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Abstract Camellia sinensis is an important economic crop
worldwide since this plant is used to make one of the most
popular non-alcoholic beverages, tea. Salinity together with
drought pose a serious threat to the production and qualities
of C. sinensis. However, the transcriptome dynamics occur-
ring in response to drought stress and salt stress in tea plants
are poorly understood at the molecular level. We reported the
first large-coverage transcriptome datasets for C. sinensis un-
der drought and salt stress using next-generation sequencing
technology. Using a high-throughput Illumina sequencing
platform, approximately 398.95 million high-quality paired-
end reads were generated from young leaves of C. sinensis
subjected to drought stress and salt stress, and these reads were
used for de novo assembly. The transcripts with further pro-
cessing and filtering yielded a set of 64,905 coding DNA
sequences (CDSs) with an average length of 710 bp and an
N50 of 933 bp. In total, 3936 and 3715 differentially
expressed genes (DEGs) were identified from all analyzed
time points of drought stress and salt stress, respectively.
Identified in drought and salt stress were 2131 overlapping

DEGs, and these are involved in galactosyltransferase activity,
tetrapyrrole binding, and hydrolase activity, indicating that
C. sinensis has a similar molecular response to these two
stresses. We clustered the above DEGs from both sets into
four clusters according to their expression dynamics, with
the genes in each cluster showing enrichment for particular
functional categories. We also found that under salt stress,
most DEGs showed down-regulation at early time points
and their expression levels were elevated after 48 h, whereas
under drought stress most DEGs were down-regulated in all
time points. The DEGs relative to pathways of osmotic prod-
uct such as proline, sugar, and GABA were identified in
C. sinensis. Noteworthy, among the identified DEGs are genes
involved in the biosynthetic pathways of polyphenol and caf-
feine, providing evidence at the molecular level that salt and
drought affect tea qualities. In addition, we analyzed the dif-
ferential expression of transcription factors and revealed a
large amount of crosstalk between the metabolic pathways
of drought and salt stress. All findings suggest that gene ex-
pression exhibits rapid and coordinated changes during
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C. sinensis adaptations to drought stress and salt stress, and
common themes in the response to both stresses were
identified.

Keywords Camellia sinensis . Salinity stress . Drought
stress . Transcriptome dynamics . Differentially expressed
genes (DEGs)

Introduction

Abiotic stresses, especially salinity and drought, adversely
affect plant growth, crop production, and geographical distri-
bution (Boyer 1982; Allakhverdiev et al. 2000; Hasegawa
et al. 2000; Zhu 2002; Arbona et al. 2013). Approximately
20% of the world cultivated land, and nearly 50% of irrigated
land, is adversely affected by salinity (Anthony 1998; Tuteja
2007). Salinity, together with drought, continues to affect food
security, economic sustainability, and biodiversity (Bahieldin
et al. 2013). Given the increasing surface area of salty land and
the growing water scarcity, a thorough understanding of the
physiological and molecular bases for salt and drought toler-
ance in plants is required to develop salt- and drought-tolerant
plants (Rus et al. 2005; Beritognolo et al. 2011).

Different abiotic stresses induce different (or common) bio-
chemical and physiological effects on plant growth, develop-
ment, and secondary metabolism. Drought restricts plant
growth via photosynthetic decline, whereas osmotic stress im-
poses constraints on plant processes and interferes with nutri-
ent availability as the soil dries. Salinity interferes with plant
growth by physiological drought and ion toxicity (Zhu 2002);
salt stress disrupts plant ion homeostasis, resulting in excess
toxic Na+ in the cytoplasm, and a deficiency of essential ions
such as K+ (Binzel and Ratajczak 2002). For plants to survive
under these stress conditions, a complex mechanism must
exist to sense and respond to the abiotic stresses (Bohnert
et al. 1995). Responses usually involve complex networks
controlling global gene expression, protein modification, and
metabolite composition through specific factors (Urano et al.
2010). The DREB1/CBF pathway plays a key role in regulat-
ing ABA-independent gene expression in response to drought
and cold stress; overexpression of DREB1/CBF can increase
the tolerance of transgenic plants to cold temperatures,
drought, and salt stress (Jaglo-Ottosen et al. 1998; Liu et al.
1998; Shinozaki and Yamaguchi-Shinozaki 2000; Goode and
Organizers 2007). The salt overly sensitive (SOS) pathway,
identified through the isolation and study of sos1, sos2, and
sos3 mutants, is essential for defense response of salt stress
(Zhu 2002). Abscisic acid (ABA), produced under water-
deficit conditions, is important for plant tolerance to drought
and high salinity. Though proline and betaine occur naturally
in a wide variety of plants, exogenous application of such
osmolytes mitigates the adverse effect of salt stress. Proline

has been found to be more effective than betaine in mitigating
salt stress-induced effects (Eiji et al. 2004; Hoque et al. 2007).
Although several pathways involved in abiotic stress re-
sponses have been reported in Arabidopsis, little is known
about the transcriptomic dynamics during prolonged salinity
and drought stress in economically valuable crops.

