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Transcriptome and metabolome analysis
reveals mechanism of light intensity
modulating iridoid biosynthesis in Gentiana
macrophylla Pall.

Huanhuan Fu', Yaomin Wang'", Fakai Mi%, Li Wang', Ye Yang', Fang Wang', Zhenggang Yue'?" and Yihan He"

Abstract

Light intensity is a key factor affecting the synthesis of secondary metabolites in plants. However, the response
mechanisms of metabolites and genes in Gentiana macrophylla under different light intensities have not been
determined. In the present study, G. macrophylla seedlings were treated with LED light intensities of 15 umol/m?/s
(low light, LL), 90 pmol/mz/s (medium light, ML), and 200 pmol/mz/s (high light, HL), and leaves were collected
on the 5th day for further investigation. A total of 2162 metabolites were detected, in which, the most abundant
metabolites were identified as flavonoids, carbohydrates, terpenoids and amino acids. A total of 3313 and 613
differentially expressed genes (DEGs) were identified in the LL and HL groups compared with the ML group,
respectively, mainly enriched in KEGG pathways such as carotenoid biosynthesis, carbon metabolism, glycolysis/
gluconeogenesis, amino acids biosynthesis, plant MAPK pathway and plant hormone signaling. Besides, the
transcription factors of GmMYB5 and GmbHLH20 were determined to be significantly correlated with loganic acid
biosynthesis; the expression of photosystem-related enzyme genes was altered under different light intensities,
regulating the expression of enzyme genes involved in the carotenoid, chlorophyll, glycolysis and amino acids
pathway, then affecting their metabolic biosynthesis. As a result, low light inhibited photosynthesis, delayed
glycolysis, thus, increased certain amino acids and decreased loganic acid production, while high light got an
opposite trend. Our research contributed significantly to understand the molecular mechanism of light intensity in
controlling metabolic accumulation in G. macrophylia.
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Introduction

Gentiana macrophylla Pall. (Gentianaceae) is an impor-
tant herbal medicine with a variety of pharmacological
activities [1]. Its major secondary metabolites are iri-
doids, the main components as loganic acid, swertiama-
rin, gentiopicroside and sweroside [2], showing multiple
pharmacological effects such as antidiabetic [3, 4], anti-
proliferative [5], hepatoprotective, anti-inflammatory [6],
antioxidant [7] and neuroprotective [8]. The resource of
G. macrophylla is widely distributed in almost all regions
of northern China, across 33°N ~53°N to 103°E~135°E,
and altitudes ranging from 400 to 2400 m. Due to the
complex distribution of the natural environment, the
quality of herbal materials is extremely variable. Several
researches have observed ecological factors could influ-
ence the contents of the secondary metabolites in G.
macrophylla [9, 10]. Right now, the underlying mecha-
nism could be further explored, owing to the published
data of G. macrophylla genome in 2022 [11] and the pro-
gression of iridoid biosynthetic pathway revealed in dif-
ferent plants [12, 13].

Light, as one of the most important ecological factors,
has been observed to affect plant growth and develop-
ment, and the production of secondary metabolites in
medicinal plants can be regulated under different light-
emitting diodes (LEDs) or other light sources [14]. Three
light environment factors: light intensity, light quality
and photoperiod [15] were always investigated during
the research procedure. For example, exposure to dif-
ferent light qualities, the content of artemisinin in Arte-
misia annua shoots was enhanced by 2.3, 2.5 and 1.9
folds under white, blue and red light, respectively [16];
the accumulation of coumaeoylquinic acid in Hypericum
perforatum leaves was increased by 89%, 65%, 84% and
74% under white, blue, red and green light, respectively
[16]. Treated with different light intensities, the content
of total sesquiterpenoids was highest in the rhizome of
Atractylodes lancea under 80% mild shading compared to
100% strong and 7% low light [17]; the contents of total
phenols and flavonoids in Polygonum minus were sig-
nificantly increased under 50% and 70% shade, respec-
tively [18]; the content of saponarin in Barley Sprouts
was decreased along with the reduction of light intensity
[19]; the synthesis of monoterpene in Lilium ‘Siberia’ was
increased under light intensities of 200 and 600 pmol/
m?/s [20]; 23 terpenoid derivatives were identified in the
leaves of Pinus massoniana, while, most of which were
decreased under low light treatment [21].

The mechanism of photoregulation was also inves-
tigated. Higher altitude with strong light intensity
increased the expression of genes involved in light stress
(HSP18.1, HSP70, UBC4, ERF5, ERF9, APX3 and EX2)
and genes involved in flavonoid biosynthesis (PAL, CHS1,
IFRL, ANS, MYB4, bHLH137, CYP6, PPOI and ABCBI19),
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thus promoting the accumulation of flavonoids, flavo-
nols, and anthocyanins in Sinopodophyllum hexandrum
[22]. Three key genes in the anthocyanin biosynthesis
pathway (CHI, DFR, and ANS) and 147 transcription
factors (MYB, bHLH, bZIP, ERF, and NAC) involved in
malonylshisonin biosynthesis were identified [15]. In
Angelica dahurica, under 90% natural light, coumarin
biosynthesis could be decreased by reducing the expres-
sion of COMT and 4CL genes [23]. In Ginkgo biloba,
under 100% sunlight, levels of flavonols (total flavonol,
quercetin, kaempferol, and isorhamnetin) in leaves were
increased by enhancing the expression of flavonoid bio-
synthesis-related genes (PAL, CHS, F3H, and FLS) [24].
In Lonicera macranthoides leaves, reduction of light
intensity decreased the expression of CHS in leaves, then
reduced the accumulation of chlorogenic acid [25]. In
Lonicera japonica, high light intensity enhanced the pro-
duction of luteoloside and total flavonoids in flower buds,
by increasing the expression of genes involved in flavo-
noid biosynthesis (PAL, 4CL, C4H, CHS, and CHI) [26].
Thus, these results indicated that light might act directly
on photoregulatory genes, and subsequently affect criti-
cal genes in secondary metabolite biosynthesis, thereby
activate or inhibit metabolites accumulation in plant
tissues.

In our study, the mechanism of iridoid metabolites as
the main active ingredients in G. macrophylla leaves in
response to light intensity was investigated. The G. mac-
rophylla seedlings were treated with different light inten-
sities, and then variation analysis of metabolite levels and
their regulator gene levels were detected via metabolome
and transcriptome; correlation analysis between iridoids
and differentially expressed transcription factors (TFs)
and correlation analysis between differentially expressed
TFs and differentially expressed genes (DEGs) involved in
iridoid biosynthesis were performed. The results showed
that light intensity could modulate iridoid biosynthesis
in G. macrophylla, and the underlying mechanism was
revealed as different light intensities altering the photo-
synthetic rate, sequentially regulating the primary meta-
bolic system, the secondary metabolic pathway, the key
responsive TFs and the light-related hormone signal-
ing, thereby increasing or decreasing the accumulation
of iridoids. This study provides new insights into the
molecular mechanism underlying the biosynthesis and
regulation of iridoids in G. macrophylia.

Materials and methods

Plant materials and treatments

G. macrophylla seedlings were grown in the laboratory at
26+1 °C and 68% humidity for 12 h per day. At the six-
leaf stage (grown for 6 months), seedlings were exposed
to different light intensities: the photosynthetic photon
flux density (PPFD) of the broad spectrum LED lights
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was set at 15 pmol/m?/s (low light, LL), 90 pmol/m?/s
(medium light, ML), or 200 umol/m?/s (high light, HL),
with a photoperiod of 14 h light and 10 h dark (day/night
conditions). Each treatment group was treated with three
pots and each pot contained 30 plants. Three biologi-
cal replicates were performed for each treatment group.
Five-day-old samples were collected for further analysis.
Leaves of the three treatment groups were collected and
then divided into three parts: one part was immediately
frozen in liquid nitrogen and stored at -80 °C for RNA
extraction, metabolomic and transcriptomic analysis;
one part was used to determine the contents of Chls and
carotenoid; and the remaining part was dried to deter-
mine the contents of iridoids.

Determination of the contents of Chls and carotenoid

For each sample, 0.1 g of fresh leaf sample was extracted
in 10 mL of 95% ethanol, then 200 pL extraction solu-
tion was added to a 96-well plate and the absorbance
values (A) were measured at wavelengths of 665 nm,
649 nm and 470 nm in a microplate reader. Each group
was replicated three times. The content of Chl was cal-
culated as Chl=Chl a+Chl b, Chl a = (13.95 X A,; —6.88
X Ague) V/1000 X W, and Chl b = (24.69 X Agyy —7.32 X
Aggs) V/1000 x W. The content of carotenoid was calcu-
lated as carotenoid = (1000 x A,;, —2.05 x Ca —114.8 x
Cb)/(245x1000 x W) [27]. The results were expressed
in mg/g, where Ca was the concentration of Chl a, Cb
was the concentration of Chl b, V was the volume of the
extract, and W was the wight of the fresh leaf.

