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Abstract
Main Conclusion Ribosome activation and sugar metabolic process mainly act on the regulation of salt tolerance in
the bioenergy crop Helianthus tuberosus L. as dissected by integrated transcriptomic and proteomic analyses.

Helianthus tuberosus L. is an important halophyte plant that can survive in saline—alkali soil. It is vitally necessary to build
an available genomic resource to investigate the molecular mechanisms underlying salt tolerance in H. tuberosus. De novo
assembly and annotation of transcriptomes were built for H. tuberosus using a HiSeq 4000 platform. 293,823 transcripts
were identified and annotated into 190,567 unigenes. In addition, iTRAQ-labeled quantitative proteomics was carried out to
detect global protein profiling as a response to salt stress. Comparative omics analysis showed that 5432 genes and 43 proteins
were differentially expressed in H. tuberosus under salt stress, which were enriched in the following processes: carbohydrate
metabolism, ribosome activation and translation, oxidation—reduction and ion binding. The reprogramming of transcript and
protein works suggested that the induced activity of ribosome and sugar signaling may endue H. tuberosus with salt toler-
ance. With high-quality sequencing and annotation, the obtained transcriptomics and proteomics provide a robust genomic
resource for dissecting the regulatory molecular mechanism of H. tuberosus in response to salt stress.
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Abbreviations LEA Late embryogenesis abundant
DEPC Diethy pyrocarbonate RSEM RNA-seq by expectation maximization
DEGs Differentially expressed genes
FPKM Fragments per kilobase per transcript per mil-
lion mapped reads Introduction
MDHAR Monodehydroascorbate reductase
Soil salinization is one of the major abiotic stresses affect-
ing plant growth and menacing agricultural productivity,
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Originated in central-eastern North America where the wild
populations abound, H. tuberosus is a hexaploid plant with
102 chromosomes (2n = 66* = 102) (Rogers et al. 1982; Kays
and Nottingham 2008). Genome skimming provided genetic
evidence that H. tuberosus originated recursively from per-
ennial sunflowers via hybridization between tetraploid hairy
sunflower and diploid sawtooth sunflower (Bock et al. 2014).
The largest genome size of Helianthus plants can reach up to
3600 Mb, and newly formed plant polyploids may undergo
extensive genomic changes; therefore the size of H. tuberosus
genome is still unpredictable (Baack et al. 2005). Until now,
limited genomic resources are available for H. tuberosus. There
are only 40,362 ESTs, 1281 protein sequences deposited in the
NCBI genebank and one de novo transcriptome sequencing
work on H. tuberosus. However, only 272,548 transcripts were
assembled due to low read length and the inherent limitations
of the sequencing platform used (Jung et al. 2014). It is clearly
insufficient to establish the genetic and molecular knowledge
of H. tuberosus based on the formidable genome, especially
the molecular mechanism of it high adversity resistance.

Several investigations have been conducted to characterize
the physiological responses of H. tuberosus to salt stress. It
has been shown that resistance to salt stress in H. tubero-
sus can be achieved by osmotic adjustment, selective ion
absorption and activation of the antioxidant system (Chen
etal. 2011; Huang et al. 2012, 2013). However, a mechanistic
understanding of the molecular regulation networks to salt
stress is still lacking, given the scare availability of genetic
information of H. tuberosus. In addition, all previous studies
have focused on the analysis of leaves in salt tolerance of
H. tuberosus and the contribution of roots has been largely
ignored (Long et al. 2010a, b; Huang et al. 2013). The abil-
ity of the underground system of H. tuberosus to withstand
a high level of salt and to support plant growth is mostly due
to the characteristic fibrous thin cord-like rhizomes, which
acquire plenty of storage energy from tubers (Ma et al. 2011).

To shed light on the molecular mechanisms underlying salt
tolerance in H. tuberosus, we used root tissues to assemble and
annotate a reference transcriptome with a high-performance
HiSeq 4000 platform to identify the global gene expression
changes. Further investigation was carried out by iTRAQ-
labeled proteome to detect differentially expressed proteins
under salt stress. This study would provide rich information to
explore the molecular toolbox and define the primary regula-
tory mechanisms of H. tuberosus in response to salt stress.

Materials and methods
Plant growth, salt treatment and tissue collection

Tubers of H. tuberosus were collected from a saline—alkali
soil area located in Zhaodong, Heilongjiang Province,
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China. After washing with distilled water, the tubers were
planted in plastic pots filled with aseptic vermiculite and fer-
tile black soil (2:1, v/v). Plants were grown in a greenhouse
at 25/20 °C (day/night) with a 8 h light/16 h dark photoper-
iod, photosynthetically active radiation 150 mol m=2s~! and
50-70% relative humidity and were irrigated daily by half-
strength Hoagland’s solution (pH 6.21 + 0.10) with or with-
out 50, 150 or 250 mM NacCl. Root tissues from the control
and salt-treated samples were collected at 15 days after sow-
ing when the seedling reached approximately 10 cm height.
The root tissues were washed with distilled water, followed
by surface drying with filter paper. Harvested tissues were
either frozen in liquid nitrogen and stored at — 80 °C until
further analysis or used immediately.

Na* and K* content analysis

The collected samples were oven dried at 80 °C to a constant
weight. The dry samples were homogenized by powdering
and 20 mg was extracted with 1 ml of 10% nitric acid for
24 h. The extract was used to determine the contents of Na*
and K* using a flame atomic absorption spectrometer (AAS)
(TAS-986, Beijing, China). Three replicates were performed
for each treatment. One-way ANOVA followed by Tukey
post hoc tests was used to test the differences among the
control and treated samples. The differences were consid-
ered significant when P < 0.05. The same criteria of statis-
tical analysis were applied for the following physiological
measurements.

Measurement of H,0, and malondialdehyde (MDA)
accumulation

The H,0, concentration in root was determined according
to the KI reaction method (Ibrahim and Jaafar 2012). Fresh
samples (0.1 g) were homogenized with 5 ml of 0.1% (W/v)
trichloroacetic acid and centrifuged at 12,000g for 15 min.
The reaction mixture consisted of 1 ml of 10 mM potas-
sium phosphate buffers (pH 7.0), 2 ml of 1 M KI and 1 ml
of the extracted supernatant. The absorbance at 390 nm was
recorded. Five biological replicates of each treatment were
used. One-way ANOVA was used to test the differences
between the control and each treatment, followed by Tukey
post hoc test. The differences were considered significant
when P < 0.05.

