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Dendrobium officinale is an orchid with medicinal and nutritional properties that
has received increasing attention because of its health benefits; however, there is
limited information about the metabolic basis of these properties. In this report,
secondary metabolites and the antioxidant activity of D. officinale stem samples
from three provenances were analyzed, using a UHPLC-QgqQ-MS/MS-based
metabolomics approach. In total, 411 metabolites were identified including 8
categories such as flavonoids and phenolic acids, 136 of which were differential
metabolites. These differentially accumulated metabolites (DAMs) were mainly
enriched in secondary metabolic pathways such as flavone, flavonol, tropane,
piperidine, pyridine, isoquinoline alkaloid biosynthesis and tyrosine metabolism.
The metabolomic profiling suggested that the quantity and content of flavonoid
compounds accounted for the highest proportion of total metabolites.
Hierarchical cluster analysis (HCA) showed that the marker metabolites of D.
officinale from the three provenances were mainly flavonoids, alkaloids and
phenolic acids. Correlation analysis identified that 48 differential metabolites
showed a significant positive correlation with antioxidant capacity (r * 0.8 and
p < 0.0092), and flavonoids were the main factors affecting the different
antioxidant activities. It is worth noting that quercetin-3-O-sophoroside-7-O-
rhamnoside and dihydropinosylvin methyl ether might be the main compounds
causing the differences in antioxidant capacity of Yunnan provenance (YN),
Zhejiang provenance (ZJ), and Guizhou provenance (GZ). These finding provides
valuable information for screening varieties, quality control and product
development of D. officinale.
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1 Introduction

Dendrobium officinale Kimura & Migo, a perennial herb and
belongs to the genus Dendrobium in the family Orchidaceae is a well-
known perennial herb used as a medicinal and food homologous
product, has been utilized for the treatment of yin-deficiency diseases
for decades. D. officinale is rich in alkaloids, polysaccharides,
flavonoids, terpenoids, stilbenes, phenols and lignins (Lam et al,
2015; Zhang et al,, 2018; Cai and Peng, 2021), with potential
pharmacological activity against cataracts (Huang et al., 2019), acts
as a neuroprotective (Liu et al., 2020), controls diabetes, and displays
antioxidant (Hostetler et al., 2017), antibacterial, immune regulatory
(Xie et al, 2018; Sun et al., 2020; Xi et al., 2020), antitumor and
antimutation effects (Li et al., 2019; He et al., 2020). In traditional
Chinese medicine, the fresh or dry stem of D. officinale has been
linked to generating fluid and benefiting the stomach, nourishing yin
and clearing heat, protecting the liver and eyesight, relieving coughing
and moistening the lungs (Meng et al,, 2017; Yue et al., 2020), and
famously known as one of the nine immortal herbs (Zhang
et al,, 2016).

Wild D. officinale grows mainly on damp trunks or limestone, and
mainly distributed in tropical and subtropical areas between 15° 31’
north latitude and 25° 12 south latitude, e.g., Myanmar, Vietnam and
China’s Anhui, Zhejiang, Yunnan and Guizhou Provinces (Shiau
et al., 2005; Pan et al., 2022).Wild D. officinale is scarce because it
requires a peculiar growth environment and takes a long time to grow.
Moreover, wild D. officinale has been exploited excessively due to the
large demand from the market (Tang et al.,, 2017). In order to satisfy
market demand, researchers tried to plant D. officinale by means of
artificial cultivation (Si et al., 2013; Fan et al., 2015). Recently, the
artificial planting technology of D. officinale has made breakthroughs,
with the production quality increasing (Zeng et al., 2012; Mala et al,
2017). The cultivation method of D. officinale mainly include
imitating wild cultivation (attached to trees and stones) and
greenhouse cultivation. The contents of Dendrobium
polysaccharides, polyphenols and flavonoids cultivated with
imitation wild cultivation under a forest are higher than those in
greenhouse cultivation (Si et al., 2013). However, the harvest of D.
officinale using greenhouse cultivation is higher than that achieved by
imitation wild cultivation (Huang et al., 2022). Artificial cultivation of
D. officinale has expanded from the traditional Zhejiang and Yunnan
Provinces to Guangxi, Guangdong, Anhui, Hunan and Guizhou
Provinces. The forest coverage rate in Guizhou Province is as much
as 60%, and planting D. officinale-attached trees or cultivating this
orchid in three-dimensional planting under a forest has significant
economic and ecological advantages. In 2020, the planting area of D.
officinale in Guizhou was 4,522.26 ha, the largest of the country’s
original ecological cultivation area. However, most of the D. officinale
cultivated in Guizhou Province came from Zhejiang and Yunnan
provenance, and the native provenances are less cultivated.

Chinese herbal medicine pays particular attention to authenticity.
Specific provenances and climatic conditions have a specific effect on
the growth and effect of medicinal herbs. There are obvious
differences between the metabolites of Dendrobium from different
origins, and the epiphytic cultivation mode of living trees under a
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forest can improve the biosynthesis levels of flavonoids and flavonoid
compounds (Li et al., 2022; Fan et al., 2022). Several studies reported a
close relationship between D. officinale from different regions and its
physiological activities, especially the antioxidant activity (Xu et al.,
2013; Zhang et al., 2019). Plant secondary metabolites are a arise from
the interaction between plants and biological and abiotic factors
during evolution. The active ingredients of Chinese medicinal herb
are mostly the secondary metabolites, and the evaluation of quality
and effectiveness of medicinal materials are based on the types and
content of secondary metabolism. Metabolomics is a new omics
technology after genomics and proteomics (Monteiro et al., 2013).
Metabolomics have been widely used in the analysis of herbal
composition (Li et al., 2022; Gao et al., 2022) and the mechanism
of efficacy based on high-throughput detect the content of metabolites
in samples qualitatively, quantitatively and with high coverage (Wei
et al., 2010).

Currently, the planting D. officinale-attached trees area under
forests in Guizhou is nearly 3,335 ha. The seedling sources are mainly
from Zhejiang, Yunnan and Guizhou. The products have sold well in
China and abroad, but there are only a few reports on their yield and
quality characteristics. Anlong County, Guizhou Province, is one of
the origins of D. officinale, which has had the advantage of wild
Dendrobium growth since ancient times. The objectives of the present
study were to: 1) detected the components and contents of secondary
metabolites of D. officinale from three provenances planted in Anlong
County, 2) measured the antioxidant activity of D. officinale in vitro,
to analyze the correlation between metabolites and antioxidant
activity, 3) comprehensive analysis of the composition and quality
of D. officinale can provide reference for the selection and cultivation
of excellent varieties, and making better use of local provenance. Our
overall aim was that used the morphology, metabolomics and HPLC
technology to analyses the phenotype, secondary metabolite
composition and antioxidant activity of fresh stems of D. officinale
from three provenances planted in Anlong County, to understand the
correlation between the different metabolites and
antioxidant activities.

2 Materials and methods

2.1 Experimental materials and preparation
of samples

Three D. officinale from Yunnan provenance (YN), Zhejiang
provenance (Z]) and Guizhou Anlong native provenance (GZ) were
cultivated in Anlong County Zhegui village, GZ Province, and it is
cultivated by attaching trees (Figure 1A). YN and Z] materials were
introduced and cultivated from Guangnan County of Yunnan
Province and Yandang Mountain of Zhejiang Province in March
and August 2016, respectively. In August of the same year, Anlong
native species (GZ) were planted in the nearby forest land, with an
area of 6.67 ha each. The same management mode of wild imitating
cultivation is adopted. In December 2021, the “5-point sampling
method” was adopted to take 2-3-year-old stems of D. officinale as
experimental samples. A total of 200 stems were collected from each
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FIGURE 1

Agronomic traits of Dendrobium officinale from different provenances. (A) Attached to the tree planting. (B) Photographs showing Dendrobium officinale
from different provenances, YN; ZJ; GZ. (C) fresh stem weight; (D) panel length; (E) fruit diameter; (F) stem length; (G) single stem weight. Different

lowercase letters represent significant differences.

variety for mixing, and the stem phenotypes of 49 D. officinale were
randomly determined. All stems were sliced and evenly mixed, and
three pieces were randomly taken as a sample. Three biological
replicates were conducted. Nine samples were treated with liquid
nitrogen and stored at -80°C for metabolome analysis. The remaining
materials were dried, ground and passed through a No. 3 sieve for
antioxidant analysis and flavonoid determination.

