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a b s t r a c t

Soil salinization is an important factor that restricts crop quality and yield and causes an enormous toll to
human beings. Salt stress and abscisic acid (ABA) stress will occur in the process of soil salinization. In
this study, transcriptome sequencing of tobacco leaves under salt and ABA stress in order to further study
the resistance mechanism of tobacco. Compared with controlled groups, 1654 and 3306 DEGs were
obtained in salt and ABA stress, respectively. The genes function enrichment analysis showed that the
up-regulated genes in salt stress were mainly concentrated in transcription factor WRKY family and PAR1
resistance gene family, while the up-regulated genes were mainly concentrated on bHLH transcription
factor, Kunitz-type protease inhibitor, dehydrin (Xero1) gene and CAT (Catalase) family protein genes in
ABA stress. Tobacco MAPK cascade triggered stress response through up-regulation of gene expression in
signal transduction. The expression products of these up-regulated genes can improve the abiotic stress
resistance of plants. These results have an important implication for further understanding the mech-
anism of salinity tolerance in plants.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

In nature, plants grow in an extremely complex environment,
and will continuously confront with a diverse range of environ-
mental stress in the process of growth, such as drought stress, salt
stress, temperature stress, light stress and so on. Various environ-
mental stresses have posed enormous challenges to plant growth
and caused huge losses to human beings [1e4]. Soil salinization is a
global problem, affecting worldwide about 20% of cultivated land
and 33% of irrigated agricultural land, seriously decrease crop yields
[5]. Crops and other plants are often subjected to a combination of
different abiotic stresses [6]. Plants growing in salinized soil will be
affected by various abiotic stress conditions, such as drought, ABA
and high salt, and induce the expression of a large number of stress
response and tolerance genes in plants [7e9].

In order to clear the mechanism of plant salt tolerance, re-
searchers have done a large body of research in bioinformatics and
.edu.cn (L. Yang).
molecular biology [10,11]. Plants can regulate salt stress by
increasing transpiration, ion rejection and hormone regulation [12].
Salt stress can cause osmosis in plants and lead to the increase of
intracellular free calcium concentration, which activates Ca2þ

binding proteins and upregulates Naþ/Hþ antiporter, so as to
clearance Naþ to improve salt tolerance of plants [13,14]. Plant can
also improve plant salt tolerance through hormone regulation.
Among the nine plant hormones, ABA, ethylene, salicylic acid (SA)
and jasmonic acid (JA) are considered as stress response hormones
[15]. ABA synthesis is one of the fastest responses in plants to
abiotic stress. It will cause ABA-induced genes expression and
stomatal closure, thereby reduce water loss through transpiration
and improve drought resistance. In addition, ABA hormone is a
critical regulator of abiotic stress response in plants and can cause
significant physiological changes in plants [16]. And ABA signal can
be transmitted by MAPK pathway [17,18].

With the development of high-throughput sequencing tech-
nology and comparative genomics, transcriptome sequencing
(RNA-seq) has become a popular approach to research the mech-
anism of plant stress [19]. 6547 DEGs were identified from Avi-
cennia officinalis in salt stress, and 93 key salt tolerance genes were
obtained. The acquisition of a large number of adversity stress
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candidate genes had laid the foundation for further researched on
plant stress response mechanisms and functions [20]. When alfalfa
is treated with exogenous ABA, the ABA signaling pathway is acti-
vated and the activity of catalase is increased. ABA has the potential
to improve abiotic stress tolerance of alfalfa [21].

Tobacco is an important worldwide economical crop. With the
assembly and annotation of the tobacco genome, more and more
researches have been conducted on the stress mechanism of to-
bacco using RNA-seq. In this study, we analyzed the transcriptome
of tobacco leaves in salt and ABA stress. Meanwhile, we performed
functional enrichment analysis, MAPK pathway analysis and
weighted gene co-expression network analysis on the stress-
related genes obtained. This research has major significance to
study resistance to abiotic stress and ABA signal transduction in
plants.

2. Materials and methods

2.1. Plant materials and experimental treatments

Nicotiana tabacum L., cv. Kentucky 326 was investigated the
resistance mechanism underpinning salt and ABA stress. Tobacco
seed burgeoned and sowed in spots with matrix and grew until the
seedlings developed to six leaves. Hoagland reagent balanced for 3
days (16h light treatment, 8h dark treatment cycle) [22]. The
experiment consisted of a control group and two experimental
groups, and each group was repeated for three repeats. The control
group kept the tobacco variety K326 cultured in Hoagland reagent,
and three repeated labels were CK1, CK2 and CK3, respectively.
Tobacco samples were treated with 180mMNaCl reagent for 3 days
(72h) in the salt stress test, and three repeated labels were NaCl1,
NaCl2 and NaCl3, respectively. For ABA stress test, tobacco samples,
treated with 100 mMABA, were used for 3 days (72h) and labeled as
ABA1, ABA2 and ABA3.

