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Abstract—Organisms can produce heat shock proteins (HSPs) in response to elevated temperatures and other
abiotic stresses. However, the function of HSPs, including small heat shock proteins (sHSPs), in stress toler-
ance is not fully explored. To improve our understanding of sHSPs, we isolated a gene of sHSPs from David lily
(Lilium davidii Duchartre) called LimHSP16.45. Results reveal that LimHSP16.45 is a cytosolic class II sHSP.
The HSP17.6II of Arabidopsis thaliana belongs to the HSP20 chaperone protein and is similar to
Lim16.45HSP of David lily in terms of size and structure. Both genes have a small heat shock-like alpha-crys-
tallin domain (ACD) structure. To further study the function of Lim16.45HSP, we overexpress it in Arabidopsis
hsp17.6II mutant. Then, we detect the expression of LimHSP16.45 in transgenic plant under abiotic stresses
and analyze the heat tolerance of transgenic plant. In addition, we measure the activity of three antioxidant
enzymes (peroxidase, catalase and superoxide dismutase) and the content of soluble sugar and proline in
transgenic plants under abiotic stresses.We found that transgenic plant is tolerant to heat and oxidative
stresses given its increased survival rate relative to the hsp17.6II and wild type. Moreover, the content of sol-
uble sugar and proline considerably increase in the transgenic plant. These results support the positive role of
LimHSP16.45 in response to heat stress in plants. We suspect that LimHSP16.45 enhances plant tolerance to
abiotic stresses by stimulating the activity of ROS-scavenging enzymes and other protective enzymes and
increasing the synthesis of proline.
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INTRODUCTION
Plants live in complex and constantly changing

environments, which are often adverse or detrimental
to growth and development. Harsh environment fac-
tors include drought, salinity, high or low tempera-
ture, and toxins produced by chemicals [1]. The
adverse effects of these abiotic stresses are increasingly
aggravated because of climate change. The greenhouse
effect is now generally accepted to be the main cause
of global warming. High temperatures can cause seri-
ous damage, including disturbance of intracellular
balance, slowing down or stagnation of plant growth
and development, and even plant death [2]. When
plants are exposed to rising temperatures, intracellular
transcription and translation machinery could be
reactivated, initiating a variety of protective mecha-
nisms called heat response [3]. Many small heat shock

protein (sHSP) family members are activated by
increasing temperatures, and this activation shifts its
physical structure from oligomeric forms into dimers,
which then readily binds to misfolded proteins that
expose parts of hydrophobic plaques [4–6]. The pri-
mary function of these sHSPs is to act as a molecular
chaperone to prevent the misfolding of proteins and
help restore their spatial structure in the cell [7].
Under heat stress, the cytoplasmic level of sHSPs rap-
idly increases, and heat-activated sHSPs bind to mis-
folded substrates in an ATP-independent manner to
form compounds containing misfolded proteins and
sHSPs [8]. In addition, the heat shock protein (HSP)
genes of plants can respond to other abiotic stresses,
such as cold, salinity, and drought, as well as some sig-
naling molecules, such as abscisic acid, salicylic acid,
and hydrogen peroxide (H2O2) [9–11].

sHSPs protecting irreversible protein aggregation are
widely distributed in eukaryotes and prokaryotes [6].
According to molecular weight, the HSPs of plants
can be divided into six groups: HSP100s, HSP90s,
HSP70s, HSP60s, sHSPs (molecular weight MW of

