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Abstract: Korean arborvitae (Thuja koraiensis) is an evergreen shrub or small tree native to Korea and the
extreme Changbai Mountain of China threatened by habitat loss. Due to the limited genomic sources of Ko-
rean arborvitae, it is important to explore transcriptome to understand this economically important plant.
We used RNA-seq technology to characterize the transcriptome of root, stem and leaf in Korean arborvitae,
respectively. Based on the bioinformatics analysis of assembled transcriptome data, transcriptional path-
ways and differentially expressed genes (DEGs) were identified.

There were 152.26 million reads generated, and 446,568 unigenes with a mean size of 423.51 nt obtained
via de novo assembly. Of these, 204,091 unigenes (45.70%) were further annotated by comparison to public
protein databases. A total of 63,495 unigenes (14.22%) were associated into 130 pathways by searching
against the KEGG database. DEGs analysis identified 11,890, 5,900 and 10,136 DEGs from the comparison
of root vs. stem, root vs. leaf and stem vs. leaf, respectively. Besides, photosynthesis, plant hormone signal
transduction and metabolism and biosynthesis of sugar and amino acids were changed in different tissues.
We obtained 446,568 unigenes in Korean arborvitae and 11,890, 5,900 and 10,136 DEGs from the compar-
ison of root vs. stem, root vs. leaf and stem vs. leaf, respectively. These results will aid in understanding and
carrying out future studies on the molecular basis of Korean arborvitae and contribute to future artificial
production and applications.
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Introduction

Korean arborvitae (Thuja koraiensis) is a spe-
cies of Cupressaceae, an evergreen shrub or small
tree native to Korea and the extreme the Changbai
Mountain of China (Wang et al., 2017). It is a val-
ued medicinal tree species that is rich in terpenoids,
flavonoids and essential oil, and as a source of lum-
ber for sculpture (Wang et al., 2007; Zhang et al.,
2014). In addition, it is occasionally grown as an
ornamental tree for the contrast between the green
upper and bright white lower sides of the foliage
(Chung et al., 2011). The small population in Chi-
na is protected in the Changbai Mountain Nature
Reserve, as is the small population in Soraksan Na-
ture Reserve in northern South Korea, but most of
the species range in North Korea is unprotected and
threatened by habitat loss (Yin et al., 2016). Studies
of Korean arborvitae have mainly focused on prop-
agation, chemical composition and biogeography,
with only few reports relating to molecular biology
(Yang et al., 1994; Li & Xiang, 2005; Peng & Wang,
2008; Yin et al., 2013). Due to the limited genomic
sources of Korean arborvitae, it is important to ex-
plore transcriptome to understand this economical-
ly important plant.

In the past, large-scale analyses of transcript en-
richment largely depend on hybridization, such as
cDNA and oligo-nucleotide arrays (Alves-Ferreira et
al.,, 2007; Yuan et al., 2012). However, array analy-
ses and other hybridization-based approaches have
several limitations, including knowledge of genes for
probe design, non-specific hybridization, and diffi-
culty in detecting low level expression (Marioni et
al., 2008). On the other hand, more recently devel-
oped RNA sequencing (RNA-seq) technologies can
overcome such limitations of hybridization-based
approaches and other conventional large-scale gene
expression analysis methods (Garber et al., 2011). It
also has a highest great sensitivity, allowing the de-
tection of transcripts with lower expression levels,
such as those of many transcription factors (Mu et
al., 2013; Zhang et al., 2015). In the last few years,
RNA-seq has been extensively applied in the charac-
terization of transcriptomes regarding developmen-
tal stage, organ, even specific cell types or single cell
level, from yeast to human, including several plant
species, such as de novo transcriptome sequencing
of gymnosperms (Hao et al., 2011; Li et al., 2014;
Zhang et al., 2016).

In the present work, we used RNA-seq technol-
ogy to characterize the transcriptome of root, stem
and leaf in Korean arborvitae. The RNA samples
from these three different tissues were sequenced
with the high-throughput Illumina deep sequenc-
ing technique. Based on the bioinformatics analysis
of assembled transcriptome data, we characterized

transcriptional pathways on the different tissues of
Korean arborvitae. Furthermore, we identified the
differentially expressed genes (DEGs) subject to reg-
ulation during different tissues. The transcriptome
sequencing may help to discover new genes and
pathways and may provide helpful insights into Ko-
rean arborvitae.

