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Abstract

Due to global warming, high temperature has become the main abiotic stress affecting plant growth worldwide. LysM-
containing receptor-like kinase 4 (LYK4) is the receptor for chitin, and ERECTA(ER) is a key factor in plant tolerance to high
temperature. In this study, we constructed a chitin-induced chimeric LYK4-ER gene, in which the extracellular region and
transmembrane domain of the LYK4 gene are fused with the intracellular region of the ER gene. Colony PCR, RT-PCR and
western blot analyses of LYK4-ER transcription in plants, confirmed that the LYK4-ER gene was successfully constructed
and transferred into Arabidopsis. The LYK4-ER gene localized to the cytomembrane and cytoplasm in vivo because of the
binding properties of the transmembrane domain of the LYK4-ER gene to the cell membrane. The transgenic plants showed
a higher germination rate and germination index as well as a shorter mean germination time than the wild-type plants, indi-
cating that the LYK4-ER gene increases the heat tolerance of Arabidopsis. The lower H,O, content and relative electrolytic
leakage of the transgenic plants showed that the status of these plants under heat stress was improved. UPLC-MS/MS was
used to analyze the phytohormones content, which suggested that the transgenic plants exhibited improved heat tolerance
through jasmonic acid signal transduction pathways.
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Introduction
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Rapid climate changes have occurred in recent centuries,
supplementary material, which is available to authorized users.

with a large increase in CO, concentration from approxi-
mately 270 pmol/mol in 1750 to more than 385 pmol/mol
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at present (Solomon 2007). As an inevitable consequence,
higher temperatures have become the major abiotic stress
affecting the plant growth, development and productivity
worldwide. Heat normally reduces photosynthetic activity
and the water content within the fresh weight by negatively
affecting the cell growth and division. For example, the rice
grain yield declines by 10% for each 1 °C increase in the
local night temperature in the dry season (Peng et al. 2004).
In response to the heat stress, the major events of plants are
the perception and transduction of stress signals by signal-
ing components, leading to the activation of stress-related
genes. Numbers functional genes that respond to heat stress
have been studied (Sonna et al. 2002; Zhang et al. 2005;
Guo et al. 2016). For example, the best-known gene fam-
ily responding to heat stress is the plant heat shock factors
(HSFs), a thermotolerance can be enhanced by overexpress-
ing Arabidopsis HSFA2, rice HSFA2e and lily HSFA2 in
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Arabidopsis (Guo et al. 2016). The ER gene controls the
plant transpiration efficiency by affecting stomatal density,
epidermal and mesophyll development and the porosity of
leaves in Arabidopsis (Masle et al. 2005). Further studies
have shown that the ER gene responds to heat stress not
only in Arabidopsis (Qi and Hai 2004) but also in rice and
tomato (Shen et al. 2015). Knockout or reduced expression
of the ER allele decreases the thermotolerance of plants;
thus, transgenic lines overexpressing ER show increased heat
tolerance.

Plant priming can contribute to the response to an envi-
ronmental stress and act as a cue to cope with the stress
factor. Following the perception of the priming signal in the
plant priming state, the activation of the protective responses
is faster and stronger as long as the pressure exerted by the
stress is accounted for. Chemical priming has become a
promising strategy in fields related to plant stress physiology
and crop stress management. Plants pretreated with chemical
agents show enhanced heat tolerance compared to controls
(Li et al. 2013; Anastasis et al. 2014; Sagor et al. 2013). For
example, pretreatment with the nitric oxide donor sodium
nitroprusside improves the survival percentage of maize
seedlings and alleviats the increase in electrolyte leakage and
the decrease in tissue vitality as well as the accumulation of
malondialdehyde, indicating the promotion of the heat toler-
ance of maize seedlings (Li et al. 2013). Guan reported that
seed priming via treatment with chitosan improved the speed
of germination under chilling stress (Guan et al. 2009).

