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A B S T R A C T   

Background: Panax ginseng, one of the valuable perennial medicinal plants, stores numerous pharmacological 
substrates in its storage roots. Given its perennial growth habit, organ regeneration occurs each year, and 
cambium stem cell activity is necessary for secondary growth and storage root formation. Cytokinin (CK) is a 
phytohormone involved in the maintenance of meristematic cells for the development of storage organs; how
ever, its physiological role in storage-root secondary growth remains unknown. 
Methods: Exogenous CK was repeatedly applied to P. ginseng, and morphological and histological changes were 
observed. RNA-seq analysis was used to elucidate the transcriptional network of CK that regulates P. ginseng 
growth and development. The HISTIDINE KINASE 3 (PgHK3) and RESPONSE REGULATOR 2 (PgRR2) genes were 
cloned in P. ginseng and functionally analyzed in Arabidopsis as a two-component system involved in CK signaling. 
Results: Phenotypic and histological analyses showed that CK increased cambium activity and dormant axillary 
bud formation in P. ginseng, thus promoting storage-root secondary growth and bud formation. The evolu
tionarily conserved two-component signaling pathways in P. ginseng were sufficient to restore CK signaling in the 
Arabidopsis ahk2/3 double mutant and rescue its growth defects. Finally, RNA-seq analysis of CK-treated 
P. ginseng roots revealed that plant-type cell wall biogenesis-related genes are tightly connected with mitotic 
cell division, cytokinesis, and auxin signaling to regulate CK-mediated P. ginseng development. 
Conclusion: Overall, we identified the CK signaling-related two-component systems and their physiological role in 
P. ginseng. This scientific information has the potential to significantly improve the field-cultivation and 
biotechnology-based breeding of ginseng.   

1. Introduction 

P. ginseng, also known as Korean ginseng, has long been used as an 
important herbal remedy in Asia, particularly in Korea, China, and 
Japan, to treat a range of diseases [1,2]. The roots of P. ginseng plants 
contain a variety of pharmacologically active ginsenosides, which have 
a wide range of therapeutic effects on disease and aging, owing to their 
anti-allergenic, antidiabetic, anticancer, anti-aging, and immunity- and 
vitality-boosting properties [2–4]. Even though P. ginseng roots have 
been used as a major therapeutic herb for thousands of years, few 

genetic and physiological elements controlling the formation and 
development of its storage roots have been identified [5]. Progress has 
recently been made in understanding the physiological properties and 
the primary and secondary growth of P. ginseng storage roots. However, 
the implementation of functional genomic approaches in P. ginseng is 
challenging because of its allotetraploid character (2n = 4x = 48) and its 
relatively large genome size (3.2 Gb) with high quantities of repetitive 
DNA [6,7]. To shed light on the mechanism of secondary growth of 
storage roots, the main endogenous signaling components governing the 
growth and developmental features of P. ginseng should be 
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characterized. 
The maintenance of cambium stem cells directly affects the regula

tion of plant secondary growth. Previous studies have shown that a 
variety of plant hormones, including auxin, cytokinin (CK), and 
gibberellin (GA), as well as their crosstalk, affect the division and dif
ferentiation of cambium stem cells [8–13]. Recent research shows that 
increasing cambium activity through GA and nitrate treatments im
proves the development of storage parenchyma cells [8,13]. Further
more, CK, a key phytohormone controlling meristem activity and cell 
division, regulates the development of vascular tissue and storage organ 
formation by increasing sink strength [11,12]. The two-component 
phosphorelay system plays a central role in initiating CK signaling 
pathways in plants. The extracellular CHASE domain of plasma 
membrane-anchored histidine kinases (HKs) recognizes active CKs 
directly [14–16]. This signaling cue is subsequently transferred to the 
conserved aspartic acid (Asp) residue in the receiver domain of type-B 
RESPONSE REGULATORS (RRs) via the cytoplasmic 
HISTIDINE-CONTAINING PHOSPHOTRANSFER PROTEINS (HPTs). 
Upon phosphorylation-induced activation, the type-B RRs regulate the 
expression of CK-responsive genes, including type-A RRs, thus acting as 
negative regulators of CK signaling pathways [17]. A CK-responsive 
two-component signaling (TCS) reporter was designed using the target 
binding sequence of type-B RRs. These CK signaling components also act 
as a crosstalk node within the plant, coordinating a wide range of 
physiological responses to environmental cues. 