2.2 Determination of antioxidant activity

An alcohol extraction approach was used for the antioxidant
analysis of D. officinale. Two grams of D. officinale powder was
weighed into a 50 mL centrifuge tube. Fifty milliliters of 70% (v/v)
ethanol were added, the extract ultrasonicated in a 50°C water bath
for 1.5 h, centrifuged (5000 r/min, 2 min) and filtered, and the filtered
residue was extracted by the same method for 1 h. The filtrate was
combined and transferred to a 100 mL volumetric flask and 70% (v/v)
ethanol added to a volume that yielded a 20 mg/mL sample, which
was stored at -20°C until use. Three antioxidant methods, DPPH,
ABTS and FRAP, were used to examine the antioxidant properties of
samples using the instructions in each kit (A153-1-1, A015-2-1,
A015-3-1, NanJing JianCheng Bioengineering Institute) and a
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microplate reader (Multiskan GO, Thermo Scientific,
Massachusetts, USA).

2.3 Flavonoid content determination

2.3.1 Chromatographic conditions

A ZORBAX SB-C18 column (4.6 mm x 250 mm, 5 mm) was used.
The gradient elution conditions were: 0 to 10 min, 10% to 11% solvent
A, where solvent A was tetrahydrofuran: acetonitrile: methanol
(10:22:5) and solvent B was 0.05% aqueous phosphate; 10-25 min,
11%-11.5% solvent A; 25-32 min, 11.5%-12% solvent A; 32-42 min,
2%-12.5% solvent A; 42-52 min, 12.5%-13.5% solvent A; 52-75
min, 13.5%-14% solvent A; and 75-85 min, 14%-20% solvent A. The

.1
flow rate was 1 mL min

, the detection wavelength was 340 nm to
determine the five flavonoid components (C1-C5), the column

temperature was 30°C, and effects of inject ion volume was 10 pL.

2.3.2 Preparation of control solutions

Reference materials vicenin-2, schaftoside, isoschaftoside,
isoviolanthin and violanthin (C1-C5) were accurately weighed and
methanol was added to dissolve each reference. A single component
control stock solution was then mixed and shaken well. The

frontiersin.org


https://doi.org/10.3389/fpls.2023.1060242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

appropriate amount of the abovementioned control stock solution
was taken, and methanol was added to make a mixed control solution.
The mixed control solution prepared above was further diluted into
five control solutions of different mass concentrations. The injection
mass concentration X (mg L™") and the chromatographic peak area Y
were taken to obtain the regression equation (Cl vicenin-2: y =
5.8944x + 9.9518, R = 0.9985; C2 schaftoside: y = 25.762x - 23.996,
R® = 0.9945; C3 isoschaftoside: y = 9.2539x + 10.91, R* = 0.9959; C4
isoviolanthin: y = 9.7296x + 59.31, R* = 0.9968; C5 violanthin: y =
10.567x + 18.353, R* = 0.998).

2.3.3 Preparation of sample solutions for testing

Dendrobium powder (through a no. 3 sieve) was taken and dried
to a constant weight of ~4 g. The precise weight was measured, and
200 mL 80% (v/v) methanol was added. The sample was heat refluxed
for 2 h and cooled to room temperature. The sample was filtered, the
filter residue was washed with an appropriate amount of 80% (v/v)
methanol, the filtrates combined, the solvent evaporated, and 80% (v/
v) methanol was added to dissolve the material. Ten milliliters were
added to a measuring bottle, and 80% (v/v) methanol was added. The
sample was shaken well and filtered with a 0.45 um microporous filter
membrane to obtain the desired product.

2.3.4 Determination of flavonoids

The content of flavonoid carbonoside was determined by HPLC
(Agilent 1260), refer to the literature (Tang Y et al., 2021). In brief, the
precision absorption control solution and the test solution were 10
uL. Sample injection and analysis were carried out according to
instructions. Flavonoid amounts were determined using the
standard curve equations (2.3.2).

2.4 Secondary metabolites detection
by UPLC-MS/MS

2.4.1 Sample preparation and extraction

Biological samples were lyophilized using a vacuum freeze-dryer
(Scientz-100F) and crushed using a mixer mill (MM 400, Retsch) with
a zirconia bead for 1.5 min at 30 Hz. The lyophilized powder (100 mg)
was dissolved in 1.2 mL, 70% methanol, mixed for 30 s every 30 min
six times and placed at 4°C overnight. Following centrifugation at
12000 rpm for 10 min, the extracts were filtered (SCAA-104, 0.22 um
pore size; ANPEL, Shanghai, China) and analyzed by UPLC-MS/MS.

2.4.2 UPLC conditions, ESI-Q TRAP-MS/MS and
qualitative and quantitative analysis of metabolites
UPLC conditions and ESI-Q TRAP-MS/MS parameters reported
in reference [Tang et al., 2021] were used. Based on the local
metabolic database, the metabolites of the sample were qualitatively
quantified by MS. The multi-reaction monitoring mode (MRM) and
metabolite detection multimodal diagram were used to identify the
substances detected in the sample. The characteristic ions of each
substance were screened by the triple four-stage rod, and the signal
strength (CPS) of the characteristic ions was obtained using the
detector. The sample data were analyzed with MultiQuant, and the
integration and correction of the MS peaks were carried out. The peak
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area of each MS peak represents the relative content of the
corresponding substance, and all MS peak integration data was
exported for preservation.

2.4.3 Treatment of data

Logarithmic transformations were performed on the abundant
original metabolites to normalize the data and achieve homogeneity of
variances. Principal component analysis (PCA) and quadrature partial
least squares discriminant analysis (OPLS-DA) were performed using R
(www.r-project.org/). Hotelling’s T-squared ellipse method was used to
determine the sample repeatability and confidence interval. Heat maps
were drawn using the R ComplexHeatmap package, and Pearson
correlation coefficients were calculated using the built-in cor function
of R. Metabolites satisfying the following two criteria were selected as
differential metabolites between two prov (YN vs. ZJ, YN vs. GZ, ZJ vs.
GZ): (i) high confidence (VIP > 1) in pairwise comparisons; (ii) a
minimum of a two-fold change or a maximum of 0.5-fold change (fold
change > 2 and fold change < 0.5). Differential metabolites were
annotated and classified using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.kegg.jp/kegg/pathway.html).
Significantly enriched pathways in which the metabolites in a module
were involved were compared with the background and defined by both
a hypergeometric test and a threshold p-value < 0.05.

Microsoft Office Excel 2019 was used for the initial collation of
data, and analysis of variance (ANOVA) was used with PASS 27.0.1.
The results were expressed as mean * standard deviation (SD). The
significance of the sample-to-sample difference was determined using
one-way ANOVA and Duncan’s Multiple Range Test with a
significance level of 0.05. For secondary metabolome data,
significantly regulated metabolites between groups were determined
by Variable Importance in Projection (VIP) > 1 and absolute log2FC
(fold change) = 1. VIP values were extracted from the OPLS-DA
results, which also contained score plots and permutation plots and
were generated using the R package MetaboAnalystR. The data were
log-transformed (log2) and mean-centered before OPLS-DA. To
avoid overfitting, a permutation test (200 permutations) was
performed. The functions of differentially accumulated metabolites
(DAMs) were annotated based on the KEGG compound database to
determine the metabolic pathways.

