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Abstract

Seed germination, the first and critical step of the plant’s life cycle, is affected by salt stress.
However, the underlying mechanism of salt tolerance during early seed germination remains
elusive. Here, a comparative RNA-seq analysis was performed using early germinating seeds
either under normal conditions or in 100 and 150 mM sodium chloride. A total of 575 genes
were up-regulated and 913 genes were down-regulated in the presence of 100 mM NaCl.
Under the 150 mM NaCl treatment 1921 genes were up-regulated and 3501 genes were
down-regulated. A total of 379 or 863 genes were up-regulated or down-regulated in both
100 and 150mM NaCl. These co-regulated genes were further analysed by GO enrichment.
Genes in the categories abscisic acid signaling and synthesis and nutrient reservoir activity
were significantly enriched in the up-regulated genes. Transcription factors responsive to
gibberellin and auxin were significantly down-regulated by salinity stress. Genes related to
anti-oxidant activity were significantly enriched in the down-regulated gene clusters by
NaCl treatment. Our results suggest that salt stress inhibits seed germination by activating
ABA synthesis and signalling, and depressing GA and auxin signalling, while preserving
nutrition and down-regulated anti-oxidant activity. Our study provides more insight into
the molecular mechanism of salt tolerance during early seed germination.

Introduction

Seed germination is the first step of the plant’s life cycle and the basis for crop yield (Han and
Yang, 2015). Knowledge of the mechanisms of seed germination is therefore important for
both fundamental and applied issues. Under favourable conditions, seed germination begins
with imbibition, followed by radicle protrusion, and elongates through the covering layers, fol-
lowed by seedling development (Weitbrecht et al., 2011). Seed germination is regulated by
many factors, including ambient temperature, light conditions (Shi et al, 2015), plant hor-
mones (Chen et al., 2008; North et al., 2010; Wilson et al., 2014) and salt (Xu et al., 2017a).

Abscisic acid (ABA) not only endogenously synthesizes but also exogenously applied, pro-
motes seed dormancy and inhibits seed germination (Finkelstein et al, 2008). The PYR/PYL/
RCAR (pyrabactin resistance/PYR-like/regulatory components of the ABA receptor) family of
START domain proteins were identified as receptors for ABA (Ma et al., 2009b; Park et al.,
2009). These proteins bind PP2Cs (type 2C protein phosphatases) including ABI1, ABI2
and PP2CA (Ma et al., 2009b). The PP2Cs interact with SNFI-related kinase 2 (SnRK2)
(Zhu, 2016). The SnRK2 family, which is activated by ABA, acts as a positive regulator of
seed dormancy (Nakashima et al., 2009). SnRK2s phosphorylate bZIP transcription factors
such as ABI5 and ABFs (ABA-responsive element-binding factors) (Furihata et al, 2006).
The accumulation of the bZIP transcription factors then causes the inhibition of seed germin-
ation (Lopez-Molina et al., 2001).

The balance between ABA and gibberellins (GAs), under the control of environmental fac-
tors, is widely accepted to be an important factor regulating seed germination (North et al.,
2010). During germination the GA content increases by up-regulation of GA biosynthesis
and down-regulation of GA inactivation (Yamauchi et al., 2004; Rieu et al, 2008). In the pres-
ence of bioactive GA, the GA receptor GID1 (GIBBERELLIN INSENSITIVE DWAREF 1) inter-
acts with DELLA proteins (the GRAS family of transcription factors) promoted by GA.
DELLA regulates hypocotyl growth by direct interaction with PIF (phytochrome interacting
factor) (de Lucas et al., 2008).

