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Comparative transcriptomic
analysis provides insights into the
regulation of root-specific saponin
production in Panax japonicus

Xiangyin Luo?, Zhengxiu Ye!, Xianming Shi?, Ziyao Hu?, Junhao Shen?, LeiYou?,
Ping Huang?, Guodong Wang?, Lanlan Zheng?, Chen Li* & Yonghong Zhang*"**

Panax japonicus, a traditional medicinal plant from the Araliaceae family, produces bioactive
triterpenes with health benefits. In Traditional Chinese Medicine, its roots have been used, but the
chemical basis of its medicinal use is unclear, particularly regarding the metabolism and regulation of
triterpene saponin biosynthesis. This study employed an integrative approach using Ultra Performance
Liquid Chromatography (UPLC) and transcriptome analysis. Our UPLC analysis showed that
ginsenoside Ro and chikusetsusaponin IVa were mainly detected in P. japonicus root. Subsequently, a
comparative transcriptome analysis of four P. japonicus tissues (roots, leaves, flowers and fruits) was
conducted using Illlumina sequencing. As a result, 90,985 unigenes were functionally annotated from a
total of 211,650 assembled non-redundant transcripts. Among these, 42,829 unigenes were annotated
in NR database. Tissue-specific gene analysis revealed that roots had the highest number of specifically
expressed unigenes (11,832). The majority of these unigenes were associated with metabolic
processes. Additionally, tissue expression patterns analysis for three common transcription factor
families indicated that WRKY family genes showed a significantly root-specific expression pattern,
potentially playing a role in triterpene saponin biosynthesis. Notably, we investigated the expression
profiles of genes related to the biosynthesis of triterpene saponins and found that four genes, ACCT,
HMGS, HMGR and SS, encoding key enzymes in triterpene saponins biosynthesis pathway, were
primarily expressed in the root. Overall, our study provides a set of P. japonicus tissue transcriptome
data, which will aid in the discovery of triterpene saponin biosynthetic genes and offers valuable
genetic information for this medical plant.
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TS Triterpene saponin

Panax japonicus C.A. Mey, also called as “Zhu Zi Shen’, is a plant belonging to the Panax genus in the Araliaceae
family. Its rhizome, characterized with bead-like appearance is used as a traditional Chinese medicinal herb,
which exhibits a wide range of pharmacological effects, including anti-fatigue, immune-regulation, anti-oxidative
stress, anti-inflammatory and anti-cancer properties!~. Recent pharmacological research has substantiated that
the principal bioactive compounds discovered in P. japonicus are ginsenosides and chikusetsusaponins, which
both belong to triterpene saponin (TS)*.

Triterpene saponins are typically biosynthesized in cytoplasm through mevalonic acid (MVA) pathway or
in plastid via methylerythritol phosphate (MEP) pathway>°. Both pathways produce the necessary isoprene
units-isopentenyl diphosphate (IPP). After the formation of isopentenyl diphosphate (IPP), short-chain
prenyltransferases, involving GPPS, GGPPS and FPS, catalyze the sequential addition of isoprene units,
extending the carbon chain by five carbons with each addition to form squalene. Next, various triterpene
skeletons are formed through the cyclization of 2,3-oxidosqualene by diverse oxidosqualene cyclases, including
dammarane-type and oleanane-type terpenoids’. Subsequent catalytic steps include hydroxylation via CYP450s
and glycosylation via UGTs respectively, result in the formation of diverse saponins®-1°.

With the fast development of “omics” platform, molecular mechanism exploration underlying saponin
biosynthesis using transcriptomic sequencing in P. japonicus has gained attentions in recent years. However,
the overall transcriptomic study regarding different tissues in Panax japonicus is still incomplete. Our UPLC
analysis suggested that ginsenoside Ro and chikusetsusaponin IVa were primarily accumulated in P. japonicus
root. Thus, a comparative transcriptome study of four P. japonicus tissues (root, leaf, fruit and flower) were
conducted to identify putative genes involved in triterpene saponins biosynthesis in P. japonicus. Organ specific
expressed gene analysis revealed that the root possessed largest number of OSGs and was enriched in various
metabolic pathways. Notably, analysis of transcriptional factor families revealed that a large number of WRKY
transcriptional factors exhibited significantly enriched expression in P, japonicus root. Our study provides new
insights for future functional genomics research focusing on triterpene saponins biosynthesis and regulation of
P, japonicus.

