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Abstract: Dendrobium huoshanense, Dendrobium officinale, and Dendrobium moniliforme, as precious
Chinese medicinal materials, have a variety of medicinal properties. Flavonoids are important
medicinal components of Dendrobium, but their accumulation rules and biosynthesis mechanisms
remain unclear. To explore the similarities and differences of flavonoid accumulation and biosynthesis
in these three Dendrobium species, we performed flavonoid content determination, widely-targeted
metabolomics and transcriptome sequencing on 14 years old Dendrobium species. The results
showed that in different growth years, D. huoshanense stems had the highest flavonoid content in
the second year of growth, while D. officinale and D. moniliforme stems had the highest flavonoid
content in the third year of growth. A total of 644 differentially accumulated metabolites (DAMs)
and 10,426 differentially expressed genes (DEGs) were identified by metabolomic and transcriptomic
analysis. It was found that DAMs and DEGs were not only enriched in the general pathway of
“flavonoid biosynthesis”, but also in multiple sub-pathways such as “Flavone biosynthesis”, and
“Flavonol biosynthesis” and “Isoflavonoid biosynthesis”. According to a combined transcriptome and
metabolome analysis, the expression levels of the F3’H gene (LOC110096779) and two F3'5'H genes
(LOC110101765 and LOC110103762) may be the main genes responsible for the differences in flavonoid
accumulation. As a result of this study, we have not only determined the optimal harvesting period
for three Dendrobium plants, but also identified the key genes involved in flavonoid biosynthesis
and provided a basis for further study of the molecular mechanism of flavonoid synthesis.
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1. Introduction

Dendrobium is the second largest genus of Orchidaceae and is mainly distributed in
tropical and subtropical regions [1,2]. There are more than 1500 species of Dendrobium in the
world at present [3,4]. Dendrobium contains flavonoids, polysaccharides, alkaloids, phenan-
threne, bibenzyl and sesquiterpenes, as well as other biologically active compounds [5,6].
Studies have shown that the stem of Dendrobium contains more medicinal components than
other parts, and the Chinese Pharmacopoeia also specifies that the stem is the medicinal
tissue [7-9]. Additionally, Dendrobium species differ in their chemical composition, content,
pharmacology, and commercial value. D. huoshanense, D. officinale, and D. moniliforme are
three species of Dendrobium with important medicinal value. Among them, D. huoshanense
and D. officinale have been listed in the Chinese Pharmacopoeia, which indicates their high
commercial value. In contrast, due to less research being completed on D. moniliforme, its
medicinal value has not received enough attention, so it has not been listed in the Chinese
Pharmacopoeia, resulting in its low commercial value. However, recent studies suggest
that the medicinal components in D. moniliforme have antioxidant, anti-inflammatory, and
therapeutic properties for osteoporosis [10,11]. As a result of these findings, it appears to be
worthwhile to investigate the medicinal value of D. moniliforme, as well as D. huoshanense
and D. officinale.
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Studies on Dendrobium mainly focus on the isolation and identification of active
components [12], genome analysis [13], biological activity [14,15], rhizosphere microbial
composition [16], and pharmacological effects [11]. In recent years, research on the biosyn-
thesis and accumulation mechanism of bioactive components of Dendrobium has also been
carried out, but mainly focused on alkaloids and polysaccharides [17-19]. As one of the
main bioactive components of Dendrobium, flavonoids have various beneficial effects on the
human body, such as anti-cancer [20], antioxidant [21], promoting cognitive function [22],
protecting nerves [23], and improving vascular function [24]. However, the biosynthesis
and regulatory mechanisms of flavonoids in Dendrobium are still unclear. Therefore, it is
necessary to know whether there are similarities and differences between different Den-
drobium species in terms of flavonoid content and the biosynthesis pathway, which will be
helpful for a comprehensive evaluation of the different Dendrobium species.

The accumulation of flavonoids has an age-dependent effect. In the leaves of 1-7-year-
old ginkgo young trees, the flavonoid content decreased with increasing tree age, while
the flavonoid content in the leaves of mature trees (ginkgo trees older than 25 years) did
not change significantly [25,26]. However, the main medicinal tissue of Dendrobium is the
stems, and the accumulation rule and regulation mechanism of flavonoids in the stems
of Dendrobium are still unclear. Therefore, to explore the similarities and differences in
the accumulation rules and regulatory mechanisms of the three Dendrobium flavonoids,
we performed transcriptome and metabolome analysis on the stems of D. huoshanense,
D. officinale, and D. moniliforme of 1-4 years old. We identified the dynamics of flavonoid
accumulation in three Dendrobium species during different growth years as well as the
molecular mechanism involved in flavonoid biosynthesis. WGCNA analysis was also used
to screen out genes that are highly related to flavonoid synthesis. This study evaluated
the similarity and specificity of flavonoid content and biosynthesis pathway of three
Dendrobium species in order to discern the differences between them, which is of great
significance for the comprehensive evaluation of three Dendrobium species, as well as
providing theoretical support for the selection of a reasonable harvest period.

2. Results
2.1. Determination of Flavonoids and Alkaloids Contents

We determined the contents of total flavonoids and alkaloids in D. huoshanense, D. of-
ficinale, and D. moniliforme of different growth years. There was no consistency between
the variation trends of the three Dendrobium species during different growth years. As for
flavonoids, there were no significant differences between the three Dendrobium species in
the first and fourth years of cultivation, but in the second and third years, D. moniliforme had
significantly higher flavonoid levels than D. huoshanense and D. officinale (p < 0.05, Figure 1a).
For D. huoshanense, the content of flavonoids in the third year was significantly different
from that in other years (p < 0.05, Figure 1a). Flavonoids were highest in three-year-old
D. moniliforme (11.13 mg-g~!), and lowest in one-year-old D. moniliforme (3.35 mg-g~')
(Figure 1a). Alkaloids were not significantly different between the three Dendrobium species
in the first two years, but the total alkaloids content of D. huoshanense was significantly
lower than that of D. moniliforme and D. officinale in the fourth year (Figure 1b). For D. hu-
oshanense, the content of alkaloids in the fourth year was significantly different from that in
other years (p < 0.05, Figure 1b). Three-year-old D. officinale contained the highest amount
of alkaloid (0.65 mg-g~1!), while four-year-old D. huoshanense contained the lowest amount
(0.22 mg-g~!) (Figure 1b). Interestingly, the total flavonoids and alkaloids in D. moniliforme
followed the same trend, namely, that they gradually increased from 1Dm to 3Dm and
decreased from 3Dm to 4Dm, indicating that the medicinal value of D. moniliforme was at
its highest during the third year of growth (Figure 1a,b).
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Figure 1. Determination of total flavonoids and alkaloids in stems of three Dendrobium species. (a) to-
tal flavonoids content in stems of three Dendrobium species of four growth years. (b) Total alkaloid
content in stems of three Dendrobium species of four growth years. Capital letters indicate differences
among different species and lowercase letters indicate differences among different growth years.

2.2. Identification of DAMs and DEGs

The clean reads obtained from the transcriptome sequencing of D. huoshanense, D. of-
ficinale, and D. moniliforme were mapped to the D. officinale genome. The results showed
that these clean reads all had high mapping rates and could be used for subsequent com-
parative transcriptome analysis (Table S1). In order to further reveal the differences of
transcriptome in D. huoshanense, D. officinale, and D. moniliforme under different growth
years, we constructed 12 comparison groups: 1Dh vs. 1Dm; 1Dh vs. 1Do; 1Do vs. 1Dm;
2Dh vs. 2Dm; 2Dh vs. 2Do; 2Do vs. 2Dm; 3Dh vs. 3Dm; 3Dh vs. 3Do; 3Do vs. 3Dm; 4Dh
vs. 4Dm; 4Dh vs. 4Do; 4Do vs. 4Dm. Based on the p-value < 0.05 and | log2 (FC) | > 1 for
the threshold, we screened 644 DAMs and 10426 DEGs (Figure 2a,b).

In terms of DAMSs, the number of DAMs detected in 2Do vs. 2Dm was the highest (310),
of which 216 DAMs were upregulated and 94 DAMs were downregulated. The number
of DAMs detected in 4Dh vs. 4Dm was the lowest (199), among which 112 DEGs were
upregulated and 87 DEGs were downregulated. In addition, the proportion of upregulated
metabolites was larger in 1Do vs. 1Dm, 2Dh vs. 2Dm, 2Do vs. 2Dm, 4Dh vs. 4Dm, and 4Do
vs. 4Dm, and the proportion of downregulated metabolites was greater in other comparison
groups (Figure 2¢). In terms of DEGs, the highest number (4565) was detected in 2Do vs.
2Dm, with 1665 DEGs that were upregulated and 2900 that were downregulated. The
lowest number of DAMs was detected in 2Dh vs. 2Dm (609), with 264 upregulated DEGs
and 345 downregulated DEGs. In addition, the proportion of upregulated genes was larger
in 1Dh vs. 1Do and 2Dh vs. 2Do, and the proportion of downregulated genes was larger in
other comparison groups (Figure 2d).
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Figure 2. Changes in the number of DAMs and DEGs in 12 comparison groups. The total number
of DAMs (a) and DEGs (b) in different comparison groups is calculated. The number in the center
represents the number of DAMs/DEGs shared by all comparison groups. The number of DAMs
(c) and DEGs (d) that are upregulated and downregulated in different comparison groups is compared.
Blue represents downregulation and red represents upregulation.

