Front. Biosci. (Landmark Ed) 2023; 28(10): 236
https://doi.org/10.31083/j.tb12810236

Landmark

Original Research

Integrative Transcriptome and Metabolome Analysis to Reveal Red
Leaf Coloration in Shiya Tea (Adinandra nitida)

Runsheng Huang!, Yiting Su®", Haoye Shen!, Wanchuan Liu?, Jianxiong Huang?,
Zhilin Kuang?, Yongquan Li!, Jun’ai Hui', Danyang Zhao**, Bipei Zhang'*

IKey Laboratory of Tropical & Subtropical Flowers and Landscape Plants of Guangdong Higher Education Institutions/College of Horticulture and
Landscape Architecture, ZhongKai University of Agriculture and Engineering, 510225 Guangzhou, Guangdong, China
2Xinyi Academy of Forestry, 525357 Maoming, Guangdong, China
3Forest Conservation Research Institute/Guangdong Academy of Forestry, 510520 Guangzhou, Guangdong, China
*Correspondence: zhaody@sinogaf.cn (Danyang Zhao); zhangbipei@zhku.edu.cn (Bipei Zhang)
T These authors contributed equally.
Academic Editor: Ilaria Baglivo
Submitted: 12 February 2023  Revised: 14 June 2023  Accepted: 19 June 2023  Published: 16 October 2023

Abstract

Background: Adinandra nitida, commonly known as Shiya tea, is a healthcare drink enriched in several phenolic acids and flavonoids,
with a purple-red leaf variety possessing a unique flavor and a higher economic value. However, the mechanisms underlying leaf col-
oration and senescence discoloration remain unknown. Methods: Here, we compared both varieties of 4. nitida (purple-red leaf, RL,
and green leaf, GL) at two stages of development. To make sure the difference in leaf color in these four groups, several indexes, leaf
colorimetric differences, H2O2 content in leaf cells, and antioxidant enzymes activities (superoxide dismutase (SOD), catalase (CAT))
were measured. With the integration of metabolome and transcriptome becoming a trend, metabolites in four groups were detected using
an Ultra performance liquid chromatography-tandem mass spectrometer (UPLC-MS/MS) system, and the transcriptome was performed
after the extraction of RNA in samples. Afterward, the activities of laccase (LAC) and peroxidase (POD) were measured for further anal-
ysis. Results: The deeper or discoloration of leaf color was not caused by the reactive oxygen species (ROS) stress because the HoO»
content was similar for each group. And the SOD and CAT activities improved significantly in young leaves, especially RL_young.
Metabolome data showed a large shift in four groups. By focusing on the variation of flavonoids and 1079 metabolites detected in both
varieties, along with the accumulation of flavonoids and tannins, proanthocyanins (PAs) were mostly accumulated in young RL. Differ-
ential analysis of expressed genes (DEGs) revealed six genes associated with leaf discoloration as hub factors, of which ANRs (ANR1
and ANR?2) were positively correlated with the accumulation of PA in RL. Conclusions: Using integrate analysis of metabolome and
transcriptome, our results revealed that six structural genes found in proanthocyanin biosynthesis, two reductases (ANR), two oxidative
polymerases (POD64, LAC17) and two TFs (bHLH3 and MYB4) related to biosynthesis and polymerization of proanthocyanins were
associated with not only the difference of GL and RL but also the faded coloration in two RL groups (RL_young and RL_old), which
provided a foundation for further research on an understanding of the regulatory genes and the enzymes specific for proanthocyanidin
biosynthesis, facilitating the genetic engineering of crops for beneficial metabolite accumulation.
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1. Introduction

Shiya tea (Adinandra nitida) was originally cultivated
in southwest China. In the Guangxi Province, it is a widely
consumed traditional tea, the cultivation of which has be-
come increasingly common worldwide [1]. The tea is pre-
pared from young leaves harvested from the top of the
shoots, with an annual global harvest yield of nearly 5
million tons [2]. The demand for beneficial compounds
in young leaves has been steadily increasing with the in-
creasing popularity of tea drinks [3]. Ceylon tea from Sri
Lanka, acclaimed as the best tea in the world, has its inher-
ent unique characteristics and reputation for over a century
[4]. Compared with Sri Lankan tea, which only contains
12-24% flavonoids by weight, Shiya tea contains more than
20% [5,6]. Additionally, Shiya tea possesses a higher con-

centration (20.9%) of polyphenols than tea plants, which
contain 18-36% polyphenols in young shoots [7]. More-
over, the caffeine content in Shiya tea is two to five times
lower compared to that in the tea plant, making it an ap-
propriate drink for people with caffeine sensitivity and
caffeine-induced insomnia. Moreover, it is an economic
crop as a class of drink that produces numerous secondary
metabolites, such as flavonoids and alkaloids, that boost im-
munity [3].