Determination of the contents of iridoid metabolites

For each sample, 20 mg of dry weight sample was
extracted in 1 mL methanol by ultrasonication for
three times for 40 min each; centrifuged for 5 min at
12,000 rpm, and the liquid supernatant was combined
and filtered through a 0.22 um membrane. The levels of
four major iridoid metabolites, loganic acid, sweroside,
swertiamarin and gentiopicroside, were determined by
LC-20ADXR HPLC (Shimadzu, Japan) (Welch 4.6 mm
x 250 mm, C18 5 pm particles (Welch, China); UV
detector, 254 nm; column temperature, 30 °C; flow rate,
0.8 mL/min), using the constant solvent system ACN
(Welch, China)/H,O (with 0.1% phosphoric acid) as the
mobile 0-35 min, ACN 10%. Each injection volume was
set to 10 uL.

The standard curve was constructed from the
metabolite content (X, mg/mL) and peak area (Y).
The linear regression equation was Y=1,602,377.2743
X+7,867.6622 (linear range 0.00214814 mg/mL — 1.1 mg/
mL, R?=0.9996) for loganin acid (Herbest, China),
Y=2,933,123.5429 X+108.4713 (linear range 0.0158 mg/
mL - 1.0112 mg/mlL, R?=1.0000) for swertiamarin
(Push, China), Y=3,930,675.6374 X —5,906.8466 (linear
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range 0.03225 mg/mL — 4.128 mg/mL, R*=0.9999) for
gentiopicroside (Yuanye, China), Y=18,813,950.6495
X+12,425.4530 (linear range 0.0009875 mg/mL -
1.0112 mg/mL, R*=1.0000) for sweroside (Push, China).
Each group was replicated three times.

Transcriptome analysis of DEGs

The transcriptome sequencing was performed by the Bei-
jing Genomics Institute (BGI) (Shenzhen, China) (https://
www.genomics.cn/). The G. macrophylla reference
genome was obtained from the following link (https://
www.ncbi.nlm.nih.gov/ass-embly/GCA_026214975.1)
[11]. The HISAT?2 software (version 2.0.1) [28] was used
for alignment to map the filtered reads to the reference
genome. Differential analysis of three groups was per-
formed using DESeq2 [29] to identify DEGs. The false
discovery rate (FDR) correction p-value was calculated
using the Benjamini-Hochberg method, and DEGs were
identified according to FDR<0.05 and |log2 fold change|
> 1.0 [30].

The National Center for Biotechnology Information
(NCBI), Non-redundant (Nr, http://ftp.ncbi.nih.gov/
blast/db/FASTA/nr.gz), Kyoto Encyclopedia of Genes
and Genomes (KEGG, https://www.kegg.jp/), and Gene
Ontology (GO, http://geneontology.org/) databases were
used for gene function annotation. DEGs were func-
tionally classified by GO and KEGG annotation, the
phyper function of the R software was used for enrich-
ment analysis, and FDR<0.05 was considered as signifi-
cant enrichment. The correlations of DEGs, differentially
expressed TFs and iridoids were analyzed and heatmaps
were drawn using metware cloud (https://cloud.metware.
cn/#/home), and the network diagram was drawn using
Cytoscape.

LC-MS analysis of metabolite profiles

Metabolite profiling was conducted using an untargeted
metabolome method at BGI (Shenzhen, China) (https://
www.genomics.cn/). For each sample, 100 mg of the
fresh samples was weighted into 1.5 mL Eppendorf tubes
and soaked in 800 pL of pre-cooled extraction solution
(MeOH : H,0=7 : 3, v/v) together with 20 L of inter-
nal standard (d;-Leucine, '*C,-Phenylalanine, d.-Trypto-
phan, 13C,-Progesterone). The mixture was homogenized
using a weaving grinder at 50 Hz for 300 s, followed by
ultrasonication in a water bath at 4 °C for 10 min. After
standing for 2 h at -20 °C, the extracts were centrifuged
at 25000 rcf at 4 °C for 15 min. 600 pL of the superna-
tant was filtered through a 0.22 pm membrane. Addi-
tionally, 20 pL of filtered solution from each sample was
combined to create a mixed QC sample, which was used
to access the repeatability and stability of the LC/MS
analysis.
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In this experiment, Waters 2777 C UPLC (Waters,
USA) was used in series with Q exactive HF high reso-
lution mass spectrometer (Thermo Fisher Scientific,
USA) for the separation and detection of metabolites.
Chromatographic conditions: chromatographic sepa-
ration was performed on BEH C18 column (1.7 um,
2.1x100 mm, Waters, USA), with mobile phase A con-
sisting of 0.1% formic acid in water and mobile phase B
consisting of 0.1% formic acid in methanol under positive
ion detection mode, and mobile phase A consisting of
10 mM ammonium formate in water and mobile phase B
consisting of 10 mM ammonium formate in 95% metha-
nol under negative ion detection mode. The column tem-
perature was maintained at 45 °C. The gradient solvent
system was as follows: 2% B over 0.0—1.0 min; 2%-98% B
over 1.0-9.0 min; 98% B over 9.0—12.0 min; 98% B —2% B
over 12.0-12.1 min; 2% B over 12.1-15.0 min. The flow
rate was 0.35 mL/min and the injection volume was 5 pL.
Mass spectrometry conditions: primary and secondary
mass spectrometry data acquisition was performed using
Q Exactive HF (Thermo Fisher Scientific, USA).

After importing the off-line data of mass spectrometry
data into Compound Discoverer 3.3 software (Thermo
Fisher Scientific, USA) and analyzing the mass spectrom-
etry data in combination with BMDB (BGI metabolome
database), and m/z cloud database and chemspider online
database, a data matrix containing information such as
metabolite peak area and identification results would be
obtained. Then data preprocessing was performed using
metaX [31] to obtain all forms of compounds and their
corresponding intensities for subsequent data analysis.
Differentially accumulated metabolites (DAMs) were
identified using thresholds of variable significance of p
-value<0.05 and fold change>2 or <0.5. Classification
and functional annotation analysis was performed to
obtain KEGG ID, category, and KEGG pathway of the
identified metabolites, compared with KEGG and HMDB
databases.

Genes expression analysis by RT-qPCR

Total RNA was isolated using the Polysaccharide Poly-
phenol Plant Total RNA Extraction Kit (Bioteke, Beijing).
The concentration and purity of RNA were detected by
Nanodrop (Thermo Fisher, USA) and RNA integrity was
detected by 1% agarose gel electrophoresis (Solarbio, Bei-
jing), followed by cDNA synthesis using the PrimeScript™
IV 1st Strand cDNA Synthesis Mix (TaKaRa, Dalian),
and stored at -20 °C. RT-qPCR was performed with the
qTOWER 2.0 system (Analytik Jena, Germany) under
the following cycling conditions: 95 °C for 30 s; 95 °C
for 5 s and 60 °C for 20 s, 40 cycles. The relative expres-
sion of the genes was calculated by the 2724 method.
The SANDI gene was used as an internal reference [32].
Each group was replicated three times. The NCBI website
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(https://www.ncbi.nlm.nih.gov/tools/primerblast/index.
cgi?LI-NK_LOC=BlastHome) was used to design the
primers for the target genes (Additional file 1: Table S1).

Statistical analysis

Statistical analysis of the data was performed using Excel,
and the results were presented as meanstSD. Graph
Pad Prism 8.0 software was used for the contents of
Chls, carotenoid and four major iridoids, and different
treatment groups were analyzed using ¢-test (p<0.05).
IBM SPSS Statistics 26 software was used to analyze the
metabolomic data, and different treatment groups were
analyzed using one-way ANOVA with LSD multiple
comparison tests (p<0.05).

Results

Compared with HL and ML groups, the plant morphol-
ogy of seedlings under low light intensity treatment,
showed different growth trends: the seedlings appeared
clear phototaxis for the apical leaves were presented
apparent vertical growth tendency on the 5th day, while,
all leaves turned yellow and gradually withered as the
time extended to the 15th day (Fig. 1). Considering the
status of the leaf growth and the plant integrity, the
5-day-old samples were collected for further analysis.

The variation of Chls and carotenoid contents at different
light intensities

Chls and carotenoid are two kinds of products produced
during photosynthesis, and their contents can represent
the levels of photosynthesis. As shown in Fig. 2, the con-
tents of Chl and carotenoid were gradually increased
along with the increase of light intensity, suggesting that
our model was appropriate for studying the influence of
different light intensities on the growth and development
of G. macrophylla.

