of 16 putative HSP60 genes
in the pepper genome (Table 1). The investigation of their
structure, evolutionary relationship, chromosomal organiza-
tion, tissue-specific and dynamic expression profile under
heat and other abiotic stresses in pepper provides a basis
for further functional characterization of HSP60 genes in
solanaceous and other crop species.

Structural analysis demonstrated that only a single gene
had no intron, while more than 75% of genes had more than
10 introns (Fig. 1). ORF analysis of CaHSP60 genes revealed
that the protein sequences were in the range from 502
(CaHSP60-1) to 640 (CaHSP60-16) amino acids, respec-
tively. The phylogeny analysis (Fig. 3) showed that these
sequences clustered into three groups based on sequence
similarities and relatedness. Out of 16 peppers HSP60 genes,
8 genes were separated into group I, which constitute the
T-complex polypeptide (TCP-1) group of the HSP60 gene
family. This group is formed by motifs 3, 4, 6, 7, and 9 out of
the 10 conserved motifs found. Group II forms the mitochon-
drial GroEL-like chaperonin60 group, while group III forms
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Fig. 13 Accumulation of ROS and comparison of enzymatic activity
under HS in TRV2:CaHSP60-6 silenced and TRV2:00 pepper plants.
a NBT leaves staining which showed the accumulation of O,. b DAB
staining which shows H,0, accumulation. ¢ H,0, contents. d Super-

the chloroplast Rubisco large subunit-binding protein group
of the HSP60 gene family. Group II and III contain all the
10 putative conserved motifs except for CaHSP60-12 which
lacks the motif 8. Our classification of CaHSP60 genes into
3 groups in the phylogenetic tree and other physiochemical
properties are consistent with the previous studies in fox-
tail millet (Singh et al. 2016), where the protein lengths of
SiHSP60 proteins showed that SIHSP60-13 was the smallest
(525 amino acids; 57.4 kDa), whereas SIHSP60-10 was the
largest (655 amino acids; 70.94 kDa). Thus, possibly exists
a similarity in structure and function due to the classification
based on relatedness and homology of sequences and the
presence of a core conserved Cpn60_TCP1 domain. How-
ever, the difference in gene structure and sequence length
showed an evolutionary relationship among the CaHSP60
genes which employ that these genes share common ances-
tors and similar biological functions (Ishida et al. 2018). In
the duplication events, we obtained a single (CaHSP60-3
and -/2) tandem duplication and two (CaHSP60-13, -9 and
CaHSP60-2, -11) segmental duplications. As compared to
tandem, segmental duplication occurred more frequently due
to polyploidy in most of the plants (Kim et al. 2007). Gene
duplication plays an important role in the expansion of the
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gene family members and the evolutionary mechanism of the
genome (Vision et al. 2000). Tandem duplication occurred
mainly in genes encoding membrane and stress-related pro-
teins (Cannon et al. 2004; Guo et al. 2015).

To know the possible role of HSP60 genes in pepper
growth and development, we analyzed the tissue-specific
expression pattern in different vegetative and reproductive
tissues. First, we analyzed the publically available transcrip-
tomic data (Kim et al. 2014), where most of the CaHSP60
genes showed no or low expression level in almost all the
tested tissues except for CaHSP60-1 and -16 which showed
a higher expression throughout the tested vegetative and
reproductive tissues (Fig. 10a). As HSPs are stress-related
genes, we tested the R9 plants with HS of 42 °C for 2 h
and checked the transcriptional level through qRT-PCR
(Guo et al. 2015, 2016). The results revealed that CaHSP60
genes were strongly induced by HS and were constitutively
expressed in roots, stems, leaves, and flowers (Fig. 10b).
Among the 16 tested genes, CaHSP60-5 and CaHSP60-6
possess more promising expression in all the tested tissues,
whereas CaHSP60-3 did not respond to HS in all the tested
tissues. Therefore, it was assumed that this gene possibly
lacks a chaperone activity and could have some specific
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housekeeping activity. The same pattern was reported earlier
(Sung et al. 2001; Guo et al. 2016), where some cytosolic
HSP70 genes in Arabidopsis were responsible for house-
keeping, but this needs to be more evidenced and studied.
In all the tested tissues, a higher expression was recorded
in flowers as compared to other vegetative parts, which is
in agreement with Duck et al. (1989), who also recorded a
tenfold higher expression for HSP70 in tomato flowers than
in leaves. The same trend was also reported in the previous
studies, where reproductive parts were more responsive than
vegetative parts (Sung et al. 2001; Guo et al. 2015, 2016).
Tissue-specific expression corresponds to characteristic-
specific biological functions (Passarinho et al. 2001), and
different transcriptional levels from in silico could be due to
different cultivars and possibly some changed environmental
conditions. The tissue-specific expression pattern of pepper
HSP60 genes suggests their possible role in different bio-
logical processes along with a role as chaperones.

