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A B S T R A C T

Extreme environmental conditions seriously affect crop growth and development, resulting in a decrease in crop
yield and quality. However, small heat shock proteins (Hsp20s) play an important role in helping plants to avoid
these negative impacts. In this study, we identified the expression pattern of the CaHsp25.9 gene in a thermo-
tolerance pepper line R9 and thermo-sensitive line B6. The transcription of CaHsp25.9 was strongly induced by
heat stress in both R9 and B6. The expression of CaHsp25.9 was induced by salt and drought stress in R9.
Additionally, the CaHsp25.9 protein was localized in the cell membrane and cytoplasm. When silencing the
CaHsp25.9 gene in the R9 line, the accumulation of malonaldehyde (MDA), relative electrolytic leakage, hy-
drogen peroxide, superoxide anion were increased, while total chlorophyll decreased under heat, salt, and
drought stress. Over-expression of CaHsp25.9 in Arabidopsis resulted in decreased MDA, while proline, super-
oxide dismutase activity, germination, and root length increased under heat, salt, and drought stress. However,
peroxidase activity was higher in drought stress but lower in heat and salt stress in transgenic Arabidopsis
compared to the wild type (WT). Furthermore, the transcription of stress related genes was more highly induced
in transgenic lines than WT. Our results indicated that CaHsp25.9 confers heat, salt, and drought stress tolerance
to plants by reducing the accumulation of reactive oxygen species, enhancing the activity of antioxidant en-
zymes, and regulating the expression of stress-related genes. Therefore, these results may provide insight into
plant adaption mechanisms developed in variable environments.

1. Introduction

In the changing environment, plants suffer from various biotic and
abiotic stress such as pests, fungus infection, high temperature, high
salinity, and drought (Zhai et al., 2017). However, abiotic stresses such
as high temperature, salt, and drought, have become the primary fac-
tors that can affect crop growth and development (Zhai et al., 2017).
Besides, when plants suffer from these stresses, many proteins will be
denatured and form aggregations, losing their native functions and
resulting in the serious reduction of crop yield and quality (Wang et al.,
2003; Khurana et al., 2013). For avoiding the injuries resulting from
denatured protein aggregations, plants have developed some mechan-
isms (Shan et al., 2007), including the most effective mechanism: when
plants suffer from adverse conditions, heat shock proteins (HSPs),
which are regulated by heat shock transcription factors (HSFs), can
bind and disassemble the aggregations, then refold the aggregations to
form native proteins, thus avoiding the damages caused by

aggregations (Wang et al., 2004; Lambert et al., 2011; Ruibal et al.,
2013; Li et al., 2016b). Accordingly, HSPs play a significant role in
protecting plants from adverse environments (Kotak et al., 2007; Jiang
et al., 2009), therefore, it is necessary to understand the functions of
HSPs.

HSPs are an important molecular chaperone. To date, five major
HSPs have been identified: small heat shock proteins (sHsps/Hsp20s),
Hsp60s, Hsp70s, Hsp90 and Hsp100s (Hu et al., 2009; Li et al., 2016a).
Among these HSPs, Hsp20s, which are ATP-independent heat shock
proteins, contribute to the first step of protecting plants from ag-
gregations (Haslbeck et al., 2005). Hsp20s have a strong capacity to
bind non-native proteins and change their physical properties, assisting
other HSPs, such as Hsp70-Hsp100 bi-chaperone systems, to effectively
disassemble and refold the aggregations (Wang et al., 2004;
Matuszewska et al., 2005; Liberek et al., 2008). Hsp20s play an im-
portant role in protecting plant from aggregations and helping other
HSPs work effectively (Stengel et al., 2010; Rutsdottir et al., 2017).
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Therefore, it is important to study the functions of Hsp20s under ad-
verse environmental conditions.

Previous studies have reported that, Hsp20s are extremely diverse
and variable in plants, and many of them are involved in responding to
adverse environmental conditions (Yu et al., 2016). The monomeric
molecular masses of most Hsp20s are approximately 15–42 KDa (Ré
et al., 2017). The functions of Hsp20s are related to their structures,
which contain three major functional parts: 1) a conserved C-terminal
domain called the α-crystallin domain (ACD) or HSP20 domain, which
can form a compact β-sheet sandwich structure, helping oligomers
dissociate to dimers and bind to non-native proteins; 2) a C-terminal
extension region, which may be involved in the stabilization and so-
lubilization of the oligomeric assemblies; and 3) a variable N-terminal
region, which plays a role in transiting, leading, or signaling (Kotak
et al., 2007; Waters et al., 2008; Poulain et al., 2010; Haslbeck et al.,
2015).

Furthermore, plant Hsp20s can group into many subfamilies, such
as cytoplasmic/nuclear, mitochondria, chloroplast, peroxisome, and
endoplasmic reticulum (Waters and Vierling, 1999a, b; Waters, 2013).
Different Hsp20s have different functions, but most of them can be
induced by heat, salt, and drought stress. Moreover, previous studies
have suggested that Hsp20s play a positive role in enhancing plant
tolerance to adverse environments. For example, in Arabidopsis,
AtHsp21 plays a positive role in the thermo-tolerance of plants and the
extension of the thermo-memory phase (Sedaghatmehr et al., 2016).
The TaHSP26 gene in Triticum aestivum and the CsHSP17.2 gene in
Camellia sinensis are crucial in enhancing the thermo-tolerance of plants
(Khurana et al., 2013; Wang et al., 2017b). In addition, over-expression
of Malus sieversii MsHsp16.9 gene in Arabidopsis increased plant toler-
ance to heat stress by alleviating the damages of reactive oxygen species
(ROS), and regulating the expression level of stress-related genes (Song
et al., 2017). Transient over-expression of the JrsHSP17.3 gene in Ju-
glans regia displayed higher tolerance to cold, heat, and salt stress by
producing less hydrogen (H2O2) and MDA, while accumulating more
antioxidant enzyme and proline contents (Zhai et al., 2016). In Oryza
sativa, small heat shock protein OsHSP18.2 positively regulate the
germination and cotyledon emergence under adverse environments
(Kaur et al., 2015). Additionally, the Arabidopsis class I and class II
cytoplasmic Hsp20s, such as AtHSP17.4 and AtHSP17.6, accumulated in
maturing seed, and played a protective role in seed development, in-
dicating that Hsp20s are also involved in plant growth and develop-
ment (Wehmeyer et al., 1996; Wehmeyer and Vierling, 2000; Sun et al.,
2016). These studies demonstrate that Hsp20s are of great concern in
plant tolerance to abiotic stress. Therefore, it is significant to study the
functions of Hsp20s under heat, salt, and drought stress.

Pepper (Capsicum annuum L.) which is cultivated worldwide, is
economically and medicinally important (Guo et al., 2016). In addition,
it is a thermophilic crop; the growth and development of pepper are
sensitive to high temperature, salt, and drought stress (Guo et al.,
2014b). Hsp20s play a major role in pepper tolerance against these
stresses. The Hsp20s family in pepper has 35 putative genes, among
which the expression level of CaHsp25.9 gene was highly induced by
heat stress in both R9 and B6 lines (Guo et al., 2015). Additionally, the
analysis of the CaHsp25.9 promoter sequences exhibited that it contains
a heat shock element (HSE) and some other stress related elements (Guo
et al., 2015). Therefore, we speculated that the CaHsp25.9 gene may be
involved in plants responding to abiotic stress. However, no previous
studies have provided details evidence regarding whether or not the
CaHsp25.9 gene is involved in the tolerance of pepper to abiotic stress.

In this study, to identify the functions of the CaHsp25.9 gene in
abiotic stress, we identified the localizations of CaHsp25.9 protein; and
the expression pattern of CaHsp25.9 under heat, salt, and drought stress
conditions. In addition, we silenced the CaHsp25.9 gene in the R9
pepper line and over-expressed the target gene in Arabidopsis to in-
vestigate its major functions. Our results indicated that, the CaHsp25.9
gene positively regulates heat, salt, and drought stress tolerance in

pepper. Therefore, our results may provide insight into the function of
Hsp20s in the plant adaption to variable environments.

2. Materials and methods

2.1. Plant materials and growth conditions

Thermo-tolerance pepper line R9 (introduced from the World-Asia
Vegetable Research and Development Center, PP0042-51), thermo-
sensitive line B6 (selected by the Pepper Research Group, College of
Horticulture, Northwest A&F University, Yangling, China), and
Arabidopsis thaliana ecotype Columbia-0 (Col-0) were used in this study.
Pepper seedlings were grown in a growth chamber with a photoperiod
of 16 h light/8 h dark cycle, and a relative humidity of 65%. The tem-
perature was varied depending on the experiment. To analyze the gene
transcript level in R9 and B6 lines, pepper was grown at 25/20 °C day/
night (Guo et al., 2016; Wang et al., 2017a; Zhai et al., 2017). More-
over, the R9 pepper line was grown at 22/18 °C day/night for virus-
induced gene silencing (VIGS) experiment (Wang et al., 2013). Arabi-
dopsis seedlings were grown at 22/18 °C with a photoperiod of 16 h/8 h
(day/night) and a relative humidity of 65% (Wang et al., 2017a; Zhai
et al., 2017).