About 34 million hectares of irrigated land are salt-affected worldwide (FAO, 2011).
Salinity has long been considered a major and wide-ranging factor that affects seed germin-
ation and early seedlings (Darwin, 1856). The high Na* concentrations not only suppress
seed imbibition and embryo growth (Daszkowska-Golec, 2011; Khajeh-Hosseini et al., 2003;
Rajjou et al, 2012; Radhakrishnan and Baek, 2017; Attia et al., 2018) but also leads to
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Fig. 1. Time course of seed germination in different concentrations of NaCl. Each
value shown represents the mean + SE of nine biological replicates.

inhibition of cell survival, growth and division (Zehra et al., 2012).
Salt tolerance in plants has been linked to a large number of fac-
tors, for example NHXI1, localized to the tonoplast and SOS1
(SALT OVERLY SENSITIVE 1) localized to the plasma mem-
brane, two key regulators to maintain low cytoplasmic Na* con-
centration in plant cells (Zhu, 2002; Deinlein et al., 2014);
endogenous ABA contents, which rapidly decline upon imbibi-
tion during the early phase of germination (Preston et al,
2009); Ca** influx, which regulates seed germination under salt
stress by modulating Na™ accumulation through the SOS pathway
(Cheng et al., 2018); and the balance between ROS (reactive oxy-
gen species) generation and ROS scavenging in plant cells (Das
et al., 2015).

The molecular mechanisms of salt tolerance during early seed
germination remain elusive. To investigate the transcriptional
regulatory network during early seed germination under salt
stress, we constructed three kinds of RNA libraries with three bio-
logical replicates from Arabidopsis seeds germinated under salt
stress and then performed RNA sequencing. The differentially
expressed genes were analysed. These results may contribute to
increase our understanding of seed early germination under salt
stress.

Materials and methods
Seed germination

Seeds were surface sterilized with a 0.5% NaClO solution and then
washed three times in sterilized distilled water. The sterilized
seeds were imbibed in distilled water at 4°C in the dark for
48 h and then germinated on half-strength MS medium without
sugar at 25°C with a 16 h photoperiod. For salt treatments, the
seeds were germinated on half-strength MS with sodium chloride.
For each treatment, nine replications of 40 seeds each were used.
Each value is mean * SE. Germinated seeds (2 mm radicle pene-
trated through seed coat) were counted every 12 h.

RNA extraction and cDNA preparation for lllumina sequencing

After treatment, the 60-h germinated seedlings were collected,
immediately frozen in liquid N, and stored at —-80°C. A total
RNA kit (Invitrogen) was used to isolate total RNA from the fro-
zen seedlings, which were then treated with RNase-free DNase
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(Promega) to remove genomic DNA. RNA degradation and
contamination were monitored on 1% agarose gels. RNA purity
was checked using the NanoPhotometer spectrophotometer
(IMPLEN, CA, USA). RNA concentration was measured using
a Qubit RNA Assay Kit in a Qubit 2.0 Flurometer (Life
Technologies, CA, USA). RNA integrity was assessed using the
RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). The cDNA for sequencing
was prepared as described by Wang et al. (2017).

Identification of differentially expressed genes

Gene expression levels were estimated by fragments per kilobase
of transcript per million fragments mapped, using the following
formula:

cDNA Fragments

FPKM =
Mapped Fragments (Millions) x Transcript Length (kb)

Differential expression analysis of treated and untreated seedlings
was performed using the DESeq R package (1.10.1). DESeq pro-
vides statistical routines for determining differential expression
in digital gene expression data using a model based on a negative
binomial distribution. The resulting P values were adjusted using
Benjamini and Hochberg’s approach for controlling false discov-
ery rate. Genes with an adjusted P-value < 0.05 found by DESeq
were assigned as differentially expressed. RT qPCR was used to
confirm the expression of the differentially expressed genes (see
supplemental table 3).

GO enrichment analysis

Gene ontology (GO) enrichment analysis of the differentially
expressed genes (DEGs) was implemented by online AgriGO of
gene ontology (http://bioinfo.cau.edu.cn/agriGO/analysis.php) as
described by Wang et al. (2017).

Statistical analysis

Data were analysed using analysis of variance (ANOVA) followed
by LSD post-hoc testing at P <0.05. Statistical procedures were
carried out with the software package SPSS statistics 17.0 as
described by Xu et al. (2017b).

