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Abstract: Populus euphratica Oliv. is a model tree for studying abiotic stress, especially salt stress
response. Salt stress is one of the most extensive abiotic stresses, which has an adverse effect on
plant growth and development. Salicylic acid (SA) is an important signaling molecule that plays
an important role in modulating the plant responses to abiotic stresses. To answer whether the
endogenous SA can be induced by salt stress, and whether SA effectively alleviates the negative
effects of salt on poplar growth is the main purpose of the study. To elucidate the effects of SA
and salt stress on the growth of P. euphratica, we examined the morphological and physiological
changes of P. euphratica under 300 mM NaCl after treatment with different concentrations of SA.
A pretreatment of P. euphratica with 0.4 mM SA for 3 days effectively improved the growth status
of plants under subsequent salt stress. These results indicate that appropriate concentrations of
exogenous SA can effectively counteract the negative effect of salt stress on growth and development.
Subsequently, transcripts involved in salt stress response via SA signaling were captured by RNA
sequencing. The results indicated that numerous specific genes encoding mitogen-activated protein
kinase, calcium-dependent protein kinase, and antioxidant enzymes were upregulated. Potassium
transporters and Na+/H+ antiporters, which maintain K+/Na+ balance, were also upregulated after
SA pretreatment. The transcriptome changes show that the ion transport and antioxidant enzymes
were the early enhanced systems in response of P. euphratica to salt via SA, expanding our knowledge
about SA function in salt stress defense in P. euphratica. This provides a solid foundation for future
study of functional genes controlling effective components in metabolic pathways of trees.

Keywords: Populus euphratica; salt stress; salicylic acid; malondialdehyde; differentially
expressed genes

1. Introduction

Plants are exposed to multiple environmental stresses such as salinity, drought, and extreme
temperatures that are harmful to plants. In particular, salinity stress, which usually occurs in arid and
semi-arid regions, severely affects plant growth and development throughout the world [1]. Many
studies confirm the inhibitory effect of salt stress on physiological and biochemical processes, which
inhibits photosynthesis and destroys cell membranes. The question of how stressed plants can diminish
the deleterious effects of salt stress has drawn a lot of attention. Salicylic acid (SA) is a naturally
synthesizing endogenous signaling molecule that activates plant growth and defense responses to
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systemic acquired resistance (SAR) and biotic resistance [2–5]. It was first discovered to be a plant
immune signal, produced by a pathogen challenge to induce SAR. SA exhibits a very broad-spectrum
defense against reinvasion of pathogens and has been widely investigated due to its functions in plant
immunity against diseases or biotic resistance [6]. The accumulation of endogenous SA can induce the
expression of pathogenesis-related genes, by imitating endogenous phenolic signaling molecules and
activating the development of SAR, thereby increasing resistance of plants [7]. In addition to biotic
resistance, an increasing number of studies indicate that SA may modulate abiotic tolerance and have
potential functions in response to plant salinity resistance. SA could generate a wide range of metabolic
and physiological responses in plants by affecting their growth and development. For example, foliar
SA application has been reported to markedly promote growth and relative water content and reduce
electrolyte leakage of cucumber plants grown under salt stress [8,9]. During salt stress, SA can also
improve sunflower growth and photosynthesis [10]. However, the effective concentration of SA to
alleviating salt damages depends on the plant species, genotypes, developmental stages, and tissue
types. To date, the abiotic tolerance response mechanism of SA, especially in trees, still needs to be
elucidated. Further studies are needed to determine the function of SA in abiotic tolerance, and the
early response genes to SA and investigate whether abiotic stress can increase the levels of endogenous
SA and how the SA signaling pathway is involved in abiotic stress response.

Populus euphratica Oliv. is a special poplar species found in saline and semi-arid desert regions
extending from western China, through the Middle East and Central Asia, to North Africa [11,12].
Being the only arboreal species in the largest shifting sand desert in the world [13], P. euphratica has
the ability to adapt to hostile and extreme environmental stresses, especially salt, which makes it a
model species for elucidating mechanisms of abiotic stress resistance in trees [14]. Research on the
mechanism of resistance in P. euphratica should greatly contribute to the cultivation of woody plants
and the protection of P. euphratica germplasm resources [15–17]. Previously, scientists completed
the whole-genome sequencing of P. euphratica and obtained dozens of salt stress responsive genes
in this species [18]. However, whether SA influences or participates in the abiotic stress response of
P. euphratica remains to be elucidated.

In view of the above description, the main purpose of this study was to determine whether
endogenous SA could be induced under salt stress in P. euphratica, and whether exogenous SA could
effectively alleviate the negative effects of salt stress on plant growth. By studying the physiological,
biochemical parameters, and genomic transcriptional profile of SA-pretreated P. euphratica seedlings
under salt stress, the theoretical foundation for the expansion of abiotic stress response mechanism in
regions with high salinity was further established.

2. Materials and Methods

2.1. Plant Materials

The P. euphratica seeds were collected from the Inner Mongolia Autonomous Region of China.
The seeds were first sterilized and cultured in tissue-cultured plantlets for growth and propagation.
Then, they were transferred to plastic pots for 1 month in the greenhouse of Beijing Forestry University.
After that, seedlings with similar stem length and number of expanded leaves were selected and
grown hydroponically in half-strength Hoagland’s solution in a hydroponic box for another month.
The environment conditions were as follows: 16 h photoperiod, 25 ± 2 ◦C/18 ± 2 ◦C (day/night)
temperature, 250 µmol m−2 s−1 light intensity, and 65% ± 5% relative humidity. Each hydroponic box
dish contained 12 seedlings.

