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Abstract

The quality of mountain-cultivated ginseng (Panax ginseng Meyer; MCG) was closely related to the terpenoids metabo-
lism which was significantly affected by harvest months and cultivation years. In this study, the metabolisms of terpenoids
and carbohydrates in the MCG harvested at different months and cultivation years were elucidated using a transcriptomic
approach. Based on the RNA-Seq analysis, 42 and 41 genes related to terpenoids metabolism were identified in the MCG
of different harvest months (August, September, and October) and cultivation years (5, 10, and 15 years), respectively.
In August, the biosyntheses of terpineol, valencene, germacrene, solavetivone, and brassinolide were more active, and
those of valencene and brassinolide were less active than in September and October, while those of gibberellin (GA),
campesterol, and strigol gradually became active from September through October in the 10 years’ MCG. Terpenoids
metabolisms in MCG were repressed in October, except for the biosyntheses of neomenthol, stigmasterol, and abscisic
acid. Besides, one of the reasons why MCG does not like high temperature or is not suitable for high temperature survival
were explained. By comparing the difference in terpenoids metabolism in MCG harvested in September) of different culti-
vation years, it was found that the biosyntheses of neomenthol, germacrene, GA, and brassinolide were more active in the
Sth year. In the 10th year, only the biosyntheses of terpineol, solavetivone, and campesterol were activated. Surprisingly,
all these pathways associated with terpenoids metabolisms became inhibited at the 15th year. In addition, in the process
of carbohydrates metabolisms, the growth environment has greater influence, whereas there is little correlation between
cultivation years and carbohydrates metabolisms. These findings will deepen our understanding of the complicated but
important biosynthesis and regulation of terpenoids in the plant species.

Keywords Mountain-cultivated ginseng (MCG) - Transcriptomics - Harvest month - Cultivation years (ages) -
Terpenoids metabolism - Carbohydrate metabolism

Introduction

Plant secondary metabolites play various roles mainly
including defense against pathogens, pests, and herbivores;
response to environmental stresses; and mediation of organ-
ismal interactions. (Ahanger et al. 2020). Plant secondary
metabolism is dynamic and is affected by many factors.
Thus, the relationship between secondary metabolism of
plants and its influencing factors has become a research
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hotspot. Seasonal changes, including the changes in light,
temperature, precipitation, and other environmental fac-
tors, significantly affect the changes of plant secondary
metabolism. The contents of phenolic compounds of wine
grapes such as catechin, epicatechin, and anthocyanins had
slightly increased in September (Tassoni et al. 2019). Xu
et al. (2018) obtained the metabolome and transcriptome
profiles of tea leaves harvested at five different months,
and the content of sesquiterpene was the lowest when har-
vested in April, increased markedly in June, and declined in
August, September, and October. Cheng et al. (2019) stud-
ied the difference of carotenoids pathway during the two
growing seasons in grapes, indicating that expression levels
of the majority of genes involved in the carotenoids meta-
bolic pathway in winter grapes were generally upregulated
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compared to those in summer grapes. In addition to seasonal
changes, cultivation years are also considered as one of the
key factors affecting the secondary metabolism of plants.
For example, Chen et al. (2019) manifested that the levels
of monoterpenoids of Chamaecyparis formosensis showed
opposite trends at the 5th and 15th years. Flavonoids of
Dendrobium huoshanense were accumulated mainly at the
3rd year of cultivation (Yuan et al. 2022).

Plant secondary metabolites can be categorized into
three chemically distinct groups: terpenoids, phenolics, and
nitrogen-containing compounds. Among them, terpenoids
are the largest group (Huang et al. 2021a, b), which can be
further classified by the number of Cs units they contain,
including monoterpenoids (C,,), sesquiterpenoids (C;s),
diterpenoids (C,), triterpenoids (Cs), tetraterpenoids (C,),
and polyterpenoids ([Cs],, n> 8). Many plants contain mix-
tures of volatile monoterpenoids and sesquiterpenoids,
called essential oils, that are well-known in possessing
insect repellent properties (Papanastasiou et al. 2020). Cer-
tain terpenoids have well-characterized functions in plant
growth and development. For example, abscisic acid and
gibberellin, important groups of plant hormones, are sesqui-
terpenoids and diterpenoids, respectively. Brassinosteroids,
another plant hormones with terpenoid structure, also have
functions of plant growth regulation. Limonoids, a group of
nonvolatile triterpenoids, are the source of bitter substances
in citrus fruits (Huang et al. 2021a, b). The red, orange, and
yellow carotenoids are tetraterpenes which act as acces-
sory pigments in photosynthesis and protect photosynthetic
apparatus from photooxidation (Son et al. 2021).

In addition to the above effects on growth as well as
defense of plants, some terpenoids are also beneficial to
human health. Ginsenoside in ginseng (Panax ginseng
Meyer) is a type of representative triterpenoids possess-
ing various pharmacological effects including antioxidant
(He et al. 2022) and anti-inflammatory (Yao et al. 2019).
Ginseng root has been used in medicine and healthcare for
thousands of years in the world (Fang et al. 2022). To satisfy
the increasing consumption of ginseng product, mountain-
cultivated ginseng (MCGQG) has been widely planted in recent
decades. MCG is a type of semi-wild ginseng cultivated by
artificially sowing seeds or planting seeds in natural or arti-
ficial forests. Generally, the harvest season for ginseng is
autumn in the northeast of China, concentrated in the three
months around September. There are great differences in
duration of light, average temperature, and precipitation
between these three months, which make the content of
secondary metabolites of ginseng, especially terpenoids,
different at different harvest months. Currently, research on
the seasonal changes in terpenoids metabolism of ginseng
focuses mainly on field-cultivated ginseng (FCG) which
is usually planted in gardens or fields. For example, the
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contents of ginsenosides Rb,, Ro, Re, and Rb, were gradu-
ally increased from August to October (Shan et al. 2014),
and the Re was higher than the Rg; in contents in May and
June, but lower than the Rg; from August to October (Liu
et al. 2017). The research status of influence of cultivation
years on terpenoids metabolism is similar to that of harvest
months. The total saponins content of FCG increases with
the extension of growth years until the 4th year during 2—6
years cultivation (Wang et al. 2006), and the contents of gin-
senosides such as Rb, and Rg; may be first increased in early
stage of development and then decreased (Shi et al. 2007).
However, the relationship at a molecular level between ter-
penoids metabolism in MCG and seasonal changes and cul-
tivation years is still unclear.