Materials and Methods

Plant material

Cuttings from Korean arborvitae for cuttage
was collected from Changbai County Forest Farm
(41.75°N, 127.93°E), Jilin Province. Cuttings were
cut in black soil for seedlings regeneration and hun-
dreds of seedlings were transplanted into plastic pots
in the greenhouse. Root, stem and leaf from three
different individuals were collected and mixed into
three samples, and then the three samples were im-
mediately frozen in liquid nitrogen respectively and
stored at —80°C for future use.

RNA extraction, library construction
and RNA-Seq

Total RNA was extracted separately from each
sample using the R6827-01 Plant RNA Kit (Guduo,
Shanghai, China). The concentration of RNA was
analyzed using a spectrophotometer (UV-Vis Spec-
trophotometer, Quawell Q5000; Quawell, San Jose,
CA, USA), and the integrity of RNA was evaluated
with an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). Equal quantities
of high-quality RNA of each sample from different
tissues were combined into a single large pool for
cDNA synthesis.

The mRNA-seq library was constructed using
TruSeq RNA Sample Preparation Kit (Illumina Inc,
San Diego, CA, USA). The poly-A mRNA was en-
riched using oligo (dT) magnetic beads, and the
mRNA was broken into fragments by fragmentation
buffer. The cleaved RNA fragments were transcribed
into first-strand cDNA using random hexamer prim-
ers, followed by second strand cDNA synthesis us-
ing DNA polymerase I and RNase H. The short
fragments were purified with the QiaQuick PCR
Purification Kit (Qiagen) and eluted in EB buffer for
end-repaired by addition of poly(A) to 3’. Then the
suitable fragments were separated by an agarose gel
electrophoresis and selected for PCR amplification as
sequencing templates. The constructed mRNA-seq
library was sequenced on the Illumina HiSeq™ 2500
sequencing platform.
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De novo assembly and functional
annotation

To obtain high-quality clean data for de novo as-
sembly, the raw reads were filtered by removing the
adapter sequences, low quality sequences (reads with
ambiguous nucleotides “N”), and reads in which
more than 20% of nucleotides had a Q-value <30.
Reads were de novo assembled using the Bowtie and
RSEM packages (Langmead et al., 2009; Li & Colin,
2011). The clean reads were assembled into contigs
using Trinity (Grabherr et al., 2011). After Trinity de
novo assembly and correction, the contigs without
any gaps were linked into transcripts according to
the paired-end information of the sequences. Relat-
ed contigs were clustered into transcripts based on
nucleotide sequence identity. The longest transcript
was regarded as unigene redundancy was removed.
Finally, the unigenes were combined to produce the
final assembly used for annotation.

To determine the functional annotation of the
unigenes, the assembled sequences were compared
against the NCBI Nr (Deng et al., 2006), SwissProt
(Apweiler et al., 2004), COG (Tatusov et al., 2000),
KOG (Koonin et al., 2004), EggNOG (Huerta-Cepas
et al., 2015), Pfam (Finn et al., 2014), GO (Ashburn-
er et al.,, 2000) and KEGG (Kanehisa et al., 2004)
with an E-value < 10”°. Gene names were assigned
based on the best Blast hit (Altschul et al., 1997).
Open reading frames (ORFs) were predicted using
the GetORF program from the EMBOSS suite (Rice
et al., 2000). The longest ORF extracted from each
unigene was defined as coding sequence (CDS), and
the CDSs were translated into amino acid sequences
using the standard codon table. The Blast2GO pro-
gram (Conesa et al., 2005) was applied to obtain GO
annotation of unigenes including molecular function,
biological process, and cellular component catego-
ries. The unigenes sequences were aligned to Egg-
NOG database to classify and predict possible func-
tions. Annotations of Korean arborvitae unigenes
were used to predict biochemical pathways using the
pathways tools. The KEGG database was used to ana-
lyze gene products related to metabolism and gene
function in cellular processes.

Simple sequence repeats (SSRs)
markers detection

The assembled sequences longer than 1 kb were
used for SSRs markers detection. Potential SSRs
markers were detected among the 29,240 unigenes
using the MISA software (Beier et al., 2017). The
parameters were set for the identification of perfect
mono-nucleotide motifs with a minimum of ten re-
peats, di-nucleotide motifs with a minimum of six

repeats, and tri-, tetra-, penta-, and hexa-nucleotide
motifs with a minimum of five repeats (Zeng et al.,
2010; Wei et al., 2011).

Differentially expressed genes (DEGs)
identification

The gene expression abundance was represented
in fragments per kilobase of exon model per million
mapped fragments (FPKM). The FPKM measure of
fragment density reflects the molar concentration of
a transcript for RNA length and for the total fragment
number in the measurement (Trapnell et al., 2010).
The EBSeq package (Leng et al., 2013) was used to
analyze differential gene expression. The FDR (false
discovery rate) method (Benjamini et al., 2001) was
used to determine the threshold of P-values in multi-
ple tests. The log,ratio was the FPKM ratios of a gene
between two samples returned the logarithm based on
2. In this study, FDR < 0.01 and |log ratio| > 2 were
the thresholds employed to judge the significance of
differentiated gene expression (Zhang et al., 2016).

