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Abstract— Camellia oleifera Abel, a woody oil plant of major economic value, has strong ability for stress resis-
tance. However, insufficient genetic and genomic information hinders the research into the mechanisms of
its stress response. In this work, Illumina Genome sequencing platform was used for de novo assembling the
transcriptomes of leaves from C. oleifera seedlings grown under optimal (control) and drought conditions. A
total of 66570 unigenes with a mean length of 659.78 bp were assembled, amongst which 35259 unigenes
could be annotated using the NCBI nr database, Swiss-Prot protein database, Cluster of Orthologous Groups
of protein (COG) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database. In addition, 10869 sim-
ple sequence repeats (SSRs) were mined in the leaf transcriptome of C. oleifera. In a comparative transcrip-
tome analysis, when large numbers of differentially expressed unigenes (DEUs) were detected at different
stages of drought stress, most unigenes were downregulated under the stress. In the KEGG pathway enrich-
ment analysis, some important KEGG metabolic pathways of C. oleifera were discovered, such as circadian
rhythm, flavone and flavonol biosynthesis, and ribosomal structure. Our studies provide a comprehensive

map of physiological and molecular responses of C. oleifera to drought stress.
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INTRODUCTION

Drought is one of the most acute abiotic stresses,
which negatively affects the global agricultural pro-
duction and food security [1]. Plants cannot escape
from the habitat because of the sessile nature; there-

! The article is published in the original.
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10.1134/S1021443717050168 and are accessible for autho-
rized users.
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Abbreviations: CAT—catalase; CHS—chalcone synthase;
COGs—cluster of orthologous groups of proteins; CRY—cryp-
tochrome; CTAB—hexadecyltrimethyl ammonium bromide;
DEUs—differentially expressed unigenes; FDR—false discovery
rate; GI—GIGANTEA; KEGG—Kyoto Encyclopedia of
Genes and Genomes; MDA—malondialdehyde; NCBI—
National Center for Biotechnology Information; PHYA—phyto-
chrome A; PHYB—phytochrome B; PIF3—phytochrome-inter-
acting factor 3; POD—peroxidase; PRR7—pseudo-response regu-
lator 7; RNA-seq—RNA sequencing; RPKM—reads per kb per
million reads; SSRs—simple sequence repeats; STEM—short
time-series expression miner software.
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fore they tend to cope with drought stress by some par-
ticular strategies such as drought avoidance and/or
tolerance. Both ways have been shown to involve the
induction of specific gene expression and the accumu-
lation of particular proteins, such as dehydrins, key
enzymes for osmolyte biosynthesis, and detoxification
enzymes. Moreover, a number of the regulatory genes
for drought response, such as transcription factors and
protein kinase encoding genes, were analyzed in
details [2]. Therefore, it is important to clarify the
molecular mechanisms of the drought response in
plants and develop the drought-tolerant crops by
molecular techniques.

Camellia oleifera Abel, an evergreen shrub, is
widely grown in the low mountain area of southern
China, with its planting area amounting to approxi-
mately four million hectares. Since its seed oil has
become popular for a healthy lifestyle, many studies
focused on its breeding, high-yield cultivation, pest
and disease control, characteristic constituents and
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developmental biology [3—5]. The plant is strongly
resistant to drought, yet there are few reports about its
physiological and biochemical response to drought
stress. Thus, our transcriptomic analysis may shed
some light on the molecular mechanism of C. oleifera
response to drought.

For genetic analysis of non-model organisms,
next-generation sequencing technologies offer a new
approach with the advantage of high efficiency and
low cost. On the other hand, when genome informa-
tion of most plants is unavailable, RNA sequencing
(RNA-seq) is an efficient method to study stress adap-
tation and other biological features [6]. In this report,
to uncover the transcriptome-wide response to
drought in C. oleifera, the global genetic expression pro-
files of C. oleifera were analyzed under drought condi-
tions using the IlluminaHiSeq 2000 and Genome Ana-
lyzer 1Ix platforms. To the best of our knowledge, there
were few previous reports about transcriptome of
C. oleifera [3, 4], and our data will provide new
insights into the molecular mechanisms of drought
response in the wooden plants.

