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Abstract: Nitraria sibirica Pall., a typical halophyte of great ecological value, is widely distributed in
desert, saline, and coastal saline-alkali environments. Consequently, researching the salt tolerance
mechanism of N. sibirica Pall. has great significance to the cultivation and utilization of salt-tolerant
plants. In this research, RNA-seq, digital gene expression (DGE), and high flux element analysis
technologies were used to investigate the molecular and physiological mechanisms related to salt
tolerance of N. sibirica Pall. Integrative analysis and de novo transcriptome assembly generated
137,421 unigenes. In total, 58,340 and 34,033 unigenes were annotated with gene ontology (GO) terms
and mapped in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, respectively. Three
differentially expressed genes (DEGs) libraries were subsequently constructed from the leaves of
N. sibirica Pall. seedlings under different treatments: control (CK), light short-term salt stress (CL2),
and heavy long-term salt stress (CL6). Eight hundred and twenty-six, and 224 differentially expressed
genes were identified in CL2 and CL6 compared to CK, respectively. Finally, ionomic analysis of
N. sibirica Pall. seedlings treated with 0, 100, 200 or 300 mM concentrations of NaCl for one day
showed that the uptake and distribution of Ca, Cu, Fe, Mg and K in different organs of N. sibirica
Pall. were significantly affected by salt stress. Our findings have identified potential genes involved
in salt tolerance and in the reference transcriptome and have revealed the salt tolerance mechanism
in N. sibirica Pall. These findings will provide further insight into the molecular and physiological
mechanisms related to salt stress in N. sibirica Pall. and in other halophytes.
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1. Introduction

Soil salinization has become an important global resource and an environmental problem. Salt
stress is one of the most important abiotic stresses that not only affects plant physiology and metabolism
and the distribution of plants in nature, but also decreases plant productivity and crop yields [1–3].
Based on the statistics of the Food and Agriculture Organization of United Nations (FAO) that the area
of saline-alkaline land is more than 8.0 × 108 hm2 [4], this area occupies approximately 6% of total
area globally [5]. Vast saline soils are important land resources, whose reasonable development and
utilization is of great significance to agricultural production and sustainable ecological development.

The effects of salt stress on plant growth are mainly caused by ion toxicity, osmotic stress and
secondary oxidative stress [6,7]. Therefore, studying the mechanism of salt tolerance is becoming
increasingly important. Many researchers have studied the salinity-tolerance mechanisms of plants,
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such as ion balance, osmotic adjustment, antioxidant protection, and transcript profiling [8–11].
Salinity tolerance is a multiple gene-associated mechanism that is controlled by many genes involved
in different processes, such as ion compartmentalization, extrusion and selectivity; the synthesis
of metabolites; and the scavenging of reactive oxygen species (ROS) [12,13]. Consequently,
next-generation Illumina sequencing technology offers an effective method to investigate the
transcriptome and to conduct comparisons of digital gene expression profiles to identify salinity
tolerance genes to explain the molecular mechanism of salinity tolerance of plants [14].

Hundreds of plant species have been experimentally investigated for their salt tolerance to
understand the molecular aspects of vegetative salt tolerance in halophytes and glycophytes, including
barley, soybean, paddy, cotton, and alfalfa [15–19]. Many genes of these plants are induced that
either directly protect the plant from salt stress or regulate the expression of other target genes upon
exposure to salt stress [18]. Genes related to proline synthetase and chlorophyll binding protein are
up-regulated in barley under salt stress [20]. Also, the genes PtSOS2, NHXs and HKTs have been
observed to play an important role in improving plant salt tolerance by controlling ion balance through
ion transport [10,21,22]. Comparative genomics regarding salt tolerance between Arabidopsis and salt
cress were analysed using cDNA microarrays, and the results showed that the stronger salt tolerance
of salt cress may be due to a large number of known abiotic and biotic stress-inducible genes, including
Fe-SOD, P5CS, PDF1.2, AtNCED, and SOS1, and those of P-protein and beta-glucosidase, which were
expressed at high levels [23]. Consequently, studying the transcriptome and exploiting different salt
tolerance genes are important for understanding the mechanisms of plant salinity tolerance.

