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Analysis of the different growth
years accumulation of
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integration of metabolomic and
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Sian Liu

College of Horticulture and Plant Protection, Yangzhou University, Yangzhou, China

Dendrobium moniliforme (L.) Sw. is a valuable herbal crop, and flavonoids are

primarily distributed as active ingredients in the stem, but the composition

and synthesis mechanisms of flavonoids in different growth years are

not clear. The accumulation of flavonoids in D. moniliforme from four

different years was investigated, using a combined metabolomics and

transcriptomics approach in this study. The phenylpropanoid and flavonoid

biosynthetic pathways were significantly enriched in the Kyoto Encyclopedia

of Genes and Genomes (KEGG) enrichment analysis of differentially expressed

genes (DEGs) and differentially accumulated metabolites (DAMs). The

widely targeted metabolomics technique revealed a total of 173 kinds

of flavonoid metabolites. The metabolomics data confirmed the trend of

total flavonoids (TF) content in stems of D. moniliforme, with chalcone,

naringenin, eriodictyol, dihydroquercetin, and other flavonoids considerably

up-accumulating in the third year. Twenty DEGs were detected that regulate

flavonoid synthesis and the expression of these genes in different growth

years was verified using real-time quantitative PCR (qRT-PCR). Furthermore,

a comprehensive regulatory network was built for flavonoid biosynthesis

and it was discovered that there is one FLS gene, one CCR gene and

two MYB transcription factors (TFs) with a high connection with flavonoid

biosynthesis by weighted gene co-expression network analysis (WGCNA). In

this study, the correlation between genes involved in flavonoid biosynthesis

and metabolites was revealed, and a new regulatory mechanism related

to flavonoid biosynthesis in D. moniliforme was proposed. These results

provide an important reference for the farmers involved in the cultivation of

D. moniliforme.
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Introduction

Dendrobium is an epiphytic orchid whose stems are
commonly used for the generation of nutritional beverages
and food raw material (1). It has the effects of nourishing the
kidney, hydrating the lung, benefitting the stomach; therefore,
it is a type of plant with high development and utilization
value (2). In the past, Dendrobium moniliforme (L.) Sw. was
commonly employed as an attractive plant (3). The distribution
of wild D. moniliforme is mainly in tropical and subtropical
regions of Asia, such as China, Japan, South Korea, and
Myanmar (4). In recent years, many studies have revealed
that D. moniliforme also has medicinal value, including anti-
inflammatory and antioxidant properties (5). Many studies
have demonstrated that D. moniliforme includes a wide
range of beneficial secondary metabolites, such as alkaloids
(6) and flavonoids (7). The flavonoids in D. moniliforme
are an important part of its pharmacological activity and
an important index for evaluating D. moniliforme quality.
Flavonoids are important secondary metabolites in plants,
which have been proven to exert healthy functions in the human
body and to have significant pharmacological effects such as
anti-inflammatory, immunosuppressive, and antioxidant (8).
Researchers discovered that the amount and composition of
flavonoids change between species according to factors such
as habitat, growth stage, and tissues (9). Therefore, due to the
diversity of flavonoids and the complex laws of their distribution
in different plants, it is significant to explore the flavonoid
composition and biosynthetic pathways of D. moniliforme for
different growth years.

As perennial plants, the content of medicinal components in
Dendrobium spp. varies with the year of harvesting. Therefore,
the active components in medicinal plants of different growth
years should be evaluated in order to obtain high quality and
optimal benefits of the herbs. At present, the most studies on the
harvesting period of Dendrobium are reported on D. officinale,
D. huoshanense and D. nobile; however there are few reports
on D. moniliforme (10). People have greatly overlooked the
potential of D. moniliforme as a medicinal plant. In summary,
in this study, the D. moniliforme stems were used as the research
object, and the transcriptome combined with the metabolome
was analyzed so as to select the key genes that might affect the
flavonoid synthesis in D. moniliforme. Some DEGs involved in
flavonoid synthesis were also selected for real-time quantitative
PCR (qRT-PCR) to prove the reliability of transcriptome data
and further analysis. In addition, weighted gene co-expression
network analysis (WGCNA) was used to obtain modules with
high correlation of flavonoids, and screened the key genes
involved in flavonoid biosynthesis. The data obtained in this
study will provide important information for future research on
the accumulation of flavonoids in D. moniliforme and provide
a theoretical basis for determining the ideal harvesting year of
D. moniliforme.

