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Abstract

In our previous study, a heat-induced differentially expressed WRKY-lle gene LIWRKY22 is isolated from lily (Lilium longiflorum), which acts as a
positive role in thermotolerance, but whether it is involved in other stress responses is unknown. Here, the expression of LIWRKY22 was indicated
to be positively influenced by heat, salt, or mannitol treatments, and its promoter activity was also enhanced after heat, salt, or mannitol
treatments. In addition, LIWRKY22 responded to ABA treatment, which activated its expression and also increased the promoter activity.
Overexpression of LIWRKY22 in Arabidopsis contributed to growth defects and early flowering. Simultaneously, compared with the wild type, the
ABA sensitivity in transgenic lines was increased in both the germination stage and late growth stage. Further analysis showed that LIWRKY22
overexpression elevated the thermotolerance of transgenic plants and induced the expression of AtDREB2A, AtDREB2B, AtDREB2C, and AtJUBIT.
The salt and mannitol tolerances of the overexpression lines were also improved. Overall, our results illustrated that LIWRKY22 is affected by heat,
salt, and osmotic stresses, and positively regulates heat, salt, and osmotic tolerances, which reveals that it acts as a generalist character
responding to different abiotic stresses. And further to that, the regulatory pathway of LIWRKY22 also involves in ABA signaling.
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INTRODUCTION

As sessile organisms, plants, unlike animals, cannot escape
unfavorable growth environment, and are constantly affected
by their natural environment with regards to their growth and
development, including pests, diseases, drought, high tempe-
rature, low temperature, high salt, nutrient deficiency and so
onl'2l. In order to adapt to the environment, plants have
evolved extremely complex response and defense mechanisms
to avoid potential damage during their long-term evolution at
the morphological, physiological, cellular and molecular
levelsi34, With how plants cope with environmental stimuli,
transcriptional regulation matters a lot(5:6],

In Arabidopsis, around 50 transcription factor families,
accounting for approximately 2000 genes have been
identified!”]. These transcription factors involve themselves in
complex and dynamic networks, along with signal perception
and transduction elements, which respond to biotic and abiotic
stresses and regulate developmental processes. Among the
transcription factor families, the WRKY proteins are a class of
transcription factors unique to plants, and are named for their
highly conserved WRKY motifsi39, WRKY family members all
contain 1-2 highly conserved WRKYGQK domains and a zinc
finger motif at the C-terminall’-'2. On the basis of the number
of WRKY heptapeptide sequences and the structural charac-
teristics of zinc finger motifs, WRKY proteins can be split into
three classes: class | WRKY proteins contain two conserved
WRKY heptapeptide sequences and one C2H2 (C-X4-5-C-X22-
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23-H-X-H) zinc finger structure; both class Il and class Il WRKY
proteins contain only one WRKY heptapeptide sequence, and
the difference is that the zinc finger structure of class Il proteins
is C2H2, while the zinc finger structure of class Ill WRKY proteins
is C2HC (C-X7-C-X23-H-X-Q)l'%1, Most family members belong to
class Il WRKY proteins, which are further divided into five
subgroups lla-lle based on their structural characteristicst® 19,

Transcription factors of WRKY family are induced by plant
growth factors or environmental factors, and specifically recog-
nize TTGAC sequence (W-box) and directly activate or inhibit
the expression of target genes, which are widely involved in
plant growth and development, defense responses, and abiotic
stress responses®1131 A single WRKY transcription factor is
often involved in the regulation of multiple biological proce-
sses, such as WRKY33, which acts as a key regulatory role in
Botrytis resistance and is also involved in the establishment of
salt, cold, submergence, and heat tolerancel’#-2', In addition,
WRKY33 also affects root tissue differentiation and participates
in developmental processes!?2l. Previous research has reported
that WRKY22 homologies mainly partake in plant disease
resistancel?3-27], while other biological processes are rarely
reported.

Lily is an important flower crop and is loved by people all
over the world. However, there are few research studies to date
focusing on the abiotic stresses of lily. LpNAC17 from L.
pumilum can enhance the tolerance to salt stress in tobacco by
enhancing the expression of NtSOD, NtPOD, NtCAT, NtHAK1,
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NtPMA4, and NtSOS1128l, The cut flower characteristics and
growth traits under salt stress in 26 lily cultivars have also been
explored??. With the exception of salt stress, the alkali
tolerance and drought tolerance of transgenic tobacco were
found to be reversely regulated by LpNAC6 from L. pumilumBOl,
Since most lilies have poor thermotolerance, a large amount of
published reports concentrate upon the mechanism under-
lying the heat stress response of lily; and various transcription
factors from different families have been identified, such as
LIHSFA3, LIHSP20, LIMYB305, LIWRKY39, LIERF110B31-371 Our
previous study identified a class lle WRKY gene LIWRKY22 which
was differentially expressed under heat stress in lilyB8l, It
positively regulates the thermotolerance of lily, but its role in
other abiotic stresses is under-excavated*8l. Here, we analyzed
the role of LIWRKY22 in other stresses with transgenic Arabi-
dopsis plants. The results demonstrated that LIWRKY22 could
not only be activated by heat, salt and osmotic stresses, but
also promote the tolerance to these stresses when overex-
pressed in Arabidopsis. Furthermore, overexpression of
LIWRKY22 also causes growth defects, accelerated flowering,
and increased ABA sensitivity of transgenic plants.

RESULTS

LIWRKY22 expression was activated by heat, salt,
mannitol, and ABA treatments

The expression of LIWRKY22 in the leaves of lily 'White
heaven' was detected with a 37 °C-heat stress treatment for
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different time periods. The results indicated that it was rapidly
induced at the beginning of the treatment and sustained at a
comparatively high level until it peaked at 12-h (Fig. 1a). In
addition, the expression of LIWRKY22 was also activated by salt,
mannitol, and ABA treatment (Fig. 1b).

The promoter activity of LIWRKY22 under different abiotic
stresses was also analyzed. The LIWRKY22 promoter had very
weak activity under normal conditions in GUS reporter analysis
using promoter-transgenic seedlings, but after HS treatment,
its activity was largely increased in the leaves and roots (Fig.
1c). Additionally, the promoter activity of LIWRKY22 was also
enhanced by salt, mannitol, and ABA treatments (Fig. 1c).