Tea is one of the most prevalent non-alcoholic beverages
that benefits human health due to the extensive presence of
secondary metabolites in tea leaves, including polyphenols,
theanine, and volatile oils (Rogers et al. 2008). The tea plant,
Camellia sinensis, is an economically important horticultural
crop. Appropriate soil and water conditions are required for
tea plants to maintain balanced growth, which is fundamental
to produce tea of superior quality and high yields. The increas-
ing soil salinity and dry land are posing a serious threat to tea
agriculture. Therefore, in-depth analyses of the physiological
and molecular mechanisms involved in salt and drought tol-
erance in tea are required to develop tea plants that can tolerate
high salt concentrations and severe drought conditions (Rus
2005; Beritognolo et al. 2011). However, a lack of genome
information and genetic tools (such as tissue culture and trans-
formation) remain a hurdle in tea research. Along with the
development of next-generation sequencing (NGS) technolo-
gies, transcriptome sequencing using NGS technologies is a
fast and cost-effective approach to generate genome-scale se-
quence resources (Liu et al. 2012; Kanak et al. 2012). NGS is
not limited to detecting transcripts from known genomic se-
quences, and therefore is particularly attractive for studies in
non-model organisms (Vera et al. 2008; Kristiansson et al.
2009; Meyer et al. 2009). NGS has also been used to study
the transcriptome profiles of cold acclimation (CA) in tea
plants, where a large number of genes involved in cold signal
sensors or transduction, genes related to the stabilization of
plasma membranes, osmosensing-responsive genes, and
stress-responsive transcription factor genes were identified to
be responsible for the CA process (Wang et al. 2013).

In this study, to investigate the molecular basis of tea plants
under salt and drought stresses, we performed de novo tran-
scriptome sequencing of tea under prolonged salt and drought
stress using the NGS sequencing platform. The results provid-
ed the useful foundation for future genetic improvement of
cultivated tea trees.

Materials and methods

Plant materials and RNA preparation

Tea plants of C. sinensis cv. Tieguanyin were cultivated in the
Anxi County of the Fujian Province of China (east longitude
117°86, north altitude 24°90). One-year-old plants with simi-
lar growth and size (about 20 internodes) were used as source
for the cuttings ofC. sinensis and grown in 1/2 dose Hoagland
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nutrient solution for 3 days. All the selected cutting plants
were divided into three groups, two of them exposed to 25%
polyethylene glycol (PEG) (simulate drought-stress condi-
tions) or 200 mM NaCl in 1/2 Hoagland nutrient solution
for 24, 48, and 72 h after 3 days, respectively, the other group
was exposed to 1/2 Hoagland nutrient solution alone for 0, 24,
48, and 72 h, respectively as control.

In total, 60 tea plants including 5 individuals for each time
point of each stress type and control were collected. The sec-
ond and third leaves under the seedling bud from PEG-
stressed cutting plants and NaCl-stressed cutting plants as well
as control plants were snap-frozen and stored at −80 °C until
further processing. Total RNA from the above samples was
isolated for transcriptome sequencing, using the previously
described CTAB method (Shi et al. 2007). RNA integrity
was tested using an Agilent 2100 Bioanalyzer with a mini-
mum RNA Integrity Number (RIN) of 7. Equal amounts of
total RNA from five samples for each time points of each
stress and controls were pooled for cDNA preparation.

cDNA library construction and sequencing

Poly(A) RNA(mRNA)was isolated from 20 g of total RNA
using Dynal oligo(dT) magnetic beads (Invitrogen) according
to the manufacturer’s instructions. Following purification,
mRNA was fragmented into smaller pieces at 70 °C for
5 min in the fragmentation buffer (Ambion), and reverse-
transcribed to synthesize first strand cDNA using
SuperScript III reverse transcriptase (Invitrogen) and N6 ran-
dom hexamers (Takara). Subsequently, second strand cDNA
was synthesized using RNase H and DNA polymerase. After
end repair and ligation of adapters, products were enriched
with PCR to prepare the final cDNA library. The integrity of
cDNA libraries was analyzed by an Agilent 2100 Bioanalyzer.
Ten paired-end cDNA libraries were constructed with 300
base pair (bp) insertions and then sequenced from both 5′
and 3′ ends using the Illumina HiSeq™ 2500 platform in the
Center for Genomics and Biotechnology of Fujian Agriculture
and Forestry University (Fuzhou, China) following the man-
ufacturer’s instructions with 100 bp paired-end read length.

Data preprocessing, de novo assembly, and assessment

Raw data were initially processed using a custom script and
NGS QC toolkit(Chen et al. 2015) to obtain clean reads by
removing adapter sequences, empty reads, low-quality se-
quences (i.e., those containing more than 10% BN^s), and
reads with more than 10% bases with Q value <20. Clean
reads from ten samples were merged and assembled into
unigenes using the Trinity package with default parameters
(v2.0.6) (Grabherr et al. 2011; Haas et al. 2013).

To obtain high-quality unigenes and reduce the unavoid-
able redundancy produced by Trinity assembly, CD-Hit-est.

software was used for clustering analysis (Li and Godzik
2006) with 90% identity and eight word length. We then an-
notated the protein coding sequences and obtained CDSs for
C. sinensis using the BTransDecoder^ module of the Trinity
package with the Bminimum protein length^ parameter set to
100. All predicted CDSs were used for further analysis.

Transcriptome functional annotation

All non-redundant transcripts were annotated by searching
against the NCBI non-redundant (NR), Pfam (version 28.0)
(Robert et al. 2014) and Kyoto Encyclopedia of Genes and
Genomes (KEGG: http://www.genome.jp/kegg/) databases by
BLASTX with an E-value threshold of 10−6. To annotate
Gene Ontology (GO: http//www.geneontology.org) terms
describing biological processes, molecular functions, and
cellular components of the predicted genes, we submitted
the best BLASTX hits from the NR database for each
transcript to the Blast2GO program (http://www.Blast2go.
org) (Conesa et al. 2005). GO functional classification for all
unigenes was performed using the Web Gene Ontology
Annotation Plot (WEGO: http://wego.genomics.org.cn)
software (Ye et al. 2006). For KEGG pathway annotation,
we made sequence comparisons against the KEGG database
(Kanehisa et al. 2004) using the BLASTP algorithm with an
E-value threshold of 10−6.