Ionomics research mainly involves high flux element analysis technology to clarify ion distribution
in plants upon changes in external stimuli or different growth stages [24]. The content of sodium (Na)
is higher in saline soil than in other soils. Absorption of too much Na can lead to osmotic stress and ion
toxicity in plants when they grow in saline environments [5,13,25]. Salt stress will not only limit the
absorption of macroelements, such as potassium (K), calcium (Ca), magnesium (Mg) and phosphorus
(P), but will also affect the assimilation of microelements, including copper (Cu), iron (Fe), and zinc
(Zn). A reduction of mineral elements in plants will lead to nutritional deficiencies and metabolic
disorders [26,27]. Therefore, understanding the mechanisms of ionic detoxification and balance is
indispensable for improving the salt tolerance of plants. A great number of studies have focused on
researching the change in ion concentrations under salt stress; however, most of those studies only
involved one or a few elements, e.g., Na, K, Fe, and S [28–30]. There are interactions between different
elements, so research on various elements is becoming increasingly necessary. Ionomics is the area
of research that studies the mechanisms among the concentration, distribution, and metabolism of
various elements in plants and the environment, and different development stages and external stimuli
where they are growing [24]. Ionomics has been applied to study the mechanism of salt tolerance
in many species. Lotfi et al. [31] studied iron characteristic of pecan plants under salt stress. With
increasing salt concentrations, resistant species accumulated K and Ca, especially in the shoots; in
semi-tolerant cultivars, only K amassed in the roots. Salt tolerance mechanisms of different genotypes
of Arabidopsis thaliana have been studied using ionomics and metabolomics. The content of K, P, S and
Mn increased more than in other genotypes under salt stress, in A. thaliana plants that contained the
AtHKT1;1 gene, while Na concentration decreased significantly [32]. Wu et al. [33] and Shen et al. [34]
studied ionome differences of cultivated and wild-type barley under salt stress; their results showed
that the distribution of the elements in the shoots and roots was affected by salt stress. Previous
studies have mainly focused on glycophytes and less on halophytes. Thus, it is imperative to study the
ionomics of halophytes to characterize the mechanism of salt tolerance.

Nitraria sibirica Pall. (N. sibirica Pall.) is a shrub that grows in desert, saline and coastal
saline-alkali land. It is a typical woody salt-diluting halophyte, with strong salt tolerance and
environmental adaptability [35–37]. Few studies have been conducted to investigate the physiological
mechanisms of N. sibirica Pall. to salt stress, which mainly involve the osmotic adjustment of substances,
the distribution of Na and K, and the changes of oxidase activity, among others [38–41]. Studies of the
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molecular mechanism of N. sibirica Pall. salt tolerance have only involved a single gene cloning and
expression analysis of NsNHX1 and NtNHX1 [42–44].

To better understand the molecular mechanism of plant salinity tolerance and the interaction
between salinity stress and ion homeostasis, we performed a transcriptome analysis of N. sibirica Pall.
challenged with salinity stress using Illumina (San Diego, CA, USA) sequencing and high flux element
analysis technologies.

2. Materials and Methods

2.1. Nitraria sibirica Pall. Materials and Hydroponic Culture

Nitraria sibirica Pall. seeds were collected from Keluke beach saline-alkali land, Qaidam basin,
Qinghai province, China. The seeds were stored in sand at low temperature. Then, the seeds were
germinated and selected for sowing into containers filled with vermiculite:perlite (3:1) in March of
the following year. Two-month-old seedlings were transplanted into rectangular plastic containers
(10 L) with aerated hydroponic solution for 24 h. Tap water was used in the first stage until seedlings
generated new roots, and half-strength Hoagland nutrient solution was supplied on the following days.
The hydroponic solution was renewed every 4 days, and the pH was maintained at 6.0. Seedlings were
grown in the greenhouse at 25–30 ◦C, 14 h days/20–25 ◦C, 10 h nights.

2.2. Salt Treatment and Sampling

Salt treatment began seven days after seedlings were transplanted, by adding NaCl at a
concentration of 50 mM per day; all treatments reached final sampling at the same time. A hydroponic
solution without NaCl was regarded as the control. The final concentration and treatment time of each
treatment are shown in Table 1 [45–47]. The roots, stems and leaves of all treatments were selected for
transcriptome analysis, and the leaves of CK, CL2 and CL6 were chosen for digital gene expression
profiling tests. At the same time, the roots, stems and leaves of CK, CL2, CL3 and CL4 were selected
for ionomics tests. All materials were thoroughly rinsed with deionized water and then wiped dry.
The roots, stems and leaves were sampled, frozen immediately in liquid nitrogen, and then stored
at −80 ◦C for use in transcriptome and digital gene expression profiling extractions. For ionomics
analysis, three biological replicates of the treatment and control were sampled for ion concentration
extraction. The sampled materials were dried at 105 ◦C for 15 min and then maintained at 75 ◦C until
constant weight. The dry weight of the materials was measured, and then the materials were ground
into a powder.
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Table 1. Experimental design of N. sibirica Pall. Seedlings.

Sample Names
The Time Points of Salt Treatment and Sample Collection/day

−14.25 −13 −12 −11 −10 −9 −8.25 −7 −6.25 −6 −5 −4.25 −4 −3 −2.25 −2 −1 −0.25 0

CK

sample
collection

CL1
√

CL2
√ √

CL3
√ √ √ √

CL4
√ √ √ √ √ √

CL5
√ √ √ √ √ √

CL6
√ √ √ √ √ √

√
, Indicating add 50 mM NaCl every time; CK, without salt stress; CL1, 50 mM NaCl treated for 0.25 day; CL2, 100 mM NaCl treated for 1 day; CL3, 200 mM NaCl treated for 1 day;

CL4, 300 mM NaCl treated for 1 day; CL5, 300 mM NaCl treated for 3 days; CL6, 300 mM NaCl treated for 9 days.
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2.3. RNA Extraction and Library Preparation for Transcriptome Sequencing