Abbreviations: ACD—alpha-crystallin domain; APX—ascorbate
peroxidase; CAT—catalase; HSGs—heat shock granules; HSP—
heat shock protein; POD—peroxidase; ROSs—reactive oxygen
species; sHSP—small heat shock protein; SOD—superoxide
dismutase; WT—wild type.
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12–40 kD), and HSP40 (DNAJ family) [12, 13]. They
mainly play the role of molecular chaperone in the
body, helping the normal folding of functional pro-
teins. The number of genes encoding sHSPs is higher
in multicellular eukaryotes than in prokaryotes,
accounting for 19 in Arabidopsis thaliana [14]. sHSPs
belong to the superfamily of chaperones and contain a
conserved carboxyl terminus of 90 amino acids called
α lens domain [15]. sHSPs are expressed in all three
kingdoms and viruses [16, 17]; in vitro, sHSPs bind to
partially folded proteins under the action of ATP, pre-
venting their irreversible aggregation. In the presence of
sHSPs, the inactive substrate proteins can be refolded,
and the substrates can be reactivated under
HSP70/DnaK (in some cases involving HSP100/ClpB
and GroEL) [18, 19]. When sHSPs function, their
oligomers can dissociate into dimers and bind to sub-
strates through their un-conserved amino acid termi-
nal and conserved α lens domains [20, 21]. sHSPs not
only act as molecular chaperones but also regulate the
fluidity and composition of cell membranes [22]. In
different model organisms in related studies, such as
Drosophila melanogaster and Caenorhabditis elegans,
the loss of several special sHSPs leads to a decrease in
life span, whereas the overexpression of sHSPs
increase the life span of organisms [23–25]. There-
fore, a high level of sHSPs generally has a stabilizing
effect on the protein stabilization system.

The temperature increase around an organism
causes proteins to collapse, twist, and nonspecifically
agglomerate. In addition, other abiotic stresses, such
as oxidative stress, heavy metals, ethanol, and toxic
materials, can cause the production of nonspecific
proteins [17]. In response to oxidative stress, these
transcription factors interact with cis-acting elements
on the initiation of genes encoding antioxidants and
non-enzymatic antioxidants; thus, they perform bio-
logical functions. Among the various antioxidant
enzymes, ascorbate peroxidase (APX) and catalase
(CAT) play the most important roles in scavenging the
ROS produced by plants under heat stress. In response
to heat stress, the endogenous Ca2+ can regulate mul-
tiple signaling pathways [26]. Oxidative stress is the
second stress of heat, which is marked by the produc-
tion of large amounts of reactive oxygen species
(ROSs) [11]. The accumulation of hydrogen peroxide
in plants is a rapid process [27], and this signal is trans-
mitted by histidine kinases and heat shock transcrip-
tion factors. HsfA4a is the signal receptor of H2O2 and
plays a negative regulatory role in this signaling path-
way [28]. When ROS signal attenuation occurs, HsfA5
and HsfA4 form of heterooligomers to inhibit the
binding ability of DNA to the activated HasfA4 trimer.
Heat shock transcription factors transmit ROS signals
to downstream transcription factors through the
MAPK signaling pathway. These downstream tran-
scription factors mainly include the Zat family,
WRKY transcription factor gene family, multi-protein
bridging factor MBF1, and NADH oxidase (Rboh).
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The Zat family can respond to various stresses, includ-
ing heat stress, to which Zat7, Zat10, and Zat12 are the
most sensitive [29]. Under stress conditions, Rboh
enhances an ROS signal by oxidizing NADH and
keeps this signal active for a long time. The MAPK sig-
naling pathway can activate the downstream tran-
scription factors related to redox.

As the only sweet lily in China, David lily can adapt
to drought and high temperatures in the northwest
region of China. Many sHSPs in David lily are
assumed to play an important role in the survival of
these plants against high temperature stress. The
hsp17.6II gene of Arabidopsis thaliana is located in
chromosome 5, and the HSP17.6II protein is known as
the second family of 17.6 kDa HSP, which belongs to
the HSP20 chaperone protein. HSP17.6II is similar to
Lim16.45HSP of David lily in terms of size and struc-
ture. Both genes also present a small heat shock-like
alpha-crystallin domain (ACD) structure. Their amino
acid sequences are compared in http://simgene.com/
ClustalW, and the result in GeneDoc software is
shown in Fig. 1.

LimHSP16.45 was transformed into A. thaliana
mutant hsp17.6II in this study to further understand
the effects of heat stress on plant growth and develop-
ment. Then, the homozygous lines that can be inher-
ited stably were obtained. The direct heat tolerance of
the transformed daughter plants was enhanced, and
the acquired heat tolerance was observed. Changes in
plant cell biology and physiology characteristics under
high temperature stress were explored, and the related
phenotype and tolerance indexes of heat-tolerant
plants were investigated to broaden the understanding
of the family of sHSPs. The evolutionary conservatism
of sHSPs helped further realize their importance for
normal growth, development, and reproduction.

