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Genome-wide identification and integrated ==
analysis of TCP genes controlling ginsenoside
biosynthesis in Panax ginseng
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Abstract

Panax ginseng is an important medicinal plant, and ginsenosides are the main bioactive molecules of ginseng.

The TCP (TBI, CYC, PCF) family is a group of transcription factors (TFs) that play an important role in plant growth

and development, hormone signalling and synthesis of secondary metabolites. In our study, 78 PgTCP transcripts were
identified from the established ginseng transcriptome database. A phylogenetic tree analysis showed that the 67
PgTCP transcripts with complete open reading frames were classified into three subfamilies, including CIN, PCF,

and CYC/TB1. Protein structure analysis showed that PgTCP genes had bHLH structures. Chromosomal localization
analysis showed that 63 PgTCP genes were localized on 17 of the 24 chromosomes of the Chinese ginseng genome.
Expression pattern analysis showed that PgTCP genes differed among different lineages and were spatiotemporally
specific. Coexpression network analysis indicated that PgTCP genes were coexpressed and involved in plant activities
or metabolic regulation in ginseng. The expression levels of PgTCP genes from class | (PCF) were significantly down-
regulated, while the expression levels of PgTCP genes from class Il (CIN and CYC/TB1) were upregulated, suggesting
that TCP genes may be involved in the regulation of secondary metabolism in ginseng. As the PgTCP26-02 gene

was found to be related to ginsenoside synthesis, its predicted protein structure and expression pattern were further
analysed. Our results provide new insights into the origin, differentiation, evolution and function of the PgTCP gene
family in ginseng, as well as the regulation of plant secondary metabolism.
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Introduction
Ginseng (Panax ginseng C. A. Meyer) is an important
medicinal plant that has been widely studied in recent
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an interplant signalling molecule that activates defence
genes encoding proteins and secondary compounds
(such as anthocyanins and alkaloids) [6]. The addition
of exogenous MeJA has also been shown to increase
the production of terpenoids in ginseng [7]. Due to its
good and stable induction effect, MeJA has become one
of the most commonly used inducers in the study of the
ginsenoside synthesis pathway. In our study, MeJA was
selected as an additional inducer to regulate ginsenoside
biosynthesis.

The TEOSINTE BRANCHEDI1, CYCLOIDEA, and
PCF (TCP) transcription factor gene family, containing
plant-specific transcription factors [8], is widely involved
in regulating plant seed germination [9], axillary meris-
tem development [10-12], flower organ development
[13], leaf morphogenesis [14], hormone signalling [15],
and the synthesis of secondary metabolites [16—18]. TCP
was first discovered in the 20th century in three species:
teosinte Branchedl (TB1) from maize (Zea Mays) [19],
CycloidEA (Cyc) from goldenseal [20], and proliferative
cytokine (PCF) from rice (Oryza sativa) [21]. These gene
family members all have a conserved TCP domain and a
basic helix-loop-helix (bHLH) structure, which is mainly
associated with DNA binding, protein interactions, and
protein nuclear localization [22]. Based on the character-
istics of the conserved structural domains of TCP pro-
teins, they can be further divided into class I (also known
as PCF) and class II (including the CIN and CyC/Tbl
subfamilies) [23].

Some TCP gene family members can participate in the
regulation of secondary metabolite synthesis in plants
[24]. Current studies on TCP and secondary metabolism
mainly focus on transcriptome analysis [25]. Li et al. stud-
ied miRJAW-resistant AtmTCP3 transgenic plants and
AtTCP3SRDX mutant plants with an inactivated AtTCP3
gene [16] and found that the seedlings and seeds of
AtmTCP3 plants had excessive accumulation of flavonols,
anthocyanins and proanthocyanidins, while the levels
of proanthocyanidins in TCP3SRDX plants decreased
slightly. In addition, the R2R3-MYB protein activated
late flavonoid biosynthesis genes by forming the terpoly-
mer R2R3-MYB/bHLH (TCP3)/WD40 (MBW) complex,
indicating that TCP can promote flavonoid biosynthe-
sis. The TCP gene family has been extensively studied in
other species, such as Arabidopsis [22], rice [26], cotton
[15], chrysanthemum [27], soybean [28], tomato [29],
ginkgo [24], bamboo shoots [30], grapes [31], Dendro-
bium [32], orchids [33], and ginseng [34]. However, this
gene family has not been screened for candidate genes
involved in ginsenoside biosynthesis.

In this study, 78 PgTCP transcripts under 28 PgTCP
gene IDs were identified from the transcriptome data-
base of ginseng and classified according to their domain
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information (CIN, PCF, and CYC/TB1). Then, we ana-
lysed the evolutionary relationships and conserved
motifs of the PgTCP gene family, annotated them with
GO function, and analysed expression patterns and coex-
pression networks based on PgTCP gene expression data.
Then, the response of PgTCP gene family members to dif-
ferent treatment times of methyl jasmonate (MeJA) was
explored. Finally, we identified a gene that was signifi-
cantly related to ginsenoside biosynthesis.