Total RNA was isolated from N. sibirica Pall. materials using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s protocol. The integrity of RNA was assessed using
an RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa
Clara, CA, USA). mRNA was purified from 3 µg of total RNA per sample using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in
NEBNext First Strand Synthesis Reaction Buffer (5X) (NEB, Ipswich, MA, USA). First-strand cDNA
was synthesized using random hexamer primers and M-MuLV Reverse Transcriptase (RNaseH−).
Second-strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H.
After adenylation of the 3’ ends of DNA fragments, NEBNext adaptors with a hairpin loop structure
were ligated to prepare for hybridization. The library fragments were purified using an AMPure XP
system (Beckman Coulter, Brea, California, USA) to select 150–200 bp cDNA fragments. Then, 3 µL
of USER Enzyme (NEB, Ipswich, MA, USA) was used with size-selected, adaptor-ligated cDNA at
37 ◦C for 15 min, followed by 5 min at 95 ◦C before PCR. Finally, PCR products were purified (AMPure
XP system), and the library quality was assessed using the Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA). The clustering of the index-coded samples was performed on a
cBot Cluster Generation System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. After cluster generation, the library preparations
were sequenced on an Illumina HiSeq 2500 platform, and paired-end reads were generated.

2.4. Analysis of Illumina Sequencing Data

Clean data were obtained by removing reads containing adaptors, reads containing poly-N
and reads of low quality from the raw data. At the same time, the percentage of phred values
greater than 20 or 30 bases in the overall bases (Q20, Q30), the percentage of the bases of G and
C number in the total bases number (GC content) and sequence duplication level of the clean data
were calculated. Transcriptome assembly was accomplished based on the left.fq and right.fq using
Trinity [48] with min_kmer_cov set to 2 by default, and all other parameters were set to default. Core
Eukaryotic Genes Mapping Approach (CEGMA) was used to assess subset of 248 highly conserved
core eukaryotic genes (CEGs) in the resulting unigenes assembly and to estimate the completeness
of the core gene assembly [49,50]. After assembly, unigenes were queried against the databases
of non-redundant protein sequences (Nr, https://www.ncbi.nlm.nih.gov/), nucleotide sequences
(Nt, https://www.ncbi.nlm.nih.gov/), Protein family (Pfam, http://pfam.sanger.ac.uk/), A manually
annotated and reviewed protein sequence database (Swiss-Prot, http://www.ebi.ac.uk/uniprot/),
euKaryotic Ortholog Groups (KOG, http://www.ncbi.nlm.nih.gov/COG/), KEGG (http://www.
genome.jp/kegg), and GO (http://www.geneontology.org/). Basic Local Alignment Search Tool
(BLAST) algorithms were borrowed for Nr, Nt, Swiss-Prot, KOG and KO alignment algorithms [51];
the algorithms thresholds were set to E-values of 1 × 10−10, 1 × 10−5, 1 × 10−5, 1 × 10−3 and 1 × 10−5,
respectively. Blast2GO was adopted for GO annotation according to the results of Nr and Pfam
annotations [52]. Finally, the KEGG pathway annotation was performed according to the databases [53].

2.5. Digital Gene Expression Library Preparation and Sequencing

Total RNA of each sample was extracted for construction of the library. Library construction and
sequencing steps were the same as those in transcriptome sequencing.

2.6. Analysis and Mapping of Digital Gene Expression Tags

All downstream analyses of digital gene expression were based on clean data of high quality. Gene
expression levels were estimated by RSEM (a software package for estimating gene and isoform expression
levels from RNA-Seq data) for each sample [54]. The read counts were adjusted using the edge R
program package with one scaling normalized factor. Differential expression analysis of two samples was

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://pfam.sanger.ac.uk/
http://www.ebi.ac.uk/uniprot/
http://www.ncbi.nlm.nih.gov/COG/
http://www.genome.jp/kegg
http://www.genome.jp/kegg
http://www.geneontology.org/
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performed using the DEGseq R package. The p value was adjusted using the q value. q value < 0.005 and
log2 (fold change) > 1 were set as the thresholds for significant differential expression. GO enrichment
analysis of the differentially expressed genes (DEGs) was implemented using the GOseq R package-based
Wallenius non-central hypergeometric distribution [55]. The GO enrichment was analysed using the
BiNGO plugin [56] in Cytoscape [57], using hypergeometric tests for statistical analysis. For pathway
enrichment analysis, the statistical enrichment of differentially expressed genes in KEGG pathways was
tested using KO-Based Annotation System (KOBAS) software [58], and these genes were mapped to KEGG
pathways to identify the different expression in the whole genome background.

2.7. Quantitative PCR (qPCR) Analysis

The expression levels of the digital gene expression results were confirmed by quantitative PCR
(qPCR) for nine DEGs. Three biological replications of each sample were used for qPCR analysis.
The isolation of RNA was performed using an RNAprep Pure Plant Kit (TIANGEN, Beijing, China)
according to the manufacturer’s instructions. TransScript All-in-One First-Strand cDNA Synthesis
SuperMix for qPCR (One-Step gDNA Removal) was used, and then cDNA was stored at −20 ◦C.
After BLAST comparison of the gene sequences of interest, PCR primers were designed using Primer
Premier 6 software (Premier Biosoft, Palo Alto, CA, USA), which are shown in Table S5. The Actin
gene was used as an internal control. The three cDNA samples were diluted 10 times to a final
concentration of 10–15 ng/µL to be templates for the qPCR experiments. Then, approximately 1 µL
of cDNA for each sample were used for qPCR tests. qPCR was carried out with TransStart Top Green
qPCR SuperMix (TransGen Biotech, Beijing, China) on a Bioer 96plus platform (Bioer, Hangzhou, China).
Three independent biological replicates were analysed for each sample and data were indicated as
mean ± standard error (SE) (n = 3). The results and FPKM (Fragments Per Kilobase of transcript per
Million fragments mapped) values for each gene were analysed and mapped used Microsoft Excel 2016.