2.3. KEGG Enrichment of DAMs

To further reveal the potential role of DAMs, KEGG enrichment analysis was per-
formed (Figure 3a-1). The pathway of significant enrichment may be the key to reveal
the changes of metabolites of the three Dendrobium species in different growth years. The
results showed that the pathways associated with flavonoid biosynthesis were enriched.
Among all of the comparison groups, “Flavone and flavonol biosynthesis” was enriched
in all of the comparison groups (Figure 3a-l). “Flavonoid biosynthesis” was enriched in
3Do vs. 3Dm, 4Dh vs. 4Dm and 4Dh vs. 4Do (Figure 3i-k), and “Isoflavonoid biosynthesis”
was enriched in 3Do vs. 3Dm (Figure 3i). It is noteworthy that the phenylalanine-related
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pathway was the main enrichment pathway in the three comparison groups of annual
Dendrobium, such as “Phenylpropanoid biosynthesis”, “Phenylalanine metabolism”, and
“Phenylalanine, tyrosine and tryptophan biosynthesis” (Figure 3a—c).
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Figure 3. KEGG enrichment analysis of DAMs. The X-axis label represents the rich factor, and the
Y-axis label shows the KEGG pathways. Colors indicate p-values (from the lowest in red to the highest
in blue), red indicates significant enrichment (p < 0.05), and green indicates not significantly enriched.
The size of the bubbles represents the number of DAMs. The rich factor represents the ratio of the
number of DAMs in each pathway to the total metabolites, and the larger the rich factor, the higher
the enrichment of the pathway.

Additionally, the alkaloid-related pathways were enriched. “Tropane, piperidine and
pyridine alkaloid biosynthesis” was enriched in five comparison groups (Figure 3a,b,e f k).
“Isoquinoline alkaloid biosynthesis” was enriched in eight comparison groups. Polysaccharide-
related pathways were also obviously enriched (Figure 3b—e,g—i k). For example, “Galactose
metabolism” was enriched in 1Dh vs. 1Dm and 1Dh vs. 1Do (Figure 3a,b), and “Fructose and
mannose metabolism” was enriched in 1Dh vs. 1Do (Figure 3b). In addition, “Aminoacyl-
tRNA biosynthesis”, “2-Oxocarboxylic acid metabolism” and “ABC transporters” were also
significantly enriched in multiple comparison groups.
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2.4. GO Enrichment of DEGs

In order to further study the function of DEGs in the stems of three Dendrobium species
with different growth years, we annotated it into three categories based on the GO database,
including biological process (BP), cell component (CC), and molecular function (MF). In the
top 20 significantly enriched GO terms of all of the comparison groups, the proportion of BP
class was the highest, and CC class was the lowest. Except for 2Dh vs. 2Dm and 2Dh vs. 2Do,
the number of downregulated DEGs was higher in other comparison groups (Figure 4).
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Figure 4. GO enrichment analysis of DEGs. The secondary categories of GO include Biological
Process (BP), Molecular Function (MF), and Cellular Component (CC). These figures consist of four
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circles from outside to inside. The first circle is the enriched classification, and the outer circle is the
scale of the number of genes. The combination of letters and numbers is the ID of the GO term. The
three colors represent BP, MF, and CC, respectively. The second circle is the number of background
genes and the g-value of the GO term. The p-value after FDR correction is called g-value. The
more DEGs are enriched, the longer the box is. The smaller the g-value, the darker the color of the
box, indicating the higher the degree of enrichment. The third circle represents the number of up-
and downregulated genes. Red indicates upregulated expression, green indicates downregulated
expression, and the numbers under the box represent the number of upregulated or downregulated
genes. The fourth circle is the rich factor of each GO term (the ratio of the number of DEGs in
the GO term to the number of background genes), and each cell of the background auxiliary line
represents 0.1.

In the top 20 significantly enriched GO terms, 1Dh vs. 1Do and 3Dh vs. 3Do were
significantly different from other comparison groups. In 1Dh vs. 1Do, there were nine GO
terms enriched in the BP category, among which “Plant-type cell wall organization” was
enriched the most (Figure 4b), and the number of DEGs enriched in “Cell wall organization
or biogenesis” was the most. There are eight GO items enriched in the MF category, among
which the number of DEGs enriched in “Oxidoreductase activity” was significantly more
than other GO terms (Figure 4b). In 3Dh vs. 3Do, the BP, CC and MF categories were
enriched in 10, 4, and 6 GO terms, mainly including “Monocarboxylic acid metabolic
process”, “Lipid biosynthetic process” and “Transferase activity, transferring glycosyl
groups” (Figure 4h).

In addition, significantly enriched GO terms were similar in the other 10 comparison
groups except 1Dh vs. 1Do and 3Dh vs. 3Do (Figure 4a,c—g,i-1). In the BP category, the GO
terms were mainly enriched in metabolic process and catabolic process, including “Sec-
ondary metabolic processes”, “Phenylpropanoid metabolic process”, “Fructose metabolic
process”, “Starch metabolic processes”, “Cellular carbohydrate catabolic process”, and
“Lignin catabolic process” (Figure 4a,c—-g,i-1). In the MF category, the GO terms were
mainly enriched in transferase activity and hydrolase activity, including “Transferase ac-
tivity, transferring hexosyl groups”, “Transferase activity, transferring glycosyl groups”,
“Hydrolase activity, hydrolyzing O-glycosyl compounds”, “Hydrolase activity, acting on
glycosyl bonds”. In the CC category, GO terms were mainly enriched in “Extracellular
region” and “Apoplast” (Figure 4a,c—g,i-1). In general, DEGs were significantly enriched
in the metabolic process in the top 20 enriched GO terms, which further indicated that
the metabolic process played an important and dominant role in the growth of the three
Dendrobium species.

2.5. KEGG Enrichment of DEGs

In each comparison group, the DEGs located at “Metabolism” accounted for the largest
proportion of enrichment pathways, followed by “Environmental Information Processing”
and “Genetic Information Processing”. There were 12 comparison groups and almost all of
them involved pathways related to flavonoid biosynthesis. “Phenylpropanoid biosynthesis”
was significantly enriched in the comparison groups except 2Do vs. 2Dm, 3Do vs. 3Dm,
and 4Do vs. 4Dm (Figure 5f,i,1). “Flavone and flavonol biosynthesis” was significantly
enriched in 1Dh vs. 1Dm, 2Do vs. 2Dm, and 3Dh vs. 3Dm (Figure 5a,f,g). “Flavonoid
biosynthesis” was significantly enriched in all of the comparison groups except 2Dh vs.
2Do, 3Do vs. 3Dm, and 4Do vs. 4Dm (Figure 5a-d,f-h,j k).
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Figure 5. KEGG enrichment bubble diagram of DEGs. X-axis represents Z-score. Y-axis represents-
log1o (p-value). Bubble size represents the number of DEGs, and bubble color represents KEGG
classification. The orange threshold line indicates p = 0.05.

In addition, we found that the pathways related to polysaccharides, alkaloids, fatty
acids, phenylalanine, and other metabolites were significantly enriched. For example,
“Starch and sucrose metabolism” was significantly enriched in 1Dh vs. 1Dm, 1Do vs. 1Dm,
3Dh vs. 3Dm, and 4Dh vs. 4Dm (Figure 5a,c,g,j). “Tropane, Piperidine and Pyridine
alkaloid biosynthesis” was significantly enriched in 2Dh vs. 2Dm (Figure 5d). “Fatty acid
elongation” was significantly enriched in all of the comparison groups except 2Dh vs. 2Dm,
4Dh vs. 4Dm and 4Do vs. 4Dm (Figure 5a—c,e-i, k). “Phenylalanine metabolism” was
significantly enriched in 2Dh vs. 2Dm and 4Dh vs. 4Do (Figure 5d k). In summary, DEGs
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were largely enriched in metabolite-related pathways, suggesting that they may participate
in multiple metabolic processes and play multiple biological roles.

