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a b s t r a c t

SERRATE (SE) plays critical roles in RNA metabolism and plant growth regulation. However, its function in
stresseresponse processes remains largely unknown. Here, we examined the regulatory role of SE using
the se-1 mutant and its complementation line under saline conditions. The expression of SE was
repressed by salt treatment at both mRNA and protein levels. After treatment with different NaCl con-
centrations, the se-1 mutants showed increased sensitivity to salinity. This heightened sensitivity was
evidenced by decreased germination, reduced root growth, more serious chlorosis, and increased con-
ductivity of the mutants compared with the wild type. Further analysis revealed that SE regulates the
pre-mRNA splicing of several well-characterized marker genes associated with salt stress tolerance. Our
data thus imply that SE may function as a key component in plant response to salt stress by modulating
the splicing of salt stress-associated genes.

Copyright © 2020 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plants live in fixed locations and are constantly threatened by
various fluctuating abiotic environmental factors, such as salinity,
drought, and low temperatures. These abiotic stresses greatly limit
crop productivity worldwide, causing more than a 50% reduction of
average yields for most major crop plants (Bray et al., 2000). Among
these abiotic stresses, salt stress is one of themost serious threats to
global agriculture and is becoming more and more widespread
across the world. High salinity induces both osmotic and ionic
stresses on crop plants, and thereby imposes a negative effect on
their growth, development, and ultimately yields (Yang and Guo,
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Plants have successfully evolved intricate self-protective
mechanisms to adapt to salt stress conditions (Bohnert et al.,
1995; Munns and Tester, 2008; Tuteja, 2007; Wang et al., 2003;
Zhu, 2001). Previous studies have demonstrated that plant salt-
tolerance mechanisms mainly comprise salt-stress sensing and
signaling, pathways involving Naþ transport and detoxification,
epigenetic chromatin modification, and accumulation of organic
osmolytes (Deinlein et al., 2014). Studies have also indicated that
both transcriptomic changes and alternative mRNA splicing play
vital roles in mediating plant adaption to environmental stresses
(Barbazuk et al., 2008; Hugouvieux et al., 2001; Kong et al., 2014;
Kornblihtt et al., 2013; Zhu, 2001). Upon exposure to salt stress,
plants must efficiently alter their physiological and biochemical
processes to improve ionic and osmotic homeostasis, reduce
oxidative damage, and adjust cell division and expansion to control
plant growth under this particular condition (Zhu, 2001). Elucida-
tion of the mechanisms underlying salt stress response will
contribute to the genetic engineering of salt-tolerant plants.

Arabidopsis SERRATE (SE) encodes a zinc finger protein with 720
amino acids and is predicted to contain four domains, including a
single C2H2-type zinc-finger domain near its C-terminus and mul-
tiple bipartite nuclear localization motifs at its N-terminus
(Machida et al., 2011). SE controls leaf development, meristem ac-
tivity, inflorescence architecture, and developmental phase
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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transitions, and may also participate in modulation of gene
expression via chromatin modification (Prigge and Wagner, 2001;
Grigg et al., 2005). The SE mutant se-1 displays a pleiotropic
phenotype and is hypersensitive to abscisic acid during germina-
tion (Prigge and Wagner, 2001; Bezerra et al., 2004). Studies have
demonstrated that SE functions as a critical component of micro-
RNA biogenesis and fine-tune primary-microRNA processing
through physical interaction with HYPONASTIC LEAVES 1(HYL1)
and CHR2 (Lobbes et al., 2006; Yang et al., 2006; Wang et al., 2018).
SE was also shown to physically interact with cap-binding protein
80 (CBP80) and CBP20 (Laubinger et al., 2008; Raczynska et al.,
2014), as well as Negative on TATA less2 (AtNot2) (Wang et al.,
2013), to cooperatively modulate pre-mRNA alternative splicing.
SE is thus thought to function as a critical component in both
alternative splicing of pre-mRNA and biogenesis of microRNA. SE
can further modulate the transcription of intronless genes (Speth
Fig. 1. Basal expression of SERRATE (SE). (A) Expression pattern of SE in different organs usin
c. Root; d. 20-day-old seedling; e. Inflorescence.
et al., 2018). One recent study has also demonstrated that SE may
function as the substrate of SnRK2 kinases to linkmiRNA biogenesis
with ABA signaling (Yan et al., 2017). Although SE has been shown
to participate in plant stress responses (Bezerra et al., 2004; Zhang
et al., 2008), the exact molecular mechanism underlying its regu-
latory effect on these responses remains to be elucidated.