Materials and methods

Identification of the TCP gene family in ginseng

To ensure the completeness and accuracy of the TCP
gene family, we used different methods to identify the
TCP gene family. First, the Jilin Ginseng Transcriptome
Database [35] was used as a query sequence for search-
ing ginseng TCP transcripts with an e value of 1x107°.
Second, the hidden Markov model (HMM) of TCP genes
was downloaded from Pfam (Pfam ID: PF03634), and
potential TCP genes were identified from the Jilin gin-
seng transcriptome database using HMMER (http://
HMMER janelia.org) with an E-value of 1.0E-06. Finally,
TCP amino acid sequences were downloaded from the
Plant Transcription Factor Database (http://planttfdb.
gao-lab.org/family.php?fam=TCP) as BLAST query
sequences and use to search the Jilin ginseng transcrip-
tome database. The results of the three methods were
then combined, and duplicates were removed. The results
were submitted to iTAK (http://itak.feilab.net/cgi-bin/
itak/index.cgi) to exclude some spurious sequences.
Finallyy, NCBI CD-Search (http://www.ncbi.nlm.nih.
gov/Stru-cture/cdd/wrpsb.cgi) and SMART online tool
(https://smart.embl.de/) were used to confirm the pres-
ence of the candidate gene transcripts in TCP conserved
structural domains, and transcripts containing TCP con-
served structural domains were selected and defined as
PgTCP gene transcripts. Arabic numbers were added to
PgTCP, e.g., PgTCPOI, to indicate different gene serial
numbers. A suffix (e.g., -01) was used to indicate different
transcripts. The online software ExPASy-Prot Param tool
(https://web.ExPASy.org/protparam/) was used to pre-
dict the basic physicochemical properties of the PgTCP
proteins, including theoretical molecular weights (kDa)
and isoelectric points (PI).

Phylogenetic analysis, conserved domain and motif
analysis of PgTCP transcripts

To classify the PgTCP transcripts, we compared the
67 PgTCP transcripts with complete TCP structural
domains with three other species. Dicots, monocots, and
model plants were selected as outgroup species, and nine
TCP genes of three species, Oryza sativa (Os), Arabidop-
sis thaliana (At), and Solanum lycopersicum (SI), which
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were downloaded from NCBI for phylogenetic analysis
with PgTCP genes. Phylogenetic trees were constructed
using the maximum likelihood (ML) method in MEGA-X
[36], and bootstrap replicates were set to 2000. The final
evolutionary trees were edited using the Evolview version
3.0 online website (https://www.evolgenius.info/evolv
iew/#login) [37]. We performed conserved motif analysis
using MEME (http://meme.nbcr.net/meme/) [38]. The
maximum and minimum conserved motif lengths were
10 and 50 amino acids, respectively.

Protein structure analysis of the PgTCP gene family

in ginseng

SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_autom
at.pl?page=/NPSA/npsa_sopma.html) [39] and SWISS-
MODEL (https://swissmodel. ExPASy.org/), two online
software programs, were used to analyse the protein
secondary and tertiary structures of the amino acid
sequences of PgTCP genes in ginseng, respectively.

Chromosome localization and covariance analysis

We used BLASTN to compare the above PgTCP genes
with ginseng genomes [40]. Identity>95%, coverage
length > 300 bp and E-value < 1.0E-100 were used as cri-
teria. The position of PgTCP transcripts on chromosomes
was visualized using the MG2C online tool (http://mg2c.
iask.in/mg2c_v2.1/index.html). The PgT'CP gene family
and ginseng genome were subjected to covariance analy-
sis, and the repeated genes of the PgTCP gene in the gin-
seng genome were analysed by the R package circlize34
to determine the pan transcription and core transcription
of the PgTCP gene family in the ginseng genome.

GO (Gene Ontology) annotation, functional classification,
and analysis

We annotated and classified the identified PgT'CP tran-
scripts in GO using Blast2GO version 6.0.3 [41] and
used the EVeen online tool (http://www.ehbio.com/
test/venn/#/) for visualization and analysis. The results
of annotation and GO classification were used to assess
the functional differentiation of PgT'CP genes. The chi-
square test at level 2 was used to determine the number
of PgT'CP transcripts involved in specific functions and
the number of transcripts involved in multiple functions,
and R language was used to show the genetic ontological
annotation of the ginseng TCP gene family.

Expression pattern analysis of the PgTCP gene family

To analyse the expression patterns of PgTCP transcripts,
we determined the expression of PgT’'CP in 14 different
tissues, 4 different aged stages (5, 12, 18, and 25 years)
and 42 farm cultivars of 4-year-old ginseng roots. The
expression heatmap and gene visualization heatmap were
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constructed using the R language package for PgTCP
gene expression in 14 different tissues, 4 different aged
stages of ginseng roots to show the spatiotemporal char-
acteristics of PgT'CP, and 4-year-old ginseng roots of 42
farm cultivars to reveal the characteristics among differ-
ent genotypes.

