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Abstract: Arbutin and 6′-O-caffeoylarbutin (CA) from Vaccinium dunalianum Wight are known for
their ability to inhibit melanin synthesis. To boost the production of arbutin and CA, precursor feed-
ing with hydroquinone (HQ) was studied in V. dunalianum suspension cells. The effect of HQ on the
biosynthesis of arbutin and CA in the suspension cells was investigated using high-performance liq-
uid chromatography (HPLC), and possible molecular mechanisms were analyzed using metabolomics
and transcriptomics analyses. HPLC analysis only showed that the addition of HQ significantly
enhanced arbutin synthesis in cells, peaking at 15.52 ± 0.28 mg·g−1 after 0.5 mmol·L−1 HQ treat-
ment for 12 h. Subsequently, metabolomics identified 78 differential expression metabolites (DEMs),
of which arbutin and CA were significantly up-regulated metabolites. Moreover, transcriptomics
found a total of 10,628 differential expression genes (DEGs). The integrated transcriptomics and
metabolomics revealed that HQ significantly enhanced the expression of two arbutin synthase (AS)
genes (Unigene0063512 and Unigene0063513), boosting arbutin synthesis. Additionally, it is spec-
ulated that CA was generated from arbutin and 3,4,5-tricaffeoylquinic acid catalyzed by caffeoyl
transferase, with Unigene0044545, Unigene0043539, and Unigene0017356 as potentially associated
genes with CA synthesis. These findings indicate that the precursor feeding strategy offers a promis-
ing approach for the mass production of arbutin and CA in V. dunalianum suspension cells and
provides new insights for CA biosynthesis in V. dunalianum.

Keywords: Vaccinium dunalianum; cell suspension culture; precursor feeding; arbutin; 6′-O-caffeoylarbutin;
metabolomics; transcriptomics

1. Introduction

Arbutin is a hydroquinone glucoside compound found in various natural sources,
such as bearberry, pears, mulberry, cranberry, wheat, coffee, and tea [1,2]. It exhibits
beneficial properties of antioxidant, anti-inflammatory, antimicrobial, and anticancer [3–5].
Arbutin serves as a natural skin-lightening agent owing to its ability to inhibit tyrosinase
to hinder melanin synthesis [6]. 6′-O-Caffeoylarbutin (CA) is an arbutin derivative that
possesses better anti-melanin activity and lower toxicity than arbutin [7]. Several studies
have suggested that CA had antioxidant and hepatoprotective effects, and showed potential
as an anti-COVID-19 agent [8,9]. Therefore, it is of great significance to achieve large-scale
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production of arbutin and CA. Notably, Vaccinium dunalianum Wight is a rich source of
CA and arbutin. V. dunalianum belongs to the genus Vaccinium of the family Ericaceae,
which is a traditional herbal medicine with the activities of analgesia and promoting blood
circulation [9]. Phytochemical analysis indicated that the leaf buds of V. dunalianum are rich
in arbutin and CA, among which CA is the most abundant with a content of 31.76% [10,11].
The high accumulation of CA and arbutin in V. dunalianum and their favorable activity make
it a valuable natural resource. However, the yield and purity of secondary metabolites
obtained by the extraction method are low and are vulnerable to external conditions. Thus,
alternative strategies are urgently required to meet the mass market demand for arbutin
and CA while mitigating habitat destruction.

Plant tissue culture systems, especially cell suspension culture, are widely used for
the mass cultivation of medicinal plants. This approach allows for the production of sec-
ondary metabolites while avoiding high production costs and the destruction of wild plant
resources [12,13]. So far, cell suspension culture technology has been successfully applied
to the production of various metabolites, including terpenoids [13], phenolic acids [14],
and flavonoids [15,16]. However, achieving sufficient metabolite production from some
plant cell suspension cultures remains challenging without proper induction conditions.
Common strategies to enhance metabolite content in cell suspension cultures include opti-
mization of culture conditions, elicitation, and precursor feeding. Among these methods,
precursor feeding involves supplementing the required precursor to boost the production
of target metabolites. Previous studies have attempted to promote the production of diverse
metabolites from various plants through precursor feeding in cell suspension cultures. Luo
and He demonstrated that paclitaxel production could be increased by supplementing pre-
cursors in Taxus chinensis (Pilg.) Rehder suspension cells [17]. Similarly, John et al. proved
that the addition of cholesterol and hydrocholesterol increased the 20-hydroxyecdysone
content in Achyranthes aspera Linn. cell suspension cultures [18]. Furthermore, Rattan et al.
effectively transformed tyrosol into salidroside in Rhodiola imbricata Edgew. suspension
cells [19].