Hydrogen peroxide measurement

The seedlings germinated for 60 h were collected. The H,0O, con-
centration was measured using an Amplex red hydrogen perox-
ide/peroxidase assay kit (catalogue no. A22188, Thermo Fisher)
as described by Wang et al. (2017). The 3,3’ Diaminobenzidine
(DAB) staining was carried out as described by Wang et al
(2017).

Results
Sodium chloride inhibits seed germination

To gain more insight into the role of salt stress in seed germin-
ation, Arabidopsis (Arabidopsis thaliana) seeds were germinated
in half-strength MS medium with different concentrations of
sodium chloride. The results showed that NaCl treatment inhib-
ited seed germination (Fig. 1). At 60 h after sowing, the
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Table 1. Summary of mRNA sequencing database

5

ID Total reads Mapped reads Uniqg mapped reads Multiple map reads Reads map to ‘+’ Reads map to ‘-’

c01 45,501,290 39,968,492 (87.84%) 36,750,234 (80.77%) 3,218,258 (7.07%) 19,528,804 (42.92%) 19,526,881 (42.92%)
c02 49,114,584 42,600,286 (86.74%) 39,194,862 (79.80%) 3,405,424 (6.93%) 20,910,674 (42.58%) 20,890,275 (42.53%)
c03 35,242,436 29,780,156 (84.50%) 27,151,470 (77.04%) 2,628,686 (7.46%) 14,543,295 (41.27%) 14,524,638 (41.21%)
c1001 46,077,438 40,358,804 (87.59%) 37,210,588 (80.76%) 3,148,216 (6.83%) 19,843,780 (43.07%) 19,829,875 (43.04%)
€1002 60,688,688 53,963,008 (88.92%) 49,862,419 (82.16%) 4,100,589 (6.76%) 26,667,646 (43.94%) 26,641,253 (43.90%)
c1003 50,821,048 45,242,298 (89.02%) 41,722,232 (82.10%) 3,520,066 (6.93%) 22,263,420 (43.81%) 22,238,712 (43.76%)
c1501 44,002,906 39,328,945 (89.38%) 37,051,072 (84.20%) 2,277,873 (5.18%) 19,522,724 (44.37%) 19,515,901 (44.35%)
c1502 34,683,368 31,110,994 (89.70%) 28,791,336 (83.01%) 2,319,658 (6.69%) 15,420,301 (44.46%) 15,415,174 (44.45%)
c1503 45,241,424 40,219,203 (88.90%) 37,200,176 (82.23%) 3,019,027 (6.67%) 19,934,711 (44.06%) 19,928,671 (44.05%)

Table 2. Genes differentially expressed in response to NaCl stress annotated with COG, GO, KEGG, KOG, NR and Swiss-Prot database

DEG set Total COG GO KEGG KOG NR Swiss-Prot
c01_c02_c03_vs_c1001_c1002_c1003 1488 564 5 433 618 1488 1197
c01_c02_c03_vs_c1501_c1502_c1503 5422 2214 12 1721 2630 5422 4298

Fig. 2. Venn diagram of significantly differentially expressed genes between 100U,
100D, 150U and 150D. 100U and 150U: up-regulated genes in 100 and 150 mM
NaCl, respectively; 100D and 150D: down-regulated genes in 100 and 150 mM NacCl,
respectively.

germination percentage under 100 mM NaCl was 83.8%, and
24.3% under 150 mM NaCl, while the water control was 99.3%
(Fig. 1). The 60-h seedlings treated with 100 and 150mM NaCl
were selected for further analysis.

mRNA sequencing data mapping and annotation

Nine cDNA libraries from the control (c01, c02, c03), seedlings
treated with 100 mM sodium chloride (c1001, c1002, c1003)
and seedlings treated with 150 mM sodium chloride (c1501,
c1502, c1503) with three biological replicates were sequenced.
After removing low-quality sequences, RNA-seq produced
45501290, 49114584, 35242436, 46077438, 60688688, 50821048,
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44002906, 34683368 and 45241424 clean data for c01, c02, c03,
c1001, c1002, 1003, c1501, c1502 and c1503 samples, respect-
ively. More than 84.5% of these reads can be mapped to the
Arabidopsis genome. Less than 7.46% of reads had multiple align-
ments (Table 1). This indicated that the sequencing quality was
appropriate for further analysis.