MATERIALS AND METHODS

Plant material. Population of Camellia oleifera Abel
cultivar Xianglin 4 was grown in the greenhouse at
25°C with a 14-h light/10-h dark photoperiod. Two-
year-old plants were about 30—35 cm high. The con-
trol plants were watered to field capacity, whereas for
drought treatment, the seedlings were subjected to
mild and severe drought stress followed by recovery.
The mature and fully expanded leaves (third to fifth
leaves from the apex) were sampled after 6 hours of
continuous illumination and mixed equally for each of
the three replicate groups.

Physiological measurements. The malondialdehyde
(MDA) concentration was measured using the thio-
barbituric acid method [7]. Soluble sugar content was
measured using the anthrone colorimetry method [8].
Proline content was measured using the acid ninhy-
drin method [9]. Peroxidase (POD) activity was deter-
mined by measuring the oxidation of guaiacol. Cata-
lase (CAT) activity was determined as H,0, consump-
tion [10]. The measurements were taken on six
replicates of the leaves from the same group.

Library preparation and sequencing. Total RNA was
isolated with the modified Hexadecyltrimethyl
Ammonium Bromide (CTAB) method [11] and
extracted to construct libraries for gene expression
profiling analyses. The reference transcriptome library
was constructed by mixing equal amounts of RNA
from each group sample. The sequencing was per-
formed by Illumina HiSeq 2000 sequencer (GeneDe-
novo, China).

De novo assembly and annotation. Prior to assem-
bling libraries, raw reads were filtered to remove the
reads with adaptors, reads with unknown nucleotide
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content exceeding 10% and low-quality reads contain-
ing over 50% bases with g-value < 5. The contigs were
de novo assembled by the short reads assembling pro-
gram Trinity [12]. After sequence assembly, the resul-
tant contigs were joined into scaffolds using the read
mate pairs, and the scaffolds were clustered using TGI
Clustering tools [13]. To annotate the unigenes, the
BLASTx program (http://www.ncbi.nlm.nih.gov/
BLAST/) was used with an E-value threshold of 1e™
according to National Center for Biotechnology
Information (NCBI) nr database (http://www.ncbi.
nlm.nih.gov), the Swiss-Prot protein database (http://
www.expasy.ch/sprot), the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (http://
www.genome.jp/kegg), and the COG database
(http://www.ncbi.nlm.nih.gov/COG). The sequence
direction of the unigenes was determined according to
the best alignment results. When a unigene could not
be aligned, sequence direction would be confirmed
using ESTScan program [14]. KEGG pathway anno-
tation was realized using the Blastall software against
the KEGG database [15]. The GO annotation was
performed by Blast2GO software (http://www.
blast2go.com/b2ghome) [16]. The functional classifi-
cation of the unigenes was performed using the
WEGO software [17].

Gene expression annotation. Clean reads were
mapped into the transcriptome reference database
with the SOAPaligner/soap2 software [18]. Not more
than 2 mismatch bases were permitted, and unique
mapped reads were obtained. The number of unique-
match reads was calculated and normalized to RPKM
(Reads Per Kb per Million Reads) for gene expression
analysis [ 19]. Unigene expression values from different
treatments were compared as described by Audic and
Claverie [20]. The p-value corresponds to differential
gene expression test, and False Discovery Rate (FDR)
is the method to determine the threshold of p-value. In
this experiment, the differentially expressed genes
from each group were restricted with FDR <0.001 and
the absolute value of log, Ratio > 1. Statistical analysis
of the differential gene expression was performed
using the R package edgeR [21]. Next the differentially
expressed genes were subjected to GO classifications
using WEGO [17], and KEGG pathway annotation
was performed by the Blastall software against the
KEGG database [15].

