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Abstract 

Camellia reticulata Lindl., also known as Yunnan Camellia, is an important ornamental plant in China, especially for its 
large and stunning flowers. A comprehensive understanding of their coloration mechanisms can aid breeders in devel-
oping new cultivars and improving their ornamental value; however, it is still unclear in Yunnan Camellia, especially 
in mixed-color flowers. In this study, we conducted metabolic and transcriptomic comparison analyses to investigate 
the coloration differences in three Yunnan Camellia cultivars: C. reticulata ‘Shizitou’ (SZT), C. reticulata ‘Damanao’ (MN), 
and C. reticulata ‘Tongzimian’ (TZM). Our results revealed that the initial flowering stage may play a critical role in the color 
change of MN. Metabolome analysis demonstrated that cyanidin was the primary anthocyanin in SZT and MN’s red 
region, while its content was low in TZM and MN’s white region. According to the transcriptome analysis, the anthocya-
nins biosynthesis pathway was reconstructed in Yunnan Camellia, and the low expression of CHS was detected in TZM 
and MN’s white region, while ANR maintained a high expression level, which may lead to the low content of cyanidin 
in them. Transcription factors MYBs, bHLH, and bZIP may play a key role in regulating anthocyanin-structural genes. The 
co-expression analysis showed that the meristem tissue may play a crucial role in the formation of the mixed white-red 
color in MN. Our study enriched the genetic basis of flower coloration differences in Yunnan Camellia which will be a val-
uable genomic resource to understanding the biology of coloration formation and for breeding the Camellia cultivars.
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Introduction
Camellia reticulata Lindl., a member of the Camellia 
genus and Theaceae family, is native to China and clas-
sified as a Grade II endangered species [1]. Also known 
as Yunnan camellia, it is primarily distributed in Yunnan 
Province, southwestern Sichuan Province, and western 
Guizhou Province in China [2]. C. reticulata has over 

1500 years of cultivation history in China, and many out-
standing cultivars have been bred and spread around the 
world [1, 3]. With over 97 species in the Camellia genus, 
of which 76 are endemic to China [4]. Yunnan Province, 
in particular, is a significant resource source for camellia 
with a wide variety of over 300 species [5].

As of significant economic importance, its leaves are 
used for tea production, and the seeds are used for oil 
extraction [5]. Especially, Yunnan camellia is regarded 
as an exceptional ornamental plant with high economic 
value for its large, stunning flowers, and long blossom-
ing season [6–8]. The flower color is a crucial ornamen-
tal trait, most Yunnan camellia blooms a red flower with 
few accounts of color variations. Many breeders focused 
on producing colorful cultivars with different colors and 
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blossom periods [9]. C. reticulata ‘Tongzimian’ (TZM) is 
one of the few white-colored cultivars [10], and C. reticu-
lata ‘Damanao’ is a bud variety of C. reticulata ‘Shizitou’ 
(SZT), while different from TZM and SZT, MN is the 
compound color Yunnan camellia cultivars with red 
and white flowers that resemble the beautiful agate pat-
terns. A comprehensive understanding of the mechanism 
underlying flower color formation in Yunnan camellia 
can aid breeders in developing new cultivars and improv-
ing its economic value [11, 12].

Numerous studies have revealed that color formation 
in flowers is directly related to the dynamic of pigments 
[13, 14]. Anthocyanins, flavonoids, and carotenoids are 
crucial pigments that contribute to flower color develop-
ment and protect against low-temperature stress, ultra-
violet light, pests, diseases, and other injuries [15, 16]. 
Pigment biosynthesis pathways are found in most flow-
ering plants, and the genetic mechanisms for colora-
tion were identified, including the related genes for the 
necessary enzymes and transcriptional factors [17–19], 
epigenetic modifications [20, 21], and RNA interference 
[22]. As ornamental plants, the color formation analysis 
in Camellia species has been the subject of recent stud-
ies. Carotenoids and flavonol glycosides were identified 
as the primary pigments in golden yellow blooms of C. 
nitidissima [23], while cyanidin-core structure pigments 
produce the most dominant phenotype among wild red-
flowered Camellia species [24]. A high level of proantho-
cyanidins was detected in the sepals of white tea flowers 
(C. sinensis) [25], but the anthocyanin biosynthetic path-
way may be blocked in the white part of C. japonica 
‘Tamanoura’ due to the strong suppression of chalcone 
synthase (CHS) expression [26]. Flavonoids and antho-
cyanins were also detected as the major determinants 
of flower color formation in C. reticulata [10], while few 
studies focused on the molecular coloration mechanisms 
of the mixed-colored presence in C. reticulata.