Chitin, a linear polymer of p-1,4-linked N-acetyl-glucosa-
mine units, is the unique natural alkaline polysaccharide and
a substantial component of fungal cell walls. Chitosan is
generally produced via the deacetylation of chitin with the
degree of deacetylation (%DD) in the ranging from 55 to
100%. Chitosan oligomers (COS), hydrolyzed from chitosan,
exhibit better water solubility. COS have been characterized
and shown act as a pathogen-associated molecular pattern
that induces plant immunity against fungal and bacterial
infection (Boller 1995; Ramonell et al. 2005; Shibuya and
Minami 2001). Previous studies have indicated that lysin
motif (LysM)-containing proteins are necessary for the
plant recognition of chitin. In Arabidopsis, chitin elicitor
receptor kinase 1 (CERK1)/LysM-containing receptor-like
kinase 1(LYK1) responds to chitin-induced signaling. COS
with a degree of polymerization greater than 5 promoted
the dimerization of CERK1 and activate intracellular kinase
domain phosphorylation, leading to plant immune responses
(Miya et al. 2007; Petutschnig et al. 2010; Liu et al. 2012).
There are five LYK genes in Arabidopsis: CERKI1, LYK?2,
LYK3, LYK4 and LYKS5. However, LYK2 or LYK3 does
not show a significant effect on the recognition of chitin
or active chitin-induced genes. A recent study showed that
LYK4 participates in the chitin recognition and transduction,
contributing to chitin signaling in plant innate immunity.
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lyk4 mutants show reduced induction of chitin-responsive
genes, decreased chitin-induced cytosolic calcium elevation,
and increased susceptibility to both the bacterial pathogen
and fungal pathogen (Wan et al. 2012).

To the best of our knowledge, few studies have shown
that signaling molecules exhibit specific binding to abiotic
stress in plants. Therefore, constructing chimeric receptors
with specific binding sites using in vitro DNA technology
could be an effective way to enhance the thermotolerance of
plants. Moreover, using chemical agents as signal molecules
could further increase plant heat tolerance through chemical
priming pathways. In this study, chitosan was selected as the
signal molecule of interest due to its biodegradability, bio-
compatibility, antimicrobial activity, nontoxicity, and poten-
tial to enhance plant thermotolerance via chemical priming.
We connected the extracellular region and transmembrane
domain of the LYK4 gene with the intracellular region of
the ER gene by overlap PCR to construct a chitin-induced
LYK4-ER chimeric receptor. The chitin signal was recog-
nized by the specific binding site of LYK4 protein and then
transferred into the cell via the transmembrane domain of
LYK4 protein, ultimately activating the intracellular domain
of ER gene, improving the heat tolerance of the plant.

Materials and Methods
Construction of LYK4-ER Plasmids

The coding sequences of the extracellular region and trans-
membrane domain of LYK4 (1-300 bp) and the intracel-
lular region of ER (600-979 bp, without a stop codon)
were obtained from full-length sequences of LYK4 and ER,
respectively, before the PCR-amplified overlap step. The
PCR fragments were ligated into the plasmid provided by
our lab, between the 35S promoter and the green fluores-
cence protein (GFP) or 6FLAG tag sequence. The primers
used for overlap PCR (1-4) are shown in Table 1.

Identification of LYK4-ER Fusion Gene

Colony PCR analysis and Western blot analysis were used
to identify the LYK4-ER-GFP (C4) and LYK4-ER-6FLAG
(F4) genes in Escherichia coli (DH5a) or Agrobacterium
tumefaciens (GV3101). PCR analysis was performed with
primers 1 and 4 based on the template of DHSa or Agrobac-
terium tumefaciens GV3101 carrying the fusion gene. The
protein was extracted from Arabidopsis thaliana via the lig-
uid nitrogen grinding method after Agrobacterium-mediated
infection. Then, the protein was identified by Western blot
analysis.
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Table 1 Primes list