Initial mapping of reads and gene expression analysis

We mapped RNA-seq reads from the control, salt-stressed,
and drought-stressed samples onto the CDS assembly using
the Bowtie2 (version 2.1.0) software (Langmead et al. 2009)
with default parameters to estimate expression levels.
Alignment output files from Bowtie were parsed using
eXpress (version 1.5.0) (Roberts and Pachter 2013) to calcu-
late the number of reads for each gene and standard FPKM
values (numbers of fragments per kilobase per millionmapped
fragments on exon regions within a given gene) for each cod-
ing gene based on the final read assignments. The genes with
FPKM ≥1 in samples from two or more time points were
selected for further analysis. To compare expression levels
of selected genes across all time points and reduce the bias
in FPKM values due to highly expressed genes, the upper
quartile normalization procedure (Bullard et al. 2010) was
applied.

Identification and functional enrichment analysis
of DEGs

To identify differentially expressed genes (DEGs) among dif-
ferent samples collected at different time points, we used the
Babundance_estimates_to_matrix.pl,^ Brun_DE_analysis.pl^
(edgeR), and Banalyze_diff_expr.pl^ modules of the Trinity
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package with default settings. The log2 fold changes >2 and a
false discovery rate (FDR) significance score <0.001 were
used as the threshold to identify significant differences in gene
expression. The identified DEGs shared by all time points
under both stresses were BLAST searched against
PlantTFDB (plant transcription factor database) (version 3.0;
http://planttfdb.cbi.pku.edu.cn/), clustered and used for GO
and KEGG Orthology (KO) enrichment analysis.

Cluster analysis and functional enrichment

K-means clustering of transcript expression patterns based on
FPKM values, obtained as described above, was performed
using the K-Means/K-Medians Support Module (KMS) em-
bedded in MultiExperiment Viewer 4.9 (http://www.tm4.org/
mev). The optimal number of clusters (four clusters) was
defined by the Figures of Merit (FOM) application (Yeung
et al. 2001) within MEV4.9. The K-Means analysis was per-
formed ten times, with each run generating four clusters using
Euclidean distances. The final output generated four clusters
in which all member genes clustered together in at least 80%
of the K-Means runs (Li et al. 2010). Genes in each cluster
were then classified according to GO terms and Fisher’s exact
test was applied to test for enrichment of functional categories
with Bonferroni’s correction (corrected P < 0.05).

Validation of DEGs by quantitative real-time PCR

To validate the reliability of the RNA-seq analyses without
replication, ten candidate DEGs highly related to drought
stress and salt stress were selected for quantitative RT-PCR
(qRT-PCR) tests. Gene-specific primer pairs were designed
using the Integrated DNA Technologies (IDT) software
(http://www.idtdna.com/Primerquest/Home/Index) and are
listed in Supplemental Table 1. After treatment with DNase I
(Tiangen, China), 2 g of RNA was used for reverse
transcription with the SuperScript VILO cDNA Synthesis
Kit (Invitrogen) according to the manufacturer’s guidelines.
Real-time qPCRs were performed using a Multicolor Real-
Time PCR Detection System (Bio-Rad) and the conditions

for all reactions were as follows: 95 °C for 30 s, 40 cycles of
95 °C for 5 s, followed by 60 °C for 30 s, and 95 °C for 10 s.
Melting curve analysis was performed to confirm the PCR
specificity. Three biological replicates were used for each
gene. The relative expression levels of the selected DEGs,
normalized to expression of the internal reference gene β-
actin, were calculated using the 2−ΔΔCt method (Livak et al.
2001).

Results

Sequencing and de novo assembly of the C. sinensis
transcriptome

To comprehensively cover the transcriptomic responses of
C. sinensis to drought stress and salinity stress, ten cDNA
libraries from the leaves of three PEG-stressed plant cuttings,
three NaCl-stressed plant cuttings, and four no-stress controls
were constructed. These libraries were then sequenced with an
Illumina Hiseq 2500 platform. In total, 398.95 million 100 bp
paired-end raw reads (~40.3 Gb sequence data) were generat-
ed (Table 1). After filtering the low-quality reads and trim-
ming the adapter sequences, 370.39 million clean paired-end
reads (~37.42 Gb) were acquired to perform de novo assembly
using Trinity (Haas et al. 2013). To reduce redundancy and
gain high-quality unigenes, 187,283 reconstructed transcripts
were clustered into 137,477 unigenes with an N50 of 1085 bp
and average length of 708 bp (Supplemental table 2) by CD-
Hit (Li and Godzik 2006), then predicting the CDSs and re-
moving those lower expressed CDSs and retain the CDSs with
RPKM ≥1 in samples from two or more time points by custom
PYTHON scripts. As a result, a high-quality dataset contain-
ing 64,905 CDs were recovered for C. sinensiswith an N50 of
963 bp and average length of 730 bp (Table 2). The CDs
number could be an overestimation due to allelic variation or
alternative splicing. The size distribution for the assembled
CDSs is shown in Fig. 1a. Those high-quality sequences were
used for further analysis.