2.8. Element Profiling Analysis

Dried and ground samples were digested with 5 mL of HNO3 and 1 mL of H2O2 in a microwave
digestion instrument (CEM, Matthews, NC, USA). The digested samples were transferred to PET
bottles. The concentrations of Na, K, Ca, Mg, Fe, Mn, Cu and Zn were determined using an
inductive coupling plasma emission spectrograph (iCAP 6300 ICP-OES Spectrometer, Thermo Scientific,
Waltham, MA, USA ), according to the equipment operation manual. The data were analysed using
SPSS 19.0 (Chicago, IL, USA) and Metaboanalyst 2.0 (http://www.metaboanalyst.ca/) [33].

3. Results

3.1. Sequencing Data Quality and Assembly of Reads

Hybrid RNA samples of all treatments were used to construct libraries for sequencing. As a
result, approximately 109,605,726 raw reads were obtained, and 103,965,286 clean reads were obtained
after trimming of adaptors and low-quality reads. There were 13 G of total clean bases, and the Q20
occupied 95.59% of the overall bases. The GC content was approximately 45.71%, on average. Finally,
a total of 137,421 unigenes were obtained. The length of the unigenes ranged from 201 bp to 15,714 bp,
and the mean length of the unigenes was 555 bp (N50 = 846 bp) (Table 2). The number of unigenes
whose length ranged greater than 301 bp was 47,714; the length distributions of spliced unigenes were
given in Figure S1. Several conserved core eukaryotic genes (CEGs), representing an unbiased set
of proteins that are conserved in diverse eukaryotes, were identified in our transcriptome assembly.
Using CEGMA, 568 complete-length homologs of 242 (97.58%) out of 248 CEGs and 750 partial-length
homologs of 247 (99.60%) out of 248 CEGs were identified in our assembly (Table S4). Altogether,
Illumina sequencing technology could effectively capture most of the transcriptome information of
N. sibirica Pall. under salt stress. Raw sequencing data has been submitted to the SRA database of
NCBI with the ID SRP108455.

http://www.metaboanalyst.ca/
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Table 2. Summary of the N. sibirica Pall. Transcriptome.

Item Number

Total number of raw reads 109,605,726
Total number of clean reads 103,965,286

Total clean bases (G) 13
Q20 percentage (%) 95.59
GC percentage (%) 45.71

Total number of unigenes 137,421
Min length of unigenes (bp) 201
Max length of unigenes (bp) 15,714

Mean length of unigenes (bp) 555
Length of N50 (bp) 846

3.2. Functional Annotation

The assembled unigenes were annotated using the databases of Nr (non-redundant protein
sequences), Nt (nucleotide sequences), and KO (KEGG orthology), among others. The functional
annotation statistics of the N. sibirica Pall. transcriptome are shown in Table S1. The results indicate
that a total of 79,373 unigenes (57.75%) were homologous to known proteins within the Nr database.
Approximately 29,499 unigenes (21.46%) were matched with sequences in the Nt database. In addition,
57,723 unigenes (42.00%) were annotated in the Swiss-Prot database (Table S1). However, many
unigenes could not be matched to a protein sequence in any database.

The unigene sequence similarity between N. sibirica Pall. and its relatives and the gene functions
of N. sibirica Pall. were obtained by annotation with the Nr database. For further analysis of the
distribution of protein BLAST E-values, 16.63% of homologous sequences ranged from 1 × 10−5 to
1 × 10−15; approximately 20% of sequences had an E-value of less than 10−100 and the other unigene
E-values ranged from 10−100–10−15 (Figure 1A). From the similarity of BLASTx, the similarity of
unigenes of more than 80% nearly accounted for 60%, while the similarity of unigenes less than 60%
accounted for only 7% (Figure 1B). The species distribution of BLAST with the Nr database shows that
Citrus sinensis, Citrus clementina, Theobroma cacao, Vitis vinifera, Coffea canephora, Nicotiana tomentosiformis,
Populus trichocarpa, Acremonium chrysogenum, Jatropha curcas and Ricinus communis were the top 10
matches. The species that provided the best BLASTx matches was Citrus sinensis, and there were 8596
genes (6.26%) with the highest homology (Table S2).
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Furthermore, we obtained GO functional annotation using the Nr annotation. The GO annotation
information and functional classification of unigenes were performed by Blast2GO (Avenida Peris y
Valero, Valencia, ES-Spain) [59] and The Web Gene Ontology Annotation Plot (WEGO) [60] software,
respectively, according to the Nr annotation. In total, we submitted 308,896 functional terms that were
categorized into 59 functional groups associated with 58,340 unigenes. The 59 functional groups were
divided into three main categories: biological process (142,607, 46.2%), cellular component (96,167,
31.1%) and molecular function (70,122, 22.7%). We also found 6614 genes associated with a response to
stimuli (GO: 0050896) (Figure 2).
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The Kyoto Encyclopaedia of Genes and Genomes provides a platform for the systematic analysis
of gene function according to the metabolic networks of gene products [53]. The network of biological
molecule functions and interactions was constructed based on the KEGG database. A total of 34,033
unigenes were mapped to annotation pathways, and these unigenes were functionally assigned to
285 KEGG pathways. The most representative pathways were related to metabolism (16,713, 36.43%),
which includes carbohydrate metabolism (3155), energy metabolism (2442), and amino acid metabolism
(2277), among others. The translation (6152) of genetic information processing contributed the greatest
portion. Detailed pathway classifications are shown in Figure S2.