MATERIALS AND METHODS
Ethics statement. David lily (Lilium davidii Duchartre)

was planted in the field of Lanzhou University, and
permission was obtained from the Lanzhou University
for the study.

Generation of constructs and transformation of
Arabidopsis. The caulif lower mosaic virus 35S pro-
moter, the cDNA of LimHSP16.45, and a GFP
sequence were inserted into the pBI101.2 binary vector to
produce 35S–LimHSP16.45–GFP fusions. The con-
struct was introduced into the Agrobacteriumtum efaciens
strain GV3101 and subsequently transformed into
hsp17.6II by the floral dip method. As the control, an
empty vector was inserted into hsp17.6II. Expression
was then monitored in the leaves, roots, stems, and
anthers.

Total RNA isolation and RT-PCR analysis. Total
RNA was obtained from two-week-old seedling tis-
sues using an RNA isolation kit (TaKaRa). Samples of
each tissue type (1 μg) were digested with RNase-free
DNase I (TaKaRa) for reverse transcription (RT) with
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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Fig. 1. Sequence comparison of LimHSP16.45 of David lily and HSP17.6II of Arabidopsis.
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M-MLV reverse transcriptase (Invitrogen, CA, United
States). After a 1 : 10 dilution was made, 1 μL of the
synthesized cDNA was used for RT-PCR (forward
primer 5′-GGATTCGAAGTTCGAAGTG-3′ and
reverse primer 5′-ATCTCAATGGCCTTTGGCTC-3′).
Afterward, gels were run to assay for expression by
each independent transgenic line, and 18S rRNA was
run as control.

Arabidopsis growing conditions, stress treatments,
and biophysical analysis of transgenic lines. Arabidopsis
seedlings were grown on a full-strength Murashige and
Skoog (MS; pH 5.8) supplemented with 1% (w/v) Suc
and 1 × Gamborg’s vitamins. Seeds were first surface
sterilized with a 20% (v/v) bleach solution, washed
thoroughly with sterile water, and then placed on MS
plates solidified with 1.0% agar. After incubation at
4°C for 2 days in darkness, the seedlings were oriented
vertically for growth under a 16 h photo period at
22°C. Approximately 50 surface-sterilized seeds each
from wild type (WT) plants and transgenics (T3 gener-
ation) were placed on triplicate plates to evaluate the
stress tolerance of transgenic Arabidopsis, which con-
stitutively expresses LimHSP16.45–GFP during ger-
mination. The MS media were supplemented with or
without NaCl, mannitol, or H2O2. The seeds were incu-
bated at 4°C for 2 days before placement at 22°C under
a 16 h photo period. Germination rates or the extent of
root elongation were scored daily for 7–14 days.
Approximately 50 surface-sterilized seeds each from
WT or transgenic (T3) plants were incubated at 4°C
for 2 days and then exposed to 45°C for 1 to 2 h before
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
placing them on an MS medium to induce high-tem-
perature stress. Germination rates were scored daily
for 7 days, and each experiment was performed at least
thrice.

Microscopy and image analysis. Fluorescent speci-
mens were observed with a confocal microscope
(Zeiss LSM 510 META laser-scanning f luorescence
microscope) equipped with an epifluorescence UV
light filter set. A 488 nm excitation level and a BP 505-
530 filter were used to detect GFP.