In this study, the changes in terpenoids metabolism
in MCG at different harvest months and cultivation years
were compared on the basis of transcriptome analysis. The
biosyntheses of terpenoids in MCG at different harvest
months and cultivation years, such as monoterpenoids, ses-
quiterpenoids, diterpenoids, triterpenoids, and carotenoids,
were significantly different. Surprisingly, the carbohydrates
metabolism in MCG was also greatly affected by the harvest
months, while the years of cultivation had less impact. These
data provide an overview of the biosyntheses of terpenoids
and carbohydrates in MCG at different harvest months and
cultivation years, and preliminarily elucidated the relation-
ship between metabolisms of terpenoids and carbohydrates,
and growth environment and development of plants.

Materials and methods
Plant materials

Five ginsengs (P. ginseng Meyer cv. Ermaya) samples
were collected from August to October. Among these, 5-
and 15-year-old MCG were collected in September, and
10-year-old MCG were collected in August, September,
and October. The ages of ginseng plants were determined
based on local cultivation records. The sampling area was
located in a mountain area (125°45°16.49"E, 41°6°44.32"N)
in Kuandian County, Liaoning province, China, where the
average annual temperature and precipitation were 7.13 °C
and 700.03 mm, respectively. The monthly average temper-
atures, rainfalls and daylengths of the sampling plot from
August to October in the year of harvest were shown in
Table 1. After cleaning with distilled water on the spot, gin-
seng roots (n=3) were immediately frozen in liquid nitro-
gen and sent to the lab at Beijing Forestry University for
further analyses.
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Table 1 Climate characteristics of the sampling site from August to
October at the harvesting year

Month temperature (°C) rainfall day-
average highest lowest (mm)  length
()
Aug 22.1 275 17.9 210.0  13.83
Sep 15.5 222 10.2 762 12.48
Oct 8.3 15.2 2.5 444 1115

RNA extraction, library construction, and
sequencing

Isolation, library construction, and sequencing of RNA
were conducted according to our previous report (Fan et al.
2019). Briefly, total RN As were isolated from the roots of all
samples using Trizol reagent (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) according to the manufacturer’s proto-
col. To avoid interference by proteins and polysaccharides,
RNA concentration and quality should meet the standards of
TruSeq RNA sample preparation guide (Illumina Inc., San
Diego, CA, USA), which displayed a ratio of absorbance
at 260 nm to that at 280 nm (R,4,,59) between 1.8 and 2.0,
and the RNA integrity number was larger than 8.0. Quali-
fied RNA from each sample was then used for cDNA library
construction through the TruSeq RNA sample preparation
Kit. Subsequently, these libraries were sequenced via Illu-
mina Hiseq4000 platform (Illumina Inc., San Diego, CA,
USA) using a Truseq SBS Kit v3-HS 200 cycles Kits (Illu-
mina Inc., San Diego, CA, USA). The sequencing raw reads
are available from the NCBI Sequence Read Archive data-
base (http://www.ncbi.nlm.nih.gov/sra/) under the acces-
sion number of PRINA532810 and PRINAS532951.

Transcriptome mapping and functional annotation

Adapter and low-quality sequences were removed from
the raw reads after sequencing using SeqPrep (https:/
github.com/jstjohn/SeqPrep) and Sickle (https://github.
com/najoshi/sickle) software. According to our previous
research (Fan et al. 2019), the obtained clean reads were
mapped to a known ginseng genome (Ginseng Genome
Database, http://ginsengdb.snu.ac.kr/data.php) (Jayakodi et
al. 2018) by sequence alignment using HISAT?2 (http://ccb.
jhu.edu/software/hisat2/index.shtml) (Kim et al. 2015) and
assembled as genes using StringTie (https://ccb.jhu.edu/
software/stringtie/index.shtml) (Pertea et al. 2015). Next,
all genes were functionally annotated via GO (Gene Ontol-
ogy) (http://www.geneontology.org/), COG (Clusters of
Orthologous Groups of proteins) (http://www.ncbi.nlm.nih.
gov/COG/), and KEGG (Kyoto Encyclopedia of Genes and
Genomes) (http://www.genome.jp/kegg/) databases.

Gene expression profiling

The expression of the annotated unigenes was profiled by
the values of fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) using the featureCounts (http://
bioinf.wehi.edu.au/featureCounts/) and RSEM (http:/
deweylab.github.io/RSEM/) software. The DESeq R pack-
age (https://bioconductor.org/packages/release/bioc/html/
DESeq2.html) was performed to analyze the differentially
expressed genes (DEGs). Genes with a p value<0.05 and
llog, fold change| > 1 were considered to be DEGs. Sub-
sequently, KEGG pathways enrichment analyses were per-
formed based on these DEGs using the KOBAS (http://
kobas.cbi.pku.edu.cn/home.do) software. KEGG pathways
with p < 0.05 were considered to be significantly enriched.

