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Analysis of the Panax ginseng stem/leaf transcriptome
and gene expression during the leaf expansion period
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Abstract. Ginseng (Panax ginseng C.A Meyer) is a widely
used herbal remedy, however, the majority of studies have
focused on the roots, with less known about the aerial regions
of the plant. As the stems and leaves are the primary aerial
tissues, the present study characterized their transcriptional
profiles using Illumina next-generation sequencing tech-
nology. The gene expression profiles and the functional genes
of ginseng stems (GS) and leaves (GL) were analyzed during
the leaf-expansion period. cDNA libraries of the GS and GL
of 5-year-old ginseng plants were separately constructed. In
the GS library, 38,000,000 sequencing reads were produced.
These reads were assembled into 99,809 unique sequences
with a mean size of 572 bp, and 57,371 sequences were identi-
fied based on similarity searches against known proteins. The
assembled sequences were annotated using Gene Ontology
terms, Clusters of Orthologous Groups classifications and
Kyoto Encyclopedia of Genes and Genomes pathways. For
GL, >118,000,000 sequencing reads were produced, which
were assembled into 73,163 unique sequences, from which
50,523 sequences were identified. Additionally, several genes
involved in the regulation of growth-related, stress-related,
pathogenesis-related, and chlorophyll metabolism-associated
proteins were found and expressed at high levels, with low
expression levels of ginsenoside biosynthesis enzymes also
found. The results of the present study provide a valuable
useful sequence resource for ginseng in general, and specifi-
cally for further investigations of the functional genomics and
molecular genetics of GS and GL during early growth.
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Introduction

For thousands of years, ginseng has been used as a nutrient and
medicine, and as a component in cosmetics and beverages, to
improve quality of life and maintain health in humans (1-3). In
Asia in particular, it is considered to be an invaluable herb (4,5).
Ginseng can be divided into two types, wild and cultivated,
according to their different growing conditions (6). The annual
growth cycle of ginseng begins with seeding, followed by leaf
expansion, flowering, green fruiting, red fruiting and wilitng (7).

The leaf expansion stage is a critical period in the early
growth and differentiation of the plant. During the leaf expan-
sion period, plant nutrients are transported from storage in
the roots to the aerial regions, as required for growth. During
this period, the plant organs exhibit significant morphological
and physiological changes (8). These changes include the
rapid growth of the stems and leaves, during which the plants
increase in height more rapidly than they grow in width, and
the rates of ginsenoside Rb,, Rc and Rd synthesis during
this stage are higher, compared with those in other stages of
growth (7,9).In addition, plant pests and other diseases, which
severely inhibit ginseng growth, frequently take hold during
this period (10,11). The molecular mechanisms associated with
these features in ginseng remain to be fully elucidated (12,13).
Therefore, the present study aimed to perform transcriptome
analysis on ginseng leaves (GL) and stems (GS) during this
important growth stage.

During the last decade, next-generation sequencing
technology has improved the efficiency and speed of gene
discovery (14). The development of a novel, high-throughput
DNA sequencing method has provided a technique enabling
the mapping and quantifying of transcriptomes, and this tech-
nology has led to a change in genomics and genetics, which has
provided cheaper and faster sequencing information (15-17).

In the present study, using the HiSeq™ 2000 Sequencing
System platform and the paired-end sequencing method,
two de novo transcriptome databases were constructed from
cDNA libraries generated from Panax ginseng stems (GS) and
leaves (GL). The most frequent transcripts, growth-related,
stress-related, pathogenesis-related and redox-associated
proteins, and ginsenoside biosynthesis enzymes, expressed at
low levels, of interest were identified. These datasets provide
useful information on the transcript profile, which can assist in
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the understanding of tissue-specific biological functions and
of the transcriptional regulatory expression mechanism.

Materials and methods

Plant materials and preparation. The plant materials used in
the present study were originally collected from the Fusong
ginseng planting base (Jilin, China). The stems and leaves
were collected from 5-year-old ginseng plants during the leaf
expansion period. All samples were washed with distilled
water, cut into small sections with a thickness of <1 cm,
and then immediately stored in liquid nitrogen for further
processing.