LIWRKY22 overexpression causes growth defects and
ABA hypersensitivity in transgenic plants

To analyze the function of LIWRKY22 in vivo, we transformed
LIWRKY22 into Arabidopsis under the control of 35S promoter.
The lines OE-2, OE-4, and OE-5 were identified by RT-PCR and
chosen for functional analysis (Supplemental Fig. S1). Under
normal conditions, LIWRKY22 transgenic plants grew on MS
medium for two weeks presenting a phenotype of significant
growth defects with smaller rosettes and lower weights (Fig.
2a—c). After transplantation, LIWRKY22 transgenic lines, com-
pared with wild-type plants, was dwarf-like, with plants being
shorter and rosette leaves being smaller (Fig. 2d & e). These
results implied that constitutive activation of LIWRKY22 might
be harmful for plant growth under normal conditions. In addi-
tion, overexpression of LIWRKY22 in transgenic seedlings
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The expression analysis of LIWRKY22 under different abiotic stresses. (a) Analysis of LIWRKY22 expression pattern in lily leaves after

time-controlled exposure to 37 °C. (b) Detection of LIWRKY22 expression in lily under NaCl, mannitol, or ABA treatment. The tissue-cultured
seedlings of lily were treated with water (CK), salt solution (NaCl, 200 mM), mannitol solution (300 mM), or ABA solution (10 uM) for 3 h, after
which their leaves were collected for expression analysis. The data were normalized to the lily 785 rRNA, and the 272AC" method was used in the
RT-gPCR analysis. Data are the mean (+ SD) of three independent experiments (Student’s t-test, *P < 0.05). (c) Promoter activity in the
LIWRKY22-pro::GUS transgenic Arabidopsis seedlings under different treatments. The 10-day-old seedlings were selected for the promoter
activity analysis. RT, room temperature (22 °C), HS, heat stress (37 °C, 3 h). CK, control (sterile water). NaCl, NaCl solution (200 mM, 3 h).
Mannitol, mannitol solution (400 mM, 3 h). ABA, ABA solution (10 uM, 3 h). Three replicates were conducted, and one representative picture is

presented. Scale bar =1 cm.
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Fig. 2 The growth phenotypes of LIWRKY22 overexpression Arabidopsis plants. (a) The 3-week-old wild-type and transgenic seedlings grew
on MS medium. Scale bar = 1 cm. (b) Fresh weight of three-week-old plants which grew on MS medium. Bars are means + SD of the tested
plants (n = 9). (c) Rosette radii of 3-week-old seedlings growing on MS medium. Bars are means + SD of the tested plants (n = 9). (d) The
seedlings growing on agar were transferred from agar plates to soil for 2 weeks. Scale bar = 1 cm. The representative picture is based on three
replicates. (e) Rosette radii of 2-week-old plants which grew on the soil were counted. Bars are means * SD of the tested plants (n = 12). Three
replicates were performed, and one representative picture is shown. (f) Seedlings were planted on agar plates for 10 d and then transmitted to
soil for 3 weeks. Scale bar = 1 cm. The representative picture is based on three replicates. (g) Bolting time of wild-type and transgenic seedlings.
Bars are means + SD of three independent experiments. (h) Rosette leaf number of the bolting plants. Bars are means + SD of three replicates

(n =12, Student's t-test, * P < 0.05).

slightly but significantly promoted flowering (Fig. 2f); com-
pared with wild-type seedlings, the LIWRKY22 transgenic plants
required less rosette leaves and shorter growth time to
flowering (Fig. 2g & h).

The WRKY22 homologies are reported to positively regulate
ABA signaling in different plantsi324%], We attempted to deter-
mine whether LIWRKY22 has a function similar to its homo-
logies in ABA response (Fig. 3a). After 1.0 uM-ABA treatment,
the seed germination rate of LIWRKY22 transgenic plants was
lower than that of the wild-type plants after 6-days of growth
(Fig. 3b & c). And the cotyledon green rate was also lower than
that of the wild-type plants on the medium containing 0.5 uM
ABA (Fig. 3d). To further determine ABA sensitivity at the late
growth stage, we transferred the 5-day-old seedlings, which

Li et al. Ornamental Plant Research 2022, 2:17

were germinated on MS medium, to a medium adding 5.0 uM
ABA and grew for 12 d (Fig. 3e). It was illustrated that the root
growth of the LIWRKY22 overexpression lines was largely
restricted under ABA conditions compared to that of wild-type
plants (Fig. 3f). The above results indicated LIWRKY22 overex-
pression led to ABA hypersensitivity of transgenic plants.

LIWRKY22 overexpression enhanced the
thermotolerance of transgenic plants

For thermotolerance assay, we directly exposed the 5-day-
old transgenic and wild-type seedlings to heat stress for 1 h at
45 °C and then put them at 22 °C to recover for 7 d (Fig. 4a). The
three overexpression lines showed higher survival rates in
comparison to the wild-type line, indicating that LIWRKY22
accumulation increased the thermotolerance of the transgenic
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Fig. 3 Seed germination and seedling growth of LIWRKY22 overexpression Arabidopsis plants responding to ABA treatments. (a) The wild-
type and transgenic Arabidopsis seeds were planted on ABA-supplemented MS medium for 6 d under light. Three replicates were performed
and one representative image was exhibited. (b), (c) Seeds germinated on MS medium with or without 1.0 uM ABA and the germination rates
were recorded daily. (d) Seeds were sown on MS medium with or without 0.5 uM ABA, and the percentage of cotyledon greening was recorded
after 6 d. Data represent the means (+ SD) of three replicates (Student's t-test, * P < 0.05). (e) The 5-day-old seedlings were used as materials
and transplanted to MS medium with or without 5.0 uM ABA, and after 10 d of growth, the root lengths were photographed. Scale bar =1 cm.
(f) Root elongation of each plant was calculated, and the average value of 9 biological replicates for each line is shown. Bars are means + SD of

three replicates (n =9, Student's t-test, * P < 0.05).

plants (Fig. 4b). Next, we measured the expression levels of
several heat-related genes in wild-type and transgenic seed-
lings. It was revealed that LIWRKY22 overexpression upregu-
lated expression of abundant heat-related genes, consisting of
AtDREB2A, AtDREB2B, AtDREB2C, AtJUB1, AtHSFA1a, AtHSFAT1b,
AtHSFA1d, AtHSFAle, AtHSFA2, AtHSFA3, AtAPX2, AtHSP17.6,
AtHSP22.0, AtHSP25.3, AtHsa32, and AtHSP101 (Fig. 4c
Supplemental Fig. S2). In particular, the expression of AtJUBT,
AtDREB2A, AtDREB2B, and AtDREB2C was remarkedly elevated in
the transgenic lines (Fig. 4c). Interestingly, the WRKY22 homo-
log of Arabidopsis, AtWRKY22, was also activated by LIWRKY22
overexpression (Fig. 4c). These results suggested that activation
of these heat-related genes resulting from LIWRKY22 overex-
pression might contribute to the increased thermotolerance in
transgenic plants.