No. Name Sequence (5'-3")

1 GFP-LYK4-ER-Sall-F ACATATGCCCGTCGACATGATCTCGTTTTCATTTCA
2 GFP-LYK4-ER-VOER-R CGGCAAGCTTTCTTCTTAGACAGGCAAAATA

3 GFP-LYK4-ER-VOER-F AGAAGAAAGCTTGCCGACCGCATAATCC

4 GFP-LYK4-ER-BamH1-R CGATGAATTCGGATCCCTCACTGTTCTGAGAAATAA
5 LYK4-F ATGATCTCGTTTTCATTTCA

6 LYK4-R GTCGACAGAGAAGAGGGAAG

7 PP2-F TATCGGATGACGATTCTTCGTGCAG

8 PP2-R GCTTGGTCGACTATCGGAATGAGAG

RNA Extractions and Quantitative RT-PCR

The seeds of wild-type, transgenic LYK4-ER-GFP and
LYK4-ER-Flag seedlings were used to extract total RNA
using TRIzol Reagent (Invitrogen) according to the manu-
facturer’s protocol. After DNAse I treatment, first-strand
cDNA was synthesized using 2 pg of total RNA in a 20 pL
volume using M-MuLV reverse transcriptase (Fermentas)
with an oligo(dT) 18 primer. The relative transcript level of
each gene was determined by real-time PCR using SYBR
green I master mix and a LightCycler 96 PCR machine
(Roche), as described previously. At least three biological
replicates were used to confirm the gene expression patterns,
and PP2 was used as an internal gene expression control.
The primers used in RT-PCR (5-8) are shown in Table 1.

Subcellular Localization of LYK4-ER-GFP

To observe the subcellular localization of the LYK4-ER pro-
tein, the plasmid with the fusion gene LYK4-ER-GFP was
amplified with primers 1 and 4 (as shown in Table 1) from
DH5a before being transferred into GV3101 for plant trans-
formation. Then, the plasmid was transformed into tobacco
leaf cells via Agrobacterium-mediated infection. Follow-
ing pre-incubation at 28 °C for 48 h, the GFP signal was
observed with a fluorescence microscope.

Plant Transformation and Growth Conditions

Arabidopsis thaliana carrying the chimeric LYK4-ER gene
was generated by Agrobacterium tumefaciens-mediated
transformation. The transformed lines were selected using
kanamycin and identified by western blotting to check fusion
gene expression. The A. thaliana Columbia ecotype was used
as a control in these experiments. Plants were grown in black
soil and vermiculite (1:3) in pots or on agar Petri dishes at
22 °C after 3 days of vernalization at 4 °C. For kanamycin
selection, seeds of the LYK4-ER-overexpressing transgenic
plants were surface-sterilized and sown on 1/2 MS medium
with 1% sucrose, 0.7% agar, and 50 mg/L kanamycin. The
T2 plants that produced 100% kanamycin-resistant plants

in the T3 generation were considered homozygous transfor-
mants and used for further experiments.

Hypocotyl Length of LYK4-ER Plants

Chitosan was added to 1/2 MS medium at a final concentra-
tion of 0.2, 2 or 20 mg/L. The seeds were soaked in deion-
ized water in 1.5 ml tubes for 3 days at 4 °C and then steri-
lized with NaClO for 6 min. After washing 3 times with
bacterium-free water, the seeds were uniformly distributed
on 1/2 MS medium with various concentrations of chitosan
and 1.0% agar in sterile Petri dishes, which were oriented
vertically and incubated at 22 °C for 7 days. Hypocotyl
length was measured with ImagelJ.