Leaf color is a critical trait for plants with edible leaves
with respect to their nutrition, taste, and physiological re-
sistance. Tea obtained from tea plants with purple leaves,
called “special tea”, receives increased global attention ow-
ing to the pleasant taste and rich anthocyanin content; it
contains increased nutrient compounds, thus fetching pre-
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mium prices to farmers [8]. The synthesis and accumu-
lation of plant secondary metabolites such as carotenoids,
flavonoids, and betalains contribute to the leaf and flower
color. Anthocyanins, a type of flavonoid, are the best-
characterized plant secondary metabolites in terms of col-
oration, biochemistry, and molecular biology and were
found to be responsible for red, blue, and purple pigmen-
tation in petals, leaves, seeds, and fruits [9]. They are
bioactive compounds that scavenge free radicals and reac-
tive oxygen species (ROS), provide endurance against high
light intensity, cold temperatures, pest attack, and pathogen
infection, and contribute to pollen and seed dispersal by at-
tracting birds and bees [10]. There are six main anthocyani-
dins in vascular plants, including pelargonidin, peonidin,
petunidin, cyanidin, malvidin, and delphinidin, with red,
purple, and magenta colors. The up-growth in the omics
field established more accurately the link among genomic,
transcriptomic, proteomic, and metabolomics data through-
out the last decade. Integrating metabolome and transcrip-
tome analysis, structure genes (UGT78D2, MYB12) were
clarified to facilitate anthocyanins accumulation in purple
leaflets of Camellia tachangensis [11]. Similar research
found ANS critically related to anthocyanin content while
several MYB TFs positively correlated to this gene; these
genes co-regulated anthocyanin accumulation in the sepal
of Heptacodium miconioides [12]. Therefore, transcrip-
tome and metabolome integrative researches are a reliable
approach for metabolic network analysis [13—15].

However, the mechanisms underlying leaf coloration
and senescence discoloration remain unknown. In this
study, we aimed to identify the difference between the two
kinds of leaf colors at the transcriptional and metabolite lev-
els to elucidate the different regulatory modules involved in
the anthocyanidin biosynthesis pathway in the two leaf col-
ors at two different leaf ages. To this end, we performed an
integrated metabolomic and transcriptomic analysis of the
green and purple Shiya tea leaves, of two different ages,
from young shoots. The results of our study provide new
insights into leaf color changes in A. nitida, which can aid
in tea flavor improvement during Shiya tea breeding.

2. Materials and Methods
2.1 Plant Materials and Sampling

The Shiya tea (Adinandra nitida) leaves of pur-
ple and green color were derived from Guangxi, Guang-
dong, Guizhou province from cliffs with short-day, high-
humidity, and low-temperature conditions. The Shiya
tea leaves in this study were harvested from Xinyi
Forestry Research Institute, Guangdong province, China
(N22°19'47.518248"”, E110°55'23.156544"") in October
2021, and the two varieties under the same growth con-
ditions, soil pH 5.0, terrain slope greater than 25°, non-
flooded at altitude 500 m, 60—65% humidity with a tem-
perature of 25 °C/20 °C (light 10 h/dark 14 h), were sep-
arated into purple-red leaf (RL) and green leaf (GL). The

criteria for classifying the growth of Shiya tea leaves are:
old leaves are biennial, growing for 45 days; the growth
time was recovered from the emergence of buds; young
leaves are annual, growing for 15 days or more. Fresh
leaves were collected from four groups in 2021 (Fig. 1a).
In the present study, the leaf samples of two stages of de-
velopment of two varieties were abbreviated as GL_young,
GL old, RL young,and RL old. All samples were fixed in
liquid nitrogen immediately and stored at —80 °C for further
physiological, metabolomic, and transcriptomic analyses.
Three biological replicates were assayed for each group.

2.2 Estimation of Physiological Traits

Approximately 0.2 g fresh leaf segments collected
from each sample were used for the determination of sev-
eral physiological indices, including colorimetric differ-
ence, superoxide dismutase (SOD), catalase (CAT), hy-
drogen peroxide (H205), and soluble sugar content. The
colorimetric differences of Adinandra leaves were mea-
sured using a CR-400 (Konica Minolta Sensing Americas
Inc, Ramsey, NJ, USA) color difference meter. SOD en-
zyme activity was determined using the NBT photoreduc-
tion method, as previously reported [16]. CAT activity was
determined using the UV absorption method. The soluble
sugar content, an index related to tissue structure, inheri-
tance, energy, and stress resistance, was determined using
the method described by Wang et al. [17]. Three biological
replicates in each sample were performed for these deter-
minations.

H;0, was extracted and estimated following the
method of Sen ez al. [18]. After grounding 5 g of leaf tissue
into powder, the leaf powder was added to ice-cold acetone
for isolation. By the addition of 5% (w/v) titanyl sulfate and
concentrate NH,OH solution, the peroxide-titanium com-
plex was precipitated. This would be dissolved in 15 mL
of 2 M H5S0Os, setting the final volume to 20 mL with cold
double distilled water. The absorbance was read at 415 nm
against a water blank. The HyO content in vivo was calcu-
lated from a standard curve prepared in a similar way.