RNA isolation and construction of cDNA libraries. Total
RNA was isolated from the GS and GL samples separately
using a modified TRIzol method according to the manufac-
turer's protocol. To evaluate the RNA integrity, 10 mg of RNA
was fractionated on a 1% agarose gel, stained with ethidium
bromide, and visualized using UV light. The presence of intact
28S and 18S rRNA bands was used as the criterion for RNA
integrity (18). The quality of the RNA samples was confirmed
using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA), with a minimum RNA integrated
number value of eight (19). The samples for the transcrip-
tome analysis were prepared using the Illumina kit (Beijing
Genomics Institute, Shenzhen, China) according to the manu-
facturer's protocol. The mRNA was purified from 10 ug of
total RNA using oligo (dT) magnetic beads (Beijing Genomics
Institute). Following purification, the mRNA was fragmented
into small sections using divalent cations at 94°C. Using
these short fragments as templates, reverse transcriptase and
random primers were used to synthesize first-strand cDNA.
Second-strand cDNA was synthesized using DNA polymerase
I (Takara Biotechnology Co., Ltd., Dalian, China) and RNase
H (Takara Biotechnology Co, Ltd.), respectively. The cDNA
fragments underwent an end-repair process and were ligated
to adapters. These products were purified and enriched using
polymerase chain reaction (PCR) to produce the final cDNA
library. The PCR amplification was performed in a 50 ul reac-
tion mixture containing 10 ul reverse transcription product
and 40 u1 PCR reaction solution (0.5 1 of each primer, 0.25 ul
TaKaRa Ex Taq® HS, 10 ul 5x PCR buffer and 28.75 ul ddH20).
Cycling conditions were as follows: An initial predenaturation
step at 94°C for 2 min; followed by 30 consecutive cycles of
denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec
and extension at 72°C for 1 min.

Gene sequencing, de novo assembly and functional annota-
tion. The cDNA library was sequenced using the Illumina
sequencing platform (HiSeq 2000). The average size of library
inserts was 200 bp. Image deconvolution and quality value
calculations were performed using Illumina GA pipeline 1.3.
The raw reads were cleaned by removing adaptor sequences,
empty reads and low-quality sequences (20). Trinity version 2.0
software (http://www.trinitysoftware.nl/) was used for de novo
assembly.

Different sequences were used for the Basic Local
Alignment Search Tool (BLAST) search and annotation
against the plant protein database of NR (ftp:/ftp.ncbi.nih.
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gov/blast/db/FASTA) with a significance threshold of E-value
<107 and Swiss-Prot (http://www.uniprot.org/). Functional
annotations using Gene Ontology (GO) terms were performed
using Blast2go version 3.0 software (https://www.blast2go.
com/) with an E-value cut-off of 10°. After getting GO
annotation for every Unigene, all Unigenes were classified
based on GO function by Web Gene Ontology Annotation
Plot (WEGO) online software (http://wego.genomics.org.
cn/cgi-bin/wego/index.pl) to understand the distribution
of gene function of the species. Annotation with Clusters
of Orthologous Groups (COG) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways was performed
using BLASTx against the COG (http://www.ncbi.nlm.nih.
gov/COG/) and KEGG (http:/www.genome.jp/kegg/keggl.
html) databases (21-25).

To obtain distinct gene sequences, the unigenes were
clustered using TIGR Gene Indices clustering (TGICL)
software version 2.1 (https://sourceforge.net/projects/tgicl).
For gene expression analysis, the number of expressed reads
were counted and normalized using RPKM values based on
the following formula: RPKM=10° C/(N x L), where C is the
number of mappable reads uniquely aligned to a unigene, N
is the total number of mappable reads uniquely aligned to all
unigenes, and L is the sum of the unigene in base pairs (26).

Reverse transcription-quantitative PRC (RT-gPCR). To
confirm the relative expression of the target genes in the
GS and GL transcriptome data, RT-qPCR was performed
using the Mx3000p Real-Time PCR detection system with
a One Step SYBR PrimeScript PLUS RT-PCR kit (Takara
Biotechnology Co., Ltd.) (27). PrimerPremier 5.0 (Premier
Biosoft International, Palo Alto, CA, USA) was applied to
determine the primer sequences (28). The PCR amplification
was performed in a 25 ul mixture containing 2 ul of the reverse
transcription product and 23 ul of the PCR reaction solution
(0.5 pl of each primer, 12.5 ul of SYBR® Primix Ex TagTM
(29, 0.5 ul of ROX Reference Dye II (50%) and 9 pl of ddH20).
The reaction was performed using the following reaction
cycles: initial denaturation at 95°C for 30 sec; 40 consecutive
cycles of denaturation at 95°C for 5 sec, annealing at 54°C for
15 sec, and extension at 72°C for 30 sec. Tyrosine hydroxy-
lase (TH) and WNK lysine deficient protein kinase 1 genes
were used as internal standards. The primer sequences used
for RT-qPCR are listed in Tables I and II. The thermal cycle
conditions for PCR were as follows: 42°C for 5 min, 95°C for
10 sec, and then 40 cycles of 95°C for 5 sec followed by 60°C
for 30 sec. The relative expression levels were calculated using
the 2244 method (29).

