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Abstract

N. sibirica, as a typical halophyte, can not only effectively repair saline-alkali land, but also has high economic value.
However, the analysis on its salt tolerance at combining the molecular and physiological levels was little studied.
Hence, in this study, the salt tolerance of N. sibirica was analyzed based on Pacbio full-length transcriptome
sequencing, and the salt tolerance in the physiological levels was verified by key genes. The results found that
89,017 full-length transcripts were obtained, of which 84,632 sequences were annotated. The 86,482 coding
sequence (CDS) sequences were predicted. In total, 6561 differentially expressed genes (DEGs) were identified. DEGs
were significantly enriched in “response to salt stress”, “sodium ion homeostasis”, “response to osmotic stress”,
“reactive oxygen species metabolic process”, “defense response by cell wall thickening” and “signal transduction”, et
al. A total of 69 key genes were screened, of which 33 were not reported on salt tolerance. The NsRabETc gene with
the highest expression was selected to verify salt tolerance. The results showed that the gene regulates plant growth
to resist salt stress. Results in the present study deepen the understanding of salinity resistance in N. sibirica and

provide resources for further breeding projects under such stress conditions.

Key Message

Nitraria sibirica Pall. enhances salt tolerance by regulating ion balance, increasing permeability, scavenging reactive
oxygen species, regulating cell wall structure and signal transduction.

1. Introduction

Soil salinity seriously restricts agricultural production and ecological stability (Yang and Guo, 2018a). According to
the statistics of the Food and Agriculture Organization (FAO) of the United Nations, the area of saline-alkali land in
the world is as high as 9.54x108 hm?, accounting for more than 6.5% of the total land area in the world (Wang et al.,
2021; Yang and Guo, 2018b). In China, the total area of saline soil exceeds 9.91x107 hm?, accounting for about 10%
of the land area. Soil salinity has become one of the most serious abiotic stresses in nature (Zhao et al., 2021a). The
expanding salinity area reduces the cultivated land area, affects food production and food security, and seriously
hinders the sustainable development of economy and ecology (Munns and Tester, 2008; Flowers and Colmer, 2008).
Therefore, it is urgent to restore saline-alkali land.

The remediation of saline soil by halophytes is the first choice to solve the problem of land salinization. Nitraria
sibirica Pall., a dicotyledonous shrub belonging to Nitraria L., is a typical halophyte. It mainly grows in the
environment of salinity and drought (Tang et al,, 2021), and is a "golden" tree species with both ecological and
economic benefits. The fruits and leaves of N. sibirica have high nutritional, medicinal and feeding values (Wang et
al., 2009). Therefore, N. sibirica is an ideal plant to repair saline-alkali soil and to study the salt-resistant mechanism
of halophytes.

Previous studies show the effect of salt stress on plant growth and development mainly has two aspects. First,
under salt stress, the water absorption capacity of plants decreases and is in a state of loss of water, resulting in
stomatal closure and slow growth; Second, with the increase of salt concentration, when it exceeds the load that the
plant can bear, the ion in the plant body is out of balance. Na* takes the place of K*, and the activity of many
enzymes controlled by K* decreases (Zhao et al., 2020; Xu et al., 2021). The main mechanism of salt tolerance is to
minimize the absorption of salt by roots, to accelerate salt efflux, and to distribute salt at the tissue and cellular
levels (Munns, 2005). The salt overly sensitive (SOS) pathway is the most important discovery to study how plants
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regulate ion balance, which mainly mediates the efflux of Na* from the cytoplasm (Zhao et al., 2020). Vacuolar
Na*/H* antiporter mediates the partition of Na* (Zhao et al., 2020). The casparian strip in the endodermis of
vascular plant roots prevents the influx of salts into the stele through the apoplast under salt stress (Karahara et al.,
2004). In addition, plants also alleviate salt stress by means of osmotic regulatory substances, antioxidant
mechanisms, thickening cell wall structure and signal transduction (Zhao et al., 2020). However, there are some
differences in salt tolerance mechanism among different halophytes (Li et al., 2020; Lv et al., 2017; Wei et al., 2022;
Tiika et al., 2021; Li, 2008; Yu et al., 2022; Jin et al., 2016). The researches on N. sibirica under salt stress mainly
focus on physiological ion balance (Tang et al., 2018), photosynthetic characteristics (Wang et al., 2018), reactive
oxygen species metabolism (Zhao et al., 2021b) and seedling growth (Liu et al., 2021). In the aspect of genetic
engineering, only vacuolar Na*/H* transporter (NHX1) (Wang et al., 2016), plasma Na*/H" antiporter (SOS1)

(Geng et al., 2018) and high affinity K* transporter (HKT1) (Li, 2016), which regulate ion balance, were cloned and
studied. Meanwhile, their transcriptions were investigated under 100 and 400 mM NaCl treatments (Li et al., 2021,
Li et al., 2017). However, whether the molecular information of osmotic regulation, scavenging reactive oxygen
species and cell wall structure plays a role in the salt tolerance process of N. Sibirica has not been reported yet.

Pacbio sequencing and lllumina sequencing are effective means to analyze salt tolerance of plants. Although
lllumina sequencing technology has been studied in N. sibirica under salt stress (Li et al., 2017), its shortcomings of
short transcript splicing and incomplete transcript structure limit the research of many molecular mechanisms

(Sun et al., 2020). Pacbio sequencing technology has the advantages of longer reading length, more uniform
coverage, and building a complete transcriptome, which can effectively avoid the problems of Illumina sequencing
(Dong et al., 2015). However, Pacbio sequencing also has the defect of high error rate of single read length. The high
accuracy of lllumina sequencing can make up for this defect (Xu et al., 2021). Sequencing analysis combining these
two methods is a useful tool to obtain qualitative and quantitative transcriptome results, and it has been reported in
many plants (Sun et al., 2020; Dong et al., 2015; Sun et al., 2021). However, research on the salinity resistance of N.
sibirica by Pacbio sequencing and Illumina sequencing has not been reported to explore .

In this study, the full-length transcriptome analysis of N. sibirica under NaCl stress was constructed using Pacbio
sequencing for the first time. Based on the next generation sequencing (NGS) data obtained by lllumina sequencing
platform, the expression levels were compared and analyzed. The results revealed the changes of transcripts in N.
sibirica under 24 h NaCl stress at the molecular level. NsRabE1c with the top 10% connectivity and the highest
expression of unreported genes was selected for transgenic experiment, and salt stress verification was carried out
together with Col-0 and Atrabe1c mutants. These results will provide new data for further study on the mechanism
of N. sibirica participating in salt stress regulation.

2. Materials And Methods

2.1 Cultivation and treatment of plant materials

Annual seedlings of N. sibirica was employed as plant material. The seeds of N. sibirica were provided by Baicheng
Academy of Forestry, Jilin Province. The seeds were soaked in water of 55 °C for 72 h and then sown in plastic hole
plates in a greenhouse of Northeast Agricultural University. The culture substrate was raw soil/peat soil/river
sand=1/1/1 (v/v/v). The hole plates were exposed to 14 h of light at 26 °C and 10 h of darkness at 22 °C for 20 d
with 50% Hoagland’s nutrient solution. Then, when the seedlings grow 5-6 true leaves and spread completely, they
were transplanted in 10 cmx10 cm pots for treatment. The treatment methods were: (1) CK, control group, Hoagland
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nutrient solution; (2) Na*, Hoagland nutrient solution+300 mmol-L™" NaCl. Three biological replicates were set for
each treatment.

In order to prevent the effect of salt shock, the samples of Na* treatment group were firstly treated with
Hoagland+50 mmol-L™" NaCl as the initial concentration, then increasing 50 mmol-L™ each day until the
concentration reached 300 mmol-L™". According to the preset concentration of NaCl in treatment, the seedlings were
continuously treated for 3 d, and irrigated regularly once a day. After stopping the salt treatment for 24 h (Ni et al.,
2021), the leaves were collected and stored in -80 °C refrigerator immediately. Distilled water and deionized water
are used to wash the leaves before collection.

2.2 RNA preparation for RNA-Seq

Total RNA was extracted with Trizol (Beijing, Dining). RNA degradation and contamination were monitored on 1%
agarose gels. RNA concentration was measured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA).

2.3 NGS library preparation and sequencing

A total amount of 1 pg RNA per sample was used as input material for the RNA sample preparations. Sequencing
libraries were generated using TruSeq RNA Library Preparation Kit (lllumina, USA) and index codes were added to
attribute sequences to each sample. mRNA was purified from total RNA using poly-T oligo-attached magnetic beads.
First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-).
Second strand cDNA synthesis was subsequently performed using DNA Polymerase | and RNase H. Remaining
overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends of
DNA fragments, lllumina Adaptor were ligated to prepare for hybridization. In order to select cDNA fragments of
preferentially 150-200 bp in length, the library fragments were purified with AMPure XP system (Beckman Coulter,
Beverly, USA) (Ni et al., 2021). Then, PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR
primers and Index (X) Primer. At last, PCR products were purified (AMPure XP system) and library quality was
assessed on the Agilent Bioanalyzer 2100 system. A total of 6 NGS libraries were established.

2.4 Data splicing, assembling, clustering and sequencing

The original data (raw reads) obtained by sequencing was processed by the FastQC, and the reads with low quality
(Q20 = 80%), joint contamination and high unknown base N content (Ns = 5%) were filtered out, and the clean reads
were obtained by de novo assembly with Trinity. The clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (lllumina) according to the manufacturer’s
instructions. After cluster generation, the library preparations were sequenced on an lllumina Novaseq platform and
150 bp paired-end reads were generated.

2.5 Iso-Seq library preparation and sequencing

The Iso-Seq library was prepared according to the Isoform Sequencing protocol (Iso-Seq) using the Clontech
SMARTer PCR cDNA Synthesis Kit and the BluePippin Size Selection System protocol as described by Pacific
Biosciences (PN 100-092-800-03).

