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Abstract: Jiaocheng kucha is the first reported tea germplasm resource which contains theacrine
founded in Fujian Province. Currently, the anabolic mechanism of theacrine within tea leaves is
clear, but there are few studies focused on its flowers. In order to further explore the mechanism
of theacrine synthesis and related genes in flowers, current study applied Jiaocheng kucha flowers
(JC) as test materials and Fuding Dabaicha flowers (FD) as control materials to make transcriptome
sequencing, and determination of purine alkaloid content in three different developmental periods
(flower bud stage, whitening stage and full opening stage). The results showed that the flower in all
stages of JC contained theacrine. The theacrine in the flower bud stage was significantly higher than
in the other stages. The differentially expressed genes (DEGs) at three different developmental stages
were screened from the transcriptome data, and were in a total of 5642, 8640 and 8465. These DEGs
related to the synthesis of theacrine were primarily annotated to the pathways of purine alkaloids.
Among them, the number of DEGs in xanthine synthesis pathway was the largest and upregulated
in JC, while it was the smallest in caffeine synthesis pathway and downregulated in JC. Further
weighted gene co-expression network (WGCNA) indicated that ADSL (CsTGY03G0002327), ADSL
(CsTGY09G0001824) and UAZ (CsTGY06G0002694) may be a hub gene for the regulation of theacrine
metabolism in JC. Our results will contribute to the identification of candidate genes related to
the synthesis of theacrine in tea flowers, and explore the molecular mechanism of theacrine synthesis
in JC at different developmental stages.

Keywords: tea flower; purine alkaloid pathway; theacrine; transcriptomic; WGCNA

1. Introduction

Bitter tea is a kind of unique plant which mainly distributed in Yunnan, Hunan,
Guizhou, Fujian and some other provinces of China [1]. It is quite different from existing
tea resources due to its ultra-bitter taste. Currently, there are several known reasons that
could be attributed to such bitterness, such as abundance in purine alkaloids, flavonoids,
anthocyanins, or saponins [2]. It is worth noting that one class of bitter tea which contains
theacrine has attracted extensive attention. Theacrine (1,3,7,9-tetramethyluric acid) is an al-
kaloid compound accompany with bioactive functions such as anti-depression, sedation,
hypnosis, lipid metabolism regulation, etc. [3]. It is also the second richest purine alkaloid
in bitter tea [4]. As caffeine could convert to theacrine by oxidation at C8 and methylation
at N9 in certain tea germplasm resource [5], theacrine is also regarded as a downstream
metabolite of caffeine. As the formation pathway and related regulatory genes of theacrine
have been studied well [6–11], N-methyltransferase encoded by the gene TEA024443 could
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be the key enzyme for synthesis of theacrine [12]. Meanwhile, 9-N-methyltransferase (CK-
TCS) was identified as being involved in synthesis process of theacrine by transcriptome
sequencing of N-methyltransferase in Pu’er (Camellia sinensis var. assamica) and kucha [13].

Jiaocheng kucha is the first reported tea with abundant theacrine, found in the Fu-
jian Province. In our previous work, transcriptome was applied in studying Jiaocheng
kucha’s leaves. KEGG pathway analysis annotated differential expression genes to four
metabolic pathways, including guanine degradation, adenine degradation, caffeine syn-
thesis and caffeine degradation. Further analysis indicated that urate oxidase UOX
(TEA012458) is downregulated, while tea caffeine synthase TCS (TEA030024) is upreg-
ulated in Jiaochengkucha [14].

Commonly, the buds and tender leaves of Camellia sinensis are the most valuable
part, whereas few studies focus on its flowers [15]. Tea flowers contain a variety of
substances beneficial to the human body and are becoming more and more widely used,
such as extraction of tea flower, utilization of tea pollen products and tea flower food
processing [16,17]. Specifically, Zhao et al. [18] used tea flowers as raw materials to prepare
iced tea, which could be refreshing with a marvelous fragrance. Zhang et al. [19] developed
tea flower soft candy which is fragrant and elegant. Previous studies mainly focused on
biochemical components and physiology-related genes of tea flowers. It is also found that
tea flowers could contain less catechin and caffeine than tea leaves [20,21]. Previously,
genes related to the synthesis of catechins, amino acids and anthocyanins in tea flowers
have been studied [22–24]; however, the purine alkaloid metabolism of tea flowers is yet
to be elucidated. Here, we applied Jiaocheng kucha flowers (JC) as test materials and
Fuding Dabaicha flowers (FD) as control materials to explore the synthesis mechanism and
related regulatory genes. Transcriptome sequencing and determination of purine alkaloid
content were performed throughout a total of three developmental periods (flower bud
stage, whitening stage and full opening stage).

2. Results
2.1. Quantification of Purine Alkaloids in Different Flowering Periods between JC and FD

Figure 1A defined different flowering periods of JC and FD. Related purine alkaloid
contents were shown in Figure 1B. The caffeine contents of JC in the three stages were 0.36,
0.41 and 0.26 mg/g, respectively, which were lower than that of FD. There were significant
differences in its caffeine contents. The highest content was found in the whitening stage,
and the lowest was found in the full opening stage. Theobromine was not detected in JC
at all. Interestingly, theacrine was detected at all flowering stages of JC, and the content
was 11.78, 10.37 and 9.83 mg/g, respectively. The flower bud stage contained the highest
theacrine. For the total amount of purine alkaloids, JC was higher than FD in all three stages.
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Figure 1. Morphological characteristics of tea blossom (A). JCB, FDB is the flower bud stage. JCW, FDW is the whitening
stage; JCF, FDF is the full opening stage. Purine alkaloids content in Kucha (JC) and conventional varieties (FD); (B). a.
caffeine content (CAF); b. theobromine content (TB); c. theacrine content (TCR); d. the total content of purine alkaloids (TC).
‘B’ is the flower bud stage, ‘W’ is the whitening stage, ‘F’ is the full opening stage.