Results

Transcriptome sequencing and assembly. Total RNA was
extracted from GS and GL during the leaf-expansion period,
followed by reverse transcription into cDNA. Using the
[Ilumina sequencing platform, >38,000,000 and 118,000,000
sequencing reads, respectively, were generated with an
average length of 90 bp. The data sets were deposited in the
NCBI Array-Express repository with the accession number
E-MTAB-937. Following a stringent quality check and data
cleaning, 39,000,000 high-quality reads were obtained in the
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Table I. Primers sequences used for reverse transcription-quantitative polymerase chain reaction analysis selected from the

Panax ginseng stem database.

No. Gene RPKM Sequence (5'-3")

1 GBR5-like protein 32,147.61 F: ATTAGTTCAGAGGTCGCAGC
R: ATCCGCTCCTCCCATCAAC

2 Specific abundant protein 3 11,366.95 F: GTTGCTCTGGTGGTGCTTCT
R: TGTAAACACTTGCCCTGCCG

3 Protease inhibitor/seed storage/LTP family protein 411747 F: GCGTTGCCTATGTGCTGTTA
R: CTTGTAACCAACTGGGCGAT

4 Major latex-like protein 3,731.75 F:GAAAAGTTGGCTCCGTCGTC
R: TCACCAAGTTGTCTTCACCC

5 Cyclophilin 2,136.74 F: GGCAGGATTGTGATGGAGC
R: TTGAGGGATGACTCGGTGG

6 Plasma membrane intrinsic protein 2-1 400.39 F: GCCAGGAAAGTGTCGCTAAT

R: TCTCAGCCCCTAATCCAGTG

F, forward; R, reverse.

Table II. Primer sequences used for reverse transcription-quantitative polymerase chain reaction selected from the Panax ginseng

leaf database.
No. Gene RPKM Sequence (5'-3")
1 Chlorophyll a/b binding protein of 99,115.65 F: CCCTCTCCTCCCCATCATTC
LHCII type I precursor R: CGGGCTTTTTTCCTGTTTTC
2 Chloroplast light-harvesting chlorophyll 23,716.69 F: CTGACCCCGAGACATTTGCT
a/b-binding protein R: ACTTGACACCATTGCGAGCC
3 Chloroplast ferredoxin I 14,780.64 F: ATGGGTCAGGCTCTGTTCG
R: TCTTTCTCCCCTTCTGGTGT
4 Specific abundant protein 3 37,1527 F: TCTGACTCTGGCAACCGATG
R:CAGGAAGAACCTTGACAGCG
5 Catalase-1 precursor 3,442.73 F: CAGGCAGGAGACAGATACCG
R: CGTTGAGGCGAGACGCTATT
6 Cytokine binding protein CBP57 2,291.8387 F: ATCAAACCCCAAACCGACAG

R: GCTGGGCAATCACTTGGTTC

F, forward; R, reverse.

GS and GL libraries. Based on the high-quality reads, a total of
168,300 and 120,241 contigs were assembled, with an average
length of 305 and 267 bp, respectively, in GS and GL. The size
distribution of these contigs is shown in Table III. The reads
were then mapped back to contigs. Using paired-end reads, it
was possible to detect contigs from the same transcript, and
the distances between these contigs. Following clustering of
these unigenes using TGICL software, the contigs generated
98,808 and 73,162 unigenes in GS and GL, respectively, with
mean lengths of 572 and 413 bp, respectively. In addition,
57,371 and 50,523 sequences were obtained, respectively,
using an E-value cut-off of 107. As shown in Fig. 1A and B,
the longer gene length resulted in higher quantities of contigs
and unigenes in GS, compared with in GL.