Page 40f 10

LIWRKY22 overexpression enhanced the salt tolerance
of transgenic plants

Under normal conditions, there was no difference in seed
germination in the transgenic lines and wild type (Fig. 5a).
Nevertheless, the 6-day cotyledon's green rate of all transgenic
lines was higher than that of wild-type plants when the
medium was added with 50 mM NaCl (Fig. 5b). When it was
raised to a degree of 100 mM in NaCl concentration, the
germination rate of the wild type was also markedly repressed
compared to the overexpression lines (Fig. 5c). Furthermore,
the root elongation in transgenic lines did not differ with the
wild type at the post-germination stage when MS medium was
not added with NaCl (Fig. 5d). However, root growth of the
transgenic plants was significantly enhanced under salt stress
compared with that of wild type (Fig. 5e). The above-

Li et al. Ornamental Plant Research 2022, 2:17
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Fig. 4

Thermotolerance test of LIWRKY22 overexpressing Arabidopsis plants. (a) The thermotolerance of three LIWRKY22 overexpression lines

(OE-2, OE-4, and OE-5) were examined. The phenotypes with 1-h 45 °C heat stress (HS) of wild-type and transgenic seedlings are exhibited. (b)
The survival rate of wild type and transgenic lines was calculated after HS following by a 7-day recovery at 22 °C. Data are the mean + SD of
three replicates (Student's t-test, * P < 0.05). (c) Expression of AtDREB2A, AtDREB2B, AtDREB2C, AtJUB1, and AtWRKY22 under normal conditions
was detected in transgenic Arabidopsis plants under normal conditions. Data are the mean + SD of three replicates (Student's t-test, * P < 0.05).

mentioned results illustrated that LIWRKY22 overexpression in
Arabidopsis could enhance the tolerance to salt stress, and that
LIWRKY22 might positively regulate salt response.

LIWRKY22 overexpression enhanced the mannitol
tolerance of transgenic plants

Since LIWRKY22 expression was activated by mannitol treat-
ment, the mannitol tolerance of the transgenic lines was also
analyzed (Fig. 6a). The germination of wild-type and transgenic
lines was almost the same without mannitol (Fig. 6a). When
subjected to 200 mM mannitol treatment, the transgenic plants
presented higher green rate of cotyledon (Fig. 6b), and the
germination rate of transgenic lines was also elevated in
comparison to that of wild-type plants with 400 mM mannitol
(Fig. 6¢). Obviously, the root growth of LIWRKY22 overexpre-
ssion seedlings exceeded that of the wild type under 300 mM
mannitol treatment (Fig. 6d & e). The results suggested that
overexpression of LIWRKY22 elevated the tolerance to mannitol
of transgenic Arabidopsis seedlings.

DISCUSSION

In Arabidopsis, AtWRKY22 is reported to take part in dark-
induced leaf senescence, pathogen-triggered immunity, anti-
aphid response, and oxidase stress responsel24394142] |n rice,
OsWRKY22 promotes Al-induced increases of the OsFRDL4
expression through directly binding W-box motif in the
promoter of OsFRDL4, consequently strengthening Al-induced
citrate secretion and Al tolerance!*3l. Meanwhile, OsWRKY22
also responses to blast. The oswrky22 mutants exhibited an
increased susceptibility to Magnaporthe oryzae, while overex-
pression of OsWRKY22 enhanced resistance to M. oryzael?3l,
CsWRKY22 of citrus could enhance cell enlargement and
CsLOB1 expression, thereby regulating resistance to Xantho-
monas citri pathogen(2>26, Additionally, MsWRKY22 of alfalfa
was reported to directly bind MsWRKY11 promoter and activate

Li et al. Ornamental Plant Research 2022, 2:17

its expression, thereby taking part in lignin biosynthesis, and
drought tolerancel*l, VWWRKY22 interacts with VvSnRK1.1/
VvSnRK1.2 (sucrose non-fermenting-1-related protein kinase 1)
and regulates sugar accumulation in grapel®?, In peach fruit,
through interacting with PpTGA1 physically, PpWRKY22
enhances the expression of several SA-responsive PR genes to
partake in the tolerance to disease , and overexpression of
PpWRKY22 confers enhanced resistance to Rhizopus
stolonifera?”). Our former work illustrated that LIWRKY22 is a
differentially expressed gene in the heat-stress-transcriptome
of lily leavesB8l. LIWRKY22 expression is continuingly activated
by heat, whose protein is localized in the nucleus, shows tran-
scriptional activation, and plays a positive role in thermotole-
rance of lily38l. Not only than that, it can directly activate the
expression of LIDREB2B and itselfi38l. Although abiotic and
biotic stimuli are most likely perceived by plants via stress-
specific mechanisms and require differential plant responses,
these studies imply that WRKY22 is a generalist performing
specific functions in various biological processes. Nevertheless,
no study to date has clarified function of WRKY22 in salt and
osmotic tolerance. In this study, we found that LIWRKY22 was
not only induced by heat but also responded to salt and
mannitol stresses, whose promoter activity was also enhanced
by salt and mannitol treatments (Fig. 1), supporting that it may
partake in the establishment of salt and osmotic tolerance.
Similar to the results in lily, overexpression of LIWRKY22 in
Arabidopsis also showed enhanced tolerance to heat, and the
expression of heat-responsive genes was also up-regulated
(Fig. 4). In lily, it shows that LIWRKY22 can activate the
expression of LIDREB2B along with itself through directly
binding the tandem W-box element which was found in their
promoters, thereby participating in the establishment of
thermotolerance®8l. And in this study, we found that overex-
pression of LIWRKY22 could strongly enhance the expression of
Arabidopsis DREB2-like genes, AtDREB2A, AtDREB2B, and
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Fig. 5 Salt tolerance test of LIWRKY22 overexpression Arabidopsis plants. (a) Wild-type and transgenic Arabidopsis lines were cultivated and
photographed on NaCl-supplemented MS medium for 5 d under light. Three independent experiments were performed and one
representative picture is presented. (b), (c) The germination rate of seeds which germinated on the MS medium with 100 mM NaCl were
recorded daily (MS medium without NaCl served as control). Data represent means + SD of three biological replicates (Student's t-test, * P <
0.05). (d) The cotyledon greening rate of seeds which germinated on the MS medium with or without 50 mM NaCl was recorded after 6 d. Data
represent means * SD of three biological replicates (Student's t-test, * P < 0.05). (e) The 5-day-old seedlings were used as materials and grew on
MS medium with or without 200 mM NaCl for 10 d, after which their root lengths were recorded and photographed. Scale bar = 1 ¢cm. Bars are

means + SD of three replicates (n =9, Student's t-test, * P < 0.05).