2.6 Acquisition of fullHength transcript
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Sequence data were processed using the SMRTIlink 5.0 software. Circular consensus sequence (CCS) was generated
from subread BAM files, parameters: min_length 50, max_drop_fraction 0.8, no_polish TRUE, min_zscore -9999,
min_passes 1, min_predicted_accuracy 0.8, max_length 11000. BAM files were output, which were then classified
into full length and non-full length reads using pbclassify.py script, ignore polyA false, and minSeq Length 200. Non-
full length and full-length fasta files produced were then fed into the cluster step, which conducted isoform-level
clustering (ICE), followed by final Arrow polishing, hg_quiver_min_accuracy 0.99, bin_by_primer false, bin_size_kb 1,
qv_trim_5p 100, and qv_trim_3p 30.

2.7 Error correction using lllumina reads

Additional nucleotide errors in consensus reads were corrected using the lllumina NGS data with the software
LoRDEC.

2.8 ORF prediction and gene annotation

The obtained high-quality full-length transcripts were used for ORF prediction. Based on ORF prediction, the
predicted CDS and protein sequences were obtained. In order to predict the longest and best transcripts, the longest
ORFs were extracted, and protein libraries, peptides or protein domains were searched with BlastP and Pfam.

The predicted high-quality protein information was annotated in six databases (GeneOntology (GO), EggNOG (cut-
off Evalue <1e-3), Kyoto Encyclopedia of Genes and Genomes (KEGG, cut-off Evalue <1e-5), NCBI non-redundant
Protein (NR, cut-off Evalue <1e-5), SwissProt (cut-off Evalue <1e-5) and TrEMBL. The NR, eggNOG, KEGG and
SwissProt annotations of the transcripts were obtained by Blastx and Diamond software. GO annotation and
classification were performed in the Blast2GO program based on the NR annotation results.

The annotated genes were classified by eggNOG function, enriched by KEGG and analyzed by GO distribution.
2.9 Quantification of the gene expression levels and identification and function analysis of DEGs

Identification of the gene expression level for each sample was performed by RSEM (Sun et al., 2020). The clean
data generated by lllumina sequencing were mapped to SMRT sequencing data, and the read count of each gene
was obtained from the mapping results. Based on the gene data with average counts>5, the gene with more than
two times difference (|log2FC|>=1) and FDR<0.05 was used as the differentially expressed gene. In order to further
filter out more significant response genes under salt stress, the 16FC differentially expressed genes (|log2FC|=4)
were chose for analysis.

Differential expression analysis was performed using the DeSeq?2 to identify DEGs between the Na* treatment and
CK. For function annotation, the GOseq R package was used to perform GO enrichment analysis on DEGs. The KEGG
enrichment analysis of DEGs was carried out by KOBAS software.

2.10 WGCNA and gene network visualization

In order to further screen the key regulatory genes related to salt tolerance, weighted gene co-expression network
analysis (WGCNA) was performed on all transcripts with more than 2 times differential expression (Sun et al.,
2021; Ni et al., 2021). The genes that can not be detected or expressed relatively low (TPM<10) were discarded, the
adjacency degree between the remaining differential genes and the similarity between genes were calculated
according to the adjacency degree, the dissimilarity coefficient between genes was deduced, and the systematic
clustering tree between genes was obtained.
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The gene expression profile of each module was determined by the gene phylogenetic tree to test the modules
related to salt tolerance. In co-expression network, the edge weight (ranging from 0 to 1) of any two genes connected
was determined based on their topology overlap measure. Key genes were mined from modules related to salt-
tolerant genes using Cytoscape according to the connectivity between genes.

After that, the modules with strong positive correlation with salt tolerance were obtained. GO enrichment analysis
and KEGG enrichment analysis were carried out.

2.11 Generation of NsRabE1C overexpression Arabidopsis thaliana plants

The CDS sequence of NsRabETc was linked into 35S-PCAMBIA1300 vector by homologous cloning method. The
primers (RABE1c-ZTF, RABE1c-ZTR) used to amplify NsSRABE7c were listed in Table S1. The plasmids were
transferred into Agrobacterium GV3101 by heat shock method. then, the Agrobacterium with PCAMBIA1300-
NsRabETcwas transformed into A. thaliana. The T1 generation seeds were screened with 30 mg-L™" hygromycin and
confirmed by reverse transcription PCR with primers (RabE1c-ZTF, RabE1c-ZTR). After three generations of screening
and culture, homozygous overexpression A. thaliana was obtained. The homozygous overexpression A. thaliana
plants were used for salt tolerance phenotype verification.

2.12 Atrabe1c mutant verification

The mutant seeds of Atrabe1c were purchased from Arabidopsis Mutant Service Center. In order to ensure the
accuracy of homozygous mutants, three primers methods (rabe1c-LP, rabe1c-RP and rabelc-LB) were used to
identify mutant seedlings. Primers designed with T-DNA Primer Design (http://signal.salk.edu/tdnaprimers.2.html)
website were shown in Table S1. The homozygous mutants A. thaliana plants were used for salt tolerance
phenotype verification.

2.13 qRT-PCR validation of DEGs from the RNA-seq

In order to prove the accuracy of transcriptome data, 12 genes with the top 10% connectivity in the salt tolerance
module we selected to verify their expression levels by gPCR. Quantitative RT-PCR primers (Table S1) were designed
using Primer Premier 5.0 software. cDNA was reverse transcribed from the RNA with HiScript Il RT SuperMix for
gPCR (Vazyme) according to the manufacturer’s instructions. ChamQ Universal SYBR gPCR Master Mix (Vazyme)
was used for gPCR. The reaction conditions were as follows: 95 °C for 30 s, 40 cycles (95 °C for 5's, 60 °C for 30 s).
The N. sibirica NsActin gene was used as an internal control. Three different biological replicates were used to

calculate relative gene expression by the 2" 22¢ method (Sun et al., 2021).

In addition, the expression levels of NsRabE7cin N. sibirica treated with 300 mmol-L™" NaCl at different periods (0 h,
2h,4h,6h,8h,10h, 12 h, 24 h) were analyzed in the same way.

2.14 Statistical analysis of the results

The variance of the data was analyzed using the SPSS version 19.0 software (SPSS, Chicago, IL, USA), and the
significance threshold was set at P<0.05. The results were expressed as the meantstandard deviation (SD) of at
least three independent replicate experiments.

3. Results
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3.1 Identification of full1ength transcripts

In order to obtain the full-length transcriptome of N. sibirica, the leaves were sequenced using Iso-Seq and NGS
techniques. The original data obtained on the PacBio Sequel platform and lllumina platform are about 323 GB and
97.5 GB, respectively. After filtering out incomplete CGs, 1,030,629 full-length non-chimeric reads (FLNC) were
obtained (Table 1). After removing redundancy and clustering, 89,017 full-length transcripts (average length 2721.43
bp, N50 3009 bp, Q30 values 98%) were obtained, which were used as high-quality reference transcripts of N. sibirica
(Table 1). lllumina platform obtained 651 million high-quality reads with Q30 higher than 98% (Table 1). A total of
86,482 CDS sequences were predicted by TransDecoder software, among which 4000 genes without CDS may be
small RNA, tRNA and transposition sequence (Table 1).

3.2 Gene annotation

In order to obtain more comprehensive genes annotation, 84,632 (95.07%) transcripts were annotated by GO, KEGG,
NR, eggNOG, SwissProt and TrEMBL databases (Fig. 1a). Among them, 41,724 transcripts can be annotated in 6
databases (Fig. 1a). 84,632 transcripts were annotated in at least one database (Fig. 1a), of which 84,478 (99.82%)
transcripts were annotated in NR, 70,960 (83.85%) in Swiss-prot, and 84,467 (99.81%) in TrEMBL (Fig. 1b).

In addition, the eggNOG annotation demonstrated that 74,474 (88.00%) transcripts were assigned to 25 functional
clusters, and “Signal transduction mechanisms” (6,181 transcripts) was the largest category, followed by
“Posttranslational modification, protein turnover, chaperones” (6,026 transcripts) and “Intracellular trafficking,
secretion, and vesicular transport” (3,877 transcripts) (Fig. 1b&c).

A total of 77,557 (91.64%) transcripts were annotated by the GO database (Fig. 1b). GO enrichment analysis on all
DEGs was divided into three categories: biological processes, molecular function and cellular components. These

n o n o«

transcripts were primarily enriched in “cellular process”, “metabolic process”, “biological regulation”, “response to
stimulus”, “cell”, “cell part”, “organelle”, “membrane”, “binding”, “catalytic activity”, “transporter activity”,

“transcription factor activity, protein binding” and “signal transducer activity” (Fig. 1d).

To explore the main biological processes in N. sibirica, 45,886 (54.22%) transcripts were mapped to the KEGG
database, where “carbohydrate metabolism” (4,719 transcripts), “translation” (3,695 transcripts) and “folding, sorting
and degradation” (3,325 transcripts) were the most abundant subcategories, respectively (Fig. 1b&e).

3.3 Analysis on differential expression genes

To explore the variation in gene abundance and expression profiles under salt stress, clean reads from RNA-Seq were
aligned to reference transcripts. Under the treatment of 300 mmol-L"' NaCl, there were 6561 differentially expressed
transcripts (Jlog2FC|=1, FDR<0.05), of which the up-regulated and down-regulated genes were 2429 and 4132,
respectively (Fig. 2a). In order to further filter out more significant response genesunder salt stress, the 16FC
differentially expressed genes (|log2FC|=4) were chosen for analysis. The up-regulated and down-regulated genes
were 664 and 92, respectively (Fig. 2b).