2.2. Transcriptome Data Analysis

A total of 18 libraries were constructed (Table 1), and 143.41 Gb of clean reads were
constructed with an average value of 7.97 Gb in each sample. All testing samples Q20
value were over 98.45%, and Q30 value were over 95.19%. The GC average content values
were 45.14%, and those uniquely mapped were 83.62%, respectively.

Table 1. Data assembly for transcriptome sequencing.

Sample ID Raw Reads
(Gb)

Clean Reads
(Gb)

Clean Bases
(Gb) Q20 (%) Q30 (%) GC Content

(%)
Uniquely Mapped

(%)

FDB-1 53.31 52.96 7.61 98.51 95.27 45.14 85.54
FDB-2 54.64 54.30 7.80 98.59 95.52 44.88 85.29
FDB-3 51.87 51.54 7.42 98.52 95.32 45.07 84.83

Average 53.27 52.93 7.61 98.54 95.37 45.03 85.22
FDW-1 59.03 58.66 8.49 98.5 95.26 45.3 86.27
FDW-2 61.01 60.64 8.78 98.54 95.39 45.52 86.44
FDW-3 58.60 58.22 8.37 98.53 95.39 45.75 85.76

Average 59.55 59.17 8.55 98.52 95.35 45.52 86.16
FDF-1 55.09 54.79 7.91 98.53 95.37 45.34 85.15
FDF-2 56.64 56.31 8.09 98.52 95.35 45.16 84.48
FDF-3 54.08 53.74 7.72 98.47 95.21 45.57 83.30

Average 55.27 54.95 7.91 98.51 95.31 45.36 84.31
JCB-1 53.94 53.50 7.63 98.61 95.61 44.53 83.06
JCB-2 57.28 56.86 8.15 98.6 95.58 44.42 83.23
JCB-3 56.09 55.65 7.96 98.6 95.57 44.54 83.12

Average 55.77 55.34 7.91 98.60 95.59 44.50 83.14
JCW-1 54.16 53.77 7.69 98.63 95.65 44.75 83.48
JCW-2 49.22 48.77 6.93 98.51 95.4 44.34 83.51
JCW-3 62.65 62.15 8.83 98.54 95.43 44.97 83.97

Average 55.34 54.90 7.82 98.56 95.49 44.69 83.65
JCF-1 57.85 57.46 8.33 98.49 95.3 45.78 79.05
JCF-2 52.88 52.50 7.55 98.48 95.27 45.48 80.13
JCF-3 57.21 56.81 8.16 98.45 95.19 45.93 78.60

Average 55.98 55.59 8.01 98.47 95.25 45.73 79.26
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Pearson analysis (Figure 2A) indicated that there was high repeatability. PCA clustered
samples into six groups. FD and JC were clearly distinguished. Meanwhile, different
flowering periods were also distinguished well (Figure 2B).

Figure 2. Pair-wise Pearson correlation coefficients of the sequencing data from three replicates × two genotypes in three
periods (A). Principal component analysis (PCA) of transcriptome data (B).

2.3. Identification of Differentially Expressed Genes (DEGs)

As shown in Figure 3, FDB vs. JCB had 5642 DEGs (2972 upregulated and 2670 down-
regulated), FDW vs. JCW had 8640 DEGs (4846 upregulated and 3794 downregulated),
FDF vs. JCF had 8465 DEGs (4676 upregulated and 3789 downregulated). The proportion
of upregulated DEGs in all three periods were 52.68, 56.09 and 55.24% respectively, while
the proportion of downregulated DEGs in all three periods were 47.32, 43.91 and 44.76%,
respectively. The number of upregulated DEGs was higher than downregulated DEGs
in all comparisons. Interestingly, the number of DEGs in FDB vs. JCB was far less than
other comparisons, with the same number of DEGs in FDW vs. JCW and FDF vs. JCF
(Figure 3).

Figure 3. DEGs in each period. Red is upregulated DEGs and green is downregulated DEGs. The number of DEGs is
in parentheses.

2.4. GO and KEGG Enrichment Analysis of DEGs

There were significant differences in GO enrichment among all three stages (Figure 4A).
DEGs at the flower bud stage were mainly concentrated in BP and MF, and the dominant
terms were monooxygenase activity, iron ion binding, tetrapyrrole binding, heme binding
and ADP binding. In whitening stage, DEGs were mainly concentrated in MF, and the dom-



Int. J. Mol. Sci. 2021, 22, 13394 5 of 15

inant terms were response to bacteria, defense response to bacteria, phenylpropanoid
metabolic process and secondary metabolic process. Interestingly, in CC (intrinsic compo-
nent of the plasma membrane), more differentially expressed genes were also enriched.
The full opening period was mainly concentrated in CC and BP, and the dominant terms
were drug catabolic process, cell wall macromolecule metabolic process and photosystem.

Figure 4. Go enrichment analysis of DEGs (A) and KEGG enrichment analysis of DEGs (B). Note: The metabolic pathways
shown in red are common to all three periods.

125, 130, and 131 metabolic pathways identified by KEGG enrichment analysis
in the FDB vs JCB, FDW vs JCW, and FDF vs JCF. Eight metabolic pathways of standard red
in Figure 4B were enriched in three phases simultaneously. Among them, phenylpropanoid
biosynthesis and plant-pathogen interactions were more enriched in DEGs.

Further analysis of pathways with the largest number of DEGs was performed.
In plant–pathogen interaction, there were 98, 143 and 163 DEGs enriched, respectively.
In phenylpropanoid biosynthesis, there were 74, 115 and 93 DEGs enriched, respec-
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tively. In both pathways, there were more upregulated genes than downregulated genes
(Figure 5).

Figure 5. The number of DEGs in plant–pathogen interaction (A) and phenylpropanoid biosynthesis (B).