Total flavonoid content was determined using Alu-
minum Chloride (AICl3) calorimetric method as reported
by Shao et al. [19] with slight modification. Shiya tea leaf
powder (4 g) was extracted with 80 mL methanol. The mix-
ture was heated up in a water bath at 80 °C for 2 h. The su-
pernatant was filtered with Whatman No.1 filter paper and
dried with a rotary evaporator to obtain the dried extract
powder, which was stored at 4 °C in the dark. And then, 0.3
mL extracts (10 mg/mL) were diluted with 4 mL distilled
water, followed by the addition of 0.3 mL 5% NaNO, and
kept for 5 min at room temperature. Then, 0.3 mL 10%
AICIl3 was mixed in the solution, and the mixture was kept
for another 5 min. Later, 2 mL 4% sodium hydroxide was
added, and the final volume was filled up to 10 mL. Ab-
sorbance was measured at 510 nm using a spectrophotome-
ter (UV-1600, Shimadzu, Kyoto, Japan). The quercetin
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standard curve (0.025-0.25 mg/mL, R? = 0.99) was used to
express the total flavonoids as microgram quercetin equiv-
alent per gram sample dry weight (ug QE/g dw).
Anthocyanins were extracted according to the method
of Zhang et al. [20]. About 2.0 g of sample was immersed
in 5 mL of 1% (v/v) methanol-HCI overnight in the dark
at 24 °C, then the absorbance of each sample was mea-
sured at 530, 620, and 650 nm by a spectrophotometer (UV-
1600, Shimadzu, Kyoto, Japan). The anthocyanin content
was quantified using the following formula: OD = (A530 —
A620) — 0.1 x (A650 — A620). The results were shown as
average value = SD of three independent experiments.
Proanthocyanin content determination was imitated
by the method from HmciC et al. [21]. About 2.0 g of
the sample was grounded to powder using liquid nitrogen.
Then the powder was transferred into the reagent prepared
by 77 mg of Fe(SO,4)-7H20 and 500 mL of HCl:butanol
solution (200 mL HCI AND 300 mL of butanol). Next, 50
mg extract was dissolved into 10 mL MeOH. And then, 1
mL extraction solution was taken out and mixed with 10
mL of FeSOy4 solution. The control was set by mixing 1
mL MeOH and 10 mL FeSOy solution. The sample solu-
tion and control solution were incubated in a water bath at
95 °C for 15 min. The solutions were cooled, and we mea-
sured their absorbance at 540 nm. The results were shown
as average value & SD of three independent experiments.

2.3 Estimation of Laccase and Peroxidase Activities

The activity of laccase (LAC) was estimated to imitate
Fioretto et al. [22]. First, 0.5 g leaf sample was crushed to a
fine powder using the liquid nitrogen grinding method and
transferred into a centrifuge tube, suspended in 10 mL of
buffer (50 mM acetate pH 5.0) and kept at 4 °C. After incu-
bation, the mixture was homogenized for 1 min, centrifuged
at 10,000 x g at 4 °C for 20 min and the supernatant was fil-
tered through a Whatman No 1 filter paper. This filtrate was
used as the enzyme extract to prepare the following deter-
mination. The laccase activity was measured by recording
the increase of absorbance at 600 nm for 1 min at 30 °C in
a mixture containing: 1 mL enzyme extract, 1 mL 50 mM
pH 5.0 acetate buffer, and 0.2 mL 25 mM o-tolidine (3-3’
dimethyl 4-4’ diamino biphenyl1).

Peroxidase (POD) activity was determined using 4-
methylcatechol as substrate. The increase in the absorption
caused by the oxidation of 4-methylcatechol by HoO5 was
measured at 420 nm spectrophotometrically. The reaction
mixture contained 100 mM sodium phosphate buffer (pH
7.0), 5 mM 4-methylcatechol, 5 mM H505, and 500 pL of
crude extract in a total volume of 3.0 mL at room temper-
ature. One unit of enzyme activity was defined as a 0.001
change in absorbance per min under assay conditions [23].
The information about the reagents used in this study is pro-
vided in Supplementary Table 1.
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2.4 Metabolome Analysis

Twelve leaf samples from four groups with three in-
dependent biological replicates were used for metabolome
analysis. The freeze-dried samples were crushed into pow-
der using a mixer mill (MM 400, Retsch, Haan, Germany)
with a zirconia bead for 1.5 min at 30 Hz. Each 100
mg powder was dissolved in 1.2 mL 70 % methanol so-
lution, vortexed 30 s every 30 min, repeating for a to-
tal of six times, and finally placed in a refrigerator at 4
°C overnight. Following centrifugation at 15,984 xg for
10 min, the extracts were filtrated through an SCAA-104
membrane (0.22 um pore size; ANPEL, Shanghai, China).
An ultra-performance liquid chromatography-tandem mass
spectrometer system was used for the relative quantification
of widely targeted metabolites in Shiya tea leaf samples.
The sample extracts were analyzed using aUPLC-MS/MS
system (Ultra performance liquid chromatography-tandem
mass spectrometer. UPLC, Nexera X2, Shimadazu, Kyoto,
Japan; MS, 4500 QTRAP, Applied Biosystems, Norwalk,
CT, USA) at Wuhan METAWARE Biotechnology Co., Ltd.
(Wuhan, China) following their standard analytical proce-
dures as described previously [24,25]. A local metabolomic
database was generated via an appropriate combination of
authentic standards, and manual identification was applied
as one of the references.