2.6. Integrative Analysis of DAMs and DEGs

The DEGs and DAMs in each comparison group were mapped to KEGG pathways
to analyze the relationship between metabolites and genes in three Dendrobium species.
DAMs and DEGs were found to be closely related to the biosynthesis of flavonoids. The
biosynthesis of phenylpropanoid, flavones and flavonols, and flavonoid was significantly
enriched in almost all of the comparison groups. It is noteworthy that, in 1Dh vs. 1Dm,
the DAMs and DEGs were simultaneously enriched to “Phenylpropanoid biosynthesis”
(Figure 6a). In 1Dh vs. 1Do (Figure 6b), 2Dh vs. 2Do (Figure 6e), 2Do vs. 2Dm (Figure 6f),
3Dh vs. 3Dm (Figure 6g), 3Do vs. 3Dm (Figure 6i), 4Dh vs. 4Dm (Figure 6j), and 4Dh
vs. 4Do (Figure 6k), the DAMs and DEGs were simultaneously enriched to “Flavone and
flavonol biosynthesis”. In 3Dh vs. 3Do (Figure 6h), 4Dh vs. 4Dm (Figure 6j), and 4Dh
vs. 4Do (Figure 6k), the DAMs and DEGs were simultaneously enriched to “Flavonoid
biosynthesis”. These comparison groups showed significant differences in genes and
metabolites related to flavonoid biosynthesis (Figure 6a-1).
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Figure 6. KEGG enrichment analysis of DAMs and DEGs. The color of the points indicates the degree
of enrichment and the size of the points indicates the number of enriched DAMs or DEGs. The circle
represents DEGs and the triangle represents DAMs.
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Additionally, DAMs and DEGs were also significantly enriched in other metabolic
processes besides the flavonoid synthesis pathway. For example, DAMs and DEGs were
simultaneously enriched in “Tropane, Piperidine and Pyridine alkaloid biosynthesis” in
2Dh vs. 2Do (Figure 6e). It is speculated that the genes and metabolites in the biennial
D. huoshanense and D. officinale may significantly affect the alkaloid synthesis pathway.
DAMs and DEGs were simultaneously enriched to “Tyrosine metabolism” in 2Dh vs. 2Dm
and to “Cyanoamino acid metabolism” in 3Do vs. 3Dm (Figure 6b,i). Interestingly, the
significantly enriched pathways in 4Dh vs. 4Dm and 4Dh vs. 4Do were identical, including
“Flavone and flavonol biosynthesis”, “Flavonoid biosynthesis”, “Phenylpropanoid biosyn-
thesis”, and “ABC transporters” (Figure 6j,k). The results showed that the biosynthesis of
flavonoids might play an important role in the four-year-old Dendrobium species.

2.7. Changes of Genes and Metabolites in Regulatory Networks for Flavonoid Biosynthesis

We conducted a comprehensive analysis of transcript and metabolite levels associated
with the flavonoid biosynthesis pathway in three Dendrobium species to better understand
the relationship between genes and metabolites. Twelve DAMs of three Dendrobium species
of different growth years were identified in the biosynthesis pathway of flavonoids, in-
cluding phenylalanine, cinnamic acid, naringenin chalcone, naringenin, dihydroquercetin,
quercetin, kaempferol, dihydrokaempferol, eriodictyol, apigenin, luteolin, and isoflavones
(Figure 7). Additionally, we identified 42 DEGs that were involved in the synthesis of
flavonoids (Figure 7).

When comparing the different growth years of the same Dendrobium specie, it was
found that the concentration of flavonoids (naringenin chalcone, naringenin, kaempferol,
eriodictyol, dihydroquercetin) and the expression levels of structural genes (C4H, 4CL, F3'H,
F3'5'H, FLS, etc.) in the flavonoid synthesis pathway were higher in the third and fourth
years of cultivation in D. huohanense. Additionally, most of the flavonoids (naringenin
chalcone, naringenin, apigenin, isoflavones, eriodictyol, dihydroquercetin, kaempferol)
and the expression levels of structural genes (PAL, C4H, 4CL, CHS, F3H, F3'H, F3'5'H, FLS)
in the flavonoid synthesis pathway were higher in the third and fourth years of cultivation
in D. moniliforme. However, most flavonoids (isoflavones, apigenin, kaempferol, quercetin,
eriodictyol, dihydroquercetin, luteolin) and the expression levels of structural genes (4CL,
CHI, F3'H, F3'5'H, FLS) in the flavonoid synthesis pathway were higher in the second year
of cultivation in D. officinale. This suggests that the flavonoid synthesis genes may be the
key to regulating flavonoid accumulation.

According to the results, most of the flavonoids (phenylalanine, cinnamic acid, narin-
genin Chalcone, dihydroquercetin, dihydrokaempferol, eriodictyol, apigenin, luteolin,
isoflavones) and the expression levels of structural genes (CHS, F3H, F3'H, F3'5'H, FLS)
were higher in in the first year of D. huohanense. In the second, third, and fourth years of
cultivation, most of the flavonoids (naringenin chalcone, naringenin, dihydroquercetin,
quercetin, dihydrokaempferol, apigenin, luteolin, isoflavones) were higher in D. moniliforme,
but there were significant differences in gene expression levels among different Dendrobium
species. In three Dendrobium species with different growth years, we found differences in
the gene expression patterns and metabolite accumulation in the flavonoid biosynthesis
pathway. The variation trends of most genes and their downstream metabolites were
generally consistent.
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2.8. Weighted Gene Co-Expression Network Analysis

We conducted co-expression analysis and network construction in order to elucidate
the relationship between the genes in different Dendrobium species of different growth
years (Figure 8a,b). In total, 13 different modules were obtained, including purple, red,
yellow, tan, brown, green, blue, black, turquoise, magenta, pink, green—yellow, and grey
(Figure 8b). Furthermore, we examined the relationship between modules and traits (Year,
TF, TA, species). Results showed that the blue and gray modules were significantly nega-
tively correlated with Year; the blue, green, and pink modules were significantly negatively
correlated with Species; and the purple, yellow, and tan modules were significantly posi-
tively correlated with Species. Based on these results, DEGs of these modules were closely
correlated with the changes in Dendrobium species over time.
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Figure 8. Co-expression network analysis of different growth years and different species. (a) Hier-
archical clustering analysis tree of DEGs based on topological overlap. (b) The module-associated
trait. Rows correspond to modules, and columns correspond to features. The number in each cell
represents the corresponding correlation and p-value.

As part of our investigation into the potential functions of genes in each module, we
conducted KEGG enrichment analyses for genes in the black, blue, green, pink, purple, tan,
and yellow modules (Figure 9a—g). The results showed that DEGs enriched to “Metabolism”
were the most prevalent in all of the modules, while only a few DEGs were enriched to
“Environmental information processing”, “Cellular processes”, and “Genetic information
processing”. The term “metabolic pathways” was significantly enriched in all of the mod-
ules. In all of the modules except black, the term “biosynthesis of secondary metabolites”
was significantly enriched (Figure 9b—g). As a result of these results, it can be concluded
that metabolic processes have a dominant role in the growth of all three Dendrobium species.
The enrichment of pathways related to polysaccharides and alkaloids was also noteworthy.
For example, “Pentose and glucuronate interconversions” was significantly enriched in the
black module (Figure 9a). “Glycolysis/Gluconeogenesis” was significantly enriched in the
blue and purple module (Figure 9b,e). “Starch and sucrose metabolism” was significantly
enriched in the yellow module (Figure 9g). “Sesquiterpenoid and triterpenoid biosynthesis”
was significantly enriched in the purple module (Figure 9¢). “Tropane, piperidine and
pyridine alkaloid biosynthesis” was significantly enriched in the tan module (Figure 9f).
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In addition, we constructed seven gene-related networks using genes from these
seven modules in order to identify key genes (Figure 10a—g). Based on their connectivity,
the top 20 genes were considered Hub genes. In key pathways, the Hub gene is highly
co-expressed with other genes. According to the results, these Hub genes were highly
correlated and had a high degree of connectivity. Moreover, we found that most of the
genes in the green, pink, purple, and tan modules were highly expressed in the three- and
four-year-old D. huohanense (Figure 10d—g). In the three- and four-year-old D. moniliforme,
most of the genes in the green, pink, and tan modules were highly expressed (Figure 10e-g).
The majority of genes in the black, blue, and purple modules were highly expressed in
the two-year-old D. officinale (Figure 10a,c,d). The expression pattern of the genes in the
flavonoid synthesis pathway was consistent with this, suggesting that these modules
might be closely related to flavonoid biosynthesis. In the green module, we identified a
member of the bHLH transcription factor family bHLH143 (LOC110101583) and a member
of the R2R3-MYB transcription factor family MYB6 (LOC110092557), which are known
to regulate flavonoid biosynthesis (Figure 10f). The purple module also contained a gene
LOC110105573 for sesquiterpene synthase (SES), which was involved in the synthesis of
alkaloids (Figure 10d).
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Figure 10. Network diagram of hub genes in 7 modules with high correlation.
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3. Discussion