2.5. DEGs Analysis in the Purine Alkaloid Pathway

For tea plants, the most common existing purine alkaloid is caffeine, with a small
amount of theobromine and trace theophylline. Theacrine is usually existent in certain
unique bitter tea plants. The synthesis pathway of purine alkaloids has an important influ-
ence. Xanthine could convert to 7-methylxanthine by N-methyltransferase, which in turn
forms theobromine by TCS. Theobromine could convert to caffeine by TCS. The down-
stream metabolite of caffeine in common tea varieties is theophylline, while theacrine is
also one of the metabolites of caffeine in bitter tea varieties. Figure 6 indicated genes related
to purine alkaloid synthesis. The number of genes enrichment in purine alkaloid pathway
was different throughout the flowering stages. It was obvious that most DEGs were related
to xanthine synthesis, while there were few DEGs associated with caffeine synthesis and
metabolism. There were 18, 37 and 36 DEGs at the flower bud stage, whitening stage
and full opening stage. DEGs were mainly Adenosine kinase (ADK), Adenylosuccinate
lyase (ADSL), etc. The expression of these genes was varied in different flowering stages
and cultivars.

Three flowering stages had eight common DEGs, including one ADK (CsTGY09G0002405),
three ADSL (CsTGY07G0000865, CsTGY03G0002327, CsTGY09G0001824), one RRM2
(CsTGY09G0000411), one APRT (CsTGY14G0000522), one UAZ (CsTGY06G0002694) and
one UAH (CsTGY09G0000615), which were differential in different genotypes and different
stages (Figure 7). There were six genes belonging to the xanthine pathway, and the expres-
sion levels of genes at three periods were all upregulated in JC. Interestingly, the expression
of these genes showed a downward trend at different flowering stages, with the peak
achievement at flower bud stage, while the lowest point was at the full opening stage.
This was consistent with the accumulation trend of theacrine in JC. The other two genes
were related to caffeine metabolism pathway. UAZ (CsTGY06G0002694) was urate oxidase
that promotes the degradation of caffeine into allantion. The expression of UAZ in JC were
lower than that in FD in all periods, which was similar to caffeine accumulation during tea
plant blossoms. UAH (CsTGY09G0000615) was ureidoglycolate hydrolase that promotes
the degradation of ureido-glycolate into glyoxylate. The expression of UAH in JC was
higher than that in FD during flowering.
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Figure 6. The heatmap of DEGs in the synthesis pathway of purine alkaloids. DEGs in flower bud stage (A), DEGs
in whitening stage (B), DEGs in full opening stage (C).

Figure 7. Heatmap of common DEGs in three stages.
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2.6. Co-Expression Network Analysis

After filtering genes with TPM < 17, a total of 718 differential genes, a weighted gene co-
expression network was constructed. The expression levels of 18 samples were calculated and
performed with clustering analysis. As shown in Figure 8A, clustering among the samples
was good without outlier samples. Given that the scale-free tolerance curve is smooth,
the power exponential weighted β value—the soft threshold—was set as 12.

Figure 8. Co-expression network analysis. (A) is the sample clustering tree; (B) is the gene clustering tree and module
cutting. Each branch of the gene clustering tree corresponds to a module. (C) is correlation analysis between modules and
phenotypes, box 1 of two modules (green and green–yellow) were significantly positively correlated with caffeine and
theobromine contents; box 2 of two modules (black and brown) were significantly positively correlated with theacrine and
total amount of purine alkaloids.

Correlation analysis and clustering were performed according to the TPM values of
the different genes. Then the genes with higher correlation were assigned to a module.
As shown in Figure 8, all genes were divided into 13 modules. The gray color represents
genes that were not divided into other modules (Figure 8B).
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Figure 8C showed the number of genes contained in each module and the correspond-
ing correlation with purine alkaloids content. The number of genes contained in different
modules varied greatly; the turquoise module had the largest number of genes (9798),
while the tan module had the lowest number (77). The modules with a large correlation
coefficient (absolute value) and small significant p value were significantly correlated with
phenotypes. The compounds identified as highly significantly associated with purine
alkaloids were marked green, green–yellow (Box 1), black, and brown (Box 2). Interestingly,
green and green–yellow were significantly positively correlated with both caffeine and
theobromine contents, while theacrine and the total amount of purine alkaloids were sig-
nificantly negatively correlated. Black and brown were significantly positively correlated
to both theacrine and the amount of purine alkaloids but negatively correlated to caffeine
and theobromine.

KEGG analysis was performed on genes of four modules, and the top 20 metabolic
pathways with the highest enrichment degrees were screened out, as shown in the Sup-
plementary Tables (Table S1). The genes of these four modules were mainly enriched
in carbohydrate metabolisms, which were glycolysis, gluconeogenesis and starch and su-
crose metabolism. The rest of the genes were related to environmental adaptation, folding,
sorting and degradation and signal transduction. Notably, nucleotide metabolism was
enriched in both green and brown modules, which mainly corresponded to pyrimidine
and purine metabolism. Purine metabolism was the main metabolic pathway of caffeine,
theobromine, and theacrine synthesis. Related genes in these pathways may have a certain
relationship with accumulation of them.

A total of six DEGs were enriched in the green module of purine alkaloid pathway. Six
DEGs in the green module were ADSL (CsTGY05G0001942), RRM1 (CsTGY13G0000865),
PK (CsTGY03G0002910), 5′-NT (CsTGY07G0001660), UAZ (CsTGY06G0002694) and RRM1
(CsTGY04G000473). Their expression quantities were all decreased in JC. They were
also expressed inconsistently at the three flowering stages. At the flower bud stage,
there were only three DEGs: RRM1 (CsTGY13G0000865), UAZ (CsTGY06G0002694) and
RRM1 (CsTGY04G000473). There were five DEGs (ADSL, RRM1, PK, 5′-NT and UAZ)
in the whitening stage. There were only three DEGs found at the full opening stage, which
were PK (CsTGY03G0002910), UAZ (CsTGY06G0002694) and RRM1 (CsTGY04G000473).
The green module was significantly correlated to caffeine and theobromine. During all
flowering stages, the purine alkaloids enriched by this module were downregulated in JC,
and the contents of caffeine and theobromine in JC were also significantly lower than in FD.
The expression of these genes was positively correlated to accumulation of both caffeine
and theobromine (Figure 9A).