AtDREB2C, and WRKY22 homolog AtWRKY22 (Fig. 4c). We
supposed that the overexpression of LIWRKY22 in Arabidopsis
could increase the endogenous expression level of AtWRKY22
by autoactivation; and after which, both up-regulated genes
LIWRKY22 and AtWRKY22 were collaborated to enhance the
expression of AtDREB-like genes probably by binding W-box
elements. Therefore, it was speculated that the WRKY22-DREB2
regulation and WRKY22 autoactivation mechanisms through
two tandem W-box copies are conserved between Arabidopsis
and lily as well as in other plant species.

The DREB2-like transcription factors, AtDREB2A, AtDREB2B,
and AtDREB2C, are extensively cognized as being related to

Page 6 of 10

various stress responses, particularly drought and heat
tolerance*>-471, And the salt and mannitol tolerances of
transgenic Arabidopsis was identified. The results revealed that
overexpression of LIWRKY22 raised the tolerance to salt and
osmotic stresses in transgenic seedlings (Figs 5 & 6), indicating
that LIWRKY22 positively regulated these stress responses, and
among which the WRKY22-DREB2 regulatory module might
make significant contributions. Through gene expression assay,
it was also revealed that overexpression of LIWRKY22 stimu-
lated the expression of AtJUBT (Fig. 4c), which has been re-
ported to be one of the core factors regulating multiple abiotic
and biotic stresses8491. Overexpression of JUBT homology can

Li et al. Ornamental Plant Research 2022, 2:17
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Fig. 6 Mannitol tolerance test of LIWRKY22 overexpression Arabidopsis plants. (a) Wild-type and transgenic Arabidopsis lines were planted
under light for 5 d on mannitol-supplemented MS medium and the seed germination was photographed and recorded. Three independent
experiments were conducted and one representative picture is shown. (b), (c) The germination rate of seeds which germinated on MS medium
with 400 mM mannitol were recorded daily (MS medium without mannitol served as control). Data represent means + SD of three biological
replicates (Student's t-test, * P < 0.05). (d) The cotyledon greening rate of seeds which germinated for 6 d on the MS medium with 200 mM
mannitol was recorded (MS medium without mannitol served as control). Data represent means + SD of three biological replicates (Student's t-
test, * P < 0.05). (e) Root lengths of 5-day-old seedlings were transplanted to MS medium with or without 300 mM mannitol. After 10 d, their
root lengths were recorded and photographed. Scale bar = 1 cm. Bars are means + SD of three replicates (n =9, Student's t-test, * P < 0.05).

improve heat, salt and drought tolerances in different plant
speciesl“850511, And JUB1 is a direct upstream regulator of
DREB2AY, suggesting that LIWRKY22 can also partake in the
response to abiotic stress through the JUB1-DREB2A pathway.
In addition, former findings have illustrated that the activation
of stress-resistant genes, such as JUBT and DREB2A, can lead to
restricted growth and development of plantsl“652531, And we
found that overexpression of LIWRKY22 showed growth defects
also with small rosettes and low weights (Fig. 2).

In Arabidopsis, AtWRKY22 acts as a suppressor in JA and SA
signaling, showing that AtWRKY22 has a role in both SA and JA
signaling and partakes in transcriptional reprogramming in

Li et al. Ornamental Plant Research 2022, 2:17

response to mechano-stimulation and aphid infestation39.,
Besides, aphid infestation also influences the expression of
ABA-responsive genes in wrky22 mutantB%. VWWRKY22 is
induced by fructose and ABA, and it is illustrated that overex-
pression of WIWRKY22 decreases the content of sucrose,
glucose together with fructose, and regulates the expression
levels of sugar and ABA-related genes9. What's more,
VVWRKY22 was revealed to interact with two significant kinases
VvSnRK1.1 and VvSnRK1.2, which are involved in sugar meta-
bolism and ABA signaling!?. The wild-type Arabidopsis and
two independent wrky22 mutants were treated with ABA,
which promotes the closure of guard cells in wild-type leaves
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but not in both mutants, implying that the malfunction of
WRKY22 greatly induces insensitivity to ABAB4, The responsive-
ness to ABA response was limited, which was caused by the loss
of the functional WRKY22 transcript in mutant shoot tips>4. Our
findings illustrated that ABA treatment activated the expression
of LIWRKY22 (Fig. 1), whose overexpression would lead to
enhanced ABA sensitivity in transgenic plants (Fig. 3), and the
downstream DREB2-like genes were typically ABA-responsive
genes (Fig. 4), suggesting that LIWRKY22 may partake in the
ABA response.

Taken together, our results suggest that LIWRKY22 expre-
ssion could be induced by various abiotic stresses, such as:
heat, salt, osmotic stresses as well as ABA treatment; and its
ectopic overexpression in Arabidopsis promoted the tolerances
to those stresses and the sensitivity to ABA. Consequently, we
speculated that the strengthened tolerances might be related
to the increased ABA sensitivity in LIWRKY22 transgenic
Arabidopsis plants.

METHODS

Plant materials and growth conditions

The tissue-cultured Lilium longiflorum cv. 'White heaven' was
used in the experiments. Sterile lily seedlings were cultivated
on MS medium in a standard culture room. Arabidopsis thaliana
(Col-0) seeds were sterilized with 0.1% NaClO and 0.01%
TritonX-100, and then sown on MS medium, followed by dark
conditions at 4 °C for 3 d. After germination, the seedlings were
transferred from MS plates to plastic pots of a sterile rooting
mixture under controlled conditions (22/16 °C, 16-h/8-h
light/dark).

Cloning of LIWRKY22 from lily

We extracted total RNA from the heat-treated leaves by
using an RNAprep Pure Kit (Tiangen, China). The leaves were
sampled from the tissue-cultured 'White heaven' plants treated
with 1-h heat stress at 37 °C. The cDNA was synthesized using a
First Strand cDNA Synthesis Kit (R323-01, Vazyme, China). The
open reading frame (ORF) of LIWRKY22 was isolated with
special primers on the basis of the transcriptome data
(Supplemental Table S1).

Abiotic stress treatments and gene expression assay of
lily

The 2-week-old, healthy, tissue-cultured lily seedlings with
similar sizes were chosen for the treatments and gene
expression assay. To analyze the expression patterns under
high temperature conditions, the selected plants were exposed
to 37 °C for various durations (0, 0.5, 1, 3, 6, 12 h) in a
temperature-controlled incubator (Liance, China). For salt and
mannitol treatments, different time course and concentration
gradients were pre-tested, and then we transferred plants from
the growth medium to 200 mM NaCl, 300 mM mannitol, or 10
pwM ABA solution and put them at 22 °C for 3 h, deionized water
served as control. Immediately after treatment, leaves were
frozen in liquid nitrogen. Total RNA was extracted as described
above, and reverse transcription was performed with a HiScript
Il kit (Vazyme, China). Real-time quantitative PCR (RT-qPCR) was
applied to detect the expression levels. The 78S rRNA of lily was
applied as an internal control. The primers are listed in
Supplemental Table S2 for the RT-qPCR assay.
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Isolation of LIWRKY22 promoter from lily

Genomic DNA of lily leaves was extracted using a Plant
Genprep DNA kit (Zomanbio, China). We isolated LIWRKY22
promoter through the Hi-tail PCR method[3655l, The 1053-bp
upstream fragment from the ATG of LIWRKY22 were cloned and
identified from lily 'White heaven'.