3 Results

3.1 Stem morphology of D. officinale from
different provenances

The shape and size of fresh stems of D. officinale were the main
factors determining the yield. The stem length of D. officinale from
different provenances varies significantly. The stem lengths of samples
taken from GZ are significantly longer than those from YN and ZJ,
and the internode length was the longest among samples taken from
the three provenances. The phenotype of the internode and stem
lengths was the same, with YN samples measured as the second. GZ
fresh and single stem weights were heavier than the corresponding
weights from YN and ZJ samples. In contrast, the stem diameter of
GZ samples was smaller than Z] and YN but not significant
(Figures 1B-G).
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3.2 Antioxidant activity analysis of D.
officinale from different provenances

DPPH radical scavenging activities, radical cation ABTS+
scavenging activities and ferric reducing antioxidant power (FRAP)
are listed in (Table 1). The antioxidant capacity of the two extraction
methods (alcohol extraction and water extraction) showed the same
trend in D. officinale from three different Provenances, indicating the
reliability of the antioxidant activity value. The DPPH value of GZ
was significantly higher than that of YN. The ABTS radical cation
scavenging activities of D. officinale from the three provenances
ranged between 0.2126 and 0.7758 mmol/L. The ABTS values from
YN were significantly lower when compared with fractions from GZ
and ZJ, and the GZ fractions displayed the highest ABTS values
among the fractions from the three provenances. The FRAP values of
GZ fractions were the highest, followed by fractions from ZJ. A
comparison of all DPPH, ABTS and FRAP values among the stem
samples taken from the three provenances showed that GZ fractions
had the highest antioxidant activities and YN fractions had the lowest.

3.3 Flavonoid carbonoside components and
contents analysis of D. officinale from
different provenances

The content of flavonoid carbonoside in D. officinale fractions
from the three provenances is shown in Table 2. The contents of
vicenin-2 (C1), isoschaftoside (C3) and isoviolanthin (C4) in D.
officinale fractions from GZ were significantly greater than those
from Z] and YN, and the contents of vicenin-2 (Cl) and

TABLE 1 Antioxidant activities of D. officinale from different provenances.

AE

Materials (ABTS mmol/L)

(DPPH pg/mL)

(FRAP mmol/L)

10.3389/fpls.2023.1060242

isoschaftoside (C3) in D. officinale fractions from ZJ were
significantly higher than those from YN. However, there was no
significant difference in the content of C4 from D. officinale fractions
derived from ZJ and YN. Schaftoside (C2) and violanthin (C5) were
not detected in D. officinale fractions from GZ, and violanthin (C5)
was not detected in D. officinale fractions from ZJ. The total flavonoid
carbonoside was higher in GZ than in Z] and YN, indicating that the
content of flavonoid carbonoside and antioxidant capacity of D.
officinale from different provenances had the same trend.

3.4 Qualitative metabolic profiling of
D. officinale stems

UPLC-MS/MS was used to analyze differences in metabolic
components among D. officinale stems taken from GZ, Z] and YN
provenances. Based on the local metabolite database (metware
database), qualitative and quantitative MS analyses were conducted
on the metabolites in the samples. Four hundred eleven metabolites
were identified and divided into eight known first-order categories
according to their structure. These metabolites included 143
flavonoids, 128 phenolic acids, 68 alkaloids, 28 lignans and
coumarins, 12 quinones, 6 terpenoids, 3 tannins and 23 other
metabolites (Table 3). The 143 flavonoid metabolites included 42
flavonols, 39 flavones, 33 flavonoid carbonosides, 15 flavanones, 7
chalcones, 5 flavanols and 2 flavanonols. The 68 alkaloids metabolites
included 28 alkaloids, 17 phenolamine, 10 plumerane, 6 pyridine
alkaloids, 5 piperidine alkaloids, 1 benzylphenylethylamine alkaloid
and 1 sesquiterpene alkaloid.

WE

(DPPH ug/mL)  (ABTS mmol/L)  (FRAP mmol/L)

GZ 2737.75 £ 16.24 a 0.7758 + 0.04 a 47239 + 0.34 a 2426.93 +17.86 a 0.6414 + 0.01 a 4.3851 £ 0.05a
Z] 2711.95 + 0.78 ab 0.6193 £ 0.01 b ‘ 3.9651 £ 0.21 b 2279.65 + 429 b ‘ 0.4900 + 0.01 b 3.5519 +0.01 b
YN 2703.06 + 7.06 b 0.5184 + 0.04 ¢ ‘ 3.4909 + 0.09 b 2108.06 + 21.59 ¢ ‘ 0.2126 + 0.02 ¢ 2.7547 £ 0.03 ¢

AE are alcohol extraction methods; WE are water extration methods. DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging ability; ABTS, 2,2’-Azinobis- (3-ethylbenzthiazoline-6-sulphonate;
FRAP, ferric reducing antioxidant power. If the value of ABTS and FRAP from the extract is ImM, the antioxidant capacity is equivalent to ImM Trolox. Different letters followed the numbers indicate
statistically significant differences (p < 0.05). Values are expressed as the mean + SD, on a dry basis.

TABLE 2 Total flavonoid carbonoside and reference substance content of D. officinale from different provenances(C1-C5).

Materials

Total flavonoid carbonoside

ug/g

GZ 68.44 + 0.33a 0 51.31 + 0.22a 29.48 + 0.36a 0 149.22 + 0.67a
Z] 54.38 + 0.08b 6.31 + 0.09 43.31 + 0.33b 12.66 + 0.22b 0 116.66 + 1.02b
YN 41.37 £ 0.63c 6.69 + 0.10 40.76 £ 0.06¢ 12.91 + 0.21b 1498 £ 1.13 116.71 + 0.36b

Cl: vicenin-2; C2: schaftoside; C3: isoschaftoside; C4: isoviolanthin; C5: violanthin. Different letters followed the numbers indicate statistically significant differences (p < 0.05). Values are expressed as

the mean + SD, on a dry basis.
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TABLE 3 Number of differential metabolites in the leaves of Dendrobium officinale from different provenances.

Group Class

3.5 Principal component analysis and
orthogonal projections to latent structures-
discriminant analysis for stems of D.
officinale from the three provenances

The differences among the three D. officinale provenances were
distinguishable and verified by 2D PCA (Figure 2A). In the PCA score
plot, two principal components (PC1 and PC2) were extracted to be
28.93% and 24.42%, respectively. The results showed that the three D.
officinale provenances were clearly separated, and three biological

Flavonoids 17 8 35 10 10 10
Alkaloids 16 0 10 2 2 4
Phenolic acids 13 2 9 3 8 10
Lignans and Coumarins 2 1 1 2 1 3
Tannins 0 0 1 1 0 1
Quinones 1 1 0 0 0 5
Terpenoids 2 0 0 0

Others 3 2 5 1 4 0
Total 68 80 58

replicates of each variety were compactly gathered together, indicating
that the experiment was reproducible and reliable. This comparison
indicated significant differences between the three provenances, with all
samples falling within the 95% confidence intervals. In addition, the
cluster heatmap and class heatmap of the metabolites clearly showed the
similarity of components among biological repeats and the difference of
components among different species (Figure 2B). These results suggest
that the provenance strongly influences the metabolite profiles of
different D. officinale. Venn diagram analysis of the substances
contained in the different species showed that 403 compounds were

2D PCA Plot

F2EY 233
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&
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FIGURE 2

Overview of metabolites analysis detected in three Dendrobium officinale provenances. (A) Principal component analysis of the relative of metabolites
for YN, ZJ and GZ: (B) Cluster heatmap of metabolite content in different samples. (C) Venn diagram of metabolite distribution in different materials.
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common to all three provenances, with only one specific metabolite (4-
acetoxy-3-ethoxybenzaldehyde) found in D. officinale from the YN
provenance and three metabolites (luteolin, 1-O-Feruloyl-B-D-glucose
and 6-O-Feruloyl-B-D-glucose) were only present in extracts of ZJ and
GZ. Two metabolites (2,4,6,6-Tetramethyl-3(6H)-pyridinone and
vitexin-7-O-rutinoside) were only present in extracts of YN and ZJ,
and two metabolites (fraxetin and 3-Hydroxy-4-methoxybenzoic acid)
were only present in extracts of YN and GZ (Figure 2C).