The regulation of different light intensities on the levels of
iridoid metabolites

As loganic acid, swertiamarin, gentiopicroside and
sweroside were four major active components, their
contents could represent the degree of metabolites accu-
mulation during the growth and development of G. mac-
rophylla (Fig. 3). Compared HL to ML group, all four
components exhibited a significant increasing trend, and
the contents of loganic acid, swertiamarin, gentiopicro-
side and sweroside increased by 49.44%, 30.54%, 14.67%
and 40.94%, respectively. Compared LL to ML group, the
accumulation of loganic acid and swertiamarin showed
opposite trends with gentiopicroside and sweroside.
The levels of loganic acid and swertiamarin decreased
by 72.39% and 2.21%, while, the levels of gentiopicroside
and sweroside increased by 19.77% and 49.62%, respec-
tively (Fig. 3). These results suggested that under low
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Fig. 1 The growth conditions of G. macrophylla seedlings under different light intensity treatments on the 5th, 10th and 15th days, respectively. LL, ML
and HL indicates the low, medium and high light treatment group, respectively

I KA K I

o

-

o
]

°

-

o
1

0.05

o
o
=)

T T
LL ML HL

Content of chlorophylls (mg/g) Q)

1.0 I x|
* -1
1 ;

o
()
]

e
>
1

o
()
1

o
=)

Content of carotenoids (mg/g) O
o
»
1

T T
LL ML HL

Fig. 2 The contents of chlorophylls and carotenoid under different light intensity treatments at 5-day in G. macrophylla seedlings leaves. (a) Chlorophylls
content. (b) Carotenoid content. *Statistically significant differences (* P<0.05, ** P<0.01, and *** P<0.001)

light intensity treatment, self-protection function was
triggered in plants, thus some metabolites crucial for
plant survival, such as gentiopicroside in G. macrophylia,
might be produced in respond to the external stimulus.

Metabolomic analysis of metabolites at different light
intensities

As shown in Fig. 4a, a total of 2162 metabolites were
identified by the untargeted metabolome analysis and
categorized into 38 classes according to their structural
features, including flavonoids (139, comprising 6.43%),
terpenoids (135, comprising 6.24%), lipids (115, com-
prising 5.32%), benzene and derivatives (72, compris-
ing 3.33%), phenylpropanoids (51, comprising 2.36%),
phenols and derivatives (48, comprising 2.22%), car-
bohydrates (24, comprising 1.11%), amino acids, pep-
tides, and analogues (23, comprising 1.06%), alkaloids
(20, comprising 0.93%), organic acids (17, comprising
0.79%), other compound types (198, comprising 9.16%),
and unknown classification (1320, comprising 61.05%).

Among them, 32 iridoid metabolites were identified,
including 7 secoiridoids as gentiopicroside, swertiama-
rin, sweroside, loganic acid, loganin, secoxyloganin and
6-hydroxysweroside (Fig. 4b). Moreover, the variations in
the levels of loganic acid and gentiopicroside were largely
consistent with the HPLC determined results (Fig. 3b).

DAMs between pairs of samples (ML vs. LL group, ML
vs. HL group, and LL vs. HL group) were determined on
the basis of variable significance with a p-value<0.05 and
a fold change<0.5 or 22. Thus, 307, 156 and 405 DAMs
were distinguished in the ML vs. LL, ML vs. HL, and LL
vs. HL group, respectively, with the number of upregu-
lated DAMs to be 155, 79, and 202, and the number of
downregulated DAMs to be 152, 77, and 203, respectively
(Fig. 5a).

Among the total 544 DAMs, 41 compounds mainly as
flavonoids, carbohydrates, terpenoids, and amino acid
compounds (Fig. 6), were enriched in KEGG pathways
such as metabolic pathway, aminoacyl-tRNA biosyn-
thesis, secondary metabolite biosynthesis, amino acids
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biosynthesis, and ABC transporters (Fig. 5b-d). In addi-
tion, after clustering analysis, they were roughly divided
into two branches significantly responding to light inten-
sity (Fig. 6, Additional file 2: Table S2). Thus, the results
indicated that light intensity regulated metabolite bio-
synthesis in G. macrophylla via influencing the function
of carbon metabolism, glycolysis/gluconeogenesis, plant
hormone signal transduction and photosynthesis.

Transcriptomic analysis of DEGs under different light
intensities

A total of 9 group samples collected on the 5th day were
performed transcriptome sequencing, and 24.32 GB of
clean data (GC content ranging from 42.97% to 43.42%)
were acquired within each sample exceeding 2.5 GB,
in which, the Q30 base percentage for each library was
291.75% was considered as high quality reads for further
analysis. In addition, more than 95% of the clean reads
could be mapped to the reference genome (Additional
file 3: Table S3).

GO analysis

A total of 3313, 613, and 7758 numbers of DEGs were
obtained in the ML vs. LL, ML vs. HL, and LL vs. HL
group, respectively (Fig. 7a). After GO enrichment analy-
sis was performed, only 2432, 436, and 5410 numbers of
DEGs were enriched in the respective cluster, and pri-
marily grouped into three main categories: biological
processes, molecular functions, and cellular components.

Furthermore, the three categories in each comparison
group were further subdivided into 37, 31, and 38 smaller
numbers of functional categories, respectively (Fig. 7b-d).
The top 20 categories (the final 20 ones with the lowest
FDR values) were selected for GO enrichment analysis
(Fig. 8a-c).

GO enrichment analysis of ML vs. LL group revealed
that DEGs were particularly enriched in organelles and
cell membranes such as plastid, chloroplast, thylakoid,
plastid membrane, and photosynthetic membrane of the
cellular component category; DEGs were mainly associ-
ated with photosynthesis, including both photosynthe-
sis and photosynthetic light harvesting of the biological
process category; DEGs were notably enriched in enzyme
activity and catalytic activity, encompassing oxidoreduc-
tase activity, carbohydrate phosphatase activity, catalytic
activity and sugar phosphatase activity of the molecular
function category (Fig. 8a).

GO enrichment analysis of ML vs. HL group revealed
that DEGs were significantly enriched in metabolic pro-
cesses, signal transductions, defense reactions such as
response to stimulus, phenylpropanoid biosynthesis pro-
cess, lignin biosynthesis process, secondary metabolite
biosynthesis process, signal transduction, signaling and
secondary metabolic process of the biological process
category; DEGs were notably enriched in enzyme activi-
ties and binding, such as oxidoreductase activity, anion
binding, ribonucleotide binding, small molecule binding,
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and carbohydrate derivative binding of the molecular
function category (Fig. 8b).

GO enrichment analysis of LL vs. HL group revealed
that DEGs were significantly enriched in organelles,
cell membranes and cytoplasm such as plastid, chloro-
plast, thylakoid, envelope and the cytoplasm of the cel-
lular component category; DEGs were mainly enriched
in plastid organizations and metabolic processes, such
as small molecule metabolic process, plastid organiza-
tion, carbohydrate metabolic process, oxoacid metabolic
process, carboxylic acid metabolic process, and organic
acid metabolic process of the biological process category;
DEGs were notably enriched in enzyme activities and
bindings such as oxidoreductase activity, small molecule
binding, and anion binding of the molecular function cat-
egory (Fig. 8c).

KEGG analysis

A total of 1619 numbers of annotated genes were associ-
ated with 132 numbers of KEGG pathways in the ML vs.
LL group, in which 19 KEGG pathways were differentially
represented (FDR<0.05) (Fig. 8d), such as carotenoid
biosynthesis (ko00906), carbon metabolism (ko01200),

glycolysis/gluconeogenesis (ko00010), carbon fixation
in photosynthetic organisms (ko00710), biosynthesis of
amino acids (ko01230), terpenoid backbone biosynthesis
(ko00900), tryptophan metabolism (ko00380), biosyn-
thesis of cofactors (ko01240), and pyruvate metabolism
(ko00620).

A total of 321 numbers of annotated genes were asso-
ciated with 101 numbers of KEGG pathways in ML vs.
HL group, in which 4 KEGG pathways were differen-
tially represented (Fig. 8e), such as alpha-linolenic acid
metabolism (ko00592), MAPK signaling pathway-plant
(ko04016), plant hormone signal transduction (ko04075),
and plant-pathogen interaction (ko04626).

A total of 3955 annotated genes were associated with
137 KEGG pathways in the LL vs. HL comparison, in
which 34 KEGG pathways were differentially repre-
sented (Fig. 8f), such as photosynthesis-antenna pro-
teins (ko00196), carotenoid biosynthesis (ko00906),
carbon metabolism (ko01200), biosynthesis of amino
acids (ko01230), glycolysis/gluconeogenesis (ko00010),
pentose phosphate pathway (ko00030), glycerophospho-
lipid metabolism (ko00564), glycerolipid metabolism
(ko00561), biosynthesis of cofactors (ko01240), carbon



(2024) 24:526

Fu et al. BMC Plant Biology

Number of Metabolites

ML-vs-LL ML-vs-HL LL-vs-HL
c ML-vs-HL
ABC transporters - .
Aminoacyl-tRNA biosynthesis - @
Flavoneid biosynthesis — ®
Alanine, aspartale and glutamate °
metabolism 7
E beta-Alanine metabolism Y
=
2
Biosynthesis of amino acids - ® FDR
0.005
s 2 : 0.010
Cyanoamino acid metabolism - L] 0.015
0.020
: 0.025
Galactose metabolism - ] 0.030
Histidine metabolism - ®
Biosynthesis of secondary metabolites - .