Table 1 Summary of the sequencing data of the C. sinensis transcriptome

Control-0 h PEG-24 h PEG-48 h PEG-72 h NaCl-24 h NaCl-48 h NaCl-72 h Control-24 h Control-48 h Control-72 h

Original data
Number of reads
(million)

38.84 32.43 39.22 37.17 56.01 46.72 46.75 28.29 45.01 28.51

Total (Gb) 1.96 1.64 1.98 1.88 2.83 2.36 2.36 1.43 2.27 1.44
After filtering
Number of reads
(million)

36.26 30.01 35.78 34.78 51.87 43.26 43.72 26.38 41.84 26.49

Total (Gb) 1.83 1.52 1.81 1.76 2.62 2.18 2.21 1.33 2.11 1.34
Used for analyses
Total (Gb) 18.70
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Functional annotation and classification of C. sinensis
transcriptome

To predict the function of 64,905 transcripts, all transcript
sequences were aligned against those from the NCBI NR da-
tabase using BLASTP (Fig. 1a–e). Plant species giving top
hits include Vitis vinifera with 11,246 (25.7%) hits, Coffea
canephora with 2236 (5.1%) hits, Theobroma cacao with
2126 (4.9%) hits, Nelumbo nucifera with 1900 (4.3%) hits,
and Sesamum indicum with 1824 (4.2%) hits (Fig. 1e). As
reported in a previous study (Shi et al. 2011), the length of
transcript sequences is crucial in determining the efficiency of
BLAST searches. Our results showed that over 98% of the
matching efficiency was observed for sequences longer than
1000 bp, whereas the matching efficiency dropped to about
86.4% for those ranging from 500 to 1000 bp, and to 59% for
sequences between 400 and 500 bp; a lower matching effi-
ciency (about 39.2%) was shown for sequences shorter than
400 bp (Fig. 1b). The similarity distribution of top hits from
the NR database showed that 54.7% ofmapped sequences had
similarities higher than 80%, while a very small ratio of hits
(0.025%) had similarities ranging between 30 and 40%
(Fig. 1c). E-value distributions had a comparable pattern, with
45.4% of mapped sequences with high homologies
(=<1e−100), and 54.6% of homologous sequences with E-
values ranging between 1e−6 and 1e−100 (Fig. 1d). A total of
43,692 (67.3%) significant BLAST top hits were returned for
GO annotation using Blast2GO (Table 2), of which 24,106
were successfully categorized into GO groups (S1 Fig). The
distribution of GO terms for cellular components, molecular
functions, and biological processes is shown in S1 Fig. As
previously described (Zhang et al. 2015), for the cellular com-
ponen t ca t ego ry, genes invo lved in the Bce l l^
(GO:0005623),Bcell part^ (GO:0044464) and Borganelle
part^ (GO:0044422) were highly represented. For molecular

function category, Bcatalytic^ (GO:0003824) was the most
enriched GO term, followed by Bbinding^ (GO:0005488).
For the biological processes category, the major subcategories
were Bmetabolic process^ (GO:0008152) and Bcellular
process^ (GO:0009987). Of the 24,106 sequences annotated
with GO terms, 7494 sequences were assigned with EC num-
bers (Table 2). To fully analyze EC numbers and biological
pathways that are active in C. sinensis, we assigned all assem-
bled sequences KO identifiers using the KEGG Automatic
Annotation Server (KAAS) with the single-directional best
hit information method, and subsequently mapped them to
pathways and enzymes using the KEGG API. As a result,
23,371 sequences of 64,905 assembled sequences were
assigned to 336 KEGG pathways (Supplemental Table 2).
The most represented pathways by unique genes were ribo-
somes (129 members), biosynthesis of amino acids (102
members), and spliceosomes (102 members). The 64,905 as-
sembled sequences were BLASTP searched against the Pfam
database (version 28.0) with an E-value of 1e−6, of which
39,875 sequences were successfully assigned.

Mapping sequences to the C. sinensis transcriptome

Using the CDSs as reference, the FRKM values were analyzed
to evaluate gene expression levels. The results showed that
above 52% genes have FPKM values were distributed in the
range of 1–100 for all time points (Fig. 2a). The correlation
dendrogram in Fig. 2b illustrates expression patterns at the four
analyzed time points under salt and drought stress. The results
showed that gene expression patterns were clustered together
under the salt-stressed and drought-stressed samples at 72 h,
whereas the seedling plants at 24, 48 h for salt and drought
stressed were clustered into one group, suggesting that to some
extent the expression profiles of C. sinensis display the same
patterns in response to drought and salt stress. In addition, the
control samples collected at 0, 24, 48, and 72 h were clustered
in a third group (Fig. 2b), demonstrating that gene expression
levels were stable at the examined time points.

In total, we identified 3936 and 3715 DEGs showing up- or
down-regulation under drought stress and salt stress compared
with the controls, respectively (Fig. 3a, b), while fewer DEGs
(268) were identified in control samples (Control-0h, Control-
24h, Control-48h, Control-72h) (Fig. 3c). Among these DEGs,
369 DEGs were present in all time points under drought stress
(Fig. 3a), 207 DEGs were detected in all time points of salt
stress (Fig. 3b), and 105 DEGs were shared under both salt
stress and drought stress in all the detected time points.
(Supplemental Fig. 2; Supplemental material 3). Noteworthy,
no common DEGs were detected in all time points of control
samples (Fig. 3c), indicating that only subtle changes in gene
expressions in all time points under normal growth conditions
were present; in contrast, great changes under drought stress
and salt stress were experienced by the plants. Moreover, we

Table 2 Summary of sequence assembly and function annotation of the
C. sinensis transcriptome

Number of
sequences

Assembly
Total number of CDSs 64,905
Total bases (Mb) 48.67
Mean unigene length (bp) 710
N50 (bp) 933
Number of unigene (≥500 bp) 6419
Number of unigene (≥1 kb) 812
Annotation
Protein database searches
Transcript BLASTX against NR 43,692
Transcript BLASTX against Pfam 39,875
Functional classification and pathway mapping
Transcripts annotated with Gene Ontology (GO) terms 24,106
Transcripts assigned with Enzyme Commission (EC) numbers 7494
Transcript annotations against KEGG 23,371
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found that 2131 DEGs (accounting for more than 67%) were
shared by both stress conditions (Fig. 3d). This suggests that
some mechanisms may be shared in the responses to drought
and salt stress in tea. Out of all identified DEGs under drought
stress and salt stress, 1306 and 1322 DEGs, respectively, were
assigned GO annotations, for further analysis (Supplemental
material 4, Supplemental material 5).