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

Total RNA was isolated following the methods described by Guo
et al. (2014a). The first chain was synthesized by the Primer Script™ Kit
(TaKaRa, Dalian, China). The iQ5.0 Bio-Rad iCycler thermocycler (Bio-
Rad, Hercules, CA, USA) was used for qRT-PCR, and SYBR Green Su-
permix (TaKaRa, Dalian, China) was used for the reaction system. The
pepper ubiquitin binding gene CaUBI3 was used as reference in pepper,
and Arabidopsis Atactin2 was used as reference in Arabidopsis. All primer
pairs (Supplementary Table 1) used for qRT-PCR were designed using
NCBI Primer BLAST. Relative gene expression levels were determined
following the 2-△△CT method (Schmittgen and Livak, 2008).

2.3. Subcellular localization

The open reading frame (ORF) of CaHsp25.9 without a termination
codon was cloned from pepper cDNA using the specific primer pair
(Supplementary Table S1) with the restriction enzymes sites XbaⅠ and
KpnⅠ. Then, the PCR-amplified CaHsp25.9 fragment was cloned into a
pVBG2307:GFP vector, and a pVBG2307:GFP vector without the
CaHsp25.9 gene was used as a control. All recombinant fusion vectors
were transient over-expressed in Nicotiana benthamiana (N. ben-
thamiana) leaves using the transformation of Agrobacterium tumefaciens
strain CV3101 (Yu et al., 2017). Besides, fluorescent lipophilic tracer
DiI (Solarbio, Peking, China) was used to dye cell membrane. Leaves
were socked in 5 μM DiI for 15–30min before we observed fluores-
cence. Fluorescence of green fluorescent protein (GFP) and DiI (red
flurecence) were observed using an automatic ortho-fluorescence mi-
croscope BX63 (Olympus Corporation, Tokyo, Japan).

2.4. Virus-induced gene silencing (VIGS) of CaHsp25.9 in pepper

A 264 bp fragment of the CaHsp25.9 ORF was cloned from pepper
cDNA using the specific primer pair (Supplementary Table S1) with the
restriction enzymes sites XbaⅠ and BamHⅠ. CaHsp25.9 was cloned into
TRV2:00, the empty vector TRV2:00 was used as a negative control, and
TRV2:CaPDS (phytoene desaturase gene) was used as positive control.
Then, TRV2:CaHsp25.9, TRV2:00, and TRV2:CaPDS were respectively
injected into R9 leaves (at the two true leaves stage) using Agro-
bacterium tumefaciens strain CV3101 for transformation (An et al., 2008;
Zhang et al., 2013). After 40–45 d, when most of the TRV2:CaPDS in-
jected leaves exhibited the photo-bleaching phenotype, the silencing
efficiency of TRV2:CaHsp25.9 and TRV2:00 were detected by qRT-PCR.
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2.5. Generation of CaHsp25.9 transgenic arabidopsis lines

The full-length of the CaHsp25.9 ORF was cloned from pepper cDNA
using the specific primer pair (Supplementary Table S1) with the re-
striction enzymes site XbaⅠ and KpnⅠ. The PCR-amplified products were
cloned into the plant expression vector pVBG2307. The recombinant
fusion vector was transformed into A. thaliana using the Agrobacterium
tumefaciens strain CV3101 for transformation (Clough and Bent, 1998;
Guo et al., 2014b). Transgenic plants were grown on Murashige and
Skoog (MS) medium containing 50mmol/L kanamycin. T3 seeds were
used for further experiments.

Furthermore, five transgenic lines (OE1, OE2, OE3, OE10, and
OE15) were used to select the homozygous T3 lines. First, the expres-
sion level of the CaHsp25.9 gene was detected by qRT-PCR. Second, 7-
day-old seedlings of WT and the five transgenic lines, which were
grown on MS medium, were exposed to 45 °C for 2 h, and the survival
rate was measured after seedlings were allowed to recover at 22 °C for
4–5 d. Based on the overall expression level of the CaHsp25.9 gene and
the survival rate of the five transgenic lines, three of the transgenic lines
were selected downstream experiments.

2.6. Stress treatments and sample collection

To analyze the expression pattern of CaHsp25.9, both pepper line R9
and B6 (grown at 25/20 °C day/night normal conditions) at the six to
eight leaf stage were used for heat, salt, and drought stress treatments
(Guo et al., 2015, 2016; Wang et al., 2017a). For the basic thermo-
tolerance treatment, seedlings were incubated at 45 °C, then roots and
leaves were collected at 0, 0.5, 1, 2, 4, 12, and 24 h post treatment. For
the acquired thermo-tolerance treatment, the time course of heat stress
treatment is described as Supplementary Fig. S1. First, seedlings were
incubated at 38 °C for 4 h, roots and leaves were collected at 0, 2, and
4 h. Second, after treatment at 38 °C, seedlings were allowed to recover
at 22 °C for 48 h, and then leaves and roots were collected. Finally, after
recovery at 22 °C, seedlings were incubated at 45 °C for 6 h, roots and
leaves were collected at 2 h and 6 h. For salt stress treatment, R9 roots
were soaked in 0, 50, 100, 200, 400, or 600mM NaCl, respectively. For
drought stress treatment, R9 roots were soaked in 0, 50, 100, 200, 400,
or 600mM mannitol, respectively. After 6 h of the salt and drought
stress treatment, leaves and roots were collected. All leaves and roots
samples were collected from six separate seedlings and the experiment
were conducted with three biological replicates. Samples were im-
mediately frozen in liquid nitrogen and kept at −80 °C for RNA ex-
traction.

TRV2:CaHsp25.9 and TRV2:00 plants were used to analyze the
functions of CaHsp25.9 under heat, salt, and drought stress. For heat
stress, pepper seedlings were exposed to 45 °C for 16 h. For salt stress,
seedlings were soaked in 300mM NaCl for 24 h. For drought stress,
seedlings were soaked in 300mMmannitol for 36 h. Pepper leaves were
collected for the determination of MDA, relative electrolytic leakage
(REL), total chlorophyll content, H2O2, and superoxide anion ( −O2 ) ra-
dical accumulation.

To analyze the tolerance to salt stress of the transgenic seeds during
germination period, seeds were grown on MS medium containing 0, 50,
100, or 200mM NaCl, respectively. To analyze the drought stress tol-
erance of transgenic seeds during germination period, seeds were
grown on MS medium containing 0, 50, 100, 200, or 300mM mannitol,
respectively. After salt and drought treatments, the percentage of ger-
mination was measured at 6 d, the percentage of green cotyledon rate
was measured at 4 d, and the root length was measured at 8 d.

Additionally, to further analyze heat, salt, and drought stress tol-
erance of the transgenic lines during the seedling growth period, 3-
week-old CaHsp25.9-overexpressed and WT Arabidopsis lines were used.
For heat stress, seedlings were incubated at 40 °C for 16 h. For salt
stress, seedlings were watered 200mM NaCl every two days for 7 d. For
drought stress, seedlings were not watered for 5 d. Arabidopsis seedlings

incubated under normal conditions were used as the control. Leaves
were collected to determine MDA, proline, superoxide anion radical
accumulation, analysis of antioxidant enzyme activity, and extraction
of RNA.

2.7. Measurement of physiological indicators

The MDA content and REL were determined using the thiobarbituric
acid reaction (Stewart and Bewley, 1980). The total chlorophyll content
was measured following the method described by Arkus et al. (2005).
The H2O2 level was analyzed by DAB staining and the superoxide anion
radical level was analyzed by NBT staining (Thordal-Christensen et al.,
1997; Kim et al., 2012). The quantification of ROS (DAB and NBT
stained area) was obtained following the method described by
Sekulska-nalewajko et al. (2016). Proline contents was measured fol-
lowing the method described by Naser et al. (2010). Superoxide dis-
mutase (SOD) and peroxidase (POD) activity was measured following
the methods previously described by Stewart and Bewley (1980) and
Jariteh et al. (2015).

2.8. Statistical analysis

Statistical analysis was performed using Statistical Analysis System
software (IBM SPSS Statistics 22, USA) for one-way analysis of variance
(ANOVA). Treatments were considered significantly different at
p≤ 0.05. All experiments were performed and analyzed separately
with at least three biological replicates.

3. Results

3.1. Expression of the CaHsp25.9 gene in pepper under abiotic stress

To identify whether CaHsp25.9 is involved in the response to heat,
salt, and drought stress, the expression pattern of CaHsp25.9 in the R9
and B6 lines were investigated. For the basic thermo-tolerance analysis
(Fig. 1A and B), CaHsp25.9 was strongly up-regulated after the 45 °C
treatment, and was highest at 2 h in the leaves of both R9 and B6.
However, the CaHsp25.9 expression level was higher in B6 than that in
R9 at 2 h. In roots, the expression level of CaHsp25.9 was increased in
R9 at 2 h. However, the expression level of CaHp25.9 was higher in
leaves than that in roots. Likewise, for the acquired thermo-tolerance
analysis (Fig. 1C and D), the transcriptional expression of CaHsp25.9
was only highly induced after the 45 °C treatment in the leaves of both
R9 and B6. While in roots, the CaHsp25.9 expression was strongly in-
creased at the 38 °C treatment stage, decreased at the 22 °C recovery
stage, and highly increased at 45 °C in both R9 and B6. For salt and
drought stress analysis, after 6 h treatment, the expression level of
CaHsp25.9 was highest at 50 and 100mM NaCl treatment in leaves and
roots, respectively (Fig. 1E). In addition, the expression level of
CaHsp25.9 was highest at 600 and 50mM mannitol treatment in the
leaves and roots, respectively (Fig. 1F).