Preparation of crude extract and assays of enzymatic
activity. Fresh leaves (0.2 g) from Arabidopsis were
ground to fine powder in liquid nitrogen and sus-
pended in cold 0.2 M phosphate buffer (pH 8.0) con-
taining 1 mM dithiothreitol and 5 mM ethylenedi-
aminetetraacetic acid (EDTA). After the lysate was
centrifuged (16000 g, 15 min, 4°C), the supernatant
was recovered and kept on ice. The assay for the super-
oxide dismutase (SOD) activity was performed
according to the methods of Beyer and Fridovich.
A total of 2 mM lactochrome was added to start the
reaction using a 3 mL reaction mixture comprising
50 mM phosphate buffer (pH 7.0), 0.1 mM EDTA,
13 mM methionine, 75 mM NBT, and 50 μL of lysate.
Absorbance was measured at 560 nm. Activity by
ascorbate peroxidase (APX) was determined following
the H2O2-dependent oxidation of ascorbic acid (ASC)
at 290 nm in a 3 mL reaction mixture comprising
0.3 mM ASC, 0.1 mM H2O2, 50 mM phosphate buffer
(pH 7.8), and 50 μL of lysate. The assay for catalase
(CAT) activity followed the protocol of Beaumont
  No. 2  2020
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Fig. 2. Vector construction and localization of overexpressed LimHSP16.45–GFP in hsp17.6II. (a) Structure of overexpressed
LimHSP16.45–GFP fusion protein; (b) RT-PCR assay of LimHSP16.45–GFP in wild type, transgenic lines 2 and 3 of
LimHSP16.45 hsp17.6II, and hsp17.6II; (c, e, and h) 18S rRNA was loaded as control. LimHSP16.45–GFP was localized to
the membrane and (d and e) endomembrane system; (f, g) right field of (c) and (d). Scale bars equal to 5 µm for (c, d, f, g) and
20 µm for (e, h).
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(c) (d) (e)

(f) (g) (h)
et al. (1990) and involved monitoring the dismutation
of H2O2 at 240 nm in a 3 mL reaction mixture contain-
ing 50 mM phosphate buffer (pH 7.0), 10 mM H2O2,
and 50 μL of lysate.

RESULTS

LimHSP16.45–GFP Is Constitutively Expressed 
in Transgenic hsp17.6II Mutant and Is Localized 
to the Cell Membrane and Endomembrane System

Driven by the 35S promoter (Fig. 2a), a vector for
the overexpressed LimHSP16.45–GFP fusion protein
was constructed. After the transformation of the con-
struct into the hsp17.6II and following the expression
of fusion protein, several independent transgenic lines
for LimHSP16.45–GFP overexpression were obtained.
The result of RT-PCR showed that the lines 2 and 3 had
RUSSIAN JOURN
extremely high expressions of LimHSP16.45 (Fig. 2b).
LimHSP16.45–GFP was constitutively expressed in
protoplasts or plants. Intracellularly, LimHSP16.45
was localized to the membrane and endomembrane
system (Figs. 2c–2e, 2h). Expression was larger in the
stomatal guard cells than in other epidermic cells of
the leaves from transgenic Arabidopsis (Fig. 2e), sug-
gesting that LimHSP16.45 has a possible role in sto-
matal regulation.

Expression of LimHSP16.45–GFP Is Induced
by Abiotic Stress, and Heat Shock Granules (HSGs) 
Are Formed under Heat, Salinity, or Osmotic Stress
The expression of LimHSP16.45 in David lily sig-

nificantly increased when the plants were exposed to
either low or high temperatures, high salt, or oxidative
stress. Compared with that of the untreated controls,
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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Fig. 3. LimHSP16.45–GFP expression profiles in abiotic-stressed Arabidopsis. Fluorescence intensity was increased over
untreated control when seedlings were exposed to the temperature of 45°C for 30 min, 45 min, and 1 h; 150 mM NaCl or 200 mM
mannitol for 7 days can also increase the expression of LimHSP16.45–GFP in the leaves of LimHSP16.45 hsp17.6II. HSGs were
formed in response to heat, salt, or osmosis (indicated by white arrow).
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the f luorescence intensity of LimHSP16.45–GFP in
transgenic Arabidopsis was found to be enhanced when
seedlings were treated at 45°C or exposed for 7 days to
150 mM NaCl or 200 mM mannitol (Fig. 3). In addi-
tion, HSGs were produced in transgenic lines in
response to heat or high salt (Fig. 3, white arrow). We
speculated that LimHSP16.45 forms oligomers with
physiological functions under temperature, salinity, or
osmotic stress.