Statistical analysis

Experiments on all determinations were carried out in tripli-
cate, and results were presented as means + stand deviation
(SD). The statistical analysis was performed using SPSS
software (v 20.0; SPSS Inc., Chicago, IL, USA). Confi-
dence levels for statistical significance were set at p <0.05.

Results
Validation of the transcriptomic data

To explore genes expression changes altered with harvest
months and cultivation years or ages, transcriptomic analy-
sis was first performed among the three 10-year-old MCG
samples harvested in August, September, and October.
Considering the results and harvest habits of the farmer, 5-,
10-, and 15-year-old MCGs harvested in September were
then selected to explore the difference in genes expressions
between different cultivation years. Statistical analysis
results of transcriptome data of the five samples were shown
in Table 2. To validate the transcriptional profiles, these
data were subjected to sequence alignment with a reference
genome mentioned above. The proportions of total reads
mapped to the reference sequence (mapped reads in Table 2)
in each sample were all greater than 94%. In addition, the
numbers and proportions of clean reads with multiple and
unique locations on the reference genome were obtained
(Table 2), and these results show that the transcriptome data
were suitable for analysis.

Next, to further validate the transcriptome data, GO,
KEGG, and COG databases of all genes were exploited
to analyze the gene annotation of the reads mapped to the
reference genome. GO analysis (Fig. 1) annotated 33,144
genes that were further assigned into three main categories.
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Table 2 Statistics of reads gener- Samples Raw reads Cleanreads Mapped Multiple mapped Unique mapped
gted by transcriptomic sequenc- reads (%) reads (%) reads (%)
ing of MCG. 5 years 45,337,570 44,102,034 41,944,794 (95.11%) 3,202,128 38,742,666 (87.85%
y
(September) (7.26%)
10 years 43,514,140 41,591,840 39,532,226 (95.05%) 3,359,228 36,172,998
(August) (8.08%) (86.97%)
10 years 42,052,596 40,081,702 37,938,407 (94.65%) 3,269,630 34,668,777
(September) (8.16%) (86.5%)
10 years 72,545,690 69,030,066 66,361,143 (96.13%) 5,233,381 61,127,762
(October) (7.58%) (88.55%)
MCG, mountain-cultivated IS years 60493782 57598358 54,942,710 (9539%) 4427379 50,515,331
ginseng (September) (7.69%) (87.7%)

Fig. 1 Gene ontology (GO)
annotation in MCG harvested at
different months and years. (A)
biological process. (B) cellular
component. (C) molecular func-
tion. MCG, mountain-cultivated
ginseng
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In the first category “biological process” (Fig. 1A), the top
three terms were “metabolic process”, “cellular process”,
and “single-organism process”. The fourth term “response
to stimulus” may be related to secondary metabolites. The
dominant terms in the second category “cellular compo-
nent” (Fig. 1B) were “cell”, “cell part”, and “organelle”. In
the third main category “molecular function” (Fig. 1C), the
dominant terms were “catalytic activity”, “binding”, and
“transporter activity”. And the term “antioxidant activity”
ranked eighth.

For the COG analysis, total 21,625 genes were assigned
to 24 functional classifications (Fig. 2A). Among these
classifications, “signal transduction mechanisms” was the
largest group, followed by “general function prediction
only” and “posttranslational modification, protein turn-
over, chaperones”. Particularly, 793 and 294 genes were
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annotated to “secondary metabolites biosynthesis, transport
and catabolism” and “defense mechanism”, respectively. A
total of 14,981 genes were assigned through KEGG analy-
sis (Fig. 2B), among which the pathway category “Transla-
tion” covered the most genes. It was worth noting that many
pathways were associated with metabolism, such as “car-
bohydrate metabolism”, “amino acid metabolism”, “lipid
metabolism”, “metabolism of terpenoids and polyketides”.
In addition, the pathways of “drug resistance: antimicro-
bial”, “biosynthesis of other secondary metabolites”, and
“environmental adaptation”, which related to secondary
metabolites, were also annotated. A large number of genes
were accurately annotated, providing support for subse-
quent experiments.
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Changes of terpenoids metabolisms in MCG
harvested at different months

Biosynthesis of the terpenoids backbone

To reveal the variation in terpenoids biosynthesis in MCG at
different harvest months, 16 DEGs (p value <0.05 and |log,
fold change| > 1) involved in isopentenyl diphosphate (IPP)
metabolism were selected based on the KEGG database
(Fig. 3A). In the mevalonate pathway, four enzymes genes,
including, hydroxymethylglutaryl-CoA synthase (HMGS),
hydroxymethylglutaryl-CoA reductase (HMGCR), meval-
onate kinase (mvaK1), and diphosphomevalonate decarbox-
ylase (mvaD), were analyzed. As shown in Fig. 4A, except
for upregulation the mvaK1 genes that continued to be
upregulated (August vs. September, p=0.699; September
vs. October, p=0.0413) until October, the genes encoding
other enzymes showed upregulation at September and then
the trend of upregulation was gradually reduced at October.
There was a similar finding in the non-mevalonate pathway.
In the biosynthesis of IPP with glyceraldehyde 3-phosphate
as the precursor, only the 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (ispH) genes were continuously
downregulated (August vs. September, p=0.42; September
vs. October, p=0.0427) at the following two months, and
the other genes were upregulated at September and down-
regulated at October. In the downstream pathway of IPP,
the genes encoding farnesyl diphosphate synthase (FDPS)
and geranylgeranyl diphosphate synthase (GGPS) had the
highest expression levels at October and September, respec-
tively, compared with those at the other two months. The
results showed that the processes of biosynthesis and trans-
formation of IPP in MCG were most active at September,
and the activities were inhibited at October.