In this study, we first defined the functionality of a two-component 
circuit associated with CK signaling in P. ginseng, and investigated the 
effects of exogenous CK on the secondary growth of storage roots. Next, 
we confirmed the evolutionary conservation of HK-triggered CK 
signaling pathways in the P. ginseng genome. Functional characteriza
tion of PgHK3 and PgRR2 in the model plant Arabidopsis thaliana 
indicated that the encoded proteins comprise a two-component phos
phorelay system that regulates CK signal transduction in P. ginseng. 
Exogenous CK treatment markedly enhanced root mass, root diameter, 
and bud number. Histological microscopy analysis revealed that CK 
treatment enhances cambium stem cell activity to promote radial sec
ondary growth of storage roots. Furthermore, transcriptome analysis 
provided additional evidence that CK stimulates cell division, cell cycle, 
cytokinesis, and auxin responses, all of which are closely linked to plant 
secondary cell wall biogenesis. We show that the CK signaling pathway 
is functionally conserved and promotes secondary growth and devel
opment in P. ginseng. Overall, our results shed light on the link between 
CK and secondary growth in P. ginseng. 

2. Materials and methods 

2.1. Plant material and growth conditions 

Arabidopsis Col-0 and ahk2ahk3 was used as the wild type and genetic 
backgrounds for the transgenic lines overexpressing PgHK3-HA and 
PgHK3HQ-HA. The seeds were germinated in a medium containing 1/2 
MS, 1% sucrose, and 0.8% agar (pH 5.7) at 22◦C under long-day con
ditions (16 h light/8 h dark). 2-Year-old of Panax ginseng (cv. Sunwon 
and Yeonpung) plants were provided by the Rural Development 
Administration and was grown under the same condition of a plant 
growth room. For observation of vascular cambium activity upon CK, 
the Sunwon and Yeonpung cultivars were treated with 6-benzylamino
purine (BAP) and Kinetin, respectively, for 8-10 weeks after shoot 
emergence. BAP and Kinetin were dissolved in DMSO and treated with 
concentrations of 0.1 mM, 0.25 mM, 0.5 mM, and 1 mM, respectively, 
and DMSO was used as a mock control. CKs or Mock was applied to the 
soil at 25 ml per plant on a weekly basis using the overhead flooding 
method. 

2.2. Plasmid construction 

For transient expression assay, PgHK3 and PgRR2 were cloned into 
the 35S–C4PPDK promoter containing plant expression vector fused 
with the GFP-tag (Hwang and Sheen 2001). To generate overexpressed 
transgenic plants, PgHK3 or PgHK3-H442Q was cloned into the 
pCB302ES vector containing human influenza hemagglutinin (HA). 
PgHK3-H442Q was constructed by substituting glutamine for histidine at 
position 442 in the amino acid sequence of PgHK3. These constructs 
were transformed into Agrobacterium tumefaciens GV3101, and the 
Arabidopsis plants were transformed using the floral dipping method. 

2.3. Protoplast transient expression assay 

For the reporter assay, 2 × 104 of protoplasts were co-transfected 
with 20 μg of plasmid DNA composed of reporter (pTCS:LUC) and 
effector (PgHK3-GFP , PgHKH442Q-GFP, PgrRR2-GFP). The transfected 
protoplasts were incubated for 12 h under continuous light in CK-treated 
or untreated conditions. 

2.4. Histochemical staining 

The plant samples including stem and hypocotyl of 5-week-old 
Arabidopsis, main storage roots and dormancy buds of P. ginseng were 
fixed with Fix solution (0.2 M sodiumphosphate, 3% formaldehyde, 
2.5% glutaraldehyde) before embedding in paraffin. Samples prepared 
to a thickness of 7-10 um with a HisoCore MULTICUT microtom (Leica, 
Wetzlar, Germany) were stained as a previously reported [8,13]. The 
prepared samples were observed using a slide scanner VS200 system and 
a BX53 microscope (OLYMPUS). 