000 002 004 006
GeneRatio

°

Page 8 of 19

ML-vs-LL
Aminoacyl-tRNA biosynthesis L]
Biosynthesis of secondary metabolites - .
Glutathione metabolism L ]
4
6
Biosynthesis of amino acids o [ ) :Bm
12
14
< n 16
é' ABC transporters ) i
]
£
Phenylalanine metabolism - ) FDR
0.001
Phenylpropanoid biosynthesis L ! 0.002
Phenylalanine, tyrosine and tryptoph: -
cnylalanme, e an tophan
) e hio}s’ypn esis ] ® 0.004
Zeatin biosynthesis ®
2-Oxocarboxylic acid metabolism - L]
T T T T T
0.02 004 006 0.08 010
GeneRatio
d LLve-HL
Aminoacy-RNA biosynthesis — [ ]
Biosynihess of secondary metabolites | (@)
ABC transporters - e
5 Flavonoid biosynthesis [ ]
z
Biosynthesis of amino acids - ®
Phenylalanine metabolism ® FDR
0.001
Phenylalanine, tyrosine and tryplophan | ° =
biosynthesis 0.002
| [-0003
Cyanoamino acid metabolism - [ ]
0.004
Phenylpropanoid biosynthesis e
Galactose metabolism — °

002 004 006 008 010 012
GeneRatio

Fig.5 Untargeted metabolome analysis of differentially accumulated metabolites (DAMs) in the ML-vs.-LL, ML-vs.-HL, and LL-vs.-HL comparisons at 5-day.
(@) Numbers of DAMs. Red indicates upregulation, while, blue indicates downregulation. (b-d) KEGG enrichment analysis of the DAMs

fixation in photosynthetic organisms (ko00710), and ter-
penoid backbone biosynthesis (ko00900).

Identification of DEGs related to the iridoid biosynthesis
pathway

As mentioned above, iridoids were the major active
components in G. macrophylla, and the genes related to
the iridoid biosynthesis pathway in DEGs were chosen
for further analysis. A total of 38, 6, and 61 numbers of
DEGs belonging to 23 gene families related to the iridoid

biosynthesis pathway were identified in the ML vs. LL,
ML vs. HL, and LL vs. HL group, respectively (Fig. 9b).
These gene families were depicted as GmDXS, GmDXR,
GmCMS, GmCMK, GmMCS, GmHDR, GmHDS, GmIDI,
GmHMGS, GmHMGR, GmMK, GmPMK, GmGPPS,
GmGGPPS, GmGES, GmGIOH, Gm8-HGO, GwmlsS,
GmlIO, Gm7-DLGT, Gm7-DLNGT, Gm7-DLH, and
GmSLS (Additional file 4: Table S4). To visualize the
changes in pathway DEGs in G. macrophylla leaves under
different light intensity treatments, heatmaps were built
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(Fig. 9a). The results showed that under low light con-
dition, the expression of most genes in the iridoid bio-
synthesis pathway was downregulated, including the
upstream genes of GmHMGS, GmHMGR, GmMK and
GmPMK in the MVA pathway and GmDXS, GmDXR,
GmCMS, GmCMK, GmMCS, GmHDS, GmHDR, GmIDI
in the MEP pathway, and the downstream enzyme genes
of GmGPPS, GmGES, GmGIOH, Gm8-HGO, GmIS,
GmlO, Gm7-DLNGT, Gm7-DLH and GmSLS in the bio-
synthesis of secoiridiod backbone. On the contrary, the
expression of most genes was upregulated after exposure
to high light intensity. Accordingly, two inferences were
obtained, one was that light intensity affected the expres-
sion on both of the upstream and downstream genes
related to iridoid biosynthesis; the other was that the
MEP pathway was the primary pathway with a greater
number of DEGs compared to the MVA pathway.
RT-qPCR was performed to verify the above DEGs in
the iridoid pathway including 22 key genes of GmDXS,
GmDXR, GmCMS, GmMCS, GmHDR, GmHDS, GmH-
MGS, GmHMGR, GmMK, GmPMK, GmIDI, GmG-
GPPS, GmGES, GmGI10H, Gm8-HGO3, Gm8-HGOS,
GmlS, GmIO, Gm7-DLGT, Gm7-DLNGT, Gm7-DLH and
GmSLS. The transcript profiles of all selected genes were

highly consistent with those obtained from the RNA-seq
data (Fig. 10).

Identification and analysis of TFs in response to light
intensity
A total of 1395 TFs in G. macrophylla, classified into
50 TF families, were identified using online data from
PlantTFDB. Among these TF families, the most abun-
dant were MYB (144 entries), AP2-EREBP (93 entries),
bHLH (68 entries), NAC (55 entries) and WRKY (70
entries) (Fig. 11a). In particular, 2 TFs were differentially
expressed in all three comparison groups, one entry was
designated as GmbHLH20 of the bHLH family, and the
other entry was designated as GmMYBS5 of the MYB fam-
ily (Fig. 11b).

RT-qPCR was performed to analyze GmbHLH20 and
GmMYBS, and the transcript profiles were highly consis-
tent with RNA-seq data (Fig. 10).

Correlation analysis of TFs, iridoids and genes related to
iridoid biosynthesis

GmbHLH20 was revealed to positively regulate the bio-
synthesis of loganic acid, while GmMYB5 was negative
ones, on the basis of correlation analysis (Pearson, R>0.8)
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Fig. 10 Determination of selected DEGs expression via RNA-seq and RT-gPCR comparison. The x-axis, left y-axis and right y-axis indicates the three treat-
ment groups, RT-gPCR expression levels and the RNA-seq data with FPKM, respectively. Error bars indicate the standard deviation of three independent

replicates

between differentially expressed TFs and iridoid metabo-
lites (Fig. 11c). Then, the correlation analysis of Gmb-
HLH20, GmMYBS5 and the iridoid biosynthesis genes was
performed (Pearson, R>0.8). The results showed that
GmbHLH20 was negatively correlated with GmMYBS
(Fig. 11d); GmbHLH20 might positively regulate the
expression of GmDXS1, GmDXS2, GmHDRI1, GmHDR2,
GmGES, GmGI10H3, Gm8-HGOI, Gm8-HGO3, GmS-
HGO6, Gm8-HGO7, GmIS3, GmIOI, Gm7-DLH4 and
GmGGPPS6, while negatively regulate the expression of
GmHMGR2, GmGI10HIland Gm7-DLNGT3; GmMYBS5
might positively regulate the expression of GmHMGRI,
GmHMGR2, GmGI0H1 and Gm7-DLNGT3, while nega-
tively regulate the expression of Gm 8-HGO?. Accord-
ingly, it could be concluded that GmbHLH20 and
GmMYBS5 might play key roles in light intensity regulat-
ing iridoids biosynthesis.

Discussion
Unlike animals, the plants are one of the species that
cannot allodially move away from their native habitats,
face different ecological factors, thus passively accept
the environmental stimuli [33]. In order to adapt to the
external environment, plants initiate internal regula-
tion by producing metabolites to promote growth and
development or to defend themselves [34]. Many stud-
ies have revealed that the accumulation of metabolites
was influenced by the ecological factors [9, 10]. For G.
macrophylla, intricate ecological conditions, such as
various distribution, temperature, altitude, light and
moisture, have been observed to influence the con-
tents of iridoid metabolites [2, 10, 35], but the com-
plex mechanisms have not been revealed yet. Thus, the
herbal materials from different habitats are presented
in different quality, which is unfavorable for clinical
application.

Among the ecological factors, light is considered to
be essential. LED light sources of different intensities
have been found to have distinct effects on the plant
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growth [36, 37], the protective enzyme system [38],
the photosynthesis [19], and the accumulation of sec-
ondary metabolites [19, 39, 40]. Photosynthesis plays
a vital role in the oxidative respiratory chain as the
primary driving force to initiate changes during plant
growth and development. Within the photosynthetic
system, accessory pigments such as various Chls,
carotenoid, and phycobilins, serving as energy recep-
tors, absorb the energy from photons and channel it to
the primary reaction centers named as P680 in photo-
system II and P700 in photosystem I for further photo-
chemical processes [41]. For the contents of carotenoid
and chlorophylls were increased or decreased along
with the enhancement or reduction of the light inten-
sity, their levels were used to evaluate the influence in
photosynthetic system of light intensity [25, 42—44]. In
this study, both Chls and carotenoid showed increased
expression with increase of light intensity (15, 90 and
200 pmol/m?/s), as well as the expression of enzyme
genes related to the synthesis of phytoene, lycopene,
carotene, zeaxanthin, violaxanthin, and xanthoxin in
the carotenoid biosynthesis pathway (map00906), and
Chl a and Chl b in the porphyrin metabolism pathway
(map00860) also displayed the same expression trend
(Additional files 5-8: Figs. S1-S4, Additional file 9:
Table S5 and Additional file 10: Table S6) in the KEGG
differential gene enrichment analysis. Furthermore,
with the prolongation of the light treatment duration,

the leaves of G. macrophylla seedlings under low light
gradually turned yellow and withered during the 15
days period, indicating a gradual loss of Chls leading to
impaired photosystem. Thus, subsequent biochemical
reactions would be triggered due to the alteration of
photosynthesis.