Bioactive components have different accumulation patterns at different developmental
stages and at different ages of plants. The total phenolic content of Astragalus compactus
was higher at the fruit stage in comparison to the vegetative growth stage and flowering
stage [27]. In the roots and root hairs of 1-5-year-old Panax ginseng, the content of gin-
senosides and triterpenoids was positively correlated with age [28], while the contents of
triterpenoids in the roots of 2, 3, 4, and 10 years old Codonopsis lanceolata were negatively cor-
related with age, and the carbohydrate content showed a trend of first increasing and then
decreasing [29]. Polysaccharides, alkaloids, and flavonoids are the main active ingredients
of Dendrobium. According to previous studies, there is a difference in the polysaccharide
and alkaloid content among the three Dendrobium species [30]. By using UPLC and ICP-MS,
Yuan et al. found that the three kinds of three-year-old Dendrobium species ranked in order
of polysaccharide content as follows: D. huoshanense > D. moniliforme > D. officinale [30].
Based on the content of arabinose, rhamnose, xylose, and other monosaccharides, Chen
et al. found the three species of wild and tissue-cultured Dendrobium arranged in the same
order [31]. The total alkaloid content of three-year-old D. huoshanense was reported to be
slightly higher than that of two other three-year-old Dendrobium species [30]. Although the
content of total alkaloids was not significantly different among the three Dendrobium species
grown at three years, it may be due to the fact that the plant materials were harvested at
different times. Currently, most studies on Dendrobium have focused on polysaccharides
and alkaloids in D. officinale [32,33], with few reports on comparing flavonoids among
D. huoshanense, D. moniliforme, and D. officinale of different growth years. During the second
and third years of cultivation, the total flavonoid content of D. moniliforme was significantly
higher than that of D. huoshanense and D. officinale, especially in the third year. During
the second, third, and fourth years of cultivation, metabolic data analysis showed that
D. moniliforme had a higher concentration of major flavonoid compounds than D. huosha-
nense and D. officinale. The results of this study indicate that D. moniliforme contains a
higher content of flavonoids than D. huoshanense or D. officinale. Flavonoids are influenced
by a number of factors. There is evidence that flavonoids accumulate in specific stages
and tissues [34]. There was a significant increase in flavonoid composition in the roots
of Scutellaria baicalensis before flowering, but there was little change after flowering [35].
The accumulation of flavonoids was greatest in the growing leaves of Eucommia ulmoides,
followed by old leaves [36]. It was observed that the content of luteolin increased and
then decreased during the process of growing peanuts in Lonicerae japonicae [37]. Moreover,
different flavonoid components within a plant can also exhibit significant variations in their
content. In Scutellaria baicalensis roots, baicalin content increased gradually with growth
and development, while baicalein content decreased gradually [38]. As the Prunus mume
ripens, the total flavonol content decreases, while catechin content increases [39]. The
content of flavonoids in the stems of different Dendrobium species was also found to vary
based on metabolic data. Major flavonoid components were more abundant in the third
or fourth year of cultivation in D. huoshanense and D. moniliforme. During the second year
of cultivation, D. officinale contained significantly more flavonols than during the third
and fourth years. These results indicate that flavonoids are influenced by different devel-
opmental stages and are subject to change as plants grow and develop. Flavonoids were
found to be closely related to the regulation of key genes. The low expression of FLS and
high expression of DFR in Camellia sinensis resulted in the accumulation of anthocyanins
during the development of pink Camellia sinensis [40]. At 2, 3, and 4 months of growth,
Anoectochilus roxburghii exhibited an increase in flavonoids, which was associated with
significant upregulation of the CHS gene [41].

In order to screen key genes for flavonoid biosynthesis and regulation, comparative
transcriptome analysis of three Dendrobium species is necessary, however only D. officinale
has genomes, while D. huoshanense and D. moniliforme do not have reference genomes. We
previously performed de novo transcriptome analysis on data from D. huoshanense and
D. moniliforme, yielding 478,361 and 562,580 unigenes, respectively [7,8]. D. huoshanense
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and D. moniliforme are closely related to D. officinale, however genome sequencing showed
that D. officinale has only 28,910 genes [4]. These results indicate that de novo transcriptome
analysis based on Illumina short-read sequencing will yield a large number of transcript
fragments, which are not as reliable as transcriptome analysis based on reference genomes.
Previous studies have found that the D. officinale genome can be used to analyze the
transcriptome data of D. huoshanense and D. moniliforme with a high mapping rate [42].
Similar results were obtained in this study. Therefore, it is feasible to use D. officinale as a
reference sequence for comparative transcriptome analysis of three Dendrobium plants. An
analysis of transcriptomic and metabolomic data demonstrated that high expression of one
F3'H gene (LOC110096779) and two F3'5'H genes (LOC110101765, LOC110103762) induced
the accumulation of downstream flavonoids (Luteolin, Eriodictyol, Dihydroquercetin,
Quercetin). It has been found that high expression of F3'H or F3'5'H in Camellia sinensis [43],
Pericallis hybrida [44], Aconitum carmichaelii [45], and other plants can promote the flavonoid
biosynthesis. Additionally, the expression of F3'H gradually increased during the opening
of Dendrobium ‘Sonia Earsakul” flowers, and its silencing could block the formation of
endogenous anthocyanins [46]. Similarly, a low expression of F3'H resulted in white
petals in Dendrobium hybrids [47]. F3'5'H is also a key gene for flavonoid biosynthesis in
Dendrobium. In D. moniliforme, F3'5'H controls perianths’ coloration by producing reddish
purple anthocyanins [48].

The content and composition of secondary metabolites in medicinal plants determine
the optimal harvest time, as well as the quality of the medicinal plants. Therefore, the
harvest time of medicinal plants should be considered comprehensively in relation to
the accumulation of active components and the growth stage of the plants. Astragalus
compactus fruit stages have been shown to contain increased total phenolic content, which
enhances the antioxidant activity of leaves [27]. The best harvest time for Lonicerae japonicae
is believed to be determined by the chlorogenic acid and luteolin content of the slightly
white alabastrum and whole white alabastrum stages [37]. In Scutellaria baicalensis, after
three years of growth, the active components decrease, so it is determined that the ideal
harvest time is between two and three years [49]. It appears that the harvest time of
medicinal plants varies with species, and the dynamic change in the accumulation of active
components is a significant indicator of the harvest time.

In recent studies, flavonols such as kaempferol, eriodictyol, and quercetin have shown
a wide range of pharmacological effects, making them effective drugs for the prevention
and treatment of various diseases [50]. Kaempferol, for example, is best known for its
anti-inflammatory properties in the treatment of chronic and acute inflammation [51,52].
Quercetin has also been found to be effective in the prevention and treatment of can-
cer [53,54]. Eriodictyol has excellent therapeutic effects on antipyretic analgesia, heart
protection, diabetes prevention, immune regulation, and other areas [55]. Flavonoids are
widely found in orchidaceae, and flavone C-glycosides and flavonols are the most common
components [56]. More than 89 flavonoids have been found in Dendrobium, naringenin,
quercetin, and rutin are widely present and at a high content level [57]. These components
have pharmacological activities such as antioxidant, hypoglycemic, can improve blood
circulation, lower cholesterol, and have a protective effect on the cardiovascular system [57].
In addition, the flavonoids in D. denneaum paxt. have also been found to have an antitumor
activity [58]. In this study, metabolome analysis showed that the contents of kaempferol,
quercetin, and other important flavonols in biennial D. officinale were significantly higher
than those in three- and four-year-old D. officinale, and the accumulation of chalcone,
naringenin, eriodictyol, dihydroquercetin, kaempferol, isoflavone, and other flavonoids in
three- and four-years-old D. huoshanense and three-and four-years-old D. moniliforme was
significant. As a result, the second year might be the best harvest time for D. officinale, while
the third or fourth year might be the best harvest time for D. huoshanense and D. moniliforme.

Using transcriptomic and metabolomic data from previous studies, we screened three
Dendrobium species with different growth years. Due to the high flavonoid content of three-
year-old D. huoshanense and biennial D. officinale, we posited that the third and second years
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would be ideal for harvesting high-quality D. huoshanense and D. officinale. Furthermore,
D. moniliforme had a higher medicinal and commercial value than D. huoshanense and
D. officinale in terms of flavonoid content. The objective of this study was to fill the gap
in the flavonoid biosynthesis pathway in three Dendrobium species and to provide new
insights for the exploration of medicinal components and the rational selection of harvest
times for these species.