3.2. Subcellular localization of the CaHsp25.9 protein

To identify the subcellular localization of CaHsp25.9, the
pVBG2307:GFP and pVBG2307:CaHsp25.9:GFP fusion plasmids were
transiently expressed in N. benthamiana leaves. As shown in
Supplementary Fig. S2 and Fig. 2, the green fluorescence from
pVBG2307:CaHsp25.9:GFP was observed in the cell membrane and
cytoplasm, while pVBG2307:GFP was observed throughout the whole
cell (Fig. 2, GFP and Merged#2). Besides, as shown in Fig. 2, the cell
membrane exhibited red fluorescence after DiI-labeled (DiI). Yellow
fluorescence was observed in the merged cell membrane area
(Merged#1), while green fluorescence was observed in the merged
cytoplasm area (Merged#1), indicated that the CaHsp25.9 protein lo-
calized in the cell membrane and cytoplasm (Fig. 2).
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Fig. 1. Expression pattern of CaHsp25.9 under heat, salt and drought stress in pepper leaves (L) and roots (R). (A–B) Expression levels of CaHsp25.9 following heat
stress (45 °C) in R9 and B6. (C–D) Expression levels of CaHsp25.9 following different temperature treatments in R9 and B6: 38 °C treatment for 0 h (I), 2 h (II), and 4 h
(III); 22 °C recovery for 48 h (IV); 45 °C treatment for 2 h (V), and 6 h (VI). (E–F) Expression levels of CaHsp25.9 following salt and drought treatment in R9 leaves and
roots. Data are means with standard deviations of three biological replicates. Different letters denote statistical significance at p≤ 0.05.
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3.3. CaHsp25.9-silenced plants sensitive to abiotic stress

The leaves of TRV2:CaPDS (positive control) plants exhibited the
photo-bleaching phenotype (Supplementary Fig. S3A), thus the silen-
cing efficiency of TRV2:CaHsp25.9 and TRV2:00 were detected. As
shown in Supplementary Fig. S3A, there were no visual differences
between CaHsp25.9-silenced (TRV2:CaHsp25.9) and control (TRV2:00)
plants under normal conditions, and the silencing efficiency was over
80% (Supplementary Fig. S3B). Therefore, the CaHsp25.9-silenced and
control plants were used for further studies.

After heat stress treatment at the 45 °C for 16 h, the growing point of
CaHsp25.9-silenced plants were wilted, while no obvious wilted
symptom was observed in the control plants (Fig. 3A). In addition, the
MDA content in CaHsp25.9-silenced plants were higher than that in the
control (Fig. 3B and C). For salt stress, after socking in 300mM NaCl for
24 h, wilted and yellowish symptoms were observed in CaHsp25.9-si-
lenced plants, while control plants were only yellowish (Fig. 3D).
Moreover, the MDA content in CaHsp25.9-silenced plants was sig-
nificantly higher than that in the control (Fig. 3E), whereas the total
chlorophyll content in CaHsp25.9-silenced plants was lower than that in
the control (Fig. 3F). For drought stress, after socking in 300mM
mannitol for 36 h, leaves of CaHsp25.9-silenced pepper wilted and
eventually fell off, while these symptoms were mild in the control
plants (Fig. 3G). Furthermore, the MDA content was significantly
higher and the total chlorophyll content was significantly lower in
CaHsp25.9-silenced plants than that in the control (Fig. 3H and I).

Additionally, in order to analyze the accumulation of ROS in the
CaHsp25.9-silenced and control plants. DAB and NBT staining were
used to detect peppers H2O2 and −O2 levels. As shown in Fig. 4A and
Fig. 4B, after heat, salt, and drought stress treatments, the DAB stained
area was significantly increased in the silenced pepper line than in the
control line (Fig. 4A and B). Additionally, as shown in Fig. 4C and D,
the NBT stained area was significantly increased in the silenced pepper
line than that in the control line after stress treatment (Fig. 4C and D).
These results indicated that higher accumulation of H2O2 and −O2 was
detected in leaves of CaHsp25.9-scilenced plants compared with control
plants.

3.4. Overexpression of CaHsp25.9 enhances plant tolerance to heat stress

To select the thermo-tolerant homozygous T3 seeds for further
study, we first detected the relative expression level of CaHsp25.9 in WT
and five different CaHsp25.9-overexpressed (CaHsp25.9-OE) Arabidopsis

lines (OE1, OE2, OE3, OE10, and OE15) under normal conditions. As
shown in Supplementary Fig. S4A, the expression level of CaHsp25.9 in
OE2, OE10, and OE15 lines were significantly higher than that in the
WT (Supplementary Fig. S4A). Second, WT and the five transgenic lines
were treated at 45 °C for 2 h, and their survival rates were measured
after 5 d of recovery at 22 °C. The results showed that the survival rates
of OE2, OE10, and OE15 seedlings were obviously greater than that of
the WT (Supplementary Figs. S4B and C). These results implied that
OE2, OE10, and OE15 were thermo-tolerant homozygous T3 transgenic
lines. Therefore, OE2, OE10 and OE15 were selected for further studies.

To identify the heat stress tolerance of the transgenic seedlings, 3-
week-old seedlings of WT and OE2, OE10, and OE15 were treated at
40 °C for 16 h. After heat stress treatment, the leaves of the WT were
severely wilted, while the leaves of the OE2, OE10, and OE15 were only
slightly wilted (Fig. 5A). Besides, the MDA content was highly increased
in both WT and transgenic lines after heat treatment, whereas the MDA
content was significantly higher in WT than that in the transgenic lines
(Fig. 5B). Additionally, the proline content and SOD activity of
CaHsp25.9-OE seedlings significantly increased after heat treatment
compared with that of the WT (Fig. 5C and D). The POD activity also
increased after heat treatment, but was slightly higher in the WT than
that in the transgenic lines (Fig. 5E). In addition, the expression level of
heat stress-related genes AtHSA32 (Arabidopsis heat-stress-associated
32-kD protein), AtHSP101 (Arabidopsis Hsp100s gene), AtMYB (Arabi-
dopsis MYB transcription factor), and AtP5CS (pyrroline-5-carboxylate
synthase of proline) were strongly induced in both WT and transgenic
Arabidopsis after heat treatment. However, the expression level of the
AtHSA32, AtHSP101 and AtP5CS genes were higher in transgenic
seedlings than that in WT seedlings, whereas the expression level of the
AtMYB gene was lower in transgenic seedlings than that in the WT
(Fig. 5F).

3.5. Overexpression of CaHsp25.9 enhances plant tolerance to salt stress

For investigating the tolerance of transgenic seeds to salt stress
during germination period, transgenic and WT seeds were grown on MS
medium containing NaCl to determine the germination percentage,
green cotyledon rate and root length. After growth on MS medium
containing 200mM NaCl for 6 d, the germination rate of transgenic and
WT lines was reduced compared with seeds growth on MS medium
containing 0mM NaCl. However, the germination rate of the transgenic
lines was significantly higher than that of the WT (Supplementary Figs.
S5A and B). Moreover, the green cotyledon rate of the transgenic lines

Fig. 2. Subcellular localization of the
pVBG2307:CaHsp25.9:GFP fusion protein in N. ben-
thamiana leaves, pVBG2307:GFP was used as control.
The fluorescence was observed under bright and
fluorescence field. GFP: green fluorescence of Green
fluorescence protein (GFP). DiI: DiI-labeled fluores-
cence under red fluorescence. Merged#1: GFP and
DiI, Merged#2: GFP and Bright Light. Bar= 80 μm.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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and the WT considerable decreased after growth on MS medium con-
taining 100mM NaCl for 4 d; however, the green cotyledon rate was
obviously higher in transgenic lines than in the WT (Supplementary
Figs. S6A and B). Besides, when Arabidopsis seeds were grown on MS
medium containing 50, 100, or 150mM NaCl for 8 d, the roots length of
the transgenic lines and WT was reduced; the root length was sig-
nificantly longer in transgenic lines than in the WT (Supplementary
Figs. S7A and B).

To further detect the salt tolerance of transgenic seedlings, 3-week-
old transgenic and WT seedlings were used. After watering the 3-week-
old seedlings with 200mM NaCl for 7 d, leaves of WT seedlings showed
dehydration and wilting, while no apparent symptoms were observed in
transgenic seedlings (Fig. 6A). The MDA content was highly increased
in the WT line and the MDA was higher in WT than that in the trans-
genic seedlings. In addition, the proline content, SOD, and POD activity
of transgenic seedlings significantly increased after salt treatment.
However, the proline content and SOD activity were significantly

higher, while the POD activity was lower in transgenic seedlings than
that in the WT (Fig. 6B–E). Likewise, the expression level of the salt
stress related genes AtDREB2A (Arabidopsis DRE/CRT-binding 2A pro-
teins), AtSOS1 (Arabidopsis salt overly sensitive 1 gene), AtMYB, and
AtP5CS were all induced in transgenic and WT Arabidopsis, but their
expression levels were higher in the transgenic seedlings than that in
WT (Fig. 6F).