In current studies, we investigated and analyzed the
dynamic expression profile of all the 16 HSP60 genes in pep-
per, in response to HS, in thermo-sensitive B6 and thermo-
tolerant R9 lines. Almost all genes were induced by HS to
varying levels of stresses in both pepper lines, indicating that
CaHSP60 genes effectively reduced the damage from HS.
It is established that the expression of downstream HSPs is
regulated by binding of heat shock factors (HSF) to the heat
shock elements (HSE) in the promoter region (Miller and
Ron 2006). Cis-regulatory elements analysis showed that
CaHSP60s contain various stress-related cis-acting elements
along with HSE (Fig. 6). Many of the HSP60 genes were
instantly induced on HS (0.5 h) and their expression levels
reached to maximum at 2 h after HS and then lowered at 8 h,
indicating that CaHSP60s may interact with co-chaperones
HSP10 which help to mitigate aggregation of stress-dena-
tured proteins and to refolding of non-native proteins func-
tional conformation as an HS response (Guo et al. 2015).
Intriguingly, the expression pattern of CaHSP60 genes was
genotype specific; the thermo-tolerant line started a ther-
mal response quicker at 0.5 h HS exposure as compared to
the thermo-sensitive pepper line. The same trend was also
reported in other HSPs such as HSP70, HSP20 (Guo et al.
2015, 2016), and HSP40 (Fan et al. 2017). The increased
expression under HS was also noted in the genes which do
not have the HSE, because the heat shock response (HSR)
is a complex process, which is also regulated by DREB 2A
(Sakuma et al. 2006). HSP gene expression is also associ-
ated with small HSPs, i.e., HSP10, in case of chaperonin
family, which post-transcriptionally binds to many proteins
that have been transported to many of cell organelles (Wang
et al. 2004; Hartl et al. 2011; Balchin et al. 2016; Ishida
et al. 2018).

Based on gene ontology (GO) analysis, which revealed
that this gene family is also responsive in ATP-dependent
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manner to protein folding and refolding along with response
to heat and other abiotic stresses (Fig. 5), we extended our
studies to investigate the expression of nine representative
CaHSP60 genes to other abiotic and hormonal stresses. The
results revealed that almost all the candidate genes were
induced by these stresses except CaHSP60-3 which was
down-regulated in response to cold and NaCl stresses. The
response of CaHSP60 genes to multiple abiotic and hormo-
nal stresses could be attributed to various stress-related cis-
acting elements such as LTR, MBS, TCA elements, ABRE,
and TC-rich repeats in the promoter region of the genes
(Fig. 6). Few earlier studies also reported the role of HSP60
in different abiotic stress responses, such as Arabidopsis
chloroplast HSP60 not only responded in normal condition
but also under high temperature and drought situation (Xu
and Huang 2010). Likewise, HSP60 and HSP2] in sunflower
were reported to undergo down-regulation upon cold stress
(Balbuena et al. 2011); a similar trend was also reported in
winter wheat, where Rubisco stability was associated with
down-regulation of HSP60 and 21 (Rinalducci et al. 2011).
HSP40 in rice (Wang et al. 2018) and poplar HSP100 (-21,
-75), HSP90 (-9, -12), HSP60 (-31, -33, -38, -49), HSP40
(-113,-117), and HSP21 were also up-regulated under salt
stress (Yer et al. 2018). Similarly, soybean proteomics stud-
ies showed a differential expression for (HSP90, chloroplast
HSP70, HSP60, and HSP20) under salt stress (Komatsu
etal. 2011).