Here, we examined SE expression levels during salt stress and
showed them to be repressed by high salinity at both mRNA and
protein levels. Phenotype analysis showed that the se-1 mutant
exhibited hypersensitivity to salt stress during almost all devel-
opmental stages. Further investigation indicated that SE directly
affected the pre-mRNA splicing of several salt stress-associated
genes, such as RD29A, RD29B, RD20, and ADH1. Our findings
demonstrate that SE functions positively in salt stress response,
possibly by modulating pre-mRNA splicing of salt stress-associated
genes.
g northern blotting analysis. (B) b-Glucuronidase (GUS) staining of SE. a. Leaf; b. Flower;
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2. Materials and methods

2.1. Materials and plant growth conditions

Chemicals and reagents used in this study were purchased from
TaKaRa Biotechnology Co. Ltd (Tokyo) or Shanghai Sangon
Biotechnology Co. Ltd (Shanghai, China). The Arabidopsis thaliana
ecotype Columbia was used throughout this study. Seeds of se-1
were kindly gifted by Wagner D.R. (Prigge and Wagner, 2001). The
Arabidopsis plants were grown in a tissue culture room at 22 �C
with a 16 h light/8 h dark photoperiod.
2.2. Abiotic stress treatments

Seedlings grown on 1/2 MS plates or soil were used for salt
treatment.

Seeds were sowed on 1/2 MS plates containing different con-
centrations of NaCl and then the plates were kept for 3 days in the
dark at 4 �C to break dormancy (stratification) and transferred
thereafter to a tissue culture room at 22 �C under 180 mE m2$sec�1

light with a 16-h light/8-h dark photo-period. Four-week-old
seedlings grown in soil were watered with 250 mM NaCl.
Whole seedlings were photographed at given times after salt
treatment.
Fig. 2. Expression of SERRATE (SE) after NaCl treatment. (A) Real-time qPCR analysis of tra
dependent biological replicates. *P < 0.05, Student's t-test compared with controls. (B) GFP
24 h respectively. (C) Western-blot analysis of SE-GFP protein accumulation in transgenic 35S
antibody was used to detect SE-GFP. Actin was used as an internal control.
2.3. qRT-PCR

qRT-PCR was performed as described by Chen et al. (2013). The
gene-specific primers for quantitative RT-PCR were SE-F (50

-GGAGAGGTGGACCTGCCCCTT -30) and SE-R (50- ACGGT-
CACTTCTTCCTCTGGAGC -30), ACTIN2-F (50-TGTGCCAATCTAC-
GAGGGTTT-30) and ACTIN2-R (50-TTTCCCGCTCTGCTGTTGT-30).
2.4. Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as described by Chen
et al. (2010). The gene-specific primers for semi-quantitative RT-
PCR were as follows: RD29A-F(50 -TCAAACAGAGGAACCACCACTCA
ACA -30) and RD29A-R(50 -GTAATCGGAAGACACGACAGGAAAC -30),
RD29BeF(50 -CACAGTTGACACGTCCTTATGGTCATGA -30) and RD
29B-R(50 -TAGGTTTACCCGTTACACCACCTCTCA -30), RD20-F(50-GGA
GAGGCAGAGGCTTTGGC-30) and RD20-R(50 -CGGAAGTGTAACG-
TAGCTGAACG-30) and ADH1-F(50- GTCTACCACCGGACAGATTATTC
GA-30) and ADH1-R(50 -GGCAACACATGATCTCCTGGCTG -30).
2.5. Northern blot analysis

Northern blot analysis was performed as described by Chen
et al. (2010).
nscript levels of SE after 150 mM NaCl treatment. Values are means ± SD of three in-
fluorescence in transgenic 35SPro:SE-GFP plants after 150 mM NaCl treatment for 8 and
Pro:SE-GFP plants after 150 mM NaCl treatment for 8 and 24 h respectively. An anti-GFP
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2.6. GUS staining

Histochemical detection of GUS activity was performed as
described by Chen et al. (2013).
2.7. GFP fluorescence observation

Seven-day-old 35SPro:SE-GFP transgenic plants were treated
with 150 mM NaCl and the GFP fluorescence was observed after
treatment for 8 h and 24 h, respectively. Leica fluorescence mi-
croscopy was utilized to see the GFP fluorescence.
2.8. Western blotting