2.2. Quantification of SA after Salt Treatment

P. euphratica seedlings were divided into three groups, which were treated with 300 mM NaCl
solution for 0, 1, and 6 h, respectively. The salt-treated leaves were snap-frozen in a liquid nitrogen
environment and ground into a fine powder by vigorous vortexing. Approximately 50 mg of powder
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per tube was immediately weighed with a 1/10,000 balance weight. Afterward, 0.5 mL of extraction
solvent (dichloromethane, 99.9%) was added, followed by 50 µL of 0.2 ng µL−1 IH4 SA and 10 µL of
1 ng µL−1 D6 abscisic acid (ABA) as internal standards. The tubes were then placed on a shaker at a
speed of 100 rpm under 4 ◦C for 30 min. After centrifugation at 13,000 rpm for 5 min, two phases were
formed, and approximately 900 µL of the solvent from the lower phase was transferred for later use.
Finally, the samples were evaporated to dryness and dissolved in 0.1 mL methanol. The contents of SA
and ABA were determined using ultra performance liquid chromatography/tandem mass spectrometry
(UPLC-MS/MS) (Agilent 5500, Agilent Technologies Inc., Santa Clara, CA, USA), by injecting 50 µL
of sample solution into the reverse-phase C18 Gemini UPLC column. The area of peaks in the
chromatogram was quantified using MassHunter software (Agilent Technologies Inc., Santa Clara,
CA, USA).

2.3. Effects of SA and NaCl Treatment on Morphology and Physiology

To test the effects of SA treatments on P. euphratica growth, SA was dissolved in ethanol and
Tween-20 (0.1% dilute solution), and double-distilled water was added to obtain an SA mother liquor
concentration. We further divided the plants into four groups and cultured them in half-strength
Hoagland’s solution containing SA at concentrations of 0, 0.4, 1.0, and 2.0 mM. After 3 days, all the
seedlings were rinsed with distilled water to remove residual SA and then transferred to half-strength
Hoagland’s solution supplemented with 300 mM NaCl. The performances were recorded on the
3rd day after NaCl treatment. To clearly observe the effect of SA on alleviating salt stress from the
phenotype, we performed the same experiment using salt treatment on the 7th day of lethality during
phenotypic observation.

The chlorophyll contents of the leaves were measured using the Minolta Chlorophyll Meter
(SPAD-502, Konica Minolta, Osaka, Japan) in vivo. The seedlings growing under normal growth
condition were used as untreated control. Six random leaves of the upper, middle, and lower parts
of each plant were selected in the same position, and each leaf was measured thrice. At the end
of experiment, the leaves from three replications per treatment were harvested for fresh weight
(FW) determination.

2.4. Determination of Malondialdehyde (MDA) Content and Antioxidant Enzyme

The MDA contents were determined following the previously reported method [19,20]. The leaves
of seedlings (0.50 g) were homogenized in 10 mL of 10% (w/v) trichloroacetic acid (TCA) and then
centrifuged at 10,000 × g. Approximately 2 mL of 0.6% (w/v) thiobarbituric acid containing 10% (w/v)
TCA was added. The samples were heated for 30 min in a boiling water bath at 100 ◦C. The absorbance
of the supernatant was recorded at 532, 450, and 600 nm after the samples cooled. The MDA content
was calculated as follows: C (µmol g−1) = 6.45 × (A532 − A600) − 0.56 × A450. Peroxidase (POD)
activities were assayed according to Meloni et al. [21]. The activity of superoxide dismutase (SOD) was
determined according to the method described by Becana et al. [22]. Three replicate measurements
were made for each treatment, and the results were averaged.

2.5. Determination of K and Na Contents

After various treatments, the leaves of seedlings were dried in an oven at 70 ◦C to constant weight.
The dried samples were weighed and pulverized, and then digested at 260 ◦C with 2 mL of 30% H2O2

and 5 mL of H2SO4 in a microwave oven (CEM mars240/50, CEM Inc., Matthews, NC, USA). Then,
the samples were cooled and subjected to atomic absorption spectrometer (Varian, Spectraa-220) to
determine the concentrations of K and Na.

2.6. RNA Extraction, Library Preparation, and RNA Sequencing (RNA-seq)

Leaves of P. euphratica seedlings pretreated with 0 and 0.4 mM of SA solution were frozen in
liquid nitrogen immediately after harvest at 0 h and 6 h time points and stored at −80 ◦C for later use.
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Total RNA was extracted using RNAprep Pure Plant Kit (TIANGEN BIOTECH Co. Ltd., Beijing, China).
After extracting and treating the RNA with DNase I, we used Oligo (dT) to isolate mRNA (Messenger
RNA), which was further fragmented to synthesize cDNA by reverse transcription. After using the
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA) and ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) to quantify and qualify the sample
library, the cDNA library was sequenced using Illumina HiSeq 2000™ (Illumina, San Diego, CA, USA).

2.7. Processing of Sequence Data

The raw data for sequencing included low quality, linker contamination, and reads with unknown
base N content, which need to be removed prior to data analysis to ensure reliable results. We used
SOAPnuke (https://github.com/BGI-flexlab/SOAPnuke, The Beijing Genomics Institute, Shenzhen,
Guang Dong, China), a filter software developed by BGI company, to remove reads containing adaptor,
reads with unknown base N content greater than 5%, and low-quality bases (>20% of the bases with a
quality score ≤10). After filtering, the remaining reads were called “clean reads” and stored in FASTQ
(A format that stores biological sequences and corresponding quality assessments) format [23].