The first consequence is that the impaired photo-
synthetic carbon assimilation would affect the pri-
mary metabolic pathways in plants, including amino
acid metabolism, starch and sucrose metabolism [45].
When G. macrophylla was exposed to different light
intensities, the levels of certain amino acids and their
derivatives (L-glutamic acid, L-leucine, L-tyrosine,
D-glutamic acid, L-phenylalanine, L-histidine, and
asparagine) were presented higher accumulation in
LL group compared to ML and HL groups, as well the
expression of enzyme genes involved in the pathway
reflected the same trend (Additional file 11: Fig. S5
and Additional file 12: Fig. S6, Additional file 13: Table
S7). These findings were consistent with the recent
research conclusion that the levels of several amino
acids such as phenylalanine and tryptophan, were
commonly upregulated in plants under diverse envi-
ronmental conditions, such as hydropenia, cold stress
and during dark-induced senescence [46]. However,
the levels of maltotriose, d-raffinose, and sucrose were
presented lower accumulation in LL group, as well as
the expression of genes in the glycolysis, the pentose
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phosphate pathway, and the shikimate pathway (Addi-
tional file 12: Fig. S6). It is easy to understand that a
decreased rate of photosynthetic activity brings out a
reduction in the efficiency of converting light energy
into chemical energy, thus the carbohydrate stores are
depleted under low light intensity, but vital substances
such as amino acids were primarily accumulated for
survival [47] (Additional file 11: Fig. S5).

The second consequence is that the contents of cer-
tain carbohydrates decrease after exposure to low
light, such as maltotriose, d-raffinose, and sucrose,
while they increase under high light condition. For
example, the levels of soluble sugar and starch sig-
nificantly decreased after shade treatment of Lonicera
macranthoides [25]. For the glycolysis/gluconeogenesis
pathway is a metabolic process, involving in the con-
version of 6-carbon glucose to 2-carbon molecules,
then bonding with the tricarboxylic acid cycle [48]. It
suggests that glycolysis/gluconeogenesis deferred by
impaired photosynthetic carbon assimilation, would
affect the secondary metabolites pathway in plants
[19]. So far, the biosynthesis pathway of iridoids was
partially revealed as initiating from MVA or MEP
pathway to generate IPP and DMAPP, then, under the
geranyl diphosphate synthase GES, geraniol 8-hydrox-
ylase GI0H, 8-hydroxygeraniol dehydrogenase 8-HGO,
(S)-8-oxocitronellyl enol synthase IS, 7-deoxyloganetic
acid glucosyltransferase 7-DLGT, and 7-deoxyloganate
7-hydroxylase 7-DLH to successively generate geraniol,
8-hydroxygeraniol, 8-oxogeranial, 7-deoxyloganetic
acid, 7-deoxyloganic acid and loganic acid, and finally
under secologanin synthase SLS to generate secolo-
ganate [49]. In this study, the levels of the mevalonic
acid content along with expression of the key genes in
MVA pathway, as well as the genes expression in MEP
pathway, were presented lower in LL group compared
to ML and HL groups, suggesting that the metabolic
flow of iridoids in G. macrophylla was prevented
under low light. As a result, the content of loganic
acid was significantly decreased, as well as the genes
expression of GmGES, GmGI0H, Gm8-HGO, GmIS,
Gm?7-DLH and GmSLS. However, the contents of gen-
tiopicroside and sweroside were presented higher in
both LL and HL groups compared to ML group. It is
difficult to explain that the reason for the biosynthesis
pathway from secologanate to gentiopicroside has not
been elucidated so far [11]. Considering that plants
had regulatory mechanisms to enhance some pivotal
metabolites for survival and adaptation in response
to changes in the environment [34, 50], we speculated
that gentiopicroside and sweroside might be the vital
substances for the growth and development of G. mac-
rophylla, thus, the metabolic flow from secologanate
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to gentiopicroside was abnormally activated to main-
tain the plant survival at low light intensity.

The third consequence is that numerous physiologi-
cal alterations such as changes in phytohormone levels,
plant immune responses, and signal transduction path-
ways, were induced in response to light stress in plants
[33, 51]. As reported, the concentration of abscisic acid
(ABA) significantly increased under prolonged dark
treatments of light-grown plants of both Lemna gibba
and Arabidopsis thaliana [52]. In addition, exogenous
ABA was found to accelerate the degradation of Chls
and the accumulation of MDA, leading leaves to turn
yellow easily [53]. Our results were similar to these
that the expression of genes involved in the biosynthe-
sis of ABA was upregulated by continuous exposure
to low light (Additional file 5: Fig. S1 and Additional
file 6: Fig. S2, Additional file 9: Table S5), then led to
G. macrophylla leaves turn yellow and withered. We
speculated that ABA played a vital role in the response
to light stress in G. macrophylla. In addition, trans-
zeatin, another major and ubiquitous cytokinin in
higher plants [54], can be regulated exposure to exter-
nal stimulis such as low light intensity and cold accli-
mation [55, 56]. Due to an increase expression at low
light intensity, we speculated that trams-zeatin was
involved in response to light stress in G. macrophylla.
Moreover, hormones have been reported to respond
to light stress via MAPK signaling cascade [57]. The
genes related to pathogen infection, hydrogen peroxide
signaling, and the ethylene, jasmonic acid, and ABA
hormone signaling pathways, along with the expres-
sion of genes related to wounding-related enzymes,
were significantly altered after treatment with differ-
ent light intensities (Additional file 14: Fig. S7 and
Additional file 15: Fig. S8, Additional file 16: Table S8),
suggesting that a series of MAPK signaling transduc-
tions were triggered in G. macrophylla leaves exposed
to low or high light. In brief, a complex and extensive
regulatory network would be preformed to restore the
internal balance when plants perceive various different
light intensities.

The last consequence, TFs as essential regulators
of the key enzyme genes in the secondary metabolite
biosynthetic pathway, can be regulated by light [15, 23,
58]. As reported, CYP450s, MYB, and AP2/ERF genes
might be involved in paclitaxel biosynthesis and play
an important role in excessive light in Taxus chinensis
[39]. Co-expressed analysis of TFs in response to light
intensity and genes involved in flavonoid biosynthesis
revealed that 69 TFs (WRKY, NAC, MYB, bHLH, etc.)
were co-expressed with PAL, 4CL, C4H, CHS, and CHI
in Lonicera japonica [26]. AaHYS5, as a key regulator of
light-induced artemisinin biosynthesis, could control
artemisinin production in response to the alteration of
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Fig. 12 A schematic overview: working model of light regulation on iridoid biosynthesis in G. macrophylla

light intensity [59]. In our research, the expression of
TFs and genes involved in iridoid biosynthesis was also
regulated by light intensity, GmbHLH20 and GmMYBS
were shown to regulate the biosynthesis of loganic acid
in G. macrophylla and might affect the expression of
genes involved in iridoid biosynthesis. In addition, TFs
might form complexes to regulate diverse metabolic
and developmental processes in plants [60]. As a nega-
tive correlation was presented, the regulatory mecha-
nism of GmbHLH20 and GmMYBS5 was inferred to be
independent.

Conclusion

This study represented the first comprehensive inves-
tigation of the mechanism of iridoid biosynthesis in G.
macrophylla under different light intensities by tran-
scriptome and metabolome. A model was proposed to
explain the underlying molecular mechanism (Fig. 12).
Initially, with the decrease of light intensity, the rate
of photosynthesis was primarily decreased, the levels
of Chls and carotenoid were inhibited as well as their
biosynthesis genes, resulting in the seedlings gradually
turning yellow and withered. Subsequently, the altera-
tion of photosynthesis regulated the primary meta-
bolic system, the secondary metabolic pathway, the

key responsive TFs and light related hormone signal-
ing, and finally affected the accumulation of iridoids.
It was a complex and extensive regulatory network,
in which two TFs of GmMYB5 and GmbHLH20, were
determined to play crucial roles in the accumula-
tion of iridoid metabolites in response to light stress
in G. macrophylla. Our research reveals the interplay
between photosynthesis and iridoid biosynthesis in G.
macrophylla, and helps us understand the potential
mechanism of ecological factors modulating metabo-
lites accumulation.