GO enrichment analysis on 16FC differentially expressed genes showed that 176 and 224 DEGs were identified and
respectively matched to “response to stress” and “ response to stimulus” (Fig. 3a&c). A number of metabolism-
related terms have been enriched, indicating that the synthesis of secondary metabolites will help to resist salt
stress.(Fig. 3ac).

Page 7/36



To further reveal the functional differences between the two parts of DEGs, the KEGG metabolic pathway enrichment
analysis was conducted. Pathways such as “Carbon metabolism”, “Phosphatidylinositol signaling system”, “Protein
processing in endoplasmic reticulum” and “Ubiquitin mediated proteolysis”, etc., have been significantly enriched,

indicating an extraordinary effect in response to salt stress (Fig. 3b&d).
3.4 Acquisition of key genes

In order to further screen the key regulatory genes related to salt tolerance, WGCNA was performed on all transcripts
with more than 2 times of differential expression (Fig. 4a). Genes are classified into 24 different hierarchical
clustering modules. The different modules were represented by different colors (Fig. 4b). Based on the analysis of
gene expression profiles of each module, it was found that the correlation coefficients of green, light cyan and
magenta modules related to salt stress were the highest (Fig. 4b).

These three modules contained 420, 82 and 252 genes, respectively (Fig. 4c). Through GO enrichment analysis, it
was found that many single genes in the green module were mainly enriched in ion balance, signal transduction,
active oxygen scavenging and cell wall structure (Fig. 5a). The terms related to cell wall structure and composition
and osmotic regulation were significantly enriched in the lightcyan module (Fig. 5c). In the magenta module, many
single genes were enriched in terms related to hormones, osmotic regulation and signaling (Fig. 5e). The above
results showed that these aspects play an important role in the regulation of salt stress in N. sibirica. In addition,

there are terms to resist salt stress in all three modules, such as “response to salt”, "response to salt stress” and
“hyperosmotic salinity response”, indicating that N. sibirica has the ability to deal with salt stress (Fig. 5a,c&e).

U

KEGG enrichment analysis showed that “Plant hormone signal transduction”, “MAPK signaling pathway-plant”,
“Phosphatidylinositol signaling system” were significantly enriched in these three modules (Fig. 5b,d&f). It showed
that N. sibirica can transmit salt stress signals to the regulation process of plants through these three kinds of signal

transduction, so as to deal with salt stress injury. In addition, “Arginine and proline metabolism”, “Protein processing
in endoplasmic reticulum” and “Endocytosis” were also significantly enriched (Fig. 5b,d&f).

The connectivity of genes in these 3 modules was analyzed by the Cytoscape software. The genes with top 10%
connectivity were listed in Tables 2,3&4, respectively. It indicated that these genes play an important role in the salt
stress resistance of N. sibirica.

3.5 DEGs involved in the salt tolerance analysis of N. sibirica
3.5.1 Identification of DEGs related to Na* transport

Under salt stress, 9 transporters regulating Na* influx were identified as non-selective cation channel (NSCCs) genes.
These genes included 5 cyclic nucleotide gated channels (CNGCs) and 4 glutamate receptors (GLRs) (Fig. 6). In
addition, salt stress induced differential expressions of SOS1, NHX2 and NHX6 (Fig. 6). Furthermore, 10 high affinity
potassium transporter (HAKs) and 1 potassium channel (AKTs) were identified as DEGs (Fig. 6), which maintained
the balance between Na* and K* under salt stress.

3.5.2 Identification of DEGs related to osmotic regulation

Among the differentially expressed genes in response to salt stress, 5 DEGs were identified to be associated with

osmosensors. The DEGs included 1 hyperosmolality-gated Ca?* permeable channel 1 (OSCAT1), 1 histidine kinase 1
(AHK1) and 3 aquaporins (SIP1-1, TIP2-1 and TIP1-3) (Fig. 7). The 11 MAPKs were identified as DEGs, which
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regulated osmotic stress (Fig. 7). Five abscisic acid receptor (PYLs) were identified from the annotation data, among
which 1 PYL was identified as DEG in response to salt stress (Fig. 7). In addition, the expression levels of Ornithine
aminotransferase, Osmotin-like protein 0SM34, Phosphoinositide phosphatase SAC6, CBL-interacting
serine/threonine-protein kinase 9, serine/threonine-protein kinase SIS8 and Phosphatidylinositol 3,4,5-trisphosphate
3-phosphatase changed and participated in osmotic stress (Fig. 7).

3.5.3 Identification of DEGs related to antioxidant

In total, 8 antioxidant-related DEGs belonging to the catalases (CAT), peroxidases (POD), ascorbate peroxidase
(APX), glutathione reductase (GR) and glutathione peroxidase (GPX) were identified, of which 3 genes were up-
regulated (2 CATs and 1 POD) (Fig. 8). Salt stress induced differential expressions of 4 non-enzymatic antioxidant
genes, namely glutathione synthase (GSH2), Cytochrome P450 711A1 (MAX1), Protein ACTIVITY OF BC1 COMPLEX
KINASE 1 (ABC1K1/BDR1/PGR6), and COP1-interacting protein 7 (CIP7) (Fig. 8). Leucine-rich repetitive receptor
kinase HPCA1 (HPCA1), Jnactive poly [ADP-ribose] polymerase RCD1 (RCD1), Mitogen-activated protein kinase 8
(MPK8), NADPH oxidase RBOHA and Primary amine oxidase were identified as differentially expressed genes under
salt stress (Fig. 8).

3.5.4 Identification of DEGs related to cell wall

Among the differentially expressed genes in response to salt stress, 35 DEGs that are associated with cell wall
sensing, synthesis or modification were identified (Fig. 9). Most of them [e.g., Receptor-like protein kinase FERONIA
(FER), THESEUS1 (THE1), Cell wall-associated kinase 1 (WAK1), Cellulose synthase (CesA), cellulose synthase
interactive 1 (CSI1), KORRIGAN1 (KORT1), Pectinase (PME), Pectin acetylesterase (PAE) and Callose synthase (CALS)]
were up-regulated under salt stress (Fig. 9). The FER, THE1 and WAKT1 are cell wall receptors. These genes, such as
CesA, CSI1, KOR1, PME, PAE and CALS are related to cell wall synthesis. However, fasciclin-like arabinogalactan-
protein (FLA), Xyloglucan endotransglucosylase (XTH) and expansin (EXP) related to cell wall modification were
mostly down-regulated under salt stress (Fig. 9).

3.5.5 Identification of DEGs related to signaling

Several genes related to signal regulation were found in these DEGs. Eighteen DEGs involved in plant hormone
signal transduction pathways were selected (Fig. 10). These DEGs included 6 auxin (IAA) signaling process genes
(GH3.6, IAA9, BHLH105, ARF2A, ARF4 and ARF19), 5 abscisic acid (ABA) signaling process genes (PYL9, RABE1c,
SNRK2.4, XTH12 and XTH23), 3 ethylene (ETH) signaling process genes (ETR1, ERS1 and ARR2), 2 salicylic acid
(SA) signaling process genes (BRN1 and CPSF30), 1 jasmonic acid (JA) signaling process gene (FBL2), 1 cytokinin
(CK) signaling process gene (ARR12) and 1 brassinosteroid (BR) signaling process gene (BRI1). A total of 7
transcripts encoded Phosphatidylinositol signaling system genes, including PI4KA1, FAB1A, FAB1B, PIP5K9,
PTEN2A, IMPL1 and DGKS5, all of which are up-regulated under salt stress (Fig. 10). Moreover, a total of 14
transcripts encoded MAPK signaling pathway-plant genes, including 4 Mitogen-activated protein kinase, 2 Protein-
tyrosine-phosphatase, 1 SNF1-related kinase 2.4, 1 Calmodulin, 1 Abscisic acid receptor, 2 Ethylene receptor, 1
Protein ETHYLENE INSENSITIVE 5 and 2 Catalase (Fig. 10).

3.6 Overexpression of NsRabE1c gene improves the sensitivity of plants to salt stress.

A gene with the top 10% connectivity was selected for salt tolerance analysis. NsRabETc has not been reported in
terms of salt stress, and among the top 10% of genes that have not been reported, its expression level under salt
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stress was the highest (Tables 2,3&4). Therefore, NsRabE1c was selected for the analysis of salt tolerance in this
study.

NsRabE1c was over-expressed in A. thaliana and treated with salt stress along with Atrabe1c mutant and Col-0. The
Atrabelc mutant was identified as homozygous (Fig. S1). As shown in Fig. 11a, the germination rates of these three
A. thaliana species changed with time under different salt concentrations. It can be seen that when the salt
concentration was 0, the germination rates of these three types all reached 100% with the increase of time. However,
there were significant differences in the germination speed, in the order of OE>Col-0>Atrabelc. The results showed
that the increase of gene expression could accelerate plant germination. Under salt stress, the germination speed of
three types were all limited. Comparing with the Atrabelc and Col-0, the germination rate of OE was more limited.
The germination speeds of these three types were Atrabe1c>Col-0>0E when salt concentrations were 100 and 150
mmol-L7.

When the salt concentration was 150 mmol-L™, the germination rates of Col-0 and OE decreased, and the
germination rate of OE decreased by 35%. In addition, the growth state of the plants was observed to the 10th day,
and the survival rate and root length were recorded. It was found that the growth of the Atrabelc was better than
that of the Col-0, and the Col-0 was better than the OE with the increase of salt concentration (Fig. 11b). The survival
rate was consistent with growth, and the Atrabe1c was larger than the Col-0, and the Col-0 was larger than the OE
with the increase of salt concentration (Fig. 11¢). The changing trend of root length was similar to the germination
rate with the increase of salt concentration. When salt concentration was 0, the root length of OE was significantly
longer than that of Col-0 and Atrabelc (Fig. 11d&e). When salt concentrations were 100 and 150 mmol-L™, the root
lengths of Atrabelc and Col-0 were significantly longer than that of OE (Fig. 11d&e). Based on the above
phenomenon, the NsRabETc gene was more significantly responsive to salt stress, and reduced the plant’s salt
tolerance.