RESULTS

The Physiological Responses of Camellia oleifera
to Drought

The phenotypic and physiological responses of
C. oleifera to drought were assessed using two-year-
old seedlings exposed to progressive water loss. The
leaves of seedlings started to droop after mild drought
and then became paler and more wilted after severe
stress. After recovery, the plants showed less wilting
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Fig. 1. Physiological manifestations of Camellia oleifera leaves in response to drought: (a) phenotype; (b) malondialdehyde
(MDA) content; (c) soluble sugar content; (d) proline content; (e) peroxidase (POD) activities; (f) catalase (CAT) activities. Val-

ues represent the means and SD from six replicates.

(Fig. 1a). Such response to drought significantly pro-
moted the accumulation of malondialdehyde (MDA),
soluble sugar, proline, as well as peroxidase (POD)
and catalase (CAT) activities. As compared to the con-
trol plants, the leaves of C. oleifera under mild and
severe drought conditions showed substantial
increases in the content of MDA, soluble sugar and
proline, and then these indices decreased dramatically
after renewed cultivation (Fig. 1b—1f). These results
indicate drought injury in C. oleifera leaves.

1llumina Sequencing and de novo Assembly

Our transcriptome sequencing project produced a
total 0f 91744 458 raw reads with 11468057250 nt (GC
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content 46.02%). Of note, the Q20 data percentage
(an error probability <1%) of the final sequence gen-
erated in this study (97.11%) indicated that sequencing
throughput and quality were acceptable for further
analysis. De novo assembly of all clean reads produced
92.036 contigs with a mean contig size of 733.25 bp.
Then the assembled scaffolds were further clustered into
66570 unigenes (Table 1). The size distributions of these
unigenes, CDS through blast and ESTscan respectively,
are shown in Table S1. 52.42% (34897/66570) of uni-
genes were annotated by BLASTx (E-value<le™)
using the NCBI nr database, while 24315 were anno-
tated using the Swiss-Prot protein database. In addi-
tion, 10943 and 9801 wunigenes were annotated
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Table 1. Summary of the Camellia oleifera tests for transcriptome assembly

Name Number of sequences

Total clean reads 91744458

Total nucleotides (nt) 11468057250

Total number of Contigs 92036 Mean length 733.25
Total number of Unigenes 66570 Mean length 659.78 N50 1066

Unigene annotation Number of annotations

tBLAST xknown transcripts 35259

Unknown or predicted transcripts 31311

NR 34897

Swiss-Prot 24315

KEGG 9801

COG 10943

GO 15815

according to the Cluster of Orthologous Groups of
protein (COG) and KEGG database respectively.
About 8.61% (5735/66570) unigenes were assigned to
a homolog in all four databases (Fig. 2a). Based on the
NCBI nr database, 21.32% of the unigenes showed
homology (1e=2° < E-value < le~?), 45.76% of them
showed strong homology (17! < E-value < le~%0)
and the remaining 32.92%, high homology (E-value <
1e~'9%) to available plant sequences (Fig. 2b). As
shown in Fig. 2c, 19 and 112 unigenes were annotated
to 3 top-hit species, including Vitis vinifera, Theo-
broma cacao and Solanum lycopersicum. Hence, these
transcriptome data might expand the genetic
resources available for C. oleifera in the public data-
base and could become the basis of further research on
the molecular genetics and functional genomics of
C. oleifera.

GO, COGs and KEGG Ontology (KO) Classification

A total of 66570 unigenes from C. oleifera were
assigned for GO analysis. Based on the sequence sim-
ilarity, 15815 sequences (23.76%) were further classi-
fied into three main categories (biological processes,
cellular components and molecular functions) and
71 subcategories. Majority of the unigenes are
involved in various biological processes and other are
related to molecular functions and cellular compo-
nents. Analysis of their further distribution to various
subcategories revealed that the majority of the uni-
genes were involved in metabolic and cellular pro-
cesses (55.01 and 52.25%, respectively). About
46.06% and 44.78% of unigenes under the cellular
component category were involved in cell and cell part
activities, respectively. As to the molecular functions,
the metabolic processes (57.15%), binding (50.28%)
and catalytic activities (49.81%) accounted for most of
the unigenes. The smallest groups were organelles of
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biological processes. As for metallochaperone activity
and translation regulator activity of molecular func-
tions, only one unigene was predicted from each group
(Fig. S1A).