Materials and methods

Plant material

The plant variety of P. japonicus used in this study was Panax japonicus C. A. Mey. var. major (Burk.) C. Y. Wu et
K. M. Feng (Zhu zi shen in Chinese). The plants were cultivated in a designated plantation field for physiological
experiments at Longwangzhai Rare Chinese Herbal Medicine Cultivation Farmers’ Cooperative in Shiyan, Hubei
province, China. Fresh samples of the four organs (root, leaf, flower and fruit) were collected from three-year-old
plants. Samples from the same organ of three individual plants were combined to form one biological replicate,
with each replicate created by randomly selecting and mixing three individuals to minimize genetic background
variability. This process was repeated twice, resulting in three biological replicates, all of which were submitted
for RNA sequencing. All samples were thoroughly rinsed and cleansed twice using distilled water. Subsequently,
they were immediately frozen in liquid nitrogen and stored at -80°C for RNA extraction.

UPLC analysis of ginsenosides Ro and chikusetsusaponins IVa

The UPLC analysis procedure was performed as previously reported with minor modifications!!. Briefly, fresh
sample was harvested, collected and incubated at 105 °C for no less than 15 min in an oven, followed by 60 °C
until the samples were completely dried. Dry samples were ground into powder and about 0.1 g dry powder
was extracted with 10 mL 80% methanol under ultrasonic water bath at 40°C for 40 min. Then the extract was
filtered through a syringe filter (0.22 pm). UPLC was conducted using Waters ACQUITY UPLC system with
a PDA e\ detector (Waters Corporation, Milford, MA, US) together with a Waters BEH C18 column (1.7 pm,
2.1 mm X 100 mm) using a gradient elution program with flow velocity of 0.2 mL/min (A, acetonitrile. B, 0.1%
phosphoric acid water solution): 0 min-2 min, acetonitrile concentration increased from 40 to 50%; 2 min-6 min,
acetonitrile concentration increased from 50 to 55%; 6 min-6.1 min, acetonitrile concentration increased from
55 to 100%; 6.1 min-9 min, acetonitrile concentration kept at 100%; 9 min-9.1 min, acetonitrile concentration
decreased from 100 to 40%; 9.1 min-11 min, acetonitrile concentration kept at 40%. The detection wavelength
was 203 nm.

RNA Isolation and RNA-Seq

Total RNA extraction and purification were performed using the RNAsimple total RNA kit (TTANGEN, China).
RNA purity and integrity were determined using a NanoPhotometer spectrophotometer (IMPLEN) and
Qubit RNA Assay Kit in Qubit 2.0 Fluorometer (Life Technologies). RNA integrity number exceeded 7.4 was
considered as high-quality for transcriptome sequencing. In total, twelve sequencing libraries were generated
using an Illumina HiSeq Library Preparation Kit and subsequently sequenced on the Illumina HiSeq 2500
platform by Wuhan Frasergen informative Co., Ltd (http://www.frasergen.com). Trimmomatic software was
used to eliminate low-quality reads and obtain clean data from the raw reads'2.

Transcriptomic assembly, BUSCO assessment and functional annotation

De novo assembly was conducted using Trinity assembler version 2.6.6 to merge the clean reads into contigs'>.
BUSCO’s completeness analysis was used to check the assembly correctness. The longest transcripts were
assigned as unigenes to avoid different isoforms being miscalculated as multiple copies. Then BUSCO (v5.2.2)
was used for conservative gene detection with embryophyta_odb10 as the lineage dataset'. The alignment
against Swiss-Port and Pfam databases was employed to predict open reading frame (ORF). TransDecoder
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was utilized to identify the candidate coding regions and generate their corresponding amino acid sequences.
Functional annotation was performed using Blast2GO tool (E < 1072) against various databases, including NCBI
non-redundant protein sequences (Nr) database, Gene Ontology (GO) database, Kyoto Encyclopedia of Genes
and Genomes (KEGG) database'>!”, euKaryotic Ortholog Groups/Clusters of Orthologous Groups (KOG/
COG) database and Swiss-Prot database!®.