Previously, cell suspension cultures of V. dunalianum were established with the aim
of mass-producing arbutin and CA [20]. However, a low content of CA (0.44%) was
detected in V. dunalianum suspension cells, whereas no arbutin was detected through
liquid chromatography–mass spectrometry (LC-MS) analysis [21]. Recent studies have
approved hydroquinone (HQ) as a precursor for arbutin synthesis in plant cell cultures [22].
Meanwhile, CA is a is a caffeoyl conjugate at the glucose-6′ position of arbutin, but the
specific caffeoyl-transferase involved in its synthesis remains unknown [23]. Although the
synthetic pathway of CA has not been clarified, it is speculated that enhancing arbutin
synthesis may positively influence CA biosynthesis. Additionally, precursor feeding can
promote the accumulation of plant secondary metabolites, resulting in changes in both
metabolites and genes. Transcriptomics and metabolomics are powerful high-throughput
technologies and invaluable in elucidating the synthesis pathways of important secondary
metabolites in plants by identifying differentially expressed genes and metabolites [24–26].
In recent years, the combined analysis of transcriptomics and metabolomics has been
widely used in studying the metabolic pathway of plant bioactive compounds [27,28].

Therefore, this study selected HQ as a precursor and investigated its effect on the accu-
mulation of arbutin and CA in suspension cells of V. dunalianum. Furthermore, integrated
metabolomics and transcriptomics were performed to analyze the molecular mechanism
of the effects of HQ on the synthesis of arbutin and CA in suspension cells. This study
aims to provide a promising biotechnological strategy for the production of arbutin and
CA and give new insights into the biosynthetic mechanisms of arbutin and CA in the cell
suspension cultures of V. dunalianum.
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2. Results
2.1. Effect of HQ on Metabolites in V. dunalianum Suspension Cells by High-Performance Liquid
Chromatography (HPLC)

To investigate the effect of precursor HQ addition on the metabolites of V. dunalianum
suspension cells, methanol extracts from control and HQ-treated groups were analyzed
using HPLC. In the control group, neither arbutin nor CA was detected in suspension
cells during culture (Figure 1a). However, the presence of arbutin was observed in the
suspension cells of the HQ-treated group (Figure 1b). As shown in Figure 1c and Table 1,
the addition of HQ at varying concentrations (0.5, 1.0, and 3.0 mmol·L−1) significantly
promoted the biosynthesis of arbutin. After 12 h of treatment, the maximum production of
arbutin in the suspension cells was determined, which was 15.52 ± 0.28, 9.58 ± 0.38, and
4.49 ± 0.10 mg·g−1 under the treatments of 0.5, 1.0, and 3.0 mmol·L−1 HQ, respectively
(Figure 1c and Table 1). Specifically, treatment with 0.5 mmol·L−1 HQ for 12 h was most
effective in enhancing the synthesis of arbutin in suspension cells. Under the same concen-
tration of HQ treatment, the arbutin content in suspension cells increased initially and then
decreased with the prolongation of culture time. Compared with the high concentration of
the HQ treatment condition (3.0 mmol·L−1), low concentrations of HQ are more beneficial
to the synthesis of arbutin in suspension cells. This may be because high concentrations of
HQ and prolonged treatment are detrimental to the accumulation of arbutin in the cells.
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Table 1. The content of arbutin in control and HQ-treated suspension cells of V. dunalianum. 

Concentration of Hydroquinone 
(mmol·L−1) 

Arbutin Content (mg·g−1) 
6 h 12 h 48 h 

0.5 5.96 ± 0.08 *** 15.52 ± 0.28 *** 0.59 ± 0.00 **** 
1.0 6.81 ± 0.01 **** 9.58 ± 0.38 *** 3.30 ± 0.15 ** 
3.0 3.21 ± 0.04 *** 4.49 ± 0.10 *** 0.25 ± 0.01 *** 

Figure 1. The effect of HQ on the biosynthesis of main compounds in V. dunalianum suspension
cells. (a) HPLC chromatograph of the extracts suspension cells in the control group. (b) HPLC
chromatograph of the extracts suspension cells in HQ treatment group. (c) Arbutin content in
suspension cells treated with different concentrations of HQ at different times. The data was the
means of three replicates (n = 3), and the vertical bars represented the standard error of replicates.
Asterisk symbols (*) indicated significant differences according to Duncan’s multiple range test
(* p < 0.05; *** p < 0.001; **** p < 0.0001).
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Table 1. The content of arbutin in control and HQ-treated suspension cells of V. dunalianum.