Fourteen-day-old 35SPro:SE-GFP transgenic seedings were har-
vested after treatment with NaCl and total proteins were extracted
using the protein extraction buffer containing 100 mM TriseHCl,
pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% SDS, 1�complete protease
inhibitor cocktail (Roche) and 50 mM MG132. The anti-GFP (Sig-
maeAldrich) and anti-Actin (Affinity) antibody were used to detect
SE-GFP and Actin, respectively.
2.9. Relative electrolyte leakage and chlorophyll content
measurement

The leaves of 4-week-old plants that were treated with 250 mM
NaCl were harvested for relative electrolyte leakage measurement
as described by Jiang et al. (2007). The leaves of salt-treated plants
were used for chlorophyll extraction and determination according
to the method described by Lichtenthaler (1987).
Fig. 3. NaCl dose-response analysis of germination and post-germination early growth in
se-1(SE) after NaCl treatment. (BeF) Statistics of WT, se-1, and se-1(SE) germination rates aft
NaCl treatment. Values are means ± SD of three independent biological replicates. *P < 0.0
2.10. Construction of SEPro:SE fusion and 35SPro:SE-GFP fusion

For complementation analysis, the SE promoter was followed
the SE complete 3780bp genomic DNA sequence and the 35S PolyA
terminer and the resulting SEPro:SE fusion fragments were finally
cloned into the Arabidopsis transformation vector pOCA28. Simi-
larly, the SE cDNA sequence was first fused with GFP and then the
SE-GFP fusion was finally cloned into the Arabidopsis trans-
formation vector pOCA30.
3. Results

3.1. Basal expression of SE

Previous studies have demonstrated that alternative splicing of
mRNA plays vital roles in the modulation of plant adaption to
various environmental stresses. We investigated SE to better un-
derstand this process. We first analyzed SE basal expression.
Although SE expression has been previously analyzed in different
plant tissues by reverse transcription-PCR (RT-PCR) (Yang et al.,
2006), we re-examined its expression using northern blotting and
the GUS reporter gene to uncover a more detailed pattern. Similar
to the previous report, SE was expressed in all examined plant
tissues, with the highest levels of SE mRNA detected in flowers
(Fig. 1A). GUS staining further revealed the tissue-specific expres-
sion of the SE. As shown in Fig. 1B, GUS activity was detected in
leaves, shoot apices, roots, and flowers. In junior leaves, GUS ac-
tivity was detected throughout the whole leaf. In senior leaves,
however, GUS activity was detected only on the leaf margins,
especially at the tip, and no GUS activity was detected in mature
leaves. In inflorescences, GUS staining was detected in developing
wild-type (WT), se-1, and se-1(SE) seedlings. (A) Germination rates of WT, se-1, and
er NaCl treatment. (GeK) Calculations for WT, se-1, and se-1(SE) green cotyledons after
5, Student's t-test compared with controls.



Fig. 4. Hypersensitivity of se-1 to NaCl during post-germination growth. (A) The
phenotype of representative seedlings after treatment with different NaCl concentra-
tions for 9 days. (B) The root length of representative seedlings after treatment with
different NaCl concentrations. Values are means ± SD of three independent biological
replicates. *P < 0.05, Student's t-test compared with controls.
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flowers, especially in young siliques and pollen. In mature siliques,
however, GUS staining was detected only at the junction of siliques
and pedicels. These results suggest that SE is constitutively
expressed in various organs and may participate in both plant
development processes and stress responses.

3.2. Expression of SE under salinity stress

To better determine the role of SE, we further analyzed its
expression pattern under saline conditions. Samples taken at
various time points from wild-type (WT) NaCl-treated plants and
controls were analyzed by quantitative real-time PCR (qRT-PCR). SE
expression gradually decreased during the course of the salt
treatment (Fig. 2A). To further reveal SE expression patterns, the
stability of the SE protein during treatment was determined by GFP
observation using root tips of NaCl-treated 35SPro:SE-GFP transgenic
plants (Fig. 2B). The GFP signal was clearly detected before treat-
ment, but gradually destabilized during the process of salt stress.
Similarly, western blotting analysis showed that salt stress pro-
motes SE degradation (Fig. 2C). SEwas thus repressed at bothmRNA
and protein levels by salt stress, implying its involvement in stress
response.