The analytical conditions were as follows, UPLC: col-
umn, Agilent SB-C18 (1.8 pm, 2.1 mm x 100 mm); the mo-
bile phase consisted of solvent A, pure water (0.1% formic
acid), and solvent B, acetonitrile (0.1% formic acid). Gra-
dient program, 95:5 V/V (A:B) at 0 min, 5:95 V/V at 9
min, 5:95 V/V at 10 min, 95:5 V/V at 11.1 min, 95:5 V/V
at 14 min. Flow velocity, 0.35 mL/min; Column oven,
40 °C; Injection volume, 4 pL. The effluent was alter-
natively connected to an ESI-triple quadrupole-linear ion
trap (QTRAP)-MS. LIT and triple quadrupole (QQQ) scans
were acquired on a triple quadrupole-linear ion trap mass
spectrometer (AB4500 Q TRAP UPLC/MS/MS System),
equipped with an ESI Turbo lon-Spray interface, operating
in positive and negative ion mode and controlled by An-
alyst 1.6.3 software (AB Sciex, Framingham, MA, USA).
The ESI source operation parameters were as follows: ion
source, turbo spray; source temperature 550 °C; ion spray
voltage (IS) 5500 V (positive ion mode)/-4500 V (negative
ion mode); ion source gas I (GSI), gas II (GSII), curtain
gas (CUR) were set at 50, 60, and 25.0 psi, respectively;
the collision gas (CAD) was high. Instrument tuning and
mass calibration were performed with 10 and 100 pmol/L
polypropylene glycol solutions in QQQ and LIT modes, re-
spectively. QQQ scans were acquired as multiple reaction
monitoring method (MRM) experiments with collision gas
(nitrogen) set to medium. Declustering potential (DP) and
Collision energy (CE) for individual MRM transitions were
done with further DP and CE optimization. A specific set
of MRM transitions were monitored for each sample ac-
cording to the metabolites eluted within this period. Based
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on the METAWARE database v4.0 and metabolite informa-
tion public database, the metabolites were annotated only if
five indices (Q1, Q3, CE, DP, and Retention Time) were
fully identical to both databases. The significant differen-
tially accumulated metabolites (DAMs) were analyzed by
the combination of the VIP value in the OPLS-DA model
and fold change between the two samples. The screening
criteria were as follow: (1) fold change >2 or fold change
<0.5 and (2) VIP values of metabolites >1 [26].

2.5 Transcriptome Analysis

Total RNA was extracted from the frozen leaf samples
using TRIzol reagent (Invitrogen, Carlsbad, CA, United
States) following the manufacturer’s instructions and then
subjected to quantification and qualification by agarose
gel electrophoresis, an Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Palo Alto, CA, United States) and an
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies, Palo Alto, CA, United States).
Briefly, mRNA was purified from total RNA using oligo
dT attached magnetic beads, and then first-strand cDNA
was synthesized using hexamer and M-MuLV Reverse
Transcriptase (RNase H-), and the second-strand cDNA
was synthesized using DNA Polymerase I and RNase H.
Finally, the amplified size-selected cDNA was purified
(AMPure XP system) and the cDNA libraries were se-
quenced using the Illumina sequencing platform by Met-
ware Biotechnology Co., Ltd. (Wuhan, China). Clean
reads were filtered, mainly to remove row reads and low-
quality (Q <20) reads with adapters using Fastp v0.19.3
(https://github.com/OpenGene/fastp), and the clean reads
were then mapped to the reference genome downloaded
using HISAT v2.1.0 software (Kim, D., Baltimore, MD,
USA). Fragments per kilobase of transcript per million
mapped reads (FPKM) were used as an index to esti-
mate gene or transcript expression levels. The criteria for
screening differentially expressed genes (DEGs) screen-
ing between each sample were absolute logaFoldChange
>1 and corrected p-value < 0.05 [27]. Three repli-
cates were performed for each sample. We then used the
Swiss-Prot (http://www.geneontology.org/) and BLAST
(http://www.genome.jp/kegg/), free online platforms for
data analysis, for the GO enrichment and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrichment
analysis of DEGs.

2.6 Transcriptome and Metabolism Conjoint Analysis

The DEGs and DAM:s in the same group were mapped
together to the KEGG pathway map and screened using a
p < 0.05 to identify significant relationships. Correlation
analysis was performed for the differentially detected and
comparatively correlated transcription factors, enzymes,
and metabolites in each sample with the criteria of p < 0.05
and Pearson’s r >0.7. The key modules related to the PA
content in leaves were used for subsequent analysis.

2.7 Quantitative Real-Time Polymerase Chain Reaction
Expression Analysis

Single-stranded cDNAs were synthesized from the
RNAs using the PrimeScriptTM RT reagent Kit, and quan-
titative real-time PCR was performed using ViiA7 (Thermo
Fisher Scientific, USA) and HieffTM qPCR SYBR Green
Master Mix (Yisheng Biotechnology, Shanghai, China).
Primers were designed by Bioruqi (Guangzhou, China)
and synthesized by GENEWIZ (Suzhou, China). The A4n-
Actin gene (LOC114296039) was used as an internal refer-
ence, and the relative expression was calculated using the
2ACt method. The standard errors of the means among the
replicates were calculated. All quantitative real-time poly-
merase chain reaction (QRT-PCR) analyses were performed
in three biological replications, respectively. All primers
used in this study are listed in Supplementary Table 2.