Concentration of Hydroquinone
(mmol·L−1)

Arbutin Content (mg·g−1)

6 h 12 h 48 h

0.5 5.96 ± 0.08 *** 15.52 ± 0.28 *** 0.59 ± 0.00 ****
1.0 6.81 ± 0.01 **** 9.58 ± 0.38 *** 3.30 ± 0.15 **
3.0 3.21 ± 0.04 *** 4.49 ± 0.10 *** 0.25 ± 0.01 ***

Control 0.00 0.00 0.00
The data represented mean ± SE of three replicates (n = 3). Asterisk symbols (*) indicate significant differences
according to Duncan’s multiple range test (** p < 0.01; *** p < 0.001; **** p < 0.0001).

2.2. Effect of HQ on Metabolite and Gene Changes in V. dunalianum Suspension Cells Based on
Metabolomics and Transcriptomics

The content of arbutin in suspension cells treated with 0.5 mmol·L−1 HQ for 12 h
reached a maximum. To comprehensively elucidate the impact of precursor HQ feeding on
the biosynthesis of metabolites and gene expressions, metabolomics and transcriptomics
analyses were performed on suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h.

2.2.1. Differentially Expressed Metabolites (DEMs) Identified in Suspension Cells Treated
with 0 and 0.5 mmol·L−1 HQ for 12 h by Metabolomics Analysis

Before obtaining the DEMs, the partial least squares-discriminant analysis (PLS-DA)
model was employed to distinguish two groups of samples, revealing that there were sig-
nificant differences between groups (Figure 2a,b). Then a total of 78 DEMs were identified
in suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h, including 40 up-regulated
and 38 down-regulated metabolites in suspension cells treated with HQ compared with the
control group (Figure 2c and Table S1). KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway analysis showed that these DEMs were most enriched in starch and sucrose
metabolism (ko00500), biosynthesis of unsaturated fatty acids (ko01040), and glycolysis
and gluconeogenesis (ko00010) pathways (Figure 2d).

The DEMs primarily consisted of phenolic acids and flavonoids, with a higher num-
ber of up-regulated DEMs observed for phenolic acids, carbohydrates, and organic acids
(Figure 2e–h). The heatmap of DEMs suggested the addition of HQ greatly improved the ac-
cumulation of phenolic acid compounds in suspension cells. It is worth noting that CA was
also a significantly up-regulated metabolite in suspension cells treated with HQ (Figure 2f),
suggesting that the addition of HQ also promoted CA synthesis in suspension cells.

2.2.2. Differential Expression Genes (DEGs) Identified in Suspension Cells Treated with 0
and 0.5 mmol·L−1 HQ for 12 h by Transcriptomics Analysis

Although HPLC results and metabolomics analysis showed that the addition of HQ
enhances the synthesis of arbutin and CA, the genes involved in the synthesis of these
two compounds in V. dunalianum are currently unclear. Therefore, the samples from the
control and HQ-treated (treated with 0.5 mmol·L−1 HQ for 12 h) groups were further used
for transcriptomics analysis. A total of 185,738,256 bp and 201,313,356 bp raw reads were
obtained from V. dunalianum suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h,
which were filtered to obtain 185,045,696 bp (99.63%) and 200,667,084 bp (99.68%) clean
reads respectively (Table S2). The Q30 percentages of total clean reads in samples ranged
from 93.32 to 94.49%, and GC percentages ranged from 46.34 to 47.04% (Table S2), indicating
that the transcriptomic data were high-quality and could be used for further differential
expression genes (DEGs) analysis. Subsequently, a total of 105,147 unigenes were assembled
(Table S3) and annotated by the GO (Gene Ontology) function and KEGG pathway.
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Figure 2. Analysis of DEMs in V. dunalianum suspension cells treated with 0 and 0.5 mmol·L−1 HQ
for 12 h. (a) PLS-DA model with the model parameter values of R2X (cum) = 0.713, R2Y (cum) = 0.999,
Q2 (cum) = 0.962. (b) Permutation test with 200 iterations and the intercepts of R2 = 0.981, Q2 = −0.252.
(c) Volcano plot of differential metabolites. (d) KEGG enrichment analysis of differential metabo-
lites with top 20 pathways. (e) Classification of differential metabolites. (f–h) Expression of
differential metabolites.