3.3. Hypersensitivity of se-1 to NaCl during seed germination and
post-germination early growth

To determine the role of SE in seed germination, seeds of theWT,
the mutant se-1, and one complementation line, se-1(SE), were first
germinated on 1/2 MS medium containing either 75, 100, 150, or
175 mM NaCl and then their germination rates were compared. No
significant difference was observed in germination among se-1, WT,
and se-1(SE) (Fig. 3A and B) on the control 1/2 MS medium. But in
the presence of NaCl, se-1 germinated later than WT and se-1(SE)
(Fig. 3A and CeF). After 1 day, 80, 77, and 60% of WT seeds
germinated on the 1/2 MS medium containing 75, 100, or 150 mM
NaCl, respectively. However, the germination rates of the se-1
mutant were only about one-third that of the WT under these
conditions. More notably, 20% of the WT seeds still germinated, but
no se-1 seeds germinated on 1/2 MS medium containing 175 mM
NaCl (Fig. 3A and F). Similarly, the early seedling growth of se-1was
also slower than that of the WT (Fig. 3GeK). After 7 days on 1/2 MS
medium containing 175 mM NaCl, 80% of WT but only 5% of se-1
seedlings had green cotyledons (Fig. 3A and K). These results
indicate that se-1 is hypersensitive to salt stress during seed
germination.

In addition to the germination test, we investigated primary root
elongation of se-1 under salinity stress conditions. Roots of se-1
seedlings showed enhanced sensitivity to salt compared with WT
seedlings over the same period (Fig. 4A and B). As shown in Figs. 3
and 4, transformation of the SE restored the mutant's hypersensi-
tivity to salt stress to levels similar to those found inWT, indicating
that the SE genomic construct can fully complement the se-1
mutant for salt sensitivity. These results imply that se-1 is also
hypersensitive to salt stress during post-germination growth.

3.4. Enhanced sensitivity of se-1 to NaCl stress during the
vegetative growth stage

To further determine the function of SE in salt stress response,
we evaluated WT, se-1, and se-1(SE) plants for their responses to
NaCl stress in the vegetative growth stage. We subjected soil-
grown, 4-week-old seedlings of these three genotypes to 250 mM
NaCl treatment. Following the salt treatment, as shown in Fig. 5A,
the se-1 plants displayed more serious and accelerated chlorosis
and wilting phenotypes compared with WT and se-1(SE) plants.
The survival rate of se-1 plants was also dramatically lower than
both WT and se-1(SE) plants (Fig. 5B). Thus, mutation of SE caused
enhanced sensitivity to NaCl stress.

Because relative electrolyte leakage (REL) is an important index
reflecting cell membrane damage under disadvantageous condi-
tions, we compared REL differences of seedlings after NaCl treat-
ment. Following treatment of 4-week-old seedlings with 250 mM
NaCl for 6 h, their leaves were measured for REL. Under salt stress
conditions, leakage levels of the se-1 mutants were higher than
those of WT and se-1(SE) (Fig. 5C).



Fig. 5. Salt sensitivity of soil-grown se-1. (A) The phenotype of 4-week-old plants after treatment with 250 mM NaCl for 18 days. (B) Relative survival rate of 4-week-old plants
treated with 250 mM NaCl for 2 weeks. (C) Chlorophyll contents of 4-week-old plants treated with 250 mM NaCl for 2 weeks. (D) Relative electrolyte leakage of 4-week-old plants
treated with 250 mM NaCl for 6 h. (BeC) Values are means ± SD of three independent biological replicates. *P < 0.05, Student's t-test compared with controls.

Fig. 6. Pre-mRNA alternative splicing of RD29A, RD29B, RD20, and ADH1 upon salinity
stress. Seven-day-old wild-type (WT), se-1(SE), and se-1 seedlings were treated with
NaCl for 24 h, and their total RNA was then extracted. Agarose gel electrophoresis was
used to isolate the alternatively spliced pre-mRNA products. RT-PCR results are shown
from left to right for WT, se-1(SE), and se-1.
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We also quantified differences in chlorophyll content among
WT, se-1, and se-1(SE) plants. Four-week-old seedlings were first
treated with 250 mM NaCl for 2 weeks, and then the total chloro-
phyll contents were determined. As shown in Fig. 5D, se-1 plants
accumulated the least amount of chlorophyll of the three geno-
types. These results also indicate that mutation of SE could confer to
plants higher sensitivity to NaCl stress.