GO category enrichment of DEGs under salt stress
and drought stress

To speculate the function of the DEGs activated under drought
stress or salt stress, we applied GO category enrichment anal-
ysis, using Fisher’s exact test with P value ≤0.05 as the cutoff.
Using K-Mean clustering algorithm, we clustered all 3936 and
3715 DEGs into four main groups (designated P1-4 and N1-4,
respectively) with highly similar temporal expression patterns
(Fig. 4a, c; Supplemental material 4; Supplemental material
5). Four groups of genes with similar trends were detected
under both stresses: (1) a continuously down-regulated trend
was uncovered in genes of P1 and N1 in all time points, (2) in
contrast to P1/N1, genes of P2 and N4 cluster were continu-
ously up-regulated in all time points; (3) genes of P3 and N2
were most strongly expressed at 24 h, and recovered to the
primary expression level at 48 h and 72 h; (4) genes of P4 and
N3 showed a subtle up- and down-regulation at 24 and 48 h,
respectively, and showed a great up-regulation at 72 h.

Furthermore, the groups of genes in each cluster showed
confident enrichments for particular functional categories
(corrected P < 0.05) (Fig. 4b, d). In general, similar functional
categories were also enriched under both stress conditions.

Under both stress conditions, continuously down-regulated
genes (P1 and N1) were suggested to be required for devel-
opmental process, metabolic process, response to stimulus,
and catalytic activity, whereas continuously up-regulated
genes (P2 and N3) were predicted to be involved in catalytic
activity, developmental processes, transporter activity, re-
sponse to stress, and secondary metabolism were greatly
enriched. Consistently, GO category enrichment analysis for
2131 DEGs shared by drought stress and salinity stress
showed that these DEGs were mainly involved in Bhydrolase
activity,^ Btransferase activity,^ Btetrapyrrole binding,^ and
Boxidoreductase complex^ (Fig. 4d), in which most of them
belong to continuously down-regulated genes and continuous-
ly up-regulated genes. However, the functional categories of
the early stresses response genes were observed to be different
between drought stressed and salinity stressed plants. In the
early drought stressed stages (24 h, cluster P3), the up-
regulated genes were mainly involved in Bresponse to
stimulus,^ Banatomical structure morphogenesis,^ Btransporter
activity,^ and Bkinase activity,^ while genes whose expression
peaked during the early salinity stressed stages (24 h, cluster
N2) were BDNA binding,^ Bcatalytic activity,^ Bcarbohydrate
binding,^ Breceptor activity,^ Bresponse to stress,^ and Bkinase
activity.^ These results provide support for molecular mecha-
nisms being generally common in response to both drought-
stressed and salinity-stressed plants in spite of differences at
the early response stage (24 h).

Moreover, we performed the comparative analysis of GO
category enrichment between DEGs under salt stress and
drought stress (Fig. 4e; Supplemental material 6;
Supplemental material 7). The results showed that the DEGs
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Fig. 2 Transcriptomes characteristics of C. sinensis under drought stress
and salt stress. a Number of genes expressed at each time point. b
Hierarchical clustering of all samples by Spearman correlations based

on FPKM (FPKM ≥1 in more than one time point). Heatmap with
cluster dendrogram showing global relationships of the expressed genes
between time points of drought stress and salt stress
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of both of stresses were commonly involved in 13 GO cate-
gories. DEGs belonging to seven categories including catalyt-
ic activity, biotic stimulus, ion binding, glutamate metabolic
process, glutamate biosynthetic process, carboxylyase activi-
ty, and cofactor binding were present under salt stress but
absent under drought stress. In contrast, four GO categories
including copper ion binding, UDP-galactorsyltransferase ac-
tivity, cofactor transporter activity, and NAD transporter ac-
tivity only contained the DEGs from drought stress. These
results also supported that some mechanisms may be shared
in the responses to drought and salt stress in tea, and further
suggest variation of molecular response to drought and salt
stress in tea plants.

Identification of transcription factors in response to salt
stress and drought stress

Transcriptional control of the expression of stress-responsive
genes is a crucial part of the plant response to stresses (Singh
et al. 2002). Dynamics of the expression of transcription fac-
tors (TFs) under salinity and drought stress were extensively
determined in our RNA-seq data. Based on the K-Means clus-
tering algorithm, the expression patterns of differentially
expressed TFs could be clustered into three groups for both
of the stress tolerance inC. sinensis (K1–K3 for drought stress
and J1–J3 for salt stress) (Fig. 5a, b; Supplemental material 8;
Supplemental material 9). Under drought stress, more than

Fig. 3 Venn diagrams showing
unique and shared DEGs in the
treated sample transcriptomes
compared to the control samples
(Control-0h) in C. sinensis with
drought stress (PEG) and salt
stress (NaCl). a DEGs of each
time point of samples with
drought stress. b DEGs of each
time point of samples with salt
stress. c DEG of each time point
of samples without treatment. d
DEGs shared by drought stress
and salt stress in each time point
and union set. The number of
DEGs is detailed on the diagrams,
all means the union set of all
DEGs shared in drought stress
and salt stress
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half of these genes (54%) were expressed at highest levels at
72 h (J1), 19%were expressed at highest levels at 0 h (J2), and
the remaining 27% showed a peak of expression at 24 h (J3).
Moreover, the TF family-specific expression trends were also
analyzed (Fig. 5c). Members of the bHLH family, PPR family,
and homeobox domain (HB) of transcriptional regulators were
highly expressed in the leaf ofC. sinensis under drought stress
after 72 h treatment; these are known transcriptional activators
in abscisic acid signaling in Arabidopsis thaliana (Abe et al.
2003). Members of the MYB, ERF, ZFWD4, and ABRF gene
families were highly expressed in the leaves of C. sinensis

under drought stress for 24 h, these transcription factors have
been reported to play roles in controlling the expression of
genes in response to stress at early stages in model plants
(Abe et al. 1997; Terol et al. 2001; Sakuma et al. 2002).