Transcriptome sequencing results showed that there were 10,628 DEGs in suspen-
sion cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h, including 4125 up-regulated and
6503 down-regulated genes in HQ-treated suspension cells compared with the control
group (Figure 3a and Table S3). GO analysis revealed that RNA modification, cell, and
transferase activity were the most enrichment terms in biological process, cellular com-
ponent, and molecular function ontologies respectively (Figure 3b). Furthermore, KEGG
analysis demonstrated that DEGs were predominantly enriched in pathways related to
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plant hormone signal transduction (ko04075), brassinosteroid biosynthesis (ko00905), and
phenylpropanoid biosynthesis (ko00940) (Figure 3c).
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2.3. Integrated Metabolomics and Transcriptomics Analyze the Synthetic Pathway of Arbutin in V.
dunalianum Suspension Cells Feeding with 0.5 mmol·L−1 HQ for 12 h

The transcriptomics and metabolomics analyses were performed on V. dunalianum
suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h. These results were assessed
together for a comprehensive understanding of how HQ affects the synthesis of arbutin.

Arbutin is generated through the glycosylation of HQ, which is an essential precursor
in its synthesis [6]. Based on a reported microbial arbutin synthesis pathway [29], a pathway
diagram was constructed that included an expression heat map of genes and metabolites
involved in arbutin formation (Figure 4). In this synthesis pathway, uridine-diphosphate-
5′-glucose (UDPG) acted as a glucosyl donor while HQ functioned as a glucosyl acceptor.
Under the catalysis of arbutin synthase (AS, EC 2.4.1.218), UDPG transferred the glucosyl to
HQ, thereby generating arbutin and uridine-5′-diphosphate (UDP). UDPG is a metabolite
of fructose-6-phosphate (F6P) in the glycolytic pathway. Upstream of this pathway, most
genes encoding glucose-6-phosphate isomerase (gpi, EC: 5.3.1.9), phosphoglucomutase
(pgm, EC: 5.4.2.2), and glucose-1-phosphate uridylyltransferase (galU, EC:2.7.7.9) exhibited
down-regulated expression in suspension cells treated with HQ (Figure 4). As a crucial
enzyme for synthesizing arbutin, transcriptomics sequencing data analysis found that
two DEGs (Unigene0063512 and Unigene0063513) annotated as AS were significantly up-
regulated in suspension cells treated with HQ, indicating these two genes may play an
important role in the arbutin synthesis (Figure 4).
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Figure 4. Gene expression and metabolite change in the biosynthetic pathway of arbutin in suspension
cells treated with 0.5 mmol·L−1 HQ for 12 h.

Metabolites associated with DEGs in the arbutin synthetic pathways also underwent
changes. In the synthetic pathway, F6P, glucose-1-phosphate (G1P), and UDGP were identi-
fied as down-regulated DEMs in HQ-treated suspension cells, while glucose 6-phosphate
(G6P) also decreased although it was not a DEM (Figure 4 and Table 2). All these metabo-
lites are precursors of arbutin synthesis. Arbutin was identified as an up-regulated DEM.
There was a significantly higher amount of arbutin and an increased peak area of UDP
in suspension cells treated with HQ compared with control (Figure 4 and Table 2). These
findings were consistent with the results of the transcriptomics analysis.

Table 2. The metabolites related to the biosynthesis of arbutin and CA in suspension cells treated
with 0.5 mmol·L−1 HQ for 12 h.

Compounds Log2 FC Value (Control vs. HQ Treatment) p Value Regulation

3,4,5-tricaffeoylquinic acid −10.54 0.0009 down
arbutin 10.56 0.0013 up

6′-O-caffeoylarbutin (CA) 12.61 0.0139 up
caffeic acid 14.02 0.0003 up

cryptochlorogenic acid −0.18 0.6233 insignificant
fructose-6-phosphate (F6P) −1.39 0.0001 down
glucose-6-phosphate (G6P) −1.05 0.9163 insignificant
glucose-1-phosphate (G1P) −1.23 0.0001 down

neochlorogenic acid −0.12 0.8723 insignificant
quinic acid 0.47 0.3995 insignificant

uridine-5′-diphosphate (UDP) 0.53 0.0011 insignificant
uridine-diphosphate-5′-glucose (UDPG) −1.31 0.0351 down

2.4. Speculation on the Potential Synthesis Pathway of CA in V. dunalianum Suspension Cells
Feeding with 0.5 mmol·L−1 HQ for 12 h Based on Metabolomics and Transcriptomics