To further evaluate the completeness of the tran-
scriptomic library and effectiveness of the annotation
process, we collated the annotated sequences with the
COG classifications and KEGG metabolic pathways.
Based on sequence homology, 10943 (16.44%) uni-
genes were categorized into 24 COG groups
(Fig. S1B). The highest represented biological pro-
cesses included ‘general function prediction only’
(2993; 27.35%), followed by ‘posttranslational modi-
fication, protein turnover, chaperones’ (1523; 13.92%),
‘replication, recombination and repair’ (1444; 13.20%),
‘transcription’ (1404; 12.83%), ‘signal transduction
mechanisms’ (1276; 11.66%) and ‘translation, ribo-
somal structure and biogenesis’ (1010; 9.23%). The
cell motility and nuclear structure group contained
only 8 and 2 unigenes, respectively. The unigene met-
abolic pathways were investigated using the KEGG
annotation system. In the 34897 unigene nr hits, a
total of 9801 unigenes were associated directly with
124 predicted KEGG metabolic pathways, and the
number of unigenes in different pathways ranged from
1 to 2591. Among them, metabolic pathway group
ko01100, which included 2591 unigenes (26.44%), was
found to be significantly larger than other pathways; it
was followed by biosynthesis of secondary metabolites
(ko01110, 1288 unigenes, 13.14%), ribosomal structure
(ko03010, 495 unigenes, 5.05%), protein processing in
endoplasmic reticulum (ko04141, 368 unigenes,
3.75%) and oxidative phosphorylation (ko00190,
328 unigenes, 3.35%) (Fig. S1C). The smallest group
was indole alkaloid biosynthesis and anthocyanin bio-
synthesis, both contained only one unigene (Table S2).
All these analyses indicated that most of the unigenes
did not match any known proteins, although they
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Fig. 2. Homology search for Camellia oleifera unigenes: (a) venn diagram of number of unigenes annotated by BLASTx with a
cut-off E-value 1e~% against protein databases (numbers in the circles indicate the number of unigenes annotated by single or
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Table 2. The statistical data of SSRs in the Camellia oleifera

733

Statistical Item Numbers
Total number of sequences examined 66570
Total size of examined sequences, bp 43921855
Total number of identified SSRs 10869
Number of SSR containing sequences 9049
Number of sequences containing more than 1 SSR 1518
Number of SSRs present in compound formation 697
Dinucleotide 6452
Trinucleotide 3097
Tetranucleotide 660
Pentanucleotide 335
Hexanucleotide 325

probably somehow contributed to drought response in
C. oleifera.

Simple Sequence Repeat Mining

Transcriptome data are widely used as a source for
mining molecular markers such as the simple
sequence repeats (SSRs). Therefore, the transcripts
generated in this study were mined using the MIS-
APerl script (http://pgrc.ipk-gatersleben.de/misa/)
so as to identify SSRs (dinucleotide to hexanucleotide
repeats) in transcripts of C. oleifera leaves. Total of
10869 SSRs were identified in 9049 transcripts of
C. oleifera (Table 2). The average frequency of SSRs
was found to be one SSR per 4.04 kb of the transcrip-
tome sequence. Moreover, 1518 sequences contained
more than one SSR, and 697 SSRs were presented in
compound formation. Unlike cereal species such as
barley, maize, rice, wheat and sorghum, with trinucle-
otide repeats as the main type of SSR, the largest por-
tion of SSRs identified in C. oleifera were dinucleo-
tides (59.36%) followed by trinucleotides (28.49%)
(Table 2). Among the nucleotide repeats, AG/CT pre-
dominated (46.9%) followed by AT/AT which
accounted for 7.6% of all nucleotide repeats (Fig. S2).
To our knowledge, there are only a few reports about
SSRs in C. oleifera [4], and our report on SSRs will
help future genetic characterization and germplasm
utilization of C. oleifera.