To quantify MDA, fresh samples (0.1 g) were homog-
enized with 5 ml 0.1% (w/v) trichloroacetic acid and centri-
fuged at 3000g for 10 min. The mixture was incubated with
0.5 ml supernatant and 1.5 ml 0.67% thiobarbituric acid at
100 °C for 30 min and centrifuged at 3000g for 10 min.
The absorbance of the supernatant at 450, 532 and 600 nm
was recorded. The formula C (pM) = 6.45 (OD53,—ODg)
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spectrop450 was used to calculate the MDA concentration
(Draper and Hadley 1990). Five biological replicates of each
treatment were used.

Transcriptomic analysis
RNA sample preparation, quantification and qualification

Total RNA extraction was performed from three biological
replicates of H. tuberosus root tissues using Trizol (Invitrogen,
Carlsbad, CA, USA) method, as described by the manufac-
turer with an additional chloroform extraction step. The RNA
samples were solubilized in 50 pl of diethyl pyrocarbonate
(DEPC)-treated H,0, and a 2 pl aliquot was used for RNA
quantification. The integrity and purity of the obtained RNA
samples were first monitored by running agarose gel electro-
phoresis and NanoPhotometer® spectrophotometer (Implen,
Westlake Village, CA, USA), and then assessed using the RNA
Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA). Quantification
was carried out using a Qubit® RNA Assay Kit with a Qubit®
2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA).

cDNA library preparation and lllumina HiSeq sequencing

A total amount of 1.5 pg RNA per sample was used for
sequencing library preparations with the NEBNext® Ultra™
RNA Library Prep Kit for Ilumina® (NEB, Ipswich, MA,
USA) following the manufacturer’s recommendations, and
index codes were added to attribute sequences to each sam-
ple (Kumar et al. 2012). The PCR products were purified
(AMPure XP system) and library quality was assessed on the
Agilent Bioanalyzer 2100 system (Agilent Technologies).
The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using the TruSeq
PE Cluster Kit v3-cBot-HS following the manufacturer’s
instructions. Finally, samples were sequenced on a single
lane of an Illumina HiSeq 4000 platform and 150 bp paired-
end reads were generated.

Preprocessing of lllumina reads

Raw reads of FASTQ format were firstly processed through
in-house Perl scripts to get high-quality clean reads. Reads
containing adapter, ploy-N and reads of low quality (the per-
cent of bases with Phred quality score < 20 more than 50%
of the reads) were removed. Next, Q20, Q30, GC-content
and sequence duplication level of the obtained clean reads
were calculated. All the downstream analysis was based on
clean reads with high quality.

De novo transcriptome assembly

The Trinity software package (version 2.1.0) was used
for de novo assembly of high-quality reads according to
the previously described method (Grabherr et al. 2011).
The left files (readl files) from all libraries were pooled
into one big left. fq file, and right files (read?2 files) into
one big right.fq file. The left.fq and right.fq were used for
transcriptome assembly with the default settings for all
parameters except min_kmer_cov, which was set to be 2.

Gene functional annotation

Assembled transcripts were BLAST searched against the
NCBI non-redundant protein sequences database (Nr) and
nucleotide sequences (Nt) using BLASTX with an e-value
threshold of 1e—5. The unigenes were also annotated using
HMMER 3.0 package in Protein Family (Pfam) with
hmmscan e value of 0.01. Based on the annotation output
from blast Nr and Pfam, Gene Ontology (GO) analysis
was performed by Blast2GO v2.5 (Gotz et al. 2008), and
the e-value filter for GO annotation was 1e—6. In addition,
gene functional annotation was conducted in the follow-
ing databases: the manually annotated and curated pro-
tein sequence database (Swiss-Prot), Eukaryotic Ortholog
Groups (KOG) and Clusters of Orthologous Groups of pro-
teins (COG), Kyoto Encyclopedia of Genes and Genomes
(KEGG) with an e-value threshold of 1e—10.

Quantification of gene expression levels and differential
expression analysis

To estimate the expression abundance of transcripts, RNA-
seq by expectation maximization (RSEM) was used for
FPKM (fragments per kilobase per transcript per million
mapped reads) level measurement on each sample sep-
arately based on the mapping of RNA-seq reads to the
assembled transcriptome (Trapnell et al. 2010; Li and
Dewey 2011). Clean reads from different samples were
mapped back individually onto the final transcriptome
using the default RSEM parameters, and read count for
each gene was obtained from the mapping results.
Differential expression analysis between control and
salt-treated H. tuberosus plants was carried out using the
DESeq R package (1.10.1) (Anders and Huber 2010).
DESeq provide statistical routines for determining differ-
ential expression in digital gene expression data using a
model based on the negative binomial distribution. The
resulting P values were adjusted using the Benjamini and
Hochberg’s approach for controlling the false discovery
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rate. Genes with an adjusted P value < 0.05 were consid-
ered as differentially expressed.

GO term and KEGG pathway enrichment analysis

GO enrichment analysis of the differentially expressed genes
(DEGs) was implemented by the GOseq R packages based
Wallenius non-central hyper-geometric distribution (Young
et al. 2010), which can adjust for gene length bias in DEGs.
TopGO was used to identify enriched GO terms. KOBAS
(Mao et al. 2005) software was used to test the statisti-
cal enrichment of differential expression genes in KEGG
pathways.

RT-PCR analysis

To validate the transcriptomic data, 11 DEGs were chosen
for RT-PCR analysis. Total RNA was extracted with Tri-
zol reagent (Invitrogen) from root tissues of control and
150 mM NaCl-treated H. tuberosus. RNA samples treated
with RNase-free DNase I (TaKaRa, Tokyo, Japan) to remove
genomic DNA. 10 ug of RNA was used for reverse tran-
scription with PrimeScript™ RT reagent Kit (Perfect Real
Time) (TaKaRa) according to the manufacturer’s instruc-
tions and the cDNAs were used for RT-PCR analysis with
specific primers. Quantitative RT-PCR was performed with
the Applied Biosystems 7500 real-time PCR system using
Power SYBR green chemistry (TaKaRa). Actin was quanti-
fied as an internal control and the 2744¢ method was used
to analyze the differential expression (Livak and Schmittgen
2001). The mean of three biological replicates, for which
three technical replicates were averaged, was presented.
Genes were considered to be differentially expressed if
(1) fold change > 1.5 or < 0.6 (2) P value from post hoc
ANOVA test < 0.05.

Proteomic analysis
Protein extraction

Approximately, 5 g of root samples was ground in liquid
nitrogen into a fine powder, which was then suspended in
25 ml of ice-cold acetone containing 10% trichloroacetic
acid and 65 mM DTT. After incubation at — 20 °C for 4 h,
the suspension was centrifuged at 6000 g for 45 min at 4 °C
to collect the pellets. The resulting pellet was washed twice
with cold acetone. After air drying, the pellet was dissolved
in 30 times the volume of (m/v) the lysis buffer (pH 7.6)
containing 4% SDS, 100 mM Tris—-HCI and 1 mM DTT.
The samples were sonicated and boiled at 100 °C for 30 min,
followed by centrifugation at 14,000g for 45 min at 25 °C.
The supernatant was collected as a protein extract. Protein
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assays were performed with EZQ Protein Quantitation Kit
(Invitrogen).