Under salinity stress, the TFs within the K1 cluster present-
ed down-regulation at all stressed time points; TFs within K2
cluster were expressed at the highest levels at the 24 h time
point, and the TFs within K3 cluster had the highest levels at
72 h (Fig. 5b). The analysis of expression of TF family-
specific trends showed that the K1 cluster included members
of ARF, HB, TIR-NBS-LRR, and SBP families, K2 cluster
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Fig. 4 Dynamic progression of C. sinensis transcriptome under drought
stress and salt stress. a and c showing the dynamic expression of the
C. sinensis transcriptome under drought stress (P1–4) and salt stress

(N1–4), respectively, by K-means clustering. b and d showing the
functional enrichment among the clusters. e Functional enrichment
among the DEGs shared in drought stress and salt stress
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included DNAJ and C2H2, and K3 cluster included PKF,
MYB, ERF,WRKY,MIKC, and LOB (Fig. 5d). These TF fam-
ilies are known as key regulators of gene expression in re-
sponse to abiotic stresses (Yamaguchi-Shinozaki and
Shinozaki 2005).

Analysis of drought stress and salt stress related metabolic
pathways using DEGs

KEGG pathway enrichment analyses were performed to iden-
tify the candidate pathway/s involved in stress response using
KOBAS 2.0 (Xie et al. 2011). Genes with KO numbers within
3936 DEGs under drought stress were enriched in 18 KEGG

pathways (Fig. 6a; Supplemental material 10) with pathways
such as starch and sucrose metabolism, plant hormone signal
transduction, photosynthesis-antenna proteins, photosynthe-
sis, phenylpropanoid biosynthesis, glutathione metabolism,
and cysteine and methionine metabolism being overrepresent-
ed during drought stress. Genes with KO numbers within
3715 DEGs under salt stress were enriched in 23 KEGG path-
ways (Fig. 6b; Supplemental material 11), in which
phenylpropanoid biosynthesis, phenylalanine metabolism,
starch and sucrose metabolism, plant hormone signal trans-
duction, photosynthesis, and cysteine and methionine metab-
olism pathways were overrepresented. Furthermore, enriched
by genes with KO numbers within the pathways such as starch
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and sucrose metabolism, plant hormone signal transduction,
photosynthes is , s tarch and sucrose metabol ism,
photosynthesis-antenna proteins, photosynthesis, galactose
metabolism, and cysteine and methionine metabolism with a
lower rich factor were overrepresented in the 2131 DEGs
shared by drought stress and salt stress (Fig. 6c;
Supplemental material 12).

Validation of transcriptome expression patterns
by qRT-PCR analysis

To validate the gene expression results based on RNA-seq, ten
candidate DEGs associated with salt- and drought-related

processes were selected for qRT-PCR assays, the detected
expression patterns were consistent for all ten genes,
confirming the reliability of the RNA-seq results (Fig. 7).

Discussion

C. sinensis is an economically important crop, greatly af-
fected by environmental abiotic stresses such as drought
and high salinity, which are critical factors affecting its
quality. Although cold stress (Vinay and Sudesh 2009)
and temperature stress (Wu et al. 2015) in C. sinensis
have already been reported in previous studies, drought
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and salt stress remain poorly understood in C. sinensis.
Much of the work addressing the mechanisms of plant
response to drought and salt stresses focused on
Arabidopsis or rice, where many regulatory networks are
known to participate in these processes (Zhu 2002). In
this study, to understand the molecular mechanisms of
C. sinensis response to both stresses, we performed a
time-course RNA-seq analysis for C. sinensis for salt
and drought stress. Due to the high costs associated with
RNA-seq, we pooled five individuals for one library con-
struction to avoid the bias of individual samples.

However, pooling biological replicate samples causes loss
of group variance, and thus we cannot determine the sta-
tistical significance of DEGs in our study. These large-
coverage transcriptome datasets based on RNA-seq pro-
vided the clue for estimating the potential gene function,
but wet-lab experiment would be necessary to further ver-
ify gene expression. Therefore, ten candidate DEGs were
selected for qRT-PCR tests; the results showed that the
gene expression levels identified by RNA-seq were con-
sistent with qRT-PCR, confirming the reliability of RNA-
seq analysis for gene expression.
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Fig. 7 qRT-PCR verification of ten selected DEGs. Comparison of
RNA-seq data (blue bar) with qRT-PCR data (red line). The normalized
expression level (FPKM) of RNA-seq is indicated on the left y-axis. The

relative qRT-PCR expression level is shown on the right y-axis. Actin was
used as the internal control. Both methods showed similar gene
expression trends (color figure online)
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The similarity and divergence of DEGs under drought
and salt stress in C. sinensis

In this study, 3936 DEGs and 3715 were identified in
C. sinensis under salt stress and drought stress, respectively
(Fig. 3d). Comparative analysis of GO enrichments between
the two stresses suggested that the two stresses contained the
DEGs commonly involved in more than half of GO categories
(13/20 under salt stress and 13/17 under drought stress)
(Fig. 4e). The similarity of the DEGs between drought and
salt stresses inC. sinensis indicated thatC. sinensis has similar
response mechanisms under these two stresses. Moreover,
2131 DEGs were identified to be shared under drought and
salt stresses in C. sinensis (Fig. 3d). KEGG pathway enrich-
ment results showed that C. sinensis responses to drought and
salt stress overlapped in starch and sucrose metabolism, plant
hormone signal transduction, cysteine and methionine metab-
olism, and glutathione metabolism (Fig. 6c), findings that are
consistent with previous observations showing an overlap of
the responses in Arabidopsis (Wong et al. 2006), rice
(Rabbani et al. 2003), and maize (Sun et al. 2015) to drought
and salt stress.