To further investigate the interaction characteristics
between the expression of PgT'CP genes in 42 farm cul-
tivars, Spearman correlation coefficients were calculated
using the R programming language and software (http://
www.rproject.org/). Gene coexpression networks were
constructed using BioLayout Express 3P version 3.2 soft-
ware [42].

Plant materials and methyl jasmonate treatment

Ginseng hairy root was obtained from Jilin Engineering
Research Center Ginseng Genetic Resources Develop-
ment and Utilization. A 0.2 g sample of ginseng hairy root
was inoculated into a 250 mL flask containing 150 mL
1/2 MS liquid medium, placed in a shaker at 22 °C and
shaken at 110 rpm. On Day 23, MeJA was added to the
culture vial. Each trial group included three replicates
and one control. The dosage of MeJA was 200 uM. At
each time point of 6, 12, 24, 48, 72, 96 and 120 h, three
biological replicates and one blank control were col-
lected, and the blank control was not treated with MeJA.
Ginseng hairy root samples were quickly frozen in liquid
nitrogen for subsequent experiments [43].

RNA extraction and gRT-PCR validation

Total RNA of ginseng was extracted by the TRIzol
method and reverse transcribed into cDNA. According
to the basic principle of primer design, the most suit-
able primer was designed to perform qRT-PCR on the
c¢DNA of ginseng hairy root. GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) was selected as the inter-
nal reference gene based on the pretest screening, and
fluorescence quantitative PCR was performed using the
SYBR Premix Ex Taq'" II (Tli RNaseH Plus) kit. The reac-
tion system was as follows: 5.0 uL. SYBR PreMix Ex Taq
II, 0.4 pL Sense Primer, 0.4 pL Anti primer, 0.5 pL cDNA
and 3.7 pL ribonuclease-free water. The reaction condi-
tions were as follows: predenaturation at 95 ‘C for 30 s;
reaction at 95 ‘C, 5 s; 60 C, 34 s, 40 cycles; solution curve
95 C, 15 s; 60 ‘C, 1 min; 95 C, 15 s. Technical experi-
ments were repeated three times for each group of sam-
ples, and the final results were calculated by the 2724¢T
method [44].

Identification of candidate genes related to ginsenoside
biosynthesis

The expression data of PgTCP and the expression data
of each mono saponin and total saponins in 42 farm
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cultivars of ginseng in Jilin Province were sorted. Pearson
correlation coefficient analysis was conducted using SPSS
software to calculate the correlation between PgT'CP
and ginsenoside synthesis, and the closely related genes
were screened out. The expression data of PgTCP genes
significantly related to ginsenoside synthesis and the
gene expression data of 16 key enzymes involved in the
ginsenoside synthesis pathway were sorted. Pearson cor-
relation coefficient analysis was conducted using SPSS
software to calculate the correlation between PgT'CP
and key enzyme-encoding gene expression. Closely
related genes were screened out. Spearman’s correlation
coefficients were calculated using the R programming
language and software (http://www.rproject.org/). Bio-
Layout Express®? version 3.2 software was used to con-
struct the coexpression network of the PgTCP gene and
ginsenoside synthesis key enzyme-encoding genes and
visualize the gene interaction network.

Characteristic analysis of the PgTCP26-02 gene involved

in ginsenoside biosynthesis

Protein secondary structure analysis of the amino acid
sequence of PgTCP26-02 was performed by SOPMA
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=npsa_sopma.html) online software. Using SWISS-
MODEL (https://www.swissmodel. ExPASy.org/), online
software was used to analyse the tertiary structure of the
protein based on the amino acid sequence of PgTCP26-
02. Phylogenetic trees were constructed with the neigh-
bour-joining (NJ) method in MEGA-X using the protein
sequences of PgTCP26-02 and those of other species, and
the bootstrap replicates were set to 2000. The protein
sequences of PgTCP26-02 and the other three species
were aligned using DNAMAN software.

In addition, to further analyse the expression pattern
of the PgTCP26-02 gene, TBtools version 2.012 [45]
was used to generate a heatmap of PgTCP26-02 gene
expression in ginseng roots of 4 different ages (5, 12, 18,
25 years old), 14 different tissues of 4-year-old ginseng
and 42 farm cultivars of 4-year-old ginseng to observe
the expression of the PgTCP26-02 gene in ginseng more
clearly and intuitively.

Results

Genome-wide identification of the TCP gene family

in ginseng

A total of 574 transcript sequences containing TCP
structural domains were identified from the Jilin Gin-
seng Transcriptome Database using different methods
after removing repetitive sequences. After iTAK filter-
ing for spurious sequences, conserved structural domain
analysis by NCBI CD-Search and SMART online soft-
ware, 496 conserved structural domains among the 574
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transcripts were incomplete or had no open reading
frame (ORF), and the remaining 78 transcripts con-
tained TCP structural domains in their ORFs. Therefore,
these 78 transcripts were used for subsequent analysis.
The 78 Jilin Ginseng PgTCP transcripts were classified
as 28 PgT'CP genes, named PgT'CP01-PgTCP28. Differ-
ent transcripts of the same gene were distinguished by
numerical suffixes (e.g.,—01). These transcripts ranged
in length from 229 to 3140 and in amino acid numbers
from 29 to 435 for the complete open reading framework
(ORF) (Table S1).