3.7 qRT-PCR validation of DEGs from the RNA-seq analysis

To validate the reliability of transcriptome analysis data, 12 DEGs related to salt stress were verified using qRT-PCR.
The results of RNA-seq and gRT-PCR revealed a high-ranked consistency, indicating that the RNA-seq data are
dependable and accurate (Fig. 13).

4. Discussion

The continuous expansion of saline-alkali soil area seriously affects the development of agriculture and ecological
environment (Munns and Tester, 2008; Flowers and Colmer, 2008). Halophytes can survive on saline-alkali soil and
effectively repair saline-alkali soil, so they can be used to cover saline wasteland to reduce soil erosion (Flowers and
Colmer, 2008). N. sibirica is a typical perennial woody halophyte, which can grow in saline soil because of its ability
to isolate excessive Na* into vacuoles and stabilize the concentration of K* in cells (Tang et al., 2021). However,
research on the associated salt tolerance mechanism at the molecular level is at the initial stage. Except for the
related researches on NsNHX1, NsHKT1 and NsSOS1, which regulate Na* balance, and the second generation
transcriptome, other aspects of salt tolerance mechanism at the molecular level have not been reported (Wang et al.,
2016; Geng et al., 2018; Li, 2016; Li et al., 2021; Li et al., 2017).

At present, the whole genome of N. sibirica is unknown, and the second-generation sequencing has the

shortcomings of short transcript splicing and incomplete transcript structure, which limits the full-length sequencing

and functional analysis of genes (Sun et al., 2020). Therefore, obtaining the full-length transcript of N. sibirica is the
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most important task. SMRT sequencing attracts more and more attention because it can generate full-length
transcripts (Sun, et al. 2020; Dong, et al. 2015; Sun, et al. 2021; Ni, et al. 2021). At present, salt tolerance analysis on
N. sibirica at the Iso-seq transcriptome level has not been reported. Therefore, we analyzed the transcriptome of N.
sibirica treated with 300 mmol-L" NaCl by Pacbio sequencing platform, obtained the full{ength transcript of the
gene, corrected the full-length transcript by lllumina sequencing platform, and screened the salt-tolerant genes.

4.1 Expression of ion transport genes in N. sibirica

Because the concentration of Na* in salinized soil is higher than that in plants, an electrochemical gradient is
formed, which leads to the passive entry of Na* into the cytoplasm (Xu et al., 2021). Na* enters cells through NSCCs
(Kronzucker and Britto, 2011; Duszyn et al., 2019). There are several non-selective ion channels, including CNGCs
and GLRs (Duszyn et al., 2019). In this study, we identified 5 CNGC DEGs, 2 of which were up-regulated and 3 of
which were down-regulated (Fig. 6). In addition, 4 GLRs DEGs were also identified, 1 of which were up-regulated and
3 of which were down-regulated (Fig. 6). When salt was applied for 9 h, the plant was in the growth recovery stage
(Van et al., 2020). Therefore, the down-regulation of non-selective ion channel genes in this study proved that the

inflow of Na* decreased, which led to the continuous recovery of plant growth.

Increasing the outflow of Na* and regulating the balance of Na* are also the main ways for plants to cope with salt
stress (Van et al., 2020). After being triggered by cytoplasmic Ca2*, SOS pathway alleviates salt stress by exporting
excess Na* (Kronzucker and Britto, 2011). In this study, the expression of SOS1/NHX7 was stimulated to be up-
regulated by salt stress (Fig. 6), which promotes the excretion of Na*.

N. sibirica can isolate excess Na* into vacuole, so that reducing the content of Na* in cytoplasm (Wang et al., 2016).
This process is responded by Na*/H* transporters. NHX2 and NHX6 were identified to regulate the
compartmentalization of Na* in this study (Fig. 6).

Studies have shown that whether plants can survive in saline environments largely depends on whether they are
able to maintain the K*/Na* balance under salt stress (Sun et al,, 2009; Tang et al., 2018). Therefore, plants have to
modulate the Na*/K* homeostasis through maintaining high K*/Na* ratio under salt stress (Zhao et al., 2021a).
HAKs and AKTs contribute to the absorption of K* and maintain the balance of Na*/K* (Nieves et al., 2014). In this
study, 8 HAKs and 1 AKT were identified to maintain the balance of Na*/K* (Fig. 6). Some studies have shown that
aquaporins can also regulate the influx of Na* and the efflux of K* (Nongpiur et al., 2020). In this study, it was found
that three aquaporins were down-regulated under salt stress, which reduced the influx of Na* (Fig. 7).

The above results showed that N. sibirica can reduce the harm of Na* to plants by reducing the inflow of Na*,
increasing the outflow of Na*, compartmentalizing the excess Na* into vacuoles and maintaining the ion balance of
K*/Na* during salt stress.

4.2 Expression of osmotic-related genes in N. sibirica

Under salt stress, ion imbalance and water deficiency in the plant cell cause osmotic stress (Zhao et al., 2021a).
Activation of salt-mediated osmotic stress pathways induces the biosynthesis and accumulation of compatible
osmolytes to reduce the cell osmotic potential as well as stabilize proteins and cellular structures (Yang and Guo,
2018b). Osmotic substances include amino acids and their derivatives (proline, glycine and betaine, etc.), soluble
sugars (fructose, sucrose, galactose, glucosaccharose and fructan, etc.) and alcohols (inositol, glycerol and

Page 11/36



mannitol, etc.) (Darko et al., 2019). In this study, many terms related to compatible osmotic substances (such as
proline, fructose, sucrose, galactose and inositol) were enriched (Fig. 5c&e). In addition, the results of GO enrichment
analysis found that the pathways closely related to osmotic stress such as “response to osmotic stress”,
“hyperosmotic salinity response”, “transmembrane transporter activity”, “membrane” and “carbohydrate transporter
activity” were significantly enriched under salt stress (Fig. 5a,c&e). The receptor proteins or mechanisms are the
potential master switches for triggering and coordinating the stress response (Nongpiur et al., 2020). Some studies
have shown that there may be more than one receptors of osmotic stress in plants (Nongpiur et al., 2020). In this
study, three genes that may play a role as osmotic receptors, such as CSC1/0SCA1, AHK1 and aquaporins were
identified. The results indicates that they are essential in regulating osmotic stress in N. sibirica (Nongpiur et al.,

2020; Tran et al., 2007; Hill and Shachar, 2015).

In addition, it has been found that cell wall monitoring proteins can detect mechanical bending and damage of cell
wall caused by osmotic stress (Nongpiur et al., 2020). In this study, three kinds of cell wall receptors were also found
to detect cell wall damage caused by osmotic stress (Fig. 7). Under salt stress, MAPK cascade are the connection
between salt stress receptors and target gene (Lin et al., 2021). It has been reported that MAPK cascade is involved
in salt stress in Arabidopsis, maize, rice and other plants (Teige et al., 2004; Kim et al., 2011; Ning et al., 2010;

Kong et al,, 2011; Wang et al., 2010). Studies have shown that MAPK cascade regulates osmotic stress caused by
salt stress in an ABA-dependent manner. Many genes of MAPK cascade have been verified (Lin et al., 2021). In this
study, 11 MAPKs DEGs and 1 ABA receptor DEGs were also identified, most of which were up-regulated (Fig. 7),
indicating that these genes regulate osmotic stress in N. sibirica. This result is consistent with the studies on other
plants (Teige et al., 2004; Kim et al., 2011; Ning et al., 2010; Kong et al., 2011; Wang et al., 2010).

4.3 Expression of antioxidant genes in N. sibirica

Plants will produce excessive reactive oxygen species (ROS) under salt stress, including superoxide radical,
hydrogen peroxide (H,0,), hydroxyl radical (OH) and singlet oxygen (;0?) (Xu et al., 2021; Gill and Tuteja, 2010).
ROS has dual functions. Firstly, it is an early signal compound of plants under salt stress, which can interact with
Ca?* to transmit salt stress signals (Van et al., 2020). Secondly, with the increase of its concentration, it will cause
damage to protein, lipids, carbohydrates and DNA, as well as eventually lead to oxidative stress (Gill and Tuteja,
2010). Therefore, it is essential to achieve the balance of ROS production and elimination in cells. Plants have
evolved a good antioxidant mechanism to cope with oxidative stress. This mechanism consists of enzyme and non-
enzyme antioxidant components (Yang and Guo, 2018a; Nadarajah, 2020). In this study, we identified many
enzymes that regulate oxidative stress, such as 3 CATs, 2 PODs, 1 APX, 1 GR, 1 GPX and 1 GST (Fig. 8). In addition,
non-enzymatic antioxidants, such as glutathione, ascorbic acid, flavonoids and carotenoids can also effectively
reduce oxidative damage by reducing the activity of ROS (Gill and Tuteja, 2010; Nadarajah, 2020). In this study, we
identified several genes related to non-enzymatic regulator synthesis, such as GSH2, MAX1, ABC1K1/BDR1/PGR6
and CIP7 (Fig. 8). Their expression levels were all up-regulated under salt stress (Fig. 8). These results suggested
that N. sibirica can maintain a low level of ROS in cells and alleviate oxidative stress by activating antioxidant
defense system.