Differential gene expression analysis

The estimation of gene expression levels was firstly performed using Expectation-Maximization (RSEM)
software!®. The expression levels of transcripts were then quantified as FPKM using SARTools?’. The P-values
were adjusted employing the Benjamini-Hochberg method to control the False Discovery Rate (FDR). Finally,
differential expression genes (DEGs) were identified using a threshold of log,FoldChange > 1 and FDR < 0.05.

Triterpenoid saponin biosynthesis related genes identification

In order to obtain the amino acid sequences of putative enzymes involved in triterpenoid saponin biosynthesis, the
KEGG database was accessed!>~!”. Representative sequences were used as queries to retrieve the corresponding
transcripts in P, japonicus through BLASTP analysis.

Transcription factor analysis
Candidate transcription factors (TFs) genes were screened and identified using PlantTFcat and iTAK analysis
tool?!22, The results were then verified in plant transcription factor database (PlantTFdb)?*.

Result

UPLC analysis of ginsenosides ro and chikusetsusaponins IVa in different Panax japonicus
organs

Fresh samples of four organs (root, leaf, flower and fruit) were collected from three-year-old P. japonicus
plants (Fig. la-e). UPLC was used to analyze the content of two major saponins, Ginsenosides Ro and
Chikusetsusaponins IVa, in different organs. The results showed that Ginsenosides Ro and Chikusetsusaponins
IVa were primarily observed in the root tissue (Fig. 1f), aligning with the root being the major medicinal part
of P. japonicus.

RNA-seq and de novo transcripts assembly

To explore potential genes involved in saponin biosynthesis, four tissues (root, leaf, flower, and fruit)
transcriptomes of P, japonicus were generated by Illumina paired-end sequencing with three biological replicates.
Clean reads pairs were obtained through filtering sequencing adaptor and removing low-quality raw data and the
clean reads number and quality of all 12 samples were listed in Table S1. Then transcript assembly was performed
using Trinity software. Finally, 211650 non-redundant transcripts were obtained and the length distribution was
shown in Fig. 2a. The mean length and N50 of assembled transcripts were 1185 bp and 1895 bp respectively
(Table S2). Additionally, BUSCOs completeness analysis was used to check the assembly correctness. The results
showed that the BUSCOs completeness was 94.8% (including 93.7% single-copy BUSCOs and 1.1% duplicated
BUSCOs), suggesting a high quality of transcripts assembly (Fig. 2b).

Functional unigene annotation

To get a representative transcript regardless of splicing variants for one single gene, the longest transcript was
designated as the unigene for each gene. As a result, 90,985 unigenes were obtained from 211,650 transcripts. Five
databases were used to annotate unigenes, namely NR, GO, KOG, KEGG and Swiss-prot. As a result, there were
42,829 (47.07%), 36,629 (40.26%), 22,968 (25.24%), 13,493 (14.83%) and 34,925 (38.39%) unigenes annotated in
NR, GO, KOG, KEGG and Swiss-prot databases, respectively (Fig. 3a and Table S3). Totally, there were 44,023
(48.38%) unigenes annotated in all databases. In order to gain a comprehensive understanding of homologous
genes in P, japonicus across various plant species, the annotated unigenes were queried in NCBI NR database.
As shown, the largest percentage of unigenes were homologous to those of Daucus carota (11.2%), followed
by Quercus suber (4.9%), Nyssa sinensis (3.9%) and Camellia sinensis (2.2%), with Panax ginseng showed 0.4%
sequence homology with P. japonicus (Fig. 3b; Table S4).