2.8. Mapping Reads to the P. euphratica Genome and Function Annotation

We used HISAT2 (http://www.ccb.jhu.edu/software/hisat, The Center for Computational Biology
at Johns Hopkins University, Baltimore, MD, USA) and Bowtie2 (http://bowtie-bio.sourceforge.net/
Bowtie2/index.shtml, The Center for Computational Biology at Johns Hopkins University, Baltimore,
MD, USA) to compare RNA-seq reads from control and treated samples with reference genomic
sequences of P. euphratica [24,25]. The abundance of transcripts was calculated using the RSEM method
of gene expression by mapping the transcript to RNA-seq reads and expressed as fragments per
kilobase of transcript per million mapped reads (FPKM) [25,26].

2.9. Differential Expression Analysis

To identify differentially expressed genes (DEGs) in SA-pretreated and non-SA-pretreated
salt-stressed P. euphratica leaves, we used the DEGseq method based on the Poisson distribution model
for differential gene detection [27]. To improve the accuracy of DEGs, we defined the false discovery rate
(FDR) ≤0.001 and log2 ratio ≥1 as thresholds to discriminate significant DEGs. The differential genes
were functionally classified by Gene Ontology (GO), using the Web Gene Ontology Annotation Plot
(WEGO) software package. The phyper function of the R software was used for enrichment analysis
with the threshold of FDR ≤0.001. Transcription factors (TFs) were predicted using HMMsearch
(http://hmmer.org, European Bioinformatics Institute, Cambridge, Cambs, England) [28].

2.10. Pathway Enrichment Analysis of DEG

Pathway enrichment analysis was based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/, Kyoto University Bioinformatics Center, Sakyo ku,
Kyoto, Japan) and performed as described previously [14]. Q value was used for determining
the threshold of significance in multiple tests. Pathways with a Q value of ≤0.05 were considered
significantly enriched for DEGs.

2.11. Validation of DEGs through qRT-PCR (Quantitative Real-Time PCR)

To validate the reliability of RNA-seq experiments, we randomly selected eight functional DEGs
from RNA-seq results. Total RNA was extracted using P. euphratica leaves from the same three samples.
Reverse transcription was performed using FastQuant RT Kit with DNase (TIANGEN BIOTECH Co.,
Ltd., Beijing, China) to synthesize the first-strand cDNA. qRT-PCR was performed in an optical 96-well
reaction plate using the ABI PRISM 7500 real-time PCR system (Applied Biosystems). SuperReal
PreMix Plus SYBR Green (TIANGEN BIOTECH Co., Ltd., Beijing, China) was used in the experiments.

https://github.com/BGI-flexlab/SOAPnuke
http://www.ccb.jhu.edu/software/hisat
http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml
http://hmmer.org
http://www.genome.jp/kegg/
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Each reaction contained 12.5 µL of SYBR Premix ExTaq, 0.5 µL of ROX Reference Dye, 2.0 µL of cDNA
samples, and 1.0 µL of gene-specific primers, with a final volume of 25 µL. The thermal cycle program
used was as follows: 95 ◦C for 10 s, 45 cycles at 95 ◦C for 5 s, and 60 ◦C for 40 s. Real-time PCR data
were analyzed using the 2−∆∆CT method [29].

2.12. Statistical Analysis

Statistical tests were performed with the SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA).
Duncan’ test was used to analyze the data unless otherwise indicated. The means were compared on
the basis of p < 0.05.

3. Results

3.1. Increased SA Content in P. euphratica under Salt Stress

To illustrate the relationship between endogenous SA and salt stress, we evaluated the SA content
by UPLC-MS/MS after short-term salt treatment. Given that ABA has been shown to be involved in the
adaptation to environmental stresses, it was used as a reference phytohormone in the measurement.
UPLC- MS/MS was used for the quantitative profiling of SA and ABA contents in P. euphratica leaves.
Figure 1 shows the SA and ABA content results of a typical MRM chromatogram of internal standard
solution and sample under control calculated by Analyst® 1.5 software (Agilent Technologies Inc., Santa
Clara, CA, USA). Their internal standard is shown in Figure S1. For the quantitative analysis of SA and
ABA, their contents under salt treatment at different time points were calculated by comparing with
their internal standards. Our results showed that the levels of SA and ABA increased significantly at 1
and 6 h after application of 300 mM NaCl, respectively. The SA and ABA contents were approximately
200 and 100 ng/g FW− at 1 h, respectively, and both reached a concentration of about 350 ng/g FW−a at
6 h. This result indicated that the content of SA and ABA increased significantly during the first 6 h of
salt treatment, but the rate of SA increased was lower than that of ABA.
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Figure 1. Content of endogenous plant hormones (ABA and SA) in P. euphratica leaf samples after
treated with 300 mM NaCl. Data represent the mean ± SD of three independent experiments. X axis
represents the treatment time of 300 mM NaCl. Y axis represents the content of endogenous plant
hormones. “FW” denotes fresh weight of plant sample. Asterisks indicate a significant hormonal
difference between control and salt-stressed plants (n = 3, ** p < 0.01,* p < 0.05, Duncan’ test).
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3.2. Morphological and Physiological Response of SA Treatment to Salt Tolerance of P. euphratica Seedlings