Abbreviations
LED Light-emitting diodes

DEGs Differentially expressed genes

DAMs Differentially accumulated metabolites

Chl Chlorophyll

ML Medium light

HL High light

LL Low light

TF Transcription factor

MEP Methyl-erythrose 4-phosphate pathway
MVA Mevalonate pathway

ABA Abscisic acid

MAPK Mitogen activated protein kinase

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes
FDR False discovery rate

NCBI National center for biotechnology information



Fu et al. BMC Plant Biology (2024) 24:526

Nr Non-redundant
PPFD The photosynthetic photon flux density
RT-gPCR  Quantitative reverse transcription PCR

Supplementary Information
The online version contains supplementary materials available at https://doi.
0rg/10.1186/512870-024-05217-y.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9
Supplementary Material 10
Supplementary Material 11
Supplementary Material 12
Supplementary Material 13
Supplementary Material 14
Supplementary Material 15

Supplementary Material 16

Acknowledgements

We would like to express our gratitude to Tao Zhou from Xi‘an Jiaotong
University for providing support in obtaining the genome data of G.
macrophylla.

Author contributions

All authors contributed to the study conception and design. The experiment
was designed by ZGY and YHH, and conceived by HHF and YMW. Material
preparation was performed by HHF, YMW and FKM. Data collection and
analysis were performed by HHF, YMW, LW, YY and FW. The first draft of the
manuscript was written and revised by HHF, YHH and ZGY and all authors
commented on previous versions of the manuscript. All authors have read
and approved the final manuscript.

Funding

This study was supported by the Natural Science Foundation of China (No.
81903753), the Key Industry Innovation Chain (Group) of Shaanxi Province
(No. 2023-ZDLSF-58), the Key Research and Development Program of Shaanxi
Province (No. 20225F-089), the Natural Science Foundation of Qinghai (No.
2022-7J-917), the Project on Collaborative Innovation of Shaanxi Provincial
Department of Education (No. 21JY011, 23JY024), the Key Program (A) of
Shaanxi Provincial Health Commission (No. 2021A008) and the Subject of
Science Leader Team of the Shaanxi University of Chinese Medicine.

Data availability

The data presented in the study are deposited in the NCBI repository with the
link https://www.ncbi.nlm.nih.gov/. The accession number is PRINA1043239.

All data included in this study are available upon request by contact with the

corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Page 17 of 19

Consent for publication
Not applicable.

Competing interests

All authors certify that they have no affiliations with or involvement in any
organization or entity with any financial interest or non-financial interest in the
subject matter or materials discussed in this manuscript.

Received: 26 February 2024 / Accepted: 29 May 2024
Published online: 11 June 2024

References

1. Peng MC, Ai XH. Research progress in chemical constituents, pharma-
cological effects and clinical application of the flowers of Gentianae
macrophylla. Cent S Pharm. 2021;19:1243-9. https://doi.org/10.7539/.
issn.1672-2981.2021.06.039.

2. Cao XY,Wang ZZ. Simultaneous determination of four iridoid and secoiridoid
glycosides and comparative analysis of Radix Gentianae macrophyllae
and their related substitutes by HPLC. Phytochem Anal. 2010;21(4):348-54.
https://doi.org/10.1002/pca.1206.

3. LiuZH, Meng LJ, Wang MK, Wang L, Liu YH, Hou GX, Li SM, Kang WY. New
iridoids from Patrinia scabiosaefolia and their hypoglycemic effects by activat-
ing PI3K/Akt signaling pathway. Fitoterapia. 2023;165:105423. https://doi.
0rg/10.1016/jfitote.2022.105423.

4. Hao ZY,Wang XL, Yang M, Cao B, Zeng MN, Zhou SQ, Li M, Cao YG, Xie SS,
Zheng XK, et al. Minor iridoid glycosides from the fruits of Cornus offici-
nalis Sieb. Et zucc. And their anti-diabetic bioactivities. Phytochemistry.
2023;205:113505. https://doi.org/10.1016/j.phytochem.2022.113505.

5. Yoshikawa H, Matsumoto T, Kitagawa T, Okayama M, Ohta T, Yoshida T,
Watanabe T. Anti-proliferative effects of iridoids from Valeriana fauriei on
cancer stem cells. Int J Mol Sci. 2022,23(22):14206. https://doi.org/10.3390/
ijms232214206.

6. Usmanov D, Azamatov A, Baykuziyev T, Yusupova U, Rasulev B. Chemical con-
stituents, anti-inflammatory and analgesic activities of iridoids preparation
from Phlomoides labiosa Bunge. Nat Prod Res. 2023;37(10):1709-13. https://
doi.org/10.1080/14786419.2022.2104274.

7. Zhang X, Su XY, Yu XY, Zhang XY, Guo XL, Hou GG, Wang CH, Li HJ. Preparative
separation of iridoid glucosides and crocins from Gardeniae fructus using
sequential macroporous resin column chromatography and evalua-
tion of their anti-inflammatory and antioxidant activities. J Chromatogr.
2023;1229:123887. https://doi.org/10.1016/jjchromb.2023.123887.

8. Zengin G, El-Raey M, El-Kashak W, Batiha GE-S, Althumairy D, Alamer S,
Mostafa NM, Eldahshan OA. Sweroside: an iridoid glycoside of potential neu-
roprotective, antidiabetic, and antioxidant activities supported by molecular
docking. Amino Acids 2023, 55(12):1765-74. https://doi.org/10.1007/
500726-023-03262-9.

9. LiJH, ZengR, LiWT, Huang LF. Correlation analysis between quality of Gen-
tiana macrophylla pall. And climatic factors. World Chin Med. 2016;5:801-6.
https://doi.org/10.3969/j.issn.1673-7202.2016.01.011.

10.  LuYY,Zhang XB, Yang YM, MA XH, Zhu TT, Yu XH, Jin L. Quality regionaliza-
tion study on Gentianae Macrophyllae Radix. China J Chin Mater Med.
2016;41:3132-8. https://doi.org/10.4268/cjcnm20161704.

11, ZhouT, Bai GQ, Hu YH, Ruhsam M, Yang YC, Zhao YM. De novo genome
assembly of the medicinal plant Gentiana macrophylla provides insights into
the genomic evolution and biosynthesis of iridoids. DNA Res. 2022;29(6):1-
15. https://doi.org/10.1093/dnares/dsac034.

12. Miettinen K, Dong L, Navrot N, Schneider T, Burlat V, Pollier J, Woittiez L, van
der Krol S, Lugan R, lcT, et al. The seco-iridoid pathway from Catharanthus
roseus. Nat Commun. 2014;5:3606. https://doi.org/10.1038/ncomms4606.

13. Zhao D, Hamilton JP, Pham GM, Crisovan E, Wiegert-Rininger K, Vaillancourt
B, DellaPenna D, Buell CR. De novo genome assembly of Camptotheca
acuminata, a natural source of the anti-cancer compound camptothecin.
Gigascience 2017, 6(9):1-7. https://doi.org/10.1093/gigascience/gix065.

14, ChenGJ, Lee MS, Lin MK, Ko CY, Chang WT. Blue light decreases tanshi-
none lIA content in Salvia miltiorrhiza hairy roots via genes regulation. J
Photochem Photobiol B-Biol. 2018;183:164-71. https://doi.org/10.1016/].
jphotobiol.2018.04.013.

15. Xie GW, Zou XZ, Liang ZH, Wu D, He JK, Xie KC, Jin HL, Wang HB, Shen Q.
Integrated metabolomic and transcriptomic analyses reveal molecular


https://doi.org/10.1186/s12870-024-05217-y
https://doi.org/10.1186/s12870-024-05217-y
https://doi.org/10.7539/j.issn.1672-2981.2021.06.039
https://doi.org/10.7539/j.issn.1672-2981.2021.06.039
https://doi.org/10.1002/pca.1206
https://doi.org/10.1016/j.fitote.2022.105423
https://doi.org/10.1016/j.fitote.2022.105423
https://doi.org/10.1016/j.phytochem.2022.113505
https://doi.org/10.3390/ijms232214206
https://doi.org/10.3390/ijms232214206
https://doi.org/10.1080/14786419.2022.2104274
https://doi.org/10.1080/14786419.2022.2104274
https://doi.org/10.1016/j.jchromb.2023.123887
https://doi.org/10.1007/s00726-023-03262-9
https://doi.org/10.1007/s00726-023-03262-9
https://doi.org/10.3969/j.issn.1673-7202.2016.01.011
https://doi.org/10.4268/cjcmm20161704
https://doi.org/10.1093/dnares/dsac034
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1093/gigascience/gix065
https://doi.org/10.1016/j.jphotobiol.2018.04.013
https://doi.org/10.1016/j.jphotobiol.2018.04.013

Fu et al. BMC Plant Biology

20.

22.

23.

24.

25,

26.

27.

28.

29.

30.

32.

33.

34.

(2024) 24:526

response of anthocyanins biosynthesis in perilla to light intensity. Front Plant
Sci. 2022;13:976449. https://doi.org/10.3389/fpls.2022.976449.

Paponov M, Ziegler J, Paponov IA. Light exposure of roots in aeroponics
enhances the accumulation of phytochemicals in aboveground parts of the
medicinal plants Artemisia annua and Hypericum perforatum. Front Plant Sci.
2023;14:1079656. https://doi.org/10.3389/fpls.2023.1079656.