2.8 Statistical Analysis

The statistical significance of the difference between
RL and GL in the physiological indices was tested by
Duncan’s test using SPSS software (v17.0, IBM Corp.,
Chicago, IL, USA). The metabolite data and transcript
expression were standardized to the Z score using TBtools
software. We analyzed and compared the differences
among the four sample groups (RL_young vs. RL old,
GL_young vs. GL old, RL young vs. GL young,
RL old vs. GL old). The correlation matrix using Pear-
son’s correlation with significance level was calculated and
produced using the LinkET package (v0.0.5) in R Studio
(v2022.07.1+554, RStudio, Inc., Boston, MA, USA).

3. Results and Discussion

The high-altitude growth region for A. nitida promotes
the synthesis and accumulation of nitrogen-containing com-
pounds and aromatic substances, with high protein and
amino acid content in plants, rendering 4. nitida favorable
in taste. A purple-red A. nitida cultivar is popular among
its peers for its unique red leaves and multi-stress toler-
ances. We investigated whether stress tolerance was asso-
ciated with the red-leaf trait by analyzing a purple-red A.
nitida cultivar ‘RL’ at two stages of development (young
leaflets and mature leaves) and its green counterpart-‘GL’
as a control.

3.1 Colorimetric and Spectral Characteristics of Two A.
nitida Varieties

First, we plotted the absolute color coordinates and
differences between the two varieties by applying CIE
Lab color space consisting of three metrics, L*: lightness
(+brighter, —darker), a*: redness—greenness (+redder, —
greener), and b*: yellowness—blueness (+yellower, —bluer).
As shown in Supplementary Table 3, we observed distinct
a* values between the two varieties, while neither L* nor
b* values presented significant differences, reflecting the
“redder” hue in RL.
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Fig. 1. Characteristics of phenotype and physiological traits at different growth stages of red and green colored Adinandra nitida

leaves. (a) Shiya tea leaves at two different developmental stages in different colors (RL, red leaves; GL, green leaves; young, young

stage, 15 d; old, old stage, 45 d). Scale bar = 1 cm. (b) Changes in the physiological traits of Shiya tea leaves in the four groups.

Different lower-case letters indicate a significant difference (p < 0.05), and the same letter on columns indicates no significant difference

according to Duncan’s test. Data represent the mean + SD (n = 3). a, b, ¢, and ab have achieved statistical significance at the 0.05 level,

with p-values below 0.05.

3.2 Physiological Traits of Two A. nitida Varieties

We further evaluated the intensity of red-causing com-
ponents by extracting total flavonoids from plant leaves,
followed by spectrophotometric determination. As ex-
pected, the TFC of RL_young was significantly higher than
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that of GL and RL_old (Fig. 1b). Moreover, the TFC of the
“old” leaf was reduced compared with that of the younger
leaf, indicating a mild fading trend with leaf development.
This result indicated that a higher content of flavonoids was
predominantly related to the red hue in RL.
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Enhanced soluble sugar content and ROS scavenger
occurred commonly at the leaf behaving deeper color [28].
Moreover, we determined several physio-chemical indices
of stress resistance, including SOD, CAT, and soluble sugar
content (Fig. 1b). The samples similarly suffered the oxy-
gen partial pressure in these four groups by quantifying
the HoO4 concentration. Soluble sugar content slightly de-
creased in the old stage compared to that in the young stage,
and the content in RL was comparatively and totally higher
than that in GL. Secondly, the enzyme activities of SOD
and CAT were significantly increased in RL, especially in
the young stage.

As a result, the soluble sugar content and ROS scav-
enger levels, including SOD and CAT, increased in RL and
were positively correlated with flavonoid content. Visual
observation and colorimetric determination suggested that
anthocyanin (ACN) belonging to flavonoids may act cru-
cially at the leaf pigmentation, and the ACN content may
contribute to abiotic damage resistance, consistent with pre-
vious studies that reported on low temperature, drought,
salinity, and heavy-metal stresses [29]. However, the ACN
contents in these four groups were similar but not signifi-
cantly different. Whether ACN content contributes to the
Adinandra nitida leaf color needs to be further confirmed.
Next step, we would notarize that using metabolomic data
analysis.

3.3 Identification of ‘Red’-Causing Metabolites in RL
Using UPLC-MS/MS-Based Metabolome Profiling

The colorimetric and physio-chemical differences be-
tween RL and GL prompted us to investigate further the
detailed metabolic data related to these traits. Thus, we per-

formed Ultra performance liquid chromatography—tandem
mass spectrometer (UPLC-MS/MS) based metabolome
profile of RL and GL, focusing on differential pigments (see
Materials and Methods).