The general morphological traits of the plants at the end of the experiment are strongly dependent
on the treatment. To demonstrate the relationship between SA pretreatment and salt stress response
performance at the phenotypic and physiological level, we treated P. euphratica with SA concentration
gradients of 0, 0.4, 1, and 2 mM, followed by a 300 mM NaCl treatment. When treated with
300 mM NaCl for 3 days, the leaves of P. euphratica showed obvious curl and chlorosis (Figure 2b).
Most leaves of 0.4 mM SA-pretreated seedlings remained unfolded and green when treated with the
same concentration of NaCl (Figure 2c). However, when the SA concentration was increased to 1 mM,
the whole plant began to curl (Figure 2d). P. euphratica was treated continuously with 300 mM NaCl.
After 7 days of 300 mM NaCl treatment, the leaves of P. euphratica seedlings without SA treatment
withered (Figure 2e). Based on the phenotype, the 0.4 mM SA significantly alleviated the negative effect
of salt stress (Figure 2f). Although the leaves became curly, they still remained green. The seedlings
pretreated with 0.4 mM SA also displayed better performance than the seedlings treated with higher
concentrations (1 mM and 2 mM) of SA (Figure 2g–h), indicating that moderate SA treatment on the
phenotype could alleviate the damage caused by salt stress to P. euphratica.
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Figure 2. Phenotypes of P. euphratica seedlings treated with SA and salt stress. (a) Seedling grown
under normal condition. (b) Seedling only treated with 300 mM NaCl for 3 d. (c) Seedling treated with
0.4 mM SA (3 d) + 300 mM NaCl (3 d). (d) Seedling treated with 1 mM SA (3 d) + 300 mM NaCl (3
d). (e) Seedling only treated with 300 mM NaCl for 7 d. (f) Seedling treated with 0.4 mM SA (3 d) +

300 mM NaCl (7 d). (g) Seedling treated with 1 mM SA (3 d) + 300 mM NaCl (7 d). (h) Seedling treated
with 2 mM SA (3 d) + 300 mM NaCl (7 d).

We further measured physiological indices of P. euphratica seedlings before and after salt treatment
with or without SA pre-application. Overall, 0.4 mM SA-pretreated seedlings exhibited less chlorosis
and relatively increased total FW after 3 days of salt stress treatment compared to the salt only treated
group. The total FW in the 0.4 mM SA + salt treatment group for 3 days was very close to the untreated
control, and it was 48.3%, 28.3%, and 30.8% higher than those in the salt treatment—1 mM SA + salt
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pretreatment, and 2 mM SA + salt pretreatment groups, respectively (Figure 3a). The chlorophyll
content in the 0.4 mM SA + salt treatment group was 29.9%, 28.3%, and 30.8% higher than those in the
salt treatment, 1 mM SA + salt pretreatment, and 2 mM SA + salt pretreatment groups, respectively
(Figure 3b). The phenotypic results were confirmed by MDA content measurement. As shown in
Figure 3c, the MDA content was reduced significantly in 0.4 mM SA-treated samples compared with
salt-treated and 1 or 2 mM SA-pretreated samples. Furthermore, a significant accumulation of MDA
(over three times higher) was observed in the 2 mM pretreatment + 300 mM NaCl treatment samples
compared with direct salt treatment, indicating that when the concentration of SA exceeded a certain
range, it would cause damage to the plants. The results showed that salinity caused membrane
damage to P. euphratica seedlings. The oxidative damage of plasma membrane was alleviated with
the addition of 0.4 mM exogenous SA, but not with 1 or 2 mM SA. Therefore, the application of
appropriate concentrations of exogenous SA could ameliorate membrane deterioration under salt
stress and facilitate the maintenance of membrane functions in P. euphratica.
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3.3. Antioxidant Enzyme and Ion Contents of P. euphratica under Salt Stress and SA Treatments 

Figure 3. Effects of SA on the chlorophyll, fresh weight, MDA, SOD, and POD in P. euphratica grown
under salt stress. (a) Chlorophyll content indicated by chlorophyll meter SPAD-502. (b) Fresh weight.
(c) Effects of application different concentrations of SA on the malondialdehyde (MDA) content of
P. euphratica grown under salt stress. (d) SOD (black) and POD (oblique line): activities of P. euphratica
grown under salt stress with or without different concentrations of SA pretreatment. (e) Na+ (black)
and K+ (oblique line): contents of leaves with different treatment. (f) K+/Na+ ratio with different
treatment. ST means salt treated, 0.4 mM SA+ST, 1.0 mM SA+ST and 2.0 mM SA+ST indicate different
concentrations of SA solution plus with subsequent 300 mM salt treatment, respectively. CK refers to
P. euphratica grown under natural conditions without any treatments. ST means P. euphratica treated
only with 300 mM NaCl. n mM SA+ST stands for P. euphratica which was pretreated with n mM SA and
then treated with 300 mM NaCl (n = 0.4, 1, 2). To determine significant differences between treatments,
Duncan’s Test was applied. Data indicate mean ± SE (n = 3). The different letters present on the column
indicate significant differences at p < 0.05.
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3.3. Antioxidant Enzyme and Ion Contents of P. euphratica under Salt Stress and SA Treatments

POD and SOD are crucial antioxidants that can scavenge reactive oxygen species (ROS). Thus,
we detected the activities of these two enzymes in P. euphratica seedlings before and after salt treatment
with or without SA pre-application. The results indicated that the activity levels of POD and SOD were
dramatically elevated in seedlings suffering salt stress in comparison to those growing under normal
growth conditions (Figure 3d). The SOD and POD activities in P. euphratica were also significantly
affected by SA pretreatment. SOD was increased more than threefold under the SA-pretreated
compared with the only salt-treated conditions, but the difference between the 0.4 mM SA + salt
treatment and the 1 or 2 mM SA + salt treatment groups was not significant (Figure 3d). In addition,
POD was increased by 92.1% (p < 0.05) and 48.6% under 0.4 or 1 mM SA + NaCl conditions, respectively,
compared with the only salt treated plants. However, when pretreated with 2 mM SA, the POD activity
of seedlings decreased to a level similar to that of seedlings treated only with salt (Figure 3d). The SOD
and POD activities of plants treated with 0.4 mM SA were both enhanced to a high level compared
with those of non-SA-treated plants under salt stress.