2.2. RNA-seq library preparation and sequencing

Tobacco leaves of 2 cm � 2 cmwere taken from the test tobacco
samples in salt stress and ABA hormone stress respectively, and
immediately stored in the liquid nitrogen sample storage solution.
The samples were ground and placed in a 2 ml centrifuge tube. The
RNA extraction process was guaranteed to be carried out in
the �4 �C environment. The total RNA of samples was extracted
according to the instructions of the polysaccharide polyphenol
plant total RNA extraction kit (RNAprep Pure Plant Kit, Poly-
saccharides&Polyphenolics-rich, centrifugal column). RNA quality
was evaluated by agarose gel electrophoresis and OD260/230 ratio,
and the cDNA library was constructed after the samples were
qualified.

Amplified cDNA libraries were quality controlled on the Agilent
2100 Bioanalyzer [23]. After the quality control, the sequencing was
performed using Illumina HiSeq (Illumina Inc., CA, USA) with 150bp
paired-end reads. Knockdown efficiency was determined by
quantitative PCR (qPCR), and then samples were diluted and mixed
according to the effective concentration of the joint [24].

2.3. Transcript sequence data assembling and analysis

Validation tests of Q20 and Q30 of raw Reads were performed
using FASTQC for quality detection [25]. Clean Reads were obtained
by filtering and cleaning raw reads with Trimmomatic [26]. Clean
Reads were used as the original input data, and the genome of K326
(https://solgenomics.net/organism/Nicotiana_tabacum/genome)
was used as the reference genome for mapping by Hisat2 software
[27,28]. Mapping rates of different replicates in each group were
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calculated. Processing tobacco transcripts with StringTie enabled
the assembly of transcripts and the prediction of expression levels
[29].

2.4. Differential gene expression (DEGs) and functional enrichment
analysis

DEGs was analyzed using the R ballgown script. p � 0.05 was
used to ensure the accuracy of data, and an absolute value of log2
FC > 1 was used as the threshold for determining significant dif-
ferences. The DEGs of the control group and of transcripts induced
by salt stress and abscisic were obtained. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were applied to the DEGs, and GO terms and KEGG
pathways with p-value < 0.05 were regarded as significantly
enriched [30,31].

2.5. Selective sweep analysis on transcription factors (TF) analysis

InterProScan was used for classifying statistics, and TF was
expressed and annotated according to the comparison between
DEGS and database information. TF annotations of all accurate
differentially expressed genes in the promoter database were
queried by comparison parameters [32].

2.6. Co-expression analysis and regulatory networks of salt and
ABA stress in tobacco

The expression data of 9 experimental treatments which were
preprocessed into a format suitable for network analysis, and were
analyzed using WGCNA and R software, and the data was cleaned
through outliers [33]. Basic network analysis employed Step-by
Step mode. In order to make the constructed co-expression
network more consistent with the characteristics of scale-free
network, the experiment selected a better soft threshold based
on the similarity and adjacency of co-expression, and calculated the
corresponding difference according to the topological overlap
matrix (TOM). A hierarchical clustering tree involving genes in the
co-expression network was constructed by means of hierarchical
clustering. Branches of the tree corresponded to each gene in the
transcript, and the identification of modules was found through the
high-density co-expression genes. Cluster analysis was carried out
based on the similarity of the characteristic genes in the modules,
and the highly co-expressed genes were merged to cut and
combine the modules with high similarity in the dynamic cluster
tree.

3. Results

3.1. Tobacco transcriptome sequencing results and data analysis

The transcriptome was sequenced by Illumina high-throughput
sequencing platform, and the data quality of 254 G raw reads was
all at Q20 (Table S1). After removing the adaptor sequence and the
sequence with a large proportion of N value by TrimMomatic
treatment, 230 G clean reads data quality was obtained at Q30. The
clean/raw ratio of ABA and NaCl treatment group and control group
were both higher than 95.0%. Clean reads obtained an alignment
rate of more than 89% of all samples mapped to K326 genome, and
the tags rate of unique alignment was more than 76%. 184,134
different transcripts were obtained by Stringtie-merge of the
assembled transcripts, includingmost of the genes, AS and all of the
sample transcripts. 63,588 genes were expressed in salt stress and
62,215 genes were expressed in ABA stress.

https://solgenomics.net/organism/Nicotiana_tabacum/genome
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3.2. DEGs analysis in salt and ABA stress

1654 and 3306 DEGs were identified in NaCl stress and ABA
stress, respectively. DEGs induced by ABAwere more than those in
salt stress (Fig. 1A). Compared with control, 1249 genes were
screened up-regulated in ABA stress, accounting for 33.78% of the
total DEGs in ABA stress test (Fig. 1B). 892 genes were significantly
up-regulated by NCBI BLAST analyzed, accounting for 53.93% of all
the significantly DEGs in NaCl stress.