Five DEGs in the brown module were related to purine alkaloid pathway, which
includes ADK (CsTGY10G0001498), ADSL (CsTGY03G0002327), TTHL (CSTGY06G0002356),
APRT (CsTGY14G0000522) and ADSL (CsTGY09G0001824). Their expression was upregu-
lated in JC accompanied with all flowering stages. Except for TTHL (CsTGY06G0002356),
the other four genes were expressed differentially between the flower bud and flowering
stages. At the whitening stage, only ADK (CsTGY10G0001498) showed no differential
expression. The brown module was significantly correlated to both theacrine and total
amount of purine alkaloids. During all flowering stages, the purine alkaloids enriched
by this module were upregulated in JC; furthermore, the contents of theacrine and total
amount of purine alkaloids were also significantly higher than FD. The expression of these
genes was positively correlated with the accumulation of theacrine and purine alkaloids
content (Figure 9B).
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Figure 9. Heatmap of DEGs of purine alkaloid pathway in green module and the content of CAF and TB (A). Heatmap
of DEGs of purine alkaloid pathway in brown module and the content of TCR and TC (B). 1. DEGs in flower bud stage;
2. DEGs in whitening stage; 3. DEGs in full opening stage.

2.7. Analysis of DEG Expression Level by PCR

To further validate the reliability of transcriptome sequencing results, six genes were
screened and identified, two of which were common to each of the three stages (ADK,
UAH); one gene was common to all three stages in green (UAZ) and the other three genes
were specific to all stages (IMPDH, 5′-NT, URE). Table S2 gave the result of primers for
qRT-PCR. As shown in Figure 10, the relative expression of six DEGs was consistent with
the trend of transcriptome sequencing, indicating that the transcriptome sequencing results
could be reliable.

Figure 10. Validation of transcriptome sequencing data by qRT-PCR.
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3. Discussion

Bitter tea is a kind of unique tea plant, due to its extremely bitter taste. Previous
related research on this plant was mainly focused on its leaves, while little research has
been carried out on its flowers. In our previous study, the purine alkaloids in Jiaocheng
kucha leaves were quantified. In current study, the purine alkaloid components of its
flowers were also quantified. As a result, its purine alkaloids were significantly higher
(p < 0.05) than that of FD at all flowering stages, while the caffeine content was lower.
Theacrine was detected in all the flowering stages of JC, with its peak level in the young
bud stage (p < 0.05). In different flowering periods, the total amount of theacrine and
purine alkaloids showed a downward trend, which is consistent with Lin et al. [25].

Tea plant genomes of different species were published [26–28]. Meanwhile, Zheng
et al. demonstrated the synthetic pathway of theacrine [5]. Li and Wang [9,12] used bitter
tea resources found in Jiangxi and Guangdong to perform transcriptome analysis, aiming
at exploring the theacrine formation mechanism. Our group also conducted transcriptome
to screen such related genes [14], as tea flowers of Jiaocheng kucha applied to our current
research. The GO enrichment results were consistent with previous studies, confirming
DEGs were mainly enriched in the biological process. During the flower bud stage, a large
number of differential genes appeared in the Molecular Function among all flowering
stages. The KEGG enrichment results showed that DEGs of tea flowers in JC were mainly
enriched in phenylpropanoid biosynthesis, cyanoamino acid metabolism, sesquiterpenoid
and plant–pathogen interaction. Especially in both the whitening and full opening stage,
there were several DEGs related to plant–pathogen interaction, and most of the expressions
in JC were upregulated. It was concluded that the resistance of JC may be higher than FD.
Wang et al. found that N-methyltransferase (NMT) encoded by TEA024443 may catalyze
the methylation at 9-N position in bitter tea [12]. Li et al. speculated that two genes
(TEA010054 and TEA022559) might catalyze the final methylation step during the theacrine
synthesis of bitter tea [9]. Zhang et al. identified the theacrine synthase CKTCS from
bitter tea [13]. Previous studies revealed that N9-methyltransferase plays an essential
role in the synthesis of theacrine. TCS and NMT were the key regulatory genes, most
of which were related to caffeine anabolic pathway, whereas in our study, there were
few differentially expressed genes in the caffeine metabolism pathway. The number of
DEGs was different at different flowering periods; furthermore, the number of DEGs was
the highest at the whitening stage (37). These DEGs were mainly ADK, 5’-NT, AMPD,
etc., which were upregulated in JC. For bitter tea leaves, key genes related to theacrine
synthesis were commonly concentrated in caffeine synthesis or metabolic pathways, such
as NMT and TCS. For bitter tea flowers, the genes related to its synthesis were mainly
concentrated in the xanthine synthesis pathway, which is also the upstream pathway
of caffeine synthesis, such as ADSL, APRT, ADK and RRM2. However, there were few
differentially expressed genes in the caffeine biosynthesis pathway; NMT and TCS were not
differentially expressed. Only three DEGs existed in the caffeine metabolism process; they
were UAZ (CsTGY06G0002694), UAH (CsTGY09G0000615) and URE (CsTGY10G0000148),
but the effect of these genes on theacrine synthesis was unclear. In conclusion, the genes
related to the regulation of theacrine accumulation were different from leaves to flowers,
although they all belong to a same purine alkaloid pathway.

Using WGCNA analysis, genes associated with target traits can be specifically screened
and modularly classified to obtain co-expression modules of high biological significance [29].
In this study, the transcriptome was correlated with purine alkaloid component content
data using the WGCNA method and the modules were subjected to KEGG functional
enrichment analysis, resulting in the screening of four key modules that were highly corre-
lated with purine alkaloid response, namely the green module (908 genes), green–yellow
module (267 genes), black (451 genes) and brown (1376 genes). Interestingly, the genes
in the green module and green–yellow module are more strongly associated with caffeine
and theobromine, especially in the green module. The genes for black and brown are
closely associated with theacrine and total purine alkaloids, especially in the brown mod-
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ule. The DEGs enriched in the purine alkaloid pathway were screened out, the results
showed that the DEGs in the green module were downregulated in JC, and there were
mainly six genes, namely, ADSL, RRM1, PK, 5’-NT, UAZ and RRM1. UAZ was differen-
tially expressed at the three flowering periods. The genes in the brown module were all
upregulated in JC, and there were five primary genes, namely ADK, ADSL, TTHL, APRT,
ADS, ADSL, APRT and ADSL, which were all differentially expressed genes at the three
flowering periods. The DEGs screened by WGCNA were consistent with previous studies.
These genes could be used as the key regulatory genes for the formation of theacrine in tea
blossoms, providing a specific theoretical basis and guidance for subsequent studies.