Generation of LIWRKY22 transgenic Arabidopsis lines

The LIWRKY22 ORF was cloned and inserted into
pCAMBIA1300 vector driven by 35S promoter. Promoter of
LIWRKY22 was cloned into pCAMBIA1391 vector containing a
GUS (p-glucuronidase) reporter gene. The recombinant vectors
were transformed, respectively, into 5-week-old Arabidopsis
plants using the floral-dip method. The transformed seeds were
screened by adding 30 mg:L~! hygromycin to MS medium. We
used RT-PCR to identity all transgenic lines, and selected three
T3-generation homozygous lines for gene functional analysis.
The primers used for vector constructions are shown in
Supplemental Table S3.

GUS activity assay of LIWRKY22 promoter transgenic
plants

The LIWRKY22 transgenic seeds were sown on MS medium,
and put in dark conditions at 4 °C for 3 d. After 5 d of
germination, the seedlings were transplanted to vertically
oriented MS medium for an additional 10 d. For heat stress, we
put the seedlings at 37 °C for 3 h, and the untreated seedlings
was used as a control. For NaCl, mannitol, and ABA treatments,
the plants were submerged in 200 mM NaCl, 400 mM mannitol
and 10 pM ABA solution for 3 h, and the controlled seedlings
were cultured in sterile water. After treatment, the seedlings
were collected and submerged in GUS staining solution for
incubation at a temperature of 37 °C for 12 h. For the removal
of chlorophyll, 70% ethanl was used.

Thermotolerance test of transgenic seedlings

The thermotolerance test was performed similar to that
described in previous studiesB437.561, Briefly, seedlings were
vernalized on MS medium and grown at 22 °C in a standard
culture room as previously described. For heat stress, the 5-day-
old seedlings were treated with 1-h 45 °C treatment, and we
recorded the survival rate after a period of 7-day of recovery
under normal growth conditions.

Abiotic stress treatments of transgenic seedlings

To investigate the effects on germination, different time
courses and concentration gradients of salt, mannitol and ABA
were pre-tested and appropriate treatments were selected.
Wild-type and transgenic seeds were sown onto MS medium
containing NaCl (0, 100, 200 mM), mannitol (0, 200, 400 mM), or
ABA (0, 0.5, 1.0 uM), and their germination rates were recorded
daily. To investigate the effects of NaCl, mannitol, and ABA on
root growth, the 5-day-old seedlings were transferred to MS
medium containing NaCl (200 mM), mannitol (300 mM), or ABA
(5.0 uM). After 10 d of growth, a picture was taken and the root
length of each plant was recorded.

Gene expression assay of transgenic Arabidopsis
seedlings

Gene expression analysis was performed with 5-day-old
transgenic and wild-type seedlings. Their RNA extractions were
performed as described above. The expression level of
detected genes was determined by RT-gqPCR. AtActin2 was used
as a normalization control. The primers used for RT-qPCR are
listed in Supplemental Table S2.
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Statistical analysis

GraphPad Prism 7.00 was used to analyze the experimental
data and draw the diagrams. Data for P-value determinations
and inference were analyzed by Student's t-test at a significant
level of 0.05 or 0.01.

Data availability
The data underlying this article will be shared on reasonable
request to the corresponding author.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (31902055), the Fundamental Research
Funds for the Central Universities (KYZZ2022004), the National
Key R&D Program of China (2019YFD1000400), and the Natural
Science Foundation of Jiangsu Province, China (BK20190532).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary Information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/OPR-2022-
0017)

Dates

Received 5 September 2022; Accepted 30 September 2022;
Published online 28 October 2022

REFERENCES

1. Bailey-Serres J, Voesenek LACJ. 2008. Flooding stress: acclimations
and genetic diversity. Annual Review of Plant Biology 59:313—-39

2. Jagadish SVK, Way DA, Sharkey TD. 2021. Plant heat stress: Con-
cepts directing future research. Plant, Cell & Environment
44:1992-2005

3. Zhang H, Zhu J, Gong Z, Zhu J. 2022. Abiotic stress responses in
plants. Nature Reviews Genetics 23:104—-19

4. Zhu J. 2016. Abiotic stress signaling and responses in plants. Cell
167:313-24

5. Asensi-Fabado MA, Amtmann A, Perrella G. 2017. Plant responses
to abiotic stress: the chromatin context of transcriptional regu-
lation. Biochimica et Biophysica Acta (BBA) - Gene Regulatory
Mechanisms 1860:106—22

6. Nakashima K, Ito Y, Yamaguchi-Shinozaki K. 2009. Transcriptional
regulatory networks in response to abiotic stresses in Arabidopsis
and grasses. Plant Physiology 149:88—95

7. Mitsuda N, Ohme-Takagi M. 2009. Functional analysis of transcrip-
tion factors in Arabidopsis. Plant and Cell Physiology 50:1232-48

8. Eulgem T, Rushton PJ, Robatzek S, Somssich IE. 2000. The WRKY
superfamily of plant transcription factors. Trends in Plant Science
5:199-206

9. ChenlL, SongY,LiS, Zhang L, Zou C, et al. 2012. The role of WRKY
transcription factors in plant abiotic stresses. Biochimica et
Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1819:120-28

10. Jiang J, Ma S, Ye N, Jiang M, Cao J, et al. 2017. WRKY transcription
factors in plant responses to stresses. Journal of Integrative Plant
Biology 59:86—101

11. Ulker B, Somssich IE. 2004. WRKY transcription factors: from DNA
binding towards biological function. Current Opinion in Plant
Biology 7:491-98

12. Rushton PJ, Somssich IE, Ringler P, Shen QJ. 2010. WRKY
transcription factors. Trends in Plant Science 15:247—-58

Li et al. Ornamental Plant Research 2022, 2:17

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ornamental
Plant Research

Ciolkowski I, Wanke D, Birkenbihl RP, Somssich IE. 2008. Studies on
DNA-binding selectivity of WRKY transcription factors lend struc-
tural clues into WRKY-domain function. Plant Molecular Biology
68:81-92

Zheng Z, Qamar SA, Chen Z, Mengiste T. 2006. Arabidopsis
WRKY33 transcription factor is required for resistance to necrotro-
phic fungal pathogens. The Plant Journal 48:592—605