Protein digestion and iTRAQ labeling

100 pg protein from each sample was digested into pep-
tides with trypsin (Promega, Madison, WI, USA). Peptides
were subsequently cleaned up with C18 desalting columns
(The Nest Group Inc., Southborough, MA, USA) and then
lyophilized to dryness. iTRAQ labeling was performed
according to the manufacturer’s instructions for the iTRAQ
reagents 8-plex kit (AB Sciex Inc., Framingham, MA, USA).
The control biological replicate samples were labeled with
iTRAQ tags 117 and 118, and the salt-treated biological rep-
licate samples labeled with tags 119 and 121, respectively.

After labeling, the samples were combined together and
lyophilized. The peptide mixtures were dissolved in strong
cation exchange (SCX) solvent A (25% (v/v) acetonitrile,
10 mM ammonium formate and 0.1% (v/v) formic acid, pH
2.8. The peptides were fractionated on Ultremex SCX col-
umn (4.6 X 250 mm) using Shimadzu LC-20AB HPLC at a
flow rate of 0.2 ml min~!. The subsequent experiment was
performed as described in Pang et al. (2010). The eluted
peptides were pooled into 16 fractions for LC-MS/MS
analysis, desalted with a Strata XC18 column (Phenomenex,
Torrance, CA, USA) and vacuum dried.

LC-ESI-MS/MS analysis by Q Exactive

Each fraction was dissolved in Solvent A (5% ACN, 0.1%
formic acid) and centrifuged at 20,000g for 10 min. In each
fraction, the final concentration of peptide was approxi-
mately 0.5 pg pl~! on average. Then, 8 pl of supernatant
was loaded onto a Shimadzu LC-20 AD nanoHPLC by
the autosampler onto a C18 trap column, and the peptides
were eluted onto an analytical C18 column (inner diame-
ter 75 um) that was packed in-house. Peptides were eluted
using a gradient of 5-80% (v/v) acetonitrile in 0.1% formic
acid 65 min at a flow rate of 300 nl min~! combined with
a Q Exactive mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Briefly, the mass spectrometer was
operated in positive ion mode, and MS spectra were acquired
over a range of 350-2000 m/z. The resolving powers of the
MS scan and MS/MS scan were set as 70,000 and 17,500,
respectively. The top ten most intense signals in the acquired
MS spectra were selected for further MS/MS analysis, with
isolation width at 2 Da. Peptides were selected for MS/MS
using a high-energy collision dissociation operating mode
with a normalized collision energy setting of 28.0. The auto-
matic gain control (AGC) target values for both scans were
set to 3e°. The maximum injection times (IT) for the sur-
vey scan and HCD scan were 50 and 100 ms, respectively.
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Dynamic exclusion was set to 15 s and the underfill ratio
was defined as 1%.

Sequence database search and data analysis

The raw data were processed by Proteome Discoverer
2.1.1.21 (Thermo Fisher Scientific). The processing work-
flow used SEQUESTHT algorithm to search against the
Green plants non-redundant database (351,289 entries) with
the following parameters: 10 ppm for MS1 tolerance, 0.5 Da
for MS2 tolerance, trypsin for the enzyme and 2 as the maxi-
mum missed cleavage allowed. We also searched against
our unigene library built from de novo assembly sequenc-
ing transcriptomic. The consensus workflow set the false
discovery rates (FDR) at both peptide and protein levels to
be 1%. At least one unique peptide with 99% confidence
was used for protein identification. The redundant proteins
were automatically grouped into protein groups using the
SEQUESTHT.

The protein abundance for each iTRAQ quantification
channel was exported and further analysis was performed
using the R statistical software (version 3.2.3) as described
previously with modifications (Zhang et al. 2016). Briefly,
the abundance of each protein group was aggregated by
summing the abundance of the constituent proteins. Sub-
sequently, the data were normalized by the total abundance

Helianthus tuberosus L.

(mg/gDW)

Ion concentration

MDA concentration
(uM/g FW)

150 mM 250 mM

0 mM

50 mM

NaCl treatment

Fig.1 Effects of NaCl treatment on H. tuberosus growth. a Growth
phenotype of H. tuberosus under control and stress conditions. After
exposure for 15 days, b K* and ¢ Na* content, d H,0, and e MDA

of each quantification channel. The correlation of iTRAQ-
based protein quantification among replicates was performed
using Spearman’s non-parametric method. The proteins with
0.85 > fold change > 1.2 were defined as being significantly
differentially expressed. The Student’s 7 test was used to cal-
culate the P value at a significance level of 0.05. Protein
functional classification of all the differentially expressed
proteins identified by iTRAQ was performed by GO and
KEGG pathway analyses.

Results
Effects of salt stress on plant growth

Plant growth and development are strongly inhibited by salt
stress. For example, significant reduction in plant size and
remarkable chlorosis have been observed in the model plant
Arabidopsis thaliana under 150 mM NaCl treatment for
2 weeks (You et al. 2016). In contrast, H. tuberosus plants
treated with different levels of NaCl did not show apparent
chlorosis. However, a NaCl concentration-dependent reduc-
tion in the overall plant status was observed with 250 mM
NaCl showing a drastic effect (Fig. 1a). Sprout and root elon-
gation was slightly inhibited under 50 and 150 mM NaCl
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accumulation from each group were measured. Error bars show the
SE for biological replicates. Significant differences (P < 0.05 by one-
way ANOVA analysis) are indicated by asterisk
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Table 1 Effect of NaCl Parameters NaCl concentration (mM)
treatment on the growth of H.
tuberosus 0 50 150 250
Sprout length (cm) 23.22 + 0.47a 21.60 + 0.35b 18.30 + 0.34c 8.02 + 0.57d
Root length (cm) 8.27 + 0.64a 7.83 +0.62a 5.47 +0.52b 2.75 +£0.21c

Data represent mean + SD for biological replicates (n = 15). Significant differences are indicated by differ-
ent letters (P < 0.05 by one-way ANOVA analysis)

treatment and the growth was significantly reduced after
250 mM NaCl stress compared to the control (Table 1).