2.5. RNA-seq analysis and quantitative reverse transcription qRT-PCR 

Total RNA was extracted from the main storage root samples (a 2 cm 
sample taken from the top region of the storage roots of P. ginseng cv. 
Yeonpung) applied to mock (DMSO, the mock treated RNA samples are 
the same ones used as a control in our previous work [8]) and CK 
(Kinetin) treatments once a week for 4 weeks. Total RNAs were prepared 
for RNA-seq libraries with three biological replicates, using TruSeq 
Stranded mRNA Library Prep Kit (Illumina, Inc., San Diego, CA). 
Following PCR enrichment and library purification, the libraries were 
sequenced on the Illumina HiSeq 4000 platform to produce 100-bp 
paired-end reads. The RNA-seq raw data are available in the NCBI 
Short Read Archive (accession number; SAMN12273127). Each sam
ple’s clean paired-end reads were aligned to the reference sequences for 
ginseng using Bowtie2 [18]. For each transcript, read counts and TPM 
(trimmed mean of M value-normalized transcripts per million) values 
were calculated using the RSEM 1.3.0 program [18]. The differential 
gene expression analysis’s negative binomial dispersion across condi
tions was computed using EdgeR version 3.16.5 [19]. If a gene displayed 
a false discovery rate (FDR)-adjusted P < 0.05, it was found to be 
significantly differentially expressed [20]. 

qRT-PCR was performed for the validation of RNA-seq analysis. 
Topscript™ RT DRyMIX (enzynomics) was used for cDNA synthesis and 
then qRT-PCR was carried out with a SYBR qPCR MASTER MIX 
(TOYOBO). PgActin (Pg_S0354.5) was used as an internal control for 
qRT-PCR validation. All primer sequences are presented in Table S1. 

2.6. Network analysis 

Functional annotation of differentially expressed genes was per
formed using the BLAST tool with an e-value cutoff of 1E− 5 against the 
Arabidopsis thaliana protein database. DAVID was used to perform a 
Gene Ontology (GO) term enrichment analysis, and enriched GO terms 
were identified using the Fisher Exact test (P < 0.05) [21]. According to 
our earlier research [22], enriched GO genes were further examined 
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using Gene Set Enrichment Analysis (GSEA). Network analysis was 
carried out with Cytoscape’s GeneMANIA program [23,24]. The gene 
subset that contributed the most to the enrichment score is represented 
by the red line in the enrichment graphic (ES). The correlation between a 
gene and the plant phenotype is quantified by the ranking list metric in 
the graphic. In the ranking list, positive values indicate genes 
up-regulated in mock-treated control samples with red color gradient, 
and negative values indicate genes down-regulated in the mock-treated 
root samples with blue color. 

3. Results 

3.1. Exogenous CK treatment promotes bud formation and root secondary 
growth by increasing cambium activity in P. ginseng 

The stimulation of cell division and cambium stem cell activity is 
largely responsible for secondary growth in plant storage organs. CK is 
one of the most important growth factors that increase meristem activity 
and promote cell division [10–12,25]. We initially examined the effect 
of CK on root development in P. ginseng to determine the relationship 
between CK responses and storage organ formation. Exogenous appli
cation of CK (BAP) enhanced biomass by promoting the secondary 
growth of the main storage roots of P. ginseng cv. Sunwon. The fresh and 
dried weight of P. ginseng roots increased by approximately 30% 
following CK-treatment (Fig. 1 A and B). We previously showed that 
cambium-driven storage parenchyma formation contributes to the sec
ondary growth of storage roots in P. ginseng [8,13]. To determine 
whether the increased root biomass was a result of storage parenchyma 
cell growth, the paraffin-embedded sections of mock- and CK-treated 
P. ginseng root samples were subjected to safranine-astra blue combi
nation staining. The results showed that the number of cambium-driven 

storage parenchyma cells and the activity of cambium cells were 
considerably increased in the CK-treated root samples compared with 
the mock treatment (Fig. 1C). Additionally, the CK-mediated accelera
tion of cambium cell division and production of storage parenchyma 
cells increased the area of the newly deposited parenchyma tissue in 
storage roots (Fig. 1D). These results indicate that CK plays a critical role 
in facilitating the secondary growth of storage roots in P. ginseng. 