First, principal component analysis (PCA) of the
metabolite data (the normalized responses were used, ac-
counting for 53.83% of the variation with a significance of
0.01) separated the two varieties in metabolite composition
and content (Fig. 2a), indicating that leaf color differences
existed within the RL and GL at the metabolite level.

A total of 1079 distinct annotated metabolites were
detected and classified into 11 main groups, including
such detected anthocyanins and proanthocyanins (PAs) de-
tected (cyanidin-3-O-glucoside, peonidin-3-O-glucoside,
theaflavin, procyanidin Al, procyanidin A2, procyanidin
A6, procyanidin B1, procyanidin B2, procyanidin B3,
procyanidin B4, aesculitannin A, procyanidin C1, and
procyanidin C2). However, the anthocyanins detected
in this study (peonidin-3-O-glucoside and cyanidin-3-O-
glucoside) expressed little difference. It is worth noting that
the proanthocyanins found were all significantly different
between RL and GL, likely contributing to ‘red’-hue due to
their high enrichment in RL (Fig. 3 and Supplementary Ta-
bles 4,5). Phenolic acids and flavonoids were the two sub-
classes with the maximum number of relative upregulated
metabolites in RL. Moreover, the upregulated organic acids
were increased in old-stage RL since these compounds are
one of the primary compositions in tissue formation [30].

We performed statistical tests to confirm key trait-
related metabolites and screened metabolites with a
VIP >1 and fold change >2 (up) or <0.5 (down) in
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Fig. 3. Heatmap of metabolite expression profiles at different growth stages of red and green-colored Adinandra nitida leaves
and the circle graph of percentage composition of the flavonoids category. The primary class, metabolite number, and percentage
contained in the outer round correspond to the split sectors in the circular heatmap. The dendrograms in the third round denote the
overall similarity of metabolite expression profiles by primary classes and the four groups. The proanthocyanins identified are shown

in the bottom heatmap connected to the sectors by full lines. a, b, ¢, and d have achieved statistical significance at the 0.05 level, with
p-values below 0.05.
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Fig. 4. Transcriptome data analysis in four groups of Adinandra nitida leaves and quantitative real-time polymerase chain reaction
(qRT-PCR) verifying proanthocyanin biosynthesis-related genes. (a) Volcano plots of transcripts between different leaf colors at the
same developmental stage. Transcripts with adjusted p-value < 0.05 were highlighted in red for upregulation (fold change >2) and in
green for downregulation (fold change <-2). (b) Gene ontology (GO) classification of differentially expressed genes (DEGs) identified
between different leaf colors at the same developmental stage. (c) Laccase (LAC) and peroxidase (POD) assays. Different lower-case
letters indicate a significant difference (p < 0.05), and the same letter on columns indicates no significant difference according to Duncan’s
test. Data represent the mean + SD (n = 3). a, b, ¢, and d have achieved statistical significance at the 0.05 level, with p-values below
0.05. (d) Five genes annotated to the enzymes were selected randomly for qRT-PCR verification. Pearson’s analysis showed a good
correlation between the RNA-seq and qRT-PCR data.
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RL compared to those in GL. Based on the screen-
ing threshold, secondary metabolites comprised 27.9%
of the differential metabolites in the comparison group
(RL_old vs. GL old) and 24.4% in the comparison group
(RL_young vs. GL young) (Fig. 2b). Compared with
these two comparisons, the flavonoids metabolites profiles
significantly differed, such as flavonoid, dihydroflavone,
dihydroflavonol, flavonols, flavanols, flavonoid carbono-
side, and chalcones. Additionally, we also discovered some
differential metabolites between these two comparisons
(RL_young vs. GL young and RL old vs. GL old) that
could be categorized into tannins. The tannins differentially
accumulated in RL were almost occupied by proantho-
cyanin (theaflavin, procyanidin Al, procyanidin A2, pro-
cyanidin A6, procyanidin B1, procyanidin B2, procyani-
din B3, procyanidin B4, aesculitannin A, procyanidin C1
and procyanidin C2). To verify the PA abundance de-
tected by UPLC-MS/MS, we also measured the PA con-
tent in these four groups. A significant enhancement ex-
isted in RL_young among these four groups (Fig. 3). Com-
pared with RL old, there were procyanidin C1 and pro-
cyanidin C2 differently accumulated in young leaflets of
RL. These eleven proanthocyanins of metabolite profiles
could be representative of the differential pigmentation be-
tween RL_young, RL_old, and GLs. As the materials could
be condensed to proanthocyanins, catechin (CC) and epicat-
echin (ECC) also showed a great difference between dif-
ferent leaf colors (red and green). However, the contents
of these two metabolites in RL_young and RL_old showed
little difference from each other.

Taken together, the ‘red’ color of RL leaves poten-
tially results from the oxidation of 11 PAs, amongst which
procyanidin C1 and procyanidin C2 were specifically accu-
mulated in young leaves resulting in their redder coloration.
This result may be caused by the different capacities of
polymerization of polymerase or oxidase since the proan-
thocyanins were condensed by CC and ECC. The same
results were discovered in red rice (Oryza sativa), which
deepened redness in rice caused by the polymeric structures
that range from 2-mers to 14-mers [31]. As a natural ROS
scavenger, PAs represent a group of condensed tannins [32]
and not only render RL highly tolerant against oxidation-
induced stresses, which is consistent with variations in the
physio-chemical indices of the two varieties (Fig. 1b) but
played an extensive health-promoting effect in our body.