3.6. Overexpression of CaHsp25.9 enhances plant tolerance to drought
stress

When the WT and transgenic seeds were grown on MS medium
containing 100, 200, or 300mM mannitol for 5 d, no apparent differ-
ence was observed in the germination rate between transgenic and WT
lines (Supplementary Figs. S8A and B). However, the root length of WT
and transgenic seeds was decreased when they were grown on MS
medium containing 200 and 300mM mannitol for 8 d. Besides, the root

Fig. 3. Heat, salt and drought stress tolerance are decreased in CaHsp25.9-silenced peppers. (A–C) Phenotype, MDA content and REL of TRV2:00 and
TRV2:CaHsp25.9 plants following heat stress at 45 °C for 16 h. (D–F) Phenotype, MDA content and total chlorophyll content of TRV2:00 and TRV2:CaHsp25.9 plants
following salt stress after socking in 300mM NaCl for 24 h. (G–I) Phenotype, MDA content and total chlorophyll content of TRV2:00 and TRV2:CaHsp25.9 plants
following drought stress after socking in 300mM mannitol for 36 h. Data are means with standard deviations of three biological replicates. Different letters denote
statistical significance at p≤ 0.05.
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length was longer in the CaHsp25.9-OE lines than that in the WT
(Supplementary Figs. S9A and B).

To further analyze the drought stress tolerance of transgenic seed-
lings, 3-week-old transgenic and WT seedlings were used. After with-
holding water from 3-week-old seedlings for 5 d, WT seedlings became
severe wilted, while only slight wilting was observed in transgenic
seedlings (Fig. 7A). Moreover, the MDA content increased in both
transgenic and WT lines, while the MDA was significantly lower in
transgenic seedlings than in the WT (Fig. 7B). In addition, the proline
content, SOD and POD activity increased in both transgenic and WT
lines, and were significantly higher in transgenic seedlings than that in
WT (Fig. 7C–E). The expression level of the drought stress related genes
AtRD29A (Arabidopsis drought responsive 2A gene), AtSOD1 (Arabi-
dopsis SOD synthase gene), AtHSA32, and AtP5CS were all induced in
transgenic and WT seedlings, but their expression levels were higher in
transgenic lines compared to the WT (Fig. 7F).

Additionally, to analyze the accumulation of ROS in the transgenic
and WT lines, NBT staining was used to detect the superoxide
anion radical level. As shown in Fig. 8A and B, the NBT stained area was
strongly increased in both transgenic and WT lines after drought
treatment; however, the stained area was significantly lower in the
transgenic seedlings than that in WT (Fig. 8A and B), indicating that the
WT accumulated more −O2 than transgenic plants.

4. Discussion

Extreme environmental conditions, such as high temperature, can
lead to the accumulation of misfolded and denatured proteins, ulti-
mately affecting physiology (Wang et al., 2017b). Therefore, to func-
tionally normalize and avoid the risk of misfolding, the Hsp20s have the
ability to bind denatured proteins and regulate other related proteins to
participate in responding to heat stress (Wang et al., 2017b; Huang
et al., 2018). A previous study showed that the expression level of
CaHsp25.9 was highly induced by heat stress, but there was no evidence
regarding the involvement of the CaHsp25.9 gene in heat stress, salt,
and drought stress (Guo et al., 2015). In this study, we identified that
CaHsp25.9 plays a positive role in enhancing plant tolerance to heat,
salt, and drought stress.

Most Hsp20s can be strongly induced under extreme environments.
For example, the expression level of the CaHsp16.4 gene was strongly
induced by heat and drought stress in C. annuum (Huang et al., 2018),
and an increased transcript level of the CaHsp26 was observed in C.
annuum under heat stress (Guo et al., 2007). Additionally, the expres-
sion of the Medicago sativa MsHSP17.7 was induced by heat, NaCl,
H2O2, and osmotic stress (Li et al., 2016b), and the expression of the
Rosa chinensis RcHSP17.8 was strongly induced by heat, cold, salt, and
drought stress (Jiang et al., 2009). The dynamic expression analysis of
CaHsp20s in pepper under the heat stress treatment showed that, the
CaHsp25.9 gene can be highly induced in both the R9 and B6 pepper

Fig. 4. DAB and NBT staining in TRV2:00 and TRV2:CaHsp25.9 plants under heat, salt, and drought stress. (A) DAB staining in leaves of control and CaHsp25.9-
silenced plant at 45 °C for 16 h (heat stress), 300mM NaCl for 24 h (slat stress), 300mM mannitol for 36 h (drought stress). (B) DAB stained area in silenced and
control plants. (C) NBT staining in leaves of control and CaHsp25.9-silenced plants leaves at heat, salt, and drought stress treatments. (D) NBT stained area in silenced
and control plants. Data are means with standard deviations of three biological replicates. Different letters denote statistical significance at p≤ 0.05.
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lines (Guo et al., 2015). In agreement with this result, in our thermo-
tolerance study, the expression level of CaHsp25.9 was strongly induced
in both the R9 and B6 lines after heat stress treatment. Otherwise, the
transcription level of CaHsp25.9 was higher in B6 than in R9 after the
45 °C treatment for 2 h. It has been reported that the expression level of
HSFs in the heat-tolerance lines and heat-sensitive lines were related to
their dynamic expression levels during heat stress (Schramm et al.,
2006; Guo et al., 2014a). For instance, the expression level of
CaHsp25.8 and CaHsp30.1 in the heat-tolerance line was higher than in
the heat-sensitive line at the early stage (0.5–1 h) of heat stress treat-
ment. However, with elongating the heat treatment time, their ex-
pression in the heat-sensitive line was higher than in the heat-tolerance
line (Guo et al., 2015). Besides, the expression level of CaHSF2A was
higher in the pepper B6 line than in the R9 line after 40 °C treatment for
2 h (Guo et al., 2014a). In addition, the expression level of VvHSF01 was
higher in the thermo-sensitive line than in the thermo-tolerance line
after heat treatment in Vitis Vinifera (Liu et al., 2018). Therefore, the
expression level of CaHsp25.9 in the heat-sensitive line was higher than
in the heat-tolerance line may be due to this reason, while this needed
further study.

Moreover, the expression pattern of the CaHsp25.9 gene was dif-
ferent between the basic thermo-tolerance and acquired thermo-toler-
ance analysis. This may bedue to the HSFs, which were upstream reg-
ulators of HSPs, play different roles in the two different heat stress
treatments (Schramm et al., 2008; Peng et al., 2013). For example, the

expression of VdHSF01, VdHSF04 and VdHSF07 was strongly induced
after the 38 °C treatment (acquired thermo-tolerance), while there was
no changes after the 47 °C treatment (basic thermo-tolerance) in Vitis
davidii (Liu et al., 2018). Besides, VdHSF06 and VdHSF10 were up
regulated after the 38 °C treatment, while down regulated after the
47 °C treatment in Vitis davidii (Liu et al., 2018). In addition, the heat
shock transcription factor FaHSFC1 had a lower expression level in the
45 °C (1–24 h) treatment in the roots of Festuca arundinacea, while
reached a peak 1 h in the leaves (Zhuang et al., 2018).

In summarized, our results demonstrate that, CaHsp25.9 gene
deeply involved in plants response to heat stress. The heat shock re-
sponse pattern of CaHsp25.9 may significantly difference and compli-
cated in different thermo-tolerance lines and different plant tissues
(Guo et al., 2015). Accordingly, these findings may provide a window
for further study of plant heat shock responses and mechanisms de-
veloped in variable environments. Additionally, the expression level of
CaHsp25.9 was induced by NaCl-induced salt stress and mannitol-in-
duced drought stress (Fig. 1). These results suggested that, the
CaHsp25.9 gene is deeply involved in plant response to salt and drought
stress.

Hsp20s are localized in a wide range, such as Oryza sativa OsHsp18.0
gene localized in the cytoplasm and the nuclear envelope (Kuang et al.,
2017), Pyropia tenera PtsHSP19.3 localized in cytosol (Jin et al., 2017).
Otherwise, the subcellular localizations of Hsp20s may associate with
their functions in plants. In Arabidopsis thaliana, AtHsp21 is located in

Fig. 5. Over-expression of the CaHsp25.9 gene enhanced tolerance to heat stress. (A–E) Phenotype, MDA content, proline content, SOD and POD activity of WT and
CaHsp25.9-OE Arabidopsis lines (OE2, OE10, and OE15) at 40 °C for 16 h. Seedlings grown at 22 °C were used as the control. (F) Relative expression levels of heat
stress-related genes in WT and transgenic lines under heat stress. Data are means with standard deviations of three biological replicates. Different letters denote
statistical significance at p≤ 0.05.
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chloroplast, and it may be associates with the thylakoid membrane
under heat stress (Bernfur et al., 2017). In this study, when we tran-
siently expressed CaHsp25.9 in N. benthamiana, we observed that
CaHsp25.9 distributed in the cell membrane and cytoplasm (Fig. 2),
suggesting that CaHsp25.9 protein may play a role in the cell mem-
brane and cytoplasm.