Except for MN, many mixed-color flowers are found 
in other species in nature, and their color formation was 
wildly investigated [27–29]. For instance, the regula-
tory mechanism of anthocyanin biosynthesis in oriental 
hybrid lily (pink-white color) showed that MYB tran-
scription factors play an important role in promoting or 
inhibiting anthocyanin synthesis; LvMYB5 was identified 
as an activator, and LvMYB1 was identified as an inhibi-
tor of anthocyanin synthesis [27, 28]. The pink-blue flow-
ers of chrysanthemum could be produced by introducing 
a delphinidin-based anthocyanin pathway through the 
expression of flavonoid 3′, 5′-hydroxylase (F3’5’H) genes 
[29]. The mixed-color formation in petunia petals is 
mainly determined by the differential expression genes 
involved in the biosynthesis and modification of antho-
cyanins. In particular, the MYB transcription factors and 

the WD40 repeat protein AN2 play a crucial role in regu-
lating the expression of anthocyanin biosynthetic genes, 
while the enzymes UDP-glucose: flavonoid 3-O-glucosyl-
transferase (3GT), flavonoid 3′-hydroxylase (F3’H), and 
F3’5’H are involved in the modification of anthocyanin 
pigments [30].

The genetic mechanisms underlying color formation 
in Yunnan Camellia are still unclear, especially in mixed-
color flowers. In this study, to analyze their color mecha-
nisms, we conducted metabolome and transcriptome 
analyses on three Yunnan Camellia cultivars: MN (white-
red flower), SZT (red flower), and TZM (white flower). 
Our study provides the metabolism and gene expression 
profiles during flower color formation in Yunnan Camel-
lia and will aid in the breeding of Camellia cultivars.

Methods and materials
Sample collection
Petal samples were obtained from three cultivars of Yun-
nan Camellia, namely MN (white-red mixed flowers), 
SZT (red flowers), and TZM (white flowers), at different 
developmental stages. The plants used in this study were 
grown in natural tea gardens with an average annual tem-
perature ranging from 16 to 20 °C and an average annual 
humidity of approximately 60%. Flower buds emerged 
during July–August of the first year, and the initial flow-
ering occurred from the end of December of the first year 
to the beginning of January of the second year. Full bloom 
took place from the end of January to the beginning of 
February of the second year, and the last blooms were 
observed at the beginning of March of the second year.

For MN, samples were collected at three developmental 
stages (the bud, initial flowering, and full-bloom stages). 
Yunnan Camellia is known for its long bud stage, which 
typically spans about 60 days or longer. The initial flower-
ing stage lasts for around 7 days, and the full bloom stage 
lasts for around 7 days. MN’s petals exhibit small white 
areas at the periphery during the early bud stage that 
gradually enlarge with development, so we collected two 
sets of samples during the bud stage of MN, namely bud 
stage 1 (early bud stage) and bud stage 3 (late bud stage). 
Due to the mixed color of MN’s petals at the full bloom 
stage, samples were separately collected from the white 
and red regions. SZT and TZM were used as control cul-
tivars, and samples were only collected at the bud and full-
bloom stages. To reduce the possible experimental errors, 
samples were collected with three replicates. Finally, 24 
petal samples were collected and freeze-dried in a vacuum 
immediately for metabolic analysis. And 27 samples (three 
replicates collected from MN at bud stage 1) were col-
lected and frozen immediately using liquid nitrogen, then 
stored at − 80 °C until RNA extraction.
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Identification of anthocyanins and flavonoids
The contents of anthocyanins and flavonoids were sepa-
rately identified using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) (Sciex Triple QuadTM 
6500+, Framingham, MA, USA). To prepare the analysis, 
petal samples were grounded into powder using a ball 
mill (30 Hz, 1.5 min). Data-dependent LC-MS/MS was 
analyzed using Analyst (v1.6.3) software.

