
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Zhang et al. BMC Plant Biology          (2025) 25:729 
https://doi.org/10.1186/s12870-025-06738-w

BMC Plant Biology

*Correspondence:
Jihua Wang
wangjihua@gdaas.cn

Full list of author information is available at the end of the article

Abstract
Background  Yam is a globally significant crop with both culinary and medicinal value. Anthocyanin, an important 
secondary metabolite, plays a key role in determining the nutritional quality of yams. However, the research on 
the light-induced anthocyanins accumulation in yams remains limited. In this study, we revealed light-induced 
anthocyanin biosynthesis and identified transcription factors associated with anthocyanin-related pathways in yam. 
These findings enhance our understanding of the molecular mechanisms underlying light-mediated anthocyanin 
regulation in yams.

Results  Significant variations in color were observed in the stems, leaves, and tuber roots of the two yam varieties 
‘Xuwen’ and ‘Luhe’. Under light conditions, the total anthocyanin content in ‘Xuwen’ tuber roots was significantly 
higher than that under dark conditions. The targeted metabolomics analysis of anthocyanins identified that 
procyanidin and cyanidin glycosides, such as cyanidin-3-O-(sinapoyl)sophoroside, cyanidin-3-O-sophoroside, 
procyanidin B1, procyanidin B3, and quercetin-3-O-glucoside, were the primary anthocyanin components. These 
compounds were responsible for the observed differences in anthocyanin content between the two varieties and 
were significantly influenced by light conditions. The non-targeted metabolomics analysis further revealed that light 
also induce the biosynthesis of flavonoids. Transcriptome analysis showed significant differences in the expression 
levels of MYB, ERF, and WRKY transcription factors (TFs) between the two yam varieties, with these expressions 
being strongly influenced by light conditions. The association analysis of the anthocyanin metabolome, candidate 
TFs, and structural genes involved in anthocyanin biosynthesis revealed significant correlations. Specifically, MYB 
(Dioal.09G044700 and Dioal.12G068700) and WRKY (Dioal.20G040900 and Dioal.12G062900) showed strong correlations 
with procyanidins, anthocyanins, and the structural genes associated with anthocyanin biosynthesis. RT-qPCR 
confirmed that the expression patterns of these four TFs, strongly induced by light, were consistent with the 
expression of structural genes involved in anthocyanin biosynthesis.
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Background
Yam is a nutrient-rich food that provides essential com-
ponents for human health, including protein, vitamins, 
starch, trace elements, and other vital nutrients [1]. 
Renowned for its crisp texture and sweet flavor, yam is 
a versatile ingredient in numerous culinary foods. The 
mucilage polysaccharides present in yam play a signifi-
cant role in modulating the body’s immune system and 
exhibit notable antioxidant, antiviral, and anti-aging 
properties [2]. Furthermore, saponins found in yam have 
been shown to help regulate blood sugar levels, reduce 
blood lipids, lower uric acid, possess anti-inflammatory 
effects, demonstrate anticancerous activity, and inhibit 
tumor growth [3]. The root tuber also contains allan-
toin, a compound that is believed to enhance wound 
healing and exhibit anti-inflammatory properties [4]. In 
the research of traditional Chinese medicine, yam is val-
ued for its ability to strengthen the spleen and stomach, 
aid digestion, and promote longevity [5]. Additionally, 
in certain pigment-rich varieties, such as purple yams, 
anthocyanins emerge as key components within the root 
tubers [6]. Anthocyanins are a class of plant flavonoid 
compounds responsible not only for imparting vibrant 
colors to plants but also for playing a crucial role in their 
stress responses. These compounds offer protection 
against oxidation, light damage, and pests/diseases [7, 8]. 
Moreover, anthocyanins have garnered attention for their 
diverse health benefits, including anti-inflammatory, 
antioxidant, anti-obesity, immune-regulating, and neu-
roprotective properties. As a result, they are extensively 
utilized in health supplements, pharmaceuticals, cos-
metics, and food coloring applications [6, 9, 10]. Given 
the significant nutritional and medicinal value of antho-
cyanins, it becomes crucial to identify yam varieties with 
high anthocyanin content and unravel the genetic regula-
tion behind their biosynthesis.

The biosynthesis of anthocyanins is conserved across 
the plant kingdom and arises from phenylpropanoid 
and flavonoid metabolic pathways. Phenylalanine acts 
as a crucial precursor in the phenylpropanoid pathway. 
The synthesis of anthocyanins comprises three primary 
steps (Fig. S1): The initial step involves the formation 
of p-coumaroyl-CoA, catalyzed by enzymes such as 
phenylalanine ammonia-lyase (PAL), cinnamic acid 
4-hydroxylase (C4H), and 4-coumaric acid CoA ligase 
(4CL). P-coumaroyl-CoA serves as a precursor for the 
synthesis of lignin, phenolic acids, and various flavonoid 
compounds, including flavones, isoflavones, flavonols, 
and anthocyanins. In the second step, p-coumaroyl CoA 

undergoes transformation via chalcone synthase (CHS) 
and chalcone isomerase (CHI) to produce naringenin. 
Subsequently, naringenin is converted by flavanone 
3’-hydroxylase (F3H), flavonoid 3’,5’-hydroxylase (F3’5’H), 
and dihydroflavonol 4-reductase (DFR) into leucopelar-
gonidin, leucocyanidin, leucodelphinidin, and other leu-
coanthocyanidins. The third step involves the conversion 
of these leucoanthocyanidins into light red anthocya-
nins via the catalysis of anthocyanidin synthase (ANS/
LDOX) [11]. Additionally, the C3, C5, and C7 positions 
of anthocyanidins undergo further modifications via gly-
cosylation, methylation, and acylation enzymes, such as 
anthocyanidin 3-O-glucosyltransferase (BZ1) and antho-
cyanin 3-O-glucoside-6’’-O-malonyltransferase (3MaT1). 
These modifications enhance the chemical stability and 
color intensity of anthocyanins, producing pigments like 
brick red pelargonin glycoside, red cyanidin glycoside, 
and blue-purple delphin glycoside [12].