3.3. Digital Gene Expression Library Sequencing

To research the DGE profiles of salt-stressed N. sibirica Pall., three DGE libraries (CK, CL2 and CL6)
were constructed and sequenced using Illumina deep sequencing technology. Specifically, variations
in the gene expression of leaves were analysed under different amounts of salt stress. In total, the CK,
CL2 and CL6 DGE libraries generated 17.9 million, 14.8 million and 16.2 million raw reads, respectively.
Approximately 14.7 million (0.74 G) to 17.8 million (0.89 G) clean reads were obtained by removing
low-quality reads. The GC proportion of each library was similar (approximately 45%) (Table 3).
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Table 3. Summary for digital gene expression (DGE) sequencing datasets.

Item CK CL2 CL6

Raw reads 17,939,409 14,784,837 16,231,582
Clean reads 17,866,852 14,742,618 16,158,118

Clean bases (G) 0.89 0.74 0.81

Total mapped 16,622,090
93.03%

13,714,511
93.03%

15,023,640
92.98%

Q20 (%) 98.11 98.2 98.11
GC (%) 45.68 45.48 45.81

CK, without salt stress; CL2, 100 mM NaCl treated for 1 day; CL6, 300 mM NaCl treated for 9 days.

The amount of the reads mapped to the transcripts in each sample were 16,622,090 (CK),
13,714,511 (CL2) and 15,023,640 (CL6), accounting for 93.03%, 93.03% and 92.98% of transcripts
mapped, respectively (Table 3). The gene expression level of the different treatments was determined
by number of concentrations using expected number of fragments per kilobase of transcript sequence
per million base pairs sequenced (FPKM). The differences in expression of each sample were evaluated
by the overall distribution (Figure 3A) and overall dispersion (Figure 3B) of expression quantity.
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Figure 3. Contrast figure of gene expression levels under different experimental conditions. (A) The
X-axis represents the log10(FPKM) value where FPKM: fragments per kilobase of transcript sequence
per million base pairs sequenced. A higher value indicates a higher gene expression quantity. The Y-axis
represents the density of log10(FPKM); (B) Boxplot of FPKM. The X-axis represents the different samples.
The Y-axis represents the log10(FPKM+1). Each area of the boxplot corresponds to five statistics:
maximum, upper quartile, median, lower quartile and minimum from top to bottom, respectively.

To explore the response of the differentially expressed genes of N. sibirica Pall. to salt stress,
digital gene expression profiling of CK, CL2 and CL6 samples was used for differential expression
analysis. DEGs were determined by applying the screening thresholds of q value < 0.005 and
|log2(fold change)| > 1. Based on this analysis, a total of 826 significant DEGs were detected between
CL2 and CK; among these DEGs, 258 were significantly up-regulated, and 568 were down-regulated.
The comparison of CL6 with CK revealed that 89 genes were significantly up-regulated, and 135 genes
were down-regulated. In addition, 445 genes were up-regulated, and 248 genes were down-regulated in
CL6 compared with CL2. Furthermore, CL6 vs. CL2 resulted in the most up-regulated DEGs, whereas
CL6 vs. CK resulted in the most down-regulated DEGs (Figure 4A). The differentially expressed genes
(DEGs) of different treatments were divided based on cluster analysis (Figure S3). A Venn diagram was
constructed that demonstrates the number of DEGs. The diagram shows that 21 genes were common
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among the three groups, and 279, 54, and 173 genes were identified only in the CL2 vs. CK, CL6 vs.
CK and CL6 vs. CL2 groups, respectively (Figure 4B).
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(A) Statistics of differentially expressed genes (DEGs) in the different treatments, DEGs were identified
either by a comparison of adjacent treatment or comparing each treatment to CK; (B) Venn diagram
describing the exclusion and overlap of regulated genes in the different treatments.