To identify the contents of anthocyanin, approximately 
50 mg of the powder sample was dissolved in 500 μL of 
an extraction solution containing 50% aqueous metha-
nol and 0.1% hydrochloric acid. The solution was then 
vortexed for 5 min, sonicated for 5 min, and centrifuged 
at 12,000 r/min for 3 min. The supernatant was filtered 
using a microporous membrane (0.22 μm pore size) 
before being subjected to LC-MS/MS analysis. Reversed-
phase analytical separation was carried out using 1.7 μm 
C18 columns. Solvent A consisted of Milli-Q® water con-
taining 0.1% formic acid, and solvent B contained ace-
tonitrile and 0.1% formic acid. The fractions were run on 
a 16 min gradient with solvent B (5% B for 6 min, 50% B 
for 6 min, 95% B for 2 min, and 5% B for 2 min).

For flavonoid identification, approximately 20 mg of the 
powder sample was mixed with 10 μL of a 4000 nmol/L 
internal standard mix solution and 500 μL of 70% aque-
ous methanol. The solution was then sonicated for 30 min 
and centrifuged at 4 °C for 12,000 r/min for 5 min. The 
supernatant was filtered with the same method as antho-
cyanin identification. Reversed-phase analytical sepa-
ration was carried out using Waters ACQUITY UPLC 
HSS T3 C18 columns with 1.8 μm. Solvent A consisted of 
Milli-Q® water containing 0.05% formic acid, and solvent 
B contained acetonitrile and 0.1% formic acid. The frac-
tions were run on a 15 min gradient with solvent B (10% 
B for 1 min, 20% B for 9 min, 95% B for 5 min, and 10% B 
for 1 min).

RNA extraction, library preparation, and sequencing
Total RNA was extracted using Trizol reagent (Invitro-
gen) following the manufacturer’s protocols, and mRNA 
was enriched using Oligo(dT) Magnetic Beads. RNA 
quality was analyzed using Agilent Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA), and RNA concen-
tration was measured using a Qubit 2.0 Fluorometer (Life 
Technologies, CA, USA). RNA integrity was assessed by 
Agarose gel electrophoresis.

RNA library was prepared for each sample. To prepare 
the RNA library, RNA was fragmented by the fragmen-
tation buffer. First-strand cDNA was synthesized using 
N6 random primers, and then the second strand was 
synthesized to obtain the cDNA. The purified cDNA 
was modified by end-repair, A-tail, and ligation. After 
fragment size selection using AMPure XP beads, PCR 

amplification was performed to obtain the final sequenc-
ing library. Finally, all libraries were sequenced on the 
Illumina HiSeq platform.

RNA sequencing data analysis
To obtain high-quality reads, Trimmomatic (v0.36) [31] 
was used to remove reads with adapters and more than 
20% of bases with a quality value of less than 10. Tran-
scripts were assembled using Trinity. By mapping reads 
to the transcripts, only transcripts with correlation coef-
ficients between replicate samples ≥0.8 were used for the 
following analysis. All qualified transcripts were anno-
tated to function databases, including NR, SwissProt 
[32], KEGG (online) [33], and GO [34] databases. Only 
transcripts with an expression of ≥10 in at least one set 
of samples were used for subsequent analysis, and the 
average of the expression of all replicate samples was 
used as the gene expression. Differentially expressed 
transcripts were detected between two cultivars and 
two different developmental stages using the DEGseq 
R package (with fold change ≥1, FDR < 0.05, and Adjust 
P-value ≤0.001). The expression of DEGs was trans-
formed into log2 (FPKM+ 0.01) and further standardized 
by Z-scorer. Hierarchical clustering analysis, principal 
component analysis (PCA), and k-mean clustering anal-
ysis were performed based on the normalized expres-
sion of DEGs. PCA was performed using the R package 
PCAtools, and K-means clustering was performed using 
MeV (V4.9) software. The weighted correlation network 
analysis (WGCNA) was performed using the R package 
[35]. Genes in pigment biosynthesis pathways were iden-
tified by Pathfinder Internal software based on the KEGG 
database.