Heat Stress Treatment and Chitosan Treatment

Chitosan solutions of 0.2%, 0.6% and 1.0% (w/v) were used
for seed priming. The seeds were soaked in deionized water
in 1.5 ml tubes for 2 days at 4 °C before they were trans-
ferred to chitosan solutions with different concentrations for
16 h at 4 °C. For heat stress treatment, the seeds in 1.5 ml
tubes were heat treated in a 45 °C water bath for 4 h after
removal from the cold conditions, and the seeds were then
sterilized with NaClO for 6 min. After washing 3 times with
bacterium-free water, the seeds were uniformly distributed
on 1/2 MS medium with 1% sucrose and 0.7% agar in sterile
Petri dishes at 22 °C for 7 days, and germination rates were
measured every day.

Measurement of Germination

Seed germination experiments were carried out after heat
stress and chitosan treatment. Approximately 50 seeds were
used for each treatment. Seeds were incubated at 22 °C under
24 h illumination. A seed was considered to have germinated
when the germ was longer than the seed. The number of
germinated seeds was counted every day for 7 days. The
GR, GI and MGT were considered as evaluation criteria.
GI=Y(G/T,) and MGT = Y (G, x T,)/Y.Gt are the formulas
for GI and MGT, respectively, where Gt is the percentage of
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germination rate on Day ¢, and T, is time corresponding to
Gt in days; percentage data were arcsine-transformed before
analysis according to the equation y =arcsin \/ (x/100).

Determination of Hydrogen Peroxide Content After
Heat Stress

Twenty-eight-day-old seedlings were sprayed with a 0.2 mg/
mL chitosan solution at 22 °C, and 2 h later, the seedlings
were transferred to a 45 °C incubator for 4 h. A quantitative
H,0, assay kit (Solarbio Science & Technology Co, China)
was used to determine the H,O, content after chitosan treat-
ment and heat stress. The experimental procedures were con-
ducted according to the kit instructions: an approximately
0.1 g plant sample was homogenized with 1 mL cold acetone
in an ice bath, and the resulting supernatant liquid was sub-
jected to measurement after high-speed centrifugation.

Determination of Relative Electrolytic Leakage After
Heat Stress

The procedures for chitosan and heat stress treatment
were the same as in the quantitative H,0, analysis. After
heat stress treatment, 0.1 g plant material was soaked in
10 mL ddH,0. The tubes were placed in a vacuum dryer
for 5 min and allowed to stand for 20 min before measur-
ing electrolytic leakage (T,). Then, the tubes were heated
to 100 °C for 10 min, and electrolytic leakage was meas-
ured in the same way (7}). The rate of relative electrolytic
leakage = (T,/T},) X 100%.

Phytohormone Extraction and Analysis

The procedures for chitosan and heat stress treatment were
the same as in the quantitative H,O, analysis. After heat
stress treatment, fresh plant tissue was frozen in liquid N,
and ground in a mortar. After being quickly weighed, 1 mL
of 80% methanol with 0.1% formic acid was added to a 2 mL
centrifuge tube, and the samples were blended and held at
4 °C overnight. Then, the extract samples were centrifuged
for 10 min at 4 °C at 8000 rpm. The supernatant was trans-
ferred to a new tube, and the sediment was re-extracted with
1 mL of extraction solution. The supernatants were applied
to and concentrated in a pressure blowing concentrator, and
the extracts were then applied to a Waters Sep-pak C,4 car-
tridge. The cartridge was washed with 2 mL of 0.1% formic
acid solution and eluted with 2 mL of methanol. Finally,
the eluted solution was dried and redissolved with 300 pL
of methanol for UPLC-MS/MS (Waters Co, United States)
analysis. The contents of abscisic acid (ABA), JA and sali-
cylic acid (SA) were measured in this experiment.
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Results