After 3 days of salt treatment, K+ content in leaves of P. euphratica seedlings was significantly
lower, while Na+ content was significantly higher than that of the control (Figure 3e). When pretreated
with 0.4 and 1 mM SA, K+ content increased significantly compared with only salt treated seedlings,
but it was still lower than that of control plants (Figure 3e). As for 2 mM SA pretreated seedlings, K+

content decreased to the lowest level while the Na+ content reached the highest level. The lowest Na+

content and the highest K+/ Na+ were shown in 0.4 mM SA pretreated group (Figure 3 e–f). The results
showed that moderate concentration of SA pretreatment play an important role in the balance of K+

and Na+ in P. euphratica.

3.4. Analysis and Mapping to Transcriptome Sequencing

Leaves from non-SA-pretreated salt control and 0.4 mM SA-pretreated plants were sampled.
Their cDNAs were prepared and sequenced independently for three replicates. The cDNA libraries
were sequenced using Illumina HiSeq 2000™. Raw data were deposited in the National Center
for Biotechnology Information (NCBI) database under the accession number PRJNA503730. After
trimming of the sequencing reads containing low-quality, adaptor-polluted and ambiguous reads,
13.70 Gb clean bases from all samples remained for transcriptome assembly. To elucidate the potential
molecular events of the DEG profiles, all clean reads were aligned with the reference P. euphratica
genome database (GCF_000495115.1_PopEup_1.0). All groups were able to map more than 90%
sequences to the genome, and more than 70% of the distinct tags were uniquely mapped to the reference
sequence. The length distribution of all transcripts is shown in Figure S2. The correlation of the
three replicates of the gene expression in the control and SA-pretreated samples was higher than 0.99,
indicating that the sequencing results were well reproducible (Figure S3).

3.5. Functional Analysis of DEGs

To investigate changes in transcription levels caused by SA pretreatment, we analyzed DEGs
between SA-pretreated and untreated samples. According to the FPKM value of unigenes, we detected
5537 upregulated and 2231 downregulated unigenes (Table S1), as well as 552 unannotated novel DEGs
between the only salt-treated and SA-pretreated groups (Table S2). The differential genes between the
SA-pretreated and untreated groups were functionally classified by Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.

We used hypergeometric testing to determine the results of up- and downregulation of significantly
enriched GO categories compared with the genomic background (p ≤ 0.05, after Bonferroni correction)
by three ontology categories, including molecular function, cellular components, and biological
processes (Figure 4). The top five GO terms for biological processes were “cellular process,” “metabolic
process,” “regulation of biological process,” “response to stimulus process,” and “biological regulation”
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after SA and salt treatment. Most of the cellular components and molecular functions were mapped to
the “catalytic activity,” “binding,” “cell,” and “cell part.” To understand the functional classification of
DEGs, GO class enrichment analysis was performed using FDR with an adjusted p value ≤ 0.05 as cutoff

value. Among the enriched GO terms, “catalytic activity” and “protein kinase activity” have a high
number of upregulated DEGs and may play a very important role in regulating signal transduction
(Figure 5b). SA pretreatment to alleviate salt stress may be significantly upregulated by the expression
of some protein kinase genes, which enhance the ability to catalyze protein phosphorylation, resulting
in changes in ion channel proteins and channel gates.
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Figure 4. Gene Ontology classification of upregulated and downregulated differential genes. The X
axis represents different GO terms. The left Y axis represents the percentage of genes and the right Y
axis represents the number of genes. The upper number in the right Y-axis refers to Down-regulation,
and the number below represents Up-regulation. Red columns refer to down-regulated genes, green
columns refer to up-regulated genes.
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Figure 5. Upregulation and downregulation of GO enrichment and KEGG analysis of differential genes.
(a) KEGG classification of upregulated and downregulated DEGs. The left side is the upregulated
KEGG analysis, and the right side is the downregulated KEGG analysis. (b) Upregulation and
downregulation of GO enrichment analysis of differential genes. (c) Upregulation and downregulation
of KEGG enrichment of differential genes. The blue columns are expressed as −log10 (Q value), and the
orange line graph represents the number of candidate genes. The gene numbers were indicated after
the columns.

Furthermore, according to the KEGG pathway database, the upregulated and downregulated
DEGs were separately classified. A total of 269 upregulated and 119 downregulated DEGs were
involved in the “environmental adaptation” approach with 339 upregulated and 129 downregulated
DEGs involved in the “signal transduction” pathway, which indicated that many SA-induced genes
are involved in signal transduction and environmental stress response in P. euphratica (Figure 5a).
When FDR ≤ 0.01, the KEGG term was regarded as significantly enriched. As a result, the upregulated
DEGs produced by SA pretreatment were mainly enriched in “starch and sucrose metabolism,”
“mitogen-activated protein kinase (MAPK) signaling pathway-plant,” and “plant hormone signal
transduction,” indicating that genes related to MAPK signaling and phytohormone signal transduction
pathway were significantly upregulated after SA pretreatment. Application of SA may enhance the salt
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tolerance of plants by regulating the MAPK signaling pathway and plant hormone signaling pathways
(Figure 5c).