Results
The initial flowering stage plays a crucial role in the color 
change of MN
Despite being a bud variant of SZT, MN displays a mixed 
coloration that differs from SZT’s pure coloration. Using 
the Royal colorimetric card, we observed that the color 
of SZT’s petals belongs to the RED GROUP throughout 
its development stages, with RED GROUP 53C at the bud 
stage, RED GROUP 46A at the initial flowering stage, and 
RED GROUP N45B at the full-bloom stage. In contrast, 
MN’s petals exhibit small white areas at the periphery 
during the early bud stage that gradually enlarge and sta-
bilize during the initial flowering stage, which belongs 
to the WHITE GROUP 155D during its whole develop-
ment. Additionally, MN also displays a red coloration 
throughout its development, with RED GROUP 53C at 
the bud stage, RED GROUP 46A at the initial flowering 
stage, and RED GROUP 58B at the full-bloom stage. To 
compare with the other Yunnan Camellia, TZM was used 
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as the control, which is the most cultivated white  vari-
ety, Although TZM appears whitish to the naked eye, the 
Royal colorimetric card identified its petal color as RED-
PURPLE GROUP 62B at the bud stage, RED-PURPLE 
GROUP 62D at the first flowering stage, and RED-PUR-
PLE GROUP 69D at full-bloom stage (Fig.  1). The red 
region of MN’s petals is similar to SZT’s, while the white 
region is different from TZM’s. The key period of color 
change in MN occurred during the initial flowering stage 
when the white region at the periphery of petals expands 
significantly and stabilizes. Prior to this stage, the white 
region is small, and its shape changes as the flower con-
tinues to develop.

Cyanidin is the main anthocyanin in the petals of TZM, STZ, 
and MN
We employed LC-MS/MS to quantify anthocyanins and 
flavonoids in the petals of three Yunnan Camellia cul-
tivars at different developmental stages. A total of 53 
anthocyanin components were detected in all cultivars, 
and significant differences were observed for each of the 
detected anthocyanins between at least one of the two 
groups (Fig.  2a). The predominant anthocyanin compo-
nents were procyanidin and cyanidin, which were pre-
sent in glycosylated forms, with glycosylation occurring 
mainly at the 3- or 3,5-hydroxyl positions, and glucoside, 
sambubioside, and galactoside were the main types of 
glycosylation. Procyanidin was the anthocyanin with the 
highest total content in the three cultivars, with the high-
est content observed in TZM at the bud and full bloom 
stages, followed by SZT at the bud stage, MN at the 

initial flowering stage, and SZT at the full-bloom stage. 
The lowest content was observed in MN’s white region 
at the bloom stage. The highest total content of Cyanidin 
was found in SZT at the bud and full bloom stages and 
MN at the initial flowering stage, whereas the lowest con-
tent was found in TZM at the bud and full bloom stages. 
The total amount of Cyanidin in TZM at each stage was 
only about 1% of that in MN, while the Cyanidin content 
in MN’s white region at the bloom stage was just slightly 
higher than that in TZM, with only about 6% of total 
contents in all MN samples.

Among all detected cyanidins, Cyanidin-3,5-O-diglu-
coside and Cyanidin-3-O-sambubioside had the high-
est content, and the sum of the two cyanidins accounted  
for about 75% of the total, of which Cyanidin-3,5-O-
diglucoside accounted for about 53% of the total, 
followed by Cyanidin-3-O-glucoside, Cyanidin-3-O-5-O-
(6-O-coumaroyl)-diglucoside, Cyanidin-3-O-galactoside, 
Cyanidin-3-O-(6-O-p-coumaroyl)-glucoside, Cyanidin-3-O-
sambubioside-5-O-glucoside, Cyanidin-3-O-galactoside,  
and Cyanidin-3-O-(6-O-p-coumaroyl)-glucoside. During  
the flower development, the contents dynamic of single  
cyanidin remained consistent with the total, which 
was the highest in SZT at both two stages as well as 
in MN at the initial flowering stage and the lowest in 
TZM at both two stages. The only slight difference  
was that Cyanidin-3,5-O-diglucoside, Cyanidin-3-O-5-O- 
(6-O coumaroyl)-diglucoside, and Cyanidin-3-O-(6-O-
p-coumaroyl)-glucoside had high levels in TZM at both 
two stages as well as in MN at the initial flowering stage, 
whereas Cyanidin-3-O-sambubioside had high levels 

Fig. 1  Petals at different developmental stages of TZM, SZT, and MN. Three development stages include the bud stage, initial flowering stage, 
and full-bloom stage. MN’s petals exhibit small white areas at the periphery during the early bud stage that gradually enlarge with development
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only in MN’s white region at the full-bloom stage, which 
was almost absent in TZM (Fig. 2b).