Differentially expressed genes in response to sodium
chloride treatment

With a criterium of at least 2-fold difference and a p-value below
0.05 (|log,FC|>1, p<<0.05), 1488 genes were differentially
expressed in response to 100 mM NaCl, and 5422 genes in
response to 150 mM NaCl (Table 2 and supplemental table 1).
The Clusters of Orthologous Groups (COG) function classifica-
tion of DEGs showed that the majority of the genes were related
to general function prediction only, carbohydrate transport and
metabolism, transcription, signal transduction mechanisms and
amino acid transport and mechanism (supplemental fig. 1).
There were 913 genes down-regulated, whereas 575 genes were
up-regulated in 100 mM sodium chloride. In 150 mM sodium
chloride 1921 genes were up-regulated and 3501 genes were
down-regulated (supplemental table 1). Of these, 379 were
up-regulated and 863 genes were down-regulated in both 100
and 150 mM sodium chloride. There were 30 genes up-regulated
in 100 mM sodium chloride and down-regulated in 150 mM
sodium chloride. No genes were detected which were down-
regulated in 100 mM NaCl and up-regulated in 150 mM NaCl
(Fig. 2 and supplemental table 2).

Salt stress induces the expression of genes responsive to the
nutrient reservoir

To get an overview of the physiological processes in which these
commonly regulated genes were involved, GO enrichment
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Fig. 3. Gene ontology (GO) analysis of the up-regulated genes in 100 and 150 mM NaCl. (A) Significantly enriched biological process GO terms for the
co-upregulated genes. (B) Enrichment of significant molecular function of the co-upregulated genes. Enrichment was calculated by: (annotated/total number

in query list)/(annotated/total number in background or reference).

Table 3. Summary of the up-regulated nutrient-reservoir related genes

Gene expression level (normalized reads counts)

Name c01 c02 c03 c1001 c1002 c1003 c1501 c1502 c1503 Description

AT1G03880 0.73 0.61 0.47 3.16 1.96 3.28 26.73 14.27 20.11 CRU2 (CRUCIFERIN 2);

AT4G28520 9.19 4.90 3.52 47.07 29.33 51.18 206.07 17394  219.79 12S seed storage protein CRU3 (CRUCIFERIN 3);
AT5G44120 28.75 8.33 12.60 148.35 70.05 123.90 872.90 753.61 650.27 12S seed storage protein CRA1 (CRUCIFERINA);
AT2G18540 0.72 0.60 1.03 7.69 18.40 10.60 74.59 101.68 78.54 Cupin family protein

AT2G28490 333 2.62 1.96 27.70 23.80 25.89 306.06 314.73 194.29 Cupin family protein

AT4G36700 0.75 0.52 0.52 421 10.21 6.39 40.43 58.50 50.92 Cupin family protein

AT4G27140 1.49 1.60 0.85 4.72 3.92 8.16 53.49 21.93 34.00 2S seed storage protein 1

AT4G27150 4.18 2.29 2.80 25.41 18.91 17.39 120.85 81.59 99.29 2S seed storage protein 2

AT3G22640 3.53 1.95 2.18 15.90 8.84 8.13 238.16 186.23 110.32 Nutrient reservoir PAP85

AT5G54740 G815 5.70 2.53 11.57 17.53 14.84 111.27 80.47 127.85 Lipid transfer protein (LTP) family protein

protease inhibitor

analysis for biological process and molecular function was per-
formed. No significant enrichment of GO terms was observed
for the commonly regulated genes up-regulated in 100 mM
NaCl and down-regulated in 150 mM NaCl. Biological process
GO terms related to reproduction, reproductive process, develop-
mental process, multicellular organismal, localization and response
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to stimulus were significantly enriched in the up-regulated genes
by NaCl treatment (Fig. 3A and supplemental fig. 2).