VIGS experiment in peppers and over-expression experiment in
Arabidopsis are common methods to reveal gene function under adverse
environments. For example, Lycopersicon esculentum LeHSP21-over-
expressing tobacco exhibited increased tolerance to heat and oxidative
stress by showing higher physiologic indicators than in the WT (Zhang
et al., 2016). Populus trichocarpa PtHSP17.8-overexpressing plants
showed higher survival rates and root length than control plants under
heat and salt stress (Li et al., 2016a). In this study, the silencing of
CaHsp25.9 in pepper increased plant sensitivity to heat, salt, and
drought stress by exhibiting severe injury symptoms, increased MDA,
REL, H2O2, and −O2 content, and decreased total chlorophyll content
compared with control plant. This demonstrates that silencing of
CaHsp25.9 negatively regulates pepper stress tolerance (Figs. 3–4).
Over-expression of CaHsp25.9 in Arabidopsis decreased plant sensitivity
to heat, salt, and drought stress by exhibiting minimal injury symptoms,
increased survival rate, germination, root length, and physiologic in-
dicators, as well as decreased accumulation of −O2 compared with WT
(Figs. 5–8). This indicates that over-expressing the CaHsp25.9 gene
positively regulates plant stress tolerance. These results indicated that
CaHsp25.9 plays a positive role in enhancing plant tolerance to heat,
salt, and drought stress.

ROS, such as H2O2 and −O2 , are of great importance for plant re-
sponse to adverse environments; however, the excess accumulation of
H2O2 and −O2 under stress resulted in damage to the intracellular en-
vironment, cell structure, and photosynthesis (Uzilday et al., 2012;
Tuteja et al., 2014; Srivastava et al., 2016). Therefore, the content of
H2O2 and −O2 were often used to measure the injury level of plant cells
(Li et al., 2018). In this study, the accumulation of H2O2 and superoxide
anion radical in CaHsp25.9-silenced plant was higher than in control
plants under heat, salt, and drought stresses. However, CaHsp25.9
transgenic Arabidopsis displayed lower accumulation of −O2 than that in
the WT under drought stress (Fig 4; Fig 8). These results indicate that
CaHsp25.9 may play a positive role in reducing the accumulation of
ROS, thus we speculated that CaHsp25.9 confers plant an ability to
remove excess H2O2 and −O2 to avoid damage from ROS under heat, salt,
and drought stress. However, the exact mechanisms need further study.

To relieve the damages from ROS under adverse environments,
plants have developed some mechanisms to scavenge excess ROS, such
as ROS-scavenging antioxidative enzymes (SOD, POD, catalase and
ascorbate peroxidase) and non-enzymatic antioxidants (vitamin C and
proline). During the function of the ROS-scavenging system, SOD first
decomposes −O2 to H2O2. Then the H2O2 is scavenged by POD in the
cytosol and extracellular space, or scavenged by catalase (CAT) in the
peroxisomes or by ascorbate peroxidase (APX) in different cell com-
partments (Gill and Tuteja, 2010; Uzilday et al., 2012). Therefore, the
activities of antioxidative enzymes were highly induced by adverse
environments. For example, transgenic Arabidopsis with the Zea mays
ZmHsp16.9 gene exhibited higher tolerance to heat stress by

Fig. 6. Over-expression of the CaHsp25.9 gene enhanced tolerance to salt stress. (A–E) Phenotype, MDA content, proline content, SOD and POD activity of WT and
CaHsp25.9-OE Arabidopsis seedlings following watered with 200mM NaCl for 7 d. (F) Relative expression levels of salt stress-related genes in WT and transgenic
seedlings under salt stress. Data are means with standard deviations of three biological replicates. Different letters denote statistical significance at p≤ 0.05.
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accumulating more SOD, CAT and POD activity than WT (Sun et al.,
2012). Similarly, in this study, CaHsp25.9-overexpressing Arabidopsis
exhibited significantly improved SOD and POD activity, and proline

content, compared with the WT, under drought stress. Under heat and
salt stress, the transgenic lines showed higher SOD activity and proline
content, while lower activity of POD than WT. It has been reported that
CAT, APX, and proline, which can effectively scavenge H2O2 together
with POD, were also induced by heat and salt stress in the transgenic
lines (Mittler et al., 2004; Temple et al., 2005; Verbruggen and
Hermans, 2008; Choudhury et al., 2016). Therefore, in this study, the
transgenic line produced lower POD than WT under heat and salt stress.
Consequently, these results suggested that CaHsp25.9 enhances plants
tolerance to heat, salt, and drought stress though enhancing the activity
of ROS-scavenging related antioxidant enzymes.

Plants contain many stress related genes, which may be involved in
the response to the heat, salt, and drought stress. For instance, acquired
thermo-tolerance related genes AtHSA32 and AtHSP101 can be induced
by heat stress (Charng et al., 2006; Burke and Chen, 2015). ABA-re-
sponsive genes AtDREB2A and AtMYB can be considerably induced
under chilling stress (Nakashima et al., 2000; Huang et al., 2018). The
salt stress related gene AtSOS1 was up-regulated under NaCl stress (Shi
et al., 2000). Besides, the drought responsive gene AtRD29A, the P5C
synthase gene AtP5CS, and the SOD synthase gene AtSOD1 can be in-
duced by heat, salt, and drought stress (Chen and Dickman, 2005;
Verbruggen and Hermans, 2008; Huang et al., 2018). Interestingly,
many of these genes were regulated by Hsp20s, suggesting that Hsp20s
have the ability to regulate these related proteins to participate in plant
response to heat stress (Wang et al., 2017b; Huang et al., 2018). For

Fig. 7. Over-expression of the CaHsp25.9 gene enhanced tolerance to drought stress. (A–F) Phenotype, MDA content, proline content, SOD and POD activity of WT
and CaHsp25.9-OE Arabidopsis seedlings under drought stress performed by withholding water for 5 d, seedlings watered every 2 d were used as the control. (F)
Relative expression levels of drought stress-related genes in WT and transgenic seedlings under drought stress. Data are means with standard deviations of three
biological replicates. Different letters denote statistical significance at p≤ 0.05.

Fig. 8. Over-expression of the CaHsp25.9 gene enhanced tolerance to drought
stress. (A) NBT staining in WT and CaHsp25.9-OE Arabidopsis seedlings under
drought stress. (B) NBT stained area in WT and transgenic Arabidopsis seedlings
under drought stress. Data are means with standard deviations of three biolo-
gical replicates. Different letters denote statistical significance at p≤ 0.05.

X.-H. Feng, et al. Plant Physiology and Biochemistry 142 (2019) 151–162

160



example, the OsMSR-4 (Multi-Stress-Responsive 4) in Oryza sativa, and
CaHsp16.4 could increase plant drought tolerance by regulating the
expression of stress-related genes under drought stress (Huang et al.,
2018; Yin et al., 2015). In this study, the expression level of the
AtHSA32, AtHSP101, AtDREB2A, AtSOS1, AtRD29A, AtSOD1, and
AtP5CS genes were strongly induced in the CaHsp25.9 transgenic Ara-
bidopsis than in WT under heat, salt, and drought stress. Therefore,
these results suggested that CaHsp25.9 may be involved in plant heat,
salt, and drought stress tolerance by modulating the expression level of
stress related genes, but the exact mechanisms need further study.

5. Conclusion

Our results demonstrated that the transcription of CaHsp25.9 was
induced by heat, salt, and drought stress, while its protein localized in
the cell membrane and cytoplasm. The silencing of CaHsp25.9 increased
plant sensitivity to heat, salt and drought stress, while the over-ex-
pressing CaHsp25.9 Arabidopsis lines showed decreased sensitivity to
heat, salt, and drought stress. These results indicate that CaHsp25.9
positively regulates plant heat, salt, and drought tolerance.
Furthermore, CaHsp25.9 may play a positive role in tolerance to these
forms of stress by reducing the accumulation of ROS and modulating
the expression of stress related genes. Therefore, it can be assumed that
CaHsp25.9 plays a crucial role in plant adaption to extreme environ-
ments. The identified functions of the CaHsp25.9 gene may provide
some evidence for the further study of adaption mechanisms developed
by plants in variable environments.

Author contribution statement

XHF and ZHG conceived the idea and designed the research. XHF,
HXZ, WXG, and GXC conducted experiments. XHF: Formal analyzed the
data. XHF: Writing – original draft, and wrote the manuscript. MA
helped in improvement of text. ZHG, QGY, SBY and XXL contributed
reagents/materials/an analysis tools. ZHG: Writing - review & editing.
All authors read and approved the manuscript.

Compliance with ethical standards

Study presented in the manuscript did not involve in human or
animal subjects.

Conflicts of interest

The authors declare that they have no conflict of interest.

Acknowledgements

This work was supported through funding from the National Natural
Science Foundation of China (No. U1603102).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plaphy.2019.07.001.

References

An, S.H., Choi, H.W., Hwang, I.S., et al., 2008. A novel pepper membrane-located re-
ceptor-like protein gene CaMRP1 is required for disease susceptibility, methyl jas-
monate insensitivity and salt tolerance. Plant Mol. Biol. 67, 519–533. https://doi.
org/10.1007/s11103-008-9337-1.

Arkus, K.A.J., Cahoon, E.B., Jez, J.M., 2005. Mechanistic analysis of wheat chlor-
ophyllase. Arch. Biochem. Biophys. 438, 146–155. https://doi.org/10.1016/j.abb.
2005.04.019.

Bernfur, K., Rutsdottir, G., Emanuelsson, C., 2017. The chloroplast-localized small heat
shock protein Hsp21 associates with the thylakoid membranes in heat-stressed plants.
Protein Sci. 26, 1773–1784. https://doi.org/10.1002/pro.3213.