Materials and methods

Plant materials and determination of
total flavonoids and alkaloids

Dendrobium moniliforme (L.) Sw. were cultivated artificially
and gathered in the greenhouse of Anhui Tongjisheng
Biotechnology Co., Ltd. In terms of culture conditions, the
samples were consistent with previous research (11). The
stems of D. moniliforme were collected from 1-year-old (Stem
length: 17.35 ± 3.87 cm; stem diameter: 1.98 ± 0.54 cm),
2-year-old (Stem length: 22.47 ± 2.59 cm; stem diameter:
2.33 ± 0.48 cm), 3-year-old (Stem length: 27.7 ± 6.92 cm;
stem diameter: 2.67 ± 0.52 cm), and 4-year-old (Stem length:
30.45 ± 3.58 cm; stem diameter: 3.64 ± 1.32 cm) plants,
respectively, as the research object (Supplementary Figure 1).
We removed the leaves and partial roots from the stems to
get the clean stems. To extract ribonucleic acid (RNA) and
metabolites, all materials were frozen in liquid nitrogen at -
80◦C. To determine the total alkaloids (TA) and total flavonoids
(TF), all materials were washed and dried. Furthermore,
in this study, all experiments were carried out in three
biological replicates.

TF and TA were extracted and measured using a plant
flavonoid kit and a plant alkaloid kit (Suzhou Comin
Biotechnology Co., Ltd., Suzhou, China), respectively.

Widely targeted metabolomics
profiling

The frozen samples (systematic samples maintained in a
temperature of -80◦C) were crushed with a zirconia head at
30 Hz for 15 min using a blender mill (MM 400, Retsch).
The powder was then weighed and extracted overnight at
4◦C with 1.0 mL of 70% aqueous methanol. The supernatant
was collected and filtered (microporous membrane filters with
pore sizes of 0.22 µm) before LC-ESI-MS/MS analysis after
centrifugation at 10,000 g for 10 min. An LC-ESI-MS/MS system
was used to examine the sample extracts (HPLC: Shim-pack
UFLC Shimadzu CBM30A system1; MS: Applied Biosystems
6500 Q TRAP).2 Qualitative and quantitative mass spectrometry
analysis of metabolites in samples was based on the KEGG
compound database, the MetWare database (MWDB), and
multiple reaction monitoring (MRM). Metabolite identification
is based on the accurate mass of metabolites, MS2 fragments,
MS2 fragment isotope distribution and retention time (RT). The
secondary spectrum and RT of the Metware company’s database
are intelligently matched one by one, and the MS tolerance

1 www.shimadzu.com.cn/

2 www.appliedbiosystems.cn/
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and MS2 tolerance are set to 20 and 20 ppm, respectively. For
each treatment group, three biological replicates were examined
individually. The samples were evaluated using Yang’s methods
under the following HPLC conditions (12).

Principal component analysis (PCA) was used to investigate
the specific accumulation of D. moniliforme metabolites in
different growth years using R.3 The data were normalized, and
all samples were examined using a cluster heatmap, which was
then generated. The following conditions were used to screen
differentially accumulated metabolites (DAMs): foldchange ≥ 2
and foldchange ≤ 0.5, VIP ≥ 1, and the up and down regulation
of differential metabolites was compared between different
comparison groups. The mean values of the relative content
of the differential metabolites in each group were standardized
by z-score and then subjected to K-means clustering analysis
to analyze trends in the relative content of metabolites in
distinct subgroups.

Ribonucleic acid extraction, Illumina
sequencing, and differentially
expressed genes analysis

According to the manufacturer’s instructions, total RNA
of D. moniliforme was extracted using the OmniPlantRNA
kit (CWBIO, China), mRNA libraries of each sample were
constructed, and the libraries were sequenced using Illumina
platform. RNA extraction, library construction and sequencing
were carried out as described by Yang’s method (12). Using
the HISAT2 software, the filtered reads were mapped to the
reference genome (13).4 As a measure of transcription or gene
expression, fragments per kilobase of transcript per million
mapped reads (FPKM) were utilized. The DESeq2 was used to
find differentially expressed genes (DEGs) (14), and the filter
condition was | log2(fold change)| > 1, with p-value < 0.05.
TopGO and clusterprofiler were used to enrich all DEGs in
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) to better understand the function and critical
pathway of DEGs.