4. Materials and Methods
4.1. Plant Materials and Sample Collection

Three different Dendrobium species (Dendrobium huoshanense, Dendrobium officinale,
Dendrobium moniliforme) were cultivated artificially and gathered in the greenhouse of Anhui
Tongjisheng Biotechnology Co., Ltd. The cultivation conditions of the samples were similar
to those in our previous study [7]. Seed germination and protocorm-like bodies growth were
cultured on half-strength Murashige and Skoog (MS) medium adding 6-BA 0.1 mg-L~!,
NAA 0.5 mg-L~! and 1% additives (30 g-L ! sucrose + 4 g-L~! agar + 20% potato) under
a 12/12 h light-dark cycle (approx. 30 pmol m~2-S71) at 25 4 2 °C. After 6 months,
the plants were transplanted into pots and placed in the greenhouse at a temperature of
25-27 °C with a light/dark cycle of 12/12 h and 60-70% relative humidity. Plant stems
from one-year-old Dendrobium huoshanense (1Dh), Dendrobium officinale (1Do), Dendrobium
moniliforme (1Dm); two-year-old Dendrobium huoshanense (2Dh), Dendrobium officinale (2Do),
Dendrobium moniliforme (2Dm); three-year-old Dendrobium huoshanense (3Dh), Dendrobium
officinale (3Do), Dendrobium moniliforme (3Dm); and four-year-old Dendrobium huoshanense
(4Dh), Dendrobium officinale (4Do), Dendrobium moniliforme (4Dm) plants harvested on
10 November 2020, were used as the research object (Figure S1 (Supplementary Materials)).
To extract RNA and metabolites, a portion of the materials was frozen in liquid nitrogen at
—80 °C. Before being evaluated for total alkaloids and total flavonoids, the other portion
was washed and dried. Furthermore, the current study included three biological replicates
for all experiments.

4.2. Determination of Total Flavonoid and Total Alkaloid Contents

Dendrobium stem flavonoids were determined using the AICl3 colorimetry method [59].
Using a standard graph of quercetin, the flavonoid content was determined and expressed
in mg-g~! of quercetin equivalents. The first step was to weigh 0.02 g of dried and crushed
powder from the stem of Dendrobium. A solution of the powder was dissolved in 2 mL of
60% (v/v) ethanol, and the solution was then extracted through ultrasonication for two h
at a temperature of 60 °C. The filtrate was centrifuged at 10,000 rpm for 10 min, and the
supernatant was collected. Next, 30 mL of 5% (w/w) NaNO, was added to 540 mL of the
supernatant and mixed well. After 6 min, 30 mL of 10% (w/w) AlCl; was added to the
mixture and mixed well. After 5 min, 400 mL 1 mol/L NaOH was added to the mixture.
The mixture was then left at room temperature for 15 min and the absorbance at 510 nm
was measured.

Total alkaloids content was carried out according to the method described by Yuan et al.
with some modifications [7]. To the powdered sample (0.1 g), 0.1 mL of ammonia water and
0.9 mL of 80% (v/v) ethanol were added. The sample and solvent were mixed thoroughly
and extracted by ultrasonication for one hour. The mixture was centrifuged for 10 min at
10,000 rpm, and the supernatant was collected as the test liquid. Following that, 0.5 mL
potassium hydrogen phthalate buffer solution (pH 4.5) and 0.2 mL 0.04% bromocresol green
solution were added to 0.1 mL test liquid, and the mixture was kept at room temperature
for 5 min. Then, 1 mL of chloroform was added to the mixture, shaken vigorously to
mix the solution, and allowed to stand for 40 min at room temperature. An absorbance
measurement at 416 nm was performed after aspirating 1 mL of the lower chloroform layer.
Dendrobine was used as a standard to determine the total alkaloid content.
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4.3. Widely Targeted Metabolomics Profiling

To investigate metabolite variations among different growth years and species of
Dendrobium stem, we conducted widely targeted metabolomics studies on samples with
three biological replicates for each growth year and each species. Briefly, 100 mg of
fresh sample powder was dissolved in 70% methanol extraction solution, vortexed 6
times, and the samples were placed in a 4 °C refrigerator overnight. After centrifugation
(12,000 rpm, 10 min), the supernatant was aspirated, and the samples were filtered through a
microporous membrane (0.22 um pore size) for UPLC-MS/MS analysis. The UPLC column
was Agilent SB-C18 1.8 um, 2.1 x 100 mm. Metware Biotechnology Ltd. was tasked with
metabolite analysis on stem samples (Wuhan, China). The Analyst 1.6.3 program was used
to analyze the metabolic data. Based on MWDB (Metware database), qualitative analysis
of metabolites was carried out according to secondary spectral information. Metabolite
quantification was performed using the multiple reaction monitoring (MRM) mode of
triple quadrupole mass spectrometer. The differences between the metabolites of the two
samples were maximized using OPLS-DA to find the differential metabolites (Orthogonal
projections to latent structures-Discriminant Analysis). On the basis of the OPLS-DA results,
the derived Variable Importance in Projection (VIP) of the OPLS-DA model for multivariate
analysis was utilized to undertake a preliminary screening of differential metabolites.
Foldchange > 2 and foldchange < —0.5, VIP > 1 were the differential metabolites in our
inquiry for the next step of analysis. Using the R program, we used principal component
analysis (PCA) to look at the buildup of Dendrobium metabolites at different growth years.
All samples were evaluated using a cluster heatmap that was developed once the data were
standardized. A part of the data, including the D. huoshanese, D. officinale and D. moniliforme
metabolomics data, were published [60-62].

4.4. RNA Extraction, lllumina Sequencing, and Analysis of DEGs

Total RNA was extracted from Dendrobium stems and evaluated for quality using
the Omni Plant RNA Kit (CWBIO, Beijing, China). According to the manufacturer’s
instructions, the TruSeq™ RNA sample preparation kit (Illumina, San Diego, IL, USA) was
utilized, and the cDNA libraries were created using mRNA from each sample. The HISAT2
software [63] was used to map the filtered reads to the reference genome (https:/ /www.
ncbinlm.nih.gov/genome/69090) (accessed on 5 December 2020) [4]. Gene expression
was measured using Fragments Per Kilobase Million (FPKM) measurements. The DESeq?2
was used to find differential expression genes, with a filter requirement of |log2(fold
change) | >1 and a p-value of less than 0.05 [64]. TopGO and clusterProfiler 4.0 were used
to enrich all DEGs in Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) to better understand their function and critical pathways [65]. A part of
the data, including the D. huoshanese, D. officinale and D. moniliforme transcriptome data,
were published [60-62].

4.5. Gene Co-Expression Network Construction

A weighted gene co-expression network was created using the R program WGCNA
packet to study genes that are strongly associated to the Dendrobium properties (years,
species, and medicinal components) [66]. The soft threshold was chosen and co-expression
modules were constructed using the Soft Threshold selector function to calculate the soft
threshold value. The topological overlap matrix (TOM), which can reflect the similarity
of the co-expression relationship between the two genes, was further developed 63 by
computing the adjacent matrix on a soft threshold. Finally, to create a hierarchical clustering
tree of DEGs, a hierarchical clustering approach is used. Hub genes were commonly used in
the co-expression module for closely related genes with a high connection level. According
to the size of the module, the top 20 genes with the strongest link were identified as hub
genes. Following that, the genes in these modules were studied. We created and visualized
a gene—gene interaction network using Cytoscape (v.3.6.1) [67].
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4.6. Combination Analysis of Transcriptome and Metabolome

The DEGs and DAMs of the flavonoid biosynthesis pathway in each comparison
group were examined based on the metabolite content and gene expression value in the
stem of different Dendrobium species at different growth years. The DEGs and DAMs
relevant to flavonoid production were first analyzed using pathway analysis. Further-
more, DEGs and DAMs were mapped to the KEGG pathway database to collect common
pathway information in order to better understand the interaction between transcriptome
and metabolome.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms231911980/s1.

Author Contributions: S.L. and Y.Y. conceived and designed the research; H.Z. acquired the data;
H.Z. analyzed and interpreted the data; S.L. summed up the analysis; S.L. and Y.Y. drafted the
manuscript; S.L., H.Z., and Y.Y. revised the manuscript for important intellectual content. All authors
have read and agreed to the published version of the manuscript.

Funding: This project funded by the Natural Science Foundation of Jiangsu Province, China (Grant
No. BK20210800), the National Natural Science Foundation of China (Grant No. 32001341) and
Jiangsu Agriculture Science and Technology Innovation Fund (Grant No. CX (21)3047). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data of all RNA-Seq samples obtained in this study were
deposited in the NCBI Sequence Read Archive under the project with identification number PR-
JNA776680 and PRJNA776418 and Genome Sequence Archive in National Genomics Data Center,
China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sci-
ences (GSA: CRA005817) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRAO
05817 (accessed on 11 January 2022).

Conflicts of Interest: The authors declare that they have no competing interest.