Burke, J.J., Chen, J., 2015. Enhancement of reproductive heat tolerance in plants. PLoS
One 10, 1–23. https://doi.org/10.1371/journal.pone.0122933.

Charng, Y., Liu, H., Liu, N., et al., 2006. Arabidopsis Hsa32, a novel heat Shock Protein, is
essential for acquired thermotolerance during. Plant Physiol. 140, 1297–1305.
https://doi.org/10.1104/pp.105.074898.

Chen, C., Dickman, M.B., 2005. Proline suppresses apoptosis in the fungal pathogen
Colletotrichum trifolii. Proc. Natl. Acad. Sci. U.S.A. 102, 3459–3464. https://doi.org/
10.1073/pnas.0407960102.

Choudhury, F.K., Rivero, R.M., Blumwald, E., Mittler, R., 2016. Reactive oxygen species,
abiotic stress and stress combination. Plant J. 90, 856–867. https://doi.org/10.1111/
tpj.13299.

Clough, S.J., Bent, A.F., 1998. Floral dip: a simplified method for Agrobacterium-medi-
ated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. https://doi.org/10.
1046/j.1365-313X.1998.00343.x.

Gill, S.S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909–930. https://doi.org/
10.1016/j.plaphy.2010.08.016.

Guo, M., Liu, J.-H., Lu, J.-P., et al., 2015. Genome-wide analysis of the CaHsp20 gene
family in pepper: comprehensive sequence and expression profile analysis under heat
stress. Front. Plant Sci. 6, 1–16. https://doi.org/10.3389/fpls.2015.00806.

Guo, M., Liu, J.H., Ma, X., et al., 2016. Genome-wide analysis of the Hsp70 family genes
in pepper (Capsicum annuum L.) and functional identification of CaHsp70-2 involve-
ment in heat stress. Plant Sci. 252, 246–256. https://doi.org/10.1016/j.plantsci.
2016.07.001.

Guo, M., Yin, Y., Ji, J., et al., 2014a. Cloning and expression analysis of heat-shock
transcription factor gene CaHsfA2 from pepper (Capsicum annuum L.). Genet. Mol.
Res. 13, 1865–1875. https://doi.org/10.4238/2014.

Guo, S., Zhou, H., Zhang, X., Li, X., 2007. Overexpression of CaHSP26 in transgenic to-
bacco alleviates photoinhibition of PSII and PSI during chilling stress under low ir-
radiance. J. Plant Physiol. 164, 126–136. https://doi.org/10.1016/j.jplph.2006.01.
004.

Guo, W.L., Chen, R.G., Du, X.H., et al., 2014b. Reduced tolerance to abiotic stress in
transgenic Arabidopsis overexpressing a Capsicum annuum multiprotein bridging
factor 1. BMC Plant Biol. 14, 1. https://doi.org/10.1186/1471-2229-14-138.

Haslbeck, M., Franzmann, T., Weinfurtner, D., Buchner, J., 2005. Some like it hot: the
structure and function of small heat-shock proteins. Nat. Struct. Mol. Biol. 12,
842–846. https://doi.org/10.1038/nsmb993.

Haslbeck, M., Weinkauf, S., Buchner, J., 2015. The big book on small heat shock proteins.
8, 155–178. https://doi.org/10.1007/978-3-319-16077-1.

Hu, W., Hu, G., Han, B., 2009. Genome-wide survey and expression profiling of heat
shock proteins and heat shock factors revealed overlapped and stress specific re-
sponse under abiotic stresses in rice. Plant Sci. 176, 583–590. https://doi.org/10.
1016/j.plantsci.2009.01.016.

Huang, L., Cheng, G., Khan, A., et al., 2018. CaHSP16.4, a small heat shock protein gene
in pepper, is involved in heat and drought tolerance. Protoplasma 256, 39–51.
https://doi.org/10.1007/s00709-018-1280-7.

Jariteh, M., Ebrahimzadeh, H., Niknam, V., et al., 2015. Developmental changes of pro-
tein, proline and some antioxidant enzymes activities in somatic and zygotic embryos
of Persian walnut (Juglans regia L.). Plant Cell Tissue Organ Cult. 122, 101–115.
https://doi.org/10.1007/s11240-015-0753-z.

Jiang, C., Xu, J., Zhang, H., et al., 2009. A cytosolic class i small heat shock protein,
RcHSP17.8, of Rosa chinensis confers resistance to a variety of stresses to Escherichia
coli, yeast and Arabidopsis thaliana. Plant Cell Environ. 32, 1046–1059. https://doi.
org/10.1111/j.1365-3040.2009.01987.x.

Jin, Y., Yang, S., Im, S., et al., 2017. Overexpression of the small heat shock protein,
PtsHSP19.3 from marine red algae, pyropia tenera (bangiales, Rhodophyta) enhances
abiotic stress tolerance in chlamydomonas. J. Plant Biotechnol. 44, 287–295. https://
doi.org/10.5010/JPB.2017.44.3.287.

Kaur, H., Petla, B.P., Kamble, N.U., et al., 2015. Differentially expressed seed aging re-
sponsive heat shock protein OsHSP18.2 implicates in seed vigor, longevity and im-
proves germination and seedling establishment under abiotic stress. Front. Plant Sci.
6, 1–13. https://doi.org/10.3389/fpls.2015.00713.

Khurana, N., Chauhan, H., Khurana, P., 2013. Wheat chloroplast targeted sHSP26 pro-
moter confers heat and abiotic stress inducible expression in transgenic Arabidopsis
plants. PLoS One 8. https://doi.org/10.1371/journal.pone.0054418.

Kim, J.M., Woo, D.H., Kim, S.H., et al., 2012. Arabidopsis MKKK20 is involved in osmotic
stress response via regulation of MPK6 activity. Plant Cell Rep. 31, 217–224. https://
doi.org/10.1007/s00299-011-1157-0.

Kotak, S., Larkindale, J., Lee, U., et al., 2007. Complexity of the heat stress response in
plants. Curr. Opin. Plant Biol. 10, 310–316. https://doi.org/10.1016/j.pbi.2007.04.
011.

Kuang, J., Liu, J., Mei, J., et al., 2017. A Class II small heat shock protein OsHsp18.0 plays
positive roles in both biotic and abiotic defense responses in rice. Sci. Rep. 7, 1–14.
https://doi.org/10.1038/s41598-017-11882-x.

Lambert, W., Koeck, P.J.B., Ahrman, E., et al., 2011. Subunit arrangement in the dode-
cameric chloroplast small heat shock protein Hsp21. Protein Sci. 20, 291–301.
https://doi.org/10.1002/pro.560.

Li, J., Zhang, J., Jia, H., et al., 2016a. The Populus trichocarpa PtHSP17.8 involved in heat
and salt stress tolerances. Plant Cell Rep. 35, 1587–1599. https://doi.org/10.1007/
s00299-016-1973-3.

Li, M., Ji, L., Jia, Z., et al., 2018. Constitutive expression of CaHSP22.5 enhances chilling
tolerance in transgenic tobacco by promoting the activity of antioxidative enzymes.
Funct. Plant Biol. 45, 575–585. https://doi.org/10.1071/FP17226.

Li, Z., Long, R., Zhang, T., et al., 2016b. Molecular cloning and characterization of the
MsHSP17.7 gene from Medicago sativa L. Mol. Biol. Rep. 43, 815–826. https://doi.
org/10.1007/s11033-016-4008-9.

X.-H. Feng, et al. Plant Physiology and Biochemistry 142 (2019) 151–162

161

https://doi.org/10.1016/j.plaphy.2019.07.001
https://doi.org/10.1016/j.plaphy.2019.07.001
https://doi.org/10.1007/s11103-008-9337-1
https://doi.org/10.1007/s11103-008-9337-1
https://doi.org/10.1016/j.abb.2005.04.019
https://doi.org/10.1016/j.abb.2005.04.019
https://doi.org/10.1002/pro.3213
https://doi.org/10.1371/journal.pone.0122933
https://doi.org/10.1104/pp.105.074898
https://doi.org/10.1073/pnas.0407960102
https://doi.org/10.1073/pnas.0407960102
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1046/j.1365-313X.1998.00343.x
https://doi.org/10.1046/j.1365-313X.1998.00343.x
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.3389/fpls.2015.00806
https://doi.org/10.1016/j.plantsci.2016.07.001
https://doi.org/10.1016/j.plantsci.2016.07.001
https://doi.org/10.4238/2014
https://doi.org/10.1016/j.jplph.2006.01.004
https://doi.org/10.1016/j.jplph.2006.01.004
https://doi.org/10.1186/1471-2229-14-138
https://doi.org/10.1038/nsmb993
https://doi.org/10.1007/978-3-319-16077-1
https://doi.org/10.1016/j.plantsci.2009.01.016
https://doi.org/10.1016/j.plantsci.2009.01.016
https://doi.org/10.1007/s00709-018-1280-7
https://doi.org/10.1007/s11240-015-0753-z
https://doi.org/10.1111/j.1365-3040.2009.01987.x
https://doi.org/10.1111/j.1365-3040.2009.01987.x
https://doi.org/10.5010/JPB.2017.44.3.287
https://doi.org/10.5010/JPB.2017.44.3.287
https://doi.org/10.3389/fpls.2015.00713
https://doi.org/10.1371/journal.pone.0054418
https://doi.org/10.1007/s00299-011-1157-0
https://doi.org/10.1007/s00299-011-1157-0
https://doi.org/10.1016/j.pbi.2007.04.011
https://doi.org/10.1016/j.pbi.2007.04.011
https://doi.org/10.1038/s41598-017-11882-x
https://doi.org/10.1002/pro.560
https://doi.org/10.1007/s00299-016-1973-3
https://doi.org/10.1007/s00299-016-1973-3
https://doi.org/10.1071/FP17226
https://doi.org/10.1007/s11033-016-4008-9
https://doi.org/10.1007/s11033-016-4008-9


Liberek, K., Lewandowska, A., Ziȩtkiewicz, S., 2008. Chaperones in control of protein
disaggregation. EMBO J. 27, 328–335. https://doi.org/10.1038/sj.emboj.7601970.