In the above metabolomics analysis, the addition of HQ not only facilitated arbutin
synthesis but also promoted CA synthesis in suspension cells. However, the synthetic
pathway of CA has not been elucidated so far. Based on differential metabolites analysis
and previous research [23], this study speculated that caffeoylquinic acid acted as caffeoyl
donors and arbutin as a caffeoyl receptor, and the caffeoyl group from caffeoylquinic acids
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was transferred to the glucose-6′ of arbutin to form CA under the catalysis of caffeoyl
transferase, while simultaneously generating caffeic acid and quinic acid (Figure 5a). Three
caffeoylquinic acids, namely cryptochlorogenic acid (4-O-caffeoylquinic acid), neochloro-
genic acid (5-O-caffeoylquinic acid), and 3,4,5-tricaffeoylquinic acid, were identified in sus-
pension cells by ultrafiltration-ultra-performance liquid chromatography and quadrupole-
time-of-flight mass spectrometry (UF-UPLC-Q/TOF-MS/MS) (Table 2). Among them,
3,4,5-tricaffeoylquinic acid was considered as a potential substrate in the CA synthesis
pathway due to it being a down-regulated DEM, exhibiting a lower amount in suspension
cells treated with HQ compared with the control (Figure 5a and Table 2). At the same time,
there were significantly higher levels of CA, caffeic acid, and a slightly increased peak area
of quinic acid in suspension cells treated with HQ (Figure 5a and Table 2). The changes in
these metabolites align with the potential synthesis route of CA.
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To further analyze the genes related to CA biosynthesis, the correlation analysis
between gene expression and CA synthesis was performed. A total of 462 DEGs was
positively associated with CA synthesis with Pearson correlation coefficients > 0.9 and
p value < 0.01 (Table S4). These DEGs were mostly annotated into metabolic pathways,
biosynthesis of secondary metabolites, and glutathione metabolism pathways in the KEGG
database (Figure 5b). Thirteen DEGs were significantly correlated to CA with correlation
coefficients > 0.995 (Figure 5c). Figure 5c shows the correlation coefficients and log10-fold
change (FC) values of these DEGs. Of these genes, Unigene0044545, Unigene0043539, and
Unigene0017356 exhibited higher FC values and possessed higher correlation coefficients
correlated to CA, suggesting their potential roles in CA synthesis.

3. Discussion

Arbutin and CA are the principal compounds in V. dunalianum, which exhibit excellent
whitening properties by inhibiting melanin formation [7]. However, the utilization of plants
as a source of metabolites is constrained by limited resources and the potential destruction
of wild populations. Despite the employment of cell suspension for metabolite production,
obtaining sufficient secondary metabolites remains challenging due to the lack of suitable
induction conditions. Previous research has reported low levels of arbutin and CA in V.
dunalianum suspension cells [21]. Additionally, the biosynthesis pathways of arbutin and
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CA in V. dunalianum are not yet fully understood, which greatly restricts the development
and application of these two bioactive compounds. In this study, HQ was introduced as
a precursor into V. dunalianum suspension cells to improve the synthesis of arbutin and
CA. The results demonstrated that the addition of HQ efficiently promoted the synthesis of
arbutin and CA. A combined analysis of transcriptomics and metabolomics was performed
to analyze their biosynthetic mechanism.

3.1. HQ Was Essential for Arbutin Biosynthesis in V. dunalianum Suspension Cells

Arbutin is a natural phenolic glycoside compound, which was isolated from the leaves
of species belonging to numerous families, such as Ericaceae, Rosaceae, Saxiferaceae, Rubi-
aceae, and Fabaceae [30]. Its synthesis has received immense attention due to its extensive
applications. As the precursor of arbutin synthesis, HQ has been used for the production of
arbutin in plant tissue culture [22]. In this study, arbutin content was significantly increased
in V. dunalianum suspension cells when fed with different concentrations of HQ (0.5, 1.0, and
3.0 mmol·L−1) for different treatment times (6, 12, and 48 h). These results demonstrated
the ability of V. dunalianum suspension cells to transform exogenous HQ into arbutin. The
accumulation of arbutin in cells reached its maximum when treated with 0.5 mmol·L−1 HQ
for 12 h, subsequently declining with further prolongation of the treatment time. This trend
may be due to the conversion of arbutin to CA or its release from the cells. Moreover, HQ is
considered to be an intermediate product of lignin degradation by microorganisms in forest
trees [31]. However, the limited synthesis of arbutin in the V. dunalianum control group
was attributed to the challenge of synthesizing sufficient HQ. The exogenous addition of
HQ provides sufficient precursor for the synthesis of arbutin and induces the expression of
enzymes involved in its synthesis, thus promoting arbutin production.