A total of 91 flavonoids were detected in the petals of 
the three Yunnan Camellia cultivars, and among them, 
81 flavonoids were significantly different between 
at least one of the two groups (Fig.  2c). The types of 
detected flavonoids were mainly Flavanols (68.4%), 

Flavonols (23.9%), and Flavanonols (3.9%). The high-
est total flavonoid contents were observed in TZM at 
both two stages, while the lowest content was found 
in MN’s white region at the full-bloom stage (only 
about 25% of the other stages). With the exception of 
the bloom stage of MN, there were no significant dif-
ferences in the other stages. The highest contents of 

Fig. 2  Identification of anthocyanins and flavonoids in three Yunnan Camellia cultivars. a Different anthocyanins in the petals of three Yunnan 
Camellia cultivars at different developmental stages. A total of 53 anthocyanin components were detected in all cultivars, any of which were 
significantly different between at least one of the two groups. The criteria for the significant difference were VIP ≥ 1, fold change ≥2, and fold change 
≤0.5 for OPLS-DA. b Heatmap of the content and types of anthocyanins in TZM, SZT, and MN at different development stages. Only the different 
metabolites with high contents were displayed. c Different flavonoids in the petals of three Yunnan Camellia cultivars at different developmental 
stages. A total of 91 flavonoids were detected in the petals of the three Yunnan Camellia cultivars, 81 of which were significantly different 
between at least one of the two groups. d Heatmap of the content and types of flavonoids in TZM, SZT, and MN at different development stages
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Flavanols were (−)-Epicatechin and (−)-Catechin, and 
Quercitrin and Afzelin had the highest contents in the 
Flavonols. (−)- Epicatechin was the most abundant fla-
vonoid in MN’s white region at the full-bloom stage, 
with the smallest differences from the other periods. 
Additionally, theaflavin was detected at extremely low 
levels in TZM at both two stages and high in all other 
samples (Fig. 2d).

Combining the identification of anthocyanins and fla-
vonoids, TZM had the highest content of Procyanidin 
and the lowest content of Cyanidin. Cyanidin had the 
highest content in SZT at both stages and MN at the ini-
tial flowering stage. The total amount of Procyanidin and 
Cyanidin was consistent with the content of individual 
classifications. In MN’s white region at the bloom stage, 
the content of Procyanidin was the lowest, and the con-
tent of Cyanidin was slightly higher than that in TZM. 
The total flavonoid content was also the lowest in this 
stage, but the content of (−)-Epicatechin was similar to 
that of the other stages.

Gene expression in the petals of TZM, STZ, and MN 
at different developmental stages
To investigate the mechanism of color presentation in 
TZM, STZ, and MN, we collected petal samples from 
each cultivar at different development stages with three 
replicates for each time point. Total RNA was extracted 
from 27 samples, and RNA sequencing was performed 
on each sample. A total of 1205 million clean reads were 
obtained, with an average of 44.66 million per sample, 
and 225,938 transcripts were assembled, with an aver-
age length of 1160 bp, of which 65.1% were annotated 
in the function database (NR: 52.99%, SwissProt: 37%, 
KEGG: 39.82%, and GO: 44.83%). There were 225,938 
transcripts successfully quantified by reads mapping, 
and the correlation coefficients between replicate sam-
ples within a single time-point were all ≥0.8. To mini-
mize the effect of low expression transcripts, 55,129 
transcripts with expression levels ≥5 in at least one set 
of samples were used in subsequent analysis. A total of 
36,443 significantly differentially expressed transcripts 
were detected (Fig.  3a). Few differentially expressed 
transcripts were detected between SZT and MN at 
the same stage. There were also a few differentially 
expressed transcripts between MN bud stage 1 and bud 
stage 3, as well as between the white and red regions 
in MN at the full-bloom stage. The results of HCL, 
K-means, and PCA on 36,443 significantly differentially 
expressed transcripts showed that the expression pat-
terns of SZT and MN at the same development stage 
were very similar, while the initial flowering stage of 
MN and both two stages of TZM exhibited their unique 
expression patterns.