In the two abiotic stresses, the number of common genes
differentially expressed was relatively small, while the number of
unique differentially expressed genes was relatively large in each
osmotic stress. According to the common significant DEGs in
different stresses, most of the genes between the two stresses were
co-up-regulated or co-down-regulated, while few genes presented
opposite regulatory functions (Fig. 1C).
3.3. Functional enrichment analysis of DEGs

Functional enrichment analysis was performed on 1654 DEGs in
salt stress and 3306 DEGs in ABA stress, and there were discrep-
ancies in the overall expression of some important biological pro-
cesses, cellular components and molecular functions in salt stress
Fig. 1. Gene expression in two abiotic stresses in tobacco (A) Venn diagrams of DEGs und
clustering of the DEGs under salt or ABA stress.
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and ABA stress. In the cellular component category, the functions of
DEGs were mainly concentrated on the cell and membrane. In
terms of molecular function, the functions of DEGs mainly focused
on binding and catalytic activity. Furthermore, salt stress also
played a modest role in transporter, transcription regulator activ-
ities, while ABA stress played a role in transporter, transcription
regulator and structural molecule activities. As for cellular com-
ponents, the functions of DEGs were mainly enriched in metabolic
process, cellular process and biological regulation. DEGs in salt
stress were significantly related to the functional enrichment of
DEGs induced by ABA (Fig. 2).
3.4. Transcriptional regulation analysis of tobacco in salt and ABA
stress

To investigated the role of TFs in abiotic stress, 28 TF families
(877 in total) were predicted (Table S2, Table S3). In the two abiotic
stresses, Nuclear transcription factor Y subunit A, Basic helix-loop-
helix leucine zipper transcription factor, Myb-like transcription
factor and Heat shock transcription factor family had more mem-
bers. Furthermore, the members of basic-leucine zipper domain TF
family were more during ABA stress, and the TFs related to binding
sites were relatively few in salt stress.
er salt and/or ABA stress (B) Upstream DEGs and Downstream DEGs (C) Hierarchical



Fig. 2. The GO function of NaCl and ABA stress.
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3.5. MAPK pathway in tobacco in salt and ABA stress

MAPK pathway genes were widespread in plants (Fig. 3A). The
analysis of the MAPK pathway in the two abiotic stresses showed
that threemembers of theMEKK1 gene family were up-regulated in
the MAPKK process in salt stress (Fig. 3B). And three members of
the MKK2 gene family were up-regulated in the MAPKK process,
while only one MPK6 gene family (no MPK4 gene) played a role in
the MAPK process. No genes involved in ABA regulation were
identified in MAPKKK and MAPK processes, but the expression of
MPK6 genewas found to be up-regulated in both ABA and salt stress
treatment tests in the MAPK process.

After induced by ABA, the functions of tobacco were classified
into two types through the gene expression of ABA receptor, pro-
tein phosphatase and protein kinase. Most genes of ABA receptor
were down-regulated in the induction of ABA, while a few genes
were up-regulated. Studies showed that in the two abiotic stresses,
gene expression of all the regulatory pathways in the process of
MAPK level was up-regulated. In addition, whenMAPKwas directly
regulated without ABA receptors, it was found that the CAT2 gene
family played an important regulatory role and enables tobacco to
show the characteristics of salt resistance.

3.6. Real-time co-expression of tobacco in salt and ABA stress

After quality control filtration, the genes with low expression
and low quality expression datawere deleted, and 1029 genes were
obtained for the co-expression network construction. Through the
clustering algorithm of dynamic segmentation and the fusion
process of similar modules, a total of 13 practical meaning co-
expression modules and one meaningless module which cannot
be associated with other modules are obtained (Fig. 4A). A few
variability were in the number of genes among each functional
module. The number of clustered genes in AntiqueWhite2, Fire-
Brick4, Green, Orange3 and other modules was found to be far
larger than that of other modules, accounting for 65.97% of the total
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number of genes. The correlation between modules of the abiotic
stress gene co-expression network in tobacco was analyzed
(Fig. 4B). The similarity between the four modules with the most
gene distribution and the other modules were divided into four
subcategories which served an essential role and had similar bio-
logical functions. The DEGs in tobacco modules in different abiotic
stress treatments revealed discrepancies. 4 modules played a
relatively more important role in ABA induction, while 6 modules
played an essential role in salt stress. And the subgroup of the co-
expression module (red subgroup) played different roles in the
two treatments.