Pathway enrichment analysis of DEGs

The Blastall program in Blast package (Johnson
et al., 2008) was used to annotate the pathways of
DEGs against the KEGG database. The hyperge-
ometric test was then used to identify significantly
enriched pathways in DEGs compared to the tran-
scriptome background. The formula used to calculate
the P-value was as follows:

Y=
H

where N is the number of genes with KEGG annota-
tion, n is the number of DEGs in N, M is the num-
ber of genes annotated to specific pathways and m is
number of DEGs in M. The calculated P-value was
subjected to Bonferroni correction, taking the cor-
rected P-value < 0.05 as a threshold. Pathways ful-
filling this condition were defined as significantly
enriched pathways in the DEGs.

Results and Discussion

RNA-Seq and de novo assembly

To obtain a global overview of the Korean arbor-
vitae transcriptome of different tissues, three RNA
samples from root, stem and leaf were sequenced
with Illumina HiSeq™ 2500. The raw sequencing
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Table 1. Quality of RNA-Seq for Korean arborvitae

Sample Nucleotide number Read number Q30 percentage (%) GC percentage (%)
Root 13,414,397,440 45,288,733 92.44 44.54
Stem 16,131,778,134 54,437,219 92.21 44.11
Leaf 15,637,002,320 52,536,454 92.43 43.64
Q30 percentage indicates the proportion of nucleotides with quality values greater than 30.
Table 2. Length distribution of de novo assembled transcripts and unigenes
. Transcripts Unigenes
Nucleotide length (nt) Number : Percentage (%) Number : Percentage (%)
200-300 308,801 52.52 279,779 62.65
300-500 119,899 20.39 93,935 21.03
500-1000 73,520 12.51 43,613 9.77
1000-2000 48,246 8.21 19,081 4.27
2000+ 37,452 6.37 10,159 2.27
Total 587,920 100.00 446,568 100.00
N50 length (nt) 1,122 440
Mean length (nt) 609.18 423.51
Total length (nt) 358,150,061 189,126,994

N50 indicates that half of the assembled nucleotides were incorporated into unigenes with a length at least.

data of root, stem and leaf were submitted to the
SRA database in NCBI with the accession number
of SRR8791012, SRR8791011 and SRR8791010,
respectively. After stringent quality assessment and
data filtering, a total of 152.26 million reads and
45.18 giga nucleotides were generated, and the Q30
percentages were all over 92% (Table 1).

Reads were mapped against the reference tran-
scriptome sequences from the three samples of Kore-
an arborvitae. After the removal of adaptor sequenc-
es and exclusion of contaminated or short reads,
next-generation short-read sequences were assem-
bled into 587,920 transcripts with mean length of
609.18 nt and N50 length of 1,122 nt using the Trin-
ity de novo assembly program. The transcripts were
subjected to cluster and assembly analyses. Finally
446,568 unigenes with a mean size of 423.51 nt were
obtained, these included 29,240 unigenes (6.54%)
with length greater than 1 kb. An overview of the
transcripts and unigenes is shown in Table 2.

Functional annotation and classification

The reads of Korean arborvitae in root, stem and
leaf were assembled, and several complementary
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Fig. 1. Functional annotation of Korean arborvitae uni-
genes

approaches were utilized to annotate the assem-
bled sequences (Fig. 1). Approximately 45.70% of
the unigenes (204,091) were able to be annotat-
ed based on aligning with sequences deposited in
diverse protein databases, including Nr (186,777
unigenes; 41.82%), SwissProt (186,777 unigenes;
41.82%), COG (67,243 unigenes; 15.06%), KOG
(99,723 unigenes; 22.33%), EggNOG (177,785 un-
igenes; 39.81%), Pfam (112,323 unigenes; 25.15%),
GO (110,728 unigenes; 24.80%) and KEGG (63,495
unigenes; 14.22%). We found that for 5.76% of the
unigenes the most similar proteins sequence was
from Picea sitchensis, whereas 2.44% were most simi-
lar to sequences from Physcomitrella patens, and 1.78%
to Amborella trichopoda. Among the unigenes 5.76%
appeared to be most closely related to genes from
P. sitchensis. Korean arborvitae and P. sitchensis are
gymnosperms that belong to the Coniferopsida Co-
niferae. Thus, there is a close relationship between
Korean arborvitae and P. sitchensis based on both sys-
tematic botany and molecular analysis. Compared
with those from other conifer trees, our results us-
ing samples from different tissues including root,
stem and leaf respectively, identified a much larger
number of unigenes (Hao et al., 2011; Li et al., 2014;
Zhang et al., 2016). The results obtained in this re-
search demonstrated that our final assembly quality
was satisfactory and it therefore provides sequence
resources and facilitates further gene cloning and
functional analyses.