4. Materials and Methods
4.1. Plant Materials

The flowers of Kucha variety (Jiaocheng Kucha, JC) and conventional variety (Fuding
Daibaicha, FD) with highly contrasting theacrine contents were used in this study. Three
different flowering stages were collected. There were FDB and JCB (at flower bud stage),
FDW and JCW (at whitening stage), FDF and JCF (at full opening stage). The Kucha variety
were collected from Jiaocheng, Ningde, Fujian Province, and the conventional variety
came from the same location. Flowers of each period were harvested in November 2020.
The materials were stored at −80 ◦C for RNA isolation and purine alkaloids analysis.

4.2. Determination of Purine Alkaloids

Purine alkaloids were extracted with 30 mL of methanol, ultrasonicated for 30 min,
and centrifuged at 10,000× g for 5 min. Then, taking supernatant through 0.22 µm mem-
branethe to UPLC–MS/MS analysis, using a Nexera X2 LC-30A HPLC system (Shimadzu,
Kyoto, Japan) and a tandem Sciex 4500 Q-Trap mass spectrometer (Sciex, Massachusetts,
USA), UPLC–MS/MS was performed with a column temperature of 40 ◦C, the wavelength
of 231 nm, injection volume of 5 µL and flow rate of 0.3 mL/min. A C18 column (2.6 µm,
2.1 × 100 mm) (Philomen, Guangzhou, China) with solvent A (0.1% formic acid) and sol-
vent B (acetonitrile) was used as the mobile phase. The gradient programs were as follows:
0–0.2 min, linear gradient from 0 to 10% B; 0.2–2.5 min, linear gradient from 10 to 90%
B; 2.5–4 min, 90% B; and 4–4.2 min, linear gradient from 90 to 10% B. Mass spectrometry
conditions: electrospray source (ESI), positive ion mode, curtain gas 30 psi, electrospray
voltage 4500 V, auxiliary gas (N2) temperature 550 ◦C, spray gas (N2) pressure 55 psi,
auxiliary heating gas (N2) pressure 55 psi. All samples were repeated three times. MS
parameters for the three purine alkaloids are given in Table 2.

Table 2. UPLC-MS/MS parameters of purine alkaloids.

Purine Alkaloid Retention Time
(min)

Precurser Ion
(m/z) Product Ion (m/z) Decluster Voltage

(e/V)
Collision Energy

(e/V)

Caffeine (CAF) 2.55 195.2 138.1 a/110.2/83.0 80.0 25.0/31.0/35.0
Theacrine (TCR) 2.47 225.1 168.1 a/153.2/210.1 80.0 27.2/34.0/27.3

Theobromine (TB) 1.85 181.0 107.9 a /122.1/67.10 91.3 30.0/35.0/43.0

Note: a represents ion pair selected for MRM quantity.

4.3. Acquisition and Analysis of Transcriptome Sequencing

Total RNA was extracted using Plant RNA Purification Reagent (Invitrogen, State
of California, USA), and RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agi-
lent Technologies, State of California, USA) and ND-2000 (Thermo, Waltham, USA) [30].
The transcriptome library was constructed according to the Illumina TruSeqT mRNA Sam-
ple Preparation Kit method, and the libraries were sequenced on the Illumina NovaSeq
6000 sequencing platform by Shanghai Meji Biopharma Technology Co., Ltd. SeqPrep
(https://github.com/jstjohn/SeqPrep 25 March 2021) and Sickle (https://github.com/
najoshi/sickle 25 March 2021) were used for quality control of the raw data and to ob-

https://github.com/jstjohn/SeqPrep
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tain high-quality data. Using TopHat 2.1.1 software quality control data compared to
the ‘Tie Guanyin’ genome [31], the difference between this study and the original annota-
tion was obtained by using Cufflinks software, and the gene expression level was calculated
by using RESM software based on TPM.

4.4. Differentially Expressed Genes and Enrichment Analysis

To screen out differentially expressed genes (DEGs), the EdgeR package (http://www.
bioconductor.org/packages/2.12/bioc/html/edgeR.html 15 April 2021) was used [32].
We determined genes as |log2FoldChange| > 1, p value < 0.05. Foldchange represents
the ratio of expression levels between the two sample groups. Goatools and KOBAS soft-
ware were used to perform GO and KEGG functional enrichment analysis of differentially
expressed genes, and when the corrected p value < 0.05, the GO function and KEGG path-
way function were considered significantly enriched [33]. TBtools software was used to
make a heat map for visualization of gene expression [34].

4.5. Coexpression Module Construction and Analysis

Background correction and standardization of gene expression data using RSEM soft-
ware to filter genes with low expression and low coefficient of variation [35]. Construction
of gene co-expression network using R software (R version 3.4.4) and WGCNA (Rversion
1.6.6) packages [36]. Gene modules highly related to metabolites were identified based
on filtered data (average expression level 1, coefficient of varia-tion 0.1). Filtered abun-
dance of 17,718 genes and three metabolites was used to build a co-expression network by
calculating Pearson’s correlation.

4.6. Verification of Transcriptome Data

Primer3 plus online website (http://www.bioinformatics.nl/cgi-bin/primer3plus/
Primer3plus. Cgi 25 June 2021) was used to design primers (Table S2), and cDNA was
synthesized from RNA using the All-Gold EasyScript One-Step GDNA Removal and cDNA
Synthesis Supermix kit (Quansi Gold Biotechnology Co., Ltd., Beijing, China). Referring
to the method of Wang et al. [37], tea tree GAPDH (registration number GE651107) was
selected as the internal reference gene [38]. qRT-PCR analysis was performed on a CFX96
Touch fluorescent quantitative PCR instrument (Bole Life Medical Products Co. Ltd.,
Shanghai, China) according to the instructions of the TransStart®Tip Green qPCR Supermix
kit (Quansi Gold Biotechnology Co., Ltd., Beijing, China). Reaction procedures: 94 ◦C for
30 s; 94 ◦C for 5 s; 60 ◦C for 30 s; 40 cycles and three biological replicates. The 2−∆∆CT

algorithm was used to calculate the relative gene expression level [39]. The histogram was
made in prism 8.0.