The contents of Na* and K* were measured to analyze the
impact of salt stress on ion homeostasis in H. tuberosus. The
results showed that the K* content was significantly lower
in the NaCl-treated roots than in the controls (Fig. 1b). By
contrast, the Nat content showed significant increase under
NaCl stress (Fig. 1c¢). These data suggest that there was a
high salt ion accumulation in the root of H. tuberosus and an
outflow of K* was caused by salt stress. Supporting previous
findings declared that a lower K* content and a higher Na*/
K* ratio were detected in plants when it was stressed by salt
treatment (Sun et al. 2015). In addition, salt stress repro-
grams the balance between the generation and scavenging
of ROS (Abogadallah 2010). In agreement with that, plants
accumulated higher concentration of H,0, and MDA under
150 and 250 mM NaCl treatment, but not 50 mM NaCl
(Fig. 1d, e), indicating that the oxidative bursts were acti-
vated by relatively higher salt stress in H. tuberosus. Based
on phenotype observation and physiological investigation,
to get relatively healthy plants that display salt-resistant
phenotype, we chose 150 mM NaCl-treated plants for the
transcriptomic and proteomic analysis.

De novo assembly and quality assessment
of transcriptome

To generate an overview of transcriptome with sufficient
depth coverage for differential gene expression analysis in H.
tuberosus, Illumina short-read sequencing and de novo tran-
scriptome assembly were conducted on a HiSeq 4000 plat-
form. RNA-seq library was prepared from root tissue of H.
tuberosus. The details of the total number of reads obtained
under control and stress conditions are listed in Table 1. In
summary, a total of 62,105,592 paired-end reads (150 bp)
were obtained with sequencing error rates less than 2%.
Preprocessing of the raw reads was performed by remov-
ing reads containing adapter/primer sequences, reads with
indeterminate bases ratio beyond 10%, reads of low-quality
sequences and duplications. A total of 60,069,922 clean
reads (more than 96% of all raw reads) were obtained for
transcriptome assembly (Table 2). The resultant H. tubero-
sus transcriptome contains 293,823 transcripts ranging from
201 to 1500 bp (Table 3). A total of 190,567 unigenes were
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Table 2 Sequencing statistics for H. tuberosus

Sample  Raw reads Cleanreads Errorrate Q20 (%) GC (%)
(%)
Control 1 52777502 49765032  0.02 96.29 44.80
Control 2 53878338 51845050  0.02 96.62 44.88
Control 3 60071828 57161302  0.02 96.08 44.98
Treat 1 60842170 58534126  0.02 96.70 44.93
Treat 2 59454444 57660866  0.01 97.33 44.14
Treat 3 62105592 60069922  0.02 97.13 44.39

identified. The details of length interval and size distribution
of transcripts and unigenes are shown in Table 3 and Fig. 2.

Transcriptome annotation

To gain exhaustive gene function information, the assembled
transcripts were BLAST searched against seven databases:
Nr, Nt, Pfam, GO, KOG/COG, Swiss-Prot, KEGG and GO,
resulting in the annotation of 80,511 unigenes (42.24% of all
the assembled transcripts) with an E-value threshold of 1e—5
based on the length of query sequence and hit score (Suppl.
Table S1 and S2). The detailed information of plant species
similarity, e-value distribution and sequence similarity dis-
tribution of assembled transcripts which were analyzed by
Blast Nr is displayed in Suppl. Fig. S1. Five representative
databases were chosen to illustrate the number of overlapped
genes which were successfully annotated by these databases
tools. As the venn diagram shows, all the annotation tools
output a total of 9,424 unigenes from H. tuberosus transcrip-
tome (Suppl. Fig. S2).

Annotated transcripts were further categorized into GO
terms and KEGG pathways. For GO analysis, the transcripts
were annotated into biological process (GO:0008150), cel-
lular component (GO:0005575) categories, and molecular
function (GO:0003674). 56 terms of GO classification were
annotated from expressed 47,066 unigenes (Fig. 3, Suppl.
Table S3). Overall and multilevel GO distribution within
these broad GO categories is shown in Fig. 3. As shown,
most annotated unigenes in the biological process were
involved in cellular process (GO:0009987), metabolic pro-
cess (GO:0008152), single-organism process (GO:0044699)
and biological regulation (GO:0065007). According to
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Table 3 Assembly statistics for H. tuberosus

Parameter Mean Min length (bp) Median Max length (bp) N50 (bp) N90 (bp) Total nucleotides Numbers

length (bp) length (bp)

Transcripts 624 201 377 14,609 907 261 183,237,654 293,823

Unigenes 533 201 318 14,609 709 239 101,487,178 190,567
Length Distribution branches including cellular processes, environmental infor-

120000 -

B Transcript ™ Unigene

109677

100000 +
z 80000 - 73538
[}
= 61959
E 60000 |
z 48306
40000 i 36302
20000 16452 12347
.6000
0
<301 301-500 501-1000 1001-2000 >2000
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Fig.2 Transcript length distribution. Transcript and unigene size
distribution of H. tuberosus transcriptome and the total number of
assembled transcripts and unigenes are indicated in the diagram

the category of molecular function, the highest portion
of annotated unigenes was enriched in terms of binding
(GO:0005488) and catalytic activity (GO:0003824) (Fig. 3,
Suppl. Table S4). We have also classified transcripts among
KEGG pathways; 19 pathways were assorted based on five

mation processing, genetic information processing, metabo-
lism and organismal system (Fig. 4, Suppl. Table S5). On
the basis of KEGG analysis, most unigenes were annotated
into sub-branches of carbohydrate metabolism, translation
and folding, sorting and degradation.

Differentially expressed transcript

To generate resource of differentially expressed genes asso-
ciated with salt tolerance of H. tuberosus, three independ-
ent biological replicates for transcriptomics analysis of each
group were produced to analyze the gene expression changes
under control and salt stress conditions. Comparative analy-
sis for identification of salt-responsive genes was performed
using the DESeq R package (1.10.1) (Anders and Huber
2010). Transcripts with an adjusted P value < 0.05 found
by DESeq were assigned as differentially expressed. A total
of 77,320 transcripts were expressed in both control and
stressed samples (Fig. 5a, Suppl. Table S6), and 2165 and
3267 transcripts were shared among up-regulated and down-
regulated transcripts (Fig. 5Sb, Suppl. Table S7 and S8).
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Fig.3 GO categorization of all annotated unigenes identified from H. tuberosus transcriptome. Go analysis for gene functional classification
shows the number of genes involved in the biological process, cellular component and molecular function, respectively
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of ribosome (G0O:0003735) and structural molecule activ-

GO and KEGG pathway enrichment analysis

ity (GO:0005198) occupied the highest part in molecular

function (Fig. 6a, Suppl. Table S11). Furthermore, most

To understand the functions of DEGs, all the genes were

of these up-regulated DEGs accumulated in the cell part

mapped into terms in the GO database (Suppl. Table S9
and S10). Then the most significantly enriched GO term
response to salt stress compared to the reference gene
background was analyzed by GOseq (Young et al. 2010)