HPCAT1 is a kind of H,0, receptor, which can detect the increase of H,0, under salt stress and trigger the influx of

Ca?* to achieve stomatal closure (Wu et al., 2020). RCD1 is an important transcription regulator of oxidative stress,
and it interacts with SOS1 to play a role in oxidative stress tolerance in A. thaliana (Katiyar et al., 2006). In addition,
the MAPK cascade can regulate antioxidative response gene expression and increase antioxidative enzyme
activities to detoxify ROS and sustain ROS homeostasis (Lin et al., 2021; Takahashi et al., 2011). For example, MPK8
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can converge CaZ* and MAP kinase phosphorylation cascade to monitor or maintain ROS
homeostasis (Takahashi et al., 2011). In this study, the expression of HPCA1 was down-regulated, indicating that the
content of H,0, was decreasing after 24 h of salt application (Fig. 8). The up-regulation of RCD1 and MPKS8 also

showed that N. sibirica was reducing the content of ROS and maintaining its homeostasis at that time (Fig. 8).
4.4 Expression of cell wall genes in N. sibirica

Many studies have shown that the cell wall is an important factor to determine cell shape and function, and it is the
first layer of defense against salt stress (Zhao et al.,, 2021a; Van et al., 2020). Cell walls provide mechanical strength
to withstand the changes of cell swelling pressure caused by salt stress, and prevent ions from entering protoplasts
and play the role of defense and ion detoxification (Monniaux and Hay, 2016). The cell walls sensor can sense the
damage to cell wall caused by salt stress (Liu et al., 2021). At present, various cell wall sensors have been found
(Liu et al., 2021; Engelsdorf et al., 2018). FER can perceive the softening of cell wall structure caused by salt stress,
which may be caused by FER's perception of the decrease of pectin crosslinking (Feng et al., 2018). Moreover, some
studies have found that FER detects cell wall damage at the growth recovery stage of plants, rather than stress-
induced wall damage immediately after salt stress (Nongpiur et al., 2020). The double mutants of THE1 and
HERKUCES1 (HERK1) showed the same phenotype as fer4 in terms of growth and salt stress, indicating that they
can act together to sense cell wall signals (Gigli et al., 2020). WAK1 has an extracellular domain linked to pectin,
which can sense the change of cell wall (Decreux and Messiaen, 2005), and its expression is induced at the late
stage of abiotic stress signal response (Nongpiur et al., 2020). FER, THET and WAK1 were all up-regulated in this
study (Fig. 9). It is suggested that these three kinds of cell wall sensor may perceive the changes of cell wall in the
later stage of salt stress. In addition, four other WAKs DEGs were identified, indicating that they also play an
important role in cell wall perception.

Plant cell wall is composed of cellulose, hemicellulose, pectin, lignin and various types of structural proteins

(Zhao et al., 2020a; Munns and Tester, 2008; Xu, et al. 2021). In the green module, the terms related to hemicellulose,
such as “xylan 1,4-beta-xylosidase activity”, “(1->3)-B-D- glucan biosynthetic process” and “hemicellulose metabolic
process” were significantly enriched (Fig. 5a). CesA, CSI1, Cellulose synthase-like protein (CSL), KOR1 and chitinase-
like protein (CTL) are the key proteins in cellulose biosynthesis (Liu et al., 2021; Xu et al., 2021). PME are related to
the methyl esterification of pectin and maintaining the integrity of cell wall under salt stress (Liu et al., 2021). PAE is
related to pectin modification (Xu et al., 2021). In this study, these genes related to cell wall components were
identified and most of them were up-regulated (Fig. 9). Therefore, N. sibirica can strengthen the structure of cell wall
through the synthesis of related components of cell wall and withstand the changes of cell swelling pressure caused

by salt stress in the recovery stage.

There are many cell wall proteins (CWP) in cell wall, which play a key role in the cell wall modification and cell wall
stress signal transduction (Liu et al., 2021). FLA, XTH and EXP are all key factors to regulate cell wall and participate
in the salt stress response of plants (Liu et al., 2021; Tiika et al., 2021). In this study, most of these genes were down-
regulated under salt stress (Fig. 9), directly resulting in the dwarf plant phenotype and slow growth.

4.5 Expression of signal transduction genes in N. sibirica

Previous studies have shown that plants respond to salt stress by regulating complex signal networks (Ma et al.,
2022). Plant hormones not only regulate plant growth and development, but also play an important role in plant
molecular signals in response to salt stress (Ma et al., 2022; Zhu et al., 2021). ABA, ETH, SA and JA are considered
as stress response hormones, while IAA, CKs and BRs are classified as growth promotion hormones (Yu et al., 2020).
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It has been found that phospholipids including phosphatidylinositol (PI) regulate salt stress response by
participating in salt stress signal transduction (Han and Yang, 2021). Salt stress triggers the activation and
enhances the gene expression of MAPK signaling cascades (Chinnusamy et al., 2006). ROS signaling and osmotic
signaling in plants under salt stresses is mediated by mitogen-activated protein kinase (MAPK) signaling pathways
(Lin et al.,, 2021; Takahashi et al., 2011).

In this study, it was also found that plant hormone signal transduction, phosphatidylinositol signal system and
MAPK signal pathway enrichment to regulate signal transduction under salt stress. As shown in Fig. 10, there were
many single genes involved in these three signaling pathways. These results suggested that these signaling
pathways still play an important role in resisting salt stress during the growth recovery period.

4.6 Genes in the top 10% of connectivity regulate salt tolerance in N. sibirica

In order to further determine the key genes responding to salt stress in N. sibirica, we analyzed all differential genes
by WGCNA. The connectivity of all genes in three modules related to salt stress was analyzed by cytoscape, and the
top 10% genes with connectivity were selected as key genes (Tables 2,3&4) (Ni et al., 2021). Many genes have been
proved to be involved in salt stress. Salt stress can be recognized by HPCA1 (Pantha and Dassanayake, 2020). THET
is a sensor for maintaining and sensing the structural integrity of cell wall under salt stress (Gigli et al., 2020;

Bacete et al.,, 2022). Potassium ion transporter HAK7 can absorb K* and regulate the balance of Na*/K* (Van et al.,
2020). The activation of CDC48 gene increased the tolerance of rice under salt stress (Raja et al.,

2021). Phospholipase Da1 (PLD) was up-regulated in salt-treated tomato cell suspension culture, and participated in
the production of phosphatidic acid (Bargmann et al., 2009). Over-expression of PMA4 increased the salt tolerance
of tobacco during germination and seedling growth (Li et al., 2022). LDOX participated in flavonoid biosynthesis and
enhanced the response of plants to NaCl stress (Zhang et al., 2016). LOX can reduce the oxidative damage of cell
membrane and improve the salt tolerance of rapeseed (Menga and Trono, 2020). These results showed that these
key genes play an important role in response to salt stress. In addition, there are still many genes that have not been
reported in regulating salt stress, which is the focus of our following research (Tables 2,3&4).

4.7 NsRabE1cregulates salt tolerance by regulating plant growth in the N. sibirica

Ras-related protein RabE1c belongs to the Rab protein family of small GTP binding proteins and is mainly involved
in vesicle transport (Chen et al., 2021). Some studies have found that PtRabE1b, which is in the same family as
RabE1c, plays an important role in the salt resistance of populus (Zhang et al., 2018). In the present study,
NsRabE1c was cloned from N. sibirica and transferred to A. thaliana to obtain transgenic plants. Then, the
transgenic plants were subjected to salt stress verification tests with Col-0 and mutant plants. We found that the
germination rate, survival rate and growth of transgenic plants were worse than those of Col-0 and mutants under
salt stress (Fig. 11). Some studies have shown that the growth rate of plants under salt stress changes in three
stages: firstly, the growth rate decreases in the halting stage (from 5 min to 5 h after salt application in the main
root); Secondly, low levels were maintained during the quiescent phase (5-9 h after salting the main root); Finally,
partial recovery was achieved during the growth recovery phase (starting 9 h after salting the main root) (Van et al.,
2020). Since the transcriptome data came from 24 h of salt stress and N. sibirica was in the growth recovery stage,
we speculated that the gene mainly regulated plant growth, leading to high expression. In physiological verification
test, we also found that when the salt concentration was 0, the transgenic plants germinated the fastest and had the
longest root length (Fig. 11a&e). To further prove the above speculation, gqPCR was used to study the expression
levels of NsRabE7cin N. sibirica treated with 300 mmol-L™" NaCl at different times. As shown in Fig. 12, its
expression decreased at the growth stop stage and increased gradually at the growth recovery stage. The results
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showed that the NsRabE7c gene plays a role in regulating the growth of N. sibirica during salt resistance, but the
regulatory mechanism needs further study.

5. Conclusion

In this study, the leaves of N. sibirica were sequenced using Iso-Seq and NGS techniques. These leaf samples were

collected from plants under 300 mmol-L"' NaCl stress for 24 h. After removing redundancy and clustering, the
number of full-length transcripts are 89017, of which 84632 sequences were annotated. In addition, the 86,482 CDS
sequences were predicted. DeSeq2 identified that 6561 differential transcripts were involved in salt stress. We found
more genes related to salt stress. In N. sibirica, these newly discovered genes not only deal with salt stress by
regulating ion balance, alleviating osmotic stress, scavenging ROS and stabilizing cell wall structure, but also reduce
salt stress damage by means of signal transduction, plant hormones and photosynthesis. These results increase our
understanding of the salt-resistant mechanism of N. sibirica. Moreover, this study lays the foundation to further
study the salt resistance mechanism of N. sibirica.

Declarations

Author Contributions

Panpan Zhang: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Project
administration; Writing - original draft; Writing - review & editing.

Yongqing Yan: Conceptualization; Supervision; Resources; Writing - review & editing; Funding acquisition.
Wei Liu: Data curation; Formal analysis; Investigation; Methodology .

Zhiheng Wu: Methodology; Formal analysis; Writing - review & editing.

Fengxiang Zhang: Data curation; Formal analysis; Software; Investigation; Methodology.

Funding

This work was supported in part by the Natural Science Foundation of China (31770437).

Compliance with ethical standards

Conflict of interest The authors have declared that no conflict of interest exists.