Next, we investigated whether the increase in cambial activity was a 
general effect of CK in ginseng cultivars and whether it depended on the 
concentration of exogenous CK. To test this, we treated Kinetin, another 
synthetic CK, with a dosage dependent manner in the Yeonpung 
cultivar. The results showed that cambium activity and cell division 
promoted with the increase in CK (Kinetin) concentration (Fig. 2 A and 
B). Storage roots treated with 0.1 mM CK or mock treatment contained 
approximately 3–6 cambium cells, whereas those treated with 0.25 mM 
or higher concentrations of CK contained approximately 10 dividing 
cells (Fig. 2B). These results support that the CK enhances vascular 
cambium activity during storage root development in P. ginseng. 
Furthermore, we observed a correlation between new bud formation and 
exogenous CK concentration in P. ginseng. A single dormant bud is 
generally observed on the head of a storage root (Fig. 2C, top). Histo
logical analysis of the newly developed dormant bud revealed the 
establishment of a developing shoot and floral primordium (Fig. 2C, 
bottom). However, the number of emerging buds increased with the 
increase in CK concentration (Fig. 2D), and up to four dormant buds 
were observed on the head of storage roots treated with 0.5 mM or 
higher concentrations of CK (Fig. 2C and D). These results demonstrate 
that CK plays a positive role in the secondary growth of P. ginseng roots 
by enhancing the activity of cambium cells and promoting the genera
tion of perennial dormant buds. 

Fig. 1. Exogenous CK treatment enhances root biomass by promoting secondary growth in P. ginseng. (A) Phenotype of 2-year-old P. ginseng (Sunwon) plants 
treated with mock control (Mock) or 0.5 mM BAP for 10 weeks. Scale bar = 2 cm. (B) Measurement of the fresh weight and dried weight of CK-treated P. ginseng 
(Sunwon) roots (n = 20). (C) Representative stained cross-sections image of P. ginseng (Sunwon) roots treated with mock, or 0.5 mM BAP. Red line and yellow regions 
indicate cambial cell layer zone (CZ) and xylem vessel (XV), respectively (n = 9). Scale bar = 100 μm (D) Measurement of cambium-driven tissue length in (C) (n =
100). Scale bar = 100 μm. Error bars represent standard error. The significance of the difference was analyzed by t-test method (*P < 0.05, ****P > 0.0001). 
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3.2. Transcriptome analysis of secondary growth in response to CK in 
P. ginseng 

To elucidate the effect of CK on root secondary growth and bud 
development in P. ginseng, we identified the genes differentially 
expressed between mock- and CK-treated P. ginseng roots using RNA-seq 
analysis (Fig. 3A). We selected over 3,200 differentially expressed genes 
(DEGs) in the CK (Kinetin)-treated root samples. Gene Ontology (GO) 
enrichment analysis of these DEGs revealed significant enrichment of 
the following functional categories: ‘Cell wall organization or biogen
esis’’ (p = 4.42 × 10− 5, plant-type cell wall loosening; p = 5.07 × 10− 6, 
plant cell wall modification; p = 6.03 × 10− 5, plant-type cell wall 
biogenesis; p = 7.78 × 10− 6, plant-type cell wall organization; p = 4.56 
× 10− 5, plant-type secondary cell wall organization), ‘Cell cycle & Cell 
division’ (p = 1.44 × 10− 4, cytokinesis; p = 2.64 × 10− 10 cell cycle, p =
7.79 × 10− 8, cell division; p = 9.29 × 10− 5, mitotic cell cycle process; p 
= 2.98 × 10− 5, mitotic cell cycle), ‘Response to hormone’ (p = 1.28 ×
10− 14, response to jasmonic acid; p = 6.42 × 10− 9, jasmonic acid- 
mediated signaling pathway; p = 1.80 × 10− 12, response to abscisic 
acid; p = 3.40 × 10− 19, response to salicylic acid; p = 3.95 × 10− 4, 
salicylic acid-mediated signaling pathway), and ‘Senescence’ (p = 4.23 
× 10− 5, leaf senescence; p = 1.45 × 10− 7, plant organ senescence) 
(Fig. 3B). These data indicate that CK-mediated storage root and 
dormant bud formation in P. ginseng are significantly connected with 
mitotic cell division, cell wall organization, hormonal regulation, and 
meristematic cell development. Gene set enrichment analysis (GSEA) 
revealed that CK treatment compromised responses related to stress 
hormones such as abscisic acid (ABA) and ethylene (false discovery rate 
[FDR] = 0.003; Fig. 3C and Fig. S1). Cell cycle- and cell division-related 
gene sets with growth hormone auxin responses, on the other hand, were 