Gene co-expression network
construction

WGCNA was conducted by using R software package.
Before constructing the network, the RNA sequencing data
was examined to eliminate low-quality genes and low-quality
samples. Then, the Pearson correlation coefficients of all
DEGs were calculated and the appropriate soft threshold ß

3 www.r-project.org

4 https://www.ncbi.nlm.nih.gov/genome/69090

was automatically selected (15). The Pearson result weighted
by ß exponent was transformed into adjacency matrix (16).
Then, the adjacency matrix was transformed into topological
overlap (TOM) matrix and TOM was used to demonstrate the
similarity expression of genes. Finally, hierarchical clustering
method is used to generate a hierarchical clustering tree of
DEGs, and similar modules are combined (17). Hub genes
are commonly used for highly connected genes, which have
a high level of connectivity in the co-expression module.
Depending on the size of the module, the top 20 genes
with the strongest connection have been designated as hub
genes, and genes were further examined in these modules.
Cytoscape (v.3.6.1) was used to build and visualize a network
of gene-gene interactions.

Integration analysis of transcriptome
and metabolome

According to the metabolite content and gene expression
value in the stem of D. moniliforme at different growth years,
the DEGs and the DAMs of flavonoid biosynthesis pathway in
each comparison group were analyzed. First, pathway analysis
was used to analyze the DEGs and DAMs related to flavonoid
biosynthesis. Moreover, in order to better understand the
relationship between transcriptome and metabolome, DEGs and
DAMs were mapped to the KEGG pathway database to obtain
their common pathway information.

Real-time quantitative PCR validation

Eleven DEGs were screened for qRT-PCR using specific
primers designed by Oligo7 software. Supplementary Table 1
lists the primers that were used in this study. qRT-PCR was
performed on the ABI 7500 Real-time PCR system (Applied
Biosystems) according to the manufacturer’s instructions.
2−11CT method was used for relative quantitative analysis
of the data, and the internal reference gene was Actin (18).
Three replicates were analyzed for each sample to ensure
reproducibility and reliability (Supplementary Figure 2).

Statistical analysis

The differences between multiple groups were analyzed
using a one-way ANOVA followed by Duncan’s multiple
comparisons test. The experimental data were expressed as
the mean ± standard deviation, p-values less than 0.05 were
regarded as statistically significant. SPSS 22.0 software was used
for statistical analysis and GraphPad Prism 8.0 software was
used for drawing. In this study, all experiments were conducted
in three biological replicates.
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Results

Measurement of total flavonoid and
alkaloid contents in Dendrobium
moniliforme

In order to determine the accumulation of flavonoids
and alkaloids in the stems of D. moniliforme in different
years, their contents in different growth years were measured.
In general, the contents of flavonoids were very variable at
different growth stages. As seen in the Figure 1, the flavonoid
content increased from 1Dm to 3Dm, peaked at 3Dm then
dropped in the fourth year. The highest flavonoid in the stem
of D. moniliforme was 11.13 mg.g−1 DW and the lowest
3.35 mg.g−1 DW (Figure 1). The flavonoid content of 2-year-
old, 3-year-old, and 4-year-old D. moniliforme was significantly
different from that of 1-year-old D. moniliforme. The trend
of the content of alkaloids in stems of D. moniliforme in
four different growth years was similar to that of the contents
of flavonoids. The alkaloid content increased in the first 3
years, reached the maximum value of 0.61 mg.g−1 DW in
the third year, and decreased in the fourth year (Figure 1).
They are all significantly higher than that in the first year.
The results suggested that the third year of D. moniliforme
growth could be an essential stage of accumulation of
flavonoids and alkaloids.

Metabolite profiling of different growth
years of Dendrobium moniliforme

In order to explore the metabolic changes during the
different growth years of D. moniliforme, metabolic analysis on
the stems of D. moniliforme with four growth years was carried
out by using widely targeted metabolomics. 767 metabolites
were identified from 1Dm, 2Dm, 3Dm and 4Dm, indicating
that the spectrum of D. moniliforme metabolites was diverse in
different growth years. Supplementary Tables 2–7 listed all the
metabolites identified in all samples. PCA was used to evaluate
12 samples in order to gain a preliminary understanding of
the overall metabolic difference. The analytical results show
that there are significant differences between each group, but
no significant differences within the group (Supplementary
Figure 3A). The biological repeats were all gathered together,
indicating that the metabolomic data is highly reliable. The
heatmap results revealed that flavonoids accumulated at a high
level in 3 and 4Dm (Supplementary Figure 3B). The maximum
expression of organic acid was found in 2Dm, compared with
the samples of other years. Furthermore, lipids, amino acids and
derivatives, alkaloids, nucleotides and derivatives, quinones and
terpenoids were more abundant in 2Dm and 4Dm than in 1Dm
and 3Dm.