Molecular function GO terms related to transcription regulator
activity, transporter activity, catalytic activity, nutrient reservoir
activity and binding were significantly enriched in the up-
regulated genes under NaCl treatment (Fig. 3B). Among them
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Fig. 4. Genes response to Abscisic acid stimulus were up-regulated by sodium chloride treatment. (A) Expression of ABI3 At2g40220 was up-regulated by both 100
and 150 mM NaCl treatment. (B) Expression of ABI4 At2g40220 was up-regulated by both 100 and 150 mM NaCl treatment. (C) Expression of ABI5 At2g36270 was up-
regulated by both 100 and 150 mM NaCl treatment. (D) Expression of ABI2 At5g57050 was up-regulated by 150 mM NaCl treatment. (E) Expression of AHG1
At5g51760 was up-regulated by both 100 and 150 mM NacCl treatment. (F) Expression of NCED3 At3g14440 was up-regulated by both 100 and 150 mM NaCl treat-
ment. (G) Expression of NCED9 At1g78390 was up-regulated by 150 mM NaCl treatment. (H) Expression of NCED5 At1g30100 was up-regulated by 150 mM NaCl

treatment. Each value is mean + SE of three biological replicates.

the GO terms associated with nutrient reservoir activity were sig-
nificantly enriched in the up-regulated genes, for example the
expression of AT1G03880, AT4G28520 and AT5G44120, coding
for seed storage proteins of which the phosphorylation state is
modulated in response to ABA (Wan et al., 2007), was induced
by both 100 and 150 mM NaCl (Table 3). Salinity stress also
induced the expression of Cupin family proteins (AT2G18540,
AT2G28490 and AT4G36700) and 2S seed storage proteins
(AT4G27140 and AT4G27150) (Table 3). Taken together this sug-
gests that under salt stress, seedlings resort to the synthesis of stor-
age proteins compared with non-stressed conditions.
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GO terms related to response to abscisic acid stimulus were espe-
cially enriched in the cluster of up-regulated genes (Fig. 3A).
Several ABA-insensitive (ABI) genes were obviously induced by
salt stress. For example, the expression of ABI5 was increased
by almost eight times in 100 mM NaCl and more than 40
times in 150 mM NaCl (Fig. 4C). The transcriptional level of
ABI3, a positive regulator of ABI5, was also induced by salt stress
(Fig. 4A). In addition, salinity stress significantly increased the
expression of ABI4 (Fig. 4B). The expression of ABI2 was
induced by the 150 mM NaCl treatment (Fig. 4D). AHGI
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(ABA-hypersensitive germination 1), one of the highest
expressed PP2C phosphatases of clade A in germinating seeds
(Née et al., 2017), was clearly induced by both 100 and 150
mM salt stress (Fig. 4E). Salt stress not only induced the expres-
sion of ABA signalling genes but also up-regulated ABA biosyn-
thesis genes. The mRNA content of NCED3, coding a key
enzyme 9-cis-epoxycarotenoid dioxygenase in ABA biosynthesis,
increased by more than four times in 100 mM NaCl and more
than eight times in 150 mM NaCl-treated samples (Fig. 4F).
NaCl at 150 mM induced the expression of NCED9 and
NCED5 (Fig. 4G,H). The up-regulation of ABA relative genes
by NaCl treatment suggested that salt stress inhibited seed ger-
mination by increasing endogenous ABA synthesis and activat-
ing ABA signalling.