significantly enriched in CK-treated P. ginseng roots (Fig. 3D and Figs 
S2A–D and S3). Finally, we validated the expression patterns of selected 
DEGs, including those related to ABA, ethylene, cell cycle, cell division, 
and secondary cell wall biogenesis, by real-time qRT-PCR (Fig. S4). 
These findings support the notion that exogenous CK-induced activation 
of cambium stem cells is strongly linked with the signaling pathways 
related to cell division, cell cycle, cytokinesis, and plant-type cell wall 
biogenesis through the suppression of stress-related hormone 
regulation. 

3.3. Plant-type secondary cell wall biogenesis-related gene sets play a 
central role in the CK-mediated secondary growth of P. ginseng roots 

Recent studies showed that the secondary growth of P. ginseng stor
age roots is highly correlated with active cell division in the cambial 
zone and with cell wall biogenesis [8,13]. Consistently, the GO term 
‘plant-type secondary cell wall biogenesis’ was significantly enriched in 
the CK-treated P. ginseng roots (FDR = 0.002) (Fig. 4A). Through GSEA, 
31 CK-induced genes were identified as the leading-edge subset related 
to ‘plant-type secondary cell wall biogenesis’ (Fig. 4A). Among these, 9 
genes were significantly induced by CK treatment, with more than 
1.5-fold change in expression (q < 0.05) (Fig. 4B and Table S2). These 
genes, including GXM1, PGSIP3, and IRXs, have been demonstrated to 
play a crucial role in secondary cell wall biogenesis and secondary root 
growth [8,26]. 

Next, we focused on the identification of the signaling network 
associated with CK-mediated plant-type cell wall biogenesis. The tran
scriptional network of plant-type cell wall biogenesis was analyzed 
based on A. thaliana and its protein–protein interaction network using 
the STRING database (Fig. 4B). The effects of CK treatment on cell wall 

Fig. 2. Exogenous CK treatment increased the cambial stem cell activity and dormancy bud formation. (A) Phenotype of the cambial stem cells of storage 
roots of 2-year-old P. ginseng (Yeonpung) treated with Kinetin (0.1 mM, 0.25 mM, 0.5mM, 1mM) and Mock for 10 weeks. Scale bar = 100 μm. (B) The numbers of 
cambial stem cells in the cambial cell layer zone (CZ). Error bars represent standard error (n = 10). Different lowercase letters indicate statistically significant 
differences P < 0.05; one-way ANOVA, followed by Tukey’s multiple range test. (C, D) Representative images of bud samples with mock (Sunwon) (C) and treated 
with BAP (0.1 mM, 0.25 mM, 0.5 mM and 1 mM/ D) for 10 weeks. Red arrows are buds. (upper panel) and cross-section image (lower panel). Scale bar = 0.5. (E) The 
numbers of buds which are presented in (D). Error bars represent standard error (n = 5). Different lowercase letters indicate statistically significant differences P <
0.05; one-way, followed by Tukey’s multiple range test. 
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biogenesis interacted strongly with those on cytokinesis, cell division, 
regulation of cell cycle, response to auxin, auxin-activated signaling 
pathway, and response to CK (Fig. 4B). Interestingly, genes related to 

‘auxin-related signaling pathway’ and ‘response to auxin’ directly 
interacted with those related to ‘plant secondary cell wall biogenesis’ 
and ‘responses to cytokinin’ in the network (Fig. 4B). These results 