References

1. Bacete L, Schulz J, Engelsdorf T, Bartosova Z, Vaahtera L, Yan G, Hamann T (2022) THESEUS1 modulates cell
wall stiffness and abscisic acid production in Arabidopsis thaliana. Proceedings of the National Academy of
Sciences 119:€2119258119. https://doi.org/10.1073/pnas.2119258119

2. Bargmann BO, Laxalt AM, Riet BT, Van SB, Merquiol E, Testerink C, Munnik T (2009) Multiple PLDs required for
high salinity and water deficit tolerance in plants. Plant and Cell Physiology 50:78-89.
https://doi.org/10.1093/pcp/pcn173

Page 15/36



10.

11.

12.

13.

14.

15.

16.

17.

18.

.Chen D, He L, Lin M, Jing Y, Liang C, Liu H, Gao J, Zhang W, Wang M (2021) A ras-related small GTP-binding

protein, RabE1c, regulates stomatal movements and drought stress responses by mediating the interaction with
ABA receptors. Plant Science 306, 110858. https://doi.org/10.1016/j.plantsci.2021.110858

. Chinnusamy V, Zhu J, Zhu JK (2006) Salt stress signaling and mechanisms of plant salt tolerance. Genetic

engineering 141-177. https://doi.org/10.1007/0-387-25856-6_9

. Darko E, B Végh, Khalil R, Marek T, Janda T (2019) Metabolic responses of wheat seedlings to osmotic stress

induced by various osmolytes under iso-osmotic conditions. PLoS ONE 14:€0226151.
https://doi.org/10.1371/journal.pone.0226151

. Decreux A, Messiaen J (2005) Wall-associated kinase WAK1 interacts with cell wall pectins in a calcium-

induced conformation. Plant and Cell Physiology 46:268-278. https://doi.org/10.1093/pcp/pci026

.Dong L, Liu H, Zhang J, Yang S, Kong G, Chu JS, Wang D (2015) Single-molecule real-time transcript sequencing

facilitates common wheat genome annotation and grain transcriptome research. BMC genomics 16:1-13.
https://doi.org/10.1186/s12864-015-2257-y

. Duszyn M, Swiezawska B, Szmidt-Jaworska A, Jaworski K (2019) Cyclic nucleotide gated channels (CNGCs) in

plant signalling—Current knowledge and perspectives. Journal of Plant Physiology 241:153035.
https://doi.org/10.1016/j.jplph.2019.153035

. Engelsdorf T, Gigli-Bisceglia N, Veerabagu M, McKenna JF, Vaahtera L, Augstein F, Hamann T (2018) The plant

cell wall integrity maintenance and immune signaling systems cooperate to control stress responses in
Arabidopsis thaliana. Science signaling 11 eaa03070. https://doi.org/10.1126/scisignal.aaoc3070

Feng W, Kita D, Peaucelle A, Cartwright HN, Doan V, Duan Q, Dinneny JR (2018) The FERONIA receptor kinase
maintains cell-wall integrity during salt stress through Ca?* signaling. Current Biology 28 666-675.
https://doi.org/10.1016/j.cub.2018.01.023

Flowers TJ, Colmer TD (2008) Salinity tolerance in halophytes. New Phytologist 945-963.
https://doi:10.1111/j.1469-8137.2008.02531 .x.

Geng X, Lou J, Tie Y, Ma Y, Lin X (2018) Isolation and expression analysis of plasmalemma Na*/H" antiporter
gene from Nitraria sibirica. Acta Botanica Boreali-Occidentalia Sinica 38 1428-1436.
https://doi.org/10.7606/j.issn.1000-4025.2018.08.1428

Gigli-Bisceglia N, Van Zelm E, Huo W, Lamers J, Testerink C (2020) Salinity stress-induced modification of pectin
activates stress signaling pathways and requires HERK/THE and FER to attenuate the response. bioRxiv 10 18-
423458. https://doi.org/10.1101/2020.12.18.423458

Gil SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop
plants. Plant physiology and biochemistry 48 909-930. https://doi.org/10.1016/j.plaphy.2010.08.016

Han X, Yang Y (2021) Phospholipids in salt stress response. Plants 10 2204.
https://doi.org/10.3390/plants10102204

Hill AE, Shachar-Hill Y (2015) Are aquaporins the missing transmembrane osmosensors?. The Journal of
membrane biology 248 753-765. https://doi.org/10.1007/s00232-015-9790-0

Jin H, Dong D, Yang Q, Zhu D (2016) Salt-responsive transcriptome profiling of Suaeda glauca via RNA
sequencing. PloS one 11 e0150504. https://doi.org/10.1371/journal.pone.0150504

Karahara |, Ikeda A, Kondo T, Uetake Y (2004) Development of the Casparian strip in primary roots of maize
under salt stress. Planta 219 41-47. https://doi.org/10.1007/s00425-004-1208-7

Page 16/36



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Katiyar-Agarwal S, Zhu J, Kim K et al. (2006) The plasma membrane Na*/H" antiporter sos1 interacts with rcd1
and functions in oxidative stress tolerance in arabidopsis. Proceedings of the National Academy of Sciences of
the United States of America 103 18816-18821. https://doi.org/10.1073/pnas.0604711103

Kim SH, Woo DH, Kim JM, Lee SY, Chung WS, Moon YH (2011) Arabidopsis MKK4 mediates osmotic-stress
response via its regulation of MPK3 activity. Biochemical and biophysical research communications 412 150-
154. https://doi.org/10.1016/j.bbrc.2011.07.064

Kong X, Pan J, Zhang M, Xing XIN, Zhou YAN, Liu Y, Li D (2011) ZmMKK4, a novel group C mitogen-activated
protein kinase kinase in maize (Zea mays), confers salt and cold tolerance in transgenic Arabidopsis. Plant cell
and environment 34 1291-1303. https://doi.org/10.1111/j.1365-3040.2011.02329.x

Kronzucker HJ, Britto DT (2011) Sodium transport in plants: a critical review. New Phytologist 189:54-81.
https://doi.org/10.1111/j.1469-8137.2010.03540.x

Li C(2016) Cloning and characterization of high-affinity K* transporter gene from nitraria sibirica pall. Doctoral
dissertation, Inner Mongolia University.

Li H, Tang X, Yang X, Zhang H (2017) De novo transcriptome characterization, gene expression profiling and
ionic responses of Nitraria sibirica Pall. under salt stress. Forests 8:211. https://doi.org/10.3390/f8060211

Li H, Tang X, Yang X, Zhang H (2021) Comprehensive transcriptome and metabolome profiling reveal metabolic
mechanisms of Nitraria sibirica Pall. to salt stress. Scientific reports 11:1-19. https://doi.org/10.1038/s41598-
021-92317-6

LiJ, Guo Y Yang Y (2022) The molecular mechanism of plasma membrane H+-ATPases in plant responses to
abiotic stress. Journal of Genetics and Genomics 49:11. https://doi.org/10.1016/j.jgg.2022.05.007

Li R, Chai W, Guo X, Wang X,Wei L,Wei X,Xu Y (2020) Effect of Salt Treatment on Osmotic Adjustment of
Apocynum venetum Seedlings. Molecular Plant Breeding 12:4105-4110.
https://doi.org/10.13271/j.mpb.018.004105

Li Y (2008) Kinetics of the antioxidant response to salinity in the halophyte Limonium bicolor. Plant Soil Environ
54:493-497. https://doi.org/10.17221/434-pse

Lin L, Wu J, Jiang M, Wang Y (2021) Plant mitogen-activated protein kinase cascades in environmental
stresses. International Journal of Molecular Sciences 22:1543. https://doi.org/10.3390/ijms22041543

Liu J, Zhang W, Long S, Zhao C (2021) Maintenance of cell wall integrity under high salinity. International
Journal of Molecular Sciences 22:3260. https://doi.org/10.3390/ijms22063260

Liu W, Wang H, Wang X, Zhao Y, Zheng Z, Xiao Y(2021) Alleviating effect of exogenous GABA on injury of
Nitraria siberia Pall. seedlings induced by salt stress. Journal of Northeast Agricultural University 52: 34-40.
https://doi.org/10.19720/j.cnki.issn.1005-9369.2021.05.005

Lv S, Jiang P, Tai F, Wang D, Feng J, Fa P Li Y (2017) The V-ATPase subunit A is essential for salt tolerance
through participating in vacuolar Na* compartmentalization in Salicornia europaea. Planta 246:1177-1187.
https://doi.org/10.1007/s00425-017-2762-0

Ma L, Liu X, Lv W, Yang Y (2022) Molecular Mechanisms of Plant Responses to Salt Stress. Frontiers in Plant
Science 13. https://doi.org/10.3389/fpls.2022.934877

Menga V, Trono D (2020) The molecular and functional characterization of the durum wheat Lipoxygenase
TdLOX2 suggests its role in hyperosmotic stress response. Plants 9:1233.
https://doi.org/10.3390/plants9091233

Page 17/36



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Monniaux M, Hay A (2016) Cells, walls, and endless forms. Current Opinion in Plant Biology 34:114-121.
https://doi.org/10.1016/j.pbi.2016.10.010

Munns R (2005) Genes and salt tolerance: bringing them together. New phytologist 167:645-663.
https://doi.org/10.1111/j.1469-8137.2005.01487 .x

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annual review of plant biology 59:651.
https://doi:10.1146/annurev.arplant.59.032607.092911

Nadarajah KK (2020) ROS homeostasis in abiotic stress tolerance in plants. International journal of molecular
sciences 21:5208. https://doi.org/10.3390/ijms21155208

Ni L, Wang Z, Guo J, Pei X, Liu L, Li H, Gu C (2021) Full-Length transcriptome sequencing and comparative
transcriptome analysis to evaluate drought and salt stress in Iris lactea var. chinensis. Genes 12:434.
https://doi.org/10.3390/genes12030434