In addition to structural genes, TFs, predominantly 
MYB TFs, play a pivotal role in the regulating anthocy-
anin biosynthesis by directly or indirectly modulating 
the transcriptional activity of structural genes. To date, 
three primary mechanisms by which MYB TFs regu-
late anthocyanin biosynthesis have been elucidated. In 
the first type, MYB TFs directly bind to the promoters 
of structural genes involved in the anthocyanin biosyn-
thesis pathway, thereby modulating genes transcription 
[13]. In the second type, MYB TFs form a complex with 
bHLH TFs and WD40 repeat proteins.The MYB-bHLH-
WD Repeat (MBW) complex, which subsequently binds 
to the promoter regions of structural genes involved in 
anthocyanin synthesis, thereby regulating genes tran-
scription [14]. In the third type, MYB TFs indirectly reg-
ulate anthocyanin biosynthesis by interfering with MBW 
complexes formation, thereby controlling the expression 
levels of structural genes (Fig. S2) [15].

Beyond genetic factors, environmental factors such as 
light, temperature, biotic stress, and abiotic stress also 
significantly influence anthocyanin biosynthesis [8, 16]. 
Research indicates that most anthocyanins are light-
induced, with the quality, intensity, and duration of light 
directly affecting plants anthocyanin content [17]. In 
response to light signals, plant photoreceptor systems 
including PHYTOCHROME (PHY), CRYPTOCHROME 
(CRY), and ultraviolet B receptors modulate the expres-
sion levels of genes associated with anthocyanin synthe-
sis through cellular signaling pathways [18, 19]. Upon 
sensing light signals, photoreceptors such as PHY, CRY, 
and UV-B receptors activate specific signal transduction 

Conclusions  The results of this study provide useful insights into the regulation of light on anthocyanin 
accumulation in yam, and will be helpful for yam breeding and cultivation practices.
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pathways and induce the expression of the HY5 (HYPo-
cotyl 5), a transcription factor characterized by a leucine 
zipper motif [20]. In pear (Pyrus pyrifolia), HY5 binds 
to the promoter regions of genes such as MYB75/PAP1, 
PyMYB10, and PyWD40. This binding activates their 
expression, subsequently enhancing the activity of the 
MBW complex and fully initiating anthocyanin bio-
synthesis [21]. In Arabidopsis, this regulatory process is 
balanced by negative feedback from negative regulators 
such as COP1 [22]. However, the specific light-responsive 
MYB TF contributing to anthocyanin content remain 
unidentified in yam.

In this study, the phenotypic characteristics of two yam 
varieties, ‘Luhe’ and ‘Xuwen’ under dark/light conditions 
were analyzed. Targeted metabolomics of anthocyani-
dins, non-targeted metabolome analysis, transcriptome 
analysis, and molecular biology methods were employed 
in this study. The objectives of this research were two-
fold: (i) to identify the primary anthocyanin components 
responsible for the observed color differences between 
yam varieties under light influence, and (ii) to determine 
the key genes regulating yam anthocyanin biosynthesis 
that are influenced by light. This investigation revealed 
the molecular mechanisms underlying how genetic and 
light factors impact anthocyanin biosynthesis in yam, 
identifying candidate TFs that regulate anthocyanin bio-
synthesis in response to light induction. These findings 
are conducive to the improvement of yam genetics and 
cultivation.

Results
Anthocyanin content was simultaneously influenced by 
genetic and light factors
To examine the effects of genetic and light conditions on 
anthocyanins in yam, two varieties, ‘Luhe’ and ‘Xuwen’, 
were cultivated in a field setting. This allowed for pheno-
typic observations and analysis of anthocyanin content. 
Phenotypic observations revealed that ‘Xuwen’ displayed 
significantly more intense purple hues in its stems, 
leaves, and root tubers compared to ‘Luhe’. Further-
more, when root tubers of ‘Xuwen’ was exposed to natu-
ral light (referred to as ‘Xuwen-L’), it showed a notably 
deeper purple coloration than those grown in the dark 
(Fig. 1A-D). The analysis of total anthocyanin content in 
the root tubers indicated that ‘Xuwen-L’ had higher lev-
els than both ‘Xuwen’ and ‘Luhe’. Additionally, ‘Xuwen’ 
also exhibited greater anthocyanin content compared to 
‘Luhe’ (Fig. 1E). These findings suggested that the accu-
mulation of anthocyanins in yams was influenced by both 
genetic factors and light conditions.

Cyanidin glycosides and procyanidins were the main 
substances affected by genetic and light factors
In order to identify the major anthocyanin components 
influenced by genetic and light factors, a targeted antho-
cyanidin metabolome profiling was performed in this 
study. A total of sixty-three metabolites were identified, 
including two flavonoids (naringenin and quercetin-3-O-
glucoside), five procyanidins, peonidin, and fifty-five 
anthocyanins (Table S1). These fifty-five anthocyanins 
comprised twenty-three cyanidin glycosides, seven del-
phinidin glycosides, five malvidin glycosides, five pel-
argonidin glycosides, nine peonidin glycosides, five 
petunidin glycosides, and one peonidin-3-O-(feruloyl)
glucuronide. Among the sixty-three metabolites, fifty 
metabolites exhibited significant differences between the 
‘Luhe’ (White, W), ‘Xuwen’ (Part-red, P), and ‘Xuwen-L’ 
(Full-red, F) (Table S2). These fifty metabolites included 
the flavonoid quercetin-3-O-glucoside, five procyanidins, 
and forty-four anthocyanin compounds. Among these 
forty-four metabolites, there were twenty-one cyani-
din glycosides, seven delphinidin glycosides, one malvi-
din-3-O-glucoside, three pelargonidin glycosides, seven 
peonidin glycosides, three petunidin glycosides, and two 
additional peonidin-related compounds (peonidin and 
peonidin-3-O-(feruloyl) glucuronide).