Table III. Overview of the sequencing and assembly in the GS
and GL libraries.

Feature Statistic in GS  Statistic in GL
Total base pairs (bp) 3,451,590,540 3,479,796,000
Total number of reads 38,351,006 38,664,400
Average read length (bp) 90 90

Total number of contigs 168,300 120,241
Mean length of contigs (bp) 305 267
Total number of unigenes 98,808 73,162
Mean length of unigenes (bp) 572 413

GS, ginseng stem; GL, ginseng leaf.
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Figure 1. Overview of transcriptome assembly. (A) Size distribution of contigs; (B) size distribution of unigenes. GS, ginseng stem; GL, ginseng leaf.
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Figure 2. Histogram of Gene Ontology classification. GS, ginseng stem; GL, ginseng leaf.

Functional annotation by searching against public data-
bases. The GO terms were used to classify the functions of
the predicted GS and GL unigenes. Based on the sequence
homology, the annotated unigenes were analyzed with
Blast2GO for GO classification. From the GS library, 135,355
sequences were categorized into 44 functional groups using
WEGQO tool, whereas 126,504 sequences were categorized
from the GL library (Fig. 2) (30). The three major categories
of biological process, cellular component, and molecular
function, were assigned to 50,621/46,912, 55,437/52,700, and
29,297/26,892 GO terms in the GS/GL libraries, respectively.
There were high percentages of genes from the categories ‘cell’
(19,229 GS/17,983 GL), ‘cell part’ (17,365/16,421), ‘organelle’
(13,584/12,982), ‘catalytic activity’ (13,343/12,240), ‘binding’
(13,155/11,907), ‘metabolic process’ (11,795/10,892), and
‘cellular process’ (11,497/10,427) in GS and GL. However, the

categories ‘cell killing” (2), ‘locomotion’ (2), ‘nitrogen utiliza-
tion’ (2), and ‘rhythmic process’ (2) contained the fewest GS
genes, and the categories ‘cell killing’ (2), ‘translation regu-
lator activity’ (2), and ‘nitrogen utilization’ (1) contained the
fewest GL genes.

COG is an orthologous gene classification database, where
each COG protein is assumed to come from protein ances-
tors. Overall, 30,105 and 22,726 sequences were clustered into
25 COG classifications in GS and GL, respectively.

Among the GS categories, the cluster for ‘General function
prediction only’ (4,901; 16.28%) associated with basic physio-
logical and metabolic functions represented the largest group,
followed by ‘Transcription’ (2,697; 8.96%), ‘Replication,
recombination and repair’ (2,619; 8.70%), ‘Post-translational
modification, protein turnover, chaperones’ (2,345; 7.79%),
and ‘Signal transduction mechanisms’ (2,050, 6.81%),
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Table I'V. Top 10 most frequent transcripts in the Panax ginseng stem transcriptome library.

No. Gene Species Accession no. RPKM
1 GBRS5-like protein Panax ginseng gblABD73293.1 32,147.61
2 At5g54075 Arabidopsis thaliana gblAAT46037.1 16,817.52
3 Allergen Kirola splP85524.1 12,958.45
4 Chlorophyll a/b binding protein of Panax ginseng gblAAB87573.1 11,366.95

LHCII type I precursor
5 Specific abundant protein 3 Panax ginseng gblAAX40471.1 10,665.18
6 Hypothetical protein Vitis vinifera refIXP_002280773.1 8,902.68
7 GBR5 Panax ginseng gblAAP55852.1 8,511.19
8 Peroxidase Populus trichocarp gblACN97180.1 7,838.47
9 Phloem protein 2-2 Apium graveolens var. Dulce gblAAM62133.1 7,704.61

10 Pathogenesis-related protein 10 Panax ginseng gblACY36943.1 5465.76

Table V. The top 10 most frequent transcripts in Panax ginseng leaf transcriptome library.