(GO:0044464) and intracellular part (GO:0005622) based

on cellular component annotation (Fig. 6a). With regard
to down-regulated DEGs, most of them were enriched in

metabolic process (GO:0008152) under biosynthetic pro-

based on Wallenius non-central hyper-geometric distribu-
tion. According to the biological process, the up-regulated

cess category, and the most represented GO term of down-

regulated DEGs under salt stress was transcription factor

DEGs that mapped to organonitrogen compound biosyn-

complex (GO:0005667) based on cellular component cat-

thetic process, cellular nitrogen compound biosynthetic pro-
cess (GO:0044271) and single-organism metabolic process

egory (Fig. 6b, Suppl. Table S12). Of the down-regulated
genes which were classified into molecular function, most

(GO:0044710) constituted a high proportion during NaCl
treatment (Fig. 6a, Suppl. Table S11). Three terms of oxi-

of them belonged to the terms of ion binding (G0O:0043167),
transferase activity (GO:0016740), phosphorylation

doreductase activity (GO:0016491), structural constituent
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(GO:0016310) and catalytic activity (GO:0003824) (Fig. 6b,
Suppl. Table S12).

RT-PCR analysis of gene expression

To further verify the results from the RNA-Seq work, 11
transcripts of each tissue were selected for quantitative RT-
PCR analysis (Suppl. Table S13). The ID of these genes are
as follows: ¢c130738_g2 (peroxidase 5-like), c131209_g1
(alkaline leaf peroxidase), c117640_g1 (monodehydroascor-
bate reductase), c142572_gl1 (F-type H*-transporting
ATPase subunit beta), 113756_g1 (auxin-responsive family
protein), c142483_gl (respiratory burst oxidase homolog
protein C), c141004_g1 (potassium transporter 1), c130593_
g1 (chloride channel protein CLC-f), c120523_g1 (transcrip-
tion factor ILR3), c143610_g1 (probable LRR receptor-like
serine/threonine-protein kinase) and c131342_g3 (abscisic
acid receptor PYL4), which were identified to be differen-
tially expressed in H. tuberosus transcriptome under salt
stress. The results of RT-PCR analysis are shown in Fig. 7.
Except one gene c117640_g, the expression trends of all
the unigenes from the qRT-PCR were consistent with the
RNA sequencing analysis (Fig. 7). These results demonstrate
that the transcriptomic profiling data accurately reflected the
response of H. tuberosus to salt stress.

Comparative proteome analysis

To better dissect the molecular modified network in H.
tuberosus response to salt stress, we utilized iTRAQ labeling
strategy to perform a quantitative proteomics and analyze
the global protein changes in salt-treated plants based on de
novo assembly transcriptomic analysis. A fine correlation

of iTRAQ quantification has been shown between two
biological replications from the control and salt-treated
groups (Suppl. Fig. S3). 1,843 proteins were quantified
from approximately 50,000 peptides (Suppl. Table S14).
Among these proteins, 43 differentially expressed proteins
were identified during salt condition treatment (Suppl. Fig.
S4). 19 of them were up-regulated and 24 proteins down-
regulated by salt stress in H. tuberosus (Table 4). GO enrich-
ment was set to analyze the key cellular process affected
by salt stress. Under the category of biological process,
the majority of the differentially expressed proteins were
classified into metabolic process, response to stimulus and
regulation of biological process (Fig. 8a). These proteins
were mainly involved in catalytic activity and nucleotide
binding depending on molecular function category (Fig. 8a).
KEGG analysis revealed that the corresponding pathways
were translation, environmental information processing,
energy metabolism, starch and sucrose metabolism, stress,
defense, etc. (Fig. 8b).

Indeed, as integrated comparative transcriptomic and
proteomic data showed, several cellular processes such as
metabolic process and ribosome activity were impacted by
changing key regulators at both transcript and protein level
in H. tuberosus under salt stress.

Discussion

Previous studies had provided valuable genetic information
such as a de novo transcriptome and an EST database from
the Compositae Genome Project database for H. fuberosus
(Barker et al. 2008; Jung et al. 2014). However, resource to
explore stress-related molecular mechanism in H. tuberosus

Gene Expression Validation

Relative expression
(log2 fold change)

Fig. 7 Quantitative RT-PCR validation analysis of gene expression
of salt-responsive transcripts in H. tuberosus root tissues. Actin was
quantified as an internal control and the 2722% method was used to
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analyze the differential expression. The experiments were repeated
three times. Each data point represents mean + SE (n = 3)
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Table 4 Proteomics responses to salt stress in H. tuberosus