Drought and salt stress generally have shared DEGs; how-
ever, the analysis of different DEGs between salt and drought
stress may help discover the different molecular mechanisms.
Under drought stress, the GO analysis showed that the DEGs
were relative to developmental growth, single-organism de-
velopmental processes, macromolecular complex binding,
and molecular transducer activity in C. sinensis. Under salt
stress, the DEGs were relative to lipid metabolic process, car-
bohydrate binding, homeostatic processes, regulation of bio-
logical quality, transferase activity, cellular homeostasis, and
cell death in C. sinensis (Fig. 4a, b). In plants, prevention of
osmotic stress caused by drought depends upon minimizing
stomatal and cuticular water loss and maximizing water up-
take, while osmotic adjustment appears to play a major role in
maintaining osmotic homeostasis during salt stress
(Chinnusamy et al. 2002). Therefore, it is understandable that
the DEGs relative to homeostatic processes, cellular homeo-
stasis were present under salt stress in C. sinensis. Based on
the presence of these general and specific abiotic stress toler-
ancemechanisms, it is reasonable to expectC. sinensis to have
multiple stress perception and signal transduction pathways,
which may have crosstalk at various steps in the pathways.

In this study, the result of gene expression pattern and its
ontology and KEGG pathway enrichment show that, under salt
stress, the expression of genes participating in the process of
Bhomeostatic process^, Bcellular homeostasis^ were down-
regulated at all analyzed time points, while genes participating
in the process of Bcatalytic activity ,̂ Bkinase activity ,̂
Btransferase activity ,̂ Bresponse to stress^ and Breceptor
activity^ were up-regulated either at the initial stage (24 h) or
at the all four stages (24, 48, and 72 h) (Fig. 4c, d). These results

indicated that ion transporters may be phosphorylated by pro-
tein kinases to reestablish cellular homeostasis in salt-treated
C. sinensis.

Under drought stress, we identified 25 genes involved in
both cysteine and methionine metabolism, and in the glutathi-
one metabolism pathway, with a further 33 and 36 genes being
identified in starch and sucrose metabolism and plant hor-
mone signal transduction, respectively (Fig. 6a). These results
indicated that C. sinensismay regulate carbohydrate metabol-
ic processes and developmental processes through hormones
(such as ABA) and secondary metabolites in response to
drought stress.

A large body of evidence has been gathered to support the
idea that many abiotic stresses act in a cooperative manner,
and nature has developed diverse signaling pathways for com-
bating and tolerating them. These pathways act in cooperation
to alleviate stress (Mahajan and Tuteja 2005). The correlation
dendrogram illustrates expression patterns of salt and drought
stress at the four points, the two stresses show a divergent
expression pattern at 24 h, while a similar pattern was exhib-
ited at 48 and 72 h (Fig. 2b); this result indicated that
C. sinensis may have a slightly different mechanism in the
response to salt and drought stress at the initial stage (24 h),
but a signal transduction crosstalk may exist at the mid (48 h)
and longtime stage (72 h).

The molecular response relative to metabolism associated
drought and salt response in C. sinensis

Under water-deficit and other stress regimes, proline functions
as a mediator of osmotic adjustment, a compatible solute to
protect enzymes, a stabilizer of macromolecules, and as a store
for carbon and nitrogen for use (Delauney and Verma 2002;
Ashraf and Foolad 2007). As predicted, the DEGs related to
the regulation of osmotic pressure were identified, such as the
proline pathway genes Delta-1-pyrroline-5-carboxylate syn-
thase (P5CS) (contig ID: m.60374 in Supplemental material
4), and two proline transporters (contig ID: m.60225 and
m.60227) were observed to be unregulated in C. sinensis.
Noteworthy, these genes were all present at higher expression
levels under salt stress than under drought stress at the end of
stress treatment (72 h), suggesting that salt stress has a more
prolonged effect in regulating the pathway of proline in
C. sinensis. Moreover, the GO categories of glutamate metab-
olisms including glutamate metabolic process and glutamate
biosynthetic process were presented under salt stress but ab-
sent in drought stress (Fig. 4e). Glutamate appears to be the
main precursor in stress-induced proline accumulation, which
has been reported to occur in response to salt stress in tomato,
potato, and Chinese Mitten Crab (Berteli et al. 2008; Teixeira
and Fidalgo 2009; Wang et al. 2012). These results further
supported that salt stress has a more prolonged effect than
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drought stress in regulating the pathway of proline in
C. sinensis.

Under stress conditions, sugars act as osmoprotectants to
help maintain osmotic balance and stabilize macromolecules
(Suresh and A 1998). In this study, we identified 13 DEGs
associated with sugar metabolism (Supplemental material 5).
Remarkably, nine of these DEGs are sugar transporters, in-
cluding five SWEETs (SUGARS WILL EVENTUALLY BE
EXPORTED TRANSPORTER) and four other types of sugar
transporters. All of them were up-regulated at the tran-
scriptome level. To our knowledge, SWEETs have not been
linked to drought and salt stress yet, while AtSWEET16 was
shown to increase freezing tolerance in Arabidopsis.
Additional work is required to evaluate the role of SWEETs
in recapturing carbon during stress. These results suggest that
disaccharide transport tends toward accumulation processes
under salt and drought conditions to increase substance solu-
bility and weaken osmotic pressure in C. sinensis.