Heterologous Expression of LimHSP16.45–GFP 
Improves the Viability of Arabidopsis Cells 

under High Temperature Stress

In David lily, LimHSP16.45 is highly expressed
during the late zygotene to pachytene stages of meiotic
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
prophase I in the pollen mother and tapetal cells, and
its expression can be induced by heat or cold. Seed
germination for hsp17.6II, WT, and transgenic lines 2
and 3 of LimHSP16.45 hsp17.6II, which overexpressed
LimHSP16.45–GFP, was monitored to evaluate pos-
sible in vivo functioning in heat-stressed transgenic
Arabidopsis. Seeds were treated at 45°C for 45 min
(Fig. 4e). The results showed that compared with WT
(Fig. 4b), hsp17.6II exhibits a distinct defect in
response to high temperature stress (Fig. 4a). Mean-
while, overexpressing LimHSP16.45 can complement
this defect in response to high temperatures
(Figs. 4c, 4d). These data demonstrated that the
transgenic lines had larger cell viability than the con-
trol and that the overexpression of LimHSP16.45
  No. 2  2020
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Fig. 4. LimHSP16.45 expression enhanced the tolerance to heat of hsp17.6II. Seeds of hsp17.6II (a), transgenic lines 2 and 3 of
LimHSP16.45hsp17.6II (b, c) and wild type (d) were heat shocked as described in (e).

(a)

(c) (d)

(b)

(e)

45�C 45 min

22�C 5 day 22�C 7 day
exerts an important influence on plant response to
high temperature stress.

Overexpression of LimHSP16.45–GFP Recovers 
the Early Flowering Phenotype of hsp17.6II

The responses of Arabidopsis plants to warm tem-
perature include hypocotyl and petiole elongation,
leaf hyponasty, and early f lowering. Warm tempera-
ture promotes auxin accumulation and activates the
gibberellin (GA) and brassinosteroids (BRs) pathway,
resulting in hypocotyl elongation. Therefore, early
flowering is one of the most typical phenotypes for
HSP mutants. In accordance with this conclusion,
RUSSIAN JOURN
hsp17.6II had an earlier f lowering phenotype (Fig. 5d)
relative to WT (Fig. 5a).

Meanwhile, the expression of LimHSP16.45 could
complement the function of hsp17.6II similar to that
observed in the transgenic lines 2 and 3 of Lim-
HSP16.45 hsp17.6II (Figs. 5b, 5c), which lost the early
flowering phenotype. Together with the results of
Fig. 4, these data demonstrate that LimHSP16.45 of
David lily has a similar function to HSP17.6II of
Arabidopsis and that both of them belong to the same
protein family. This finding was supported by the
result of the sequence comparison of LimHSP16.45
and HSP17.6II (Fig. 1).
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020
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Fig. 5. Expression of LimHSP16.45 complements the early f lowering phenotype of hsp17.6II. Compared with wild type (a) and
transgenic lines 2 and 3 of LimHSP16.45 hsp17.6II (b, c), only hsp17.6II (d) f lowers for 15 days.

(a) (b)

(c) (d)
Heterologous Expression of LimHSP16.45–GFP 
Decreases the Concentration of H2O2 

through the Protection of the Enzymatic Activities 
of SOD, POD, and CAT

Study has shown that plant damage under heat stress
is induced by oxidative stress and that the heterologous
expression of LimHSP16.45–GFP enhances the viabil-
ity of Arabidopsis cells under oxidative stress. Therefore,
the concentration of H2O2 of WT, HSP, and transgenic
lines 2 and 3 of LimHSP16.45 hsp17.6II were tested.
The results showed that the heterologous expression of
LimHSP16.45–GFP can decrease the concentration
of H2O2 (Fig. 6a). In plants, various abiotic stresses
lead to the overproduction of ROSs. These toxic ROSs
can damage proteins, lipids, carbohydrates, and
DNA, ultimately resulting in oxidative stress. As part
of their antioxidant machinery, plants possess an effi-
cient system of enzymes that work jointly to control
the cascades of uncontrolled oxidation, scavenge for
ROSs, and protect cells from oxidative damage. Herein,
enzymatic activities were monitored, and POD, SOD
and CAT levels were found to be higher in the trans-
genic lines 2 and 3 of LimHSP16.45 hsp17.6II than in
the HSP after high temperature stress (Figs. 6b–6d).
Therefore, some types of relationships were observed
between the overexpression of LimHSP16.45 and the
stimulation of the activity of ROS-scavenging enzymes.
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
LimHSP16.45 Increases the Concentration 
of Soluble Sugar and Proline and Decreases