3.5. SE modulation of pre-mRNA alternative splicing of salt stress-
associated genes

SE was previously reported to play critical roles in pre-mRNA
alternative splicing. We therefore speculated that SE may partici-
pate in salt stress response by modulating pre-mRNA alternative
splicing of salt stress-associated genes, thereby causing se-1 to
exhibit more pronounced intolerance to salt. To verify this possi-
bility, we compared alternative splicing of the pre-mRNA of several
well-characterized marker genes inWT, se-1, and se-1(SE) plants by
RT-PCR. As shown in Fig. 6, a minor band and a slower-moving
major band were detected in se-1 mutant plants. The minor band
was also present inWTand se-1(SE) plants, whereas themajor band
was barely detected. These results demonstrate that splicing of
RD29A, RD29B, RD20, and ADH1 pre-mRNA is altered in the se-1
mutant, possibly explaining why se-1 exhibits a more pronounced
intolerance to salt than do WT and se-1(SE) under salt stress
conditions.
4. Discussion

As sessile organisms, plants are constantly exposed to various
fluctuating abiotic stresses, which may inhibit plant growth and
development, or even determine plant species distribution across
different ecosystems. Salinity is one of the major abiotic stress
factors that dramatically hamper agriculture production world-
wide. Although previous studies have demonstrated that Arabi-
dopsis SE functions as a key component in plant growth regulation,
little is known about its possible involvement in salt stress
response. Here, we provide evidence to show that SE plays an
important role in plant response to salt stress. Expression analysis
showed that SE was repressed by salt treatment at both mRNA and
protein levels, with an enhanced inhibition at the protein level
(Fig. 2), indicating the involvement of SE in salt stress response.
Phenotypic analysis demonstrated that se-1 mutants are more
sensitive to high salinity during seed germination, post-
germination early growth, and vegetative growth. Furthermore,
complementation experiments showed that transformation of the
SE can restore the mutant's hypersensitivity to salt stress to levels
similar to those found in WT plants (Figs. 3AeK, 4A and B, and
5AeC). These results imply that NaCl-repressed SE may function
as a positive modulator in plant response to salt stress.

SE has been reported to act as a critical component that modu-
lates gene expression through directing pre-mRNA alternative
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splicing. SE may thus serve as an important functional protein that
participates in pre-mRNA processing to control plant development
and responses to various stresses. SE may participate in salt stress
response by controlling alternative pre-mRNA splicing of salt stress-
associated genes. To gain insight into the molecular basis of SE
function in salt stress response, we analyzed the alternative splicing
of pre-mRNA of several well-characterized marker genes in WT, se-
1(SE), and se-1. Splicing of RD29A, RD29B, RD20, and ADH1 pre-mRNA
was altered in the se-1mutant under salt stress conditions compared
with that of WT and se-1(SE) plants (Fig. 6); this change in mRNA
splicing compromised the successful accumulation of these stress-
associated proteins, ultimately leading the se-1 mutants to exhibit
a more pronounced intolerance to high salinity. Consistent with our
results, RD29A and several other salt stress-associated genes, such as
SRL1, SNRK2.8, and RAP2.7, were also demonstrated to exist alterna-
tive splicing in se-1 (Raczynska et al., 2014). Together, these results
demonstrate that SE may participate in salt stress response by con-
trolling the pre-mRNA splicing of salt stress-associated genes.

Previous studies have shown that SE and the cap-binding pro-
teins (CBP20 and CBP80) have overlapping functions in pre-mRNA
splicing, suggesting the involvement of the two cap-binding pro-
teins in salt stress response. Indeed, similar to our results, CBP20 and
CBP80 have also been recently shown to be involved in salt stress
response by modulating the pre-mRNA splicing of numerous stress-
associated genes (Kong et al., 2014). Furthermore, SE has been shown
to physically interact with both CBP20 and CBP80 (Raczynska et al.,
2014). On the basis of these results, SE and the cap-binding proteins
may have synergistic roles during plant salt stress response. The
possibility therefore exists that pre-mRNA alternative splicing may
play critical roles in the modulation of plant response to various
stresses. Recently, SE was also found to interact with various pro-
teins, including SnRKs and CHR2 (Yan et al., 2017; Wang et al., 2018),
indicating that SEmay form protein complexeswith diverse proteins
to fine-tune both development and stress responses.

5. Conclusions

Salt stress is a major harmful stress factor that dramatically in-
hibits crop growth and productivity. A comprehensive under-
standing of the mechanisms mediating salt resistance will
contribute to the design of breeding and engineering strategies,
ultimately increasing crop production under ever-changing envi-
ronments. In this study, we demonstrated that SE functions as a
positive mediator in plant response to salt stress by regulating pre-
mRNA alternative splicing of salt stress-associated genes. Our study
has generated additional information on the molecular mechanism
of plant response to salt stress.
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