Similarly, accumulation of amino acids has been observed
in many studies on plants exposed to abiotic stress (Sanchez
et al. 2008; Usadel et al. 2008; Lugan et al. 2010). The non-
protein amino acid c-aminobutyric acid accumulates rapidly
to high levels under multiple stress conditions (Rhodes et al.
1986; Bown and Shelp 1999; Kempa et al. 2008; Renault et al.
2010). In this study, the DEGs relative to GABA metabolism
and transport were identified in C. sinensis (Supplemental
material 5). Glutamate decarboxylase (GAD) (contigs ID:
m.60581) was unregulated 2.3–4.8-fold and 1.8–5.6-fold in
drought and salt-treated C. sinensis, and GABA transporters
(m.41679 and m.41682) had higher expression levels under
salt treatment than drought treatment in C. sinensis. GABA is
mainly synthesized from glutamate by GAD in the cytosol,
and is subsequently transported to the mitochondria in plants.
Salt stress enhances the activity of enzymes involved in
GABA metabolism in model plants (Renault et al. 2010). It
is possible that GABA is accumulated under both salt and
drought stress but is transported more actively under salt than
under drought stress in C. sinensis.

Nevertheless, tea qualities were apparently affected by
stress as the plants responded to osmotic pressure by changing
their metabolic products. Polyphenol and caffeine are consid-
ered to be key components for tea qualities. Both polyphenol
and caffeine are the important active ingredients in tea. In this
study, we observed that two DEGs (m.62690 and m.62689)
encoding caffeine synthase decreased their expression under
salt stress and under drought stress. Moreover, a DEG
(m.25702) encoding polyphenol oxidase dramatically in-
creased up to 91-fold under both stresses, demonstrating that
the metabolism of polyphenol is regulated by salt and drought
stress in C. sinensis. The recognizable brown color of tea is
developed by enzymatic browning by PPO during the fermen-
tation process in tea production (Subramanian et al. 1999).
Therefore, these results provide the evidence at the molecular

level that stress affects tea quality. Further experiments such as
characterizing the spatio-temporal expression, enzymatic ac-
tivity assays, and physiological assays would be necessary to
evaluate the extent of the effect of salt and drought stress in
C. sinensis.

Transcription factors involved in drought- and salt-stress
responses in C. sinensis

Both salinity and drought stress have a strong impact on gene
expression leading to changes of stress-associated metabolite
levels (Krasensky and Jonak 2012). Distinct TFs family
genes, such as bHLH, WRKY, MYB, NAM, CBF, and NBS,
have been documented to be functional as early responders
to environmental signals, mediating plant adaptation to vari-
ous stresses, such as drought and salt stress, and overexpres-
sion of these TFs enhanced drought or salt tolerance of trans-
genic plants (Seki et al. 2002; Takasaki et al. 2010). In this
study, we detected 77, 79, and 50 DEGs in bHLH, MYB, and
NAC family, respectively (Fig. 5a), that were either at initial
stage (24 h) or at later stage (72 h) up-regulated in drought
stressed C. sinensis (Fig. 5c), while a higher proportion of
DEGs in those families (87% in bHLH family, 88% in MYB
family, 75% inNAC family) were up-regulated in salt-stressed
C. sinensis (Fig. 5b, d). In addition, all TIR-NBS-LRR DEGs
were up-regulated in both drought- and salt-stressed
C. sinensis (Fig. 5a–d). Previous research found that 80% of
DEGs in the bHLH family andMYB family, 60% of DEGs in
theWRKY family, and 33% of DEGs in the NAC family were
up-regulated in cold-stressed C. sinensis (Wang et al. 2013).
Functional characterization of bHLH TFs indicated that these
TF family members act as critical regulators in various phys-
iological processes, such as stomata development (Pires and
Dolan 2010), and chloroplast development (Monte et al.
2004); OsbHLH148 was shown to be involved in mediating
drought tolerance by modulating jasmonate signaling (Seo
et al. 2011), TabHLH1 is critical in mediating plant adaptation
to osmotic stresses largely through its function in the modula-
tion of the ABA-dependent-signaling pathway (Seo et al.
2011). Thus, in C. sinensis, it is apparent that various regula-
tory mechanisms may act to adapt to drought, salt, and cold
stress, and crosstalk pathways exist among the responses to
these stresses.

In nature, stress does not generally come in isolation and
many different stresses act at the same time. In response to
those crosstalking stress signals, nature has developed diverse
signaling pathways for combating and tolerating them. These
pathways act in cooperation to alleviate stress (Mahajan and
Tuteja 2005). The components of drought and salt stress ex-
hibit crosstalk, and these stress conditions could both lead to
cell dehydration, osmotic imbalance, and associated oxidative
stress (Mahajan and Tuteja 2005; Wong et al. 2006).
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Conclusions

In this study, we presented an original transcriptome sequenc-
ing analysis of RNA from C. sinensis leaves under a
prolonged time-course for drought stress and salt stress. A
total of ~18.7 Gb reads was generated and assembled into
64,905 CDSs, of which 67.3% were annotated with gene de-
scriptions, while the remaining 32.7% were unknown.
Identified from all analyzed time points of drought and salt
stress were 3936 and 3715 DEGs, respectively; 2131 overlap-
ping DEGs were further identified in drought stress and salt
stress indicating that C. sinensis has a similar molecular re-
sponse to these two stresses. Two DEGs (m.62690 and
m.62689) encoding caffeine synthase decreased their expres-
sion under salt stress and under drought stress, and a DEG
(m.25702) encoding polyphenol oxidase dramatically in-
creased under both stresses, demonstrating that the metabo-
lism of polyphenol is regulated by salt and drought stress in
C. sinensis. The expression patterns of ten unigenes were an-
alyzed by qRT-PCR to verify the RNA-seq results. Our studies
provide valuable insight into C. sinensis responses to drought
and salt stress, and the identified DEGs provide important
resources for further functional analyses and potential trans-
genic modifications to develop drought and salt-tolerant
C. sinensis.
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