Nieves-Cordones M, Aleman Fernando, Martinez Vicente, Rubio F (2014) K+ uptake in plant roots. the systems
involved, their regulation and parallels in other organisms. Journal of Plant Physiology 171:688-695.
https://doi.org/10.1016/].jplph.2013.09.021

Ning J, Li X, Hicks LM, Xiong L (2010) A Raf-like MAPKKK gene DSM1 mediates drought resistance through
reactive oxygen species scavenging in rice. Plant physiology 152: 876-890.
https://doi.org/10.1104/pp.109.149856

Nongpiur RC, Singla-Pareek SL, Pareek A (2020) The quest for osmosensors in plants. Journal of Experimental
Botany 71:595-607. https://doi.org/10.1093/jxb/erz263

Pantha P, Dassanayake M (2020) Living with salt. The innovation 1:2.
https://doi.org/10.1016/j.xinn.2020.100050

Raja KV, Sekhar KM, Reddy VD, Reddy AR, Rao KV (2021) Activation of CDC48 and acetyltransferase encoding
genes contributes to enhanced abiotic stress tolerance and improved productivity traits in rice. Plant Physiology
and Biochemistry 168:329-339. https://doi.org/10.1016/j.plaphy.2021.10.021

Sun J, Chen SL, Dai SX, Wang RG, Li NY, Shen X, Xu Y (2009) lon flux profiles and plant ion homeostasis control
under salt stress. Plant signaling and behavior 4:261-264. https://doi.org/10.4161/psb.4.4.7918

Sun M, Huang D, Zhang A, Khan |, Yan H, Wang X, Huang L (2020) Transcriptome analysis of heat stress and
drought stress in pearl millet based on Pacbio fulllength transcriptome sequencing. BMC Plant Biology 20:1-15.
https://doi.org/10.1186/s12870-020-02530-0

Sun S, Lin M, Qi X, Chen J, Gu H, Zhong Y, Fang J (2021) Full-length transcriptome profiling reveals insight into
the cold response of two kiwifruit genotypes (A. arguta) with contrasting freezing tolerances. BMC plant biology
21:1-20. https://doi.org/10.1186/s12870-021-03152-w

Takahashi F, Mizoguchi T, Yoshida R, Ichimura K, Shinozaki K (2011) Calmodulin-dependent activation of MAP
kinase for ROS homeostasis in Arabidopsis. Molecular cell 41:649-660.
https://doi.org/10.1016/j.molcel.2011.02.029

Tang X, Yang X, Li H, Zhang H (2018) Maintenance of K*/Na* balance in the roots of Nitraria sibirica Pall. in
response to NaCl Stress. Forests 9:601. https://doi.org/10.3390/f9100601

Tang X, Zhang H, Shabala S, Li H, Yang X, Zhang H (2021) Tissue tolerance mechanisms conferring salinity
tolerance in a halophytic perennial species Nitraria sibirica Pall. Tree Physiology 41:1264-1277.
https://doi:10.1093/treephys/tpaa174.

Page 18/36



51. Teige M, Scheikl E, Eulgem T et al. (2004). The MKK2 pathway mediates cold and salt stress signaling in

arabidopsis. Cell Press 15:141-152. https://doi.org/10.1016/j.molcel.2004.06.023

52. Tiika RJ, Wei J, Cui G, Ma Y, Yang H, Duan H (2021) Transcriptome-wide characterization and functional

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

analysis of Xyloglucan endo-transglycosylase/hydrolase (XTH) gene family of Salicornia europaea L. under
salinity and drought stress. BMC plant biology 21:1-15. https://doi.org/10.1186/s12870-021-03269-y

Tran LSP, Urao T, Qin F, Maruyama K, Kakimoto T, Shinozaki K, Yamaguchi-Shinozaki K (2007) Functional
analysis of AHK1/ATHK1 and cytokinin receptor histidine kinases in response to abscisic acid, drought, and salt
stress in Arabidopsis. Proceedings of the National Academy of Sciences 104:20623-20628.
https://doi.org/10.1073/pnas.0706547105

Van Zelm E, Zhang Y, Testerink C (2020) Salt tolerance mechanisms of plants. Annual review of plant biology
71:403-433. https://library.wur.nl/WebQuery/wurpubs/565510

Wang J, Ding H, Zhang A, Ma F, Cao J, Jiang M (2010) A novel mitogen-activated protein kinase gene in maize
(Zea mays), ZmMPK3, is involved in response to diverse environmental cues. Journal of Integrative Plant
Biology 52:442-452. https://doi.org/10.1111/j.1744-7909.2010.00906.x

Wang L, Ma YK, Li NN, Zhang WB, Mao HP, Lin XF (2016) Isolation and characterization of a tonoplast Na+/H+
antiporter from the halophyte Nitraria sibirica. Biologia plantarum 60:113-122. https://doi.org/10.1007/s10535-
015-0560-8

Wang W, Du W, Wang S (2009) Study on development of Nitraria sibirica Pall. in the east of Hebei Province.
Chinese Wild Plant Resources.

Wang X, Yan YQ, Yin Y, Liu W, Wang H, Ji SX (2019) Effect of exogenous y-aminobutyric acid(GABA) on
photosynthetic characteristics of Nitraria sibirica pall. under salt stress. Jiangsu Journal of Agricultural
Sciences 35:1032-1039. https://doi.org/10.3969 /j.Issn.1000-4440.2019.05.005

Wang X, Zhou Y, Xu, Y, Wang B, Yuan F (2021) A novel gene LbHLH from the halophyte Limonium bicolor
enhances salt tolerance via reducing root hair development and enhancing osmotic resistance. BMC plant
biology 21:1-16. https://doi:org/10.21203/rs.3.rs-278671/v1.

Wei J, Tiika RJ, Cui G, Ma Y, Yang H, Duan H (2022) Transcriptome-wide identification and expression analysis
of the KT/HAK/KUP family in Salicornia europaea L. under varied NaCl and KCI treatments. Peerd 10:€12989.
https://doi.org/10.7717/peerj.12989

Wu F, Chi Y, Jiang Z, Xu Y, Pei ZM(2020) Hydrogen peroxide sensor hpca1 is an Irr receptor kinase in
arabidopsis. Nature 578:1-5. https://wwwnature.53yu.com/articles/s41586-020-2032-3

Xu Z,Wang M, Ren T, Li K, Li Y, Marowa P, Zhang C (2021) Comparative transcriptome analysis reveals the
molecular mechanism of salt tolerance in Apocynum venetum. Plant Physiology and Biochemistry 167:816-
830. https://doi.org/10.1016/j.plaphy.2021.08.043

Yang Y, Guo Y (2018a) Elucidating the molecular mechanisms mediating plant salt-stress responses. New
Phytologist 217:523-539. https://doi:10.1111/nph.14920.

Yang Y, Guo Y (2018b) Unraveling salt stress signaling in plants. Journal of Integrative Plant Biology 60:796-
804. https://doi:org/10.1111/jipb.12689

Yu W, Wu W, Zhang N, Wang L, Wang Y, Wang B, Wang Y (2022) Research Advances on Molecular Mechanism
of Salt Tolerance in Suaeda. Biology 11:1273. https://doi.org/10.3390/biology11091273

Yu Z,Duan X, Luo L, Dai S, Ding Z, Xia G (2020) How plant hormones mediate salt stress responses. Trends in
plant science 25:1117-1130. https://doi.org/10.1016/j.tplants.2020.06.008

Page 19/36



67. Zhang H, Du C, Wang Y, Wang J, Zheng L, Wang Y (2016) The Reaumuria trigyna leucoanthocyanidin
dioxygenase (RtLDOX) gene complements anthocyanidin synthesis and increases the salt tolerance potential of
a transgenic Arabidopsis LDOX mutant. Plant Physiology and Biochemistry 106:278-287.
https://doi.org/10.1016/j.plaphy.2016.05.005

68. Zhang J, Li Y, Liu B, Wang L, Zhang L, Hu J, Chen J, Zheng H, Lu M (2018) Characterization of the Populus Rab

family genes and the function of PtRabE1b in salt tolerance. BMC plant biology 18(1), 1-15.
https://doi.org/10.1186/s12870-018-1342-1

69. Zhao C, Zhang H, Song C, Zhu JK, Shabala S (2020) Mechanisms of plant responses and adaptation to soil
salinity. The innovation 1:100017. https://doi.org/10.1016/j.xinn.2020.100017

70. Zhao S, Zhang Q, Liu M, Zhou H, Ma C, Wang P (2021a) Regulation of plant responses to salt stress.
International Journal of Molecular Sciences, 22:4609. https://doi:10.3390/ijms22094609.