Construction and Identification of LYK4-ER Plasmids
and Transgenic Plants

Figure 1 shows the construction of the fusion gene. The
extracellular region and transmembrane domain of LYK4
(1-300 bp) and the intracellular region of ER (600-979 bp,
without stop codon) were inserted between the 35S promoter
and the GFP or 6FLAG tag sequence. Two LysM domains of
the LYK4 gene (the key domain for chitosan signal recogni-
tion) were present in the fusion gene. Hence, the COS signal
would be transferred to the response domain of the ER gene
via the transmembrane domain of the LYK4 gene. Then, we
transformed the newly constructed plasmid into DH5a, and
colony PCR analysis was performed to identify the fusion
gene. As shown in Fig. S1 (A), a single band of approxi-
mately 2 kb was present in DH5«, and the same result was
observed in GV3101. Quantitative RT-PCR results also
showed a high transcriptional level of LYK4-ER in the trans-
genic LYK4-ER-GFP or LYK4-ER-Flag seedlings in com-
parison with that in wild-type lines (Fig. 1b, c¢). A 105-kD
band and a 98-kD band were observed in LYK4-ER-GFP
and LYK4-ER-6FLAG transgenic plants (Fig. S1 B&C),
which was consistent with the predicted molecular mass,
indicating that the LYK4-ER-GFP and LYK4-ER-6FLAG
fusion genes were successfully translated in Arabidopsis.

Subcellular Localization of LYK4-ER-GFP Gene

The subcellular localization of the LYK4-ER protein was
determined by the transient expression of the LYK4-ER-GFP
fusion protein in tobacco leaf cells. GFP fluorescence was
observed in both the cell membrane and cytoplasm (Fig. 2),
indicating that LYK4-ER was localized to the cytomembrane
and cytoplasm in vivo, similar to the LYK4 gene (Narusaka
et al. 2013). Due to the integration of the transmembrane
domain of LYK4-ER with the cell membrane, the fusion gene
may have been anchored to the cell membrane. The locali-
zation of the LYK4-ER gene to the cell membrane was the
precondition for recognizing the COS signal and transferring
the signal into the cell via the extracellular region and trans-
membrane domain of the LYK4 protein, ultimately activat-
ing the intracellular domain of the ER gene to increase the
heat tolerance of plants.

Hypocotyl Length of LYK4-ER Plants

In 7-day-old seedlings, we observed that the length of
the hypocotyl in the transgenic lines was significantly
increased compared to that of the wild-type seedlings
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Seed Germination Under Heat Stress

GFP

Figure 4a shows the germination phenotype of seeds after
COS treatment and heat stress. The seeds of the wild-type
plants and transgenic plants were evenly distributed in three
areas of the same Petri dish to ensure that the three kinds
of seeds were in the same external environment. The differ-
ence between the wild-type plants and the transgenic plants
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repeated at least three times
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was visible to the naked eye, and the GR of the wild-type
plants was obviously lower than that of the transgenic plants.
Figure 4b, c show the control groups, in which seeds were
germinated without heat stress after treatment with or with-
out COS. Whether treated with COS or not, the transgenic
plants showed a higher GR on the second day, but the final
GR of each group was over 98%, indicating that the seeds
were in a good state. As shown in Fig. 4d, e, GR and GI
showed significant increases for all samples compared to
the wild-type plants after heat treatment. The GI of the wild-
type plants was 0.23, which was at least 25% lower than that
of the transgenic plants.

MGT is used to represent the sprouting rate of the seeds
under heat stress (Fig. 4f). Similar to GR and GI, there was
a significant difference between the transgenic plants and
the wild-type plants for this parameter. The MGT of the
transgenic plants was almost 1 day faster than that of the
wild-type plants. Although the best COS concentration
varied among the different lines, MGT showed a decreas-
ing tendency after treatment with chitosan compared with
ddH,0 because the 35S promoter increased the expression
level of the LYK4-ER gene, and chitosan only showed a lim-
ited effect. The results indicated that the LYK4-ER gene was
activated by chitosan and promoted the heat tolerance of
Arabidopsis at the seedling stage.