No. Gene Species Accession no. RPKM
1 Chlorophyll a/b binding protein Panax ginseng gblAAB87573.1 99,115.65

of LHCII type I precursor
2 Light-harvesting complex II Populus trichocarpa reflIXP_002316737.1 30,255.99
protein Lhcbl
3 GBRS5-like protein Panax ginseng gblABD73293.1 29,122.78
4 Hypothetical protein VITISV_001840 Vitis vinifera embICANG65763.1 25,185.48
5 Chloroplast light-harvesting chlorophyll Artemisia annua gblABQ32304.1 23,716.69
a/b-binding protein
6 At5g54075 Arabidopsis thaliana gblAAT46037.1 16,026.90
7 Chloroplast ferredoxin I Camellia sinensis gblAEI83424.1 14,780.64
8 Cytochrome P450 like_ TBP Nicotiana tabacum dbjIBAA10929.1 14,505.00
9 Photosystem II protein I Davidia involucrata gblADM92705.1 13,675.17
10 RNA polymerase o subunit Panax ginseng reflYP_086997.1 10,301.30

whereas only a few unigenes were assigned to ‘Extra cellular
structures’ (13, 0.04%) and ‘Nuclear structure’ (18; 0.06%), as
shown in Fig. 3.

Among the GL categories, the cluster for ‘General
function prediction only’ (3,442), ‘Post-translational
modification, protein turnover, chaperones’ (1,933), and
‘Transcription’ (1,836) were the three largest groups, repre-
senting 15.15, 8.51, and 8.08%, respectively. The groups with
the fewest unigenes were ‘Extracellular structures’ (3; 0.01%)
and ‘Nuclear structure’ (10; 0.04%), which were the same as
for GS (Fig. 3).

Ginseng transcriptome pathway analysis was performed
using KEGG mapping. In total, 22,697 and 20,093 sequences
were identified with pathway annotations in GS and GL,
respectively, and these were functionally assigned to 121
KEGG pathways.

In the GS and GL aerial tissues, the ‘metabolic pathways’
had the highest contribution (22.06 and 24.57%, respectively),
followed by ‘Biosynthesis of secondary metabolites’ (10.84
and 12.11%) and ‘Plant-pathogen interaction’ (7.93 and 6.71%),
as show in Fig. 4. These annotations of gene or protein names

and descriptions, GO terms, putative conserved domains, and
potential metabolic pathways provide valuable resources for
investigating the specific processes, functions and pathways
involved in GS and GL development.

Transcriptional data analysis and summary. The genes with
the highest levels of expression in GS encoded a GBR5-like
protein, followed by At5g54075, allergen, chlorophyll a/b
binding protein of light-harvesting complex II (LHCII)
type I precursor, specific abundant protein 3, a hypothetical
protein, GBRS5, peroxidase, phloem protein 2-2, and pathogen-
esis-related protein 10 (Table I'V). The phytochrome-associated
genes were expressed at a high level in GL data, and the gene
with the highest expression was chlorophyll a/b binding
protein, followed by the LHCII protein Lhcbl, GBR5-like
protein, a hypothetical protein, chloroplast light-harvesting
chlorophyll a/b-binding protein, At5g54075, chloroplast ferre-
doxin I, cytochrome P450 like-TBP, photosystem II protein I,
and RNA polymerase o subunit (Table V). A number of func-
tional genes were obtained from both transcriptome databases,
including growth-associated proteins (GBR5-like protein,
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Table VI. Expressed transcripts of associated protein in GS and GL library.
GS GL
Category Associated protein gene RPKM Associated protein gene RPKM
Growth-associated GBRS5-like protein 32,147.61 GBRS5-like protein 29,122.78
proteins GBR5 85,11.19  GBRS 7,096.61
Cyclophilin 21,36.74 Cytokinin binding protein 2,291.83
Cytokinin-repressed protein 21,2.24 Auxin response factor 3 64.14
Auxin response factor 3 51.93 Cyclophilin 64.06
Stress-related Specific abundant protein 10,665.18  Specific abundant protein 3,715.27
genes Metallothionein-1 like protein 3,629.83 Drought-induced protein 301141
Drought-induced protein 1,710.70  Metallothionein-1 like protein class I 930.61
Cold-inducible protein 984 .20 Cold-inducible protein 623.07
Dehydrin 3 854.14 Dehydrin 2 388.63
Dehydrin 2 843.81 Dehydration-induced protein 48.83
Dehydration-induced protein 127 Dehydrin 1 18.33
Disease-related Pathogensis-related protein 10 5465776  Pathogensis-related protein 10 823.96
proteins Avr9/Cf-9 rapidly elicited protein 589.12 Defensin-like protein 1 73.29
Defensin-like protein 1 586.17 Erwinia induced protein 1 68.52
Erwinia induced protein 2 362.79 Erwinia induced protein 2 46.68
Fungal elicitor-induced protein 243 .06 Disease resistance-responsive 23.21
Disease resistance-responsive 161.67 Avr9/Cf-9 rapidly elicited protein 20.19
Erwinia induced protein 1 156.82 Fungal elicitor-induced protein 12.04
Redox-related proteins ~ Peroxidase 7,838.47 Catalase-1 precursor 3,442.13
Catalase-1 precursor 3,804.35  Peroxidase 389.15
glutaredoxin 283.11 glutaredoxin 125.08
Ginsenoside skeleton HMGR 80.05 HMGR 539.98
biosynthesis key GPS 21.76 GPS 136.23
enzymes SS 34.06 SS 77.70
SE 31.32 SE 96.68
B-AS 592 B-AS 8.9034
Cytochrome P450 371.32 Cytochrome P450 209.75
GT 76.36 GT 48.96