Difference analysis was performed for the substances detected in all
samples, and compounds with fold-change (FC) = 2 or FC < 0.5 and
OPLS-DA VIP values > 1 were defined as DAMs. In this study, the
OPLS-DA model compared metabolite contents of the provenances in
pairs to evaluate the differences between YN and ZJ (R*X = 0.409, R*Y =
0.997, Q* = 0.839), YN and GZ (R*X = 0.448, R*Y = 0.994, Q> = 0.877),
and ZJ and GZ (R*X = 0.389, R*Y = 0.994, Q* = 0.842) (Figures 3A-C).
The Q* values of all comparison groups exceeded 0.8, demonstrating that
these models were stable. OPLS-DA score plots showed that the three
provenances were well-separated in pairs, suggesting significant
differences in metabolic phenotypes (Figures 3A-F).
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Orthogonal partial least squares-discriminant Analysis (OPLS — DA)
scores. Scores of the OPLS — DA model with (A) YN vs GZ; (B) YN vs
Z3; (C) ZJ vs GZ. OPLS — DA s-plot model with (D) YN vs GZ; (E) YN vs
ZJ; (F) ZJ vs GZ. R2Yscores and Q2values represent the interpretation
rate of the model to the Y matrix and the prediction When Q2> 0.5,
the model can be considered an effective model, And Q2> 0.9 is an
excellent model.
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3.6 Differential metabolite
screening, functional annotation, and
enrichment analysis among the three
D. officinale provenances

Based on fold change > 2 or < 0.5 and VIP > 1, the number of up-
and downregulated compounds resulting from pairwise comparison of
tested species is shown in (Figures 4A-C) and (Table 3). The smallest
number of differential metabolites was found in the ZJ vs. GZ group, with
58 (25 were upregulated and 33 were downregulated). Moreover, there
were 80 significantly different metabolites between YN and GZ (61
upregulated, 19 downregulated) and 68 between YN and ZJ (54
upregulated, 14 downregulated). After taking the intersection of each
comparison group in a Venn diagram (Figure 4D), no metabolites were
shared among the comparison groups (YN vs. ZJ/GZ, Z] vs. GZ).
Moreover, there were 33, 12 and 25 differentially expressed metabolites
between YN vs. ZJ and YN vs. GZ, YN vs. ZJ and Z] vs. GZ, and YN vs.
GZ and ZJ vs. GZ, respectively. These results showed that the metabolites
that caused the differences between YN and ZJ, GZ were noticeably
different. Among the differential metabolites, the contents of
dihydropinosylvin methyl ether, quercetin-3-O-sophoroside-7-O-
rhamnoside, quercetin-3-O-(4"-O-glucosyl)rhamnoside, quercetin-3-O-
glucoside-7-O-rhamnoside, orientin-7-O-glucoside and quercetin-7-O-
rutinosider were relatively high in the three provenances, and the DAMs
were relatively large. Noteworthy, phenolic acids (dihydropinosylvin
methyl ether) in GZ provenance were 22.60-fold and 13.67-fold higher
than in YN provenance and ZJ provenance, respectively, and phenolic
acids in ZJ provenance were 1.65-fol higher than in YN provenance.

To explore the metabolite information in YN, ZJ and GZ
provenances, we used the KEGG database to annotate and enrich
the differential metabolites. In YN vs. ZJ, YN vs. GZ and ZJ vs. GZ
groups, 16, 17 and 10 DAMs were annotated by KEGG and showed
significant differences, respectively. The major pathways are
presented in bubble plots (Figures 5A-C). Most noteworthy, in the
YN vs. GZ comparison group, the DAMs were mainly enriched in
“flavone and flavonol biosynthesis” and “tropane, piperidine and
pyridine alkaloid biosynthesis” metabolic pathways (p-value < 0.05).
In the YN vs. ZJ comparison group, the DAMs were mainly enriched
in the “pyridine alkaloid biosynthesis” metabolic pathway (p-value <
0.05). In the Z] vs. GZ comparison group, the DAMs were primarily
enriched in “isoquinoline alkaloid biosynthesis” and “tyrosine
metabolism” metabolic pathways (p-value < 0.05).

To more comprehensively and visually show the relationship
between samples and screen marker metabolites, we performed
hierarchical clustering of samples across groups using the
expression levels of significant differential metabolites. Hierarchical
cluster analysis (HCA) showed that the marker metabolites of D.
officinale from the three provenances were mainly flavonoids,
alkaloids and phenolic acids. The contents of l-tyramine
(MWSmce584), sinapic acid (mws4085), 4-hydroxy-3-
methoxyamygdaloic acid (pmb2497) and kaempferol-3-O-
rutinoside (MWSHY0050) in GZ were significantly higher than
those in YN and ZJ. Moreover, the contents of 2-phenylethylamine
(MWSslk106), L-pipecolic acid (MWS0811), tryptamine (mws0005)
and 5,7,3’,4’-tetrahydroxyflavone (MWSHY0058) in YN were
significantly lower than those in GZ and ZJ (Figures 5D-F).
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Volcano maps and venn diagram analysis of differential metabolites for three comparison groups (YN vs. GZ, YN vs. ZJ, ZJ vs. GZ). Differential metabolite
analysis of Dendrobium officinale from different provenances. (A—C) Volcano maps of differential metabolites in different pairwise comparisons: (A) YN vs
GZJ; (B) YN vs ZJ; (C) ZJ vs GZ. (D) Venn diagram shows the overlapping and unigue metabolites amongst the comparison groups.

3.7 Correlation analysis of the secondary
metabolites in D. officinale and their
antioxidant activity

We performed correlation analysis for all flavonoids, phenolic
acids and alkaloids detected in the three materials because these
compounds are the major antioxidants in plants (Zhang et al., 2017)
and account for the largest proportion of D. officinale constituents.
The total flavonoid content (TFC) from GZ provenance D. officinale
fractions was significantly higher than that from ZJ provenance, and
TFC from ZJ provenance D. officinale fractions was significantly
higher than that from YN provenance. Measured total alkaloid
content (TAC) revealed that extracts from GZ and ZJ provenances
had significantly higher levels than the D. officinale stem extract from
YN provenance. In contrast, total phenolic acid content (TPC) in
extracts had no significant difference among the three provenances
(Figure 6). The results showed that TFC may be closely related to the
antioxidant activity of the three species of D. officinale.