The biosynthetic pathway of arbutin in suspension cells was further analyzed by
identifying the DEMs and DEGs by metabolomic and transcriptomic analyses. In the
biosynthetic pathway of arbutin, UDPG was identified as the glucosyl donor, which was a
DEM. UDPG is formed from a glycolytic pathway, through F6P, G6P, and G1P, respectively
catalyzed by gpi, pgm, and galU [32]. In this study, F6P, G6P, G1P, and UDPG exhibited
low levels in suspension cells treated with HQ. As they are consumed as precursors for
arbutin formation, their levels are down-regulated. Correspondingly, the expressions
of related genes annotated into gpi, pgm, and galU were also observed to be down-
regulated in suspension cells treated with HQ, which corresponds to inadequate metabolite
accumulation. Moreover, AS catalyzed the conversion of UDGP and HQ to arbutin and
UDP, resulting in high amounts of arbutin and UDP in HQ-treated suspension cells. As
a member of the glycosyltransferase family, AS is a crucial enzyme for the synthesis of
arbutin [33,34]. In this study, Unigene0063512 and Unigene0063513 were identified as two
up-regulated DEGs annotated into AS, suggesting their vital role in arbutin synthesis.

3.2. The Potential Synthetic Route of CA in V. dunalianum Suspension Cells

The highest content of CA was found in the leaf buds of V. dunalianum, despite it
was also reported in other species [10,35]. Hence, the high accumulation of CA in V. duna-
lianum attracted the attention of researchers. Ding et al. performed de novo transcriptome
sequencing of the leaf buds of V. dunalianum to investigate the potential pathways of
CA [23]. Based on the catalytic mechanism of acyltransferase reported in the literature,
the authors speculated that arbutin O-caffeoyltransferase, chlorogenic acid: glucaric acid
O-caffeoyl transferase (CGT), and anthocyanin O-hydroxycinnamoyl transferase play an
important role in the three putative pathways of CA synthesis. These enzymes respec-
tively catalyze the transfer of the acyl group from caffeoyl-CoA, chlorogenic acid, and
1-O-hydroxycinnamoyl-β-D-glucose to glucose-6′ in arbutin, resulting in the formation of
CA. The results of this study indicated that CA synthesis in V. dunalianum is more likely
to involve the transfer of the acyl group of caffeoylquinic acid to glucose-6′ in arbutin
to form CA, quinic acid, and caffeic acid catalyzed by caffeoyl transferase. As an acyl-
transferase, CGT could catalyze the formation of caffeoylglucarate using chlorogenic acid
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(5-O-caffeoylquinate) as an acyl donor [36,37]. Although chlorogenic acid was not detected
in suspension cells, there were three derivatives of caffeoylquinic acid in cells. Among
these, 3,4,5-tricaffeoylquinic acid was a down-regulated DEM, which could potentially be a
substrate for CA synthesis. In addition, the peak areas of caffeic acid and quinic acid were
higher in cells treated with HQ compared to the control group, further supporting this
biosynthetic route. Unfortunately, the genes cannot be annotated into CGT in the KEGG
database due to limited information about CGT. Nevertheless, Pearson correlation analy-
sis showed that genes Unigene0044545, Unigene0043539, and Unigene0017356 exhibited
higher FC values and possessed higher correlation coefficients with CA, suggesting their
importance in CA synthesis. Unfortunately, these genes lacked detailed annotations in
current databases for further analysis.

The present findings served as a valuable reference for future endeavors to identify
key regulators involved in CA synthesis. However, this study relies on transcriptomics
and metabolomics analyses and falls short of providing direct evidence for enzyme activi-
ties. Experimental enzyme assays are necessary to substantiate the roles of the proposed
enzymes, particularly CGT. In addition, to gain a comprehensive understanding of CA
biosynthesis in V. dunalianum, future research should encompass a wider array of genes
and enzymes.

4. Materials and Methods
4.1. Plant Material and Cell Suspension Culture Establishment

The original material of V. dunalianum was collected from Wuding County, Yunnan
Province, China, in April 2015. The collected leaves of V. dunalianum were sterilized
immediately and used to induce callus. Cell suspension cultures were established using
callus cells, which were induced from the leaves of V. dunalianum [20]. Specifically, 2.64 g
healthy and friable callus was selected and inoculated into a 150 mL conical flask containing
50 mL improved liquid woody plant medium with 40 g·L−1 sucrose, 1.5 mg·mL−1 zeatin,
and 0.15 mg·mL−1 naphthylacetic acid. The suspension cells were maintained on a rotary
shaker cultured at 149 rpm and 25 ◦C in the dark. Subculturing of the suspension cells was
performed every seven days for subsequent experiments.