3.4 Transcriptome Profiles of RL and GL and Their
Functional Relations

The quality of the total RNA extracted is shown in
Supplementary Table 6. The transcriptome profiles of
RL and GL were acquired using Illumina NovaSeq 6000 to
decipher the transcriptional regulation of DAMs between
the two varieties relating to the ‘red’ trait. Three indepen-
dent biological replicates per group were analyzed (12 sam-
ples), outputting more than 5.93 x 108 clean reads, with
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over 70% mapped to the Camellia reference genome. In
general, 8195 genes, including 7700 known genes and 495
novel genes, were generated from the RNA-Seq data in
this study (Supplementary Table 7). We normalized the
mapped reads number and the lengths of transcripts using
the index of fragments per kilobase of transcript per mil-
lion fragments mapped (FPKM) as the expression levels
of each transcript for representing the expression levels of
transcripts with the criteria of an adjusted p-value < 0.05
and a [log2FC| >1 for screening the DEGs (Fig. 4a and Sup-
plementary Table 8).

Gene Ontology (GO) functional enrichment analy-
ses allotted 192 (in RL_young vs. GL young) and 258
(in RL old vs. GL old) DEGs into biological processes
(78.6% and 76.1%), molecular functions (86.7% and
84.0%), and cellular components (77.5% and 87.7%). In
the biological processes term, genes associated with cellu-
lar processes were highly enriched. Additionally, most of
the DEGs in molecular function terms of binding and cat-
alytic activity were particularly highlighted, and the most
abundant GO terms in the cellular component category were
concentrated in the cellular anatomical entity (Fig. 4b and
Supplementary Table 8).

Finally, the RNA-seq results were validated using
gRT-PCR of five randomly chosen DEGs. The expression
patterns of these genes obtained using qRT-PCR were con-
sistent with those determined by RNA-seq (Fig. 4d).

3.5 Exploration of Red Coloration Associated Genes by
Combined Analyses

We mapped the metabolic compounds and catalytic
enzymes onto the pathway based on the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database, focusing on
the flavonoid biosynthetic pathway, to perform an in-depth
analysis of the DAMs and DEGs involved in the red discol-
oration mechanism. According to the KEGG-enrichment
analysis, 94 (in RL_young vs. GL young) and 122 (in
RL old vs. GL old) unigenes were clustered into 101 and
111 KEGG pathways. Among these pathways, phenylala-
nine, tyrosine, and tryptophan biosynthesis pathways were
significantly enriched, indicating that 3-dehydroshikimate
was activated prior to flavonoid biosynthesis to provide vi-
tal precursors [33].

Structural genes involved in the flavonoid biosyn-
thetic pathway aiming at proanthocyanin biosynthesis
were identified. The predicted proteins encoded by genes
included two anthocyanin reductases (LOC114259095,
LOC114297899), five multidrug and toxic compound
extrusion proteins (LOC114273949, LOC114288619,
LOC114298825, LOC114300598, LOC114302652),
three peroxidases (LOC114255969, LOCI114264567,
LOC114309410) and two laccases (LOC11427858]1,
LOC114290795). In the ‘red’ color of leaves, the structural
genes of three PODs (LOC114255969, LOC114264567,
LOC114309410) and two LACs were significantly up-
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regulated at RL_young with a verifiable measurement of
POD and LAC activities (Fig. 4c), while two ANRs, five
MATESs were expressed with no significant difference.

Synthesis of PAs begins with the generation of flavan-
3-ol units (e.g., catechin and epicatechin). The key en-
zymes, LAR and ANR, convert leucocyanidins and antho-
cyanidins to catechin and epicatechin, respectively. Addi-
tionally, the two ANR structure genes detected in this study
were significantly different between green leavf groups and
red leaf groups, though they showed ordinarily inner RL
groups. That is to say; the downregulated ANRs caused lit-
tle or no PAs to exist in GL. This result has been identified
similarly in Arabidopsis [34], grapevine [35], tea [36], and
soybean [37].

Based on the co-expression analysis of differentially
accumulated flavonoids and DEGs, we identified several
catalytic enzymes involved in biosynthetic pathways to
eleven PAs. The upregulation of genes encoding POD64
(LOC114309410) and LAC17 (LOC114290795) may result
in a higher accumulation of proanthocyanins in RL, espe-
cially in RL_young (Fig. 5b and Supplementary Table 9).
In the ‘red’ leaflets, the high expression level of peroxi-
dases (PODs) and laccases (LACs) against RL_old could be
explained by the fact that oxidative polymerization of PAs
dimers (procyanidin) was catalyzed by these enzymes that
were homologous to LAC15, POD2, and POD25 in Ara-
bidopsis [38].