Structural characteristics and phylogeny of PgTCP genes
We constructed a phylogenetic tree by selecting 67
PgTCP transcripts with intact TCP structural domains
and 9 transcripts of other species (Table S2). The results
are shown in Fig. 1A. PgT'CP transcripts were divided
into class I (PCF) and class II, which were further divided
into the CYC/TBI class and CIN class.

To understand the sequence characteristics of PgTCP
proteins, the online tool MEME was used to analyse its
conserved domain. The results showed that motif num-
ber ranged from 1 to 8 in subfamily members of different
PgTCP genes (Fig. 1B). The conserved structural domains
of TCP were classified into three types, namely, the TCP
superfamily, TCP2 and TCP, which were expressed in all
67 PgTCP family members. These results suggest that
PgTCP genes are functionally similar.

Protein structure analysis of PgTCP transcription factors

in ginseng

Five genes from each of the three isoforms of the PgTCP
gene family were selected and analysed for their second-
ary structures as well as tertiary structures. The predicted
secondary structures of the 15 proteins showed that the
TCP proteins consisted of four parts: a-helix, extended
chain, random coiled coil, and B-turn. The ginseng TCP
protein had the highest proportion of irregularly coiled
structures, followed by a-helix structures (Table 1). As
shown in Fig. 2, the tertiary structure of ginseng TCP-
encoded proteins was as follows: ginseng TCP protein
contains alpha helix, beta turn, and random coil struc-
tures. Different proteins have different structures, indi-
cating that their functions are also different, further
indicating the functional diversity of TCP gene family
members.

Chromosome distribution and covariance analysis

Of the 78 PgT'CP genes, 63 were localized on Chinese
ginseng genome chromosomes after comparison with
24 ginseng chromosomes. Among the 63 PgTCP genes
localized to the Chinese ginseng genome, no TCP
members were identified on chromosomes 4, 5, 7, 8, 9,
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Fig. 1 Phylogenetic analysis and conserved motifs analysis. A Phylogenetic analysis of the PgTCP genes, the stars represents three exogenous
species. B Conserved motif analysis of PgTCP, different colors represent different conserved motifs

Table 1 Secondary structure of PgTCP protein

Protein ID Alpha helix Extended strand Beta turn Random coil

Number of amino % Number of amino % Number of amino % Number of amino %

acids acids acids acids
PgTCP09-03 50 24.27 24 11.65 6 291 126 61.17
PgTCP16-02 92 2434 42 11.00 18 476 226 59.79
PgTCP20-03 77 28.62 21 7.81 14 520 157 58.36
PgTCP23 32 1441 37 16.67 10 4.50 143 64.41
PgTCP26-02 56 2171 28 10.85 12 4.65 162 62.79
PgTCP13-01 41 13.23 36 1161 8 2.58 225 72.58
PgTCP15-01 41 2733 26 17.33 7 467 76 50.67
PgTCP22-04 47 13.20 44 12.36 10 2.81 255 71.63
PgTCP24-33 77 18.33 49 11.67 6 143 288 68.57
PgTCP25-25 25 3333 19 2533 6 8.00 25.00 3333
PgTCPO5 137 42,27 26 820 5 1.58 152 47.95
PgTCP07-01 33 2276 9 6.21 8 552 95 65.52
PgTCP10 45 14.95 40 13.29 10 332 206 68.44
PgTCP14 41 12.20 41 12.20 12 3.57 242 72.02
PgTCP21 63 17.21 52 14.21 19 5.19 232 63.39

13, and 16, as shown in Fig. 3A. In ginseng, the chro-
mosomal distribution of P¢TCP members was uneven.
Chromosome 2 contained the most PgTCP members
(13). Covariance analysis showed that members of the
TCP gene family had undergone gene replication in
ginseng (Fig. 3B).

GO functional categorization and GO term enrichment

of PgTCP genes

In living organisms, genes usually have multiple func-
tions. We performed GO annotation of 78 PgTCP tran-
scripts (Table S3). We found that all 78 transcripts had
at least one of three major functions: 74 were biological
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processes (BP), 47 were cellular components (CC), and
77 were molecular functions (MF). Only one function
was labelled in 1 transcript, two major functions were
labelled in 34 transcripts, and three major functions were
labelled in 43 transcripts (Fig. 4A). At level 2, 6 sublev-
els, GO:0065007 (biological regulation), GO:0032502
(developmental process), GO:0050789 (regulation of
biological process), GO:0009987 (cellular process),
G0:0032501 (multicellular organismal process), and
GO:0008152 (metabolic process), were enriched in BP,
1 sublevel, GO:0110165 (cellular anatomical entity), was
enriched in CC, and 2 sublevels, GO:0005488 (binding)
and GO:0140110 (transcription regulator activity), were
enriched in MF (Fig. 4B).