Transcription factors responsive to gibberellin and auxin are
significantly down-regulated by salinity stress

Biological process GO terms associated with response to stimulus
were significantly enriched in the down-regulated genes under
NaCl treatment (Fig. 5A and supplemental fig. 3). GO terms
related to response to gibberellin stimulus and response to auxin
stimulus were especially enriched (Fig. 5A). Fourteen gibberellin
related genes were significantly down-regulated by both 100 and
150 mM NaCl, of which eight encode MYB domain transcription
factors (Fig. 6). The expression of MYB28 (AT5G61420) was
reduced to less than 0.5% by 150 mM NaCl (Fig. 6A). The

https://doi.org/10.1017/50960258519000047 Published online by Cambridge University Press

expression of MYB4 (AT4G38620) and MYB60 (AT1G08810)
were reduced to less than 1% by 150 mM NaCl treatment com-
pared with the control (Fig. 6B,C). The mRNA content of
MYB6  (AT4G09460), MYBI6  (AT5G15310), MYBRI
(AT5G67300) and another MYB family gene ATIG74840
decreased to less than 50% by 100 mM salt stress (Fig. 6D-G).
All these seven MYB family genes mentioned above are also
involved in auxin signal transmission.

Besides these MYB family transcription factors, four other
transcription factors involved in auxin signalling were also down-
regulated by salt stress (Fig. 7). JAA18 (AT1G51950) and TAAI9
(AT3G15540), induced by indole-3-acetic acid, were down-
regulated by both 100 and 150 mM NaCl treatment (Fig. 7A,B).
The expression of BTB and TAZ domain protein: BTI
(AT5G63160) and BT2 (AT3G48360), which are involved in
auxin-activated signalling pathways, were repressed to less than
10% by both 100 and 150 mM salt stress (Fig. 7C,D). These results
suggest that salt stress inhibited seed germination by repressing
the expression of the transcription factors that are involved in gib-
berellin and/or auxin signalling pathways.

Anti-oxidant activity related genes are significantly
down-regulated by salinity stress

Molecular function GO terms related to molecular transducer
activity, transcription regulator activity, structural molecule activ-
ity, electron carrier activity, enzyme regulator activity, transporter
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Fig. 6. MYB family transcriptional factor were down-regulated by both 100 and 150 mM sodium chloride treatment. (A) Expression of MYB28 At5g61420 was down-
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of MYB60 At1g08810 was down-regulated by both 100 and 150 mM NaCl treatment. (D) Expression of MYB6 At4g09460 was down-regulated by both 100 and 150 mM
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regulated by both 100 and 150 mM NaCl treatment. (G) Expression of At1g74840 was down-regulated by both 100 and 150mM NaCl treatment. Each value is mean +

SE of three biological replicates.

activity, antioxidant activity, catalytic activity and binding were
significantly enriched in the down-regulated genes by NaCl treat-
ment (Fig. 5B).

Notably genes linked with anti-oxidant activity were signifi-
cantly enriched in down-regulated genes by NaCl treatment.
Twelve genes were down-regulated in both 100 and 150 mM
NaCl (Fig. 8). The expression of AT4G25100, coding for
Fe-superoxide dismutase (FSD1), was repressed to less than
40% by both 100 and 150 mM salt stress (Fig. 8H). Another 11
genes encoding peroxidase were down-regulated by both 100
and 150 mM NaCl, among them AT2G25080 and AT4G31870
coding for glutathione peroxidase (Fig. 8B,I), ATIG77490 and

https://doi.org/10.1017/50960258519000047 Published online by Cambridge University Press

AT4G09010 coding for ascorbate peroxidases (Fig. 8A,G). The
expression of AT2G38390 coding for a peroxidase could not be
detected in 150 mM NaCl treated samples (Fig. 8E). Compared
with the control, the expression of AT2G38380, AT4G33420 and
AT5G64110 was decreased to less than 1% by treatment with
150 mM NaCl (Fig. 8D,],L). Taken together, this suggests that
salt stress represses the expression of peroxidase, thereby inhibit-
ing seed germination. Furthermore, both DAB staining and the
quantitative assay showed higher H,O, levels in seedlings treated
with both 100 and 150 mM NaCl than in control seedlings
(Fig. 9), which further supports the notion that salt stress induced
H,0, accumulation.
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Seed germination is a key step in plant growth and development.
So far, transcriptome research on salt stress regulation has focused
on seedlings more than 7 days after sowing. These results showed
that the salt stress responsive genes belong to the GO categories
response to stimulus, hormone metabolism and accumulation of
reactive oxygen species (Wang et al, 2013; Shen et al., 2014;
Cheng et al., 2015; Zhao et al., 2017).