A K-means cluster analysis was performed on 366
metabolites in four developmental stages. The nine figures
showed obvious cluster changes of metabolites, and the change
trend is shown in Supplementary Figure 3C. Furthermore,
these 366 metabolites contained 63 flavonoids. Notably, 61.9%
of TF were found in Clusters 4, Cluster 7 and Cluster 8.
Interestingly, in the metabolite expression trends of these
three clusters, the levels of expression of metabolites in 3 and
4Dm were higher than in 1 and 2Dm. A total of 480 DAMs
were identified (Supplementary Figure 3D). The most up-
accumulated DAMs were found in 1Dm vs. 4Dm, the least
up-accumulated DAMs were found in 3Dm vs. 4Dm. While
2Dm vs. 3Dm had the most down-regulated DAMs, 3Dm
vs. 4Dm had the least down-regulated DAMs. According to
Supplementary Figure 3D, the highest number of DAMs was
found in 1 and 2Dm, while the lowest number of DAMs was
found in 3Dm vs. 4Dm. In Supplementary Figure 4, the top
10 up-accumulated and down-accumulated metabolites with
significant differences were listed.

Ribonucleic acid sequencing and
identification of differentially
expressed genes

The RNA-Seq data were submitted to NCBI with accession
number PRJNA776418. Transcriptome analysis was used to
identify DEGs in stems to better understand the molecular
basis of D. moniliforme. The DEGs among different comparison
groups of D. moniliforme can be seen using the volcano figure
(Supplementary Figure 5). There were 3,734 DEGs in six
comparison groups (1Dm vs. 2Dm, 1Dm vs. 3Dm, 1Dm vs.
4Dm, 2Dm vs. 3Dm, 2Dm vs. 4Dm, 3Dm vs. 4Dm) using
| Log2FC| > 1 and p-value < 0.05 as screening criterion.
The largest number of DEGs were discovered in 2Dm vs.
3Dm (2,183). The lowest amount of DEGs were found in
3Dm vs. 4Dm (228).

Gene ontology and Kyoto
encyclopedia of genes and genomes
enrichment of differentially expressed
genes

The functions of the DEGs were categorized according
to the classification of the GO database. As shown in
Supplementary Figure 6, “Biosynthetic processes” was the
most enriched subcategory in the biological process (BP)
category, followed by “Metabolic processes.” The most enriched
subcategories in the molecular function (MF) category were
“Transferase activity” and “Transporter activity.” DEGs are
typically found in “Membranes” and “Cell walls” in the cell
component (CC) category.
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FIGURE 1

Determination of total flavonoids and alkaloids in the stem of D. moniliforme. (A) Content of total flavonoids in stems of D. moniliforme with
different growth years; (B) contents of total alkaloids in stems of D. moniliforme with different growth years. The asterisk “*” indicates statistical
differences in the same indicator between different growth years by a t-test, with a significant difference of p < 0.05 (*p < 0.05, **p < 0.01,
***p < 0.001). Error bars represent standard deviations (n = 3).

To understand the biological functions of DEGs, the
transcriptome sequencing data were blasted to the KEGG
database (Supplementary Figure 7). Among the top 20 enriched
pathways, the largest proportion of DEGs was located in
the “Metabolism pathway,” while “Environmental information
processing,” and “Organismal systems” were in the second and
third place. Among them, “Phenylpropanoid biosynthesis” and
“Starch and sucrose metabolism” were significantly enriched
in all comparison groups, except for 3Dm vs. 4Dm. “Fructose
and mannose metabolism” was significantly enriched in both
the 1Dm vs. 3Dm and 2Dm vs. 4Dm. In both 1Dm vs. 3Dm
and 3Dm vs. 4Dm, “Tropane, piperidine and pyridine alkaloid
biosynthesis” were remarkably enriched. In Supplementary
Figure 8, the top 20 KEGG pathways are listed.

KEGG enrichment analysis showed that many DEGs are
associated with metabolic pathways. Secondary metabolism-
related pathways are important in medicinal plants. In this
study, secondary metabolism-related DEGs in 1Dm vs. 2Dm,
1Dm vs. 3Dm, 2Dm vs. 4Dm, 3Dm vs. 4Dm, and 3Dm vs. 4Dm
were classified as 34, 49, 47, 56, 57, and 11 secondary-metabolic
KEGG pathways. Among them, 56, 57, and 11 ts. In this study,
meivatives, quiee gene was e appropriate soft threshold ractfour
growth years of D. moniliforme.