Spot Protein name Protein abundance Fold P-Value My, (kDa) Calc. p/
No. change
Control_mean Treat_mean
Translation
41 60S ribosomal protein L10A, partial 71.75 98.75 1.27 0.03 8.7 9.79
85 40S ribosomal protein S8 14,148.98 17,347.24 1.23 0.03 24.5 10.5
188 60S ribosomal protein L30 2763.94 2206.54 0.80 0.04 12.4 9.58
2312 Translation initiation factor 3 subunit B 412.59 530.59 1.29 0.02 82.6 52
Folding, sorting and degradation
405 Protein disulfide-isomerase-like 3653.34 2756.49 0.75 0.05 55.4 54
Environmental information processing
710 Dynamin-related protein 1B isoform X1 96.00 13220 1.38 0.03 68.1 7.71
1142 Calcium-transporting ATPase 4, endoplasmic reticulum- 1934.63 2458.62 1.27 0.00 116.5 5.45
type
1250  Chaperonin 20 isoform 2 4303.97 3390.62 0.79 0.05 26.8 8.62
Energy metabolism
547 ATPase, AAA-type, CDC48 protein 5016.19 6509.74 1.30 0.02 90.3 5.16
974 Thiosulfate/3-mercaptopyruvate sulfurtransferase 1 351.54 278.12  0.79 0.01 16.1 5.47
1429  Pyruvate orthophosphate dikinase 200.40 148.56  0.74 0.01 95.3 5.52
1976 ~ NAD(P)-linked oxidoreductase superfamily protein 2237.95 3129.35 1.40 0.03 37.8 6.3
Citrate cycle
2174  Pyruvate phosphate dikinase 2 265.47 19441 0.73 0.02 107.3 5.76
2535  2-oxoglutarate dehydrogenase, E1 component 144.98 118.44 0.82 0.05 116.3 7.3
2545  Chaperone protein htpG family protein 1018.58 1489.66 1.46 0.04 88.2 5.01
Glycolysis
114 Glyceraldehyde-3-phosphate dehydrogenase, partial 593.12 481.02 0.81 0.03 35.1 6.89
629 2-Oxoglutarate (20G) and Fe(II)-dependent oxygenase 151.47 24356 1.61 0.01 36.4 6.1
1064  Triosephosphate isomerase, cytosolic 7054.07 5264.40 0.75 0.03 27.1 6.21
Pentose phosphate pathway
1301  UDP-glucose dehydrogenase 136.44 16442 1.21 0.03 52.9 6.13
Starch and sucrose metabolism
651 Xyloglucan endotransglucosylase/hydrolase protein 23 2006.77 133541 0.67 0.01 31.7 7.2
1009  Glycosyl hydrolase family protein 412.77 274.54 0.67 0.01 66.3 5.35
2082  Glucan endo-1,3-beta-glucosidase 7, partial 1038.78 841.74 0.81 0.03 60.2 73
2668  Xyloglucan endotransglucosylase/hydrolase protein 8 517.17 426.84 0.83 0.04 344 4.84
Amino acid metabolism
1922 Aspartate aminotransferase, chloroplastic-like 539.85 424.69 0.79 0.02 49.9 9.1
2158  Cystathionine beta-synthase (CBS) family protein isoform 1848.08 1366.10 0.74 0.02 22.7 8.94
1
Nucleotide metabolism
123 FAD-binding and BBE domain-containing protein 4404.62 3534.17 0.80 0.04 59.8 9.26
709 FAD-binding Berberine family protein 5114.49 3350.25 0.66 0.03 60.3 9.67
Inositol phosphate metabolism
912 Inositol-3-phosphate synthase 1292.35 1037.08  0.80 0.02 56.2 5.94
Biosynthesis of secondary metabolites
66 10-Hydroxygeraniol dehydrogenase 1535.36 3639.16 2.37 0.02 38.9 7.11
840 Tetrahydrocannabinolic acid synthase-like 220,665.50 115,230.68 0.52 0.04 60.5 9.42
1995  Pectin acetylesterase 8-like isoform X1 692.56 27097 0.39 0.05 43.9 8.51
Cell motility
546 Villin-3-like 1508.21 2085.01 1.38 0.00 107.9 6.15
1782 Villin-3-like 176.04 12792 0.73 0.03 106.5 6.06
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Table 4 (continued)

Spot Protein name Protein abundance Fold P-Value My, (kDa) Calc. p/
No. change
Control_mean Treat_mean
Cell growth and death
798 ATP-dependent Clp protease 2596.57 325797 125 0.02 715 8.66
Stress and defense
261 Peroxidase 5-like 4926.61 2796.39  0.57 0.00 28.8 8.16
541 Peroxidase 50-like 443.23 330.24 0.75 0.01 35.9 9.35
2264  Catalase, partial 602.11 812.76 1.35 0.04 54.9 7.09
Membrane trafficking
2147  Coatomer, alpha subunit 29.94 41.40 1.38 0.04 137.1 7.01
Vesicle trafficking
768 Alpha-soluble NSF attachment protein 2 226.14 300.69 1.33 0.01 27.2 5.33
DNA repair and recombination proteins
2090  AP-5 complex subunit beta 88.10 110.13  1.25 0.03 124.3 6.18
Unknown
1780  TO68-13, partial 22,482.25 18,198.20 0.81 0.04 10.8 4.93
1911  Predicted protein 953.77 1208.02 1.27 0.02 90.5 5.24
2041  TUDOR-SN protein 1 198.66 24484 1.23 0.01 110 7.5
a . .
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Fig. 8 Functional classification of differentially expressed proteins identified in H. tuberosus under salt stress. a GO terms enrichment of differ-

entially expressed proteins. b Protein categories from KEGG analysis

remained limited. In this work, we performed deep sequenc-
ing analysis and de novo transcriptome assembly of H.
tuberosus using the Illumina HiSeq 4000 platform. The
high number of sequenced reads resulted in significant cov-
erage of the transcriptome, allowing gene characterization
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and quantification of transcripts in control and salt-treated
plants. Thus, a comprehensive view of H. tuberosus response
to salt stress at the transcriptomic level was established, and
important genes and gene categories modulating salt toler-
ance were identified. Then, iTRAQ-labeled proteomics gave
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further perspective on which key cellular processes undergo
regulation under salt treatment.

Transcriptome assembly and annotation

It had been demonstrated that different sequencing platforms
affect the following quantitative and qualitative gene expres-
sion analysis (de Sa et al. 2015). We obtained a total of
60,069,922 high-quality clean reads, which accounted for
more than 96% of the raw reads. Compared to a ratio of
68.37% from a previous sequencing work on H. tuberosus,
our significantly improved results showed the robust perfor-
mance of the HiSeq 4000 platform (Jung et al. 2014). The
de novo transcriptome assembly showed that 293,823 tran-
scripts were identified in root with N50 of 907 and 201 bp
minimum sequence length, of which 16.5% were longer
than 1 kb. 80,511 transcripts were successfully annotated
by multi-database; moreover, approximately 45% unigenes
annotated to Blast Nr covered the matched protein sequences
by more than 80%, which is comparable to many other de
novo-assembled plant transcriptomes such as Cuscuta pen-
tagona, Oxytropis ochrocephala, Medicago falcata, Trifo-
lium pratense L. (Ranjan et al. 2014; Yates et al. 2014; Miao
et al. 2015; He et al. 2015), enunciate satisfactory assembly
and annotate quality.

On the basis of gene expression analysis, 2165 and 3267
transcripts were identified to be up-regulated and down-reg-
ulated in salt-treated H. tuberosus plants. A gene-regulatory
library governing H. tuberosus response to salt stress was
also built accordingly. In addition, the GO and KEGG path-
way enrichment analysis revealed that the DEGs were overly
represented in processes associated with nitrogen compound
biosynthesis, single-organism metabolism, oxidoreductase
activity, and ribosome and ion binding, which had been
shown to play an important roles in salinity tolerance (Zhu
2001; Shabala et al. 2015; Park et al. 2016).

Metabolic process

This study showed the majority of DEGs related to the
metabolic process in H. tuberosus. The correlated encoding
proteins were mainly involved in cellular metabolic process
such as nitrogen compound biosynthesis (616 DEGs, 306
up-regulated, 310 down-regulated) and organic substance
metabolism (1725 DEGs, 727 up-regulated, 998 down-
regulated). Particularly, 129 genes encoding key metabolic
enzymes catalyzing carbohydrate metabolic process were
significantly up-regulated by salt treatment. The quantitative
proteomic result also displayed several enzymes involved
in citrate cycle, glycolysis and pentose phosphate pathway
having higher expression abundance in salt-treated plants,
indicating that the carbohydrate metabolism was activated
in H. tuberosus under salt stress.