Chalcone synthase (CHS) was lowly expressed in TZM 
and MN’s white region at the bloom stage
Based on the metabolome and transcriptome analysis, 
we reconstructed the anthocyanins biosynthesis path-
way (ABP) in three Yunnan Camellia cultivars. Firstly, 
p-Coumaroyl-CoA was converted to dihydrokaempferol 
by the action of enzymes CHS, chalcone isomerase (CHI), 
and flavanone 3-hydroxylase (F3H), then to dihydro-
quercetin by the action of enzymes F3’H and F3’5’H, and 
finally to cyanidin by the action of enzymes dihydrofla-
vonol 4-reductase (DFR), and anthocyanidin synthase 
(ANS). Dihydroquercetin was further converted to cya-
nidin by the enzymes DFR and ANS, and finally, cyanidin 
was either glycosylated by the enzyme Bronze-1 (BZ1) or 
converted to epicatechin by the enzyme anthocyanidin 
reductase (ANR) (Fig. 4a). Most ABP-related genes were 
highly expressed at the bud stage and down-regulated at 
the initial flowering stage, with the lowest expression at 
the full-bloom stage. Some genes had specific expression 
patterns. CHS was expressed at significantly lower levels 
in TZM and MN’s white region at the full-bloom stages 
than in SZT and MN’s red region at the bloom stages. 
F3H and F3’H were expressed at significantly lower levels 
in TZM than in SZT and MN at the bloom stages, while 
F3’H was expressed at lower levels in MN at the initial 
flowering stage than at the full-bloom stage. ANR had the 
highest expression level in TZM at the bloom stage and 
was also highly expressed in MN’s red and white regions 
at the bud and bloom stages, while its expression levels 
were low in SZT at both stages (Fig. 4b). In conclusion, 
at the bloom stage of TZM, most ABP-related genes were 
lowly expressed while ANR was highly expressed. CHS 
was expressed at low levels in MN’s white region at the 
bloom stage, while ANR was maintained at high expres-
sion levels.

The initial flowering stage emerges as a critical period 
for the formation of the mixed white‑red color
Based on the expression patterns of the 20 k-means 
clusters, we found that clusters 6, 17, and 18 had higher 
expression levels in TZM. Functional enrichment analy-
sis showed that these clusters were related to bacterial 
and viral immune responses. Cluster 6 was significantly 
enriched for the immune effector process and RNAi-
mediated antiviral immunity against RNA virus, and 
clusters 17 and 18 were significantly enriched for defense 
response to Gram-negative bacterium, defense response 
to viruses, and positive regulation by host of the viral 
process. In contrast, clusters 3, 9, and 12 were more 
highly expressed in SZT and TZM. Cluster 9 was signifi-
cantly enriched for viral RNA genome replication, and 
cluster 12 was significantly enriched for mitotic-related 
functions (Figs. 3c and 5a-b).
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The initial flowering stage of MN was the key period 
for the color change, during which the boundary 
between the mixed red and white becomes more dis-
tinct and stable. The expression of transcripts in clusters 
4, 7, and 10 was significantly different in MN between 
the initial flowering and full-bloom stages. The expres-
sion of transcripts in cluster 4 decreased significantly 
after the initial flowering stage. Transcripts in clus-
ter 7 had the highest expression at the initial flowering 
stage, while transcripts in cluster 10 had the highest 
expression at the initial flowering stage (Fig.  3c). Clus-
ter 4 was significantly enriched for anthocyanin syn-
thesis, meristem-related functions, gene silencing, and 
sucrose-induced translational repression. Cluster 7 was 

significantly enriched for the sucrose biosynthetic pro-
cess, while cluster 10 was significantly enriched for the 
heat response, gene silencing, meristem-related func-
tions, and sucrose catabolic process (Fig. 5a, b). Further-
more, cluster 13 was significantly enriched in meristem 
growth, and cluster 15 was significantly enriched in the 
homeostasis of the number of meristem cells.

Multiple MYB transcription factors co‑expressed with CHS 
and F3H
Based on the expression patterns and functional enrich-
ment of the 20 co-expression clusters, transcripts in 
clusters 4, 7, 10, 13, and 15 were strongly associated with 
the formation of red and white colors in MN. Cluster 