Identified metabolites and genes
involved in flavonoid biosynthesis
pathway

As shown in Figure 2, there have been identified a total of
20 DEGs involving the flavonoid biosynthetic pathway. Overall,
the levels of expression of two CHS genes (LOC110105249,
LOC110105073), one F3’H gene (LOC110096779), one FLS
gene (LOC1100114984), and one OMT gene (LOC110101682)
were higher in 3Dm or 4Dm than in 1 and 2Dm. However,
the expression of some genes upstream of the flavonoid
biosynthetic pathway was higher in 1 and 2Dm than in 3Dm
or 4Dm, such as PAL, 4CL and C4H. In order to verify

the reliability of transcriptomic results, 17 DEGs involved
in flavonoid biosynthesis were further selected for qRT-
PCR analysis. qRT-PCR results were basically consistent with
RNA-seq results, indicating the validity of RNA-seq results
(Supplementary Figure 2G).

There have been identified a total of 34 DAMs related to
the flavonoid biosynthetic pathway. The DAMs content revealed
diverse trends of expression each year, but most metabolites
were most expressive at 3 and 4Dm, except keampferol,
dihydrokaempferol and flavones. In addition, keampferol was
more expressed in 1 and 3Dm than 2 and 4Dm, while
dihydrokaempferol was exactly the opposite of keampferol; that
is, it was more expressed in 2 and 4Dm than 1 and 3Dm.

Gene co-expression network analysis

To investigate the gene regulatory network of flavonoid
synthesis in D. moniliforme stems, co-expression analysis and
network construction for 3,734 DEGs were performed. The
analysis yielded nine different modules (black, blue, brown,
green, gray, pink, red, turquoise and yellow) in a dendrogram,
where modules are clusters of highly correlated genes that are
co-expressed within the same module (Figure 3A). To detect
the interactions between gene models, network heatmap for
co-expression modules was performed. The heatmap of the
co-expression network is in red, indicating high DEG co-
expression within the module and low co-expression outside
the module (Figure 3B). The modules associated with TF,
TA, and different growth years (Year) were identified from
the above modules (Figure 3C). The results showed that
four modules were highly correlated with TF, TA, and Year,
including yellow, brown, turquoise and black gene modules,
while the rest of the modules were less correlated with
TF, TA, and Year. Among them, turquoise and black gene
modules were significantly positively correlated with Year, and
yellow and brown gene modules were significantly negatively
correlated with Year.
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FIGURE 2

The flavonoids biosynthetic pathway of D. moniliforme. The heatmap shows the expression patterns of DEGs and DAMs during flavonoid
biosynthesis. The rectangles represent the expression changes of DEGs and the circles represent the expression changes of DAMs. The color
scale indicates the relative amounts of DEGs and DAMs. Darker colors indicate higher expression. Pink represents up-regulated DEGs, and blue
represents down-regulated DEGs. Red represents up-regulated DAMs and green represents down-regulated DAMs. Key enzyme gene
abbreviation: C4H, cinnamate 4-hydroxylase; PAL, phenylalanine ammonia lyase; 4CL, 4-coumarate: CoA ligase; CHS, chalcone synthase; CHI,
chalcone isomerase; F3H, flavonoid 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; FLS, flavonol synthase; IFS: isoflavone synthase; FNS, flavone
synthase; OMT, O-methyltransferase.

In the co-expression networks, hub genes are highly co-
expressed with other genes and play important roles in key
pathways. 20 hub genes were identified in each of the yellow,
brown, turquoise, and black modules (Figures 3D–G), and
these hub genes were highly connected. In Supplementary
Figure 9, a heatmap of the expression of hub genes in the
four modules was performed. In both turquoise and black
modules, hub genes had high expression in 3Dm and 4Dm.