However, early germination is sensitive to various stresses as
embryonic cells switch from quiescence to a state of high meta-
bolic activity (Weitbrecht et al., 2011). Salt stress is one of the fac-
tors affecting early seed germination (Fig. 1). Thus, investigating
the molecular processes underlying early seed germination
under salt stress may increase our understanding of seed germin-
ation under salt stress and help to engineer more robust species to
improve yield and quality.

In the present study we identified the differentially expressed
genes (DEGs) at a change of >2.0-fold and p <0.05 in response
to salt stress. Under 100 mM NaCl stress, 1488 genes were differ-
entially expressed. Of these, 575 genes were up-regulated and 913
genes were down-regulated (supplemental table 1). Under 150
mM NaCl stress, 5422 genes were differentially expressed, of
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which 1921 genes were up-regulated and 3501 genes were down-
regulated (supplemental table 2). As 65.9% up-regulated genes
and 94.5% down-regulated genes under 100 mM NaCl stress
were also up- or down-regulated under 150 mM NaCl stress
(Fig. 2), we further analysed the collective up- and down-
regulated genes. Biological process GO terms related to response
to stimulus were significantly enriched in both.

Seed germination is usually accompanied by the increases in ABA
catabolism (Vishwakarma et al., 2017), ABA signalling protein
SNF1-RELATED PROTEIN KINASE2.2 (SnRK2.2) and SnRK2.3
inhibitor seed germination (Fujii et al, 2007). ABI1 and ABI2,
type 2C protein phosphatases that interact with SnRK2 family,
perform negative regulation of germination of seeds (Finkelstein
and Somerville, 1990). ABI4, a key factor that regulates primary
seed dormancy, mediates the balance between ABA and GA bio-
synthesis (Shu et al., 2013). The accumulation of ABI5, a bZIP
transcription factor, causes the inhibition of seed germination
(Lopez-Molina et al., 2001). In our study, GO terms related to
response to abscisic acid stimulus were especially enriched in the
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Fig. 9. Accumulated H,0, content as detected by DAB iy
staining in 60-hour-old seedlings under salt stress. (A) ’
Water control; (B) 100 mM NacCl; (C) 150 mM NacCl; (D)

H,0, content quantified with or without NaCl. Each

value represents the mean +SE of six biological repli-

cates. Scale bar, 1 mm.

up-regulated gene set upon treatment by 100 and 150 mM NaCl
(Fig. 3). The expression of ABI3, ABI4 and ABI5 was significantly
up-regulated by both 100 and 150 mM NaCl treatment, whereas
the expression of ABI2 was induced by 150 mM NaCl treatment
(Fig. 4). NCED genes encode 9-cis-epoxycarotenoid dioxygenases,
which catalyse the first step of ABA biosynthesis. The expression
of NCEDI decreased rapidly during seed germination in maize (Li
et al, 2017). Here the expression of NCED3 was notably
up-regulated by both 100 and 150 mM salt stress and the expres-
sion of NCED5 and NCED9 was increased by 150 mM NaCl
(Fig. 4). These results suggest that salt stress inhibits seed germin-
ation by enhancing ABA biosynthesis and signalling.