Transcriptional Profiling of Camellia oleifera Leaves
under Drought Stress

In order to clarify the transcriptional changes in
C. oleifera leaves under drought stress, we performed
four pairwise comparisons of the transcriptomes as
follows: control versus mild drought (C vs. M), control
versus severe drought (C vs. S), control versus recov-
ery (C vs. R), and mild drought versus severe drought
(M vs. S). Large numbers of differentially expressed
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unigenes (DEUs) were detected, and the results of
the pairwise comparisons of the DEUs are shown in
Fig. 3a. It was observed that majority of DEUs was
downregulated during the drought stress. A compari-
son of control and mild drought group showed that
4463 and 8761 DEUs were upregulated and downreg-
ulated, respectively. By contrast, 305 DEUs were
downregulated and 159 DEUs were upregulated in
mild drought group compared with severe drought
group. To further represent differentially expressed
genes during the drought stress response, we created a
heat map through hierarchical clustering across the
four time points. Red and blue colors indicate up- and
downregulated transcripts, respectively, from both
control and drought treated leaves. FDR < 0.001 and
the maximum value of [log, (ratio of stress/control)| >1
were used as cut-off to evaluate significant differences
in expression (Fig. 3b).These results indicated that the
changes of gene expression mainly occurred at the
early stage of drought stress response in C. oleifera.

Furthermore, the DEUs were sorted into clusters
using Short Time-series Expression Miner software
(STEM) to determine the optimal number of clusters
and in this way to classify gene expression patterns
under drought stress. Among 20 representative clus-
ters, we selected five major clusters with significant
enrichment (p-value < 0.05) that displayed distinct
expression profiles during the drought response in
C. oleifera (Fig. 4a—4e). The unigenes (9072) in the
clusters A to C showed a decrease expression, while
those (5181) in the clusters D to E indicated enhanced
expression under the drought stress. Next, DEUs of
the significantly enriched cluster groups was subjected
to GO-term analysis. They were also classified into
three main categories: cellular components, biological
processes and molecular functions. Under the biolog-
ical process category, many DEUs were classified into
metabolic process, cellular process and single-organ-
ism process categories. Most of cellular component
categories belonged to cell, cell part and organelle and
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to molecular function subcategories, with metabolic
processes, catalytic activities and binding being the
most abundant subcategories. The detailed lists with
all downregulated unigenes (cluster A, B and C) and
upregulated unigenes (clusters D and E) under drought
stress, including unigene descriptions, changes in
expression, KEGG metabolic pathways and their GO
annotation are presented in Table S3 (A—E).

The Important KEGG Metabolic Pathways of C. oleifera
under Drought Stress

The KEGG pathway enrichment analysis demon-
strated that the major KEGG metabolic pathways of
C. oleifera affected by drought stress included circa-
dian rhythm, flavone and flavonol biosynthesis, and
ribosomal structure (Table S4 and Fig. S3—5). The
detailed lists with all unigenes include the changes in
expression, unigenes descriptions (Nr annotation,
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Swissprot annotation, COG function description, ko
definition), and their GO annotation.