The expression of hub genes in the yellow and brown modules
was higher in 1Dm and 2Dm than in 3Dm and 4Dm. Overall,
this result was generally consistent with the variation of
flavonoid and alkaloid contents in D. moniliforme. In-depth
analysis revealed that the black module identified one FLS
gene (LOC110114894) involved in flavonoid biosynthesis, which
had strong connectivity with other hub genes, which further
indicated that FLS genes are key genes in flavonoid biosynthesis.
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FIGURE 3

Weighted gene co-expression network of D. moniliforme. (A) Clustering dendrogram of DEGs, with dissimilarity based on the topological
overlap, together with assigned module colors. The clustered branches represent different modules, and each line represents one DEG. (B) The
heatmap of connectivity of eigengenes. (C) Module-trait associations. Each row corresponds to a module characteristic gene (eigengene), and
each column corresponds to a trait. Each cell contains a corresponding correlation coefficient and p-value. (D–G) D. moniliforme
transcriptome co-expression network diagram: (D) Yellow module; (E) brown module; (F) turquoise module; (G) black module.
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In yellow and turquoise modules, two MYB transcription factors

(TFs) (LOC110103484 and LOC110093022) regulating flavonoid
synthesis were found. In addition, in the turquoise module, a
key enzyme cinnamoyl-CoA reductase (CCR, LOC110107374)
involved in lignin synthesis was identified.

Integrated metabolomic and
transcriptomic analysis

To assess the relationship between transcriptome and
metabolome, the KEGG pathway enrichment results were
integrated (Figure 4). KEGG pathways were classified into
5 categories, including Cellular Processes, Environmental
Information Processing, Genetic Information Processing,
Human Diseases, Metabolism, and Organismal Systems.
Among them, the Metabolism class has the most genes. The
results showed a high enrichment of metabolism-related
pathways in all comparison groups, such as, “Flavonoid
biosynthesis,” “Phenylpropanoid biosynthesis,” “Fructose and
mannose metabolism,” “Tropane, piperidine and pyridine
alkaloid biosynthesis” and “Starch and sucrose metabolism.”
Among them, “Flavonoid biosynthesis” and “Phenylpropanoid
biosynthesis,” which are involved in flavonoid synthesis,
were significantly enriched in 1Dm vs. 2Dm, 1Dm vs. 3Dm,
1Dm vs. 4Dm, 2Dm vs. 3Dm, 2Dm vs. 4Dm (Figure 4). The
“Fructose and mannose metabolism” and “Starch and sucrose
metabolism” pathways involved in polysaccharide synthesis
were significantly enriched in 1Dm vs. 4Dm, 1Dm vs. 3Dm,
2Dm vs. 3Dm, 2Dm vs. 4Dm. The “Tropane, piperidine and
pyridine alkaloid biosynthesis” pathways involved in alkaloid
synthesis were significantly enriched in 1Dm vs. 3Dm and 3Dm
vs. 4Dm. These are all related to the synthesis of important
medicinal components of D. moniliforme. Moreover, based on
the metabolite results, it is known that flavonoid compounds
were significantly higher in 3Dm and 4Dm. Meanwhile, the
transcriptome results showed a more significant effect of
phenylpropanoid biosynthesis in each comparison group, while
the phenylpropanoid pathway is upstream of the flavonoid
pathway. In summary, both DAMs and DEGs were significantly
correlated with the flavonoid synthesis pathway.

Discussion

The differential metabolites of the stems of D. moniliforme
at four growth years were detected. A total of 480 DAMs
were identified, including 107 types of flavonoid metabolites,
mainly flavonoids and flavonols. It is worth noting that
3Dm and 4Dm have much higher expression levels of key
flavonoids, such as eriodictyol, kaempferol, quercetin, and
isorhamnetin than 1Dm and 2Dm. These metabolites have
been reported to have antioxidant (19), anti-inflammatory

(20), prevention and treatment of cardiovascular diseases
(21), anti-tumor (22), kidney protection (23) and other
medicinal properties. Compared with those of our previous
studies, the numbers of species of flavonoids metabolites in
D. moniliforme were fewer than those in D. huoshanense
(24). The accumulation pattern of flavonoids was different
in different species of Dendrobium. In D. huoshanense,
flavonoids showed a tendency of accumulation, and the
content of flavonoids was the highest in stems of 4-year-
old, whereas in D. moniliforme, the content of flavonoids
was the highest in 3-year-old stems, but decreased in 4-year-
old stems. Meanwhile, the content of flavonoids in stems
of 3-year-old D. moniliforme was 11.13 mg.g−1 DW, which
was higher than that in stems of 4-year-old D. huoshanense
(8.94 mg.g−1 DW). Therefore, D. moniliforme is more suitable
as an antioxidant to scavenge free radicals in the human body
than D. huoshanense. Meanwhile, the best effect was obtained
from 3-year-old D. moniliforme. The results of this experiment
illustrate the great potential of D. moniliforme as a food and
cosmetic ingredient.