Salt stress represses the expression of transcription factors
involved in phytohormone signalling

Salt stress not only repressed the expression of transcription fac-
tors related to ABA signalling but also induced the expression of
transcription factors associated with GA and auxin signalling
(Figs 6 and 7). The role of transcription factors in salt stress
has been demonstrated in a range of plant species. For instance,
over-expression of a NAC transcription factor gene, cloned
from Thellungiella halophile, especially improved salt stress toler-
ance in Arabidopsis by a positive regulation of ion transport (Liu
et al., 2018). The MYB family, characterized by the N-terminus
conserved MYB repeats, are involved in the regulation of biotic
and abiotic stresses (Roy, 2016). In Arabidopsis, MYB4 controls
production of UV-protecting sunscreens (Jin et al, 2000).
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MYB60 and MYB96 regulate many plant responses to drought
stress through ABA signalling (Seo and Park, 2010). The MYB
genes OsMYB2, OsMYB3R-2 and OsMYB4 from rice have been
identified as important components of plant abiotic stress
response pathways (Vannini et al., 2004; Ma et al., 2009a; Yang
et al., 2012). In this context, our study shows that the MYB family
of transcription factors is depressed by salt stress (Fig. 6). Besides
the MYB transcription factors, the transcription factors IAAIS,
TAA19, BT1 and BT2 were also down-regulated by salt stress
(Fig. 7). These results suggest that transcription factors involved
in phytohormone signalling are important factors of the salt stress
response pathway in Arabidopsis.

Salt stress represses the expression of genes related to
anti-oxidant response

Reactive oxygen species (ROS), including the superoxide hydro-
gen peroxide and hydroxyl free radicals, are assumed to be linked
to seed germination (Apel and Hirt, 2004). During imbibition the
fast water uptake and activation of respiration may result in high
ROS generation, which can lead to DNA oxidative damage
(Macovei et al., 2017). In addition, ROS are also involved in
seed germination as signalling molecules, mediated by phytohor-
mones such as ABA, GA, ethylene, auxin, cytokinin, brassinoster-
oids, jasmonic acid or salicylic acid (Zhang et al., 2014; Bi et al.,
2017; Li et al., 2017; Ishibashi et al., 2017; Macovei et al., 2017).
For example, inhibition of catalase activity and H,O, generation
inhibits seed germination of Col-0, abi5 mutants and ABI5 over-
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expression transgenic lines in Arabidopsis (Bi et al., 2017). In bar-
ley, the balance between ABA and ROS regulates seed dormancy
and germination (Ishibashi et al, 2017). Exogenously applied
ABA or GA resulted in modulating ROS levels in Arabidopsis
(Ye et al., 2012; Lariguet ef al., 2013). The ROS balance is main-
tained by anti-oxidant systems. During seed germination the
activities of catalase (CAT), superoxide dismutase (SOD), ascor-
bate peroxidase (APX) and gluthatione reductase (GR) may be
regulated to modulate ROS levels (Oracz et al, 2009; Ye et al,
2012). Here we show that molecular function GO terms such as
anti-oxidant activity were particularly enriched in the down-
regulated gene set upon treatment by 100 and 150 mM NaCl
(Fig. 8). Twelve genes were down-regulated by both 100 and
150 mM NaCl (Fig. 6). Among these two genes code for APX,
two for glutathione peroxidase and one for SOD. These results
show that salt stress represses the expression of genes coding
for peroxidases. The down-regulation of these genes may result
in accumulation of ROS, which inhibit seed germination both
as signaling and damaging molecules.
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Supplemental figure 1. The COG (Cluster of Orthologous Groups of
proteins) function classification of differentially expressed genes (DGEs) in
response to NaCl stress. (A) The COG function classification of DGEs in
response to 100 mM NaCl stress. (B) The COG function classification of
DGE:s in response to 150 mM NaCl stress.

Supplemental figure 2. Significantly enriched biological process Gene
Ontology terms for the co-upregulated genes.

Supplemental figure 3. Significantly enriched biological process Gene
Ontology terms for the co-downregulated genes.

Supplemental table 1. Differentially expressed genes (DEGs) in response
to 100 and 150 mM NaCl stress.

Supplemental table 2. The commonly up- and down-regulated genes in
100 and 150 mM NaCl treated samples.

Supplemental table 3. The relative expression of the genes mentioned in
our manuscript, which are regulated by 100 and 150 mM NaCl, was confirmed
by RT-PCR. The ‘+” indicates SD of four biological replicates.
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