Liu, G.T., Chai, F.M., Wang, Y., et al., 2018. Genome-wide identification and classification
of HSF family in grape , and their transcriptional analysis under heat. Horticult. Plant
J. https://doi.org/10.1016/j.hpj.2018.06.001.

Matuszewska, M., Kuczyńska-Wiśnik, D., Laskowska, E., Liberek, K., 2005. The small heat
shock protein IbpA of Escherichia coli cooperates with IbpB in stabilization of ther-
mally aggregated proteins in a disaggregation competent state. J. Biol. Chem. 280,
12292–12298. https://doi.org/10.1074/jbc.M412706200.

Mittler, R., Vanderauwera, S., Gollery, M., Van Breusegem, F., 2004. Reactive oxygen
gene network of plants. Trends Plant Sci. 9, 490–498. https://doi.org/10.1016/j.
tplants.2004.08.009.

Nakashima, K., Shinwari, Z.K., Sakuma, Y., et al., 2000. Organization and expression of
two Arabidopsis DREB2 genes encoding DRE-binding proteins involved in dehydra-
tion- and high-salinity-responsive gene expression. Plant Mol. Biol. 42, 657–665.
https://doi.org/10.1023/A:1006321900483.

Naser, L., Kourosh, V., Bahman, K., Reza, A., 2010. Soluble sugars and proline accumu-
lation play a role as effective indices for drought tolerance screening in Persian
walnut ( Juglans regia L.) during germination. Fruits 65, 97–112. https://doi.org/10.
1051/fruits/20010005.

Peng, S., Zhu, Z., Zhao, K., et al., 2013. A novel heat shock transcription factor, VpHsf1,
from Chinese wild vitis pseudoreticulata is involved in biotic and abiotic stresses.
Plant Mol. Biol. Rep. 31, 240–247. https://doi.org/10.1007/s11105-012-0463-1.

Poulain, P., Gelly, J.C., Flatters, D., 2010. Detection and architecture of small heat shock
protein Monomers. PLoS One 5, 1–10. https://doi.org/10.1371/journal.pone.
0009990.

Ré, M.D., Gonzalez, C., Escobar, M.R., et al., 2017. Small heat shock proteins and the
postharvest chilling tolerance of tomato fruit. Physiol. Plantarum 159, 148–160.
https://doi.org/10.1111/ppl.12491.

Ruibal, C., Castro, A., Carballo, V., et al., 2013. Recovery from heat, salt and osmotic
stress in Physcomitrella patens requires a functional small heat shock protein
PpHsp16.4. BMC Plant Biol. 13, 174. https://doi.org/10.1186/1471-2229-13-174.

Rutsdottir, G., Härmark, J., Weide, Y., et al., 2017. Structural model of dodecameric heat-
shock protein Hsp21: flexible N-terminal arms interact with client proteins while C-
terminal tails maintain the dodecamer and chaperone activity. J. Biol. Chem. 292,
8103–8121. https://doi.org/10.1074/jbc.M116.766816.

Schmittgen, T.D., Livak, K.J., 2008. Analyzing real-time PCR data by the comparative CT
method. Nat. Protoc. 3, 1101–1108. https://doi.org/10.1038/nprot.2008.73.

Schramm, F., Ganguli, A., Kiehlmann, E., et al., 2006. The heat stress transcription factor
HsfA2 serves as a regulatory amplifier of a subset of genes in the heat stress response
in Arabidopsis. Plant Mol. Biol. 60, 759–772. https://doi.org/10.1007/s11103-005-
5750-x.

Schramm, F., Larkindale, J., Kiehlmann, E., et al., 2008. A cascade of transcription factor
DREB2A and heat stress transcription factor HsfA3 regulates the heat stress response
of Arabidopsis. Plant J. 53, 264–274. https://doi.org/10.1111/j.1365-313X.2007.
03334.x.

Sedaghatmehr, M., Mueller-Roeber, B., Balazadeh, S., 2016. The plastid metalloprotease
FtsH6 and small heat shock protein HSP21 jointly regulate thermomemory in
Arabidopsis. Nat. Commun. 7, 1–14. https://doi.org/10.1038/ncomms12439.

Sekulska-nalewajko, J., Gocławski, J., Chojak-koz, J., 2016. Automated image analysis for
quantification of reactive oxygen species in plant leaves. Methods 109, 114–122.
https://doi.org/10.1016/j.ymeth.2016.05.018.

Shan, D.P., Huang, J.G., Yang, Y.T., et al., 2007. Cotton GhDREB1 increases plant toler-
ance to low temperature and is negatively regulated by gibberellic acid. New Phytol.
176, 70–81. https://doi.org/10.1111/j.1469-8137.2007.02160.x.

Shi, H., Ishitani, M., Kim, C., Zhu, J.-K., 2000. The Arabidopsis thaliana salt tolerance gene
SOS1 encodes a putative Na+/H+ antiporter. Proc. Natl. Acad. Sci. U.S.A. 97,
6896–6901. https://doi.org/10.1073/pnas.120170197.

Song, W., Yu, W., Yan, G., 2017. Identification of MsHsp20 gene family in Malus sieversii
and functional characterization of MsHsp16.9 in heat tolerance. 8, 1–17. https://doi.
org/10.3389/fpls.2017.01761.

Srivastava, V.K., Raikwar, S., Tuteja, R., Tuteja, N., 2016. Ectopic expression of phloem
motor protein pea forisome PsSEO-F1 enhances salinity stress tolerance in tobacco.
Plant Cell Rep. 35, 1021–1041. https://doi.org/10.1007/s00299-016-1935-9.

Stengel, F., Baldwin, A.J., Painter, A.J., et al., 2010. Quaternary dynamics and plasticity
underlie small heat shock protein chaperone function. Proc. Natl. Acad. Sci. U.S.A.
107, 2007–2012. https://doi.org/10.1073/pnas.0910126107.

Stewart, R.R.C., Bewley, J.D., 1980. Lipid peroxidation associated with accelerated aging
of soybean axes. Plant Physiol. 65, 245–248. https://doi.org/10.1104/pp.65.2.245.

Sun, L., Liu, Y., Kong, X., et al., 2012. ZmHSP16.9, a cytosolic class I small heat shock
protein in maize (Zea mays), confers heat tolerance in transgenic tobacco. Plant Cell
Rep. 31, 1473–1484. https://doi.org/10.1007/s00299-012-1262-8.

Sun, X., Sun, C., Li, Z., et al., 2016. AsHSP17, A creeping bentgrass small heat shock
protein modulates plant photosynthesis and ABA-dependent and independent sig-
nalling to attenuate plant response to abiotic stress. Plant Cell Environ. 39,
1320–1337. https://doi.org/10.1111/pce.12683.

Temple, M.D., Perrone, G.G., Dawes, I.W., 2005. Complex cellular responses to reactive

oxygen species. Trends Cell Biol. 15, 319–326. https://doi.org/10.1016/j.tcb.2005.
04.003.

Thordal-Christensen, H., Zhang, Z., Wei, Y., Collinge, D.B., 1997. Subcellular localization
of H2O2 in plants: H2O2 accumulation in papillae and hypersensitive response
during the barley-powdery mildew interaction. Plant J. 11, 1187–1194. https://doi.
org/10.1046/j.1365-313X.1997.11061187.x.

Tuteja, N., Banu, M.S.A., Huda, K.M.K., et al., 2014. Pea p68, a DEAD-box helicase,
provides salinity stress tolerance in transgenic tobacco by reducing oxidative stress
and improving photosynthesis machinery. PLoS One 9, 1–13. https://doi.org/10.
1371/journal.pone.0098287.

Uzilday, B., Turkan, I., Sekmen, A.H., et al., 2012. Comparison of ROS formation and
antioxidant enzymes in Cleome gynandra (C4) and Cleome spinosa (C3) under
drought stress. Plant Sci. 182, 59–70. https://doi.org/10.1016/j.plantsci.2011.03.
015.

Verbruggen, N., Hermans, C., 2008. Proline accumulation in plants: a review. Amino
Acids 35, 753–759. https://doi.org/10.1007/s00726-008-0061-6.

Wang, H., Niu, H., Zhai, Y., Lu, M., 2017a. Characterization of BiP genes from pepper
(Capsicum annuum L.) and the role of CaBiP1 in response to endoplasmic reticulum
and multiple abiotic stresses. Front. Plant Sci. 8, 1–15. https://doi.org/10.3389/fpls.
2017.01122.