3.6. Expression of TF Regulates SA to Confer Salt Tolerance

The TF is a trans-acting factor that interacts with cis-factors to enhance or inhibit gene expression
and regulates plant growth and development and response to the external environment. Family
prediction and classification of TFs revealed that MYB, AP2-EREBP, bHLH, NAC, and WRKY were the
top five TF families, accounting for 50% of the total TFs that were differentially expressed between
control and SA-pretreated samples (Figure 6). This result indicated that MYB, AP2-EREBP, bHLH,
NAC, and WRKY TFs play a leading role in the alleviation of salt stress in P. euphratica by SA. Based on
the results of GO and KEGG analysis combined with the analysis of TFs, DEGs under SA treatment
were mainly located in pathways related to signal transduction. A heat map analysis was performed
on the top 4 TFs, protein kinases, PODs, and ion transport-related genes (Figure 7).
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Figure 6. Family of transcription factors differentially expressed between control and SA pretreated
salt stressed samples. The X axis represents a different family of transcription factors, and the Y axis
represents the number of transcription factors contained in each transcription factor family. The number
above the column indicates the number of transcription factors.
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Figure 7. Expression profiles of differentially expressed genes regulated SA to alleviate salt tolerance.
Data represent the mean ± SD (Standard Deviation) of three independent experiments. The heat map
of each related protein and transcription factor family is represented by the log2 (FPKM + 1) of Control
check and SA. Here, the FPKM means fragments per kilobase of transcript per million mapped reads.
The range of all values varies from 0 to 8.5. The greener is closer to the minimum value, and the red is
closer to the maximum value. The gene ID is on the left side.
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3.7. Confirmation of Differentially Expressed Candidate Genes by qRT-PCR Analysis

To confirm the reliability of the transcriptomic data, we examined the expression level of eight
unigenes by qPCR using the primers listed in Table S3. The qPCR results of the eight unigenes in
the 0.4 mM SA pretreatment group were mostly consistent with the RNA-seq data, confirming the
reliability of our transcriptome data (Figure 8).
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Figure 8. Comparison of expression patterns of 8 candidate genes between RNA-seq (white) and
qRT-PCR (oblique line) for selected transcripts. Data represent the mean ± SD of three independent
experiments. X axis is the selected gene ID, and Y axis is the log2 Ratio.

4. Discussion

SA stimulates a wide range of metabolic and physiological response in plants. These responses
improve plant growth, transpiration rates, stomatal regulation, and photosynthesis [1]. Recently, an
increasing number of researchers have studied the abiotic resistance mechanism of SA in different crops
and flowers and found that SA enhances the salt tolerance of tomato and Dianthus superbus mainly by
enhancing photosynthesis and alleviating membrane damage [1]. P. euphratica is a model tree widely
used to study abiotic stress response mechanisms. However, the influence of SA on salt stress of trees is
rarely studied, and the precise function mediated by SA in poplar remains to be elucidated. Therefore,
P. euphratica should be used as a material to study the response mechanism of SA involved in abiotic
stress. According to a previous study, SA applied beyond a certain range may be detrimental [30]. Thus,
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the exogenous SA concentrations and the mode of application must be determined as a prerequisite.
Here, we evaluated the effects of SA on improving the salt tolerance of P. euphratica under laboratory
conditions and further performed transcriptomic analysis at this concentration to gain new insights
into the effects of SA in relation to salt resistance endpoints. The results suggested that 0.4 mM SA may
be considered as a potential growth regulator to improve salinity stress resistance of poplar, because the
application of exogenous SA before salt treatment reduced the adverse effects of salinity and increased
the salt resistance of P. euphratica.

Important developmental plant processes, such as photosynthesis, protein synthesis,
and carbohydrate, and lipid metabolism, are negatively affected when subjected to salt stress [31].
To deal with salt-induced ionic toxicity, osmotic stress, and secondary oxidative stress, salt-tolerant
plant species often develop a variety of strategies to adapt to saline environments, such as detoxifying
ROS and regulating ionic homeostasis [32]. ROS is the product of aerobic metabolism. It is a class of
important signaling molecules in organism, including superoxide anion Radical O2·, hydroxyl (-OH),
and hydrogen peroxide (H2O2). Plants may accumulate ROS in the metabolic process during drought
and salinity stress conditions [33]. Too much accumulated ROS in plant cells have a widespread toxic
effect, causing peroxidation of lipids, and damaging DNA and proteins, eventually leading to cell
death [34]. Recent studies have found that salt stress may increase the concentration of H2O2 and O2·

in cells, leading to decreased growth of chlorophyll, protein degeneration, cellular dysfunction, or
even death [35,36]. Salt stress also leads to a decrease in the ratio of ascorbic acid/dehydroascorbic
acid (ASA/DHA) and a reducing of glutathione/oxidized glutathione (GSH/GSSG), which causes
redox imbalance [37]. ASA has antioxidant activity and could act as a free radical scavenger to
remove ROS [38]. When ASA is oxidized, it is converted into an unstable monodehydroascorbic acid
(MDA) and loses its function. MDA can reform ASA after the catalysis of MDA reductase or through
recycling from DHA by DHA reductase with glutathione. This pathway of controlling hydrogen
peroxide and recycling ASA is known as the Foyer–Halliwell–Asada cycle [39]. In the chloroplast,
the Foyer–Halliwell–Asada cycle is directly related to the SOD catalytic reaction that converts O2· to
oxygen and H2O2 to form a water–water cycle [40]. Low concentrations of SA may improve plants’
ability to resist dehydration by promoting the activity of antioxidant enzymes, including POD, SOD,
and catalase [41,42]. SOD can catalyze the conversion of O2· to H2O2, and POD can convert H2O2

to H2O [43]. Ascorbate peroxidase (APX) is a key enzyme in the ascorbate–glutathione cycle, which
uses ASA to reduce H2O2 to H2O. According to our biochemical analysis results, the activity of these
enzymes was correspondingly and significantly increased in the cells of P. euphratica after SA induction.
Furthermore, our sequencing data indicated that two candidate genes encoding SOD, fifteen genes
encoding POD and one gene encoding APX were obviously upregulated after the application of SA
(Table S4). Considering that SOD, POD, and APX could function in the scavenging of ROS to improve
salt tolerance [44], we speculated that moderate SA could mitigate the salt damage to cells by activating
SOD, POD, and APX.