GS, ginseng stem; GL, ginseng leaf; HMGR, HMG-CoA reductase; GPS, geranylgeranyl pyrophosphate synthase; SS, squalene synthase; SE,
squalene epoxidase; 3-AS, p-amyrin synthase; GT, glucosyltransferase.

GBRS5, cyclophilin, cytokinin-repressed protein, and auxin
response factor 3), stress-related proteins (specific abundant
and drought-induced proteins), pathogenesis-related proteins
(pathogenesis-related protein 10, Avr9/C£-9 rapidly elicited
protein, Erwinia-induced protein, and fungal elicitor-induced
protein), and redox-related proteins (peroxidase and catalase-1
precursor), as shown in Table VI.

RT-gPCR analysis. RT-qPCR analysis was used to determine
the expression levels of target genes using the 2244 method,
which is a convenient way of analyzing the relative changes
in gene expression levels. A total of six genes were randomly
selected in each library. Statistical analysis of the RT-qPCR
results showed that the RPKM value was consistent with the
2-4C4 yalue. The expression profiles of the six genes were
consistent with the gene expression results (Fig. 5), supporting
the reliability of the RNA-sequencing data.

Discussion

Early developmental processes in plants often occur as a
consequence of the initiation and changes in protein expres-
sion, and active protein folding during this critical period (31).
Investigating plant proteins may assist in identifying impor-
tant signals in developmental pathways and to understand the
physiological functions of specific genes during plant growth.
The expression of genes in the aerial regions of ginseng,
particular during the leaf-expansion period, remain to be fully
elucidated.

In the present study, GS and GL tissues were selected for
transcriptome analysis. Illumina-generated sequencing was
applied to the characterization and assembly of the transcrip-
tome, which successfully generated and assembled a draft
sequence. Prior to the present study, ginseng was represented
by only 561 sequences in the NCBI protein database and
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Figure 4. Kyoto Encyclopedia of Genes and Genomes biochemical mappings.
GS, ginseng stem; GL, ginseng leaf.

12,071 sequences in the NCBI EST database (http:/www.
ncbi.nlm.nih.gov/protein?term=panax%20ginseng%?20) In the
present study, >57,372 and 50,523 sequences were produced
in GS and GL, respectively. These data provide a substantial
contribution to existing sequence resources on GS and GL,
and are beneficial to ginseng genetic investigations.

To evaluate the completeness of the transcriptome libraries
produced in the present study, and the effectiveness of the
annotation process, a search was performed of the annotated
sequences for genes classified into GO and COG classifications,
and in KEGG pathways. Sequences were assigned to 44 GO and
25 COG classifications, and 121 KEGG pathways. These anno-
tations provide a valuable resource for investigating specific
processes, functions, and pathways in ginseng investigations.

The top 10 most frequent transcripts in GS were predomi-
nantly genes involved in resisting environmental pressure,
and in promoting and organizing rapid growth. The GBR-like
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Figure 5. Reverse transcription-quantitative polymerase chain reaction veri-
fication of the results of GS and GL. GS, ginseng stem; GL, ginseng leaf.