Expression characteristics and pattern of PgTCP genes

To further understand the regularity of PgTCP gene
expression in ginseng, we retrieved the expression data of
78 PgTCP gene transcripts from 42 farm cultivars (S1—
S42), 14 different tissues (fibre root, leg root, main root
epiderm, main root cortex, rhizome, arm root, stem, leaf
peduncle, leaflet pedicel, leaf blade, fruit peduncle, fruit
pedicel, fruit flesh, and seed), and four different ages (5,
12, 18, and 25 years) of ginseng roots (Table S4) and plot-
ted heatmaps.

The results showed that 29 transcripts (37%) were
not expressed in the roots of ginseng at 4 different ages.
Heatmaps of the remaining gene expression showed that
22 PgTCP transcripts were expressed in all 4 age groups

A

Intersection Size

6 40 20
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(28%), and 49 PgTCP transcripts (62%) were expressed in
at least one age group (Fig. 5A). PgTCP20-06, PgTCP26-
01, PgTCP18, PgTCP24-8, PgTCPl4, PgTCP20-03,
PgTCP17-02, PgTCP17-01 and PgTCP20-04 were highly
expressed.

Among 78 transcripts, 3 transcripts were not expressed
in 14 different tissues of four-year-old ginseng, and heat-
map results after the deletion of nonexpressed tran-
scripts showed that 14 transcripts (18%) were expressed
in all 14 tissues and 75 PgT'CP transcripts were expressed
in at least one tissue (96%) (Fig. 5B). PgTCP20-03 and
PgTCP20-06 were expressed at higher levels.

The heatmap analysis of 42 farm cultivars of 4-year-old
ginseng roots showed that 67 PgT'CP transcripts were
expressed in at least one cultivar (86%) (Fig. 5C). The
PgTCP23, PgTCP26-01, PgTCP26-02, PgTCP20-03, and
PgTCP20-06 genes had high expression levels in 42 farm
cultivars, and the expression levels of 11 transcripts in all
cultivars were zero. This indicates that there are regional
differences in the expression of TCP gene family mem-
bers in ginseng.

Coexpression network of PgTCP transcripts

To investigate whether there are correlations between
different gene types in PgTCP transcripts, coexpression
network analysis was performed for PgT'CP transcript
expression levels in 42 cultivars. Sixty-seven transcripts
expressed in at least one of 42 cultivars were selected
for coexpression network analysis. The coexpression

Biological Process
B Molecular Function
I Cellular Component
M selected

M unselected

nodescore
1

"W
o 1

Fig. 4 Functional categorization and GO term enrichment of the PgTCP gene transcripts. A Venn network of the PgTCP gene transcripts
among the biological process (BP), molecular function (MF) and cellular component (CC) functional categories. B The PgTCP transcripts are classified
into nine functional categories at Subcategories (Level 2), including one CC functional categories (Blue), two MF functional category (Purple),

and six BP functional categories (Yellow)
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network results showed that at P<5.0E-02, the 67 tran-
scripts formed a coexpression network with 254 edges
and 66 nodes (Fig. 6A), and the network contained 8
clusters (Fig. 6B). We counted the nodes and edges of
this network at increasingly stringent P values, and at
P<1.0E-08, the PgTCP transcripts formed 2 nodes and
1 edge. To reflect the tightness of this network, we ran-
domly selected another 78 transcripts from the ginseng
transcriptome database as negative controls, and we
removed those that were not expressed in the 42 farm
cultivars and selected the remaining ones for coexpres-
sion network analysis (Fig. 6C-D). After three replicates,

the mean was calculated, and at P<5.0E-02, the PgTCP
transcript formed a regulatory network consisting of
57 nodes and 159 edges, and at P<1.0E-08, the PgTCP
transcript formed 2 nodes and 1 edge. Thus, PgTCP tran-
scripts are more likely to form a coexpression network
than randomly selected transcripts.

To further demonstrate the correlation between each
pair of PgTCP transcripts, we constructed the network
using a random sampling of two-thirds (52) of the total
PgTCP transcripts and introduced a negative control
as described above (Fig. 6E-F). When P <5.0E-02,
52 PgTCP transcripts formed a network of 120 edges
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and 41 nodes after removing unexpressed transcripts
from 42 varieties, and at P<I1.0E-07, PgTCP tran-
scripts formed 2 nodes and 1 edge, and the number of
edges for the unknown transcripts was 0. These results

suggest that there are significant coexpression interac-
tions between PgTCP transcripts and that PgTCP tran-
scripts form coexpression networks more easily than
transcripts selected at random.
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Expression analysis of PgTCP genes under MeJA treatment