In the farnesyl cycle (Figs. 3 and 4 A), the genes encod-
ing o-protein farnesyltransferase (FNTA; August vs. Sep-
tember, p=0.791; September vs. October, p=0.037), prenyl
protein peptidase (RCE1; August vs. September, p =0.033;
September vs. October, p=0.04), and prenylcysteine oxi-
dase (PCYOXI1; August vs. September, p=0.813; Septem-
ber vs. Octobe, p=0.037) were downregulated at October
compared to those at August and September, indicating that
the process of farnesyl diphosphate (FPP) binding protein
transport was prevented. Meanwhile, the encoding genes of
NAD+-dependent farnesol dehydrogenase (FLDH) had a
high expression at August and September, accelerating the
conversion of farnesol to farnesal. The excessive accumula-
tion of farnesal may slow its release from complex, leading
to the inhibition of this cycle in MCG.

Biosynthesis of the carotenoids

In the carotenoids biosynthesis pathway in MCG harvested
at different months, 8 DEGs were screened (Figs. 3B and
4B). During the biosynthesis of B-carotene from geranyl-
geranyl diphosphate (GGPP), genes encoding 15-cis-phy-
toene synthase (crtB; August vs. September, p=0.0273;
September vs. October, p=0.00184) were continuously
downregulated from August to October, and the gene encod-
ing lycopene B-cyclase (lycB) was highly expressed con-
tinuously at September and October. By comparing FPKM,
it indicated that the biosynthesis of B-carotene maintained
active during this period. Intriguingly, the subsequent trans-
formation of pB-carotene showed different inclinations at the
last two months. At September, carlactone synthase (CCD8)
and xanthoxin dehydrogenase (ABA2) genes were highly
expressed, and violaxanthin de-epoxidase (VDE) and 9-cis-
epoxycarotenoid dioxygenase (NCED) genes were highly
expressed at October, suggesting that the B-carotene in
MCG tended to biosynthesize strigol and xanthoxin at Sep-
tember and October, respectively.

Biosynthesis of the triterpenoids

A total of 9 DEGs were identified in the biosynthesis path-
way of triterpenoids in MCG (Figs. 3 and 4 C). In the bio-
synthesis of squalene formed by FPP and then converted
to 24-methylenelophenol and campesterol, all genes had a
high expression level at September. These findings indicated
that the biosynthesis of campesterol was activated only
at September. From campesterol to brassinolide, steroid
S-a-reductase (DET2; August vs. September, p=0.0464;
September vs. October, p=0.0109) genes were upregulated
only at September, and the levels of brassinosteroid-6-oxi-
dase 2 (CYP85A2) genes had a low expression at Septem-
ber, suggesting that 6-deoxocathasterone generated from
campesterol could not be transferred to brassinolide, thus
the biosynthesis of brassinolide was intervened since Sep-
tember. Surprisingly, the genes encoding sterol 22-desatu-
rase (CYP710A) that catalyze the formation of stigmasterol
from 24-methylenelophenol were highly expressed at Sep-
tember and October. Thus, it is likely that squalene favored
to synthesize stigmasterol instead of campesterol during this
period.

Biosynthesis of the other terpenoids

In the sesquiterpenoids biosynthesis pathway (Figs. 3D
and 4D), of which 3 DEGs were identified, there are three
main transformation directions of FPP: the synthesis of
germacrene D by (-)-germacrene D synthase (GERD); the
synthesis of valencene by valencene/7-epi-alpha-selinene
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Fig. 3 Terpenoids metabolisms in MCG at different harvest months.
(A) Terpenoids backbone biosynthesis, (B) Biosynthesis of the carot-
enoids, (C) Biosynthesis of the triterpenoids, (D) Biosynthesis of the
sesquiterpenoids, (E) Biosynthesis of the monoterpenoids, and (F)
Biosynthesis of the diterpenoids. (-)-a-TS, (-)-a-terpineol synthase;
(+)-ND, (+)-neomenthol dehydrogenase; ABA2, xanthoxin dehy-
drogenase; CCDS, carlactone synthase; crtB, 15-cis-phytoene syn-
thase; crtZ, B-carotene 3-hydroxylase; CYPS51, sterol 14-demethylase;
CYP710A, sterol 22-desaturase; CYP85A2, brassinosteroid-6-oxidase
2; DET2, steroid 5-o-reductase; DHCR24, &-24-sterol reductase;
DXR, 1-deoxy-D-xylulose-5-phosphate  reductoisomerase;DXS,
1-deoxy-D-xylulose-5-phosphate synthase; FDPS, farnesyl diphos-
phate synthase; FNTA, a-protein farnesyltransferase; FOLK, farnesol
kinase; GA200x, gibberellin 20-oxidase; GA20x, gibberellin 2-oxi-
dase.GA3ox1, gibberellin 3-fB-dioxygenase; GERD, (-)-germacrene
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D synthase; GGPS, geranylgeranyl diphosphate synthase; HMGCR,
hydroxymethylglutaryl-CoA reductase; HMGS, hydroxymethylgluta-
ryl-CoA synthase; HVS, vetispiradiene synthase; ispE, 4-diphospho-
cytidyl-2-C-methyl-D-erythritol kinase; ispF, 2-C-methyl-D-erythritol
2,4-cyclodiphosphate synthase; ispG, (E)-4-hydroxy-3-methylbut-
2-enyl-diphosphate synthase; ispH, 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; KAO, ent-kaurenoic acid hydroxylase; IcyB,
lycopene B-cyclase; mvaD, diphosphomevalonate decarboxylase;
mvaK1, mevalonate kinase; mvaK2, phosphomevalonate kinase;
NCED, 9-cis-epoxycarotenoid dioxygenase; PCYOXI1, prenylcysteine
oxidase; RCE1, prenyl protein peptidase;SMO1, methylsterol mono-
oxygenase 1; SMO2, methylsterol monooxygenase 2; SMT1, sterol
24-C-methyltransferase; SQLE, squalene monooxygenase; TPSI,
valencene/7-epi-alpha-selinene synthase; VDE, violaxanthin de-epox-
idase; ZEP, zeaxanthin epoxidase
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synthase (TPS1); and the synthesis of solavetivone by
vetispiradiene synthase (HVS). The encoding genes of these
three enzymes were low expressed continuously, indicat-
ing that the biosynthesis of sesquiterpenoids in MCG was
inhibited during August through October. Furthermore, the
expressions of GERD and TPS1 were decreased at October,
and the month of change was later than that of HVS, which
means that the biosyntheses of solavetivone in MCG were
first interfered compared to germacrene D and valencene.