Gene Ontology (GO) analysis was used for func-
tional classification of the assembled transcripts
and gene products in terms of their likely associat-
ed biological processes, cellular components, and
molecular functions. There were 110,728 unigenes
were assigned to GO terms (Fig. 2). To better review
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Fig. 2. Functional annotation of assembled sequences based on GO categorization

GO cellular components, the GO terms were fur-
ther clustered to their parent terms. With regard to
biological processes, metabolic processes (79,244
unigenes; 71.56%), cellular processes (63,420 uni-
genes; 57.28%) and single-organism process (51,993
unigenes; 46.96%) were prominently represented.
For molecular function, catalytic activity (62,940
unigenes; 56.84%) and binding (56,740 unigenes;
51.24%) represented the majorities of this category.
Cell (43,924 unigenes; 39.67%), membrane (23,890
unigenes; 21.58%), organelle (32,889 unigenes;
29.70%) and cell part (43,924 unigenes; 39.67%)
represented a high percentage of the cellular compo-
nent category.

In addition, all unigenes were aligned to the Egg-
NOG database for further functional prediction and
classification. Overall, 177,785 of the 446,568 se-
quences were assigned to 25 EggNOG categories (Fig.
3). The category of function unknown represented the
largest group (35,544 unigenes; 19.99%), followed by
general function prediction only (31,624 unigenes;
17.79%) and posttranslational modification, protein
turnover, chaperones (15,112 unigenes; 8.50%). Only
a few unigenes were assigned to cell motility, extra-
cellular structures and nuclear structure (67, 351 and
513 unigenes, respectively). Furthermore, 7,788 un-
igenes were assigned to carbohydrate transport and

metabolism and 2,321 unigenes were assigned to co-
enzyme transport and metabolism.

KEGG is a public database for networks of molec-
ular interactions in cells and their variants specific
to particular organisms. To further examine the use-
fulness of the Korean arborvitae unigenes generated
in the present study, the unigenes were compared
with the KEGG database using Blastx and the cor-
responding pathways were established. Only 63,495
unigenes (14.22%) were assigned to 130 pathways.
The pathways with highest unigene representation
were ribosome (ko03010; 4327 unigenes; 6.81%),
followed by carbon metabolism (ko01200; 3759
unigenes; 5.92%) and biosynthesis of amino acids
(ko01230; 3053 unigenes; 4.81%).

SSRs markers discovery

SSRs can be used as powerful molecular markers
for genetics, evolution and breeding studies. To ex-
plore SSR profiles in the unigenes of Korean arbor-
vitae, the 29,240 unigene sequences were searched
for SSRs. In total, 4,424 sequences containing 4,962
SSRs were obtained, with 459 unigene sequences
containing more than one SSR. Mono-nucleotide
repeat motifs (58.61%) were the most abundant,
followed by di-nucleotide repeats (19.97%) and
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Fig. 3. EggNOG function classification of consensus sequence

Table 3. Frequency of candidate SSRs in Korean arborvitae

Motif Mono Di Tri Tetra Penta Hexa Total Percentage (%)
Repeat number 5 - - 629 53 10 4 696 14.03
6 - 350 238 6 1 3 598 12.05
7 - 185 100 0 0 1 286 5.76
8 - 129 14 0 0 0 143 2.88
9 - 112 1 0 0 0 113 2.28
10 1,449 134 1 0 0 1 1,585 31.94
11 522 78 0 0 0 0 600 12.09
12 234 3 1 0 0 0 238 4.80
13 140 0 0 0 0 0 140 2.82
14 106 0 0 0 0 0 106 2.14
15 83 0 0 0 0 0 83 1.67
>15 374 0 0 0 0 0 374 7.54
Total 2,908 991 984 59 11 9 4,962 100.00
Percentage (%) 58.61 19.97 19.83 1.19 0.22 0.18 100.00

tri-nucleotide repeats (19.83%) (Table 3). The most
abundant repeat type was A/T (2,810; 56.63%), fol-
lowed by GA/TC (214; 4.31%), and AG/CT (193;
3.89%).