in Panax ginseng

To determine the expression profile of the PgT'CP gene
under MeJA treatment, qRT-PCR was performed on
15 transcripts randomly selected in 3.2 to explore the
expression of the PgTCP gene under MeJA treatment
at different times. As shown in Fig. 7, the expression
levels of PgTCP genes in class I (PCF) were downregu-
lated under MeJA treatment compared with the control,
and the expression of most PgTCP genes showed an
upwards and then downwards trend after MeJA treat-
ment, reaching a peak at 60 h after induction. At 48 h
after induction, the expression levels of the PgT'CP09-03,
PgTCP16-02, PgTCP20-03, PgTCP23, and PgTCP26-02
genes were significantly downregulated compared with
those of the control, and the relative expression levels of
the PgT'CP16-02 and PgTCP23 genes were significantly
downregulated at all time points. In class II (CIN and
CYC/TBL1), almost all expression levels of PgTCP genes
were upregulated compared with the control, and the
expression of most PgTCP genes showed an upwards
and downwards trend after MeJA treatment. Among the
genes of the CIN subtype, the PgTCP04, PgTCP15-02,
and PgT'CPI9 genes peaked at 72 h after induction, and
only the PgTCP04 gene was significantly upregulated at
72 h. Among the CYC/TB1 subtypes, the relative expres-
sion levels of the PgTCP05, PgTCP07-01, and PgTCP21
genes peaked at 72 h postinduction, and the PgT'CPO5

PgTCP09-03

PgTCP16-02

PgTCP20-03
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and PgTCP21 genes were significantly upregulated. The
PgTCP14 gene was significantly upregulated at 12 h
postinduction and peaked at 12 h.

Screening of TCP candidate genes involved in ginsenoside
biosynthesis
Ginsenoside is the main active ingredient of ginseng, but
its content in ginseng is very low, so it is very important
to study the synthetic pathway of ginsenoside. SPSS soft-
ware was used to calculate the correlation between gin-
senoside content and PgTCP gene expression in 42 farm
cultivars (Table S5). Twenty-nine PgTCP genes were sig-
nificantly correlated with ginsenoside content, among
which 19 PgTCP genes were significantly positively cor-
related with saponin content, and 10 PgTCP genes were
significantly negatively correlated with saponin content.
Many key enzymes in ginsenoside synthesis have been
cloned. The PgTCP gene may be correlated with key
enzyme-encoding genes in the ginsenoside synthesis
pathway. To explore the relationship between the PgTCP
gene and key enzyme-encoding genes, SPSS software was
used to calculate the correlation between the expression
levels of key enzyme-encoding genes and the expression
levels of 29 PgT'CP genes significantly correlated with
ginsenoside content (Table S6). A total of 19 genes were
found to be significantly correlated with the expression
of key enzyme-encoding genes. The expression levels
of 16 PgTCP genes were positively correlated with the
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expression levels of key enzyme-encoding genes. The
expression levels of three PgT'CP genes were negatively
correlated with the expression levels of key enzyme-
encoding genes.

Since the key enzyme-encoding genes of ginseng par-
ticipate and are important in the ginsenoside synthesis
pathway, it is particularly important to study the corre-
lation between key enzyme-encoding gene expression
and ginsenoside content. After screening, 19 PgTCP
genes were found to be significantly correlated with both
key enzyme-encoding genes of ginseng and ginsenoside
content. However, based on the network, the PgTCP26-
02 gene was associated with more key enzyme-encoding
genes (Fig. 8), which was finally selected for subsequent
functional verification.

Analysis of the PgTCP26-02 gene involved in ginsenoside
biosynthesis

The secondary structure of PgT'CP26-02 was o helix 56
(21.71%). B turn 12 (4.65%); random coil 162 (62.79%);
extended strand 28 (10.85%) (Fig. 9A). Tertiary struc-
ture modelling clearly shows that PgTCP26-02 contains
the bHLH domain (Fig. 9B). To reveal the evolutionary
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relationship between TCP genes in different species, the
9 protein sequences of TCP family members of other
species were downloaded from NCBI (Table S7). The
phylogenetic tree was constructed using the PgTCP26-
02 protein sequence and 9 TCP protein sequences from
other species (Fig. 9C). PgTCP26-02 had the closest
evolutionary relationship with maize ZmTCP16. At the
protein level, PgTCP26-02 and other protein sequences
contained the bPHLH domain (Fig. 9D).

To study the expression of the PgTCP26-02 gene in gin-
seng, we retrieved the expression data of the PgTCP26-02
gene from roots of 4 different ages of ginseng, 14 differ-
ent tissues of 4-year-old ginseng and 42 farm cultivars
of 4-year-old ginseng. To more intuitively reflect the
expression level of the PgTCP26-02 gene, we drew a gene
expression heatmap. Among the 4 different aged stages
of ginseng roots, the expression level of the PgTCP26-
02 gene was the highest in 25-year-old ginseng roots
and was not expressed in 12-year-old ginseng roots and
18-year-old ginseng roots (Fig. 10A). Among the 14 dif-
ferent tissues of 4-year-old ginseng, PgTCP26-02 was
expressed in all of them, and the expression level of
PgTCP26-02 was higher in the main root epiderm and

TCP1702
TCPOB02

ERrCP2601

Fig. 8 Interaction network between PgTCP genes and ginsenoside synthesis key enzyme genes
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are the bHLH domains

main root cortex (Fig. 10B). Among the 42 farm cultivars
of 4-year-old ginseng roots, the PgTCP26-02 gene was
expressed in all farm cultivars (Fig. 10C).