Fig. 3  HCL, PCA, and K-means clustering for differentially expressed transcripts. a Statistics of differentially expressed transcripts between different 
samples. Differentially expressed transcripts were detected between two species and two different developmental stages with fold change ≥1, 
FDR < 0.05, and Adjust P-value ≤0.001. A total of 36,443 significantly differentially expressed transcripts were detected. b HCL and PCA clustering 
of all samples. c K-means clustering of all samples. The analyses of HCL, K-means, and PCA were based on significantly differentially expressed 
transcripts, and showed that the expression patterns of SZT and MN at the same development stage were very similar, while the initial flowering 
stage of MN and both two stages of TZM exhibited their unique expression patterns
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4 contains several ABP-related transcripts, including 
CHS, CHI, F3H, DFR, and ANS, and cluster 15 contains 
transcripts corresponding to ANR. To investigate the 
co-expression relationships among the ABP-related tran-
scripts, co-expression analysis WGCNA showed that 
CHS and F3H had the most co-expression relationships 
involving 35 transcription factors (TF) families, such as 
MYB, bHLH, and bZIP. Among these TF families, MYB 
had the most co-expression relationships, with eight 
TF belonging to the MYB family, six of which were co-
expressed with both CHS and F3H. Positive regulation of 
post-transcriptional gene silencing and DFR transcripts 
were also abundant, and each of them co-expressed with 
nine TF belonging to MYB, bHLH, B3, and other fami-
lies. Floral meristem determinacy transcripts were also 
co-expressed with B3 factors, and the B3 family was 
also co-expressed with DFR. The transcript for sucrose-
induced translational repression was co-expressed with 
bZIP, and bZIP was co-expressed with CHS and F3H 
(Fig.  6, Supplymentary Table  1). Overall, co-expression 

results suggested that multiple MYB family TF are co-
expressed with CHS and F3H, indicating they may play 
an important role in the regulation of anthocyanin syn-
thesis and may relate to the formation of the mixed red 
and white color in MN.

Discussions
Here, the potential coloration mechanisms of three Yun-
nan Camellia cultivars were first analyzed using meta-
bolic and transcriptomic comparison methods, with a 
particular focus on the mixed white-red petals in MN. 
Petal color is economically and biologically important, 
while few studies have reported on Yunnan Camel-
lia cultivars. Previous studies have identified some 
genes involved in anthocyanins synthesis, the pigments 
responsible for the red and pink colors in Camellia flow-
ers [24, 27], but the genetic pathways that regulate their 
expression and interaction with other pigments are 
still limited, and research on white Camellia is insuffi-
cient [25, 26]. By utilizing metabolic and transcriptomic 

Fig. 4  Anthocyanin synthesis pathway and the expression of involved genes. a Anthocyanin synthesis pathway in Yunnan Camellia. Genes were 
annotated using the KEGG database. b Heatmap of ABP-related gene expression in TZM, SZT, and MN at different development stages. Genes 
labeled with a blue asterisk (*) show no significant difference in comparisons of any two groups, and unlabeled genes show significant differential 
expression between at least two groups (padj < 0.05)
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methods on three Yunnan Camellia cultivars with differ-
ent colors, we were able to detect the different expres-
sion genes and metabolites that may relate to their 
flower coloration mechanisms.

Yunnan province provides abundant Camellia 
resources for the sample collection due to its diverse 
range of species and suitable climatic conditions. For 
comparative analysis of the color formation, TZM and 
SZT, which express white and red color flowers respec-
tively, and MN, which possesses mixed white-red flowers, 
were selected as the materials (Fig.  1). All flower colors 
were verified using the Royal colorimetric card. To mini-
mize the experimental errors, petals were collected from 
each cultivar with three replicates. Consistent results 
were obtained from all replicates, which strengthens the 
validity of our analysis.

Anthocyanins and flavonoids are usually responsible 
for the orange-to-blue colors that are widely distributed 
in many flowers, leaves, fruits, seeds, and other tissues 
[36, 37]. Our identification showed that it was stable of 
the pigment contents at the developmental stages of the 
same cultivars. Among the six major anthocyanins [15], 
cyanidin was the domain anthocyanin in three Yunnan 
Camellia cultivars. Typically, cyanidin is associated with 
pink and purple-red colors, but their colors can also 
change depending on the pH, co-existing colorless com-
pounds (co-pigments), and metal ions [14]. The colorless 
procyanidin was markedly upregulated in white flowers 

[38], and our analysis also showed a high amount of pro-
cyanidin and flavonoids in TZM while extremely low 
contents in MN’s white region at the full bloom stages, 
suggesting some other factors may influence the white 
color presentation in MN. In addition, the white region 
of MN also differed significantly from other MN samples. 
However, the content of Epicatechin in the white region 
was higher than other pigments, which was similar to 
Epicatechin in other samples, indicating that Epicatechin 
may have an important role in the white presentation 
(Fig. 2b). In contrast, the types and contents of pigment 
in the red region of MN at the full-bloom stage were con-
sistent with that in SZT, particularly cyanidin-core struc-
ture pigments were the most dominant pigments, which 
were also reported as the dominant pigments in other 
red-flowered Camellia species [24].