Then Gene Ontology (GO) classification was performed to uncover the functional roles of unigenes. In the
category of biological processes, the mostly enriched GO terms were cellular process and metabolic process. The
most enriched GO terms in the molecular function category were binding and catalytic activity. In the cellular
components category, the majority of unigenes showed a significant enrichment in cellular anatomical entities
(Fig. 3c; Table S5). Additionally, 15,257 (16.77%) unigenes were classified to 25 function classes in the KOG
database (Fig. 3d; Table S6). The most percent of unigenes were enriched in the class of “Translation, ribosomal
structure and biogenesis” (2570), followed by “Posttranslational modification, protein turnover, chaperones”
(2015), “General function prediction only” (1439) and “Energy production and conversion” (1238).

Organ-specific genes identification and differential expression genes analysis

To determine the gene expression levels, the clean reads from four organs were initially mapped using RSEM and
bowtie 2. Subsequently, unigenes expression levels were quantified using fragments per kilobase of transcript
per million fragments mapped (FPKM) values. As a result, 83,038 unigenes were detected to be expressed in
four organs in total (FPKM > 0.01) (Table S7). The expression level distributions are shown in Fig. 4a, showing
that each organ displays a stable distribution pattern. The correlation analysis between samples showed that
flower is correlated with fruit to the highest extent (0.89) and leaf is correlated with flower to the lowest extent
(0.1) (Fig. 4b). Differential expressed genes analysis between every two organs showed that the largest number
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Fig. 1. Photographs of Panax japonicus plants and UPLC analysis. (a) Whole plant of three-year-old
Panax japonicus plants. (b—e) Root, leaf, flower and fruit of Panax japonicus. bar =1 cm. (f) UPLC-PDA
chromatograms of Ginsenoside Ro and Chikusetsusaponin I'Va across four organs. The x-axis represents
retention time, and absorbance is shown in AU (absorbance units). Blank refers to 80% methanol used as a
control.
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Fig. 2. Transcripts length distribution and BUSCO analysis. (a) The length distribution of assembled non-
redundant transcripts. (b) BUSCO’s assembly completeness analysis.

(13,743) of DEGs was in the leaf-vs-root comparison, among which 7,723 were up-regulated genes and 6,020
were down-regulated genes. Notably, root always displayed more up-regulated genes than down-regulated genes
when compared with other organs (Fig. 4c). All expressed genes venn diagram in four organs were displayed and
a total number of 24,450 genes that exhibited expression exclusively in a single organ were regarded as organ-
specific genes (OSGs) in comparison with 40,674 common genes that were expressed ubiquitous in all four
organs (Fig. 4d), among which the root possessed largest number of OSGs (11,832), followed by flower (7,165),
leaf (3,144) and fruit (2,309). Hierarchical clustering analysis was conducted to reveal global gene expression
patterns of four organs (Fig. 4e). As a result, the root exhibits considerably distinct expression patterns compared
with other organs.

Root-specifically expressed genes identification and analysis

P. japonicus root plays a significant role as a primary source of crude drugs in Traditional Chinese Medicine
(TCM) practices. Therefore, an investigation was conducted to examine genes specifically expressed in root,
aiming to unravel the dynamic patterns of gene expression in this organ. As mentioned above, there were totally
11,832 unigenes expressed specifically in root. To explore the primary functional molecular roles of these organ-
specific genes (OSGs) in root metabolite biosynthesis, Gene Ontology (GO) enrichment analysis was conducted.
As a result, the largest number of root OSGs were enriched in binding, catalytic activity, structural molecule
activity and transporter activity in the GO term of molecular function. Within the cellular component category,
the most significant terms for root organ-specific genes (OSGs) were cellular anatomical entity and protein-
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Fig. 3. Unigenes length distribution, functional annotation and GO/KOG analysis. (a) Unigene numbers
annotated referring to various databases were displayed based on sequence BLAST analysis. (b) The pie
chart showing the percentage of significant hit species based on unigenes sequence blast. (c) Gene Ontology
Classification and (d) KOG analysis of all identified unigenes.

containing complex. Furthermore, a large number of root organ-specific genes (OSGs) was observed in cellular
process, metabolic process, localization, response to stimulus and biological regulation in terms of biological
process category (Fig. 5a; Table S8). This observation suggests that the root serves as the primary organ for
biosynthesis of metabolites. KEGG analysis of root OSGs were also performed and the result showed that many
metabolic pathways, such as “Alanine, aspartate and glutamate metabolism” and “Arginine biosynthesis” were
prominently enriched (Fig. 5b; Table S9).