GPP can  biosynthesize  (+)-neomenthol and
(-)-a-terpineol by (+)-neomenthol dehydrogenase ((+)-ND)
and (-)-o-terpineol synthase ((-)-a-TS), respectively. In this
study (Figs. 3E and 4D), expression of the DEG encoding
(+)-ND was the highest at October, while that of the DEG
encoding (-)-a-TS was the opposite compared to those at the
other months. These findings indicate that the biosynthesis
of (-)-o-terpineol was intervened, and (+)-neomenthol was
more easily biosynthesized by GPP in October.

The difference in the diterpenoids biosynthesis pathway
(Figs. 3F and 4D) in MCG harvested at different months
was reflected primarily in the gibberellin (GA) biosynthe-
sis pathway. Three DEGs encoding gibberellin synthases,
ent-kaurenoic acid hydroxylase (KAO), gibberellin 20-oxi-
dase (GA200x) and gibberellin 3-B-dioxygenase (GA3o0x1),
showed a high expression at September, while they were
subsequently repressed at October. These results showed
that the biosynthesis of GA was more active at September

SMOI  CYPSI CYP710A SMO2

T— 1T 1 1 T
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than October. Moreover, the expressions of gibberellin
2-oxidase (GA20x) were gradually increased during these
last two months. The role of GA2o0x is to eliminate GA
activity, which was consistent with the above results.

Changes of terpenoids metabolisms in MCG
harvested at different ages

Biosynthesis of the terpenoids backbone

In the present study, 14 DEGs involved in IPP metabolism
in MCG harvested at different ages were screened based on
the KEGG database (Figs. 5 and 6 A). In the mevalonate
pathway, acetyl-CoA C-acetyltransferase (ACAT), HMGS,
HMGCR, and phosphomevalonate kinase (mvaK2) were
identified in turn. Among them, the genes encoding the first
three enzymes at the upstream of this pathway were highly
expressed in 10- and 15-year-old MCG compared with
those in 5-year-old MCG, whereas mvaK2 genes (5 years
vs. 10 years, p=0.501; 10 years vs. 15 years, p=0.016)
were downregulated only in 15-year-old MCG. In the non-
mevalonate pathway, most of the genes were significantly
upregulated in 10-year-old MCG compared to those in the
other two ages. Next, the genes encoding GGPS (5 years
vs. 10 years, p=0.012; 10 years vs. 15 years, p=0.882)
were upregulated with the increase of ages of MCG. For the
farnesyl cycle, the expression of the first three DEGs were
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Fig. 5 Terpenoids metabolism in MCG at different cultivation ages.
(A) Terpenoids backbone biosynthesis, (B) Biosynthesis of the carot-
enoids, (C) Biosynthesis of the triterpenoids, (D) Biosynthesis of the
sesquiterpenoids, (E) Biosynthesis of the monoterpenoids, and (F)
Biosynthesis of the diterpenoids. (-)-a-TS, (-)-a-terpineol synthase;
(+)-ND, (+)-neomenthol dehydrogenase; AAO3, abscisic-aldehyde
oxidase; ACAT, acetyl-CoA C-acetyltransferase; CAS, cycloartenol
synthase; CCDS, carlactone synthase; crtB, 15-cis-phytoene syn-
thase; crtISO, prolycopene isomerase; CYP51, sterol 14-demethyl-
ase; CYP734A1, PHYB activation tagged suppressor 1; CYP85A2,
brassinosteroid-6-oxidase 2; CYP90BI1, steroid 22-o-hydroxylase;
CYP90DI1, 3-epi-6-deoxocathasterone-23-monooxygenase; DHCR24,
5-24-sterol reductase; DHCR7, 7-dehydrocholesterol reductase; DXR,
1-deoxy-D-xylulose-5-phosphate reductoisomerase; DXS, 1-deoxy-
D-xylulose-5-phosphate synthase; FK, 8-14-sterol reductase; FNTB,
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B-protein farnesyltransferase; GA20o0x, gibberellin 20-oxidase;
GA2o0x, gibberellin 2-oxidase. GA30x1, gibberellin 3-B-dioxygenase;
GERD, (-)-germacrene D synthase; GGPS, geranylgeranyl diphos-
phate synthase; HMGCR, hydroxymethylglutaryl-CoA reductase;
HMGS, hydroxymethylglutaryl-CoA synthase; HVS, vetispiradiene
synthase; ispD, 2-C-methyl-D-erythritol 4-phosphate cytidylyltrans-
ferase; ispE, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase;
ispG, (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; KAO,
ent-kaurenoic acid hydroxylase; lcyB, lycopene B-cyclase; mvaK2,
phosphomevalonate kinase; NCED, 9-cis-epoxycarotenoid dioxygen-
ase; PCYOXI1, prenylcysteine oxidase; RCE1, prenyl protein pepti-
dase; SMOI, methylsterol monooxygenase 1; SMO2, methylsterol
monooxygenase 2; SMT2, 24-methylenesterol-C-methyltransferase;
SQLE, squalene monooxygenase; STE24, STE24 endopeptidase;
VDE, violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase
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Fig. 6 FPKM of DEGs related to
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increased in 10-year-old MCG and then were decreased in

15-year-old MCG, and the expression of B-protein farnesyl-
transferase (FNTB) genes in 10- and 15-year-old MCG was
a little lower than that in 5-year-old MCG with no signifi-
cant difference between them. The above results indicated
that both the biosynthesis and transformation of IPP and the
farnicalization of proteins were weakened with ages.