We examined the correlation (Spearman correlation coefficient)
between all the different metabolites detected and antioxidant activities
(ABTS, DPPH, FRAP) to gain further insight into the ingredients of
antioxidants present in D. officinale and identified 48 metabolites that
displayed a significant positive correlation (r = 0.8, p < 0.0092) with
antioxidant activity. Here, 30 flavonoids, 9 alkaloids, 4 phenolic acids, 2
stilbenes, 1 sesquiterpenoid, 1 coumarin and 1 other substance displayed
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a significant positive correlation with at least one antioxidant activity,
suggesting that in addition to flavonoids, alkaloids and phenolic acids,
some stilbenes and other substances in D. officinale may also be
important antioxidants (Figure 7). Moreover, flavonols (quercetin-3-O-
neohesperidoside, quercetin-3-O-(4"-O-glucosyl)rhamnoside, quercetin-
7-O-rutinoside, quercetin-3-O-rutinoside (Rutin) and quercetin-3-O-
sophoroside-7-O-rhamnoside) levels in GZ extracts were 3.92- and
1.84-fold, 4.65- and 1.93-fold, 4.55- and 1.91-fold, 5.71- and 1.83-fold,
6.64- and 4.56-fold higher than in YN and ZJ extracts, respectively.
alkaloids (1-methoxy-indole-3-acetamide, 3-amino-2-naphthoic acid
and 3-Indoleacrylic acid) levels in GZ extracts were 1.40- and 1.13-
fold, 1.48- and 1.16-fold, 1.50- and 1.20-fold higher than in YN and ZJ
extracts, respectively. phenolic acids (1-O-Gentisoyl-B-D-glucoside,
glucosyringic acid and dihydropinosylvin methyl ether) levels in GZ
extracts were 1.59- and 1.42-fold, 1.94- and 1.76-fold, 71.06- and 13.67-
fold higher than in YN and ZJ extracts, respectively (Table S1). Among
them, the correlation coefficient between flavonols (quercetin-3-O-
neohesperidoside, quercetin-3-O-(4"-O-glucosyl)rhamnoside,
quercetin-7-O-rutinoside, quercetin-3-O-rutinoside (Rutin) and
quercetin-3-O-sophoroside-7-O-rhamnoside) and antioxidant index
was 0.867, 0.867, 0.867, 0.900 and 0.833 for ABTS, respectively. The
correlation coefficients of alkaloids (1-methoxy-indole-3-acetamide, 3-
amino-2-naphthoic acid and 3-Indoleacrylic acid) were 0.954, 0.867 and
0.950 for FRAP, respectively. The correlation coefficients between 1-O-
Gentisoyl-B-D-glucoside and the antioxidant indexes were 0.883 for
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content (red represents high content and green represents low content).

ABTS; The correlation coefficients between glucosyringic acid and the
antioxidant indexes were 0.812 for DPPH; The correlation coefficients
between dihydropinosylvin methyl ether and the antioxidant indexes
were 0.837 for DPPH (Table S2). According to the multiple and
correlation coefficient, we infer thatwe infer that content of quercetin-
3-O-sophoroside-7-O-rhamnoside and dihydropinosylvin methyl ether
might be the underlying causes of the differences in antioxidant capacity
and pharmacological effects of YN, ZJ, and GZ.
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Metabolic pathways { @) 000

KEGG enrichment maps and heatmaps analysis of differential metabolites for three comparison groups (YN vs. GZ, YN vs. ZJ, ZJ vs. GZ). (A—C), KEGG
enrichment maps of differential metabolites in different pairwise comparisons: (A) YN vs. ZJ; (B) YN vs. GZ; (C) ZJ vs. GZ. D-F, Heatmaps of hierarchical
cluster analysis (HCA): (D) YN vs ZJ; (E) YN vs GZ; (F) ZJ vs GZ. (A—C) The abscissa represents the enrichment factor of the pathway and the ordinate
shows the names of pathways. The color of the dot represents the p-value, and the deeper the red of the dot, the stronger the enrichment effects. The
size of points represents the number of metabolites enriched in the pathways. (D—F) The abscissa is used to display the names of samples, and the
ordinate on the right is used to display the names of differential metabolites. The deeper the red color, the higher the content of the metabolites; the
deeper the green color, the lower the content of the metabolites. The abscissa is the name of the sample and the ordinate is the differential metabolite.
Different colors in the heat map represent the relative content of the differential metabolite. The value obtained after normalization reflects the relative
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4 Discussion

4.1 The secondary metabolites of D.
officinale from different provenances were
significantly different

The provenance is the regional adaptive varieties derived from
different natural distribution areas or formed from geographical
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correlation (r>0.8, p < 0.0092).

isolation through artificial cultivation and domestication. There may
be great differences in the growth, development and quality of
different provenances, which is the basis for the selection and
cultivation of excellent varieties.

Lan et al., indicated that a total of 442 metabolites were identified
in three different origins from Guangxi Province (GP), Guangdong
Province (RS) and Zhejiang Province (Z]), and were divided into 16
major categories, among including 244 differential metabolites Lan
etal. (2022). In our study, 411 metabolites were identified including 8
categories, among 136 differential metabolites were identified in the
three comparison groups from YN, ZJ, and GZ. Compared with
previous studies, the metabolites, categories, differential metabolites
have decreased, it may be that our three provenance materials are
cultivated in the same place, which excludes the influence of growth
environment on metabolites. By comparing the species and content of
different metabolites between YN, Z] provenances and GZ native
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provenances, the difference is mainly reflected in flavonoids, alkaloids
and phenolic acid metabolites. Besides, the content of quercetin-3-O-
rutinoside noticeably different, while the in vivo radiation protection
effect of quercetin-3-o-rutinoside has been evaluated (Bansal et al,,
2012) and may represent a quality evaluation index. Similarly, the
content of I-pipecolic acid significantly different, while previous study
indicated that Pipecolic acid (Pip) biosynthesis and hydroxylated
modification pathways play a critical role in drought tolerance
through the antioxidant system in tomato (Wang et al, 2021).
Thus, these compound may also be used as a quality evaluation
index. In this study, the content of l-tyramine was observed to be
noticeably different, and previous study showed that l-tyramine also
serves as a precursor of numerous specialized metabolites that have
diverse physiological roles as antioxidants and defense compounds in
plant (Schenck and Maeda, 2018). Furthermore, vicenin-2 was
detected in D. officinale from the three different provenances, and
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the abundance of this compound is relatively large, which is
consistent with a previous study (Xu et al, 2013). Besides, the D.
officinale also contains a variety of flavonoid carbonosides with
apigenin as an aglycone (Chen et al., 2021). Thus, these metabolites
can be used to evaluate the quality of D. officinale.

The growing environment of plants affects the changes in
metabolites in plants. Important factors affecting the accumulation
of secondary metabolites in plants include different altitude,
temperature, and Light. It has been observed that the production of
polysaccharides D. officinale decreases gradually, with the increase in
altitude and decrease in temperature (He et al., 2022). Light-treatment
affected the accumulation of primary and secondary metabolites in D.
officinale, especially the biosynthesis of flavonoids, which the
components of flavonoid glycosides were significantly upregulated
(Jia et al., 2022). Zuo et al,, (2020) conducted a comparative analysis
of the metabolomics of D. officinale under different cultivation
substrates, and they found that only three shared metabolites
differed significantly among the different comparisons. Lan et al.
(2022) conducted a comparative analysis of the metabolomics of D.
officinale under different region, and found that were 22 significantly
different metabolites shared among the three comparison groups.
Nevertheless, in our study, there weren’t significantly different
metabolites shared among the three comparison groups. This
difference indicates that provenance is the main factor affecting the
differential metabolites of D. officinale, while the growing
environment has more lesser. In summary, YN and ZJ provenances
were introduced to Guizhou Province for cultivation, which the
homogeneity of the cultivation environment in the later period may
lead to the decrease of some differential metabolites.