4.7. Statistical Analysis

The data results were expressed as Mean ± SD, and the histogram was drawn by
Prism 8.0. Analysis of variance and significant difference analysis by SPSS 19.0.

5. Conclusions

A transcriptomic approach was used to reveal the mechanism of theacrine formation
of Jiaocheng kucha’s flower. Quantitation of purine alkaloid during all flowering stages re-
vealed its changing tend. To sum up, the theacrine in the young bud stage was significantly
higher than the other two stages. Transcriptome analysis echoed that DEGs on the purine
alkaloid pathway was mainly related to xanthine synthesis, which was upregulated among
bitter tea varieties, while it was downregulated on the caffeine anabolic pathway. A total of
thirteen modules were identified through weighted correlation network analysis (WGCNA)
method, and most transcriptome was correlated to the purine alkaloid. Furthermore, two
key gene modules, green module and brown module, were screened for high correlation
with purine alkaloid, among which ADSL (CsTGY03G0002327), ADSL (CsTGY09G0001824)

http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html
http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html
http://www.bioinformatics.nl/cgi-bin/primer3plus/Primer3plus
http://www.bioinformatics.nl/cgi-bin/primer3plus/Primer3plus
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and UAZ(CsTGY06G0002694) could be key genes attribute to theacrine synthesis of bitter
tea flowers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222413394/s1.

Author Contributions: Conceptualization, X.C. and R.Y.; data curation, X.C., S.S., M.G., P.W. and
F.Z.; formal analysis, X.C. and F.Z.; funding acquisition, N.Y.; investigation, X.C.; methodology, X.C.;
resources, X.C., S.S. and M.G.; writing—original draft, X.C.; writing—review and editing, P.W., F.Z.
and N.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fujian Agriculture and Forestry University Construction
Project for Technological Innovation and Service System of Tea Industry China (K1520005A01),
the Special fund for scientific and technological innovation of Fujian Agriculture and Forestry
University (CXZX2020123B), the Starting Project of Introducing Talents into Scientific Research
in Fujian University of Traditional Chinese Medicine (2801/701190097) and the Fund for Excellent
Master’s Dissertations of Fujian Agriculture and Forestry University (1122YS01003).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

JC: Jiaocheng kucha flowers; FD, Fuding Dabaicha flowers; UPLC-MS/MS, ultra-high performance
liquid chromatography mass spectrometer; CAF, Caffeine; TB, Theobromine; TCR, Theacrine; TC,
the total content of purine alkaloids; DEGs, differentially expressed genes; WGCNA, weighted
correlation network analysis.

References
1. Li, H.J.; Fang, K.X.; Qin, D.D.; Jiang, X.H.; Wang, Q.S.; Pan, C.D.; Li, B.; Wang, Q.; Wu, H.L. Comparative Transcriptome Analysis

Reveals Putative Genes Responsible for High Theacrine Content in Kucha (Camellia kucha (Chang et Wang) Chang). Trop. Plant
Biol. 2021, 14, 1–11. [CrossRef]

2. Dai, L.F.; Luo, L.Y.; Luo, J.Q.; Chan, R.; Liu, Y.; Zeng, L. Overview of Bitter Substances in Plants and Their Application in Food
Industry. J. Chin. Inst. Food Sci Tech. 2020, 20, 305–318.

3. Ouyang, S.-H.; Zhai, Y.-J.; Wu, Y.-P.; Xie, G.; Wang, G.-E.; Mao, Z.-F.; Hu, H.-H.; Luo, X.-H.; Sun, W.-Y.; Liang, L.; et al. Theacrine,
a Potent Antidepressant Purine Alkaloid from a Special Chinese Tea, Promotes Adult Hippocampal Neurogenesis in Stressed
Mice. J. Agric. Food Chem. 2021, 69, 7016–7027. [CrossRef] [PubMed]

4. Ye, C.X.; Lin, Y.C.; Su, J.Y.; Song, X.H.; Zhang, H.D. The purine alkaloid of Camellia assamica var kucha Chang et Wang. Zhongshan
Uni. Nat. Sci. 1999, 5, 82–86.

5. Zheng, X.Q.; Ye, C.X.; Misako, K.; Alan, C.; Hiroshi, A. Theacrine (1,3,7,9-tetramethyluric acid) synthesis in leaves of a Chinese
tea, kucha (Camellia assamica var. kucha). Phytochemistry 2002, 60, 129–134. [CrossRef]

6. Yang, P.D.; Liu, Z.; Zhao, Y.; Cheng, Y.; Ning, J.; Liu, Y.; Huang, J.A.; Yang, Y. Strain evaluation of Jianghua bitter tea based on
agronomic traits and SSR marker relationship analysis. Plant. Breed. 2021, 19, 2402–2409.

7. Li, Y.-F.; Ouyang, S.-H.; Chang, Y.-Q.; Wang, T.-M.; Li, W.-X.; Tian, H.-Y.; Cao, H.; Kurihara, H.; He, R.-R. A comparative analysis
of chemical compositions in Camellia sinensis var. puanensis Kurihara, a novel Chinese tea, by HPLC and UFLC-Q-TOF-MS/MS.
Food Chem. 2017, 216, 282–288. [CrossRef] [PubMed]

8. Qin, D.D.; Wang, Q.S.; Li, H.J.; Jiang, X.H.; Fang, K.X.; Wang, Q.; Li, B.; Pan, C.D.; Wu, H.L. Identification of key metabolites based
on non-targeted metabolomics and chemometrics analyses provides insights into bitterness in Kucha [Camellia kucha (Chang et
Wang) Chang]. Food Res. Int. 2020, 138, 109789. [CrossRef] [PubMed]

9. Li, H.J.; Qin, D.D.; Jiang, X.H.; Fang, K.X.; Wang, Q.S.; Pan, C.D.; Li, B.; Wang, Q.; Wu, H.L. Analysis and evaluation of purine
alkaloid contents in bitter tea germplasm resources from Guangdong. Tea sci. 2021, 41, 337–349.