Guo XZ, Li Q, Yan BB, Wang YF, Wang S, Xiong F, Zhang CC, Zhang Y, Guo

LP. Mild shading promotes sesquiterpenoid synthesis and accumulation in
Atractylodes lancea by regulating photosynthesis and phytohormones. Sci
Rep. 2022;12(1):21648. https://doi.org/10.1038/541598-022-25494-7.

Mohd Yusof FF, Yaacob JS, Osman N, Ibrahim MH, Wan-Mohtar W, Berahim
Z,Mohd Zain NA. Shading effects on leaf gas exchange, leaf pigments and
secondary metabolites of Polygonum minus Huds., an aromatic medicinal
Herb. Plants (Basel). 2021;10(3). https://doi.org/10.3390/plants10030608.
Yoon YE, Cho JY, Kim YN, Kantharaj V, Lee KA, Seo WD, Lee YB. Variation of
saponarin content in Barley Sprouts (Hordeum vulgare L) by natural light
shielding: implication of the importance of light intensity. ACS Omega.
2023;8(39):35837-44. https://doi.org/10.1021/acsomega.3c03458.

Shi Z, Deng XX, Zeng LX, Shi SQ, Lei L, Xiao WF. Acclimation strategy of Mas-
son Pine (Pinus massoniana) by limiting flavonoid and terpenoid production
under low light and drought. Int J Mol Sci 2022, 23(15):8441. https://doi.
0rg/10.3390/ijms23158441.

Yang YY, Zhang X, Han MZ, Hu ZH, Wu J, Ma N, Leng PS, Zhou XF. LIMYB108
is involved in floral monoterpene biosynthesis induced by light intensity in
Lilium ‘Siberia Plant Cell Rep 2023, 42(4):763-73. https://doi.org/10.1007/
500299-023-02995-x.

Zhao QZ, Dong MY, Li MF, Jin L, Paré PW. Light-induced flavonoid biosyn-
thesis in Sinopodophyllum hexandrum with high-altitude adaptation. Plants.
2023;12(3):575. https://doi.org/10.3390/plants12030575.

Huang YJ, Zhai YN, Huang Y, Huang YF, Liu K, Zhang J, Zhou JH. Effects of
light intensity on physiological characteristics and expression of genes

in coumarin biosynthetic pathway of Angelica dahurica. Int J Mol Sci.
2022,23(24):15912. https://doi.org/10.3390/ijms232415912.

XuY,Wang G, Cao F, Zhu C, Wang G, El-Kassaby YA. Light intensity affects the
growth and flavonol biosynthesis of Ginkgo (Ginkgo biloba L). New Forest.
2014;45(6):765-76. https://doi.org/10.1007/511056-014-9435-7.

Chen YC, Xu N, Du LH, Zhang JH, Chen R, Zhu QF, Li WC, Wu C, Peng GP, Rao
LQ, et al. Light plays a critical role in the accumulation of chlorogenic acid in
Lonicera macranthoides Hand.-Mazz. Plant Physiol Biochem. 2023;196:793-
806. https://doi.org/10.1016/j.plaphy.2023.02.016.

Fang H, Qi X, LiY,Yu X, Xu D, Liang C, Li W, Liu X. De novo transcriptomic
analysis of light-induced flavonoid pathway, transcription factors in the
flower buds of Lonicera japonica. Trees (Berl West). 2020;34(1):267-83. https://
doi.org/10.1007/500468-019-01916-4.

Guo XL, Shakeel M, Wang DL, Qu CP, Yang SM, Ahmad S, Song ZJ. Metabo-
lome and transcriptome profiling unveil the mechanisms of light-induced
anthocyanin synthesis in rabbiteye blueberry (Vaccinium ashei: Reade). BMC
Plant Biol. 2022;22(1):223. https://doi.org/10.1186/512870-022-03585-x.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low mem-
ory requirements. Nat Methods. 2015;12(4):357-60. https://doi.org/10.1038/
nmeth.3317.

Love MI, Huber W, Anders S. Moderated estimation of Fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/513059-014-0550-8.

Shao DN, Zhu QH, Liang Q Wang XF, Li YJ, Sun YQ, Zhang XY, Liu F, Xue F, Sun
J. Transcriptome analysis reveals differences in anthocyanin accumulation in
cotton (Gossypium hirsutum L.) induced by red and blue light. Front Plant Sci.
2022;13:788828. https://doi.org/10.3389/fpls.2022.788828.

Wen B, Mei ZL, Zeng CW, Liu SQ. MetaX: a flexible and comprehensive
software for processing metabolomics data. BMC Bioinform. 2017;18(1):183.
https://doi.org/10.1186/512859-017-1579-y.

He YH, Yan HL, Hua WP, Huang YY, Wang ZZ. Selection and validation of
reference genes for quantitative real-time PCR in Gentiana macrophylla. Front
Plant Sci. 2016;07:945. https://doi.org/10.3389/fpls.2016.00945.

Goh CH, Nam HG, Park YS. Stress memory in plants: a negative regulation of
stomatal response and transient induction of rd22 gene to light in abscisic
acid-entrained Arabidopsis plants. Genes. 2003;36(2):240-55. https://doi.
0rg/10.1046/j.1365-313X.2003.01872.x.

Li YQ, Kong DX, Fu Y, Sussman MR, Wu H. The effect of developmen-

tal and environmental factors on secondary metabolites in medicinal
plants. Plant Physiol Biochem. 2020;148:80-9. https://doi.org/10.1016/j.
plaphy.2020.01.006.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

48.

49.

50.

5T

52.

53.

54.

Page 18 of 19

Wu LH, Ye Y, Li XS, Duan CH, Wang ZT. RP-HPLC determ ination of gentiopcro-
side in Radix Gentianae Macrophyllae in tranditional area. Chin J Pham Anal.
2009;29:184~7.

Shang J, Zhao LP, Yang XM, Qi XL, Yu JF, Du JB, Li K, He CS, Wang WM, Yang
WY. Soybean balanced the growth and defense in response to SMV infection
under different light intensities. Front Plant Sci. 2023;14:1150870. https://doi.
0rg/10.3389/fpls.2023.1150870.

Proietti S, Paradiso R, Moscatello S, Saccardo F, Battistelli A. Light intensity
affects the assimilation rate and carbohydrates partitioning in spinach grown
in a controlled environment. Plants. 2023;12(4):804. https://doi.org/10.3390/
plants12040804.

Gong M, Jiang DZ, Liu R, Tian SM, Xing HT, Chen ZD, Shi RJ, Li HL. Influence
of high-temperature and intense light on the enzymatic antioxidant system
in Ginger (Zingiber officinale Roscoe) plantlets. Metabolites. 2023;13(9):992.
https://doi.org/10.3390/metabo13090992.

LiTT, Li BB, Liao CL, Zhang HM, Wang LZ, Fu TT, Xue SY, Sun T, Xu XL, Fan X,

et al. Transcriptome analysis provides insights into light condition effect

on paclitaxel biosynthesis in yew saplings. BMC Plant Biol. 2022,22(1):577.
https://doi.org/10.1186/512870-022-03958-2.

Barh A, Chiocchio |, Barbaresi A, Barbanti L, Mandrone M, Poli F, Torreggiani D,
Trenta M, Tassinari P. Effects of LED supplemental lighting on the growth and
metabolomic profile of Taxus baccata cultivated in a smart greenhouse. PLoS
ONE. 2022;17(7):0266777. https://doi.org/10.1371/journal.pone.0266777.
HADer DP. Photosynthesis in plants and algae. Anticancer Res.
2022;42(10):5035-41. https://doi.org/10.21873/anticanres.16012.

Gerhardt M, Schneider S, Briiggemann W. Physiological acclimation to

light in chara intermedia nodes. Aquat Bot. 2009;91(3):151-6. https://doi.
0rg/10.1016/j.aquabot.2009.05.002.

Zhu HF, Li XF, Zhai W, Liu Y, Gao QQ, Liu JP, Ren L, Chen HY, Zhu YY. Effects

of low light on photosynthetic properties, antioxidant enzyme activity,

and anthocyanin accumulation in purple pak-choi (Brassica campestris Ssp.
Chinensis Makino). PLoS ONE. 2017;12(6):e0179305. https://doi.org/10.1371/
journal.pone.0179305.

Kozfowska W, Matkowski A, Zielifska S. Light intensity and temperature
effect on Salvia yangii (B.T. Drew) metabolic profile in vitro. Front Plant Sci.
2022;13:888509. https://doi.org/10.3389/fpls.2022.888509.

Zhang QF, Liu MY, Ruan JY. Integrated transcriptome and metabolic analyses
reveals novel insights into free amino acid metabolism in huangjinya tea
cultivar. Front Plant Sci. 2017;8:291. https://doi.org/10.3389/fpls.2017.00291.
Gad G, Rachel A, Alisdair RF. The regulation of essential amino acid synthesis
and accumulation in plants. Annu Rev Plant Biol. 2016;67(1):153-78. https.//
doi.org/10.1146/annurev-arplant-043015-112213.