Determination of Hydrogen Peroxide Content
and Relative Electrolytic Leakage After Heat Stress

As shown in Fig. 5, after chitosan treatment and heat stress,
the wild-type 28-day-old seedlings showed a higher level of
H,0,, with a concentration of 1.07 nmol/g FW, while the
concentration in the transgenic plants was 0.76 nmol/g FW,
indicating that the ROS balance of the wild-type plants was
damaged more severely after heat stress. A similar result
was shown for the rate of relative electrolytic leakage, where
the level in the transgenic plants was 23.6% lower than that
in the wild-type plants, revealing that the transgenic plants
showed less cell membrane rupture under heat stress. Both
results showed that the transgenic plants exhibited better
heat tolerance after chitosan treatment.

Determination of ABA, JA and SA Content After Heat
Stress

To determine the signal transduction pathways that played
arole in the plants under heat stress, we measured the phy-
tohormones of the wild-type plants and transgenic plants
before and after heat stress. Figure 6a—c are UPLC-MS/MS
chromatograms for standard samples of ABA, JA and SA,
respectively, with a concentration of 1000 ng/mL, and all the
peak shapes have a good appearance. As shown in Fig. 6d,
the levels of ABA and JA were extremely low in transgenic

H,O,
[Jrelative electrolytic leakage

r 80

A —
-

70
- 60

7 - 50

L 40

He — — — 3

0.8+

0.6

30

20

0.2

Rate of relative electrolytic leakage(%)

24 o

T LYK4-ER

H,O, content(nmol/g FW)
= & \\

Fig.5 H, O, content and rate of electrolytic leakage after heat stress.
28-days old seedlings were sprayed with 0.2 mg/mL chitosan solution
at 22 °C, and 2 h later, seedlings were transferred to 45 °C incubator
for 4 h. H, O, content was measured with a H, O, Quantitative Assay
Kit. Electrolytic leakage was measured after 5 mins’ vacuuming and
20 mins’ standing. Each experiment was repeated at least three times

plants, while the levels of SA were around 8 ng/g FW, which
did not differ from those in the wild-type plants before heat
treatment. After heat treatment, both the wild-type plants
and transgenic plants showed higher ABA and JA levels,
while the levels of SA did not change greatly, which suggests
that the heat stress signal was mainly transmitted through the
ABA and JA signal transduction pathways. In addition, the
levels of JA in the transgenic plants were typically higher
than those of the wild-type plants, indicating that the trans-
genic plants may achieve better heat tolerance through JA
signal transduction pathways.

Discussion

There are few reports on abiotic stress stimulated using
defense mechanism inducers with good results (Guan et al.
2009; Ruan and Xue 2002) because most of the related stud-
ies are focused on generating crops with intrinsic resistance
to abiotic stress based on traditional breeding techniques.
In our research, we constructed a fusion gene with specific
binding sites for chitosan, which makes the heat stress signal
easier to recognize and control by chemical priming. Then,
the intracellular region of the ER gene was activated when
the signal was recognized and transported by the LYK4 gene,
leading to the improved heat tolerance of Arabidopsis at the
seedling stage.

There are many factors associated with the effects of
seed priming used to control the hydration level within
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MS chromatogram for stand sample of ABA, JA and SA with a con-
centration of 1000 ng/mL. (d) Levels of phytohormones before and
after heat stress. 28-days old seedlings were sprayed with 0.2 mg/mL

seeds, in which the concentrations of the priming solu-
tions and the time and temperature of priming are crucial
(Adegbuyi et al. 1981; Khan 1992). Previous research
showed that chitosan forms a protective coating on maize
seeds under biotic stresses that allows seedlings to develop
defense mechanisms against the fungi A. flavus and F.
moniliforme, which manifests in a decrease or absence
of disease in different structures of the seedlings (Lizér-
raga-Paulin et al. 2011). In the present study, we found
that the combination of the mean germination time and
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chitosan solution at 22 ‘C, and 2 h later, seedlings were transferred to
45 °C incubator for 4 h. Plant tissues were extracted with extraction
solution (80% methanol with 0.1% formic acid) at 4 °C for 12 h twice.
After purifying with a SPE cartridge, samples were analyzed with
UPLC-MS/MS. Each experiment was repeated at least three times