References

1.  Wang, Z.; Zhao, M.; Cui, H.; Li, ].; Wang, M. Transcriptomic Landscape of Medicinal Dendrobium Reveals Genes Associated With
the Biosynthesis of Bioactive Components. Front. Plant Sci. 2020, 11, 391. [CrossRef] [PubMed]

2. Jin, Q; Yao, Y;; Cai, Y,; Lin, Y. Molecular cloning and sequence analysis of a phenylalanine ammonia-lyase gene from dendrobium.
PLoS ONE 2013, 8, €62352. [CrossRef] [PubMed]

3. Feng, S,; He, R.; Yang, S.; Chen, Z; Jiang, M.; Lu, J.; Wang, H. Start codon targeted (SCoT) and target region amplification
polymorphism (TRAP) for evaluating the genetic relationship of Dendrobium species. Gene 2015, 567, 182-188. [CrossRef]

4. Zhang, G.-Q.; Xu, Q.; Bian, C.; Tsai, W.-C.; Yeh, C.-M.; Liu, K.-W.; Yoshida, K.; Zhang, L.-S.; Chang, S.-B.; Chen, F; et al. The
Dendrobium catenatum Lindl. genome sequence provides insights into polysaccharide synthase, floral development and adaptive
evolution. Sci. Rep. 2016, 6, 19029. [CrossRef]

5. Zha, X.-Q,; Pan, L.-H.; Luo, J.-P; Wang, ]J.-H.; Wei, P; Bansal, V. Enzymatic fingerprints of polysaccharides of Dendrobium
officinale and their application in identification of Dendrobium species. |. Nat. Med. 2012, 66, 525-534. [CrossRef]

6. Jin, Q. Jiao, C.Y,; Sun, SW.; Song, C.; Cai, Y.P; Lin, Y,; Fan, H.H.; Zhu, Y.F. Metabolic Analysis of Medicinal Dendrobium officinale
and Dendrobium huoshanense during Different Growth Years. PLoS ONE 2016, 11, e0146607. [CrossRef]

7. Yuan, Y.; Yu, M; Jia, Z.; Song, X; Liang, Y.; Zhang, J. Analysis of Dendrobium huoshanense transcriptome unveils putative genes
associated with active ingredients synthesis. BMC Genom. 2018, 19, 978. [CrossRef]

8. Yuan, Y;; Zhang, ].; Kallman, J.; Liu, X.; Meng, M.; Lin, ]J. Polysaccharide biosynthetic pathway profiling and putative gene mining
of Dendrobium moniliforme using RNA-Seq in different tissues. BMC Plant Biol. 2019, 19, 521. [CrossRef]

9.  Yuan, Y,; Zhang, B.; Tang, X.; Zhang, J.; Lin, ]. Comparative Transcriptome Analysis of Different Dendrobium Species Reveals
Active Ingredients-Related Genes and Pathways. Int. . Mol. Sci. 2020, 21, 861. [CrossRef]

10. Baek, ].M.; Kim, J.-Y,; Ahn, S.-J.; Cheon, Y.-H.; Yang, M.; Oh, J.; Choi, M.K. Dendrobium moniliforme Exerts Inhibitory Effects on
Both Receptor Activator of Nuclear Factor Kappa-B Ligand-Mediated Osteoclast Differentiation in Vitro and Lipopolysaccharide-
Induced Bone Erosion in Vivo. Molecules 2016, 21, 295. [CrossRef]

11.  Paudel, M.R.; Chand, M.B.; Pant, B.; Pant, B. Antioxidant and cytotoxic activities of Dendrobium moniliforme extracts and the

detection of related compounds by GC-MS. BMC Complement. Altern. Med. 2018, 18, 134. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms231911980/s1
https://www.mdpi.com/article/10.3390/ijms231911980/s1
https://ngdc.cncb.ac.cn/gsa/browse/CRA005817
https://ngdc.cncb.ac.cn/gsa/browse/CRA005817
http://doi.org/10.3389/fpls.2020.00391
http://www.ncbi.nlm.nih.gov/pubmed/32411153
http://doi.org/10.1371/journal.pone.0062352
http://www.ncbi.nlm.nih.gov/pubmed/23638048
http://doi.org/10.1016/j.gene.2015.04.076
http://doi.org/10.1038/srep19029
http://doi.org/10.1007/s11418-011-0620-0
http://doi.org/10.1371/journal.pone.0146607
http://doi.org/10.1186/s12864-018-5305-6
http://doi.org/10.1186/s12870-019-2138-7
http://doi.org/10.3390/ijms21030861
http://doi.org/10.3390/molecules21030295
http://doi.org/10.1186/s12906-018-2197-6

Int. . Mol. Sci. 2022, 23, 11980 20 of 22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yue, H.; Zeng, H.; Ding, K. A review of isolation methods, structure features and bioactivities of polysaccharides from Dendrobium
species. Chin. J. Nat. Med. 2020, 18, 1-27. [CrossRef]

Zheng, S.-G.; Hu, Y.-D.; Zhao, R.-X,; Yan, S.; Zhang, X.-Q.; Zhao, T.-M.; Chun, Z. Genome-wide researches and applications on
Dendrobium. Planta 2018, 248, 769-784. [CrossRef] [PubMed]

Paudel, M.R.; Chand, M.B.; Pant, B.; Pant, B. Assessment of Antioxidant and Cytotoxic Activities of Extracts of Dendrobium
crepidatum. Biomolecules 2019, 9, 478. [CrossRef] [PubMed]

Mou, Z.; Zhao, Y.; Ye, E; Shi, Y.; Kennelly, E.J.; Chen, S.; Zhao, D. Identification, Biological Activities and Biosynthetic Pathway of
Dendrobium Alkaloids. Front. Pharmacol. 2021, 12, 605994. [CrossRef]

Zuo, ].; Zu, M.; Liu, L.; Song, X.; Yuan, Y. Composition and diversity of bacterial communities in the rhizosphere of the Chinese
medicinal herb Dendrobium. BMC Plant Biol. 2021, 21, 127. [CrossRef]

He, C.; Wu, K; Zhang, J.; Liu, X.; Zeng, S.; Yu, Z.; Zhang, X.; Teixeira da Silva, J.A.; Deng, R.; Tan, J.; et al. Cytochemical
Localization of Polysaccharides in Dendrobium officinale and the Involvement of DoCSLA6 in the Synthesis of Mannan
Polysaccharides. Front. Plant Sci. 2017, 8, 173. [CrossRef]

He, C.; Yu, Z,; Teixeira da Silva, ]J.A.; Zhang, ]J.; Liu, X.; Wang, X.; Zhang, X.; Zeng, S.; Wu, K; Tan, J.; et al. DoGMP1 from
Dendrobium officinale contributes to mannose content of water-soluble polysaccharides and plays a role in salt stress response.
Sci. Rep. 2017, 7, 41010. [CrossRef]

Guo, X,; Li, Y,; Li, C,; Luo, H.; Wang, L.; Qian, J.; Luo, X,; Xiang, L.; Song, J.; Sun, C.; et al. Analysis of the Dendrobium officinale
transcriptome reveals putative alkaloid biosynthetic genes and genetic markers. Gene 2013, 527, 131-138. [CrossRef]

Liu, H.-J.; Jiang, X.-X.; Guo, Y.-Z.; Sun, E-H.; Kou, X.-H.; Bao, Y.; Zhang, Z.-Q.; Lin, Z.-H.; Ding, T.-B.; Jiang, L.; et al. The flavonoid
TL-2-8 induces cell death and immature mitophagy in breast cancer cells via abrogating the function of the AHA1/Hsp90 complex.
Acta Pharmacol. Sin. 2017, 38, 1381-1393. [CrossRef]

Olayinka, E.T.; Ore, A.; Adeyemo, O.A.; Ola, O.S. The role of flavonoid antioxidant, morin in improving procarbazine-induced
oxidative stress on testicular function in rat. Porto Biomed. ]. 2019, 4, €28. [CrossRef] [PubMed]

Dodd, G.E; Williams, C.M.; Butler, L.T.; Spencer, ] PE. Acute effects of flavonoid-rich blueberry on cognitive and vascular function
in healthy older adults. Nutr. Healthy Aging 2019, 5, 119-132. [CrossRef]

Frandsen, ].R.; Narayanasamy, P. Neuroprotection through flavonoid: Enhancement of the glyoxalase pathway. Redox Biol. 2018,
14, 465-473. [CrossRef] [PubMed]

Alqurashi, R.M.; Galante, L.A.; Rowland, I.R.; Spencer, J.P.; Commane, D.M. Consumption of a flavonoid-rich acai meal is
associated with acute improvements in vascular function and a reduction in total oxidative status in healthy overweight men.
Am. ]. Clin. Nutr. 2016, 104, 1227-1235. [CrossRef] [PubMed]

Yao, X.; Shang, E.; Zhou, G.; Tang, Y.; Guo, S.; Su, S; Jin, C.; Qian, D.; Qin, Y.; Duan, ].-A. Comparative characterization of total
flavonol glycosides and terpene lactones at different ages, from different cultivation sources and genders of Ginkgo biloba leaves.
Int. ]. Mol. Sci. 2012, 13, 10305-10315. [CrossRef]

Wang, Q.; Jiang, Y.; Mao, X.; Yu, W.; Lu, J.; Wang, L. Integration of morphological, physiological, cytological, metabolome and
transcriptome analyses reveal age inhibited accumulation of flavonoid biosynthesis in Ginkgo biloba leaves. Ind. Crops Prod.
2022, 187, 115405. [CrossRef]

Naghiloo, S.; Movafeghi, A.; Delazar, A.; Nazemiyeh, H.; Asnaashari, S.; Dadpour, M.R. Ontogenetic variation of volatiles and
antioxidant activity in leaves of Astragalus compactus Lam. (Fabaceae). EXCLI J. 2012, 11, 436—443.