Among the up-regulated genes, genes encoding xylo-
glucosyl transferase, alpha-glucosidase, beta-glucosidase
and endoglucanase in the glucan metabolic pathway were
remarkably induced by NaCl treatment. Glucan is a poly-
saccharide of p-glucose monomers linked by glycosidic
bonds. Xyloglucosyl transferase catalyzes the break-
down of beta-(1,4) bond in the backbone of a xyloglucan
(Thompson and Fry 2001), alpha- and beta-glucosidase
are hydrolases that cleave the individual glucosyl resi-
dues from glucans into their monomers glucose (Lee
et al. 2012; Baiya et al. 2014). As extrapolation, cleav-
age of glucan causes the accumulation of glucose mono-
mers, which make plants adapt to a saline environment.
In salt-resistant maize varieties, monosaccharides such as
glucose and fructose were highly accumulated (Richter
et al. 2015). Moreover, 15 starch-metabolic process-related
genes encoding beta-xylosidase, glycosyl hydrolases, glu-
cose-6-phosphate isomerase, polygalacturonase, sucrose-
phosphate synthase and pectinesterase also showed higher
expression levels in NaCl-treated plants. These findings
suggested that the accumulation of monosaccharides might
be increased by the enhancement of polysaccharide hydrol-
ysis in H. tuberosus under salt stress. Soluble carbohy-
drates play a key role as osmolytes and energy resource in
salt defense, which has been demonstrated to be especially
important in halophyte species (Wang et al. 2013). The
richness of carbohydrates such as glucan, inulin and starch
in H. tuberosus is believed to function as soluble sugar
reserves to cope with abiotic stress (Edelman and Jefford
1968). In our study, we observed a strong co-differentially
expressed gene network to reprogram sugar profiles of H.
tuberosus roots in response to salt stress. Similar expres-
sion patterns of sugar metabolic-related transcripts had
also been observed in rice and potato under salt stress
(Boriboonkaset et al. 2013; Asensi-Fabado et al. 2015),
supporting the notion that accumulation of soluble sugar
is a common mechanism.

Intriguingly, the expression of four genes involved in the
trehalose biosynthetic process, alpha-trehalose-phosphate
synthase and trehalose-phosphate phosphatase, were signif-
icantly inhibited by salt stress. Trehalose is a disaccharide
composed of two glucose molecules (Higashiyama 2002).
The trehalose metabolism has been implicated in sugar sign-
aling, and enhanced trehalose metabolism positively regu-
lates abiotic stress tolerance (Krasensky et al. 2014). For
example, the transcripts of trehalose pathway genes were
elevated in salt-treated maize and overexpression of the
trehalose-6-phosphate phosphatase gene OsTPP1 confers
stress tolerance in rice (Ge et al. 2008; Henry et al. 2015).
The discrepancy suggests that there could be distinct regu-
latory mechanisms between common glycophyte such as
rice and halophyte to adjust the trehalose metabolism under
salt stress. Alternatively, the down-regulation of trehalose
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biosynthesis genes in H. tuberosus might reduce the con-
sumption of glucose.

On the other hand, the expression of three genes encoding
callose synthases, as a producer of callose at the cell plate
during cytokinesis, was restrained by salt stress. Moreover,
two xyloglucan endotransglucosylase proteins (spot 651 and
2668) were significantly reduced under salt stress, which
is thought to promote cell expansion by breaking the xylo-
glucan. In line with the plant phenotype shown in Fig. 1,
it is suggested that cell growth and cell division might be
inhibited by salt stress, resulting from lowering of the energy
expenditure for plant growth and saving it to be used against
adversity.

Ribosome activation and translation process

We identified the involvement of a great portion of DEGs
(145 genes) related to ribosomes. There were few publi-
cations reporting that the ribosome process was directly
concerned with the regulatory mechanisms of salt stress.
Regarding these DEGs, 127 genes were up-regulated in salt-
treated plants, but only 18 genes were down-regulated. Sev-
eral cellular processes associated with ribosomes were also
detected to be highly enriched in many up-regulated DEGs,
129, 119 and 137 genes which were involved in peptide bio-
synthetic process, and structural constituent of ribosome and
ribonucleoprotein complex; all were up-regulated by salt
treatment in H. tuberosus. 66 genes encoding large and small
subunits of ribosomal protein which perform a structural
role in ribosomes were all up-regulated by salt treatment. In
addition, many mRNA processing- and translation-related
genes were detected with higher expression abundance in
H. tuberosus under salt stress.

In the Arabidopsis genome, 249 genes were identified
corresponding to 80 (32 small subunit and 48 large subunit)
cytoplasmic ribosomal protein (Barakat et al. 2001). Based
on our results, a considerable portion of ribosome back-
ground transcripts were induced by salinity. As coincidence,
transcriptomic profiling of the salt stress response in the
halophyte Beta vulgaris ssp. maritima evinced that 48 of the
detected ribosomal protein-encoding mRNAs were differen-
tially expressed under salt stress, but only 11 of them were
up-regulated (Skorupa et al. 2016). Comparative proteomic
data showed three proteins involved in translation, two ribo-
somal proteins (spot 41 and 85) and translation initiation
factor 3 (spot 2312) were expressed in salt-treated plants
with higher abundance. It is demonstrated that translation
activation was induced by salt treatment at both the tran-
script and protein level. Ribosomes and its biogenesis were
highlighted since they have essential impact on plant devel-
opmental processes, cell growth and survival, as common
phenotypes can be observed in ribosomal protein mutants
changing the process of translation and protein modification
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(Weis et al. 2015). Ribosomal proteins are also involved in
controlling organelle trafficking and developmental pro-
grams through the regulation of the cellular metabolism (Li
et al. 2015). The highly active gene expression of ribosomal
behavior demonstrates that the global increase of ribosome
remodeling and protein synthesis might conduct a rearrange-
ment of metabolic enzymes synthesis and modulate the plant
metabolism to response salt stress.