The results of the principal component analysis (PCA) 
of differential metabolites (DM) revealed that principal 
component 1 (PC1) accounted for 86.6% of the total vari-
ation, while principal component 2 (PC2) accounted for 
4.8% (Fig.  2A). This suggested that PC1 effectively cap-
tured significant differences in metabolite data, particu-
larly between group F and the other groups, with groups 
W and P showing lesser distinctions. These findings 
implied that light substantially influences anthocyanin 
metabolism in yam. Analysis of metabolite content across 
the three sample groups demonstrated a significant posi-
tive correlation among all samples (Fig.  2B), suggesting 
that the relative proportions of each anthocyanin within 
the groups were consistent. Group F contained forty-nine 
DM compared to group P, with forty-seven metabolites 
exhibiting significantly increased levels. Conversely, two 
metabolites, cyanidin-3-O-(6”-O-coumaryl)xyloside 
and delphinidin-3-O-(6-O-malonyl-beta-D-glucoside), 
showed decreased levels (Fig. 2C, Table S2). Comparative 
analysis between groups F and W identified forty-eight 
DM, all of which exhibited significantly elevated levels 
in group F. Additionally, twenty-six DM were observed 
between groups P and W, with significant increases 
noted in group P as well. Notably, the total anthocyanin 
content in group F was higher than that in group P, indi-
cating the positive impact of light on anthocyanin levels 
within group F (Table S2).

To further investigate whether anthocyanins are 
affected by both genetic and light factors, the shared 
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twenty-three DM from all three comparison groups 
(group P vs. W, group F vs. W, and group F vs. P ) were 
selected for additional analysis (Fig. 2D, Table S3). These 
twenty-three DM included twelve cyanidin glycosides, 

two delphinidin glycosides, three peonidin glycosides, 
two petunidin glycosides, two proanthocyanidins, as 
well as quercetin-3-O-glucoside and pelargonidin-3-O-
sophoroside. Cluster analysis revealed that the content of 

Fig. 1  Phenotype of two yam cultivars. (A, B) Stem and leaf phenotype of ‘Luhe’ /W (A) and ‘Xuwen’/P (B); (C, D) Root tubers colors of the two cultivars 
under different environments conditions and developmental stages. ‘Xuwen-L’/F denotes the ‘Xuwen’ cultivar exposed to light conditions; (E) Total antho-
cyanin content. ** and *** represent significance of P < 0.01 and P < 0.001, respectively
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Fig. 2 (See legend on next page.)
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these twenty-three DM were higher in group F compared 
with groups P and W (Fig. 2E). Furthermore, correlation 
analysis indicated a significant positive correlation among 
these metabolites (Fig.  2F). Among the twenty-three 
metabolites in the three groups, five specifically exhibited 
significant changes in content: cyanidin-3-O-(sinapoyl)
sophoroside, cyanidin-3-O-sophoroside, procyanidin B1, 
procyanidin B3, and quercetin-3-O-glucoside (Fig.  2G). 
These findings indicated that cyanidin glycosides and 
proanthocyanidins were the primary compounds influ-
enced by genetic and light factors in the yam anthocy-
anin metabolic pathway.

The upstream biosynthesis pathway of anthocyanins was 
influenced by light in Yam
To further elucidate the metabolite differences between 
the two varieties and their responses to light, a non-
targeted metabolomics approach was applied in this 
study. A total of 15,115 metabolites were detected in the 
three sets of samples (W, P, and F). PCA analysis of all 
metabolite content demonstrated good biological rep-
licates within each group (Fig.  3A). Among the 15,115 
metabolites, 10,266 exhibited significant concentration 
differences across sample sets (Table S4). The numbers of 
upregulated and downregulated DM in each groups are 
listed in Fig. S3. A total of 3,690 DM were common in the 
three comparison groups (Fig. S4). Based on molecular 
weight and MS/MS fragmentation patterns, 199 metabo-
lites were identified (Table S5), predominantly classified 
as amino acids, lipids, carbohydrates, cofactors, and vita-
mins (Fig. 3B).

To explore the influence of light on yam biochemical 
profiles, the 199 previously identified metabolites were 
further analyzed. The DM were primarily products of the 
isoquinoline alkaloid, tyrosine, phenylalanine, phenyl-
propanoid, flavone, and flavonol pathways. Compared to 
W, P exhibited 101 DM, with 48 metabolites upregulated 
and 53 downregulated (Table S6). Compared to W, F had 
95 DM, with 55 metabolites upregulated and 40 down-
regulated (Table S7). Compared to P, F had 101 DM, 
with 60 upregulated and 41 downregulated (Table S8). 
A total of 68 DM were common in the three comparison 
groups (Fig.  3C), mainly enriched in phenylpropanoid 
biosynthesis, flavonoid biosynthesis, flavone and flavonol 
biosynthesis, betalain biosynthesis, phenylalanine metab-
olism, purine biosynthesis, sphingolipid metabolism, and 
zeatin biosynthesis (Fig.  3D). Among the identified 199 

metabolites, only one anthocyanin pathway substance, 
peonidin-3-glucoside, was included. However, 11 flavo-
noid metabolites out of the 68 DM exhibited a signifi-
cant correlation with peonidin-3-glucoside (Fig. 3E). This 
indicates that light may have an impact on the antho-
cyanin pathway by influencing flavonoid biosynthesis. 
Cluster analysis revealed that the upstream substances 
of anthocyanins, including rutin, quercetin, epicatechin, 
kaempferide, trans-Cinnamate, 2-phenylacetamide, 
and D-phenyllactic acid, were increased in response to 
light. Conversely, the concentrations of isosakuranetin, 
naringenin, N-Acetyl-L-phenylalanine, and naringenin 
7-O-beta-D-glucoside were decreased under light condi-
tions (Fig. 3F, Table S9). In conclusion, the upstream bio-
synthesis pathway of anthocyanins is also influenced by 
light conditions.