Shi, W.; Wang, Y.; Li, J.; Zhang, H.; Ding, L. Investigation of ginsenosides in different parts and ages of Panax ginseng. Food Chem.
2007, 102, 664—668. [CrossRef]

Zhu, Y.;; Xu, C.-H.; Huang, J.; Li, G.-Y,; Liu, X.-H.; Sun, S.-Q.; Wang, J.-H. Rapid discrimination of cultivated Codonopsis lanceolata
in different ages by FT-IR and 2DCOS-IR. ]. Mol. Struct. 2014, 1069, 272-279. [CrossRef]

Yuan, Y,; Yu, M.; Zhang, B.; Liu, X.; Zhang, J. Comparative nutritional characteristics of the three major Chinese Dendrobium
species with different growth years. PLoS ONE 2019, 14, e0222666. [CrossRef]

Chen, N.-D.; Chen, N.-E; Lj, ].; Cao, C.-Y.; Wang, ].-M.; Huang, H.-P. Similarity Evaluation of Different Origins and Species of
Dendrobiums by GC-MS and FTIR Analysis of Polysaccharides. Int. J. Anal. Chem. 2015, 2015, 713410. [CrossRef] [PubMed]
Huang, S.; Chen, F,; Cheng, H.; Huang, G. Modification and application of polysaccharide from traditional Chinese medicine
such as Dendrobium officinale. Int. J. Biol. Macromol. 2020, 157, 385-393. [CrossRef] [PubMed]

Wang, Z.; Jiang, W.; Liu, Y,; Meng, X.; Su, X.; Cao, M.; Wu, L.; Yu, N.; Xing, S.; Peng, D. Putative genes in alkaloid biosynthesis
identified in Dendrobium officinale by correlating the contents of major bioactive metabolites with genes expression between
Protocorm-like bodies and leaves. BMC Genom. 2021, 22, 579. [CrossRef] [PubMed]

Belkheir, A.K.; Gaid, M.; Liu, B.Y.; Hansch, R.; Beerhues, L. Benzophenone Synthase and Chalcone Synthase Accumulate in the
Mesophyll of Hypericum perforatum Leaves at Different Developmental Stages. Front. Plant Sci. 2016, 7, 921. [CrossRef]

Xu,J.; Yu, Y,; Shi, R; Xie, G.; Zhu, Y.; Wu, G.; Qin, M. Organ-Specific Metabolic Shifts of Flavonoids in Scutellaria baicalensis at
Different Growth and Development Stages. Molecules 2018, 23, 428. [CrossRef]

Li, L.; Liu, M,; Shi, K.; Yu, Z.; Zhou, Y.; Fan, R;; Shi, Q. Dynamic Changes in Metabolite Accumulation and the Transcriptome
during Leaf Growth and Development in Eucommia ulmoides. Int. ]. Mol. Sci. 2019, 20, 4030. [CrossRef]


http://doi.org/10.1016/S1875-5364(20)30001-7
http://doi.org/10.1007/s00425-018-2960-4
http://www.ncbi.nlm.nih.gov/pubmed/30066218
http://doi.org/10.3390/biom9090478
http://www.ncbi.nlm.nih.gov/pubmed/31547263
http://doi.org/10.3389/fphar.2021.605994
http://doi.org/10.1186/s12870-021-02893-y
http://doi.org/10.3389/fpls.2017.00173
http://doi.org/10.1038/srep41010
http://doi.org/10.1016/j.gene.2013.05.073
http://doi.org/10.1038/aps.2017.9
http://doi.org/10.1016/j.pbj.0000000000000028
http://www.ncbi.nlm.nih.gov/pubmed/31595255
http://doi.org/10.3233/NHA-180056
http://doi.org/10.1016/j.redox.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29080525
http://doi.org/10.3945/ajcn.115.128728
http://www.ncbi.nlm.nih.gov/pubmed/27680990
http://doi.org/10.3390/ijms130810305
http://doi.org/10.1016/j.indcrop.2022.115405
http://doi.org/10.1016/j.foodchem.2006.05.053
http://doi.org/10.1016/j.molstruc.2014.01.069
http://doi.org/10.1371/journal.pone.0222666
http://doi.org/10.1155/2015/713410
http://www.ncbi.nlm.nih.gov/pubmed/26539215
http://doi.org/10.1016/j.ijbiomac.2020.04.141
http://www.ncbi.nlm.nih.gov/pubmed/32339575
http://doi.org/10.1186/s12864-021-07887-6
http://www.ncbi.nlm.nih.gov/pubmed/34325653
http://doi.org/10.3389/fpls.2016.00921
http://doi.org/10.3390/molecules23020428
http://doi.org/10.3390/ijms20164030

Int. . Mol. Sci. 2022, 23, 11980 21 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

Kong, D.-X; Li, Y.-Q.; Bai, M.; He, H.-]; Liang, G.-X.; Wu, H. Correlation between the dynamic accumulation of the main effective
components and their associated regulatory enzyme activities at different growth stages in Lonicera japonica Thunb. Ind. Crop.
Prod. 2017, 96, 16-22. [CrossRef]

Hu, G.Q; Yuan, Y.,; Wu, C;; Jiang, C.; Wang, Z.Y.; Lin, S.F; Wu, Z.G. Effects of different development stages on growth and
accumulation of active components of scutellaria baicalensis. China |. Chin. Mater. Med. 2012, 37, 3793-3798.

Jang, G.H.; Kim, HW.; Lee, M.K; Jeong, S.Y.; Bak, A.R; Lee, D.J.; Kim, J.B. Characterization and quantification of flavonoid
glycosides in the Prunus genus by UPLC-DAD-QTOF/MS. Saudi J. Biol. Sci. 2018, 25, 1622-1631. [CrossRef]

Zhou, C.; Mei, X.; Rothenberg, D.O.; Yang, Z.; Zhang, W.; Wan, S.; Yang, H.; Zhang, L. Metabolome and Transcriptome Analysis
Reveals Putative Genes Involved in Anthocyanin Accumulation and Coloration in White and Pink Tea (Camellia sinensis) Flower.
Molecules 2020, 25, 190. [CrossRef]

Shi, Y,; Jiang, X.; Chen, L.; Li, W.-W,; Lai, S.; Fu, Z.; Liu, Y.; Qian, Y.; Gao, L.; Xia, T. Functional Analyses of Flavonol Synthase
Genes From Camellia sinensis Reveal Their Roles in Anther Development. Front. Plant Sci. 2021, 12, 753131. [CrossRef] [PubMed]
Wang, C.; Huang, S.; Zhou, Y.; Wang, X,; Liu, A.; Hou, B.; Ye, M. Analysis of the genetic relationships among 3 Dendrobium
species based on genotyping by sequencing. Chin. Wild Plant Resour. 2021, 40, 19-24.

Guo, L.; Gao, L.; Ma, X; Guo, F; Ruan, H.; Bao, Y.; Xia, T.; Wang, Y. Functional analysis of flavonoid 3/ -hydroxylase and flavonoid
35 -hydroxylases from tea plant (Camellia sinensis), involved in the B-ring hydroxylation of flavonoids. Gene 2019, 717, 144046.
[CrossRef] [PubMed]

Sun, Y,; Huang, H.; Meng, L.; Hu, K,; Dai, S.-L. Isolation and functional analysis of a homolog of flavonoid 3’5 -hydroxylase gene
from Pericallis x hybrida. Physiol. Plant. 2013, 149, 151-159. [CrossRef]

Nguyen, Y.T.H.; Hoang, H.T.T.; Mai, A.T.H.; Nguyen, L.T.N.; Nguyen, Q.H.; Pham, N.T.T,; Sy, T.D.; Chu, M.H. The Aconitum
carmichaelii F3’5'H Gene Overexpression Increases Flavonoid Accumulation in Transgenic Tobacco Plants. Horticulturae 2021,
7,384. [CrossRef]

Sahagun, J.; Ratanasut, K. Development of Flavanone-3-hydroxylase (F3'H) Gene Silencing System in Dendrobium Sonia Earsakul
Flowers for Engineering Aurone Biosynthetic Pathway. In Proceedings of the International Biochemistry & Molecular Biology
Conference, Songkla, Thailand, 26-27 May 2016; pp. 266—269.