4.2 Relationship between composition and
content of secondary metabolites of D.
officinale and antioxidant capacity

We identified 48 different metabolites that displayed a significant
positive correlation with antioxidant activity in D. officinale. Among
them, the quantity and content of flavonoids were the most abundant.
Flavonoids are important secondary metabolites, and flavonoids in
medicinal plants have been shown to have various biological and
pharmacological activities such as anti-diabetic, anti-cancer and
antioxidant (Mo et al., 1992; Wang et al., 2006; Wang et al.,, 2019).
Huang et al. (2022) showed that the contents of polyphenols and
flavonoids in alcohol extracts were positively correlated with the in
vitro antioxidant capacity of D. officinale. While, in this study, we
found that flavonoid compounds accounted for the highest
proportion of total metabolites, meanwhile the total flavonoids
content and total alkaloids content had significant positive
correlation with antioxidant activity, which is consistented with
previous studies. However, the total phenolic acid content hadn’t
significant positive correlation with antioxidant activity, inconsistent
with previous studies (Huang et al, 2022). This indicates that
phenolic acids have little effect on the antioxidant activity of the
three provenances. Flavonols (quercetin-3-O-glucoside-7-O-
rhamnoside, quercetin-3-O-neohesperidoside, quercetin-3-O-(4”-O-
glucosyl)rhamnoside, quercetin-7-O-rutinoside and rutin) were
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significantly and positively correlated with the antioxidant capacity
of D. officinale, and the content of metabolites was relatively high.
This observation is consistent with previous reports that flavonols are
important antioxidants (Jonathon and Bozzo, 2015). Equally, the
antioxidant activity of stems from D. officinale showed a positive
correlation with alkaloids (1-methoxy-indole-3-acetamide, 3-amino-
2-naphthoic acid and 3-Indoleacrylic acid), which is consistent with a
previous study [Tang et al., 2021]. In addition, previous studies have
shown that many phenolic acid compounds in plants also have
antioxidant activity, we found that phenolic acids (1-O-Gentisoyl-
B-D-glucoside, glucosyringic acid and dihydropinosylvin methyl
ether) were significantly and positively correlated with the
antioxidant capacity of D. officinale, which is consistent with
previous studies (Pradeep and Sreerama, 2018). Therefore, these
metabolites can be used as quality evaluation indicators for
screening high-quality provenances of D. officinale, which has
certain reference significance for industrial planting and promotion
of D. officinale. We found that the contents of quercetin-3-O-
sophoroside-7-O-rhamnoside and dihydropinosylvin methyl ether
in three different provenances were the most different. Whereas, in
the previous studies quercetin-3-O-sophoroside-7-O-rhamnoside
and dihydropinosylvin methyl ether has not been reported in D.
officinale. It can be further studied on the separation, purification and
function of these landmark metabolites.

5 Conclusions

The secondary metabolic composition and antioxidant capacity in
D. officinale from three different provenances (GZ, ZJ, YN), were
systematically studied for the first time. In total, 411 metabolites were
identified including 8 categories such as flavonoids and phenolic
acids, 136 of which were differential metabolites. These differentially
accumulated metabolites (DAMs) were enriched in secondary
metabolic pathways such as “flavone and flavonol biosynthesis”,
“tropane, piperidine and pyridine alkaloid biosynthesis”,
“isoquinoline alkaloid biosynthesis” and “tryptophan metabolism”.
The metabolites among the three D. officinale showed significant
differences, mainly differences in accumulated quantity. GZ has the
highest TFC and the highest antioxidant activity, followed by ZJ.
Correlation analysis identified that 48 differential metabolites showed
a significant positive correlation with antioxidant capacity, and
flavonoids were the main factors affecting the different antioxidant
activities. Quercetin-3-O-sophoroside-7-O-rhamnoside and
dihydropinosylvin methyl ether might be the underlying causes of
the differences in antioxidant capacity of three D. officinale. This study
provided reference for the breeding, quality control and product
development of D. officinale.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1060242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

Author contributions

Conception and design: QN and LL. Analysis and interpretation:
ZL. Data collection: ZL, LL, MH, CL, JY and FD. Provide the
materials: YS and YM. Writing the article: ZL and QN. Final
approval of the article: QN. All authors have read and agreed to the
published version of the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This research was funded by the Science and Technology Project of
Guizhou Province ([2020]4Y071), and the Traditional Chinese
Medicine Industry Development Project of Guizhou Provincial
Department of Agriculture and Rural Affairs ([2020]101), and the
Science and Technology Project of Guiyang City ([2020]-19-12-3), and
the Science and Technology Project of Qiannan Prefecture ([2022] 15).

Acknowledgments

The authors would like to acknowledge Wuhan Metware
Biotechnology Co., Ltd. (www.metware.cn (assessed on 21 April
2021)) for their support during detection, and quantitative analysis
of metabolites. We thank Liwen Bianji (Edanz) (www.liwenbianji.cn)
for editing the English text of a draft of this manuscript.

References

Bansal, P., Paul, P., Kunwar, A, Jayakumar, S., Nayak, P. G., Priyadarsini, K. L, et al.
(2012). Radioprotection by quercetin-3-O-rutinoside, a flavonoid glycoside - a cellular
and mechanistic approach. J. Funct. Foods 44, 924-932. doi: 10.1016/j.jff.2012.06.010

Cai, L., and Peng, P. (2021). A brief introduction on the chemical constituents and
pharmacological action of rare Chinese medicine Dendrobium officinale. Anhui Chem.
Industry 47 (01), 24-25. doi: 10.3969/j.issn.1008-553X.2021.01.008

Chen, D, Li, J., Xu, H,, Yang, Q. Yang, L, Li, S, et al. (2021). Identification of
dendrobium officinale from different provenances by HPLC and TLC. West China J.
Pharm. Sci. 36 (06), 691-695. doi: 10.13375/j.cnki.wcjps.2021.06.020

Fan, L., Chuan-Gao, J., Xian-Ying, R., Xuan, F.,, Qi, Z., Xiao-Jun, P, et al. (2022).
UPLC-MS/MS metabonomics technology revealing difference of flavonoids in
Dendrobium officinale under different planting modes. Chin. Traditional Herbal Drugs
53 (04), 1156-1162. doi: 10.7501/j.issn.0253-2670.2022.04.024

Fan, O,, Lin, Z., Dong, W. B., and Wang, C. Z. (2015). Research progress on the rapid
propagation of Dendrobium officinale. ]. Food Saf. Qual. 11, 4378-4383. doi: 10.19812/
j.cnki.jfsq11-5956/t5.2015.11.022

Gao, M., Cao, X., Wei, S., Huang, X., Ouyang, H., Chang, Y., et al. (2022). Quantitative
comparison and chemical profile of different botanical parts of Panax notoginseng from
different regions. Front. Nutr. 9, 841541. doi: 10.3389/fnut.2022.841541

He, Q. Lu, A, Qin, L,, Zhang, Q,, Lu, Y., Yang, Z., et al. (2022). An UPLC-Q-TOF/MS-
Based analysis of the differential composition of Dendrobium officinale in different
regions. J. Anal. Methods Chem. 2022, 8026410. doi: 10.1155/2022/8026410

He, L., Su, Q., Bai, L., Li, M, Liu, J,, Liu, X,, et al. (2020). Recent research progress on
natural small molecule bibenzyls and its derivatives in dendrobium species. Eur. J. Med.
Chem. 204, 112530. doi: 10.1016/j.ejmech.2020.112530

Hostetler, G. L., Ralston, R. A., and Schwartz, S. J. (2017). Flavones: Food sources,
bioavailability, metabolism, and bioactivity. Adv. Nutr. 8, 423-435. doi: 10.3945/an.116.012948

Huang, J., Huang, N., Zhang, M., Nie, J., Xu, Y., and Wu, Q. (2019). Decrease a3 by
regulating 0- and B-secretases in hippocampal neurons of SD rats. Peer J. 7, €7627. doi:
10.7717/peerj.7627

Huang, B., Liu, W.-J,, Li, W., and Wu, J.-H. (2022). Comparative analysis of active
constituents and antioxidant activities of Dendrobium officinale in different artificial
cultivation models. J. Food Saf. Qual. 13 (08), 2665-2671. doi: 10.19812/j.cnki.jfsq11-
5956/t5.2022.08.033