4.2. Precursor Feeding Experiment

The precursor HQ (99% purity, Aladdin Industrial Corporation, Shanghai, China) was
added to the cell suspension culture at an exponential growth period on the 9th day of
cultivation under sterile conditions [20]. The final concentrations of added HQ in culture
media were 0.5, 1.0, and 3.0 mmol·L−1, respectively. No HQ was added as a control. All
groups were cultured on a shaker with a rotary shaker of 149 rpm and 25 ◦C under dark
conditions. The samples were harvested at 6 h, 12 h, and 48 h. Each group contained
three biological replicates. All samples were washed three times with sterilized water and
immediately frozen in liquid nitrogen for subsequent analysis.

4.3. Arbutin Extraction and HPLC Analysis

The dried powders (0.5 g) of each sample were extracted with 10 mL methanol in an
ultrasound-assisted water bath. These extracts were filtered by a nylon syringe filter (SCAA-
104, ANPEL, Shanghai, China) of 0.22 µm. The arbutin concentration of all samples was
determined by Agilent 1260 HPLC system (Agilent Technologies, Santa Clara, CA, USA)
using CAPCELL PAK MGII C18 column (4.6 × 250 mm, 5 µm; Shiseido Co., Ltd., Tokyo,
Japan) and a detected wavelength at 210 nm. The mobile phase consisted of acetonitrile (A)
and water (B) with a flow rate of 0.8 mL·min−1. The elution procedure employed was as
follows: 0–5 min, 7 to 17% A; 5–20 min, 17% A; 20–21 min, 17 to 57% A; 21–31 min, 57% A;
31–32 min, 57 to 95% A; 32–42 min, 95% A; 42–45 min, 95 to 5% A.

The content of arbutin in cells was calculated by the following formula:

Arbutin content (mg·g−1) = (C × V)/M (1)
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where C, V, and M are the concentration of arbutin (mg·mL−1), extract volume (mL), and
sample weight (g), respectively.

4.4. Metabolomics Analysis

Suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h were selected for
metabolomics analysis. The freeze-dried samples were crushed using a mixer mill (MM 400,
Retsch, Haan, Germany) with a zirconia bead for 1.5 min at 30 Hz. The 0.1 g dry powder
from each sample was extracted at 4 ◦C with 1.0 mL 70% aqueous methanol overnight,
followed by centrifugation at 10,000× g for 10 min. The extracts were filtrated by a filter of
0.22 µm for UF-UPLC-Q/TOF-MS/MS analysis.

The UF-UPLC-Q/TOF-MS/MS analysis was performed on Shim-pack UFLC SHI-
MADZU CBM30A system (Shimadzu, Kyoto, Japan) coupled with Applied Biosystems
6500 QTRAP (Applied Biosystems, Foster City, CA, USA) with Waters ACQUITY UPLC
HSS T3 C18 column (2.1 × 100 mm, 1.8 µm; Waters, Milford, MA, USA) with an injection
volume of 2 µL. A gradient elution procedure comprising acetonitrile (A) and water with
0.04% acetic acid (B) was developed with a flow rate of 0.4 mL·min−1. The flow elution
procedure employed was as follows: 0–11 min, 5 to 95% A; 11–12 min, 95% A; 12–12.1 min,
95 to 5% A; 12.1–15 min, 5% A. The mass spectrometry was recorded in both positive and
negative ion mode, with a source temperature of 500 ◦C, ion spray voltage of 5500 V, and
scan range of 500–1000 m/z.