Wang D, Xu H, Huang J, Kong Y, AbuQamar, et al. 2020. The
Arabidopsis CCCH protein C3H14 contributes to basal defense
against Botrytis cinerea mainly through the WRKY33-dependent
pathway. Plant, Cell & Envronment 43:1792—-806

Jiang Y, Deyholos MK. 2009. Functional characterization of
Arabidopsis NaCl-inducible WRKY25 and WRKY33 transcription
factors in abiotic stresses. Plant Molecular Biology 69:91-105

Li S, Fu Q, Chen L, Huang W, Yu D. 2011. Arabidopsis thaliana
WRKY25, WRKY26, and WRKY33 coordinate induction of plant
thermotolerance. Planta 233:1237-52

Li H, Gao Y, Xu H, Dai Y, Deng D, et al. 2013. ZmWRKY33, a WRKY
maize transcription factor conferring enhanced salt stress
tolerances in Arabidopsis. Plant Growth Regulation 70:207-16

Liu S, Kracher B, Ziegler J, Birkenbihl RP, Somssich IE. 2015.
Negative regulation of ABA signaling by WRKY33 is critical for
Arabidopsis immunity towards Botrytis cinerea 2100. eLife 4:207295
Wang Y, Schuck S, Wu J, Yang P, Déring AC, et al. 2018. A MPK3/6-
WRKY33-ALD1-pipecolic acid regulatory loop contributes to
systemic acquired resistance. The Plant Cell 30:2480—-94

Liu B, Jiang Y, Tang H, Tong S, Lou S, et al. 2021. The ubiquitin E3
ligase SR1 modulates the submergence response by degrading
phosphorylated WRKY33 in Arabidopsis. The Plant Cell 33:1771-89
Krishnamurthy P, Vishal B, Ho WJ, Lok FCJ, Lee FSM, Kumar PP.
2020. Regulation of a cytochrome P450 gene CYP94B1 by WRKY33
transcription factor controls apoplastic barrier formation in roots
to confer salt tolerance. Plant Physiology 184:2199-215
Abbruscato P, Nepusz T, Mizzi L, Del Corvo M, Morandini P, et al.
2012. OsWRKY22, a monocot WRKY gene, plays a role in the
resistance response to blast. Molecular Plant Pathology 13:828-41
Hsu FC, Chou MY, Chou SJ, Li YR, Peng HP, Shih MC. 2013. Sub-
mergence confers immunity mediated by the WRKY22
transcription factor in Arabidopsis. The Plant Cell 25:2699-713
Wang L, Chen S, Peng A, Xie Z, He Y, et al. 2019. CRISPR/Cas9-
mediated editing of CsWRKY22 reduces susceptibility to Xantho-
monas citri subsp. citri in Wanjincheng orange (Citrus sinensis (L.)
Osbeck). Plant Biotechnology Reports 13:501-10

Long Q, Du M, Long J, Xie Y, Zhang J, et al. 2021. Transcription
factor WRKY22 regulates canker susceptibility in sweet orange
(Citrus sinensis Osbeck) by enhancing cell enlargement and CsLOB1
expression. Horticulture Research 8:50

Li C, Lei C, Huang Y, Zheng Y, Wang K. 2021. PpWRKY22 physically
interacts with PpHOS1/PpTGAT and positively regulates several SA-
responsive PR genes to modulate disease resistance in BABA-
primed peach fruit. Scientia Horticulturae 290:110479

Wang Y, Cui Y, Liu B, Wang Y, Sun S, et al. 2022. Lilium pumilum
stress-responsive NAC transcription factor LpNACT17 enhances salt
stress tolerance in tobacco. Frontiers in Plant Science 13:993841
Kang Yl, Choi YJ, Lee YR, Seo KH, Suh JN, et al. 2021. Cut Flower
Characteristics and Growth Traits under Salt Stress in Lily Cultivars.
Plants 10:1435

Yan H, Liu B, Cui Y, Wang Y, Sun S, et al. 2022. LpNAC6 reversely
regulates the alkali tolerance and drought tolerance of Lilium
pumilum. Journal of Plant Physiology 270:153635

Xin H, Zhang H, Chen L, Li X, Lian Q, et al. 2010. Cloning and
characterization of HsfA2 from Lily (Lilium longiflorum). Plant Cell
Reports 29:875-85

Cao X, YiJ, Wu Z, Luo X, Zhong X, et al. 2013. Involvement of Ca?*
and CaM3 in regulation of thermotolerance in lily (Lilium longi-
florum). Plant Molecular Biology Reporter 31:1293—-304