MYB and WRKY may be major candidate genes in 
yam response to light and regulation of anthocyanins 
biosynthesis
To explore genes responsive to light and regulating 
anthocyanin biosynthesis, transcriptome sequencing 
was performed on three sample groups: W, P, and F. The 
PCA analysis of all gene expression levels demonstrated 
high biological replicability among all samples, with P 
and F groups showing similar gene expression patterns 
(Fig.  4A). Gene expression levels exhibited positive cor-
relations across samples, with particularly strong cor-
relations noted between the P and F groups (Fig.  4B). 
Transcriptome sequencing identified 23,363 transcribed 
genes, of which 7,396 exhibited significant differential 
expression across all three sample groups. Compared 
to W, P exhibited 5,385 differentially expressed genes 
(DEGs), including 3,031 upregulated and 2,354 downreg-
ulated genes (Fig.  4C). Similarly, F showed 4,735 DEGs, 
with 2,609 upregulated genes and 2,126 downregulated. 
Comparing F to P, there were 2,427 DEGs, with 1,017 
upregulated and 1,410 downregulated.

To identify genes that simultaneously respond to 
light and regulate the biosynthesis of anthocyanins, 
we used 391 DEGs common to the three comparison 
groups: P_vs_W, F_vs_W, and F_vs_P for further analy-
sis (Fig.  4D, Table S10). Among these 391 genes, 179 
genes showed consistent expression trends in the three 
comparison groups, of which 159 were upregulated and 
20 were downregulated compared to W (Fig.  4E, Table 
S11). Out of these 179 genes, compared to W, 159 genes 

(See figure on previous page.)
Fig. 2  Analysis of differential anthocyanin metabolites among W, P and F. (A) PCA analysis of DM; (B) Pearson correlation analysis of the samples in 
metabolites content. (C) Number of differential anthocyanin metabolites; (D) Venn diagram showed the overlap of differential anthocyanin metabolites 
among the three groups; (E) Cluster heat map of twenty-three differential anthocyanin metabolites in the three groups; (F) Correlation analysis for the 
twenty-three differential anthocyanin metabolites in the three groups; (G) The five key DM out of the twenty-three anthocyanin metabolites identified in 
the three groups. Different letters denote significant differences (P < 0.05) according to Duncan’s multiple range test. The data in figure G is presented as 
the mean ± SEM. (n = 3 biologically independent samples)
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were upregulated, and 20 genes were downregulated, 
with a total of 165 genes, including 21 TFs, being anno-
tated for their functions (Table S11). Since anthocyanin 
biosynthesis involves multiple structural genes primar-
ily regulated by TFs, we analyzed these 21 TFs in detail 
(Table S12). These TFs predominantly belong to the ERF, 
MYB, WRKY, GATA, HSF, TCP, and bHLH families, with 
20 TFs showing upregulation and one TF being down-
regulated (Fig.  4F). Notably, Dioal.09G044700 (MYB), 
Dioal.04G024500 (ERF), and Dioal.19G002500 (ERF) 
showed increased expression levels after light induction.

To further elucidate the TFs that regulate anthocyanin 
biosynthesis, the aforementioned 21 TFs, along with spe-
cific genes involved in anthocyanin biosynthesis (PAL, 
4CL, C4H, DFR, UGT), and the competing pathway gene 
(I2’H), were analyzed in correlation with aforementioned 
23 differentially expressed metabolites (classified into 
anthocyanins and procyanidins) that displayed significant 
differences in the comparison groups (P_vs_W, F_vs_W, 
F_vs_P) (Fig.  4G). The results demonstrated significant 
correlations among most TFs, which also showed sig-
nificant correlations with most structural genes. Notably, 
two MYB TFs (Dioal.09G044700 and Dioal.12G068700) 
and two WRKY TFs (Dioal.20G040900 and 
Dioal.12G062900) exhibited significant correlations with 
both anthocyanins and procyanidins, suggesting their 
potential roles as candidate genes in regulating anthocy-
anin biosynthesis.

The four TFs and most structural genes involved in 
anthocyanin biosynthesis were induced by light
To further analyze how differences in anthocyanin con-
tent induced by light and varieties are primarily regulated 
by transcription factors, we examined the expression 
levels of structural genes involved in anthocyanin bio-
synthesis. The results showed that the expression levels 
of PAL, C4H, 4CL, CHS, DFR, BZ1, and 3MaT1, which 
are involved in anthocyanin biosynthesis, were higher in 
‘Xuwen’ compared to ‘Luhe’. Additionally, most of these 
genes exhibited highest expression levels in ‘Xuwen-L’ 
(Fig. 5A). The expression patterns of UFGTs and UGTs, 
which are involved in phenylpropanoid biosynthesis, fla-
vonoid biosynthesis, flavone and flavonol biosynthesis 
(upstream processes of anthocyanin biosynthesis), were 
similar to those observed for genes in the anthocyanin 
synthesis pathway (Fig.  5B). Conversely, the expression 
pattern of the competing pathway gene I2’H was oppo-
site to that of genes in the anthocyanin synthesis path-
way (Fig.  5B). We verified the RNA-seq findings using 
RT-qPCR analysis (Fig.  5C, D). The RT-qPCR results 
confirmed that light induced the expression levels of TFs 
and most structural genes involved in anthocyanin bio-
synthesis, including PAL2, PAL3, C4H1, C4H2, 4CL2, 
DFR, 3MaT1, 3MaT2, UFGT2, UGT2, UGT4, and UGT7. 

These results suggested that variations in anthocyanin 
content may arise from the regulation of expression lev-
els of multiple structural genes by TFs, rather than the 
upregulation of a single structural gene.