The compartmentalization of Na+ in vacuoles is another important strategy employed by plants
to increase salt resistance. However, there are some contrary results in terms of SA involvement in
ionic homeostasis under salinity environment. Exogenous SA minimizes Na+ uptake while increasing
tissue concentrations of K+ in maize under salinity stress [45]. The application of SA to tomato plants
inhibited K+ uptake and increased Na+ uptake [46]. The concentration of Na+ and Cl− in salt-treated
spinach was not affected by SA, which seemed to be a neutral result [47]. Thus, it is not easy to draw
a conclusion on the role of SA in the maintenance of ionic homeostasis under salinity stress. Here,
the regulatory role of SA in the induction of genes regarding membrane transporters controlling K+

homeostasis, Na+ uptake, and Na+ redistribution during salt stress was analyzed. According to our
data, SA-treated P. euphratica showed obvious alterations in the transcription of K+ channel and K+

transporter protein genes. Four K+ transporter genes encoding K+ transporter 2/10/11/13 and two K+

channel genes encoding AKT1 homologous genes accumulated after SA administration (Table S5).
Further investigation on gene expression related to sodium transport revealed that the HKT1 gene
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significantly accumulated their transcripts in SA-pretreated P. euphratica compared with the only
salt treated control (Table S5). The HKT gene family is a type of Na+ or K+ transporter or Na+–K+

co-transporter associated with salt tolerance stress in plants and plays a decisive role in regulating
intracellular Na+/K+ homeostasis [48]. Among them, HKT1 is a high-affinity K+ transporter encoded in
roots and leaves mainly by controlling Na+ input in roots [49]. Garriga et al. [50] conducted a functional
study of AtHKT1 in the model plant Arabidopsis thaliana L. Heynh and found that AtHKT1, which
mediates Na+ transport, increases plant tolerance to salt. The Na+ efflux was dependent on Na+/H+

exchanger/antiporter localized to the plasma membrane. The Na+/H+ exchanger was highly induced in
the SA-pretreated group, which indicated that SA pretreatment might help to extrude Na+ of cytoplasm
by a plasma membrane-localized Na+/H+ exchanger. In addition to the Na+ efflux, the redistribution
of Na+ also plays an important role, mainly relying on the tonoplast-localized Na+/H+ exchanger, such
as NHX1. The tonoplast-localized Na+/H+ exchanger could absorb Na+ into the vacuole to regulate
intracellular pH and maintain Na+ levels in the cytoplasm [51,52]. Generally, we proposed that SA
pretreatment triggered or enhanced the salt response, presumably by regulating the genes related to
ionic homeostasis in P. euphratica by a working model indicated by Figure 9. The exogenous SA was
supposed to convert into endogenous SA at first. When the subsequent salt treatment conducted,
the ion transporting system might be evoked, resulting in an improved performance during salt stress.
We could conclude that SA participates in ionic homeostasis in salt stress resistance in P. euphratica at a
specific dose, for example, 0.4 mM for P. euphratica.
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Figure 9. A proposed working model for sodium and potassium transporting in P. euphratica leaves in
relation to SA treatment and subsequent salt treatment. The model is based on the cation accumulation
result and RNA-seq result. The exogenous SA that sprayed initially was supposed to convert into
endogenous SA. When the subsequent salt treatment conducted, the ion transporting system might be
evoked as described.



Forests 2019, 10, 423 16 of 21

Identifying the possible candidate genes and the signaling pathways related to abiotic stress
resistance is an essential step toward understanding the abiotic stress resistance characteristics of
various plants [46,53]. Here, DEG mining and pathway enrichment analysis based on RNA-seq data
revealed certain genes were involved in SA-induced salt stress response of P. euphratica. Among the
functional genes, TFs play an important role in growth, development, defense, and stress response
of plants [54]. Stress-inducible TFs such as MYB, DREB, and WRKY can bind to elements in the
promoter region of functional genes, such as rd22, rd29A, and cor15A [55,56]. These TF-regulating
responsive genes are important for improving plant defense in salinity, drought, and other stresses in
Arabidopsis [57].

In our study, the transcripts of NAC, ERF, MYB, bHLH, and WRKY accumulated in the 0.4 mM SA
pretreatment group (Table S6). The NAC family genes are involved in response to salinity and drought
stresses [58]. For example, SlNAC1 and SlNAM1 can be induced by salinity [59]. The overexpression of
three NAC genes (NAC019, NAC055, NAC072) significantly enhances the tolerance of Arabidopsis to
drought [60]. According to our RNA-seq data, 19 members in the NAC gene family were upregulated,
which illustrates that the NAC gene family is involved in SA-mediated salt response signal and may
be one of the important mechanisms of SA-induced plant resistance to abiotic stress in P. euphratica.
AP2-EREBP is a super gene family, including five branches of AP2, EREBP, DREB, ERF, and others.
The ERF gene family was highly activated in the SA pretreatment group. ERF3, which is associated with
abiotic stresses such as high salinity, drought, and defense against pathogen infection, was significantly
upregulated. Studies have shown that GmERF3 is involved in the signaling pathways of SA [61].
We speculated that ERFs are also involved in the process of SA signal transduction for salt defense
in P. euphratica. The MYB gene family is another important TF family in abiotic stress defense.
The accumulation of flavonoid compounds is an important characteristic for plants to confront abiotic
stress. The MYB is widely involved in the regulation of flavonoid metabolic pathways. MYB4 belongs
to the R2R3-MYB subclass and is one of the key TFs regulating abiotic stress response. Pasquali et al. [62]
transformed Osmyb4 into apple plants, improving the physiological and biochemical adaptability of
plants in drought and low-temperature stress. Overexpression of Arabidopsis MYB44 can reduce the
expression level of ABA signaling negative regulator phosphatase 2C (PP2C), thereby enhancing the
salt tolerance of plants [63]. The bHLH and WRKY gene families are both closely related to plant
resistance to salt stress [61]. Considering that the genes in these families were significantly upregulated
in the SA pretreatment group, we concluded that SA mediates salt stress defense by regulating specific
TF gene families, such as NAC, MYB, ERF, WRKY, and bHLH.