BiNGO, a plugin of Cytoscape, was used to analyse the GO functional enrichment analysis for all
DEGs between different treatments to evaluate the ontologies in biological networks [56]. GO-slim plant
terms were selected for the namespace of BiNGO to clearly describe the GO enrichment network [61].
The GO network of DEGs in CL2 vs. CK, CL6 vs. CK and CL6 vs. CL2 is shown in Figure 5 and Table S6.
The functions of highly expressed DEGs in CL2 vs. CK, CL6 vs. CK and CL6 vs. CL2 focused on the GO
terms of hydrolase activity, catalytic activity and carbohydrate metabolic process. Most of the GO terms
in CL6 vs. CL2 were associated with transferase activity, lipid metabolic process, external encapsulating
structure, and cell wall, which were also over-represented in CL2 vs. CK. The GO terms of membrane,
sequence-specific DNA binding transcription factor activity, carbohydrate binding, secondary metabolic
process, growth, and cellular protein modification process, among others, were significantly enriched
only in CL2 vs. CK. In contrast to CL2 vs. CK, the GO term “response to stress” was over-represented
only in CL6 vs. CL2. The GO term “catalytic activity” played an important role in the biological
processes of the different treatments, and the number of genes associated with it in CL2 vs. CK was
approximately three-fold higher than the number in CL6 vs. CK.
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Figure 5. Enriched GO terms of DEGs in CL2 vs. CK (A), CL6 vs. CK (B) and CL6 vs. CL2 (C). Node
size represents the gene number per node, and the colour of the node represents the p-value. White
nodes were not statistically significant over-representative GO terms.

The KEGG pathway network was used to reveal the altered metabolic pathways of DEGs among
the different treatments. Specific significantly enriched KEGG pathways were discerned on the basis of
the p-value. The results show that 24, 14 and 26 pathways were identified to be significantly changed
in the comparison of CL2 vs. CK, CL6 vs. CK and CL6 vs. CL2, respectively (Table S7). At the same
time, the starch and sucrose metabolism, phenylpropanoid biosynthesis, amino sugar and nucleotide
sugar metabolism and starch and sucrose metabolism pathways contained the most unigenes (13, 5,
10, 10) when comparing CL2 vs. CK, CL6 vs. CK and CL6 vs. CL2 (Figure 6). In contrast, with
CK, the unigene numbers related to the starch and sucrose metabolism, amino sugar and nucleotide
sugar metabolism, phenylalanine metabolism, phenylpropanoid biosynthesis, and plant-pathogen
interaction pathways showed a significant decrease in CL2, while the number of unigenes in the plant
hormone signal transduction and alanine, aspartate, and glutamate metabolism pathways presented
an increasing trend. In the comparison of CL6 vs. CK, the phenylpropanoid biosynthesis pathway
contained the most down-regulated DEGs.
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Figure 6. Specific significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
for DEGs from CL2 vs. CK (A), CL6 vs. CK (B) and CL6 vs. CL2 (C). Sample number ≥ 5 for A and C,
Sample number ≥ 3 for B.

3.4. Verification of the RNA-Seq Results by qPCR

To test the validity of the data generated using the Illumina sequencing platform, quantitative
PCR (qPCR) analysis was performed. A total of nine representative transcripts related to ATP synthase,
ion transport, and basic-leucine zipper transcription, among others, were selected for qPCR analysis.
The results of the qPCR and digital gene expression are shown in Figure 7. From the results, we can
see that among the nine detected transcripts, seven transcripts show the same performance, while the
c57026_g1 (1) and c61353_g2 (2) genes display the opposite behaviours in CL2 and CL6, respectively.
Therefore, the results of the digital gene expression (DGE) analysis are reliable overall. The different
detection methods and different sampled plants may explain the differences in fold changes between
the qPCR and DGE results.
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Figure 7. Verification of digital gene expression results by qPCR. (1–9) indicate nine differentially
expressed genes (DEGs). Quantitative gene expression data are shown as the mean ± SE. The actin
genes were used as reference genes.

3.5. The Influence of Salt Stress on the Ionome of N. sibirica Pall.

Principal component analysis (PCA) was conducted on the element contents to show an overall
view of ionomic responses of roots, stems and leaves under different treatments. A distinct separation
of samples between different treatments was revealed by PCA (Figure 8). The different treated samples
of roots, stems and leaves were clearly separated by the first principal component (PC1), representing
92.4%, 66.0% and 80.9% of the total variation, respectively (Figure 8A,C,E). The major elements that
contributed to PC1 were Ca in the root ionome, K in the stem ionome, and both K and Ca in the
leaf ionome (Figure 8B,D,F). Correspondingly, treatment differences were reflected by PC2, which
clearly separated the samples of CK, CL2, CL3 and CL4 in the roots, stems and leaves, explaining 6.9%,
17.0% and 9.7% of the variation, respectively (Figure 8A,C,E). The contribution of elements to PC2 was
dominated by K in the root ionome. Fe and P contents contributed to variation in shoots, while Ca and
K contents were dominant in the shoot ionome (Figure 8B,D,F). The response of element contents to
salt stress clearly varied with different treatments.
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Figure 8. Principal component analysis (PCA) and loadings of elements to PC1 and PC2 for root,
stem and leaf ionome variation under different treatments. (A) PCA of roots; (B) loadings in roots;
(C) PCA of stems; (D) loadings in stems; (E) PCA of leaves; (F) loadings in leaves; PC1: first principal
component; PC2: second principal component.