protein is the most frequent transcript promoting plant growth.
Its high expression has been closely linked to rapid elongation
of the GS (32). Chlorophyll a/b binding protein is associated
with photosynthetic functions, and is beneficial in storing
energy and growth elongation in the GS (33). Specific abun-
dant protein 3 is a stress-related gene, which is involved in
altering cell wall characteristics to tolerate water deficit stress
under abiotic stress conditions (34,35). Peroxidase assists
in increasing plant defenses against pathogens and acts as a
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catalyst to facilitate a variety of biological processes. As a
naturally occurring by-product of oxygen metabolism in the
body, peroxidase breaks down hydrogen peroxide into water
and oxygen to reduce cytotoxicity (36,37). Phloem protein 2
is a phloem lectin conserved in plants, which is considered to
assist in the establishment of phloem-based defenses induced
by insect attacks and other stresses, including wounding and
oxidative conditions (38). The findings of the present study
suggested that in GS, several genes are expressed to promote
rapid growth of tissue and reduce the effect of environmental
pressure. In GL, the most abundant gene was chlorophyll
a/b binding protein, which is involved in photosynthesis.
Photosynthesis is a vital source of energy for almost all living
organisms and, during the leaf-expansion period, this provides
a direct energy source for the growth of plants through the
photosynthetic pathway (Table V) (39).

The present study also found several biological
process-related proteins in the GS and GL libraries, including
growth-associated, stress-related, pathogenesis-related, and
redox-related proteins (Table VI). The same growth-associated
genes were expressed in GS and GL, however stress-related,
pathogenesis-related and redox-related genes were expressed
at significantly higher levels in GS, compared with GL. The
RPKM value of pathogenesis-related protein 10 was 5,465.76
in GS, but 823.96 in GL, and peroxidase was 7,838.47 in GS,
but only 389.15 in GL. These results suggested that GS has
a higher defense tolerance and anti-stress ability, compared
with GL.

The leaf-expansion period is the initial growth stage
in which there is a high incidence of disease, which is a
limiting factor in ginseng growth and reproduction (11). It
is reported that pathogenesis-related proteins, defined as
host-plant proteins, which are induced specifically in disease
or associated pathological situations, are associated with
the development of systemic acquired resistance against
further infection by fungi, bacteria and viruses (40). In the
transcription data of the present study, these types of protein,
including pathogenesis-related protein 10, Avr9/Cf-9 rapidly
elicited protein, defensin-like protein 1, fungal elicitor-induced
protein, and Erwinia-induced protein, were found in GS and
GL (Table VI). Pathogenesis-related protein 10 is structurally
related to ribonucleases and may be active against viruses (39).
However, whether they are all required for resistance or are
involved in defense gene activation remains to be eluci-
dated (41). Avr9/Cf-9 is induced in response to microbial
organisms and is involved in signaling and/or other aspects
of the defense response (42). Fungal elicitor-induced protein
is induced by fungal infections. Defensin-like protein 1,
also known as cysteine-rich antifungal protein 1, possesses
antifungal activity (43). Erwinia-induced protein induces
hypersensitive responses, including necrosis (44). These data
suggested that ginseng, during the leaf-expansion period, has
already been infected by viral, fungal and bacterial pathogens,
and that appropriate preventative measures be taken prior to
this stage to improve the yield and quality of ginseng.

The present study also identified ginsenoside biosynthesis
enzymes, including 3-hydroxy-3-methylglutaryl coenzyme
A reductase, geranylgeranyl pyrophosphate synthase, squa-
lene synthase, squalene epoxidase, oxidosqualene cyclase,
[(-amyrin synthase, cytochrome P450 and glucosyltransferase,
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which are involved in the mevalonate pathway (45). However,
their RPKM values were low. Additionally, the transcript
encoding dammarendiol synthase, a rate-limiting enzyme in
the ginsenoside biosynthesis pathway, was not present in our
transcriptome dataset, indicating that ginsenosides were not
actively biosynthesized in either the GS or the GL during the
leaf-expansion period.

In conclusion, the present study performed de novo
transcriptome sequencing of GS and GL during the
leaf-expansion period using the Illumina platform. The data
showed that >38,000,000 and 118,000,000 sequencing reads
were produced in GS and GL, respectively, and these reads
were assembled into 99,809 and 50,523 unique sequences,
respectively. By performing BLAST analysis of the unigenes
against public databases (Nr, Swiss-Prot, KEGG, and COG),
functional annotations and classifications were obtained. The
substantial number of transcriptomic sequences and their
functional annotations provide useful resources for molecular
investigations of GS and GL. In addition, several candidate
genes were identified, which may be involved in growth and
environmental stress responses.
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