Page 90f 10


https://www.maxapress.com/article/doi/10.48130/OPR-2022-0017
https://www.maxapress.com/article/doi/10.48130/OPR-2022-0017
https://doi.org/10.1146/annurev.arplant.59.032607.092752
https://doi.org/10.1111/pce.14050
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1016/j.bbagrm.2016.07.015
https://doi.org/10.1016/j.bbagrm.2016.07.015
https://doi.org/10.1104/pp.108.129791
https://doi.org/10.1093/pcp/pcp075
https://doi.org/10.1016/S1360-1385(00)01600-9
https://doi.org/10.1016/j.bbagrm.2011.09.002
https://doi.org/10.1016/j.bbagrm.2011.09.002
https://doi.org/10.1111/jipb.12513
https://doi.org/10.1111/jipb.12513
https://doi.org/10.1016/j.pbi.2004.07.012
https://doi.org/10.1016/j.pbi.2004.07.012
https://doi.org/10.1016/j.tplants.2010.02.006
https://doi.org/10.1007/s11103-008-9353-1
https://doi.org/10.1111/j.1365-313X.2006.02901.x
https://doi.org/10.1111/pce.13771
https://doi.org/10.1007/s11103-008-9408-3
https://doi.org/10.1007/s00425-011-1375-2
https://doi.org/10.1007/s10725-013-9792-9
https://doi.org/10.7554/eLife.07295
https://doi.org/10.1105/tpc.18.00547
https://doi.org/10.1093/plcell/koab062
https://doi.org/10.1104/pp.20.01054
https://doi.org/10.1111/j.1364-3703.2012.00795.x
https://doi.org/10.1105/tpc.113.114447
https://doi.org/10.1007/s11816-019-00556-x
https://doi.org/10.1038/s41438-021-00486-2
https://doi.org/10.1016/j.scienta.2021.110479
https://doi.org/10.3389/fpls.2022.993841
https://doi.org/10.3390/plants10071435
https://doi.org/10.1016/j.jplph.2022.153635
https://doi.org/10.1007/s00299-010-0873-1
https://doi.org/10.1007/s00299-010-0873-1
https://doi.org/10.1007/s11105-013-0587-y
https://www.maxapress.com/article/doi/10.48130/OPR-2022-0017
https://www.maxapress.com/article/doi/10.48130/OPR-2022-0017
https://doi.org/10.1146/annurev.arplant.59.032607.092752
https://doi.org/10.1111/pce.14050
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1016/j.bbagrm.2016.07.015
https://doi.org/10.1016/j.bbagrm.2016.07.015
https://doi.org/10.1104/pp.108.129791
https://doi.org/10.1093/pcp/pcp075
https://doi.org/10.1016/S1360-1385(00)01600-9
https://doi.org/10.1016/j.bbagrm.2011.09.002
https://doi.org/10.1016/j.bbagrm.2011.09.002
https://doi.org/10.1111/jipb.12513
https://doi.org/10.1111/jipb.12513
https://doi.org/10.1016/j.pbi.2004.07.012
https://doi.org/10.1016/j.pbi.2004.07.012
https://doi.org/10.1016/j.tplants.2010.02.006
https://doi.org/10.1007/s11103-008-9353-1
https://doi.org/10.1111/j.1365-313X.2006.02901.x
https://doi.org/10.1111/pce.13771
https://doi.org/10.1007/s11103-008-9408-3
https://doi.org/10.1007/s00425-011-1375-2
https://doi.org/10.1007/s10725-013-9792-9
https://doi.org/10.7554/eLife.07295
https://doi.org/10.1105/tpc.18.00547
https://doi.org/10.1093/plcell/koab062
https://doi.org/10.1104/pp.20.01054
https://doi.org/10.1111/j.1364-3703.2012.00795.x
https://doi.org/10.1105/tpc.113.114447
https://doi.org/10.1007/s11816-019-00556-x
https://doi.org/10.1038/s41438-021-00486-2
https://doi.org/10.1016/j.scienta.2021.110479
https://doi.org/10.3389/fpls.2022.993841
https://doi.org/10.3390/plants10071435
https://doi.org/10.1016/j.jplph.2022.153635
https://doi.org/10.1007/s00299-010-0873-1
https://doi.org/10.1007/s00299-010-0873-1
https://doi.org/10.1007/s11105-013-0587-y

Ornamental
Plant Research

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Gong B, Yi J, Wu J, Sui J, Khan MA, et al. 2014. LIHSFA1, a novel
heat stress transcription factor in lily (Lilium longiflorum), can
interact with LIHSFA2 and enhance the thermotolerance of
transgenic Arabidopsis thaliana. Plant Cell Reports 33:1519-33

Wu Z, Liang J, Wang C, Zhao X, Zhong X, et al. 2018. Overexpre-
ssion of lily HsfA3s in Arabidopsis confers increased
thermotolerance and salt sensitivity via alterations in proline
catabolism. Journal of Experimental Botany 69:2005—-21

Zhou Y, Wang Y, Xu F, Song C, Yang X, et al. 2022. Small HSPs play
an important role in crosstalk between HSF-HSP and ROS
pathways in heat stress response through transcriptomic analysis
in lilies (Lilium longiflorum). BMC Plant Biology 22:1-16

Ding L, Wu Z, Teng R, Xu S, Cao X, et al. 2021. LIWRKY39 is involved
in thermotolerance by activating LIMBF1c and interacting with
LICaM3 in lily (Lilium longiflorum). Horticulture Research 8:36

Li T, Wu Z, Xiang J, Zhang D, Teng N. 2022. Overexpression of a
novel heat-inducible ethylene-responsive factor gene LIERF110
from Lilium longiflorum decreases thermotolerance. Plant Science
319:111246

Wu Z, Li T, Cao X, Zhang D, Teng N. 2022. Lily WRKY factor
LIWRKY22 promotes thermotolerance through autoactivation and
activation of LIDREB2B. Horticulture Research 00:uhac186

Kloth KJ, Wiegers GL, Busscher-Lange J, van Haarst JC, Kruijer W, et
al. 2016. AtWRKY22 promotes susceptibility to aphids and
modulates salicylic acid and jasmonic acid signalling. Journal of
Experimental Botany 67:3383-96

Huang T, Yu D, Wang X. 2021. VVWRKY22 transcription factor
interacts with VvSnRK1.1/VvSnRK1.2 and regulates sugar accumu-
lation in grape. Biochemical and Biophysical —Research
Communications 554:193—-8

Davletova S, Rizhsky L, Liang H, Shenggiang Z, Oliver DJ, et al.
2005. Cytosolic ascorbate peroxidase 1 is a central component of
the reactive oxygen gene network of Arabidopsis. The Plant Cell
17:268-81

Zhou X, Jiang Y, Yu D. 2011. WRKY22 transcription factor mediates
dark-induced leaf senescence in Arabidopsis. Molecules and Cells
31:303-13

Li GZ, Wang ZQ, Yokosho K, Ding B, Fan W, et al. 2018.
Transcription factor WRKY22 promotes aluminum tolerance via
activation of OsFRDL4 expression and enhancement of citrate
secretion in rice (Oryza sativa). New phytologist 219:149-62

Wen W, Wang R, Su L, Lv A, Zhou P, An Y. 2021. MsWRKY11,
activated by MsWRKY22, functions in drought tolerance and
modulates lignin biosynthesis in alfalfa (Medicago sativa L. ).
Environmental and Experimental Botany 184:104373

Sakuma Y, Maruyama K, Osakabe Y, Qin F, Seki M, et al. 2006.
Functional analysis of an Arabidopsis transcription factor, DREB2A,
involved in drought-responsive gene expression. The Plant Cell
18:1292-309

Page 100f 10

46.
47.

48.

49.
50.
51.

52.
53.

54.

55.

56.

LIWRKY?22 promotes multiple stress tolerances

Sakuma Y, Maruyama K, Qin F, Osakabe Y, Shinozaki K, Yamaguchi-
Shinozaki K. 2006. Dual function of an Arabidopsis transcription
factor DREB2A in water-stress-responsive and heat-stress-respon-
sive gene expression. PNAS 103:18822-27

Chen H, Hwang JE, Lim CJ, Kim DY, Lee SY, Lim CO. 2010.
Arabidopsis DREB2C functions as a transcriptional activator of
HsfA3 during the heat stress response. Biochemical and Biophysical
Research Communications 401:238—44

Shahnejat-Bushehri S, Mueller-Roeber B, Balazadeh S. 2012. Arabi-
dopsis NAC transcription factor JUNGBRUNNENT1 affects thermo-
memory-associated genes and enhances heat stress tolerance in
primed and unprimed conditions. Plant Signaling & Behavior
7:1518-21