After salt stress, Na content in roots significantly increased from 1.33 to 3.53 mg/g averaged
across the different treatments. The contents of Fe, Mg, P, Mn, Cu and Zn in the roots of CL2, CL3 and
CL4 were significantly reduced in comparison with those of CK. In stems, Na content also increased,
while the other element contents decreased under high salt stress (CL3 and CL4). In leaves, the Na



Forests 2017, 8, 211 15 of 20

content significantly increased by 37.7% in leaves from CK to CL4. Notably, the Ca and K content were
significantly reduced by 14.4% and 16.9% from CK to CL4, respectively. The Mg, P and Mn contents also
significantly decreased under salt stress (Table 4). The Na/K ratios of N. sibirica Pall. in different tissues
under salt stress were all less than 1. With the increase in salt concentration, the Na/K ratios showed a
tendency to increase. The Na/K ratios in leaves were higher than those in stems and roots (Figure 9),
which shows that Na uptake affects the absorption and transportation of K. Only two elements each in
the roots, stems and leaves (Mn and Ca, Fe and K, Zn and P, respectively) had a positive correlation
with Na in the CL4 treatment, while for control roots, stems and leaves, there were six, four and eight
kinds of elements, respectively, that had a positive correlation with Na (Table S3). The results clearly
indicated that high salt stress had a great influence on the absorption of elements by plants.
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Figure 9. Na/K ratios of N. sibirica Pall. in different tissues under salt stress. Significant differences of
tissues between different treatments were determined by the T-test and bars with different letters were
significant difference at 95% probability.

Table 4. Element contents (mg/g) in different tissues of N. sibirica Pall. under different treatments.

Tissue Treatment Na Ca K Fe Mg P Mn Cu Zn

Roots

CK 1.33 c 18.75 c 15.92 c 2.40 a 1.81 ab 8.71 a 0.1221 a 0.0189 a 0.1923 a

CL2 1.43 c 36.67 a 16.34 c 0.92 c 1.72 ab 7.10 b 0.0594 d 0.0091 d 0.1388 d

CL3 2.97 b 28.04 b 18.58 b 1.65 b 2.19 a 7.40 b 0.0959 b 0.0132 c 0.1887 b

CL4 3.53 a 17.41 d 20.86 a 1.19 c 1.39 c 7.11 b 0.0890 c 0.0139 b 0.1576 c

Stems

CK 3.04 b 12.84 a 23.46 b 1.72 a 2.27 a 4.75 a 0.0531 a 0.0156 a 0.1133 a

CL2 2.86 b 13.34 a 25.64 a 0.39 b 2.02 a 3.81 b 0.0230 d 0.0060 c 0.0279 b

CL3 3.13 b 12.51 a 21.40 c 0.48 b 1.83 a 3.46 b 0.0265 b 0.0094 b 0.0247 c

CL4 4.21 a 12.42 a 22.92 b 0.34 b 1.84 a 3.57 b 0.0251 c 0.0047 d 0.0243 c

Leaves

CK 7.88 c 20.31 a 23.81 a 0.16 b 7.87 a 5.06 a 0.0532 a 0.0047 c 0.0307 bc

CL2 8.86 bc 20.76 a 21.54 b 0.58 a 7.03 b 4.70 a 0.0513 b 0.0067 a 0.0319 a

CL3 9.32 b 19.43 b 22.04 b 0.67 a 6.63 b 4.52 a 0.0481 c 0.0057 b 0.0303 c

CL4 10.85 a 17.39 c 19.78 c 0.50 a 6.44 b 4.54 a 0.0477 c 0.0059 ab 0.0311 b

Significant differences of tissues between different treatments were determined by the T-test and different letters in
the same column represent a significant difference at 95% probability.

4. Discussion

Many studies have explored the salt tolerance mechanism of N. sibirica Pall. High-throughput
omics techniques have been widely used to research complex molecular responses underlying salt
tolerance in plants [62], and transcriptome analysis has become an attractive alternative for in-depth
research of the salt tolerance molecular mechanism of N. sibirica Pall. Therefore, in order to understand
the mechanisms of salt tolerance in N. sibirica Pall., different treatments were used to investigate the
molecular and ion content changes in response to salt stress. To our current knowledge, this is the first
study to use de novo transcriptome assembly, DGE, and ionomics methods to explore the mechanisms
of differentially expressed genes under salt stress.
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The transcriptome of N. sibirica Pall. consisted of materials from different organs, and treatments
were performed following the methods of Tian [63]. In our experiment, we obtained 137,421 unigenes,
and 88,486 (64.39%) unigenes were annotated in at least one database; approximately 35.6% of the
unigenes did not obtain a functional annotation, which may be due to the lack of genome of closely
related species of N. sibirica Pall. A similar functional annotation situation exists with the transcriptome
of Zygophyllum xanthoxylum which also belongs to Zygophyllaceae; the number of unigenes assigned
to a GO term is 308,896, which was more than that of the Zygophyllaceae [64]. From the digital gene
expression results, 826 and 224 genes were differentially expressed in CL2 and CL6 in comparison with
CK, respectively. Of the DEGs, the down-regulated gene number was higher than the up-regulated
gene number in CL2 and in CL6 in comparison with CK, which was opposite of the tendency in
Gossypium aridum [65] and in Canola [66]; this phenomenon may be because N. sibirica Pall. is a halophyte.