Proanthocyanin biosynthesis is usually regulated by
various transcription factors (TFs), particularly the MBW
complex [39]. We further explored the TFs, includ-
ing MYBs (MYB4, MYBG61, MYB308, MYBCDC5, MY-
BCC, MYB3R-5, MYB-like 4, and MYBCDS5) and bHLH's
(bHLHI1, bHLH3, bHLHI130, bHLH104, and bHLH116),
regulating flavonoids metabolism in RL by performing an-
other co-expression network analysis to direct differentially
expressed TFs toward flavonoids biosynthesis and poly-
merization closely related enzymes (CHI, LDOX, ANR,
MATE, Ht-ATPase, SGT, LAC, and POD) [40]. It was
the downregulation of MYBs and bHLHs repressed sev-
eral structural enzymes and affected the color pigmentation
that faded indirectly [41]. In the family of MBW complex,
the bHLH3 protein is the most obvious activating bHLH
member since its expression is usually variable and posi-
tively correlates with flavonoid production [42]. Some re-
searchers reported that the transcription factor bHLH3 ac-
tivated expressions of genes in the flavonoid biosynthesis
pathway [43]. In addition, studies have shown that MYB4
suppresses some MYB inhibitors to remove the inhibition
of gene expression at the flavonoids biosynthesis pathway
and also cooperates with other MYBs to maintain the bal-
ance in flavonoid biosynthesis [44,45]. And the interaction
between bHLH3 and MYB4 could positively regulate the
proanthocyanidin synthesis and ensures that the plant ac-
cumulates desirable flavonoids [46]. We then screened two
hub TFs encoding a tonoplast transporter into a highly cor-
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related key module (r >0.7) (Fig. 5b). Among these TFs,
MYB4 and bHLH3, which belong to the MBW family, were
positively correlated with proanthocyanin biosynthesis in
this study (Fig. 5a,b).

As did POD64 and LAC17, the synthesis of procyani-
din C1 and C2 significantly correlated to the expressions
quantity of POD64 and LAC17 (Fig. 5b), which could con-
dense the catechin or epicatechin to a high degree of pro-
cyanidin polymerization products [47]. Multiple varieties
of proanthocyanins possess essential roles in the growth
and development of leaves and fruits [3]. Colorless PAs
are converted to red-brown PA derivatives due to the ox-
idative polymerization of monomers by PODs and LACs
[41]. Trimer procyanidin C1 and C2 contain a higher in-
tensity of UV-Vis absorption than the lower polymeriza-
tion degree of procyanidins like dimer procyanidin B-type,
which suggests that the degree of procyanidin polymer-
ization significantly influences the color-deepening phe-
nomenon [30]. Therefore, the downregulation of these two
catalysts (POD64 and LAC17) in old leaves was consid-
ered the driving factor for the decreasing trend in PA con-
tent (Fig. 5a). This result is common in other plants, includ-
ing bilberries, persimmons, and blueberries [48]. However,
several studies have indicated that partial PODs and LACs
are responsible for the degradation of anthocyanins in Brun-

felsia calycina and Pyrus bretschneideri [49].

In summary, PAs deemed as tannins causing red col-
oration in RL leaves were regulated by flavonoid biosynthe-
sis pathways (ANR, LAC, MYB4, and bHLH3). The expres-
sion of the key gene ANR strongly influenced the flavan-3-
ol accumulation in PA biosynthesis. That could be one of
the key points resulting in the different leaf colors of Shiya
tea varieties. An increased degree of catechin/epicatechin
polymerization in the chromophore of PAs in RL could be
induced by oxidative polymerase [50]. And higher poly-
merization degree of PAs may result in color deepening.
The activities or the expressions of oxidative polymerases,
POD64 and LAC17, were affected directly or indirectly by
the polymerization of PAs.

4. Conclusions

To understand the altered metabolite compositions
contributing to leaf coloration in red and green leaf tea, we
associated significant changes in redness-related metabo-
lites with the expression of structural genes involved
in flavonoids biosynthesis pathway and associated TFs
(PHLH3 and MYB4) at two stages of development of Ad-
inandra nitida leaves. The accumulations of flavonoids
and tannins, especially the increased accumulation of PAs
in young stage of RL, were observed. Integrated with the
selected enzyme genes and TFs, our results revealed that
six structural genes found in proanthocyanin biosynthesis,
two reductases (ANR), two oxidative polymerases (POD64,
LAC17) and two TFs (bHLH3 and MYB4) related to biosyn-
thesis and polymerization of proanthocyanins were associ-
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ated with not only the difference of GL and RL but also
the faded coloration in two RL groups (RL young and
RL old). Among these genes, the enzymes (POD64 and
LAC17) and TFs (bHLH3 and MYB4) were positively cor-
related to the accumulations of PAs in these two groups.
Moreover, several oxidative polymerases were downregu-
lated in the old stage of RL compared to its young stage,
though the flavan-3-ol exhibits little difference in these two
groups. Thus, these results provide explanations for the
appearance of a red hue in RL and the faded red hue in
the old stage of RL. This study provides a foundation for
further research to investigate the PA biosynthesis regula-
tory networks via transcriptome and metabolome analysis
in Adinandra nitida, offering insights into the regulatory
mechanisms underlying beneficial metabolite accumulation
in plants.
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