Biosynthesis of the carotenoids

GERD HVS (HND  ()-aTS KAO GA200x

Other terpenoids biosynthesis

years, p=0.043) genes were upregulated only in 10-year-
old MCG. Furthermore, there was no difference (p> 0.05)
between the two groups in the genes involved in the bio-
synthesis of strigol formed by B-carotene, suggesting that
the biosynthesis of abscisic acid was intervened by longer
cultivation years of MCG, while the biosynthesis of strigol

was not affected.

Biosynthesis of the triterpenoids

Totally 7 DEGs were screened in the biosynthesis pathway

of carotenoids (Figs. 5B and 6B). There were no differences
(p>0.05) in genes expression between 5- and 10-year-old
MCGs during the biosynthesis of B-carotene from GGPP.
Compared to the 5-year-old MCG, genes encoding 15-cis-
phytoene synthase (crtB) and prolycopene isomerase
(crtISO) were low expressed, and genes encoding IcyB were
highly expressed in the 15-year-old MCG. These findings
showed that although the process of lycopene formed by
GGPP was inhibited, the biosynthesis of B-carotene formed
by lycopene was activated in the 15-year-old MCG. Sub-
sequently, the expression levels of genes of the 10- and
15-year-old MCGs in the biosynthesis of violaxanthin
converted by [(-carotene were similar, which were lower
than those of the 5-year-old MCG. In the biosynthesis of

and

and

abscisic acid, NCED (5 years vs. 10 years, p=0.00141; 10
years vs. 15 years, p=0.00729) and abscisic-aldehyde oxi-
dase (AAQO3; 5 years vs. 10 years, p=0.03; 10 years vs. 15

A total of 12 DEGs were identified in the biosynthesis of
triterpenoids (Figs. 5 and 6 C). Among the 8 DEGs that
encode enzymes in catalyzing FPP to squalene and campes-
terol, the expression level of most genes reached the peak
in the 10th year. Then, in the pathway from campesterol to
brassinolide, the genes encoding steroid 22-a-hydroxylase
(CYP90BI),
ase (CYP90D1) and CYP85A2 exhibited lower expression
levels in the 10- and 15-year-old MCG when compared to
those in the 5-year-old MCG. These results show that the
biosynthesis of campesterol maintained a high activity

3-epi-6-deoxocathasterone-23-monooxygen-

the biosynthesis of brassinolide was inhibited in the

10-year-old MCG, and both the biosynthesis of campesterol

brassinolide were intervened in the 15-year-old MCG.
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Biosynthesis of the other terpenoids

In sesquiterpenoids and monoterpenoids biosynthesis path-
ways, 4 DEGs exhibited different expression trends (Fig. SD
and E, and 6D). The expression levels of genes encoding
GERD and (+)-ND decreased with ages of MCG, indicat-
ing that the biosyntheses of germacrene D and (+)-neomen-
thol were attenuated in the 15-year-old MCG. HVS genes
(5 years vs. 10 years, p=0.0328; 10 years vs. 15 years,
p=0.932) were upregulated in the 10- and 15-year-old
MCG compared with the 5-year-old MCG; however, there
was no difference (p>0.05) between 10- and 15-year-old
MCAG. (-)-a-TS genes showed the highest expression level in
the 10-year-old MCG, suggesting the accumulation of sola-
vetivone and (-)-a-terpineol might continuously increase.
In the pathway of diterpenoids biosynthesis (Figs. SF and
6D), except for the high expression of the genes encoding
GA3ox1 and no changes of the GA200x genes, other genes
were downregulated in the 15-year-old MCG compared to
those in the 5-year-old MCG, indicating that the biosynthe-
sis of GA was more active in the 5-year-old MCG than in
the 10- and 15-year-old MCG.
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Fig. 7 Carbohydrate metabolism in MCG at different harvest months
(A) and cultivation years (B). ALDO, fructose-bisphosphate aldol-
ase; AMY, alpha-amylase; BMY, beta-amylase. ENO, enolase; PK,
pyruvate kinase; FBP, fructose-1,6-bisphosphatase I; GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase; GPI, glucose-6-phosphate
isomerase; HK, hexokinase; INV, beta-fructofuranosidase; PFK,
6-phosphofructokinase; PGK, phosphoglycerate kinase; SPS, sucrose-
phosphate synthase; SUS, sucrose synthase
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Changes of carbohydrate metabolism in MCG

As shown in Figs. 7 and 8 A, 20 DEGs related to carbo-
hydrate metabolism were identified at different harvest
months. In the process of starch degradation, the expression
of BMY genes in October were higher than those at the other
two months, indicating that starch trended to degraded into
glucose with the increase of months. The low expression of
genes associated with sucrose degradation and biosynthe-
sis indicated that the harvest months had a weak effect on
sucrose. In the process of glucose metabolism, most DEGs
had a high expression level with the increase of months.
Most of all, the rate limiting enzyme genes, pyruvate kinase
(PK), can directly affect the biosynthesis of pyruvate. These
results indicate that the harvest months of MCG acceler-
ated carbohydrate metabolism to degrade pyruvate into
the tricarboxylic acid cycle. There is no obvious rule for
the changes of carbohydrate metabolisms in different cul-
tivation years of MCG (Figs. 7B and 8B), and the key rate
limiting enzyme genes, 6-phosphofructokinase (PFK),
hexokinase (HK), and PK had a low expression level, indi-
cating that there is little correlation between the cultivation
years monitored and carbohydrate metabolisms.