The GO analysis of N. sibirica Pall. confirmed that carbohydrate metabolic processes, hydrolase
activity and catalytic activity items contained some of the identified salt-responsive transcripts. Studies
with the transcriptome of Gossypium hirsutum seedlings under salt stress also reported that most
enriched categories referred to metabolism and signalling pathways, among others [67]. From the
KEGG enrichment analysis, pathways involved in amino sugar and nucleotide sugar metabolism;
plant hormone signal transduction; alanine, aspartate and glutamate metabolism; and alpha-linolenic
acid metabolism, among others, were up-regulated, whereas those involved in starch and sucrose
metabolism and phenylpropanoid biosynthesis, among others, were down-regulated under salt stress.
Some genes were in agreement with a report that amino acid metabolism, secondary metabolism,
signaling etc. related to salt-tolerance were down-regulated under salt stress [68]. In our study,
the number of down-regulated genes in CL2 was more than in CL6 (Figure 6, Table S7). N. sibirica Pall.
as a salt-diluting halophyte has a strong salt-tolerant capability that under light salt treatment for a
short time (CL2) may not be serious or no stress, and only heavy salt treatment for a long time (CL6)
may have a salt stress effect. Hence, CL6 led to the decrease of down-regulated genes compared to CL2.

Ion imbalance and oxidative stress in plants are caused by excess Na [13,25]. Regarding the ionic
concentrations of N. sibirica Pall. under salt stress, Na and K content were significantly altered. With
an increase of NaCl concentration, the Na concentration increased, and K concentration decreased in
plant tissues in response to salt stress. A low Na/K ratio is a key feature of plant resistance to salt stress
in saline environments [69,70]. In the current study, the Na/K ratios in the leaves and stems were
higher than that in the roots, which is similar in Tibetan wild barley under salt stress [62], indicating
that maintaining an optimal Na/K ratio could improve salt tolerance. Kirmizi and Bell [71] reported
that nutrient element uptake and distribution in plant tissues are affected by salt stress. In this study,
we also found that Ca, Cu, Fe, Mg, and K contents decreased in roots, stems and leaves under salt
stress. Similar results have also been reported in which salt stress affects the uptake of Mg [27], Fe [30],
Ca [72], and K [73], among others, by plants.

As previously mentioned, salt stress affects nutrient element absorption and distribution,
with a subsequent impact on the deficiency of nutrient elements in plants. Amtmann and
Armengaud reported that the deficiency of nutrient elements will affect metabolism [74]. Therefore,
down-regulation of the KEGG pathways of N. sibirica Pall. under salt stress, including starch and
sucrose metabolism, amino sugar and nucleotide sugar metabolism, and phenylalanine metabolism,
may be due to a lack of nutrient elements. Glycolysis and amino acid synthesis were inhibited in roots,
whereas they were enhanced in leaves of a salt-sensitive barley genotype under salt stress [33,75].
These differences may be because N. sibirica Pall. has a stronger salt tolerance ability than does barley.
How the metabolite composition during metabolism is affected by NaCl stress will be studied in our
future research.

5. Conclusions

In this study, we present the transcriptome profile of N. sibirica Pall. under salt stress using
next-generation RNA-Seq technology and DGE deep-sequencing technology. De novo transcriptome
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assembly generated 137,421 unigenes. In total, 58,340 and 34,033 unigenes were annotated with GO
terms and mapped to KEGG pathways, respectively. For the DGE, there were 826 and 224 DEGs in
CL2 and CL6 compared to CK, respectively. The different terms and pathways of DEGs were revealed
by GO category gene enrichment analysis and KEGG analysis in CL2, CL6 and CK. These DEGs also
involved in signal transduction, transporters, cell wall and growth and defense metabolism involved
in salt tolerance. We also used ionomics to analyse the absorption and distribution of ions affected
by salt stress of N. sibirica Pall. Salt stress significantly affected uptake and distribution of Ca, Cu,
Fe, Mg and K in different organs of N. sibirica Pall. The accumulation of Na and reduction of other
elements caused osmotic stress and affected metabolism. To our current knowledge, this is the first
time Illumina sequencing technology and high flux element analysis technology has been used to
research the transcriptome, DEGs, and ionome involved in N. sibirica Pall. salt tolerance mechanisms
in response to salt stress. The current study will provide an effective reference for future studies of
salt tolerance genes and key metabolic pathways related to salt stress for extending our view of salt
tolerance mechanisms in N. sibirica Pall.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/6/211/s1.
Figure S1: The length distribution of splicing unigenes, Figure S2: KEGG biochemical mappings for N. sibirica
Pall., Figure S3: Hierarchical cluster analysis of DEGs of N. sibirica Pall. under salinity stress, Table S1: Statistics of
unigene annotation results, Table S2: Species distribution of matched proteins in the Nr database (List of top 30
species), Table S3: The correlation coefficients between Na and other elements in different organs and treatments
of N. sibirica Pall., Table S4: Results of the gene completeness assessment of the transcriptome assembly from
CEGMA, Table S5: Primers used for quantitative PCR (qPCR) analysis, Table S6: Significantly over-representative
GO terms for DEGs in different treatments (3 sheets), Table S7: Specific significantly enriched KEGG pathways for
DEGs in different treatments (3 sheets).
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