10. Pang, D.D.; Liu, Y.F.; Sun, Y.N.; Tian, Y.P.; Song, W.X.; Chen, L.B. Full-Length transcriptome and gene structure analysis of Kucha
(Camellia sinensis). Acta Agric. Boreali-Occident. Sin. 2021, 30, 563–571.

11. Qin, D.D.; Wang, Q.S.; Li, H.J.; Fang, K.X.; Jiang, X.H.; Pan, C.D.; Wang, Q.; Li, B.; Wu, H.L. Research progresses on Camellia kucha
(Chang et Wang) Chang and theacrine. Food sci. 2021, 42, 353–359.

12. Wang, S.L.; Chen, J.D.; Ma, J.Q.; Jin, J.Q.; Chen, L.; Yao, M.Z. Novel insight into theacrine metabolism revealed by tran-scriptome
analysis in bitter tea (Kucha, Camellia sinensis). Sci. Rep. 2020, 10, 6286. [CrossRef] [PubMed]

13. Zhang, Y.-H.; Li, Y.-F.; Wang, Y.J.; Tan, L.; Cao, Z.-Q.; Xie, C.; Xie, G.; Gong, H.-B.; Sun, W.-Y.; Ouyang, S.-H.; et al. Identification
and characterization of N9-methyltransferase involved in converting caffeine into non-Stimulatory theacrine in tea. Nat. Commun.
2020, 11, 1473. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms222413394/s1
https://www.mdpi.com/article/10.3390/ijms222413394/s1
http://doi.org/10.1007/s12042-020-09280-1
http://doi.org/10.1021/acs.jafc.1c01514
http://www.ncbi.nlm.nih.gov/pubmed/34060828
http://doi.org/10.1016/S0031-9422(02)00086-9
http://doi.org/10.1016/j.foodchem.2016.08.017
http://www.ncbi.nlm.nih.gov/pubmed/27596421
http://doi.org/10.1016/j.foodres.2020.109789
http://www.ncbi.nlm.nih.gov/pubmed/33288175
http://doi.org/10.1038/s41598-020-62859-2
http://www.ncbi.nlm.nih.gov/pubmed/32286351
http://doi.org/10.1038/s41467-020-15324-7


Int. J. Mol. Sci. 2021, 22, 13394 15 of 15

14. Chen, X.M.; Wang, P.J.; Wang, S.Y.; Yang, R.X.; Sun, J.; Guo, Y.C.; Chen, X.J.; Zhao, F.; Ye, N.X. Excavation of genes involved
in theacrine biosynthesis of Jiaochengkucha based on transcriptome. Chin. J. Appl. Envir Bio. 2021, 27, 1382–1389.

15. Chen, D.; Chen, G.J.; Sun, Y.; Zeng, X.X.; Ye, H. Physiological genetics, chemical composition, health benefits and toxicology of
tea (Camellia sinensis L.) flower: A review. Food Res. Int. 2020, 137, 109584. [CrossRef]

16. Han, Q.; Xiong, C.Y.; Shi, J.; Gao, Y.; Chen, Y.S.; Ling, Z.J.; He, P.M. Isolation, chemical characterization and antioxidant ac-tivities
of a water-solublepolysaccharide fraction of tea (Camelllia sinensis) flower. J. Food Biochem. 2012, 36, 46–55. [CrossRef]

17. Hamao, M.; Matsuda, H.; Nakamura, S.; Nakashima, S.; Semura, S.; Maekubo, S.; Yoshikawa, M. Anti-Obesity effects of
the methanolic extract and chakasa-ponins from the flower buds of Camellia sinensis in mice. Med. Chem. 2011, 19, 6033–6041.

18. Zhao, X.; Gu, Y.P.; Qian, H. Development of Ice Tea Flower Drink. J. Anhui. Agric. Sci. 2010, 7, 2924–2925.
19. Zhang, W.J.; Lin, C.; Lin, S.; Ji, A.B.; Zheng, T.T.; Ma, L.; Peng, W.S.; Gong, W.Y.; Yan, L. Making technology of tea tree flower soft

candy. China Food Saf. Magazine. 2016, 27, 146–148.
20. Wei, X.L.; Chen, M.A.; Xiao, J.B.; Liu, Y.; Yu, L.; Zhang, H.; Wang, Y.F. Composition and bioactivity of tea flower polysac-charides

obtained by differentmethods. Carbohydr. Polym. 2010, 79, 418–422. [CrossRef]
21. Chen, Y.Y.; Zhou, Y.; Zeng, L.T.; Dong, F.; Tu, Y.Y.; Yang, Z.Y. Occurrence of functional molecules in the flowers of tea (Camellia

sinensis) plants: Evidence for asecond resource. Molecules 2018, 23, 790. [CrossRef] [PubMed]
22. Sun, L.T.; Wang, Y.; Ding, Z.T.; Liu, F. The dynamic changes of catechins and related genes in tea (Camellia sinensis) flowers. Acta

Physiol. Plant. 2019, 41, 30. [CrossRef]
23. Fan, K.; Zhang, Q.F.; Liu, M.Y.; Ma, L.F.; Shi, Y.Z.; Ruan, J.Y. Metabolomic and transcriptional analyses reveal the mechanism of C,

N allocation from source leaf to flower in tea plant (Camellia sinensis L.). J. Plant Physiol. 2019, 232, 200–208. [CrossRef]
24. Rothenberg, O.D.; Yang, H.; Chen, M.; Zhang, W.; Zhang, L. Metabolome and Transcriptome Sequencing Analysis Reveals Anthocyanin