Identification of candidate transcription factors genes

Transcription factors (TFs) play a crucial role in regulating a wide range of developmental processes and
metabolic pathways associated with natural product synthesis in plants?*?°. In this study, 4,916 unigenes were
identified as candidate TFs and classified to 58 TF families, among which MYB (723), basic helix-loop-helix
(bHLH) (343), AP2-EREBP (315), C3H type zinc finger (249), NAC (234) and WRKY (201) families were the
top six members (Fig. 6a; Table S10). Then, the expression patterns of three common TF families (MYB, bHLH
and WRKY) were checked in four tissues (Table S10). Notably, WRKY members exhibited significant root
enriched expression compared with MYB and bHLH TF families (Fig. 6b; Figure S1), revealing their potential
functions in regulating metabolites biosynthesis in P. japonicus root. Moreover, 87 TFs encoding genes were
identified among 11,832 root OSGs (Table S10), these would be root specific TFs in P. japonicus.

Scientific Reports|  (2024) 14:27572 | https://doi.org/10.1038/s41598-024-78720-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a d

4 ' i flower

N

log10(FPKM)

o

1
N

flower  fruit leaf root

(on
()

leaf root flower fruit

0.2 0.1 0.11 0o

leaf

— D 07

o 05

9 06

. ) 0.5

0] V /

= 04 }
K] . —8 B
[ AN N 0.3

K

= V 02

3 -1.5
= \ 0.1

]

C leaf root fruit flower

leaf

root

fruit

Rald) hs

flower

root leaf flower fruit

Fig. 4. The overview of expressed unigenes, OSGs, and DEGs. (a) The distributions of unigenes expression
levels in four organs. (b) The square values of Pearson’s correlation coefficients (R?) between each set of organs.
(c) The number of differential expression genes (up and down) between every two organs. (d) Venn diagram
showing the number of uniquely or commonly expressed unigenes among organs. (e) All unigenes clustering
analysis and expression heat map of all organs (root, leaf, flower and fruit). To analyze gene expression, all gene
FPKM values were averaged and z-transformed, forming scaled expression values ranging from -1.5 to + 1.5.

Identification of transcripts potentially involved in saponin biosynthesis in P. japonicus

Triterpenoid saponin biosynthetic pathway has been reported in many plants**-2%, which mainly involves
Mevalonate (MVA) pathway in cytoplasm and Methyl Erythritol Phosphate (MEP) pathway in plastid.
Considering that Saponins accumulate in an organ- and/or tissue-specific manner?, the mechanisms underlying
the coordination between the MVA and MEP pathways, as well as the activities of relevant genes, are not yet fully
understood. To get knowledge of the enzymes involved in saponin biosynthesis in P. japonicus, 35 MVA pathway
related genes, 32 MEP pathway related genes and 34 saponin biosynthesis downstream genes were identified
from P. japonicus transcriptome dataset (Fig. 7; Table S11). Many of these identified genes were preferentially
expressed in the root, suggesting that they might play key roles in saponin biosynthesis of P. japonicus root.
Notably, 13 MVA pathway related genes displayed root specific expression, while only 3 MEP pathway related
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Fig. 5. Gene ontology classification (a) and KEGG enrichment analysis (b) of root-specifically expressed
genes. (a) Three GO terms, molecular function (green color), cellular component (blue color) and biological
process (red color) were indicated in the GO classification. (b) The bubble plot visually presents the statistics
of KEGG enrichment. The x-axis displays the rich factor, which represents the ratio of differential expression
genes to the total number of genes annotated to the specific entry. The size of each dot corresponds to the
number of genes enriched in the pathway. The color of the dot indicates the p-value, reflecting the significance
of the enrichment.

genes have root enriched expression (Fig. 7; Table S11), suggesting that MVA pathway was more active in root
tissue. This is consistent with previous knowledge that MVA pathway played a more important role in saponin
biosynthesis of Panax genus®®’!. Together, these results provided new insights into saponin biosynthesis related
gene mining in P. japonicus.