Discussion
Currently, few studies have been conducted on the 
anthocyanins of purple yam. The development of func-
tional health foods using purple yam anthocyanins as 
nutritional components has significant market potential 
and can yield positive social and economic outcomes. 
Purple yam anthocyanins exhibit diverse biological activ-
ities and hold significant potential for use as medicinal 
and nutritional ingredients in various industries, includ-
ing pharmaceuticals and food. In this study, we identi-
fied differences in anthocyanin and other metabolite 
levels between two varieties of white and purple yams, 
and examined the impact of light on these compounds. 
Key transcription factors that regulate anthocyanin con-
tent and respond to light were elucidated. This findings 
provide a theoretical basis for improving yam genetics 
and cultivation practices to enhance anthocyanin levels, 
offering valuable insights for agricultural advancements.

Anthocyanins exhibit diverse biological properties, 
such as anti-mutagenic and anti-cancer effects, anti-
hyperglycemic activity, cardiovascular disease preven-
tion, antioxidant properties, and free radical scavenging 
activities [23, 24]. The purple color in yams is primarily 
due to the glycosylation, methylation, and acylation of 
anthocyanidins, which results in darker anthocyanins 
like brick red pelargonin glycoside, red cyanidin glyco-
side, and blue-purple delphin glycoside [6]. In this study, 
we identified twenty-three anthocyanins influenced by 
both genetic and light factors, with cyanidin glycosides 
being the predominant anthocyanins. The purple color of 
yams may primarily result from the cyanidin glycosides. 
In a previous study, it was found that purple yam contain 
a variety of acylated anthocyanins [6]. Several studies 
have also reported the effects of light on anthocyanins in 
various plants [17, 25]. The specific types of light-induced 
anthocyanins differ among plant species. For instance, 
in rabbiteye blueberry, Capsicum annuum, and Lycium 
ruthenicum, increased light intensity enhances the accu-
mulation of delphinidin glycoside [26, 27]. Similary, in 
sweet cherry and apple peel, cyanidin glycoside is signifi-
cantly influenced by light [28, 29]. These findings suggest 
that plant coloration patterns are intricately linked to the 
types of anthocyanins induced by light conditions.

Light signals can induce various signal transduction 
factors, such as HY5, the COP1/SPA complex, WRKY, 
and B-box protein. These factors mediate the regulation 
of light-dependent anthocyanin biosynthesis through 
MYB TFs and the MBW complex [30]. In Arabidopsis, 
COP1 controls the protein stability of the MYB TFs, such 
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Fig. 3  Analysis of DM among W, P and F. (A) PCA of all metabolites; (B) Classification map of 199 metabolites identified via LC-MS/MS; (C) Venn diagram 
showing the overlap of DM identified via LC-MS/MS in the three groups; (D) Scatter plot of the top 20 KEGG-enriched pathways for 68 DM; (E) Pearson 
correlation analysis between peonodin-3-glucoside and eleven flavonoid metabolites. (F) Cluster heatmap of the 68 DM. Red triangle denotes the eleven 
flavonoid metabolites
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Fig. 4 (See legend on next page.)
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as PAP1 and PAP2, which are involved in anthocyanin 
accumulation [22]. Under darkness conditions, MYB 
proteins are ubiquitinated by COP1 and subsequently 
degraded via the 26 S proteasome system, thereby influ-
encing anthocyanin biosynthesis [31]. Under light condi-
tions, the activity of PpCOP1 is inhibited, leading to an 
increase in the levels of both PpbHLH64 and PpMYB10. 
These TFs function downstream of PpBBX18, and form 
complexes with WD40 promoting biosynthesis of antho-
cyanins [17]. Moreover, phosphorylated MYB proteins 
under light conditions lead to enhanced biosynthesis of 
anthocyanins [32]. When plants are exposed to light, 
the SUMO E3 ligase SIZ can stabilize MYB75, leading to 
increased anthocyanin levels [33]. Three partially redun-
dant TFs, MYB11, MYB12, and MYB111, regulate the 
expression of early biosynthetic genes and the accumula-
tion of flavonols in Arabidopsis seedlings [34]. The tran-
scriptional regulation of anthocyanin biosynthetic genes 
involves an MBW complex composed of WD40 pro-
tein, such as Transparent Testa Glabra 1 (TTG1), MYB 
TFs (e.g., MYB75, MYB90, MYB113 and MYB114) and 
bHLH TFs, including TT8, Glabra 3 (GL3), and Enhancer 
of Glabra 3 (EGL3) [35]. In the study, MYBs, ERFs, and 
WRKYs associated to anthocyanins and structural genes 
in anthocyanin biosynthesis pathway were identified as 
key TFs. Specially, DoMYB44 associated with procyani-
dins and anthocyanins was strongly induced under light 
condition. These findings indicated that MYB TFs are 
core regulators of anthocyanin content under light condi-
tions in yam.

Transcriptome analysis indicated significant differences 
in the expression levels of structural genes, such as PAL, 
C4H, 4CL, DFR, UFGT, UGT, I2’H, BZ1, and 3MaT1, 
which are involved in phenylpropanoid biosynthesis, fla-
vonoid biosynthesis, flavone and flavonol biosynthesis, 
as well as anthocyanin biosynthesis. These differences 
were observed between two plant varieties and were 
influenced by light conditions. These results suggest that 
potential TFs coordinately regulate the expression lev-
els of structural genes involved in the aforementioned 
biosynthetic pathways, thereby affecting the metabo-
lites within these pathways. In this study, we identi-
fied four TFs: DoMYB44, DoMYB77, DoWRKY51 and 
DoWRKY33. These TFs associated with anthocyanins 
and structural genes involved in anthocyanin biosynthe-
sis. The expression patterns of these four TFs and the 
structural genes in anthocyanin biosynthesis were consis-
tent and strongly induced by light, especially DoMYB44 

and DoMYB77. In other plants, MYB44 plays a critical 
role in anthocyanin biosynthesis [36, 37]. These find-
ings indicate that DoMYB44 may be a strong candidate 
gene for regulating anthocyanin biosynthesis under light 
conditions. However, the function of candidate genes in 
regulating anthocyanin biosynthesis needs to be further 
verified via experiment.