A large number of genes encoding MAPK pathway components were identified in the way of
MAPK cascades [64]. The basic MAPK cascade consists of MAPK, MAPK kinase (MAPKK), with
the latter activating the former, and MAPK kinase kinase (MAPKKK) that activates MAPKK. This
signaling pathway participates in the defense against stresses by transmitting stress signaling and
activating the expression of resistance genes [65]. A previous study found that the MAPK cascade is
involved in the SA signaling pathway of pathogen resistance, especially in defense responses against
bacteria and oomycetes. The MAPK signaling cascade pathway also plays an essential role in abiotic
stress response of various plants [59,66]. In Arabidopsis, studies have elucidated the function of MAPK
signaling components in abiotic stress response. Both AtMPK4 and AtMPK6 are activated by cold, salt,
and drought stresses, and MPKK1–MPKK2–MPK4/MPK6 is activated by cold and salt stresses [67,68].
MAPK9 is specifically expressed in the stomatal pores of Arabidopsis, and its transcriptional expression
is upregulated under salt stress and is involved in a series of signal transductions, which significantly
increases its salt tolerance [69]. The overexpression of NPK1 can enhance the tolerance of tobacco to
drought and salt by activating oxidative stress signaling [70]. MPK4 in the Nicotiana species is involved
in responses to ozone treatment through the regulation of stomatal movement [71]. SA rapidly
induces the tobacco SIPK, which has high homology with MAPK family genes and contains the
characteristic region of MAPK [72]. A recent study suggested that the constitutive expression of
MAPK3 would induce strong accumulation of SA in Arabidopsis [73], which indicates the relationship of
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MAPK3 in participating in SA signaling. Ten putative poplar MAPKK genes (PtMKKs) and 21 putative
poplar MAPK genes (PtMPKs) have been identified in the P. trichocarpa genome [74]. MPK4-silenced
poplar exhibits high foliar content of free SA and elevated cellular ROS level and antioxidant enzyme
activities [75], indicating the function of MAPK genes in cellular ROS/SA homeostasis and water
management in woody plant species. However, in contrast to Arabidopsis and Nicotiana, few MAPKs
have been functionally characterized, and their role in trees in the regulation of abiotic stresses and
the SA pathway remains to be fully elucidated [75]. Our RNA-seq data indicated that many MAPK
cascade candidate genes in P. euphratica were upregulated under SA treatment (Table S7). The results
indicated that the SA signaling system interacted with the MAPK cascade pathway in P. euphratica.
We therefore speculated that SA could trigger the MAPK cascade in response to abiotic stresses in trees.

CDPK is a kind of calcium sensor protein that plays an important role in intracellular Ca2+ signal
transduction [76]. The CDPK mRNA often accumulates under various abiotic stresses including
drought, salt, and cold and further causes the expression of related genes in plant cells that respond to
these abiotic stresses [76,77]. A variety of plant hormones, such as gibberellin, ABA, cytokinin, indole
acetic acid, and ethylene, can enhance the activation of CDPK [78]. SA can induce the expression of
CDPK genes in a similar manner to mechanical wounding induction in tomato [79]. However, whether
SA can enhance plant resistance to salt stress by inducing the differential expression of CDPK genes
remains to be elucidated. According to our RNA-seq data, six candidate CDPK genes were upregulated
after the application of 0.4 mM SA and salt treatment compared with the non-SA-treated control (Table
S8). These genes may participate in processes of salt stress resistance. Thus, we conclude that CDPK
genes are involved in a SA-mediated response to abiotic stress in P. euphratica.

5. Conclusions

We have initially provided an answer as to whether and how SA improves salt resistance in
P. euphratica. SA minimized the deleterious effect of salt on the adaptation of P. euphratica, which
was attributed to the improved growth, higher activity of the antioxidant enzymes and better
potassium-sodium balance. Gene mining uncovered the genomic differentially expressed unigenes
caused by SA pretreatment that contribute to salt stress adaptation. SA induced the expression
level of antioxidant enzymes encoding genes, MAPK, CDPK, and ionic homeostasis genes, allowing
P. euphratica to tolerate salt stress. This study is the first to provide insight into the SA function in
response of P. euphratica to abiotic stress. A genome-level SA-induced gene expression for P. euphratica
would be an important prerequisite for a deeper understanding of SA function in salt stress adaptation
in P. euphratica. Furthermore, the specific target genes and their mediated signaling pathways may be
involved in the mechanism by which SA mediates salt stress response in P. euphratica. Further research
of these genes may unravel the mechanism of salt stress adaptation via SA pathways in trees.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/5/423/s1,
Figure S1: Typical MRM chromatogram of internal standards solution of D4-SA and D6-ABA and sample of ABA
and SA. The retention times of D4-SA, SA, D6-ABA, ABA were 5.02, 4.99, 5.84, and 5.85 minutes, respectively.
Figure S2: The length distribution of transcripts. Figure S3: Correlation analysis of transcriptome data between
different treatments. Table S1: The list of up and down regulated DEGs. Table S2: The length distribution of
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