Metabolism in Pink Flowers of Anthocyanin-Rich Tea (Camellia sinensis). Molecules 2019, 24, 1064. [CrossRef] [PubMed]
25. Lin, Y.-S.; Wu, S.-S.; Lin, J.-K. Determination of Tea Polyphenols and Caffeine in Tea Flowers (Camellia sinensis) and Their Hydroxyl

Radical Scavenging and Nitric Oxide Suppressing Effects. J. Agric. Food Chem. 2003, 51, 975–980. [CrossRef]
26. Xia, E.H.; Zhang, H.B.; Sheng, J.; Li, K.; Zhang, Q.J.; Kim, C.; Zhang, Y.; Liu, Y.; Zhu, T.; Li, W.; et al. The tea tree genome provides

insights into tea flavor and independent evolution of caffeine biosynthesis. Mol. Plant. 2017, 10, 866–877. [CrossRef]
27. Wei, C.L.; Yang, H.; Wang, S.B.; Zhao, J.; Liu, C.; Gao, L.P.; Xia, E.H.; Lu, Y.; Tai, Y.L.; She, G.; et al. Draft genome sequence of

Camellia sinensis var. sinensis provides insights into the evolution of the tea genome and tea quality. Proc. Natl. Acad. Sci. USA
2018, 115, E4151–E4158. [CrossRef]

28. Wang, P.J.; Yu, J.X.; Jin, S.; Chen, S.; Yue, C.; Wang, W.L.; Gao, S.L.; Cao, H.L.; Zheng, Y.C.; Gu, M.Y.; et al. Genetic basis of high
aroma and stress tolerance in the oolong tea cultivar genome. Hortic. Res. 2021, 8, 107. [CrossRef] [PubMed]

29. Qin, T.Y.; Sun, C.; Bi, Z.Z.; Liang, W.J.; Li, P.C.; Zhang, J.L.; Bai, J.P. Identification of drought-related co-expression modules and
hub genes in potato roots based on WGCNA. Acta Agron. Sin. 2020, 46, 1033–1051. [CrossRef]

30. Wang, P.J.; Jin, S.; Chen, X.J.; Wu, L.Y.; Zheng, Y.C.; Yue, C.; Guo, Y.C.; Zhang, X.T.; Yang, J.F.; Ye, N.Y. Chromatin accessibility and
translational landscapes of tea plants under chilling stress. Hortic. Res. 2021, 8, 96. [CrossRef]

31. Zhang, X.T.; Chen, S.; Shi, L.Q.; Gong, D.P.; Zhang, S.C.; Zhao, Q.; Zhan, D.L.; Vasseur, L.; Wang, Y.B.; Yu, J.X.; et al. Haplotype-
Resolved genome assembly pro-vides insights into evolutionary history of the tea plant Camellia sinensis. Nat. Genet. 2021, 53,
1250–1259. [CrossRef] [PubMed]

32. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. BMC Bioinform. 2010, 26, 139–140. [CrossRef] [PubMed]

33. Xie, C.; Mao, X.Z.; Huang, J.J.; Ding, Y.; Wu, J.M.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L.P. KOBAS 2.0: A web server for
annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef]

34. Chen, C.J.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.H.; Xia, R. TBtools: An Integrative Toolkit Developed for
Interactive Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194–1202. [CrossRef]

35. Trapnell, C.; Roberts, A.; A Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Correction:
Corrigendum: Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat.
Protoc. 2012, 7, 562–578. [CrossRef] [PubMed]

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

37. Wang, P.J.; Chen, S.R.; Gu, M.Y.; Chen, X.M.; Chen, X.J.; Yang, J.F.; Zhao, F.; Ye, N.X. Exploration of the Effects of Different Blue
LED Light Intensities on Flavonoid and Lipid Metabolism in Tea Plants via Transcriptomics and Metabolomics. Int. J. Mol. Sci.
2020, 21, 4606. [CrossRef]

38. Wu, Z.J.; Tian, C.; Jiang, Q.; Li, X.H.; Zhuang, J. Selection of suitable reference genes for qRT-PCR normalization during leaf
development and hormonal stimuli in tea plant (Camellia sinensis). Sci. Rep. 2016, 6, 19748. [CrossRef] [PubMed]

39. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

http://doi.org/10.1016/j.foodres.2020.109584
http://doi.org/10.1111/j.1745-4514.2010.00512.x
http://doi.org/10.1016/j.carbpol.2009.08.030
http://doi.org/10.3390/molecules23040790
http://www.ncbi.nlm.nih.gov/pubmed/29596355
http://doi.org/10.1007/s11738-019-2822-0
http://doi.org/10.1016/j.jplph.2018.11.007
http://doi.org/10.3390/molecules24061064
http://www.ncbi.nlm.nih.gov/pubmed/30889908
http://doi.org/10.1021/jf020870v
http://doi.org/10.1016/j.molp.2017.04.002
http://doi.org/10.1073/pnas.1719622115
http://doi.org/10.1038/s41438-021-00542-x
http://www.ncbi.nlm.nih.gov/pubmed/33931633
http://doi.org/10.3724/sp.j.1006.2020.94130
http://doi.org/10.1038/s41438-021-00529-8
http://doi.org/10.1038/s41588-021-00895-y
http://www.ncbi.nlm.nih.gov/pubmed/34267370
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1093/nar/gkr483
http://doi.org/10.1016/j.molp.2020.06.009
http://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
http://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
http://doi.org/10.3390/ijms21134606
http://doi.org/10.1038/srep19748
http://www.ncbi.nlm.nih.gov/pubmed/26813576
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Quantification of Purine Alkaloids in Different Flowering Periods between JC and FD 
	Transcriptome Data Analysis 
	Identification of Differentially Expressed Genes (DEGs) 
	GO and KEGG Enrichment Analysis of DEGs 
	DEGs Analysis in the Purine Alkaloid Pathway 
	Co-Expression Network Analysis 
	Analysis of DEG Expression Level by PCR 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Determination of Purine Alkaloids 
	Acquisition and Analysis of Transcriptome Sequencing 
	Differentially Expressed Genes and Enrichment Analysis 
	Coexpression Module Construction and Analysis 
	Verification of Transcriptome Data 
	Statistical Analysis 

	Conclusions 
	References