Discussion

TCP is a transcription factor family that is widespread
and unique to plants and thus has been extensively stud-
ied. TCP transcription factors have been shown to be
involved in plant growth and development, secondary
metabolism and other biological processes in several spe-
cies, such as Arabidopsis, rice, bamboo shoots, tomato,
and ginkgo. However, the TCP gene family has not been
intensively studied in ginseng. In this study, 28 TCP
gene family members consisting of 78 TCP transcrip-
tion factors named PgTCP were identified in the ginseng
transcriptome database. Twenty-two TCP genes were
identified in rice, 24 in Arabidopsis [46], 30 in tomato
[29], and 12 in ginkgo [24]. Based on evolutionary analy-
sis, TCP gene family members in ginseng were also clas-
sified into class I (PCF) and class II (CIN and CYC/TB1),
and these results suggest that there seems to be no major

differences in the number and classification of TCP gene
family members in plants.

Previous studies have shown that TCP transcription
factors almost always have bHLH structures that can
bind to DNA and participate in protein interactions and
thus in plant growth and development, hormone signal-
ling, and synthesis of secondary metabolites. The protein
secondary structure analysis and tertiary structure mod-
elling of PgTCP also revealed the existence of a bHLH
domain in PgTCP, which indicated the functional diver-
sity of the PgT'CP gene. Ginseng is a tetraploid plant with
24 pairs of chromosomes, and most of the PgTCP gene
family is distributed on Chinese ginseng chromosomes,
with only a few chromosomes that do not have TCP tran-
scription factors. Gene replication events are important
events that drive the development of new biological func-
tions. However, whole-genome replication of the PgTCP
gene has also been found in ginseng, so the PgTCP gene
family has many potential biological functions. Based
on the results of GO functional annotation, 77 PgTCP
transcripts were annotated as molecular functions (MF);
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Fig. 10 Heatmaps analysis spatiotemporal expression patterns of PgTCP26-02 gene in Panax ginseng. A The PgTCP26-02 gene expressed in the 4
different ages of ginseng roots. Red to green expression decreased in turn. B Expression of PgTCP26-02 gene in 14 different tissues of ginseng. Red
to green expression decreased in turn. C The PgTCP26-02 gene expressed in the 42 farm cultivars of 4-year-old ginseng roots. Red, yellow and then

green decreased in expression

thus, these genes may interact with other proteins or
regulate the expression of downstream genes by binding
enhancers to regulate ginseng growth and development.
Seventy-four PgTCP transcripts were labelled as biologi-
cal process (BP), and 47 PgTCP transcripts were labelled
as cell component (CC), indicating that the PgT'CP gene
is not only a functional but also a structural gene in gin-
seng. In conclusion, the functions of PgTCP transcripts
in Jilin ginseng are diverse.

Analysis of the expression pattern of the PgTCP gene
family yielded several interesting findings. First, the
expression levels of PgTCP transcripts were analysed in
42 farm cultivars, and most transcripts were expressed
very similarly in all cultivars, suggesting broad expres-
sion of PgTCP transcripts. However, the PgT'CP
gene also has specificity. PgTCP20-06, PgTCP20-
03, and PgTCP23 were expressed in all farm culti-
vars, PgTCP20-3 was strongly expressed in S30, and
PgTCP26-01 and PgTCP26-02 were highly expressed in
the majority of farm cultivars. Second, approximately
62% of PgTCP transcripts were expressed at different

times in ginseng roots at four different ages (5, 12, 18,
and 25 years), and approximately 37% of PgTCP tran-
scripts were not expressed at all four ages of ginseng.
PgTCP09-04 had a clear trend of increasing expression
over time, and PgT'CP24-21, PgTCP24-12, PgTCP18 and
PgTCP16-01 showed a clear trend of decreasing expres-
sion over time. A total of 33 transcripts (42%), 35 tran-
scripts (44%), 39 transcripts (50%), and 37 transcripts
(47%) were expressed in 5-, 12-, 18-, and 25-year-old
roots, respectively, and specifically, the PgT'CP tran-
script had the lowest expression level in the 5-year-old
roots. The specific expression of PgTCP transcripts in
these 4 different ages indicated that not all PgT'CP tran-
scripts were structurally expressed in ginseng. Finally,
most PgTCP genes were found to be expressed with tis-
sue specificity in 14 different tissues of 4-year-old gin-
seng, and only 14 transcripts (18%) were expressed in
all tissues, with PgT'CP20-03 and PgTCP20-06 being
expressed at higher levels in 14 ginseng tissues. In con-
clusion, the expression of PgTCP transcripts in ginseng
is spatiotemporally specific.
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In 78 transcripts of the PgT'CP gene family, the expres-
sion of most genes is regulated jointly, while only a few
genes are regulated independently. Genes of the PgTCP
gene family are more likely to form a coexpressed inter-
action network, and some closely related clusters are
formed at P<0.05, some of which play a core role in the
network, indicating that gene members of the PgTCP
gene family are still functionally related to each other.