Wang, J.E., Liu, K.K., Li, D.W., et al., 2013. A novel peroxidase CanPOD gene of pepper is
involved in defense responses to Phytophtora capsici infection as well as abiotic stress
tolerance. Int. J. Mol. Sci. 14, 3158–3177. https://doi.org/10.3390/ijms14023158.

Wang, M., Zou, Z., Li, Q., et al., 2017b. The CsHSP17.2 molecular chaperone is essential
for thermotolerance in Camellia sinensis. Sci. Rep. 7, 1–15. https://doi.org/10.1038/
s41598-017-01407-x.

Wang, W., Vinocur, B., Altman, A., 2003. Plant responses to drought, salinity and extreme
temperatures: towards genetic engineering for stress tolerance. Planta 218, 1–14.
https://doi.org/10.1007/s00425-003-1105-5.

Wang, W., Vinocur, B., Shoseyov, O., Altman, A., 2004. Role of plant heat-shock proteins
and molecular chaperones in the abiotic stress response. Trends Plant Sci. 9,
244–252. https://doi.org/10.1016/j.tplants.2004.03.006.

Waters, E.R., 2013. The evolution, function, structure, and expression of the plant sHSPs.
J. Exp. Bot. 64, 391–403. https://doi.org/10.1093/jxb/ers355.

Waters, E.R., Aevermann, B.D., Sanders-Reed, Z., 2008. Comparative analysis of the small
heat shock proteins in three angiosperm genomes identifies new subfamilies and
reveals diverse evolutionary patterns. Cell Stress Chaperones 13, 127–142. https://
doi.org/10.1007/s12192-008-0023-7.

Waters, E.R., Vierling, E., 1999a. Chloroplast small heat shock proteins: evidence for
atypical evolution of an organelle-localized protein. Proc. Natl. Acad. Sci. U.S.A. 96,
14394–14399. https://doi.org/10.1073/pnas.96.25.14394.

Waters, E.R., Vierling, E., 1999b. The diversification of plant cytosolic small heat shock
proteins preceded the divergence of mosses. Mol. Biol. Evol. 16, 127–139. https://
doi.org/10.1093/oxfordjournals.molbev.a026033.

Wehmeyer, N., Hernandez, L.D., Finkelstein, R.R., Vierling, E., 1996. Synthesis of small
heat-shock proteins is part of the developmental program of late seed maturation.
Plant Physiol. 112, 747–757. https://doi.org/10.2307/4277381.

Wehmeyer, N., Vierling, E., 2000. The expression of small heat shock proteins in seeds
responds to discrete developmental signals and suggests a general protective role in
desiccation tolerance. Plant Physiol. 122, 1099–1108. https://doi.org/10.2307/
4279191.

Yin, X., Huang, L., Zhang, X., et al., 2015. Expression of rice gene OsMSR4 confers de-
creased ABA sensitivity and improved drought tolerance in Arabidopsis thaliana. Plant
Growth Regul. 75, 549–556. https://doi.org/10.1007/s10725-014-0020-z.

Yu, C., Zhan, Y., Feng, X., et al., 2017. Identification and expression profiling of the auxin
response factors in Capsicum annuum L. under abiotic stress and hormone treatments.
Int. J. Mol. Sci. 18, 2719. https://doi.org/10.3390/ijms18122719.

Yu, J., Cheng, Y., Feng, K., et al., 2016. Genome-wide ddentification and expression
profiling of tomato Hsp20 gene family in response to biotic and abiotic stresses.
Front. Plant Sci. 7, 1–14. https://doi.org/10.3389/fpls.2016.01215.

Zhai, M., Sun, Y., Jia, C., et al., 2016. Over-expression of JrsHSP17.3 gene from Juglans
regia confer the tolerance to abnormal temperature and NaCl stresses. J. Plant Biol.
59, 549–558. https://doi.org/10.1007/s12374-015-0507-9.

Zhai, Y., Wang, H., Liang, M., Lu, M., 2017. Both silencing- and over-expression of pepper
CaATG8c gene compromise plant tolerance to heat and salt stress. Environ. Exp. Bot.
141, 10–18. https://doi.org/10.1016/j.envexpbot.2017.06.009.

Zhang, J., Chen, H., Wang, H., et al., 2016. Constitutive expression of a tomato small heat
shock protein gene LeHSP21 improves tolerance to high-temperature stress by en-
hancing antioxidation capacity in tobacco. Plant Mol. Biol. Rep. 34, 399–409.
https://doi.org/10.1007/s11105-015-0925-3.

Zhang, Y.L., Jia, Q.L., Li, D.W., et al., 2013. Characteristic of the pepper CaRGA2 Gene in
defense responses against Phytophthora capsici leonian. Int. J. Mol. Sci. 14,
8985–9004. https://doi.org/10.3390/ijms14058985.

Zhuang, L., Cao, W., Wang, J., et al., 2018. Characterization and functional analysis of
FaHsfC1b from Festuca arundinacea conferring heat tolerance in Arabidopsis. Int. J.
Mol. Sci. 19, 1–19. https://doi.org/10.3390/ijms19092702.

X.-H. Feng, et al. Plant Physiology and Biochemistry 142 (2019) 151–162

162

https://doi.org/10.1038/sj.emboj.7601970
https://doi.org/10.1016/j.hpj.2018.06.001
https://doi.org/10.1074/jbc.M412706200
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1023/A:1006321900483
https://doi.org/10.1051/fruits/20010005
https://doi.org/10.1051/fruits/20010005
https://doi.org/10.1007/s11105-012-0463-1
https://doi.org/10.1371/journal.pone.0009990
https://doi.org/10.1371/journal.pone.0009990
https://doi.org/10.1111/ppl.12491
https://doi.org/10.1186/1471-2229-13-174
https://doi.org/10.1074/jbc.M116.766816
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1007/s11103-005-5750-x
https://doi.org/10.1007/s11103-005-5750-x
https://doi.org/10.1111/j.1365-313X.2007.03334.x
https://doi.org/10.1111/j.1365-313X.2007.03334.x
https://doi.org/10.1038/ncomms12439
https://doi.org/10.1016/j.ymeth.2016.05.018
https://doi.org/10.1111/j.1469-8137.2007.02160.x
https://doi.org/10.1073/pnas.120170197
https://doi.org/10.3389/fpls.2017.01761
https://doi.org/10.3389/fpls.2017.01761
https://doi.org/10.1007/s00299-016-1935-9
https://doi.org/10.1073/pnas.0910126107
https://doi.org/10.1104/pp.65.2.245
https://doi.org/10.1007/s00299-012-1262-8
https://doi.org/10.1111/pce.12683
https://doi.org/10.1016/j.tcb.2005.04.003
https://doi.org/10.1016/j.tcb.2005.04.003
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1046/j.1365-313X.1997.11061187.x
https://doi.org/10.1371/journal.pone.0098287
https://doi.org/10.1371/journal.pone.0098287
https://doi.org/10.1016/j.plantsci.2011.03.015
https://doi.org/10.1016/j.plantsci.2011.03.015
https://doi.org/10.1007/s00726-008-0061-6
https://doi.org/10.3389/fpls.2017.01122
https://doi.org/10.3389/fpls.2017.01122
https://doi.org/10.3390/ijms14023158
https://doi.org/10.1038/s41598-017-01407-x
https://doi.org/10.1038/s41598-017-01407-x
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1016/j.tplants.2004.03.006
https://doi.org/10.1093/jxb/ers355
https://doi.org/10.1007/s12192-008-0023-7
https://doi.org/10.1007/s12192-008-0023-7
https://doi.org/10.1073/pnas.96.25.14394
https://doi.org/10.1093/oxfordjournals.molbev.a026033
https://doi.org/10.1093/oxfordjournals.molbev.a026033
https://doi.org/10.2307/4277381
https://doi.org/10.2307/4279191
https://doi.org/10.2307/4279191
https://doi.org/10.1007/s10725-014-0020-z
https://doi.org/10.3390/ijms18122719
https://doi.org/10.3389/fpls.2016.01215
https://doi.org/10.1007/s12374-015-0507-9
https://doi.org/10.1016/j.envexpbot.2017.06.009
https://doi.org/10.1007/s11105-015-0925-3
https://doi.org/10.3390/ijms14058985
https://doi.org/10.3390/ijms19092702

	A small heat shock protein CaHsp25.9 positively regulates heat, salt, and drought stress tolerance in pepper (Capsicum annuum L.)
	Introduction
	Materials and methods
	Plant materials and growth conditions
	RNA extraction and quantitative real-time PCR (qRT-PCR) analysis
	Subcellular localization
	Virus-induced gene silencing (VIGS) of CaHsp25.9 in pepper
	Generation of CaHsp25.9 transgenic arabidopsis lines
	Stress treatments and sample collection
	Measurement of physiological indicators
	Statistical analysis

	Results
	Expression of the CaHsp25.9 gene in pepper under abiotic stress
	Subcellular localization of the CaHsp25.9 protein
	CaHsp25.9-silenced plants sensitive to abiotic stress
	Overexpression of CaHsp25.9 enhances plant tolerance to heat stress
	Overexpression of CaHsp25.9 enhances plant tolerance to salt stress
	Overexpression of CaHsp25.9 enhances plant tolerance to drought stress

	Discussion
	Conclusion
	Author contribution statement

	Compliance with ethical standards
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