Jia, Y., Liu, J., Xu, M., Chen, G., Tan, M., and Xiang, Z. (2022). Light and potassium
improve the quality of Dendrobium officinale through optimizing transcriptomic and
metabolomic alteration. Molecules 27 (15), 4866. doi: 10.3390/molecules27154866

Frontiers in Plant Science

12

10.3389/fpls.2023.1060242

Conflict of interest

Authors YS, and YM were employed by Anlong County Xicheng
Xiushu Agriculture and Forestry Co., Ltd. Authors JY, and FD were
employed by GuiZhou Warmen Pharmaceutical Co., Ltd.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1060242/

full#supplementary-material

Jonathon, R., and Bozzo, G. G. (2015). Arabidopsis thaliana B-glucosidase BGLU15
attacks flavonol 3-O-B-glucoside-7-O-0-rhamnosides. Phytochemistry 109, 14-24. doi:
10.1016/j.phytochem.2014.10.028

Lam, Y., Ng, T. B,, Yao, R. M., Shi, J., Xu, K,, Sze, S. C, et al. (2015). Evaluation of
chemical constituents and important mechanism of pharmacological biology in
dendrobium plants. Evid Based Complement Alternat Med. 2015, 841752. doi: 10.1155/
2015/841752

Lan, Q,, Liu, C., Wu, Z, Ni, C,, Li, J., Huang, C, et al. (2022). Does the metabolome of
wild-like Dendrobium officinale of different origins have regional differences? Molecules 27
(20), 7024. doi: 10.3390/molecules27207024

Li, Y.-Y,, Lyu, C.-H., Wu, G., Zheng, Z.-B., Luo, Y.-B., and Qin, Si. (2019). Research
progress on molecular mechanism of Dendrobium officinale and its active components to
metabolic syndrome. China J. Chin. Materia Med. 44 (23), 5102-5108. doi: 10.19540/
j.cnki.cjemm.20190813.402

Liu, D., Dong, Z., Xiang, F., Liu, H., Wang, Y., Wang, Q., et al. (2020). Dendrobium
alkaloids promote neural function after cerebral ischemia-reperfusion injury through
inhibiting pyroptosis induced neuronal death in both in vivo and In vitro models.
Neurochem. Res. 45 (2), 437-454. doi: 10.1007/s11064-019-02935-w

Li, Y., Zhao, G., Zhang, R,, Wei, Y., Yao, Z, Su, S., et al. (2022). Using untargeted
metabolomics to profile the differences of the fruits of Lycium barbarum in different
geographical origins. Anal. Sci. 38 (8), 1083-1093. doi: 10.1007/s44211-022-00137-z

Mala, B., Kuegkong, K., Sa-ngiaemsri, N., and Nontachaiyapoom, S. (2017). Effect of
germination media on in vitro symbiotic seed germination of three Dendrobium orchids s.
Afr. J. Bot. 112, 521-526. doi: 10.1016/j.sajb.2017.05.008

Meng, C. W,, He, Y. L, Peng, C,, Ding, X. ., Guo, L., and Xiong, L. (2017). Picrotoxane

sesquiterpenoids from the stems of Dendrobium nobile and their absolute configurations
and angiogenesis effect. Fitoterapia 121, 206-211. doi: 10.1016/j.fitote.2017.07.017

Mo, Y., Nagel, C., and Taylor, L. P. (1992). Biochemical complementation of chalcone
synthase mutants defines a role for flavonols in functional pollen. Proc. Natl. Acad. Sci. U
S A. 89 (15), 7213-7217. doi: 10.1073/pnas.89.15.7213

Monteiro, M. S., Carvalho, M., Bastos, M. L., and Guedes de Pinho, P. (2013).
Metabolomics analysis for biomarker discovery: Advances and challenges. Curr.
Medicinal Chem. 20 (2), 257-271. doi: 10.2174/092986713804806621

Pan, C,, Chen, S., Chen, Z, Li, Y., Liu, Y., Zhang, Z, et al. (2022). Assessing the
geographical distribution of 76 Dendrobium species and impacts of climate change on
their potential suitable distribution area in China. Environ. Sci. pollut. Res. Int. 29 (14),
20571-20592. doi: 10.1007/s11356-021-15788-0

frontiersin.org


http://www.metware.cn
http://www.liwenbianji.cn
https://www.frontiersin.org/articles/10.3389/fpls.2023.1060242/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1060242/full#supplementary-material
https://doi.org/10.1016/j.jff.2012.06.010
https://doi.org/10.3969/j.issn.1008-553X.2021.01.008
https://doi.org/10.13375/j.cnki.wcjps.2021.06.020
https://doi.org/10.7501/j.issn.0253-2670.2022.04.024
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2015.11.022
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2015.11.022
https://doi.org/10.3389/fnut.2022.841541
https://doi.org/10.1155/2022/8026410
https://doi.org/10.1016/j.ejmech.2020.112530
https://doi.org/10.3945/an.116.012948
https://doi.org/10.7717/peerj.7627
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2022.08.033
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2022.08.033
https://doi.org/10.3390/molecules27154866
https://doi.org/10.1016/j.phytochem.2014.10.028
https://doi.org/10.1155/2015/841752
https://doi.org/10.1155/2015/841752
https://doi.org/10.3390/molecules27207024
https://doi.org/10.19540/j.cnki.cjcmm.20190813.402
https://doi.org/10.19540/j.cnki.cjcmm.20190813.402
https://doi.org/10.1007/s11064-019-02935-w
https://doi.org/10.1007/s44211-022-00137-z
https://doi.org/10.1016/j.sajb.2017.05.008
https://doi.org/10.1016/j.fitote.2017.07.017
https://doi.org/10.1073/pnas.89.15.7213
https://doi.org/10.2174/092986713804806621
https://doi.org/10.1007/s11356-021-15788-0
https://doi.org/10.3389/fpls.2023.1060242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

Pradeep, P. M., and Sreerama, Y. N. (2018). Termprotein removing of foxtail and little
millet and their inhibitory effects on ai-amylase and o.-glucosidase activities. Food Chem.
247, 46-55. doi: 10.1016/j.foodchem.2017.11.103

Schenck, C. A., and Maeda, H. A. (2018). Tyrosine biosynthesis, metabolism, and
catabolism in plants. Phytochemistry 149, 82-102. doi: 10.1016/j.phytochem.2018.02.003

Shiau, Y. J., Nalawade, S. M., Hsia, C. N., Mulabagal, V., and Tsay, H. S. (2005). In vitro
propagation of the chinese medicinal plant, Dendrobium candidum wall. ex lindl., from
axenic nodal segments. In Vitro Cell. Dev.Biol.-Plant 41, 666-670. doi: 10.1079/IVP2005685

Si, J. P., Yu, Q. X, Song, X. S., and Shao, W. J. (2013). Artificial cultivation modes for
Dendrobium officinale. China J. Chin. Mater. Med. 38, 481-484.