Conclusions
We have elucidated the differences in metabolite and 
genes expression between white and purple yams, as well 
as investigated the impact of light on metabolites and 
genes expression. We have identified four candidate tran-
scription factors that regulated anthocyanin synthesis in 
yams and was responsive to light. This study fills a gap in 
understanding TFs involved in the molecular regulation 
of anthocyanin biosynthesis in yams. In the follow-up 
research, we will verify the functions of candidate genes 
and clarify the molecular networks they regulate. Addi-
tionally, the elucidation of the impact of light on anthocy-
anin content can aid in increasing anthocyanin levels in 
yam root tubers by altering cultivation conditions.

Materials and methods
Plant materials and growth conditions
Two yam varietyies, ‘Luhe’ (White root tuber) and 
‘Xuwen’ (Red root tuber) with differential color, from 
Guangdong Academy of Agricultural Sciences (Guang-
zhou, China) were disinfected with 0.3% carbendazim 
for 30 min and then planted in the field. High ridge culti-
vation was adopted, with a plant spacing of 40 cm and a 
row spacing of 80 cm, and about 50 kg of NPK compound 
fertilizer (15-15-15) was applied per 667 m2. After plant-
ing for 5 months (about the root swelling period), remove 
the soil on the top of the root tubers of ‘Xuwen’ variety 
and expose the top of the root tubers to natural light. 
One month later, the normal growth of ‘Luhe’ (White 
root tuber, W) and ‘Xuwen’ (Part red root tuber, P), and 
the exposed to light ‘Xuwen’ (Full red root tubers, F) were 
collected for transcriptome and metabolomics analysis. 
Three biological replicates were collected to frozen in liq-
uid nitrogen and stored at -80℃.

Extraction and determination of total anthocyanins
The yams, which had been peeled, were sliced into thin 
slices with a thickness of 1–3 mm. A complex color fixa-
tive consisting of 0.05% citric acid, 0.10% sodium chlo-
ride, and 0.35% sodium ascorbate was applied at room 

(See figure on previous page.)
Fig. 4  Transcriptome analysis of W, P and F, as well as correlation analysis between core TFs, anthocyanins, procyanin and structural genes involved in 
anthocyanin biosynthesis. (A) PCA of all genes; (B) Pearson correlation analysis of the gene expression in each sample; (C) Number of DEGs in the three 
groups; (D) Venn diagram illustrates the overlap of DEGs among the three groups; (E) Cluster heatmap of 391 DEGs; (F) Identification of twenty-one TFs 
with consistent expression trends in the comparisons (P_vs_W, F_vs_W, F_vs_P); (G) Association analysis of twenty-one TFs, structural genes involved in 
anthocyanin biosynthesis and twenty-three differential anthocyanin metabolites
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temperature for 15  min. The citric acid, sodium ascor-
bate, and sodium chloride used were analytically pure 
reagents purchased from China National Pharmaceuti-
cal Group Chemical Reagent Co., Ltd. Distilled water was 
added at a ratio of 1:6 g/mL, and the mixture was homog-
enized using a tissue homogenizer. Anthocyanins were 

extracted using an ultrasonic extractor at a temperature 
of 30 °C, extraction time of 30 min, and ultrasonic power 
of 300 W. The homogenate was centrifuged at 4,000 rpm 
to separate the residue.

The determination of anthocyanin content was con-
ducted using the dual-wavelength pH differential 

Fig. 5  Transcriptome and RT-qPCR analysis of core TFs and structural genes involved in anthocyanin biosynthesis. (A) Schematic diagram of anthocy-
anin biosynthesis and the expression levels of structural genes. Phenylalanine (PAL), cinnamic acid 4-hydroxylase (C4H), and 4-coumaric acid CoA ligase 
(4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3’-hydroxylase (F3H), flavonoid 3’,5’-hydroxylase (F3’5’H), dihydroflavonol 4-reductase 
(DFR), anthocyanidin synthase (ANS), anthocyanidin 3-O-glucosyltransferase (BZ1), anthocyanin 3-O-glucoside-6’’-O-malonyltransferase (3MaT1); (B) The 
expression levels of UFGTs and UGTs involved in phenylpropanoid biosynthesis, flavonoid biosynthesis, flavone and flavonol biosynthesis in ‘Luhe’ (W), 
‘Xuwen’ (P) and and ‘Xuwen-L’ (F). UDP-glycose: flavonoid glycosyltransferase (UFGT), UDP-glycosyltransferase (UGT), isoflavone 2’-hydroxylase (I2’H); (C) 
RT-qPCR analysis of core TFs; (D) RT-qPCR analysis of structural genes involved in anthocyanin biosynthesis

 



Page 12 of 15Zhang et al. BMC Plant Biology          (2025) 25:729 

method. A 1.00 mL aliquot of the sample solution was 
diluted to 10.00 mL with buffer solutions of pH 1.0 and 
4.5, respectively. The pH 1.0 buffer solution was prepared 
by accurately weighing 1.49 g of potassium chloride and 
diluting it with distilled water to 100 mL. Then, 1.7 mL 
of hydrochloric acid was measured out and diluted with 
distilled water to 100 mL to create a 0.2  mol/L hydro-
chloric acid solution. The potassium chloride solution 
and hydrochloric acid solution were mixed in a 25:67 
ratio and the pH was adjusted to 1.0 using the potassium 
chloride solution. For the pH 4.5 buffer solution, 1.64  g 
of sodium acetate was accurately weighed and diluted 
with distilled water to 100 mL, and the pH was adjusted 
to 4.5 using hydrochloric acid. The absorbance of the two 
solutions was measured at wavelengths of 700  nm and 
540  nm. Each sample was determined in triplicate, and 
the average value was used to calculate the anthocyanin 
content according to the following formula: anthocy-
anin content (mg/100 g) = (A/ƐL)×MW×DF×V/Wt×100. 
In this formula, A represents the absorbance value, cal-
culated as A=(A540nm-A700nm)PH1.0-(A540nm-A700nm)PH4.5. 
MW represents the relative molecular weight (449.2) 
of cyanidin-3-glucoside, and Ɛ represents the molar 
extinction coefficient of cyanidin-3-glucoside, which is 
26,900  L/(mol·cm). Wt is the sample mass in grams, V 
is the final volume in milliliters after dilution, DF is the 
dilution factor, and L is the width (1 cm) of the cuvette.