concentration differed between the wild-type and trans-
genic plants. After treatment with chitosan, the wild-type
only showed an increased GR, but no significant differ-
ences were found in GI and MGT, indicating that chitosan
had the potential to increase the plant germination rate
under heat stress via chemical priming. In the transgenic
plants, because of the special binding site and transmem-
brane domain of the LYK4 gene, the chitosan signal could
be transformed into the cell more effectively, leading to a
more evident difference between the plants with or without
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chitosan priming, and a higher germination index and
sprout speed were observed in the chitosan-treated lines.

Plant aerobic metabolic processes, such as respiration
and photosynthesis, continuously produce reactive oxy-
gen species (ROS) including singlet oxygen, superox-
ide, hydroxyl radicals and hydrogen peroxide (H,0,) as
byproducts. Under stress-free conditions, the balance of
ROS is maintained under the control of plant secondary
metabolites such as superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX). This balance is
destroyed when the plant is subjected to heat stress, lead-
ing to an increased content of H,O, (Khedia et al. 2019),
mainly due to the change in oxidoreductase activity, in
addition to the enhancement of the Mehler reaction. In this
study, the transgenic plants showed lower levels of H,0,
than the wild-type plants under heat stress, suggesting that
the chimeric LYK4-ER gene could protect the photosyn-
thetic apparatus from oxidative stress induced by high-
temperature stress.

Plant hormones are structurally diverse compounds that
are grouped into several major classes (i.e., auxins, cyto-
kinins, ABA, gibberellins, ethylene, JA, SA and brassi-
nosteroids). Among these hormones, ABA, JA and SA are
known to play pivotal roles in plant growth, development
and responses to biotic and abiotic stress (Davies 2004;
Kanchan et al. 2017). ABA is known to stimulate short-
term responses such as the closure of stomata, resulting
in the maintenance of water balance (Zhang et al. 1987)
and longer-term growth responses through the regulation
of stress-responsive genes under drought stress. SA and
JA are mainly known to play significant roles in activating
plant defense mechanisms in response to pathogen attack
(Bari and Jones 2009). In the present study, chitosan treat-
ment and heat stress increased the contents of ABA and,
especially, JA simultaneously. These findings were consist-
ent with Baron’s (Baron et al. 2012) and Manvi’s (Manvi
and Ashverya 2016) studies, but it is still unclear how the
three phytohormones work together.

Plants harboring loss-of-function alleles of ER were
more sensitive to heat stress than wild-type plants and
restored heat tolerance was observed after transforming
the ER gene and its native promoter into the null mutant.
However, the mechanisms whereby the overexpression of
ER confers thermotolerance have not yet been defined in
Arabidopsis or other organisms. Although ER positively
regulates transpiration efficiency, no difference in water
content is observed between the null er mutant and the
wild type (Shen et al. 2015). In summary, considering that
the ER gene can respond to heat stress not only in Arabi-
dopsis but also in rice and tomato, genetic and biochemical
approaches may be very useful tools for addressing these
developmental questions in economic crops.

Conclusions

A chitin-induced chimeric LYK4-ER gene was successfully
constructed, and the fusion gene improved the germination
rate, germination index and sprout speed of Arabidopsis
after heat stress. Chitosan treatment increased the germi-
nation rate of the wild-type plants and further reduced the
mean germination time of the transgenic plants. The trans-
genic plants showed a lower H,0, content and relative
electrolytic leakage, indicating that the transgenic plants
remained in better condition than the wild-type plants
under heat stress. The transgenic plants may achieve bet-
ter heat tolerance via JA signal transduction pathways. In
general, chimeric genes show high potential for developing
the heat tolerance of Arabidopsis and other plants.
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