Sun, Le, Chen, X.-M., Wu, C.-M., and Guo, S.-X. (2020). Advances and prospects of
pharmacological activities of Dendrobium officinale kimura et migo polysaccharides. Acta
Pharm. Sin. 55 (10), 2322-2329. doi: 10.16438/j.0513-4870.2020-0126

Tang, Y. C, Liu, Y. J, He, G. R, Cao, Y. W,, Bi, M. M., Song, M., et al. (2021).
Comprehensive analysis of secondary metabolites in the extracts from different Lily bulbs
and their antioxidant ability. Antioxid. (Basel). 10 (10), 1634. doi: 10.3390/antiox10101634

Tang, W.-W,, Xia, J.-L., and Cheng, Y. (2021). Analysis of functional composition,
antioxidant activity and their correlation in stem, leaf and flower from Dendrobium
officinale. Food Machinery 37 (07), 45-50. doi: 10.13652/j.issn.1003-5788.2021.07.007

Tang, H., Zhao, T., Sheng, Y., Zheng, T., Fu, L., and Zhang, Y. (2017). Dendrobium
officinale kimura et migo: A review on its ethnopharmacology, phytochemistry,
pharmacology, and industrialization. Evid. Based Complementary Altern. Med.,
7436259. doi: 10.1155/2017/7436259

Wang, S., Alseekh, S., Fernie, A. R,, and Luo, J. (2019). The structure and function of major
plant metabolite modifications. Mol. Plant 12, 899-919. doi: 10.1016/j.molp.2019.06.001

Wang, P, Luo, Q,, Yang, W., Ahammed, G. J., Ding, S., Chen, X, et al. (2021). Shi k. a
novel role of pipecolic acid biosynthetic pathway in drought tolerance through the
antioxidant system in Tomato. Antioxidants 10 (12), 1923. doi: 10.3390/antiox10121923

Wang, L, Tu, Y. C, Lian, T. W,, Hung, J. T., Yen, J. H,, and Wu, M. J. (2006).
Distinctive antioxidant and antiinflammatory effects of flavonols. J. Agric. Food Chem. 54
(26), 9798-9804. doi: 10.1021/jf0620719

Wei, R, Li, G., and Seymour, A. B. (2010). High-throughput and multiplexed LC/MS/MRM
method for targeted metabolomics. Anal. Chem. 82 (13), 5527-5533. doi: 10.1021/ac100331b

Frontiers in Plant Science

13

10.3389/fpls.2023.1060242

Xie, T., Chen, J., and Li, Y. (2018). Study on Anti-fatigue effect of aqueous extracts from
Dendrobium candidum in different producing areas. Yunnan J. Traditional Chin. Med. 39
(08), 66-67. doi: 10.16254/j.cnki.53-1120/r.2018.08.030

Xi, H.-X., Liu, C,, Liu, J.-J., Zhang, X.-F., Si, J.-P., and Zhang, L. (2020).
Chemical components and pharmacological action for Dendrobium officinale
and its prediction analysis on q-marker. Chin. Traditional Herbal Drugs 51 (11),
3097-3109. doi: 10.7501/j.issn.0253-2670.2020.11.030

Xu,J., Han, Q. B., Li, S. L., Chen, X. J., Wang, X. N,, Zhao, Z. Z, et al. (2013). Chemistry,
bioactivity and quality control of Dendrobium, a commonly used tonic herb in traditional
Chinese medicine. Phytochem. Rev. 12, 341-367. doi: 10.1007/s11101-013-9310-8

Yue, H., Zeng, H., and Ding, K. (2020). A review of isolation methods, structure
features and bioactivities of polysaccharides from dendrobium species. Chin. J. Nat. Med.
18 (1), 1-27. doi: 10.1016/S1875-5364(20)30001-7

Zeng, W.Y.,Li,]. H, Wang, Z,, Yang, Y. W.,and Hu,, Q. (2012). Research on the condition
of aseptic germination and plantlet rapid propagation of Dendrobium officinale kimura et
migo. J. Wuhan. Polytech. Univ. 31 (3), 10-13. doi: 10.3969;. issn.1009-4881.2012.03.003

Zhang, G. Q., Xu, Q,, Bian, C, Tsai, W. C,, Yeh, C. M,, Liu, K. W,, et al. (2016). The
Dendrobium catenatum lindl. genome sequence provides insights into polysaccharide
synthase, floral development and adaptive evolution. Sci. Rep. 6,19029. doi: 10.1038/srep19029

Zhang, Y., Zhang, L., Liu, J., Liang, J., Si, J., and Wu, S. (2017). Dendrobium officinale
leaves as a new antioxidant source. J. Funct. Foods 37, 400-415. doi: 10.1016/
j.jff.2017.08.006

Zhang, X.-Q., Zhao, T.-M., Liu, J., Zhao, R.-X., Zheng, S.-G., Chun, Ze, et al. (2018).
Advances in chemical compounds and pharmacological effects of dendrobii caulis. Chin.
Traditional Herbal Drugs 49 (13), 3174-3182. doi: 10.7501/j.issn.0253-2670.2018.13.033

Zhang, X.-F., Zhuo, C.-H., Zhang, L.-K,, Jiang, M., Xie, Z.-S., Yuan, Y., et al. (2019).
Isolation and identification of main flavonoid glycosides of Dendrobium officinale from
danxia species and yunnan guangnan species. Chin. J. Exp. Traditional Med. Formulae 25
(01), 29-34. doi: 10.13422/j.cnki.syfjx.20182417

Zuo, S. M., Yu, H. D., Zhang, W., Zhong, Q., Chen, W., Chen, W., et al. (2020).
Comparative metabolomic analysis of dendrobium officinale under different cultivation
substrates. Metabolites 10 (8), 325. doi: 10.3390/metabo10080325

frontiersin.org


https://doi.org/10.1016/j.foodchem.2017.11.103
https://doi.org/10.1016/j.phytochem.2018.02.003
https://doi.org/10.1079/IVP2005685
https://doi.org/10.16438/j.0513-4870.2020-0126
https://doi.org/10.3390/antiox10101634
https://doi.org/10.13652/j.issn.1003-5788.2021.07.007
https://doi.org/10.1155/2017/7436259
https://doi.org/10.1016/j.molp.2019.06.001
https://doi.org/10.3390/antiox10121923
https://doi.org/10.1021/jf0620719
https://doi.org/10.1021/ac100331b
https://doi.org/10.16254/j.cnki.53-1120/r.2018.08.030
https://doi.org/10.7501/j.issn.0253-2670.2020.11.030
https://doi.org/10.1007/s11101-013-9310-8
https://doi.org/10.1016/S1875-5364(20)30001-7
https://doi.org/10.3969j. issn.1009-4881.2012.03.003
https://doi.org/10.1038/srep19029
https://doi.org/10.1016/j.jff.2017.08.006
https://doi.org/10.1016/j.jff.2017.08.006
https://doi.org/10.7501/j.issn.0253-2670.2018.13.033
https://doi.org/10.13422/j.cnki.syfjx.20182417
https://doi.org/10.3390/metabo10080325
https://doi.org/10.3389/fpls.2023.1060242
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	HPLC-based metabolomics of Dendrobium officinale revealing its antioxidant ability
	1 Introduction
	2 Materials and methods
	2.1 Experimental materials and preparation of samples
	2.2 Determination of antioxidant activity
	2.3 Flavonoid content determination
	2.3.1 Chromatographic conditions
	2.3.2 Preparation of control solutions
	2.3.3 Preparation of sample solutions for testing
	2.3.4 Determination of flavonoids

	2.4 Secondary metabolites detection by UPLC-MS/MS
	2.4.1 Sample preparation and extraction
	2.4.2 UPLC conditions, ESI-Q TRAP-MS/MS and qualitative and quantitative analysis of metabolites
	2.4.3 Treatment of data


	3 Results
	3.1 Stem morphology of D. officinale from different provenances
	3.2 Antioxidant activity analysis of D. officinale from different provenances
	3.3 Flavonoid carbonoside components and contents analysis of D. officinale from different provenances
	3.4 Qualitative metabolic profiling of D. officinale stems
	3.5 Principal component analysis and orthogonal projections to latent structures-discriminant analysis for stems of D. officinale from the three provenances
	3.6 Differential metabolite screening, functional annotation, and enrichment analysis among the three D. officinale provenances
	3.7 Correlation analysis of the secondary metabolites in D. officinale and their antioxidant activity

	4 Discussion
	4.1 The secondary metabolites of D. officinale from different provenances were significantly different
	4.2 Relationship between composition and content of secondary metabolites of D. officinale and antioxidant capacity

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