With the advancement of sequencing technology and the
growing volume of transcriptome data, WGCNA analysis allows
for the quick and efficient identification of genes or TFs
associated with specific traits. In this study, the WGCNA
was used to screen out a FLS gene (LOC110114894) that
is highly correlated with flavonoid accumulation, regulates
the biosynthesis of flavonoids, and influences the production
of related secondary metabolites including kaempferol and
quercetin. This is consistent with the results of previous studies
with findings on the transcriptional regulation of FLS genes
in species such as Vitis vinifera (25), Camellia nitidissima (26),
and Scutellaria baicalensis (27), which also found that FLS is a
key enzyme in the flavonol biosynthesis pathway, significantly
correlated with total flavonol content, and its high expression
promoted the accumulation of flavonols (28). This gene was also
found in the transcriptome of D. huoshanense. The results of
transcriptome sequencing and qRT-PCR results showed that the
expression level of FLS in D. moniliforme was higher than that in
D. huoshanense. Therefore, we hypothesized that the expression
level of FLS affected the biosynthesis level of flavonoids in
Dendrobium.

MYB transcription factors (TFs) are of great interest
because of their importance in repressing or activating
the transcription of genes related to the biosynthesis of
anthocyanins, proanthocyanidins, flavonols, and other
flavonoid biosynthesis in plants (29). In this study, one
MYB1R (LOC110103484) and one MYB86 (LOC110093022)
were identified as hub genes, indicating that they play
an important role in regulating flavonoid metabolism.
In tobacco, Arabidopsis and other plants, MYB1R has
been reported as transcriptional repressors of anthocyanin
biosynthesis (30, 31). In our study, overexpression of
MYB1R was hypothesized as one of the reasons for

Frontiers in Nutrition 08 frontiersin.org

https://doi.org/10.3389/fnut.2022.928074
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-928074 September 20, 2022 Time: 15:36 # 9

Yuan et al. 10.3389/fnut.2022.928074

FIGURE 4

Scatterplot of KEGG pathway enrichment for transcriptome and metabolome. The circles indicate genes and the triangles indicate metabolites.
The horizontal axis is the gene ratio and the vertical axis is the pathway terms. The larger the point, the greater the number of DEGs or DAMs
involved. The pathways related to flavonoid, polysaccharide and alkaloid biosynthesis are marked with red boxes. (A) 1Dm vs. 2Dm; (B) 1Dm vs.
3Dm; (C) 1Dm vs. 4Dm; (D) 2Dm vs. 3Dm; (E) 2Dm vs. 4Dm; (F) 3Dm vs. 4Dm.

the deficiency of anthocyanins. Furthermore, MYB86
was found to be up-regulated in the first and second
years, while down-regulated in the third and fourth
years. Gao et al. found that MYB86 was up-regulated
during initial fruit development, which may promote the
accumulation of anthocyanin, and this may explain the
up-regulation of MYB86 in the first and second years
(32). It was found that cinnamoyl-CoA reductase (CCR)
is the entry point of phenylpropanoid pathway into lignin
pathway (33). In this study, a key enzyme involved in
lignin synthesis, CCR (LOC110107374), in the turquoise
module was identified, suggesting that lignin plays a key
regulatory role in the synthesis of flavonoids. This has been

confirmed in Arabidopsis, tobacco, peach and other plants
(34–36).

Also, a regulatory network for flavonoid biosynthesis
in D. moniliforme stems was built to visualize the role
of flavonoid synthesis genes in the pathway (Figure 2).
The synthesis of flavonoids starts from the phenylpropanoid
metabolic pathway, which is one of the most well-studied
secondary metabolic pathways (37). The phenylpropanoid
metabolic pathway contains enzymes such as PAL, C4H,
and 4CL, which catalyze the conversion of phenylalanine to
coumaroyl-CoA (38). Figure 2 shows that genes PAL, C4H,
and 4CL were significantly up-regulated in D. moniliforme in
first and second years; meanwhile, lignin in the downstream
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pathway was not found. Numerous studies have shown
that MYBs play an significant regulatory function in the
synthesis of lignin and flavonoids (39). Zhang et al. found
that most R2R3-MYB contribute to flavonoid synthesis at
the expense of repressing lignin synthesis (40). A large
number of MYB TFs were found in the transcriptome
data. So, these MYB TFs were speculated to inhibit the
production of lignin and affect the expression of genes
like PAL, C4H, and 4CL in different growth years of
D. moniliforme.