Discussion

Ginseng root contains considerable amounts of natural
products with nutritional value, such as terpenoids and poly-
saccharides. Terpenoids represent the largest family of over
22,000 individual compounds endowed with physiological,
defense, and structural functions in plants. Researchers have
focused on the health benefits and economic value of the
terpenoids contained in ginseng, but little is known about
their role in plant metabolism and regulation (Zhou and
Pichersky 2020). All terpenoids begin with two universal
five-carbon isoprene-like building blocks, IPP and its iso-
mer dimethylallyl diphosphate (DMAPP). In plants, IPP and
DMAPP are synthesized in at least two different ways, the
mevalonic acid (MVA) with acetyl-CoA as precursor and
the methylerythritol phosphate (MEP) pathways with glyc-
eraldehyde 3-phosphate as precursor. While the MVA path-
way distributes between cytoplasm, endoplasmic reticulum,
and peroxisomes, the MEP pathway locates exclusively in
plastids. IPP and DMAPP combine to form a larger amount
of terpenoids. First, they react to give geranyl diphosphate
(GPP), the 10-carbon precursor of nearly all monoterpe-
noids. GPP can then link to IPP to form FPP and GGPP,
precursors of nearly all the sesquiterpenoids and diterpe-
noids, respectively. Finally, FPP and GGPP can dimerize to
give triterpenoids and tetraterpenes, respectively (Henry et
al. 2018). Typical terpenoids, including gibberellin, abscisic
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acid, brassinolide, and so on, are susceptible to seasonal
changes and years of cultivation. However, few studies have
reported the relationship between terpenoids metabolism in
ginseng root, especially those cultivated in the mountainous,
and harvest months and cultivation years. To fill this gap,
the above transcriptome analysis was conducted to explore
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the varying levels of terpenoids metabolism in MCG with

different harvest months and cultivation years.
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The harvest month affected the terpenoids
metabolisms in MCG and its quality

In this study, the synthesis pathways of germacrene and
valencene were more active in August than in September
and October, indicating that metabolism of sesquiterpenoids
was significantly affected by seasonal changes. It has been
reported that the content of germacrene decreased gradu-
ally from autumn to winter (Victorio et al. 2018). Kpoviessi
et al. (2011) found that the content of valencene in Sclero-
carya birrea leaves was higher in summer than in winter.
These findings were consistent with ours (Figs. 3D and 4D).
For solavetivone, which is a sesquiterpenoids with strong
antifungal activity (Yokose et al. 2004), the change trend at
different harvest months was similar to those of germacrene
and valencene. In addition, the genes encoding synthetases
of neomenthol and terpineol were upregulated and down-
regulated only in October compared to August and Sep-
tember in the MCG, respectively. These findings indicate
that monoterpenes always respond to seasonal changes
slightly later than sesquiterpenes. In a previous study, it has
been confirmed that the contents of neomenthol in Mentha
x piperita L (Grulova et al. 2015) and terpineol in Zan-
thoxylum clava-herculis (Eiter et al. 2010) increased and
decreased in autumn and winter, respectively, which were
also consistent with our findings (Figs. 3E and 4D).

In general, the synthesis pathway of GA will be inhib-
ited, and thus the growth rate of plants will also be accord-
ingly weakened from summer to autumn. The expression
of GA2o0x which deactivates GA hydroxyl group (He et
al. 2019) was upregulated from September to October in
MCG, which also verified this view well (Figs. 3F and
4D). Intriguingly, the expressions of GA20ox and GA3ox1
with the function of promoting GA synthesis in MCG were
highest in September, indicating that the GA synthesis was
more active in September than in both August and October,
which may be caused by the temperature. The temperature
in the northeast of China is usually high in August every
year, and the growth of MCG was inhibited to respond the
high temperature via downregulating the biosynthesis of
GA. This also explains one of the reasons why MCG does
not like high temperature or is not suitable for high tem-
perature survival. In September, the biosynthesis of GA was
upregulated with the decrease of temperature, resulting in
the MCG growth again. When the temperature drops below
12°C in October, GA biosynthesis decreases again and MCG
stops growing in preparation for winter dormancy (Derkx
and Karssen 1994). Strigolactones, a derivative of strigol,
have been widely reported that it has the function of induc-
ing the development of the lateral root and promoting the
elongation of the root hair (Brewer et al. 2013). The biosyn-
thesis of strigol in MCG was activated when GA promoted
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its growth in September (Figs. 3B and 4B). Meanwhile, the
biosynthesis of abscisic acid in October was also enhanced
to accelerate the MCG to become dormancy, which is con-
sistent with the study of Ma et al. (2018) on abscisic acid
promoting plant dormancy.

It is well known that brassinolide can improve the tol-
erance of plants to high temperature (Li et al. 2018) and
stimulate the division and elongation of plants cell (Fridman
and Savaldi-Goldstein 2013). In this study, the biosynthesis
of brassinolide formed by campesterol in MCG was acti-
vated to resist the damage by high temperature in August,
and was inhibited when the stem and leaves begin to wither
in September (Figs. 3 and 4 C). Surprisingly, squalene
flowed to the direction of stigmasterol biosynthesis instead
of campesterol in October. One of the reasons was that a
low level of brassinolide could enhance the cold tolerance
of plants (Kim et al. 2010), which meant that the decreased
brassinolide biosynthesis in October contributed to adapting
to the cold environment. On the other hand, sterol on cell
membrane was transformed into stigmasterol with stronger
molecular cohesion to improve the cold tolerance of plants
by reducing the fluidity of membrane lipid in low tempera-
ture stress (Dufourc 2008). Piispanen and Saranpaa (2004)
proved that the level of (33)-Stigmast-5-en-3ol, one of the
stigmasterol homologues, was unambiguously increased
from July (20°C) to November (-4°C) in the silver birch in
Finland, which is consistent with our findings. All the above
findings indicated that the harvest month affects the terpe-
noids metabolisms in MCG and its quality.