Targeted Anthocyanidin metabolome assay
HPLC-grade methanol was purchased from Merck 
(Darmstadt, Germany), while MilliQ water (Millipore, 
Bradford, USA) was used in all experiments. Standard 
substances were purchased from isoReag (Shanghai, 
China), formic acid from Sigma-Aldrich (St Louis, MO, 
USA), and hydrochloric acid from Xinyang Chemical 
Reagent (China). Stock solutions of standards were pre-
pared at a concentration of 1  mg/mL in 50% methanol 
and stored at -20  °C. They were then diluted with 50% 
methanol to working solutions prior to analysis. Sam-
ples were freeze-dried, ground into a powder by vibra-
tion grinder (JXFSTPRP-48, 30 Hz, 1.5 min), and stored 
at -80  °C. A 50  mg portion of the powder was weighed 
and extracted with 0.5 mL of methanol/water/hydrochlo-
ric acid (500:500:1, V/V/V). The extract was vortexed for 
5  min, sonicated for 5  min, and centrifuged at 12,000  g 
under 4 °C for 3 min. The residue was re-extracted using 
the same procedure. The supernatants were collected, 
filtered through a membrane filter (0.22 μm, Anpel), and 
subjected to LC-MS/MS analysis.

Anthocyanidin content was detected using the AB 
Sciex QTRAP 6500 LC-MS/MS platform by Met-
Ware (http://www.metware.cn/). The sample extracts 
were analyzed with a UPLC-ESI-MS/MS system 
(UPLC, ExionLC™ AD, MS Applied Biosystems 6500 

Triple Quadrupole). The UPLC conditions were set-
ted as follows: the column was Waters ACQUITY BEH 
C18 (1.7  μm, 2.1  mm*100  mm); the solvent system was 
water (0.1% formic acid): methanol (0.1% formic acid); 
the gradient program was 95:5 V/V at 0 min, 50:50 V/V 
at 6 min, 5:95 V/V at 12 min, held for 2 min, 95:5 V/V at 
14  min, held for 2  min; the flow rate was 0.35 mL/min; 
the temperature was 40  °C; and the injection volume 
was 2 µL. Linear ion trap and triple quadrupole scans 
were acquired on a QTRAP® 6500 + LC-MS/MS System 
equipped with an ESI Turbo Ion-Spray interface, operat-
ing in positive ion mode and controlled by Analyst 1.6.3 
software (Sciex). The ESI source operation parameters 
included: ion source - ESI+; source temperature − 550℃; 
ion spray voltage (IS) − 5500 V; curtain gas was set at 35 
psi.

Anthocyanidins were analyzed using scheduled mul-
tiple reaction monitoring (MRM). Data acquisitions were 
performed using Analyst 1.6.3 software (Sciex). Quan-
tification of all metabolites was conducted using Multi-
quant 3.0.3 software. The mass spectrometer parameters, 
including the optimized declustering potentials and colli-
sion energies for individual MRM transitions, were used. 
Specific MRM transitions were monitored for each elu-
tion period based on the metabolites of interest. Differ-
entially expressed metabolites were identified based on 
a fold change ≥ 2 or fold change ≤ 0.5. The metabolites 
were annotated using the KEGG compound database (​h​
t​t​p​​:​/​/​​w​w​w​.​​k​e​​g​g​.​​j​p​/​​k​e​g​g​​/​c​​o​m​p​o​u​n​d​/), and mapped to the 
KEGG database (​h​t​t​p​​:​/​/​​w​w​w​.​​k​e​​g​g​.​​j​p​/​​k​e​g​g​​/​p​​a​t​h​w​a​y​.​h​t​m​
l). Pathways containing significantly expressed ​m​e​t​a​b​o​l​i​
t​e​s underwent metabolite set enrichment analysis using 
p-values from the hypergeometric test to determine their 
significance. Principal component analysis, correlation 
analysis, venn diagram, and cluster heat map were per-
formed using online tools provided on their respective 
websites (​h​t​t​p​​s​:​/​​/​c​l​o​​u​d​​.​m​e​​t​w​a​​r​e​.​c​​n​/​​#​/​t​o​o​l​s​/​t​o​o​l​-​l​i​s​t and ​
h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​h​a​​r​e​.​c​​o​m​​/​t​o​o​l​s​/). Three biological 
replicates were employed from the ‘Luhe’, ‘Xuwen’ and 
‘Xuwen-L’.

Non-targeted metabolome assay
Accurately weigh 200 mg (± 1%) of the sample into a 2 mL 
EP tube. Added 0.6 mL of methanol containing 2-chlo-
rophenylalanine (4 ppm) at -20 ℃. Vortexed the mixture 
for 30 s. Then, added 100 mg of glass beads to the tube 
and placed it in a tissue grinding machine. Ground the 
samples at 50 Hz for 60 s. After grinding, sonicated the 
samples at room temperature for 15 min. Centrifuged the 
samples at 25 ℃ for 10 min at 12,000  rpm. Filtered the 
supernatant through a 0.22 μm membrane to obtain the 
prepared samples for LC-MS analysis. For quality con-
trol purposes, took 20 µL from each sample to monitor 
deviations in the analytical results. These QC samples 

http://www.metware.cn/
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html
https://cloud.metware.cn/#/tools/tool-list
https://www.omicshare.com/tools/
https://www.omicshare.com/tools/
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were compared to errors caused by the analytical instru-
ment itself. The remaining samples were used for LC-MS 
detection.