Conclusion

In summary, this study revealed the changes of flavonoids
and related genes in different growth years, and constructs
a regulatory network of flavonoid synthesis. The results
showed that FLS occupies an important position in the
biosynthesis of flavonoids. Also, the biosynthetic pathway
of flavonoids is influenced by lignin biosynthesis, and a
decrease in lignin biosynthesis may provide more substrates
for flavonoids. MYB TFs also have a regulatory role
in the flavonoid biosynthesis pathway. Transcriptomic
and metabolomic data showed a gradual increase in
flavonoids in the stems of D. moniliforme with increasing
growth years. Considering factors such as time and
cost, the best harvesting period for D. moniliforme is
the third year. This study provides important data for
farmers and processors involved in the D. moniliforme
cultivation industry and provides new theory and
evidence for determining the optimal harvesting period
for D. moniliforme.
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SUPPLEMENTARY FIGURE 1

Plant size of Dendrobium moniliforme from four different years.

SUPPLEMENTARY FIGURE 2

Verification of the expression patterns of RNA-seq results using
qRT-PCR.

SUPPLEMENTARY FIGURE 3

Metabolomic analysis of D. moniliforme with different growth years. (A)
PCA analysis of metabolomic data. (B) Heatmap of all metabolites
detected in D. moniliforme. (C) K-means cluster analysis. (D) The
number of up and down regulated differential metabolites in different
groups. 1, 2, 3, and 4Dm represent the four growth stages of
D. moniliforme: 1Dm represents the first year of growth; 2Dm
represents the second year of growth; 3Dm represents the third year of
growth; 4Dm represents the fourth year of growth.

SUPPLEMENTARY FIGURE 4

Top 10 up-accumulated and down-accumulated metabolites with
significant differences. The metabolites marked in red are flavonoid
metabolites. (A) 1Dm vs. 2Dm; (B) 1Dm vs. 3Dm; (C) 1Dm vs. 4Dm; (D)
2Dm vs. 3Dm; (E) 2Dm vs. 4Dm; (F) 3Dm vs. 4Dm.

SUPPLEMENTARY FIGURE 5

Differentially expressed genes (DEGs) in different comparisons. The red
dots mean significantly up-regulated genes and the blue dots represent
significantly down-regulated genes. The gray dots represent non-DEGs.
(A) 1Dm vs. 2Dm volcano; (B) 1Dm vs. 3Dm volcano; (C) 1Dm vs. 4Dm
volcano; (D) 2Dm vs. 3Dm volcano; (E) 2Dm vs. 4Dm volcano; (F) 3Dm
vs. 4Dm volcano.
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SUPPLEMENTARY FIGURE 6

GO enrichment circle diagram. The outermost circle indicates the GO
term, and different colors represent different subcategories; the second
circle indicates the number and P-value of that GO term. The more
genes the longer the bar, the smaller the value the redder the color; the
third circle indicates the number of up- and down-regulated genes of
the GO term, red indicates up-regulation and green indicates
down-regulation. The fourth circle indicates the Rich Factor value of
each classification. (A) 1Dm vs. 2Dm volcano; (B) 1Dm vs. 3Dm; (C) 1Dm
vs. 4Dm; (D) 2Dm vs. 3Dm; (E) 2Dm vs. 4Dm; (F) 3Dm vs. 4Dm.

SUPPLEMENTARY FIGURE 7

KEGG pathway enrichment bubble diagram. The bubble diagram shows
the top 20 KEGG enrichment pathways. Each bubble represents a
different pathway. The bubble color represents the KEGG category and
the bubble size represents the number of DEGs. The smaller the p-value

of the enriched pathway, the more significant it is. (A) 1Dm vs. 2Dm; (B)
1Dm vs. 3Dm; (C) 1Dm vs. 4Dm; (D) 2Dm vs. 3Dm; (E) 2Dm vs. 4Dm;
(F) 3Dm vs. 4Dm.

SUPPLEMENTARY FIGURE 8

Top 20 KEGG pathways. (A) 1Dm vs. 2Dm; (B) 1Dm vs. 3Dm; (C) 1Dm vs.
4Dm; (D) 2Dm vs. 3Dm; (E) 2Dm vs. 4Dm; (F) 3Dm vs. 4Dm.

SUPPLEMENTARY FIGURE 9

The heatmap of the expression of hub genes in four modules. (A) yellow
module; (B) brown module; (C) turquoise module; (D) black module.

SUPPLEMENTARY TABLE 1

Gene IDs and primers used in the quantitative real-time PCR (qRT-PCR)
experiments.

SUPPLEMENTARY TABLES 2–7

The complete list of identified metabolites.
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