4. Discussion

Tobacco is a warm and wet crop, its yield and quality will be
severely affected in salinization stress. At this stage, transcriptome
sequencing technology has been widely used in humans, animals,
plants and bacteria, and has been increasing applications in to-
bacco. In this study, NaCl and ABAwere used to treat tobacco K326
to study the resistance mechanism of tobacco under two stresses.

The up-regulated genes in salt stress were mainly concentrated
on WRKY, PAR1 and other transcriptional regulatory factors, while
the up-regulated genes in ABA stress were mainly concentrated on
bHLH transcription factor, Kunitz-type protease inhibitor, dehydrin
(Xero1) gene and CAT family protein genes. WRKY proteins are
involved in various plant development and physiological processes,
especially in biological and abiotic stress resistance, which are plant
specific TFs. The transporters and binding proteins play the roles of
transcriptional regulation and functional binding in salt stress. CAT
is an essential component of plant antioxidant system, which can
improve plant stress tolerance by regulating H2O2. CAT gene family
is an essential component of ABA regulation. Furthermore, due to
the presence of salt ion transporters, effective control of water
transport in tobacco can help reduce the harm of salt stress. The
results showed that tobacco enhanced plant resistance to abiotic
stress through WRKY, PAR1, CAT and other regulatory mechanisms.



Fig. 3. MAPK pathway regulatory genes in tobacco (A) MAPK pathway of salt and ABA stress (B) Gene expression of MAPK pathway of salt and ABA stress.
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Compared with ABA induction, transcription factors of binding site
type and functional genes of signal transduction were rarely
emerged in tobacco DEGs in salt stress. These genes have been
demonstrated to be used in the study of the mechanisms of salt-
tolerance and salt-induced in plants. The results indicated that
salt ions could act as a direct response signal affecting tobacco and
cause tobacco to produce a stress response to resist soil salinization.

In salt stress treatment, MAPKK, MAPKK and MAPK pathways
could directly affect tobacco salt resistance in the process of MAPKK
cascade reaction, and the up-regulated activation reaction was
carried out through kinase phosphorylation. In salt stress, the
MAPKKK andMAPKK genes in members of expressionwere induced
in the raised state and ABA did not presented an significant
114
changes, and in the process ofMAPKMPK6 genes were raised under
two abiotic stresses expression, results showed that the MPK6 is
also affected by ABA, and by combined with ABA common induced
tobacco resistance to salt stress response. The result was fully
consistent with the previous research. In the two abiotic stresses,
especially salt stress, tobacco could not only directly conduct signal
transduction through MAPK cascade reaction to produce stress
response, but also enter into ABA induction pathway through
synthesis or exogenous application of ABA hormone. During ABA
induction, PYR/PYL, PP2C and SNRK2 began to express in turn, and
the members of this part displayed two different functional char-
acteristics, which was found to be caused by the combination of
different sites. After ABA receptor binding ABA, all of the MAPK



Fig. 4. Co-expression network of two abiotic stresses in tobacco (A) correlation between co-expression network (B) co-expression module.
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cascade of the expression of genes were also presented an upward
trend, unlike MAPK cascade effect directly, this part of the genes
revealed an upward trend in the two different test processing, ABA
and salt resistance mechanism is proved and a certain relation
between can play a role in abiotic stress. During not binding ABA
receptor, only the MAPKKK level and downstream CAT1 regulation
had been partially researched, other MAPK and MAPKK pathways
had not been proved in detail, and directly into MAPK pathway
without ABA receptor still needs to be carried out and verified
further.

Soil salinization is an increasingly serious problemworldwide. A
large number of studies have shown that salt-tolerant plants are of
great significance to the restoration of saline soil [34]. Using tran-
scriptome sequencing technology to study the mechanism of to-
bacco salt and ABA tolerance, a large number of candidate genes
and important metabolic pathways have been obtained. How the
transcripts and metabolites of these candidate genes participate in
osmotic stress in tobacco is deserved further investigation. It is of
great significance to the restoration of soil salinization by genetic
engineering breeding.
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