We selected five PgTCP genes from each of the three
isoforms PCF, CIN and CYC/TB1 as representatives to
study their expression under MeJA treatment. The rela-
tive expression of genes in class I was downregulated
after MeJA treatment. In contrast, the relative expression
of most genes in the two isoforms of class II was upregu-
lated after MeJA treatment. This indicates that the gene
members of different isoforms of the PgTCP gene fam-
ily differ under abiotic stress treatment. These results
not only confirmed that the relative expression level of
the PgTCP gene after MeJA treatment affected the hairy
root of ginseng but also indicated the reliability of the
results of systematic analysis in this study. These results
also demonstrated that PgTCP gene expression in gin-
seng is not only time-specific but also responsive to the
regulation of MeJA. This study provides a theoretical
basis for studying TCP gene regulation of plant second-
ary metabolism.

To further investigate the role of PgTCP in synthesizing
secondary metabolites in ginseng, we identified a gene,
PgTCP26-02, that is highly related to ginsenoside content
in the PgTCP gene family. PgTCP26-02 belongs to the
class I (PCF) subfamily, and after MeJA treatment, the
expression level of the PgT'CP26-02 gene showed a down-
wards trend, and the expression level of the PgTCP26-02
gene in 42 farm cultivars was also negatively correlated
with the expression level of key ginsenoside synthe-
sis enzyme-encoding genes. Therefore, we preliminar-
ily determined that the PgTCP26-02 gene was related to
ginsenoside biosynthesis, and the PgTCP26-02 gene also
became the next research object.

Genes control protein synthesis through transcrip-
tion and translation, and proteins are the embodiment
and undertaking of life activities and are closely related
to the exercise of biological functions. Therefore, we ana-
lysed the protein sequence structure of the PgTCP26-02
gene, and the tertiary structure of the PgTCP26-02 pro-
tein showed that it had a typical bHLH structure. Phy-
logenetic analysis showed that PgT’CP26-02 had high
homology with the TCP genes of other species. Through
multiple sequence alignment, we found that all TCP
genes have the bHLH domain, and there are approxi-
mately 20 basic regions of amino acid residues in the
N-terminus of the bHLH domain and a helix-ring-helix
region composed of approximately 40 amino acids in the
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C-terminus of the bPHLH domain. The alkaline region has
the ability to bind to the specific DNA sequence E-box
(5'-CANNTG-3’), while the two «-helices of HLH can
participate in protein—protein interactions to form hom-
ologues or heterodimers. This gives the bHLH transcrip-
tion factor the dual function of interacting with both
DNA and proteins. Therefore, the PgTCP26-02 gene con-
taining a bHLH domain plays an important regulatory
role in the secondary metabolism of ginseng.

Through the analysis of the expression pattern of the
PgTCP26-02 gene, it was found that the PgTCP26-02 gene
had the highest expression in the roots of 25-year-old gin-
seng, and some studies showed that the saponin content in
the roots of older ginseng was also higher than that in the
roots of younger ginseng; therefore, we speculated that the
PgTCP26-02 gene was related to the synthesis of ginseno-
side. The expression of the PgTCP26-02 gene is tissue-spe-
cific in ginseng, and the expression level of the PgT'CP26-02
gene appears to be the most abundant in ginseng roots. As
ginsenoside is the main active ingredient in the root of gin-
seng [47], our results further support that the PgTCP26-02
gene might be involved in regulating ginsenoside biosyn-
thesis. We are currently studying the molecular mechanism
of PgTCP26-02 gene involvement in the regulation of gin-
senoside synthesis in ginseng, aiming to better understand
how TCP genes regulate plant secondary metabolism.

Conclusion

In this study, 28 PgT'CP genes were screened from P. gin-
seng (ginseng), and their structure, evolution, function,
expression pattern, and coexpression network were ana-
lysed. Additionally, the response of PgT'CP genes to MeJA
was investigated. Our results suggest that members of
the PgTCP gene family are functionally diverse, showing
differences in expression patterns in terms of tissue and
temporal specificity. In addition, the PgTCP gene fam-
ily appears to be involved in the plant response to MeJA
treatment, further confirming the role of the TCP gene
family in the MeJA stress response. The role of the TCP
gene family in the secondary metabolism of ginseng was
further confirmed and provided a theoretical basis for
ginseng genetic breeding in the future. Genome-wide
identification and integrated analysis of the TCP gene
family controlling ginsenoside biosynthesis will provide
a theoretical basis and enriched genetic resources for in-
depth studies on functional genomics in P. ginseng.
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