The raw data files obtained from UF-UPLC-Q/TOF-MS/MS analysis were filtering,
peak detection, alignment, and calculations were performed using Analyst 1.6.1 software.
To generate a matrix containing fewer biased and redundant data, peaks were checked
manually for signal/noise ratio > 10 and in-house software written in Perl was used
to remove the redundant signals caused by different isotopes, in-source fragmentation,
K+, Na+, and NH4

+ adduct, and dimerization. The characteristics of metabolites were
obtained from simple screening of data with their retention time, mass-to-charge ratio and
peak alignment, molecular weight of the compound, and mass deviation and adduct ion
information. The metabolites were identified by searching the internal database, public
databases of MassBank (https://massbank.eu/, accessed on 12 April 2022), KNApSAcK
(https://ngdc.cncb.ac.cn/databasecommons/, accessed on 12 April 2022), HMDB (https://
hmdb.ca/, accessed on 12 April 2022), and METLIN (https://metlin.scripps.edu, accessed
on 12 April 2022), comparing the m/z values, the retention time, and the fragmentation
patterns with the standards [38,39]. A normalization method for peak area was employed
and the area of each peak represented the relative content of the corresponding metabolite.
Based on metabolite data, PLS-DA was conducted to analyze the difference in metabolites
between samples using SIMCA 14.1. The significant difference thresholds of standards
of variable importance in projection (VIP) value > 1, p value < 0.05 in the t-test, and FC
value > 2 or < 0.5 were used to identify the DEMs. Then, DEMs were mapped to the KEGG
database for function annotation.

4.5. Transcriptomics Analysis

Suspension cells treated with 0 and 0.5 mmol·L−1 HQ for 12 h were also used for
transcriptomics analysis. Total RNAs of samples were extracted using a Trizol reagent kit
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. The purity and
concentration of the RNA were assessed using NanoDrop spectrophotometry (Thermo
Fisher Scientific, Waltham, MA, USA) and the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, CA, USA), respectively. High-quality RNA samples were selected for the preparation
of the cDNA library. The constructed library was sequenced using an Illumina novaseq
6000 sequencer (Gene Denovo Biotechnology Co., Guangzhou, China).

The high-quality clean reads were obtained from raw reads filtered by fastp and
then were assembled using Trinity to obtain unigenes. The expression of unigenes was
calculated and normalized to RPKM (Reads Per Kb per Million reads). DEGs between
samples were identified using RPKM data based on false discovery rate (FDR) value and FC

https://massbank.eu/
https://ngdc.cncb.ac.cn/databasecommons/
https://hmdb.ca/
https://hmdb.ca/
https://metlin.scripps.edu
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value, applying thresholds of FDR value < 0.05 and |log2 FC value| > 1. The function and
pathway of DEGs were annotated using Nr (Non-redundant protein sequence database),
SwissProt, KEGG, and GO databases.

4.6. Transcriptomics and Metabolomics Correlation Analysis

Differences in gene expression and metabolite levels were obtained from transcrip-
tomics and metabolomics. However, transcription and metabolism do not occur inde-
pendently in biological systems. Correlation analysis was used to reveal the regulatory
mechanism between gene expression and metabolites. To obtain the association charac-
teristics, the correlation analysis was conducted based on the two sets of data on gene
expression and metabolite abundance. Pearson correlation coefficients were performed
to further analyze underlying genes for CA biosynthesis by calculating the correlation
coefficients of expression of DEGs with CA. DEGs that were positively associated with
CA (correlation coefficients > 0.9 and p value < 0.01) were considered potential genes
related to CA synthesis. Specifically, DEGs that exhibited correlation coefficients > 0.995
(p value < 0.01) were correlated significantly with CA synthesis.

4.7. Statistical Analysis

The experimental data were processed statistically using Microsoft Excel Significant
differences among samples were determined using one-way analysis of variance (ANOVA)
and Duncan’s multiple range test on SPSS 23.0. All the experimental data were presented
as the mean ± standard deviation with three replicates, and visualized using GraphPad
Prism 9.

5. Conclusions

In this study, precursor feeding was selected as a strategy to enhance the production
of arbutin and CA in suspended cells of V. dunalianum. The results of HPLC and UF-
UPLC-Q/TOF-MS/MS analyses suggested that the addition of precursor HQ promoted
the synthesis of arbutin and CA. Besides, the molecular mechanism of arbutin and CA
biosynthesis in suspension cells of V. dunalianum under HQ treatment was revealed through
the identification of DEGs and DEMs using metabolomics and transcriptomics. The results
of the conjoint analysis indicated that arbutin was formed from UDPG and HQ catalyzed by
AS, and two up-regulated AS genes play key roles in arbutin biosynthesis. In addition, the
potential synthetic route of CA in suspended cells of V. dunalianum was arbutin and 3,4,5-
tricaffeoylquinic acid catalyzed by CGT to form CA, caffeic acid, and quinic acid. Overall,
this study indicated that precursor feeding of HQ in suspension cells of V. dunalianum was
a promising strategy for mass biosynthesis for arbutin and CA. These findings provide new
information and insights for future research on CA biosynthesis in V. dunalianum.
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