Previous studies have demonstrated that drought
stress could affect the expression levels of putative cir-
cadian rhythm genes in plants such as Arabidopsis,
soybean [22—24]. GIGANTEA (GI) is also known to
play some role in drought tolerance and circadian
clock control [25]. In this experiment, 33 unigenes
that belonged to the circadian rhythm pathway were
downregulated during the drought stress in C. oleif-
era, and these unigenes were upregulated after the
recovery. These unigenes might encode the Phyto-
chrome B (PHYB) (Unigene0030838, Uni-
gene0030839, Unigene0030840), Phytochrome A
(PHYA) (Unigene0043190, Unigene0043191), Phy-
tochrome-Interacting Factor 3 (PIF3) (Uni-
gene0030334, Unigene0045142, Unigene0045143),
Pseudo-response Regulator 7 (PRR7) (Uni-
gene0022103, Unigene0025709, Unigene0031899, Uni-
gene0035040, Unigene0045762), Cryptochrome
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(CRY) (Unigene0029679, Unigene0038643),
GIGANTEA (GI) (Unigene0013010, Unigene0016976,
Unigene0018657, Unigene0018658, Unigene0018659,
Unigene0024567, Unigene0029354, Unigene0047505,
Unigene0047506), and Chalcone Synthase (CHS)
(Unigene0043143, Unigene0043144, Unigene0043145),
respectively (Table S4A and Fig. S3). These results
also indicate that the drought stress could significant
affect circadian rhythm in C. oleifera.

Change in the secondary metabolism is one of the
stress responses in plants. It has been reported that in
Arabidopsis, a class of specialized metabolites, such as
flavonoids and flavonols, with strong radical scaveng-
ing activity, could alleviate drought stress [26, 27]. In
C. oleifera, six unigenes relating to the flavone and fla-
vonol biosynthesis pathways were downregulated
under drought, and they were upregulated after
renewed growth; these genes include UDP-glycosyl-
transferase (Unigene0023780, Unigene0024708, Uni-
gene0024710), flavonoid 3',5'-hydroxylase 2 (Uni-
gene0036522, Unigene0036523), and anthocyanin
3-0-galactosyl transferase (Unigene0042525), respec-
tively (Table S4B and Fig. S4). These results showed
that the drought stress could partially damage the
non-enzymatic antioxidant system; they also demon-
strated that the secondary metabolites were involved
in the stress response in C. oleifera.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 64

To date, it is known that ribosomal proteins are
involved in response to abiotic stresses; however, the
mechanism of this involvement is still unclear [28—
30]. In this research, 197 unigenes relating to the ribo-
somal structure were upregulated under drought
stress, and during the recovery these unigenes were
downregulated in C. oleifera. These unigenes encode
49 proteins of large ribosome subunit and 29 proteins
of small subunit, respectively (Table S4C and Fig. S5).
Therefore, the ribosomal proteins may play the vital
roles in the response to drought stress in C. oleifera.

DISCUSSION

High-throughput transcriptome analysis provides
an unbiased approach for understanding gene func-
tions in response to different conditions, especially in
non-model organisms with unsequenced genome.
Transcriptomic changes in Camellia oleifera have been
previously reported [4, 5]. In this study, we combined
physiological analyses with RNA-Seq to investigate
the physiological responses to drought stress with
transcriptomic changes. As a result, we assembled leaf
transcriptome of C. oleifera seedlings grown under
control condition and drought stress which comprised
66570 unigenes of average length 659.78 bp. Among
these unigenes, about 52.97% (35259) were annotated
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using the NCBI nr database, Swiss-Prot protein data-
base, COG and KEGG database. Furthermore, these
unigenes were annotated into 21 GO subcategories,
24 COG groups, and 124 KEGG pathways.

Analysis of the whole transcriptome enabled us to
better understand expression changes as related to
drought tolerance. Among the DEUSs, several catego-
ries associated with carbon metabolism were enriched.
The results of our study provided new information
pertaining to the differential regulation of genes in
response to drought. These data suggest that 33 uni-
genes belonging to the circadian rhythm pathway were
downregulated during the drought, and these unigenes
were upregulated after the recovery. Many genes
involved in various syntheses were differentially
expressed in response to the drought stress. They are
major targets for further functional and physiological
studies to unravel the complex mechanisms associated
with drought tolerance in C. oleifera.
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