the Concentration of MDA and Relative Electrical 
Conductivity, Indicating the Expression 

of LimHSP16.45 under Heat Stress

Under abiotic stress conditions, soluble sugar and
proline are the most important osmotic adjustment
materials, and their concentrations are increased to
avoid the loss of water and the breaking of the metabolic
balance of cells under stress conditions. Therefore, the
amount of soluble sugar and proline of WT, hsp17.6II,
and transgenic lines 2 and 3 of LimHSP16.45 hsp17.6II
were tested. The result showed that the heterologous
expression of LimHSP16.45–GFP can increase the
contents of soluble sugar and proline under heat
stress (Figs. 7a, 7b). In plant cells, MDA is the
marker of the degree of lipid peroxidation. Relative to
hsp17.6II, the heterologous expression of Lim-
HSP16.45–GFP can decrease the level of MDA. In
this study, the level of MDA in the transgenic lines 2
and 3 of LimHSP16.45 hsp17.6II was even lower than
that of WT (Fig. 7c). The increase in conductivity
could ref lect the damage of lipase under stress, which
causes changes in membrane lipid status and leakage
of electrolytes. The current results showed that the
heterologous expression of LimHSP16.45 can
decrease the relative electrical conductivity under
stress conditions (Fig. 7d) and, consequently, the
leakage rate of electrolytes in plants.
  No. 2  2020
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Fig. 6. Overexpression of LimHSP16.45 decreased the concentration of active oxygen and protected the enzyme activities in
response to high temperature stress in hsp17.6II. The H2O2 content of hsp17.6II was higher than that of wild type and transgenic
lines 2 and 3 of LimHSP16.45 hsp17.6II (a); the SOD (b), POD (c), and CAT (d) enzyme activities were higher in wild type and
transgenic lines 2 and 3 of LimHSP16.45 hsp17.6II than in hsp17.6II with or without heat stress application (b). (1) wild type;
(2) hsp17.6II; (3) LimHSP16.45hsp17.6II 2; (4) LimHSP16.45 hsp17.6II 3. Data presented are the mean ± SE of three independent
experiments. Asterisks indicate statistical significance, *P < 0.05, **P < 0.01 (Student’s t-test).

200
180
160
140

100

60
40

80

120

20
0

0 30 45 60

(c)

P
O

D
 a

ct
iv

ity
, U

/(
g 

fr
 w

t m
in

)

Time, min

**
**

**
**

** **

**
**

180
160
140

100

60
40

80

120

20
0

0 30 45 60

(b)

SO
D

 a
ct

iv
ity

, U
/(

g 
fr

 w
t m

in
)

Time, min

** **

** **

**

**

35

30

25

15

10

20

5

0
0 30 45 60

(d)

C
AT

 a
ct

iv
ity

, μ
m

ol
/(

g 
fr

 w
t m

in
)

Time, min

**
**

**
**

**
**

**
**

2.0

1.5

1.0

0.5

0
0 30 45 60

(a)
H

2O
2 c

on
te

nt
, n

m
ol

/g
 fr

 w
t

Time, min

**
**

**
**

**

1 2 3 4
DISCUSSION

Bioinformatics analysis showed that the amino acid
sequence similarity of David lily sHSP LimHSP16.45
and Arabidopsis sHSP HSP17.6II reached over 60%,
indicating their homology (Fig. 1). In previous stud-
ies, we cloned a gene for a sHSP from the David lily
named LimHSP16.45 based on its protein molecular
weight. Its expression was induced by many kinds of
abiotic stresses in both the lily and transgenic plants of
Arabidopsis. Heterologous expression enhanced cell
viability of the latter under high temperatures, high
salt, and oxidative stress, and heat shock granules
(HSGs) formed under heat or salinity treatment [30].
To further explore the role of LimHSP16.45 in stress
response, we constructed overexpressed David lily
LimHSP16.45 transgenic lines in the background of
hsp17.6II.