Fig. 3. Transcriptome profiling of P. ginseng roots treated with or without CK. (A) MA plot shows differential expression between mock-and CK (Kinetin)-treated 
P. ginseng (Yeonpung) root samples. Red dots and bar graphs indicate the either up-(1,409) and down-(1,884) regulated genes with q < 0.05 and ≥ |1.5|-fold change. 
(B) Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) identified by comparison of control and CK (Kinetin)-treated P. ginseng 
(Yeonpung) root samples. GO terms in biological process, with EASE score < 0.01 were selected (left panel). The number of up-regulated genes (red) and down- 
regulated genes (blue) categorized under the enriched GO terms are shown in the right panel. Enrichment plots for (C) response to ABA (GO:0010427, FDR =
0.0031986109, NES = 1.7566888) and ethylene-activated signaling pathway (GO:0009873, FDR = 0.00061904767, NES = 1.8739792), (D) cell cycle (GO:0007049, 
FDR = 0.000, NES = − 2.1552036) and cell division (GO:0051301, FDR = 0.000, NES = − 1.9369985). 

Fig. 4. Functional enrichment of cell wall biogenesis in P. ginseng root in response to CK and the transcriptional network. (A) Enrichment plot for the plant-type 
secondary cell wall biogenesis (GO:0009834), and an expression heatmap (FDR = 0.0025, NES = − 1.837). (B) Transcriptional network genes related to cell 
wall biogenesis. 
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suggest that the transcriptional regulatory network affecting CK- 
mediated secondary growth is achieved through the regulation of ‘cell 
division’, ‘cell wall biogenesis’, and ‘auxin signaling’. Therefore, our 
results provide highly reliable biological information on the transcrip
tional regulatory network affecting secondary growth in response to CK 
in P. ginseng. 

3.4. Identification of CK signaling-related two-component system in 
P. ginseng 

The CK responses in the secondary growth of storage roots and 
transcriptome analysis indicated that conserved CK signaling pathways 
would be functionally regulated in P. ginseng. Canonical CK signal 
transduction acts in concert with a two-component system [14,16,27]. 
Phylogenetic analysis revealed putative CK receptors and type-B RRs in 
the P. ginseng genome (Figs S5 and S6). We identified four P. ginseng HKs 
related to Arabidopsis CK receptors (AHK2, AHK3, AHK4), and cloned 
PgHK3 (Gene ID: KG ISO 082030), which is closely related to AHK3 
(Fig. S5A) [28]. Analysis of the primary structure of PgHK3 revealed that 
functional domains, including the CK-binding CHASE domain and the 
histidine kinase and receptor domains, are evolutionarily conserved 
(Fig. S5B). PgRR2 (Gene ID: KG ISO 060520.78810) was also identified, 
and the evolutionary conservation of functional core amino acid se
quences and domains was validated (Fig. S6A and B) [28]. The 
nuclear-localized PgRR2 enhanced proTCS::LUC activity, thus acting as a 
CK signaling reporter in a dose-dependent manner (Fig. S6C and D). 

These findings demonstrate that PgHK3 and PgRR2 are involved in the 
CK response signaling pathway, and that the two-component system-
mediated CK signaling is well-conserved in P. ginseng. 

To investigate the physiological role of PgHK3 in CK signaling, we 
performed a complementation assay using the Arabidopsis ahk2/3 
double knockout mutant, which exhibits CK-deficient growth defects. 
We overexpressed PgHK3 and its loss-of-function variant, PgHK3H442Q, 
in the ahk2/3 double mutant under the control of the constitutively 
active 35S promoter (Fig. 5A and B). Compared with the control ahk2/3 
double mutant, transgenic lines overexpressing 35S::PgHK3 in the ahk2/ 
3 background displayed larger shoots and secondary xylem development 
in the inflorescence stems. However, overexpression of PgHK3H442Q 

failed to restore the shoot architecture and vascular tissue secondary 
growth of ahk2/3 (Fig. 5A and C). Next, we generated 35S::PgHK3H442Q 

transgenic lines in the Col-0 background. Two lines showing moderate 
expression levels of PgHK3H442Q exhibited similar growth characteris
tics, whereas plants of 35S::PgHK3H442Q line #3 showed strong trans
gene expression and exhibited severely retarded shoot growth and 
inflorescence stem development (Fig. S7A and B). The secondary growth 
of inflorescence stems was consistently defective in 35S::PgHK3H442Q 

line #3 plants (Fig. 5D). Taken together, our findings support that 
PgHK3 acts as a CK receptor to control plant growth and development. 
Also, our data demonstrate that P. ginseng exhibits an evolutionarily 
well-conserved CK signaling pathway for modulating storage root 
development, which is regulated by a two-component circuit common to 
land plants (Fig. 6). 