Shahnejat-Bushehri S, Nobmann B, Devi Allu A, Balazadeh S. 2016.
JUB1 suppresses Pseudomonas syringae-induced defense
responses through accumulation of DELLA proteins. Plant
Signaling & Behavior 11:1181245

Wu A, Allu AD, Garapati P, Siddiqui H, Dortay H, et al. 2012.
JUNGBRUNNENT1, a reactive oxygen species-responsive NAC tran-
scription factor, regulates longevity in Arabidopsis. The Plant Cell
24:482-506

Alshareef NO, Wang JY, Ali S, Al-Babili S, Tester M, Schmockel SM.
2019. Overexpression of the NAC transcription factor
JUNGBRUNNEN1 (JUBT) increases salinity tolerance in tomato. Plant
Physiology and Biochemistry 140:113-21

Shahnejat-Bushehri S, Tarkowska D, Sakuraba Y, Balazadeh S. 2016.
Arabidopsis NAC transcription factor JUB1 regulates GA/BR
metabolism and signalling. Nature Plants 2:16013

Dong S, Tarkowska D, Sedaghatmehr M, Welsch M, Gupta S, et al.
2022. The HB40-JUB1 transcriptional regulatory network controls
gibberellin homeostasis in Arabidopsis. Molecular Plant 15:322-39
Stock J, Brautigam A, Melzer M, Bienert GP, Bunk B, et al. 2020. The
transcription factor WRKY22 is required during cryo-stress accli-
mation in Arabidopsis shoot tips. Journal of Experimental Botany
71:4993-5009

Liu YG, Chen Y. 2007. High-efficiency thermal asymmetric
interlaced PCR for amplification of unknown flanking sequences.
BioTechniques 43:649-56

Wu Z, Liang J, Wang C, Ding L, Zhao X, et al. 2019. Alternative
splicing provides a mechanism to regulate LIHSFA3 function in
response to heat stress in lily. Plant Physiology 181:1651-67

Copyright: © 2022 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https://creative-
commons.org/licenses/by/4.0/.

Li et al. Ornamental Plant Research 2022, 2:17


https://doi.org/10.1007/s00299-014-1635-2
https://doi.org/10.1093/jxb/ery035
https://doi.org/10.1186/s12870-021-03391-x
https://doi.org/10.1038/s41438-021-00473-7
https://doi.org/10.1016/j.plantsci.2022.111246
https://doi.org/10.1093/hr/uhac186
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1105/tpc.104.026971
https://doi.org/10.1007/s10059-011-0047-1
https://doi.org/10.1111/nph.15143
https://doi.org/10.1016/j.envexpbot.2021.104373
https://doi.org/10.1105/tpc.105.035881
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.4161/psb.22092
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1105/tpc.111.090894
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1038/nplants.2016.13
https://doi.org/10.1016/j.molp.2021.10.007
https://doi.org/10.1093/jxb/eraa224
https://doi.org/10.2144/000112601
https://doi.org/10.1104/pp.19.00839
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00299-014-1635-2
https://doi.org/10.1093/jxb/ery035
https://doi.org/10.1186/s12870-021-03391-x
https://doi.org/10.1038/s41438-021-00473-7
https://doi.org/10.1016/j.plantsci.2022.111246
https://doi.org/10.1093/hr/uhac186
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1105/tpc.104.026971
https://doi.org/10.1007/s10059-011-0047-1
https://doi.org/10.1111/nph.15143
https://doi.org/10.1016/j.envexpbot.2021.104373
https://doi.org/10.1105/tpc.105.035881
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.4161/psb.22092
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1105/tpc.111.090894
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1038/nplants.2016.13
https://doi.org/10.1016/j.molp.2021.10.007
https://doi.org/10.1093/jxb/eraa224
https://doi.org/10.2144/000112601
https://doi.org/10.1104/pp.19.00839
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00299-014-1635-2
https://doi.org/10.1093/jxb/ery035
https://doi.org/10.1186/s12870-021-03391-x
https://doi.org/10.1038/s41438-021-00473-7
https://doi.org/10.1016/j.plantsci.2022.111246
https://doi.org/10.1093/hr/uhac186
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1105/tpc.104.026971
https://doi.org/10.1007/s10059-011-0047-1
https://doi.org/10.1111/nph.15143
https://doi.org/10.1016/j.envexpbot.2021.104373
https://doi.org/10.1105/tpc.105.035881
https://doi.org/10.1007/s00299-014-1635-2
https://doi.org/10.1093/jxb/ery035
https://doi.org/10.1186/s12870-021-03391-x
https://doi.org/10.1038/s41438-021-00473-7
https://doi.org/10.1016/j.plantsci.2022.111246
https://doi.org/10.1093/hr/uhac186
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1093/jxb/erw159
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1016/j.bbrc.2021.03.092
https://doi.org/10.1105/tpc.104.026971
https://doi.org/10.1007/s10059-011-0047-1
https://doi.org/10.1111/nph.15143
https://doi.org/10.1016/j.envexpbot.2021.104373
https://doi.org/10.1105/tpc.105.035881
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.4161/psb.22092
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1105/tpc.111.090894
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1038/nplants.2016.13
https://doi.org/10.1016/j.molp.2021.10.007
https://doi.org/10.1093/jxb/eraa224
https://doi.org/10.2144/000112601
https://doi.org/10.1104/pp.19.00839
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.1016/j.bbrc.2010.09.038
https://doi.org/10.4161/psb.22092
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1080/15592324.2016.1181245
https://doi.org/10.1105/tpc.111.090894
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1016/j.plaphy.2019.04.038
https://doi.org/10.1038/nplants.2016.13
https://doi.org/10.1016/j.molp.2021.10.007
https://doi.org/10.1093/jxb/eraa224
https://doi.org/10.2144/000112601
https://doi.org/10.1104/pp.19.00839
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	LlWRKY22 expression was activated by heat, salt, mannitol, and ABA treatments
	LlWRKY22 overexpression causes growth defects and ABA hypersensitivity in transgenic plants
	LlWRKY22 overexpression enhanced the thermotolerance of transgenic plants
	LlWRKY22 overexpression enhanced the salt tolerance of transgenic plants
	LlWRKY22 overexpression enhanced the mannitol tolerance of transgenic plants

	DISCUSSION
	METHODS
	Plant materials and growth conditions
	Cloning of LlWRKY22 from lily
	Abiotic stress treatments and gene expression assay of lily
	Isolation of LlWRKY22 promoter from lily
	Generation of LlWRKY22 transgenic Arabidopsis lines
	GUS activity assay of LlWRKY22 promoter transgenic plants
	Thermotolerance test of transgenic seedlings
	Abiotic stress treatments of transgenic seedlings
	Gene expression assay of transgenic Arabidopsis seedlings
	Statistical analysis
	Data availability

	References