Gene hsp17.6 encodes a cytosolic small heat shock
protein with chaperone activity that is induced by heat
RUSSIAN JOURN
and osmotic stress. Through heat resistance experi-
ments under heat treatment conditions, the seedlings
of hsp17.6II mutant were less tolerant to heat than the
WT plant. However, the transgenic of LimHSP16.45
can reverse the weakness of hsp17.6II and show
enhanced acquired heat tolerance function (Fig. 4). In
addition, under the same growth conditions, the phe-
notype of the early f lowering of transgenic lines rela-
tive to hsp17.6II disappeared. These results indicated
that the heterogeneous expression of the David lily
LimHSP16.45 gene could restore the missing function
of the hsp17.6II. The results also completely proved the
functional similarity of the two homologous proteins.

sHSPs mainly act as molecular chaperones to per-
form biological functions; their expression levels rapidly
increase in the presence of abiotic stress, and their resis-
tance to stress in various plants has been reported [6]. In
this research, David lily sHSP LimHSP16.45 was
determined to be mainly located in the cytoplasm and
belonged to an sHSP of the cytoplasmic family. The
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 2  2020



OVEREXPRESSION OF SMALL HEAT SHOCK PROTEIN LimHSP16.45 239

Fig. 7. Overexpression of LimHSP16.45 reduced the damage caused by heat stress in hsp17.6II. The contents of proline (a) and
soluble sugar (b) were higher in wild type and transgenic lines 2 and 3 of LimHSP16.45 hsp17.6II than in hsp17.6II. The MDA (c)
and relative electrical conductivity (d) were lower in wild type and transgenic lines 2 and 3 of LimHSP16.45 hsp17.6II than in
hsp17.6II. (1) wild type; (2) hsp17.6II; (3) LimHSP16.45 hsp17.6II 2; (4) LimHSP16.45 hsp17.6II 3. Data presented are the
mean ± SE of three independent experiments. Asterisks indicate statistical significance, *P < 0.05, ** P < 0.01 (Student’s t-test).
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changes in its expression and localization under heat
stress and other abiotic stresses were further analyzed.
With the increasing high-temperature treatment time
and concentration, the f luorescence intensity in the
cytoplasm increased, and the localization range
expanded. The heat shock particles accumulated in
the cytoplasm under high temperature, sodium chlo-
ride, mannitol, and hydrogen peroxide possibly due to
the increased expression of HSPs under stress. All
these results demonstrated that LimHSP16.45 plays
an important role in plant responses to various abiotic
stresses.

Heat stress produces excessive ROSs, which oxi-
dize proteins, lipids, and nucleic acids, thus damaging
cell growth and ultimately affecting plant growth and
development. The transgenic plant showed lower con-
centration of ROSs under heat stress than hsp17.6II
and WT. Three protective enzyme (SOD, POD, and
CAT) activities were detected and showed an increase
in the transgenic plant (Fig. 6). This finding indicates
that LimHSP16.45 could enhance the ability of plants
to resist oxidative stress by regulating the balance of
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
ROSs in vivo and the activity of oxidase scavengers.
Interestingly, the activity of antioxidant enzymes and
the content of proline are increasing with or without
heat stress in transgenic plants. The most possible rea-
son is that the transgenic lines used 35S promoter
instead of the promoter of LimHSP16.45 itself. This
phenomenon also reflects the homology of sHSPs in
plants. Next, we will consider to verify this phenome-
non with its own promoter. The heat tolerance of
plants was achieved by increasing the synthesis of pro-
line in the body, and the increase in the content of sol-
uble sugar and proline was found to be involved in the
osmotic regulation in the body (Fig. 7). In addition,
the transgenic plant showed low MDA content and
electrical leakage rate under heat stress, indicating that
LimHSP16.45 protein can improve plant resistance to
stress by protecting the integrity of the cell membrane
under heat stress.

In conclusion, the overexpression of LimHSP16.45
in the background of hsp17.6II can endow plants with
high tolerance to heat and antioxidant stress. This
research can help us understand the molecular mech-
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anism of heat stress. The discovery of HSPs in plants
of different species indicates the universality of HSPs,
and the complementary effects of the genetic transfor-
mation between different species indicate the similar-
ity in their functions. The significance of the current
study is to reveal the stress resistance mechanism of
David lily at the molecular level by understanding the
biological function of sHSPs in the resistance to stress
of David lily and by establishing a theoretical founda-
tion for improving the quality of David lily through the
genetic transformation of sHSPs.
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