To affirm the functional role of CaHSP60-6, this gene
was successfully knockdown through VIGS, which was
confirmed through photo-bleached phenotype in TRV2:
CaPDS-treated pepper plants and through gene expression
in TRV2:CaHSP60-6 silenced and control plants. Expres-
sion analysis of CaHSP60-6 after HS showed a substantially
lowered expression in the silenced plants as compared to
control plants (Fig. 11b, d), while expression of all other
HSP60 genes after VIGS at control and HS showed no sig-
nificant variation in the expression pattern, which showed
that only the target gene was silenced (Fig. S1). Water
losses in the CaHSP60-6 silenced pepper excised leaves
were significantly higher than in control plants (Fig. 12a).
Plants will tend to transpire more water through stomata, to
cope with the HS, but at the same time will close stomata
in ABA-dependent way to conserve more water. The abil-
ity of a plant to respond to stress situations depends on its
ability to restrict water loss through the leaf epidermis after
stomata attain a minimum aperture. The increased water
loss in the silenced pepper leaves could be a non-stomatally
controlled water loss through the leaf epidermis; epidermal
or residual transpiration also share substantial water loss
in stress situations (Augustine et al. 2015). Earlier stud-
ies on alfalfa also reported that MsHSP70 was induced by
ABA and conferred drought tolerance (Li et al. 2017). Cho
and Hong (2006) reported that NtHSP70 overexpression in
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tobacco contributed to drought stress and maintained leaf
water potential by up-regulation of dehydration-related
genes such as ERD and DHNs. Similarly, a significantly
higher membrane damage was observed in the CaHSP60-6
silenced pepper plants than in control plants. HSP60 genes
are reported to be involved in membrane stabilization as
lipochaperonin that prevented the irreversible thermal
aggregation and assisted the refolding of membrane pro-
teins. Similarly, water-soluble proteins were safeguarded by
lipochaperonins under stress situations (Torok et al. 1997).
The cell membrane is the first cellular structure which acts
as the first line of defense encountering the external stresses
and transducing it into signaling pathways (Nakamoto and
Vigh 2007). The membrane integrity and electrolyte leak-
age assay were used to estimate thermo-tolerance in potato
(Savic et al. 2012). Small HSPs played a vital role in main-
taining the membrane integrity by functioning as part of the
multi-chaperone network as well as a membrane stabilizing
factor being part of the lipid (Nakamoto and Vigh 2007).

Chlorophyll contents (Dai et al. 2009) were significantly
decreased in the knockdown pepper plants as compared
to control plants. Lowered chlorophyll contents after HS
could be attributed to chlorophyll degradation enzymes
such as chlorophyllase (Schelbert et al. 2009) and chloro-
phyll degrading peroxidases (Yamauchi et al. 2004) which
degrade chlorophyll in the presence of H,O, and phenolic
compounds. HSP100 in Arabidopsis has been reported to be
involved in chloroplast development and chlorophyll accu-
mulation (Lee et al. 2007).

In our study, H,0, and malondialdehyde contents were
significantly higher in CaHSP60-6 silenced plants as com-
pared to control pepper plants. ROS were estimated in pep-
per leaves by NBT and DAB staining and H,0, was chemi-
cally quantified (Fig. 13a—c), which indicated that pepper
plants exhibited low resilience to HS after CaHSP60-6
silencing. ROS include free radicals such as superoxide
anion (Oj ), hydroxyl radical (OH), and non-radicals such as
H,0, and singlet oxygen ('0,) which were produced under
normal growth and development in various cell organelles
(Choudhury et al. 2017). Multilevel of interaction between
HSP and ROS exists; plants are wise enough to use a low
concentration of ROS as a signal molecule to produce HSP
and other stress-related proteins (Lavania et al. 2015). How-
ever, a higher concentration of ROS, as a result of stress con-
ditions, causes oxidation of proteins, peroxidation of lipids,
and damage to nuclear materials which ultimately leads to
cell death (Uzilday et al. 2012). Thus, plants maintain an
equilibrium between the ROS production and elimination
(Miller et al. 2007).

Plants have evolved the antioxidant defense system to
detoxify ROS which consists of non-enzymatic and anti-
oxidant enzymes such as superoxide dismutase (SOD) and
peroxidase (POD) which detoxify ROS through scavenging

and protect plants from oxidative stress (Choudhury et al.
2017). Among enzymes, superoxide radical (O,") is dis-
mutated by SOD into H,0,, which is further scavenged
by POD through converting into H,O (Alam et al. 2018).
Antioxidant enzyme activities were significantly lowered
in the TRV2:CaHSP60-6 silenced plants as compared to
TRV2:00 pepper plants after HS, which could be attributed
not only to HSP60 genes induce antioxidant enzymes syn-
thesis, but also maintained their function through protect-
ing their structure as chaperone (Qi et al. 2019).

Previous studies also reported a similar trend of reduced
resistance to abiotic stresses after knockdown of stress-
related genes in pepper (Ali et al. 2019; Feng et al. 2019).
Taken together, these results suggest that CaHSP60-6
might act as a positive regulator in the defense of pepper
against heat and other abiotic stresses. This study will pro-
vide further insights in the functional analysis of HSP60
genes in solanaceous and other crop species for adaptabil-
ity to various stress conditions.
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