Kc S, Long LZ, Liu MY, Zhang QF, Ruan JY. Light intensity modulates the effect
of phosphate limitation on carbohydrates, amino acids, and catechins in

tea plants (Camellia sinensis L). Front Plant Sci. 2021;12:743781. https://doi.
0rg/10.3389/fpls.2021.743781.

Li CX, Nie JH, Wu XB, Zhang YT, Li X, Wu X, Yin KD, Jin YZ. Oriental melon roots
metabolites changing response to the pathogen of Fusarium oxysporum f.
sp. melonis mediated by Trichoderma harzianum. Front Sustain Food Syst.
2024;8:1354468. https://doi.org/10.3389/fsufs.2024.1354468.

Hu W, He YH, Yin YY,Yang Y, Fu HH, Li Z, Yue ZG. Three rare furan derivatives
transformed from secoiridoids were isolated from the roots of Gentiana
macrophylla. Rec Nat Prod. 2022;16(6):651-6. https://doi.org/10.25135/
mp.322.2201.2333.

Yang L, Wen KS, Ruan X, Zhao YX, Wei F, Wang Q. Response of plant secondary
metabolites to environmental factors. Molecules 2018, 23(4):762. https://doi.
org/10.3390/molecules23040762.

Taj G, Agarwal P, Grant M, Kumar A. MAPK machinery in plants: Recogni-

tion and response to different stresses through multiple signal transduc-
tion pathways. Plant Signal Behav. 2010;5:1370-8. https://doi.org/10.4161/
psb.5.11.13020.

Weatherwax SC, Ong MS, Degenhardt J, Bray EA, Tobin EM. The interaction
of light and abscisic acid in the regulation of plant gene expression. Plant
Physiol. 1996;111(2):363-70. https://doi.org/10.1104/pp.111.2.363.

Xiao HJ, Liu KK, Ma YB, Gong ZH. Physiological and biochemical changes
during leaf senescence under the regulation of exogenous ABA in Capsicum
annuum L. J Henan Agr Univ. 2019;53:357-64. https://doi.org/10.16445/j.
cnki.1000-2340.2019.03.006.

Veach YK, Martin RC, Mok DWS, Malbeck J, Vankova R, Mok MC. O-glucosyl-
ation of cis-zeatin in maize. Characterization of genes, enzymes, and endog-
enous cytokinins. Plant Physiol. 2003;131(3):1374-80. https://doi.org/10.1104/
pp.017210.


https://doi.org/10.3389/fpls.2022.976449
https://doi.org/10.3389/fpls.2023.1079656
https://doi.org/10.1038/s41598-022-25494-7
https://doi.org/10.3390/plants10030608
https://doi.org/10.1021/acsomega.3c03458
https://doi.org/10.3390/ijms23158441
https://doi.org/10.3390/ijms23158441
https://doi.org/10.1007/s00299-023-02995-x
https://doi.org/10.1007/s00299-023-02995-x
https://doi.org/10.3390/plants12030575
https://doi.org/10.3390/ijms232415912
https://doi.org/10.1007/s11056-014-9435-7
https://doi.org/10.1016/j.plaphy.2023.02.016
https://doi.org/10.1007/s00468-019-01916-4
https://doi.org/10.1007/s00468-019-01916-4
https://doi.org/10.1186/s12870-022-03585-x
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fpls.2022.788828
https://doi.org/10.1186/s12859-017-1579-y
https://doi.org/10.3389/fpls.2016.00945
https://doi.org/10.1046/j.1365-313X.2003.01872.x
https://doi.org/10.1046/j.1365-313X.2003.01872.x
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.3389/fpls.2023.1150870
https://doi.org/10.3389/fpls.2023.1150870
https://doi.org/10.3390/plants12040804
https://doi.org/10.3390/plants12040804
https://doi.org/10.3390/metabo13090992
https://doi.org/10.1186/s12870-022-03958-2
https://doi.org/10.1371/journal.pone.0266777
https://doi.org/10.21873/anticanres.16012
https://doi.org/10.1016/j.aquabot.2009.05.002
https://doi.org/10.1016/j.aquabot.2009.05.002
https://doi.org/10.1371/journal.pone.0179305
https://doi.org/10.1371/journal.pone.0179305
https://doi.org/10.3389/fpls.2022.888509
https://doi.org/10.3389/fpls.2017.00291
https://doi.org/10.1146/annurev-arplant-043015-112213
https://doi.org/10.1146/annurev-arplant-043015-112213
https://doi.org/10.3389/fpls.2021.743781
https://doi.org/10.3389/fpls.2021.743781
https://doi.org/10.3389/fsufs.2024.1354468
https://doi.org/10.25135/rnp.322.2201.2333
https://doi.org/10.25135/rnp.322.2201.2333
https://doi.org/10.3390/molecules23040762
https://doi.org/10.3390/molecules23040762
https://doi.org/10.4161/psb.5.11.13020
https://doi.org/10.4161/psb.5.11.13020
https://doi.org/10.1104/pp.111.2.363
https://doi.org/10.16445/j.cnki.1000-2340.2019.03.006
https://doi.org/10.16445/j.cnki.1000-2340.2019.03.006
https://doi.org/10.1104/pp.017210
https://doi.org/10.1104/pp.017210

Fu et al. BMC Plant Biology

55.

56.

57.

58.

(2024) 24:526

Lee SG, Ko KD, Lee C. Influence of post-fruit set plant exposure to low light
intensity on growth and yield of oriental melon. Acta Hortic. 2008;771:249-
55. https://doi.org/10.17660/ActaHortic.2008.771.37.

Prerostova S, Dobrev PI, Knirsch V, Jarosova J, Gaudinova A, Zupkova B, Prasil
IT, Janda T, Brzobohaty B, Skaldk J, et al. Light quality and intensity modulate
cold acclimation in Arabidopsis. Int J Mol Sci. 2021,22(5):2736. https://doi.
0rg/10.3390/ijms22052736.

Sharma D, Verma N, Pandey C, Verma D, Bhagat PK, Noryang S, Singh

K, Tayyeba S, Banerjee G, Sinha AK. MAP Kinase as regulators for stress
responses in plants. In: Prot Kinases Stress Signal Plants. G.K. Pandey, editor.
2020: 369-392.

Zhang SC, Zhang L, Zou HY, Qiu L, Zheng YW, Yang DF, Wang YP. Effects of
light on secondary metabolite biosynthesis in medicinal plants. Front Plant
Sci 2021, 12:781236. https://doi.org/10.3389/fpls.2021.781236.

59.

60.

Page 19 of 19

Hao X, Zhong Y, Ntzmann H-W, Fu X, Yan T, Shen Q, Chen M, Ma Y, Zhao J,
Osbourn A, et al. Light-induced artemisinin biosynthesis is regulated by

the bZIP transcription factor AaHY5 in Artemisia annua. Plant Cell Physiol.
2019;60(8):1747-60. https://doi.org/10.1093/pcp/pcz084.

Wang BH, Luo Q, Li YR, Du KX, Wu Z, Li TY, Shen WH, Huang CH, Gan JH, Dong
AW. Structural insights into partner selection for MYB and bHLH transcription
factor complexes. Nat Plants. 2022;8(9):1108-17. https://doi.org/10.1038/
s41477-022-01223-w.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.17660/ActaHortic.2008.771.37
https://doi.org/10.3390/ijms22052736
https://doi.org/10.3390/ijms22052736
https://doi.org/10.3389/fpls.2021.781236
https://doi.org/10.1093/pcp/pcz084
https://doi.org/10.1038/s41477-022-01223-w
https://doi.org/10.1038/s41477-022-01223-w

	﻿Transcriptome and metabolome analysis reveals mechanism of light intensity modulating iridoid biosynthesis in ﻿Gentiana macrophylla﻿ Pall.
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant materials and treatments
	﻿Determination of the contents of Chls and carotenoid
	﻿Determination of the contents of iridoid metabolites
	﻿Transcriptome analysis of DEGs
	﻿LC-MS analysis of metabolite profiles
	﻿Genes expression analysis by RT-qPCR
	﻿Statistical analysis

	﻿Results
	﻿The variation of Chls and carotenoid contents at different light intensities
	﻿The regulation of different light intensities on the levels of iridoid metabolites
	﻿Metabolomic analysis of metabolites at different light intensities
	﻿Transcriptomic analysis of DEGs under different light intensities
	﻿GO analysis
	﻿KEGG analysis
	﻿Identification of DEGs related to the iridoid biosynthesis pathway
	﻿Identification and analysis of TFs in response to light intensity
	﻿Correlation analysis of TFs, iridoids and genes related to iridoid biosynthesis

	﻿Discussion
	﻿Conclusion
	﻿References