Fig. 5. Complementation of the Arabidopsis ahk2/3 loss-of-function mutant via PgHK3 overexpression. (A) Phenotype of the CK-insensitive dwarf phenotype of the 
ahk2/3 double mutant and overexpression of PgHK3 and PgHK3-H442Q genes in the ahk2/3 background. Scale bar = 1cm. (B) Relative expression level of PgHK3, 
PgHK3-H442Q in 7-day-old- transgenic plants. Different lowercase letters indicate statistically significant differences P < 0.05; one-way ANOVA, followed by Tukey’s 
multiple range test. Cross-section images of (C) stem of the transgenic plants. (D)The vascular bundle phenotype of PgHKH442Q overexoression line in Col- 
0 background. Scale bar = 100 μm. 
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Fig. 6. A schematic model for CK signaling pathway and transcriptional network for modulating secondary growth of P. ginseng storage root (The model was created 
with BioRender.com). 
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4. Discussion 

4.1. CK signaling pathways are evolutionary conserved and facilitate the 
secondary growth of storage roots in P. ginseng 

P. ginseng was domesticated as a medicinal root herb, primarily because 
of its ability to store beneficial pharmacological compounds in the storage 
roots [1,29]. The secondary growth of P. ginseng storage organs is crucial 
for high crop yield [8,30]. Plant hormones and environment factors 
modulate cambium stem cell activity to control plant secondary growth. 
The homeostasis of cambium stem cells, which is primarily controlled by 
the integrated signaling networks of plant hormones such as auxin and 
CK, is directly related to the regulation of secondary growth [10–12]. 
Previous studies demonstrated that numerous plant hormones and their 
interactions regulate the division and development of cambium stem 
cells [12,30–32]. GA treatment increases the division and differentiation 
of storage parenchyma cells by increasing cambial activity in P. ginseng 
[8]. Furthermore, CK plays an important role in controlling cambial 
stem cell maintenance and vascular tissue differentiation in plants 
[9–12,15]. However, given the complex structure and polyploid nature 
of its genome, the functional genomic analysis of P. ginseng has been 
challenging [6,7]. In this study, we performed a functional genomic 
analysis of exogenous CK-induced physiological changes in P. ginseng, 
and examined their genetic regulation by integrating in silico RNA-seq 
analysis. Our findings suggest that the CK-induced secondary growth 
of P. ginseng storage roots is more closely related to cambium stem cell 
proliferation than to cell growth and elongation. The molecular basis of 
root meristem regulation in Arabidopsis implies that CK signaling path
ways are crucially involved in the proliferation of meristematic stem 
cells [11,25,33–35]. Mitotic cell division and procambial cell number 
are greatly decreased in mutants lacking CK signaling, including wooden 
leg (wol) and the ahk2/ahk3/ahk4 triple mutant [36,37]. Consistent with 
these results, CK treatment promoted the secondary growth of P. ginseng 
storage roots in this study by increasing the division of cambium stem 
cells (Figs. 1 and 2). Additionally, our results showed that PgHK3 and 
PgRR, homologs of the Arabidopsis CK receptors HK3 and RR2, respec
tively, are evolutionarily conserved (Fig. S5 and S6), and the growth 
defects of the ahk2/3 double mutant could be complemented by the 
overexpression of PgHK3 (Fig. 5 and Fig. S7). In addition, exogenous CK 
treatment enhanced storage root growth and development in P. ginseng 
by promoting cambium cell division and increasing dormant bud for
mation (Figs. 1 and 2). These results demonstrate that CK signaling is 
well-conserved in P. ginseng at the genomic level and has the potential to 
increase storage root yield. 