71.Zhao Y, Liu W, Wang H, Wu H, Xiao Y, Yan Y (2021b) Effects of exogenous CaCl, on reactive oxygen species
metabolism in Nitraria sibirica under NaCl stress. Plant Physiology Journal 57: 1105-1112.
https://doi.org/10.13592/j.cnki.ppj.2021.0002

72.Zhu Y, Wang Q, Gao Z, Wang Y, Liu Y, Ma Z, Li J (2021) Analysis of phytohormone signal transduction in
sophora alopecuroides under salt stress. International journal of molecular sciences 22:7313.
https://doi.org/10.3390/ijms22147313

Tables
Table 1 Summary of PacBio transcripts and lllumina transcripts.
PacBio Sequel platform NGS platform
Sample Subreads Complete  Full-length Average N50 Q30 Subreads High- Q30
Non- Transcripts  Length quality
Base (G)  chimera of Base (G)  Reads
Reading Subreads
(FLNC)
Nitraria 323Gb 1,030,629 89,017 2721.43 3009 98 97.5GB 651 98%
sibirica pall. million

Table 2 Genes in the top 10% of connectivity in green modules.
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Gene ID

transcript_20611

transcript_22002
transcript_25556
transcript_27571
transcript_30685
transcript_30703
transcript_33089
transcript_33864
transcript_3893

transcript_42472

transcript_43048
transcript_46594
transcript_48491
transcript_51239
transcript_59460

transcript_60351
transcript_61807

transcript_65449
transcript_66601
transcript_6960

transcript_70176
transcript_71010

transcript_74799

transcript_75893

Protein Name

Cadmium/zinc-transporting ATPase
HMA?2

Receptor-like protein EIX2
Phosphatidylinositol 4-kinase alpha 1
Phosphoenolpyruvate carboxylase 2
Potassium transporter 7

Protein MEI2-like 2

Plasma membrane ATPase 4

Nudix hydrolase 3

Proteasome activator subunit 4

Calcium-transporting ATPase 4,
endoplasmic reticulum-type

Phospholipase D alpha 1

Cell division cycle protein 48 homolog
Protein OBERON 4
Alpha-L-arabinofuranosidase 1
ATP-dependent Clp protease ATP-
binding subunit ClpA homolog CD4B,
chloroplastic

3-ketoacyl-CoA synthase 20

SURP and G-patch domain-containing
protein 1-like protein

ATPase 11, plasma membrane-type
Protein CHUP1, chloroplastic
Clustered mitochondria protein
NADP-dependent malic enzyme

Ferredoxin—nitrite reductase,
chloroplastic

Triose phosphate/phosphate
translocator, chloroplastic

Protein PIN-LIKES 6
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Gene
Name

HMA2

EIX2
PI14KA1
PPC2
HAK7
ML2
PMA4
NUDT3
PA200
ECA4

PLD1
CDC48
OBE4
ASD1
CDh4B

KCS20

At3g52120

AHAT1T

CHUP1

CLU/EMT

NIR1

CTPT

PILS6

Average relative

expression

NaCl CK
stress

(300

mmol-L™")

45.37 1.53
13.41 2.5
3.53 0
3.67 0.8
574 3.10
10.02 2.1
10.23 3.7
477 0.21
3.42 0.74
5.61 1.0
28.71 8.37
4.6 1.8
24.33 4.82
6.98 2.46
41.60 10.74
42.47 5.85
5.41 1.6
7.52 0.8
15.83 3.89
6.06 1.49
11.98 1.39
8.5 0.13
19.23 3.67
24.57 12.9

Description

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported
unreported

unreported

unreported

unreported




transcript_78193
transcript_78942
transcript_80854

transcript_81299
transcript_83484
transcript_84351

transcript_85617
transcript_85688
transcript_86881
transcript_86950

transcript_87330
transcript_87852

transcript_88255

transcript_88301
transcript_9428

transcript_86816

Heat shock 70 kDa protein 4
Light-inducible protein CPRF2
Ribulose bisphosphate
carboxylase/oxygenase activase 1,
chloroplastic

Protein PAM71-homolog, chloroplastic
Protein TWIN LOV 1

Eukaryotic translation initiation factor
5

Cytochrome P450 98A2
Ras-related protein
Leucoanthocyanidin dioxygenase

Serine/arginine-rich splicing factor
RS41

Cathepsin B-like protease 2

3-isopropylmalate dehydratase large
subunit, chloroplastic

Eukaryotic translation initiation factor
5A

40S ribosomal protein S8

Pre-mRNA-processing-splicing factor
8A

Actin-7

HSP70-4
CPRF2
RCA1

PAM71-HL
TLP1
EIF5

CYP98A2
RABETc
ANS
RS41

CATHB2
L1

elF-5A

RPS8
PRP8A

ACT7

20.81
12.1
24.32

25.08
50.36
100.13

30.65
66.25
138.57
97.68

61.86
46.26

136.13

20.89
2.82

115.29

5.6
6.06
7.4

10.74
10.2
30.84

8.63
5.55
10.2
20.85

10.85
3.37

30.85

7.35
0.07

100.94

unreported

unreported

unreported

unreported

unreported

unreported

Table 3 Genes in the top 10% of connectivity in lightcyan modules
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Gene ID

transcript_29609
transcript_31210
transcript_34108

transcript_41271
transcript_45959
transcript_473

transcript_61306
transcript_68267

Protein Name

Lipoxygenase 2, chloroplastic
Receptor-like protein kinase THESEUS 1

RNA polymerase Il C-terminal domain
phosphatase-like 2

Long chain acyl-CoA synthetase 8
Probable beta-D-xylosidase 2

Callose synthase 12

Myb family transcription factor PHL6

Probable transcription factor
At3g04930

Gene
Name

LOX2
THE1
CPL2

LACS8
BXL2
CALS12
PHL6
At3g04930

Average relative
expression

NaCl stress CK

(300

mmol-L™")

1.94 0.7
5.843 2.01
4.06 0.8
2.16 0.06
0.58 5.21
0.87 0
2.78 1.2
2.85 1.5

Description

unreported
unreported

unreported

Table 4 Genes in the top 10% of connectivity in magenta modules.
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Gene ID

transcript_11764

transcript_17437

transcript_18627
transcript_18768

transcript_20585

transcript_21102

transcript_24285

transcript_27363

transcript_39797

transcript_43414

transcript_48736

transcript_52401

transcript_52747
transcript_56691

transcript_58466
transcript_60952

transcript_64837
transcript_66736
transcript_68424
transcript_77006

Protein Name

Protein transport protein SEC31
homolog B

Leucine-rich repeat receptor protein
kinase HPCAT1

Cyclin-dependent kinase G-2

Serine/threonine-protein phosphatase
BSL1

Probable leucine-rich repeat receptor-like
serine/threonine-protein kinase
At3g14840

Protein transport protein Sec24-like
At3g07100

Copper-transporting ATPase PAAT,
chloroplastic

Probable serine/threonine-protein kinase
SIS8

G-type lectin S-receptor-like
serine/threonine-protein kinase
At4g27290

Ferric reduction oxidase 7, chloroplastic

30-kDa cleavage and polyadenylation
specificity factor 30

Beta-glucosidase-like SFR2,
chloroplastic

Phosphoinositide phos phatase SAC6

RuBisCO large subunit-binding protein
subunit alpha,chloroplastic

Probable polyol transporter 4
ATP-dependent Clp protease ATP-
binding subunit ClpA homolog CD4B,
chloroplastic

chitinase domain-containing protein 1
switch-associated protein 70

Transcription factor bHLH48

Methionine aminopeptidase 1B,
chloroplastic
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Gene
Name

SEC31B

HPCA1

CDKG-2
BSL1

LRR-RLK

At3g07100

PAA1

SIS8

At4g27290

FRO7

CPSF30

SFR2

SAC6

PLT4

CD4B

BHLH48
MAP1B

Average relative

expression

NaCl

stress

(300

mmol-L7)

0.23

1.3

3.95
1.07

0.04

0.71

2.67

4.2

1.37

2.01

3.09

2.51
0.124

1.341
4.29

0.742
2.61
1.24
7.74

CK

2.73

4.72

8.28
6.33

1.54

2.89

1.54

9.06

9.71

5.21

5.43

10.73

10.32
5.43

10.76
11.04

3.86
8.54
7.54
32.81

Description

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported

unreported




transcript_77119

Serine acetyltransferase 4

SAT4

1.92

10.36
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Figure 1

Annotation of N. sibirica transcript. a Gene function annotations in 5 databases (Nr, eggNOG, KEGG, SwissProt and

TrEMBL). b The number of genes annotated in 6 databases. ¢ Annotation of the eggNOG function of the N.
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sibiricatranscript. dAnnotation of the GO function of the N. sibiricatranscript. @ Annotation of the KEGG function of

the N. sibirica transcript
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Figure 2

Number of differentially expressed genes. a The number of differentially expressed genes in 2FC. b The number of
differentially expressed genes in 16FC.
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Figure 3

GO analysis and KEGG analysis of 16FC DEGs under the salt stress of N. sibirica. a GO analysis of 16FC up DEGs
under the salt stress of N. sibirica.b KEGG analysis of 16FC up DEGs under the salt stress of N. sibirica. ¢ GO
analysis of 16FC down DEGs under the salt stress of N. sibirica. d KEGG analysis of 16FC down DEGs under the salt
stress of N. sibirica.
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Figure 4

Identification of coexpression network modules in N. sibirica. a Gene dendrogram obtained by hierarchical clustering
with the module color. b Relationships of modules and different samples. Each row in the table corresponds to a
module, and each column corresponds to a sample. cThe number of genes contained in the three modules related to

salt stress.
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Figure 5

GO analysis and KEGG analysis of modules related to salt stress in N. sibirica. a GO analysis of green module. b
KEGG analysis of green module. ¢ GO analysis of lightcyan module. d KEGG analysis of lightcyan module. e GO
analysis of magenta module. fKEGG analysis of magenta module.
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DEGs related to Na* transport under salt stress in N. sibirica.
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DEGs related to osmotic regulation under salt stress in N. sibirica.
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Figure 8

DEGs related to antioxidant under salt stress in N. sibirica.
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Figure 9

DEGs related to cell wall under salt stress in N. sibirica.
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DEGs related to signaling under salt stress in N. sibirica.
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Figure 11

Function verification of NsRabE1c. a The germination of transgenic, Col-0 and mutant

plants. b The condition of growth of transgenic, Col-0 and mutant plants under 0, 100

and 150 NaCl stress at 10 days. ¢ The survival of transgenic, Col-0 and mutant plants. d The root length of
transgenic, Col-0 and mutant plants under 0, 100 and 150 NaCl stress at 10 days. e The root length of transgenic,

Col-0 and mutant plants.
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Expression levels of NsRabETcin N. sibirica treated with 300mmol-L™" salt at different periods. The relative
expression levels were calculated according to the2 2ACt method, with the actin reference gene serving as a control.
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calculated according to the2 2ACt method, with the actin reference gene serving as a control.
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