Metabolite content was detected using Panomix 
(https://www.panomix.com/). Chromatographic ​s​e​p​a​
r​a​t​i​o​n was achieved using a Thermo Vanquish system 
equipped with an ACQUITY UPLC® HSS T3 column 
(150 × 2.1 mm, 1.8 μm, Waters) maintained at 40 ℃. The 
autosampler temperature was set at 8 ℃. Gradient elu-
tion of analytes was carried out using 0.1% formic acid 
in water (B2) and 0.1% formic acid in acetonitrile (A2), 
or 5 mM ammonium formate in water (B1) and acetoni-
trile (A1) at a flow rate of 0.25 mL/min. Each sample was 
injected at 2 µL after equilibration. A linear gradient of 
solvent A (v/v) was applied as follows: 0 ~ 1 min, 2% A2/
A1; 1 ~ 9 min, 2%~50% A2/A1; 9 ~ 12 min, 50%~98% A2/
A1; 12 ~ 13.5  min, 98% A2/A1; 13.5 ~ 14  min, 98%~2% 
A2/A1; 14 ~ 20 min, 2% A2-positive model (14 ~ 17 min, 
2% A1-negative model).

The ESI-MSn experiments were performed using the 
Thermo Q Exactive Focus mass spectrometer with a 
spray voltage of 3.8 kV and − 2.5 kV in positive and nega-
tive modes, respectively. The sheath gas and auxiliary gas 
were set at 30 and 10 arbitrary units, respectively. The 
capillary temperature was maintained at 325 ℃. The ana-
lyzer scanned a mass range of m/z 81 − 1,000 for full scan 
at a mass resolution of 70,000. Data-dependent acquisi-
tion MS/MS experiments were conducted with HCD 
scan at a normalized collision energy of 30 eV. Dynamic 
exclusion was implemented to remove unnecessary infor-
mation in the MS/MS spectra.

Differentially expressed metabolites between two given 
samples were identified based on a one-way ANOVA 
p-value ≤ 0.05 and VIP ≥ 1. The identification of metabo-
lites initially confirms the precise molecular weight of 
the metabolite (with a molecular weight error < 15 ppm). 
Subsequently, the metabolite is annotated with accurate 
information based on the fragment information obtained 
from the MS/MS mode in Metlin ​(​​​h​t​t​p​:​/​/​m​e​t​l​i​n​.​s​c​r​i​p​p​
s​.​e​d​u​​​​​)​, MoNA (​h​t​t​p​​s​:​/​​/​m​o​n​​a​.​​f​i​e​​h​n​l​​a​b​.​u​​c​d​​a​v​i​s​.​e​d​u​/​/ ), 
and in-house standard compound databases at Pano-
mix. Principal component analysis, correlation analysis, 
venn diagram, cluster heatmap, and scatter plot of KEGG 
enrichment were performed using online tools provided 
on their respective websites (​h​t​t​p​​s​:​/​​/​c​l​o​​u​d​​.​m​e​​t​w​a​​r​e​.​c​​n​/​​#​
/​t​o​o​l​s​/​t​o​o​l​-​l​i​s​t and ​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​h​a​​r​e​.​c​​o​m​​/​t​o​o​l​s​/). 
Six biological replicates were employed from the ‘Luhe’, 
‘Xuwen’ and ‘Xuwen-L’.

RNA-seq analysis
Total RNA was extracted and purified from root tubers 
by a MiniBEST Plant RNA Extraction Kit (TaKaRa, 
Dalian, China). The integrity and quality of the purified 
RNA were assessed by micro spectrophotometer and 1% 

agarose gel electrophoresis. Library construction, and 
sequencing were executed by Biomarker Technologies 
Co., Ltd (Beijing, China). To improve reliability, three 
biological replicates was used for Illumina deep RNA 
sequencing to decrease biological error. The reference 
genome data used for alignment was obtained from JGI 
(​h​t​t​p​​s​:​/​​/​p​h​y​​t​o​​z​o​m​​e​-​n​​e​x​t​.​​j​g​​i​.​d​o​e. gov/info/Dalata_v2_1). 
The expression levels of each gene were quantified using 
the fragments per kilobase of transcript per million frag-
ments mapped method. DEGs between two given sam-
ples were identified based on a fold change ≥ 2 and a false 
discovery rate (FDR) < 0.01. Principal component analy-
sis, correlation analysis, venn diagram, cluster heatmap 
and association analysis were performed using online 
tools available on websites (​h​t​t​p​​s​:​/​​/​c​l​o​​u​d​​.​m​e​​t​w​a​​r​e​.​c​​n​/​​#​/​t​
o​o​l​s​/​t​o​o​l​-​l​i​s​t and ​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​h​a​​r​e​.​c​​o​m​​/​t​o​o​l​s​/).

RT-qPCR verified genes expression
RT-qPCR was employed to evaluate the expression levels 
of genes involved in flavonoid/anthocyanin biosynthesis. 
The primers used were listed in Table S13. Total RNA 
was extracted by a MiniBEST Plant RNA Extraction Kit 
(TaKaRa, Dalian, China). cDNA synthesis was performed 
using a HiScript II 1st strand cDNA synthesis Kit with 
gDNA eraser according to the manufacturer’s instruc-
tions (Vazyme Biotech Co., Nanjing, China). All RT-
qPCR reactions were conducted in Bio-Rad CFX96 with 
a 20  µl reaction volume using Taq Pro Universal SYBR 
qPCR Master Mix (Vazyme Biotech Co., Nanjing, China). 
Melting curves were generated to confirm the absence 
of nonspecific products in the reaction. The expression 
levels were normalized via the 2‒ΔΔCT method, with the 
mRNA level of actin gene serving as the quantitative 
control. Three biological replicate samples were used for 
qRT-PCR analysis, and the reactions were performed in 
triplicate.
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