4.2. Secondary growth is closely related to cell wall biogenesis-related 
networks and cell division 

In this study, transcriptome profiling of CK-treated P. ginseng roots 
revealed how genetic regulators and signaling networks control the 
growth and development of a storage organ in P. ginseng. Our tran
scriptome analysis results showed that CK induces secondary growth 
and development in P. ginseng by promoting cambium cell division. CKs 
have been generally regarded as important regulators of cell division. 
Transcriptome and GO enrichment analyses revealed that ’cell cycle’, 
’cell division’, ’cell movement’, ’response to auxin’, ’response to cyto
kinin’, and ’plant-type secondary cell wall biogenesis’ were mainly 
involved in CK-mediated secondary growth regulation (Fig. 4). Previous 
studies showed that the plant cell wall is closely related to the functions 
of ’cell cycle/division’ and ’cell growth’ [8,13]. Transcriptome profiling 
of CK-treated P. ginseng roots supported the possibility that CK-induced 
secondary growth is synergistically linked to secondary cell wall 
biosynthesis-related pathways. The reconstruction of the cell wall, 
which is closely related to cell division, is closely associated with sec
ondary cell division. Our results suggest that secondary cell wall pro
duction in plants is linked to cell cycle, cell division, cytokinesis, CK 

response, and auxin response (Fig. 4B). These results demonstrate that 
transcriptional networks regulate root secondary growth in P. ginseng. 
Furthermore, local auxin accumulation in the cambium organizer cells 
during plant secondary growth was significantly affected by the cell wall 
growth-related genes and auxin-activated signaling factors, including 
WAT1, MYB, IRX, ABCB, and PINs. WAT1, MYB, and IRXs are essential 
for secondary cell wall formation during xylem development [38–40]. 
Auxin transporters, such as ABCB and PIN, are also important for the 
lignification of secondary cell walls through auxin distribution [41]. 
Therefore, our findings provide an advanced understanding of the 
transcriptional network controlling secondary growth and development 
in response to CK in P. ginseng storage roots. 

4.3. CK promotes bud formation and delays senescence 

CKs are involved in diverse aspects of plant growth and development 
[34,42]. CKs stimulate shoot development and cell division in plants as 
well as shoot formation from undifferentiated callus cells [14,25]. Thus, 
CKs play an important role in organogenesis, leaf senescence, shoot 
meristem formation, and apical dominance [15,25,35,43,44]. CKs 
regulate shoot branch growth by activating axillary bud formation, but 
this mechanism is not yet fully understood [25,31]. In Arabidopsis, shoot 
branching is also affected by auxin homeostasis [25,31,32]. Interest
ingly, several auxin transporters, such as PIN3, PIN4, and PIN7, are 
targets of CK signaling during shoot branching [31]. PINs play a major 
role in shoot branching, and numerous studies indicate that 
CK-controlled polar auxin transport is critically involved in shoot 
development [45,46]. Interestingly, in this study, the number of 
dormant buds in P. ginseng increased upon exogenous CK treatment 
(Fig. 2C and D). Our transcriptome analysis also supported the rela
tionship between CK and auxin transporters during shoot production 
and secondary growth in P. ginseng. Exogenous CK treatment induces the 
expression of PIN3, PIN6, and ABCB (Fig. 4B and Table S3). In addition, 
among the endogenous developmental signals, CK has a particularly 
important effect on the longevity of plant organs [43,44]. It has been 
well established that increasing CK biosynthesis during senescence can 
significantly delay plant organ senescence and boost crop yields [25,44]. 
Consistently, our transcriptome analysis showed that ’response to 
ethylene’, ’plant organ senescence’, and ’leaf senescence’ were signifi
cantly enriched in mock-treated P. ginseng roots (Fig. 3 and Fig. S2D and 
E). These senescence related GO terms were significantly downregulated 
in CK-treated P. ginseng root samples, suggesting that CK could regulate 
senescence-related genes and hormones in P. ginseng to delay 
senescence. 

Elucidating the molecular basis of CK signaling and its connections 
with other signal transduction pathways will enhance our understanding 
of the mechanisms governing the growth and development of peren
nials. Although it remains to be found which downstream signaling 
pathways interact with the upstream CK signaling pathway to govern 
storage root secondary growth, our results provide strong evidence in 
support of the role of CK-induced cell division in P. ginseng root sec
ondary growth. Overall, our results suggest that understanding the 
function of CK in P. ginseng will not only improve root crop productivity 
but will also be valuable for future research. 
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