Age affected the terpenoids metabolisms in MCG
and its quality

On the basis of the transcriptome analysis, the biosynthe-
sis of terpenoids in MCG was significantly affected by
the cultivation years or ages, except that there was no sig-
nificant difference in the biosynthesis of abscisic acid. As
shown in Figs. SE and 6D, the level of (+)-ND was higher
in 5-year-old MCG, and (-) a-TS had a higher level in 10-
and 15-year-old MCG. These findings indicate that the con-
tent of neomenthol was decreased with increasing years of
cultivation, while that of terpineol was the opposite. Mean-
while, the change trend of the genes encoding germacrene
synthase in MCG was similar to that of neomenthol. Rini et
al. (2012) found that the content of terpineol was increased
in 10- and 15-year-old Leucadendron linn. leaf compared to
the 5th year using GC/MS analysis. Petronilho et al. (2013)
identified 100 terpenoids in Callistemon citrinus of differ-
ent cultivation years, and found that the monoterpenoids
and sesquiterpenoids, represented by neomenthol and ger-
macrene, respectively, were accumulated in plants with low
cultivation years. These findings are consistent with ours.
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The expression of HVS that can synthesize solavetivone was
high in 10- and 15-year-old MCG in this study (Figs. 5D
and 6D), leading to that 40% of the IPP generated through
the MVA pathway was used for the biosynthesis of sterols
under normal growth conditions. Whereas, the biosynthesis
of sterols is blocked when plants are stressed by pathogens,
and half of IPP used for sterol biosynthesis is converted to
sesquiterpenoids (Takahashi et al. 2007). In view of the fact
that the species of pathogenic fungi in the soil where gin-
seng was planted was increased with the growth of culti-
vation years (Xiao et al. 2016), we speculate that the high
expressions of HVS in 10- and 15-year-old MCG were pos-
sibly associated with the adaptability of MCG to pathogens.

Both GA and brassinolide can promote the growth and
development of plants (Sheng et al. 2022). In the 5-year-
old MCG (Fig. 5SC F 6 C and 6D), the biosyntheses of GA
and brassinolide were more active than those of the other
two groups, which corresponded to the characteristics of
vigorous growth in plants of young ages. Chen et al. (2018)
reported that the content of campesterol in 13-, 15-, and
20-year-old ginseng was reduced with ages based on a
metabolomic approach. Similarly, the expressions of a large
number of genes related to biosynthesis of campesterol in
15-year-old MCG were significantly reduced compared to
those in 10-year-old MCG (Figs. 5 and 6 C), indicating that
the biosynthesis of campesterol was gradually restrained
during 10 to 15 years of cultivation. These findings indi-
cated that age affects the terpenoids metabolisms in MCG
and its quality.

The harvest month affected the carbohydrates
metabolisms in MCG

Carbohydrates metabolisms involve the energy metabolism,
homeostasis, and the linkage of various physiological func-
tions, which is of great significant to plants. In the previ-
ous study, the polysaccharides of ginseng root have been
well explored (Sun et al. 2022). However, the understand-
ing of the changes of carbohydrates metabolisms in MCG
with harvest month and cultivation year is lacking. In the
current study (Fig.s 7 and 8), the delay in harvest months
of MCG accelerated carbohydrates metabolisms to produce
specific substrates of the tricarboxylic acid cycle, such as
pyruvate, which facilitates access to energy for an organ-
ism. Ouyang et al. (2019) found that starch decreased from
November towards January in all four cultivars, which is
consistent with our results. Whereas, there is a little corre-
lation between cultivation years or ages and carbohydrates
metabolisms. These findings showed that the seasonal
growth environment has greater influence on carbohydrates
metabolisms.

Conclusions

To sum up, the biosyntheses of terpenoids, such as mono-
terpenoids, sesquiterpenoids, diterpenoids, triterpenoids,
and carotenoids, in MCG at different harvest months and
at different ages were significantly different. Specifically,
the biosyntheses of terpineol, valencene, germacrene, sola-
vetivone, and brassinolide were more active in August. The
biosynthesis of valencene and brassinolide were inhibited,
and the biosyntheses of GA, campesterol, and strigol gradu-
ally became active in September. Terpenoids metabolism
was repressed in October, except the biosyntheses of neo-
menthol, stigmasterol, and abscisic acid. Meanwhile, one of
the reasons why MCG does not like high temperature or
not suitable for high temperature survival were explained.
For MCQG at different ages, it was found that the biosynthe-
ses of neomenthol, germacrene, GA, and brassinolide at the
5th year were more active. In the 10-year-old MCG, only
the biosyntheses of terpineol, solavetivone, and campes-
terol were activated. Surprisingly, all the above pathways
associated with terpenoids metabolisms were inhibited
in the 15-year-old MCG. In the process of carbohydrates
metabolisms, the seasonal growth environment had greater
influence. Whereas, there was little correlation between
cultivation years or ages and carbohydrates metabolisms.
Understanding the relationships between terpenoids metab-
olisms in MCG, and harvest months and/or cultivation
years will improve our understanding of the complicated
but important biosynthesis and regulation of terpenoids in
plants.
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