Kriangphan, N.; Vuttipongchaikij, S.; Kittiwongwattana, C.; Suttangkakul, A.; Pinmanee, P.; Sakulsathaporn, A.; Suwimon, R,;
Suputtitada, S.; Chanvivattana, Y.; Apisitwanich, S. Effects of sequence and expression of eight anthocyanin biosynthesis genes
on floral coloration in four Dendrobium hybrids. Horticutural J. 2015, 84, 83-92. [CrossRef]

Whang, S.S.; Um, W.S,; Song, I.-].; Lim, PO.; Choi, K.; Park, K.-W.; Kang, K.-W.; Choi, M.S.; Koo, J.C. Molecular analysis
of anthocyanin biosynthetic genes and control of flower coloration by flavonoid 3’, 5'-hydroxylase (F3' 5’ H) in Dendrobium
moniliforme. J. Plant Biol. 2011, 54, 209-218. [CrossRef]

Bai, C,; Yang, J.; Cao, B.; Xue, Y.; Gao, P,; Liang, H.; Li, G. Growth years and post-harvest processing methods have critical roles
on the contents of medicinal active ingredients of Scutellaria baicalensis. Ind. Crops Prod. 2020, 158, 112985. [CrossRef]

Tapas, A.R.; Sakarkar, D.; Kakde, R. Flavonoids as nutraceuticals: A review. Trop. |. Pharm. Res. 2008, 7, 1089-1099. [CrossRef]
Ren, J.; Ly, Y;; Qian, Y.; Chen, B.; Wu, T,; Ji, G. Recent progress regarding kaempferol for the treatment of various diseases. Exp.
Ther. Med. 2019, 18, 2759-2776. [CrossRef]

Imran, M.; Salehi, B.; Sharifi-Rad, J.; Aslam Gondal, T.; Saeed, E; Imran, A.; Shahbaz, M.; Tsouh Fokou, P.V.; Umair Arshad, M.;
Khan, H,; et al. Kaempferol: A Key Emphasis to Its Anticancer Potential. Molecules 2019, 24, 2277. [CrossRef] [PubMed]

Tang, S.-M.; Deng, X.-T.; Zhou, J.; Li, Q.-P; Ge, X.-X.; Miao, L. Pharmacological basis and new insights of quercetin action in
respect to its anti-cancer effects. Biomed Pharmacother. 2020, 121, 109604. [CrossRef] [PubMed]

Vafadar, A.; Shabaninejad, Z.; Movahedpour, A ; Fallahi, E; Taghavipour, M.; Ghasemi, Y.; Akbari, M.; Shafiee, A.; Hajighadimi,
S.; Moradizarmehri, S.; et al. Quercetin and cancer: New insights into its therapeutic effects on ovarian cancer cells. Cell Biosci.
2020, 10, 32. [CrossRef]

Deng, Z.; Hassan, S.; Rafiq, M.; Li, H.; He, Y.; Cai, Y.; Kang, X.; Liu, Z.; Yan, T. Pharmacological Activity of Eriodictyol: The Major
Natural Polyphenolic Flavanone. Evid.-Based Complement. Altern. Med. 2020, 2020, 6681352. [CrossRef] [PubMed]

Williams, C.A. The leaf flavonoids of the Orchidaceae. Phytochemistry 1979, 18, 803-813. [CrossRef]

ZENG, Y.-Y,; NIE, X.-T.; LL, Z.-].; ZHANG, M.; YANG, Y.-B.; WANG, W.; SUN, Z.-Y. Research progress on active ingredients of
flavonoids in traditional Chinese medicine Dendrobium. Chin. |. Exp. Tradit. Med. Formulae 2021, 24, 197-206.

Zhou, C.; Luo, Y.; Lei, Z.; Wei, G. UHPLC-ESI-MS Analysis of purified flavonoids fraction from stem of Dendrobium denneaum
Paxt. and its preliminary study in inducing apoptosis of HepG2 Cells. Evid.-Based Complement. Altern. Med. 2018, 2018, 8936307.
[CrossRef]

Bouyahya, A.; Abrini, J.; El-Baabou, A.; Dakka, Y.B.A.N. Determination of Phenol Content and Antibacterial Activity of Five
Medicinal Plants Ethanolic Extracts from North-West of Morocco. J. Plant Pathol. Microbiol. 2016, 7, 4. [CrossRef]

Yuan, Y,; Zuo, J.; Zhang, H.; Zu, M,; Yu, M; Liu, S. Transcriptome and metabolome profiling unveil the accumulation of flavonoids
in Dendrobium officinale. Genomics 2022, 114, 110324. [CrossRef]

Yuan, Y.; Zuo, J.; Zhang, H.; Li, R,; Yu, M.,; Liu, S. Integration of Transcriptome and Metabolome Provides New Insights to
Flavonoids Biosynthesis in Dendrobium huoshanense. Front. Plant Sci. 2022, 13, 850090. [CrossRef]

Yuan, Y.; Zuo, J.; Zhang, H.; Zu, M.; Liu, S. Analysis of the different growth years accumulation of flavonoids in Dendrobium
moniliforme (L.) Sw. by the integration of metabolomic and transcriptomic approaches. Front. Nutr. 2022, 9, 2284. [CrossRef]


http://doi.org/10.1016/j.indcrop.2016.11.024
http://doi.org/10.1016/j.sjbs.2016.08.001
http://doi.org/10.3390/molecules25010190
http://doi.org/10.3389/fpls.2021.753131
http://www.ncbi.nlm.nih.gov/pubmed/34659321
http://doi.org/10.1016/j.gene.2019.144046
http://www.ncbi.nlm.nih.gov/pubmed/31434006
http://doi.org/10.1111/ppl.12034
http://doi.org/10.3390/horticulturae7100384
http://doi.org/10.2503/hortj.MI-020
http://doi.org/10.1007/s12374-011-9158-7
http://doi.org/10.1016/j.indcrop.2020.112985
http://doi.org/10.4314/tjpr.v7i3.14693
http://doi.org/10.3892/etm.2019.7886
http://doi.org/10.3390/molecules24122277
http://www.ncbi.nlm.nih.gov/pubmed/31248102
http://doi.org/10.1016/j.biopha.2019.109604
http://www.ncbi.nlm.nih.gov/pubmed/31733570
http://doi.org/10.1186/s13578-020-00397-0
http://doi.org/10.1155/2020/6681352
http://www.ncbi.nlm.nih.gov/pubmed/33414838
http://doi.org/10.1016/0031-9422(79)80019-9
http://doi.org/10.1155/2018/8936307
http://doi.org/10.4172/2157-7471.1000342
http://doi.org/10.1016/j.ygeno.2022.110324
http://doi.org/10.3389/fpls.2022.850090
http://doi.org/10.3389/fnut.2022.928074

Int. . Mol. Sci. 2022, 23, 11980 22 of 22

63.

64.

65.

66.

67.

Pertea, M.; Kim, D.; Pertea, G.M.; Leek, ].T.; Salzberg, S.L. Transcript-level expression analysis of RNA-seq experiments with
HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650-1667. [CrossRef] [PubMed]

Love, ML.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Wu, T,; Hu, E.; Xu, S.; Chen, M.; Guo, P; Dai, Z.; Feng, T.; Zhou, L.; Tang, W.; Zhan, L.; et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation 2021, 2, 100141. [CrossRef] [PubMed]

Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

Saito, R.; Smoot, M.E.; Ono, K.; Ruscheinski, J.; Wang, P.-L.; Lotia, S.; Pico, A.R.; Bader, G.D.; Ideker, T. A travel guide to Cytoscape
plugins. Nat. Methods 2012, 9, 1069-1076. [CrossRef]


http://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1016/j.xinn.2021.100141
http://www.ncbi.nlm.nih.gov/pubmed/34557778
http://doi.org/10.1186/1471-2105-9-559
http://doi.org/10.1038/nmeth.2212

	Introduction 
	Results 
	Determination of Flavonoids and Alkaloids Contents 
	Identification of DAMs and DEGs 
	KEGG Enrichment of DAMs 
	GO Enrichment of DEGs 
	KEGG Enrichment of DEGs 
	Integrative Analysis of DAMs and DEGs 
	Changes of Genes and Metabolites in Regulatory Networks for Flavonoid Biosynthesis 
	Weighted Gene Co-Expression Network Analysis 

	Discussion 
	Materials and Methods 
	Plant Materials and Sample Collection 
	Determination of Total Flavonoid and Total Alkaloid Contents 
	Widely Targeted Metabolomics Profiling 
	RNA Extraction, Illumina Sequencing, and Analysis of DEGs 
	Gene Co-Expression Network Construction 
	Combination Analysis of Transcriptome and Metabolome 

	References