The identification of pigment contents was found to be 
consistent with RNA expression in ABP. By reconstruct-
ing the ABP, we observed lower expression of CHS, F3H, 
and F3’H, the key genes in ABP, in TZM and white region 
of MN during the full-bloom stage than in other sam-
ples (Fig.  3). The strong suppression of CHS expression 
was also reported to be the main reason for ABP block-
age in the white part of C. japonica ‘Tamanoura’ [26]. The 
expression trend of ABP-related genes was highest at the 
bud stage and decreased gradually with flower develop-
ment. However, the expression of ANR was high at the 
full-bloom stage in TZM and white MN that transfers 

Fig. 5  Functional enrichment of K-means clusters. a Functional enrichment of k-means clustering modules. b Heat map of specific enrichment 
functions corresponding to the expression of transcripts in TZM, SZT, and MN
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cyanidin to Epicatechin, resulting in little cyanidin in the 
white petals during the developmental stages by combin-
ing with the low expression of CHS. ABP-related genes 
are regulated primarily at the transcriptional level by 
transcription factors, such as MYB, basic helix-loop-helix 
(bHLH), and WD-40 repeat (WDR) [39]. Our co-expres-
sion results suggested that MYBs, bHLH, and bZIP may 
play a key role in regulating anthocyanin-structural genes 
(Fig. 6), with MYB showing the most co-expression rela-
tionships with ABP-related genes, which was also con-
sistent with previous analyses on C. reticulata [10].

To gain further insights into the factors influencing 
color formation in three cultivars, we conducted the 
functional enrichment of co-expression clusters. The 
high expression clusters in TZM were related to bacte-
rial and viral immune responses, suggesting that TZM 
is more resistant to bacteria and viruses than SZT and 
MN. In contrast, SZT and MN had higher expression 
of clusters related to mitotic functions, indicating that 
their cells may undergo more mitotic divisions during 

the mid- to late developmental stages. Some clusters 
were significantly different in MN between the initial 
flowering and full-bloom stages, and the initial flower-
ing stage of MN could be characterized by active mer-
istem tissue, breakdown of sucrose, multiple modes of 
gene silencing, and heat sensitivity. Therefore, we spec-
ulate that the petals of MN sense the temperature and 
adjust the number of cells in the meristem accordingly 
during the initial flowering stage; meanwhile, gene 
expression is silenced and translation is inhibited in the 
meristem, leading to the white color of the meristem. 
The higher expression of ANR at the full-bloom stage 
further contributes to the white color formation in its 
petals. Moreover, cluster 13 was significantly enriched 
in meristem growth, and cluster 15 was significantly 
enriched in the homeostasis of the number of meristem 
cells, indicating that meristem tissue grows faster dur-
ing the initial flowering stage, and the number of cells 
in the meristem tissue tends to be stabilized after this 
stage. These results also imply that the meristem tissue 

Fig. 6  Co-expression network of ABP and specific function transcripts with transcription factors
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may play a crucial role in the formation of the mixed 
white-red color in MN, which could be further investi-
gate by isolating the meristem tissue in the future.

In summary, our study showed that the initial flower-
ing stage may be the key period for MN’s color change. 
Cyanidin was identified as the primary anthocyanin in 
SZT and MN’s red region, while it had low content in 
TZM and MN’s white region. According to the tran-
scriptome analysis, ABP was reconstructed in Yunnan 
Camellia, and the low expression of CHS was detected 
in TZM and MN’s white region, while ANR maintained 
a high expression level, leading to the low content of 
cyanidin in them. Transcription factors MYBs, bHLH, 
and bZIP may play a key role in regulating anthocyanin-
structural genes. The co-expression clusters showed 
functional enrichment at different cultivars, with TZM 
enriched in bacterial and viral immune responses, and 
SZT and MN exhibiting higher expression of mitotic 
functions. We speculate that the meristem tissue may 
play a crucial role in the formation of the mixed white-
red color in MN, which may be influenced by tempera-
ture and would be investigated in our future studies.
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