Oxidoreductase activity

This work also generated a large amount of DEGs that are
classified as genes encoding oxidoreductase (429 genes).
The dynamics of oxidoreductase activity could affect meta-
bolic processes such as respiration and ATP synthesis, in
which they involve multiple oxidation—reduction reactions.
For example, 33 genes related to mitochondrial respiratory
electron transport and 96 genes encoding proteins involved
in ATP synthesis were differentially expressed in H. tubero-
sus under stress. In addition, the transcripts of oxidoreduc-
tase were highly represented among DEGs responding to
salinity, suggesting that salt stress brings about a significant
impact on cellular oxidation-reduction reactions and has
profound influence on cellular redox homeostasis. Irregular
alterations in the environmental conditions are associated
with fluctuations in cellular redox homeostasis (Kocsy et al.
2013; Spoel and van Ooijen 2014). The control of the redox
homeostasis is closely affiliated with a complex and redun-
dant antioxidant system, in which enzymes and metabolites
are linked in a network of reactions (Potters et al. 2010). In
this study, we found the expression of 44 genes encoding
antioxidant-associated proteins was significantly affected by
salt stress. In particular, four genes encoding glutaredoxin
and nine genes encoding peroxidase displayed enhanced
expression in salt-treated plants. To be supportive, cata-
lase (spot 2264), a key member of oxidoreductase, was also
up-regulated in H. tuberosus under salt stress. These data
showed that fluctuation of oxidoreductase activity caused by
salt treatment might not only give rise to the reprogramming
of metabolic process, but also could induce the antioxidant
activity to control cellular redox homeostasis, which is con-
sistent with the results from salt-responsive transcriptome
profiling of halophyte Suaeda glauca (Jin et al. 2016).

lon binding and ion transport

Genes encoding ion binding-related proteins constitute
a large portion of the DEGs with a total of 1041 genes
identified (Fig. 6). These DEGs encoding proteins mainly
participated in metal ion binding processes, such as of
zinc, copper, calcium, iron and magnesium. Metal ions
act as cofactors that are necessary for the catalytic activ-
ity of the enzymes they bind to (Mohsenzadeh et al. 2011;
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Peroza et al. 2013). It is well known that the binding of
metal ions can impact many plant metabolic pathways, for
example, ROS scavenging and cellular electron transport
(Yruela 2013; Pospisil 2014). In our study, the enrichment
of down-regulated genes in ion binding opens the doors
to investigations on how ion—protein binding can be used
in salt tolerance.

Maintaining of the ion balance plays a significant role
in adaptation to salinity conditions of the halophyte spe-
cies (Zhu 2001). It is critical to exclude excess sodium
and chloride and simultaneously ensure the proper con-
centration of potassium in plant cells (Nieves-Cordones
et al. 2016). We found that the expression of 245 genes
related to sodium transport was affected by salt stress in
H. tuberosus. Among these genes, six genes encoding
sodium/potassium ATPase, oxaloacetate decarboxylase
and NADH dehydrogenase were induced by NaCl treat-
ment, while eight genes encoding transmembrane transport
potassium transporter and Kv2 voltage-gated K* chan-
nel were down-regulated in salt-treated roots. The high
accumulation of sodium transport-related transcripts and
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down-regulated potassium transporter-related transcripts
emphasized that H. tuberosus could remodel ion homeo-
stasis by removing progressive sodium and mitigating the
transmembrane transport of potassium.

Protein phosphorylation

Protein kinase-mediated phosphorylation signaling events
play important regulatory roles in salt stress response
(Rampitsch and Bykova 2012). In this study, based on bio-
logical process classification of GO analysis, 425 genes
encoding proteins involved in phosphorylation were dif-
ferentially expressed in H. tuberosus under salt stress.
Moreover, 353 and 329 DEGs were, respectively, clas-
sified into those with protein kinase activity and protein
phosphorylation process. In biological terms, most genes
were down-regulated, and the reduction of expression in
292 (69%), 267 (75%) and 250 (76%) genes from the three
above-mentioned GO terms were triggered by salt treat-
ment. A large portion of DEGs related to phosphorylation
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Fig.9 Schematic view of salt-response molecular-regulatory network
in H. tuberosus. DAG diagrams were generated by GO database. Salt-
responsive GO terms showed in the DAG diagram were elaborated by
biological process and molecular function classification. The descrip-

tion and over-represented P value of GO biological pathways are dis-
played in colored ellipse and rectangle. Different colors denote the
degree of GO enrichment. The inhibited and induced pathways by salt
stress are indicated by green and red code rectangle, respectively
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and kinase activity were down-regulated genes in our tran-
scriptomic analysis, suggesting that the overall phospho-
rylation was inhibited by long-term salt treatment. Com-
parative phosphoproteomics analysis in Arabidopsis and
sugar beet showed that numerous phosphoproteins exhib-
ited significant changes under salt stress, which regulated
the downstream metabolic process and helped plants to
accommodate salt stress (Liu et al. 2015; Yu et al. 2016).
Thus, it is plausible that the protein phosphorylation was
regulated by salt stress at both the protein and the tran-
script levels.

Defense and stress-responsive factors

Five genes encoding pathogenesis-related proteins and eight
genes encoding protein response to abiotic stress showed
significantly increased expression in H. tuberosus under
salt stress. Four of the genes encode late embryogenesis
abundant (LEA) proteins, which act as versatile players in
plant adaptation to water-limiting environments. LEA pro-
teins accumulate to high level during the last stages of seed
development when desiccation tolerance is acquired in veg-
etative plant tissues (Olvera-Carrillo et al. 2010, 2011). The
overexpression of this group of transcripts might improve
the accumulation of LEA proteins and confer tolerance to
severe water deficiency caused by salt stress in H. tuberosus.

In addition, one salt stress-specific gene encoding
monodehydroascorbate reductase (MDHAR) was also up-
regulated. MDHAR is an important enzyme of the ascor-
bate—glutathione cycle, contributing to the scavenging of
ROS (Sultana et al. 2012). This result confirms the idea that
the antioxidant activity-related genes are activated under salt
stress.

Conclusions

This study generates a composite well-annotated tran-
scriptome and proteome of H. tuberosus in response to
salt stress. De novo transcriptomic assembly produced a
total of 293,823 transcripts which were then annotated into
190,567 unigenes. 5432 genes were found to display sig-
nificant changes in expression under 150 mM NaCl stress.
The expression patterns of the DEGs showed that 2165 and
3267 genes were, respectively, shared among up- and down-
regulated transcripts in stressed plants. In addition, iTRAQ-
labeled proteomic analysis showed that the expression of 43
proteins (19 induced, 24 suppressed) was changed under salt
stress. The key gene and protein categories in the modulation
of salt stress adaption were identified by GO enrichment. As
representatives, rearrangement of synthesis of the metabolic
enzymes involved in adjustment of energy supply, osmotic
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regulation and ion balance maintenance by actively worked
ribosome might contribute to salt tolerance in H. tuberosus
(Fig. 9). In summary, the salt stress-induced reprogramming
of H. tuberosus transcriptome and proteome provided not
only a framework to understand the molecular mechanisms
in response to stress, but also rich genetic information for
mining useful genes associated with salt tolerance.
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