Identification and pathway enrichment
of DEGs

A total of 446,568 unigenes were detected from
the clean reads of all samples as described above. To
detect DEGs between the samples harvested from
different tissues, DESeq was used with the criteria
FDR < 0.01 and |log ratio| > 2. The representative
genes of up- and down-regulated DEGs of Korean

arborvitae at different tissues are shown in Fig. 4. For
root vs. stem comparison, most DEGs were up-regu-
lated. With regard to stem vs. leaf comparison, most
DEGs were down-regulated. A roughly similar num-
ber of up-regulated DEGs and down-regulated DEGs
was produced in root vs. leaf comparison (Table 4).
To provide a global view of the biological path-
ways that function in Korean arborvitae, KEGG
pathway analysis was used to identify the biologi-
cal pathways of the DEGs. With regard to root vs.
stem comparison, 2,990 DEGs were mapped into
119 pathways. For root vs. leaf comparison, 1,519
DEGs were mapped into 112 pathways. 2,565 DEGs
mapped into 121 pathways were produced in stem
vs. leaf comparison. Differences in the dynamics and
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Table 4. Number of up- and down-regulated DEGs of Korean arborvitae in different tissues
Comparison All DEGs number Up-regulated DEGs number Down-regulated DEGs number
Root vs. Stem 11,890 8,067 3,823
Root vs. Leaf 5,900 2,552 3,348
Stem vs. Leaf 10,316 2,148 8,168
Table 5. Pathway enrichment of DEGs of Korean arborvitae
Root vs. Stem Root vs. Leaf Stem vs. Leaf
Pathway DEGs Corrected DEGs Corrected DEGs Corrected
number P-value number P-value number P-value
Photosynthesis 63 0 64 0 44 0
Phenylpropanoid biosynthesis 75 2.03E-09 30 9.26E-02 80 0
Ribosome 434 3.89E-09 256 0 353 0
Photosynthesis — antenna proteins 26 2.39E-08 26 0 22 9.86E-07
Carbon fixation in photosynthetic organisms 96 2.02E-06 40 6.30E-01 85 3.76E-06
Phenylalanine metabolism 63 3.69E-06 18 1 71 0
Glycolysis/Gluconeogenesis 129 2.88E-04 37 1 113 5.11E-04
Carotenoid biosynthesis 21 7.19E-03 11 2.61E-01 13 1
Pentose and glucuronate interconversions 50 1.39E-02 17 1 48 1.26E-03
Plant hormone signal transduction 39 3.03E-01 27 9.56E-03 43 8.15E-04
Protein processing in endoplasmic reticulum 153 1 28 1 153 1.58E-02
Plant-pathogen interaction 42 1 9 1 45 1.92E-02
absolute levels of DEGs expression in different tis- 1
sues were seen in the following categories: photo-
synthesis (ko00195), phenylpropanoid biosynthesis 0.5
(ko00940), ribosome (ko03010), photosynthesis 0
— antenna proteins (ko00196), carbon fixation in
photosynthetic organisms (ko00710), phenylalanine -0.5

metabolism (ko00360), glycolysis/gluconeogenesis
(ko00010), carotenoid biosynthesis (ko00906), pen-
tose and glucuronate interconversions (ko00040),
plant hormone signal transduction (ko04075), pro-
tein processing in endoplasmic reticulum (ko04141)
and plant-pathogen interaction (ko04626) (Table 5).

Differences in gene expression profiles can yield
insight into mechanisms underlying physiological
changes, and DEGs were found among different tis-
sues, treatments, and species (Feng et al., 2012; Lin et
al., 2013; Hu et al., 2016; Gaete-Loyola et al., 2017).
The root, stem and leaf samples were collected repre-
sented the different tissues in Korean arborvitae, and
there were fewer DEGs in root vs. leaf. However, many
11,890 DEGs and 10,316 DEGs were detected in root
vs. stem and stem vs. leaf, respectively. Furthermore,
many DEGs were annotated to specific pathways us-
ing KEGG database, including photosynthesis, plant
hormone signal transduction and metabolism and
biosynthesis of sugar and amino acids. These results
indicate considerable changes of gene expression in
different tissues. A similar phenomenon was reported
for the organ differentiation and formation in which
expression key genes expression about photosynthe-
sis, plant hormone and metabolism and biosynthe-
sis pathways (Hao et al., 2011; Niu et al,, 2015; Hu
et al., 2016). We can conclude that these key genes

Leaf

Stem

Root

Fig. 4. Heatmap of the relative expression levels of DEGs
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expressed preferentially in different tissues of Korean
arborvitae may be essential for organ differentiation
and formation, and which are involved in a broad
range of physiological functions.
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