Discussion

Metabolic pathways exploration involved in natural product synthesis serves a dual purpose. Firstly, it deepens
our understanding of how these valuable compounds are created. Secondly, it provides valuable resources for
facilitating the large-scale production of natural products and fostering the generation of novel chemicals in
synthetic biology area. This knowledge and application have the potential to revolutionize future advancements
in synthetic biology. A key objective of this study is to gain molecular insights into the metabolic pathways
responsible for the synthesis of saponins, which are the primary bioactive compounds found in P. japonicus.

Transcriptomic analysis is a convenient technology in identifying potential genes related to certain biological
process and is widely used in medicinal plant research’*%*. Rai et al. performed a de novo transcriptome
assembly of P. japonicus using five tissues (flower, leaf, secondary root, young rhizome and old rhizome)*. The
mean length and N50 of assembled contigs were 668 bp and 957 bp, respectively in their study. In our study, the
mean length and N50 of assembled transcripts were 1185 bp and 1895 bp (Table S2), suggesting a significantly
better quality of de novo assembly.

Since the MVA and MEP pathways are essential for saponin biosynthesis by providing key precursors,
many transcriptome-based studies in less-explored plants focus on dissecting these pathways***°. Therefore,
identifying these two pathway genes and exploring their potential links to root-accumulating saponin regulation
is akey objective of this study. Through comparative transcriptome analysis, a number of potential gene members
encoding key enzymes involved in the MVA pathway and the MEP pathway in P. japonicus have been identified
(Fig. 7). The expression patterns of these identified genes were analyzed across four different organs. A significant
portion of these genes exhibited primary expression in the root, indicating that roots are a major site for saponins
accumulation. It is noteworthy that thirteen MVA pathway genes exhibited preferential expression in roots,
while only three MEP pathway genes were root-enriched (Fig. 7; Table S11). This observation demonstrated that
MVA pathway plays a major role in root-accumulating saponin regulation, which is consistent with previous
reports in other panax plants®!. In particular, our comparative transcriptome analysis across different organs
is effective for identifying organ-specific regulators in the regulation of root-accumulating saponins. Future
genetic validation will be necessary. In addition to expression pattern-centered research, assessing the impact
of abiotic stresses on gene activity may enhance our understanding of how these two pathways coordinate.
However, it is important to note that not all these genes are exclusively expressed in the root, with some saponin
biosynthetic genes expressing in aboveground tissues (Fig. 7). The inconsistency between gene expression level
and its corresponding metabolite is a common phenomenon, which might be attributed to post-transcriptional
regulations. Alternatively, it is possible that intermediate and derivative metabolites are synthesized in both the
root and other parts of the plant, but their accumulation is primarily observed in the root due to transportation
between tissues, which involves cross-talk in the coordination and regulation at the tissue level.
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In summary, this study has generated an integrative collection of high-quality transcriptomes for P. japonicus
different tissues. By analyzing the gene expression profiles of distinct organs in P. japonicus, we gained valuable
insights into organ-specific genes, revealing that each organ expresses a unique set of genes. We specifically
focused on genes expressed exclusively in the root and our UPLC data (Fig. 1) support the notion that the root
serves as the primary source of bioactive compounds. These findings suggest that root-specifically expressed
genes play a crucial role in activating specialized metabolic pathways within the roots. Collectively, these results
provide a foundation for uncovering the molecular mechanisms responsible for the tissue-specific accumulation
of biologically active products in P. japonicus.
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Data availability
The raw sequence data of RNA-seq have been deposited in the Sequence Read Archive (SRA) database, under
accession number PRJNA1115811.
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