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Transcriptome andmetabolome
analyses reveal molecular
mechanisms of anthocyanin-
related leaf color variation in
poplar (Populus deltoides) cultivars
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Introduction: Colored-leaf plants are increasingly popular for their aesthetic,

ecological, and social value, which are important materials for research on the

regulation of plant pigments. However, anthocyanin components and the

molecular mechanisms of anthocyanin biosynthesis in colored-leaf poplar remain

unclear. Consequently, an integrative analysis of transcriptome andmetabolome is

performed to identify the key metabolic pathways and key genes, which could

contribute to themolecularmechanismofanthocyaninbiosynthesis in thecolored-

leaf cultivars poplar.

Methods: In this study, integrated metabolite and transcriptome analysis was

performed to explore the anthocyanin composition and the specific regulatory

network of anthocyanin biosynthesis in the purple leaves of the cultivars

‘Quanhong’ (QHP) and ‘Zhongshanyuan’ (ZSY). Correlation analysis between RNA-

seq data andmetabolite profileswere also performed to explore the candidate genes

associated with anthocyanin biosynthesis. R2R3-MYB and bHLH TFs with differential

expression levels were used to perform a correlation analysis with differentially

accumulated anthocyanins.

Results and discussion: A total of 39 anthocyanin compounds were detected by

LC-MS/MS analysis. Twelve cyanidins, seven pelargonidins, five delphinidins, and

fiveprocyanidinswere identifiedas themajor anthocyanincompounds,whichwere

differentially accumulated in purple leaves of QHP and ZSY. The major genes

associated with anthocyanin biosynthesis, including structural genes and

transcription factors, were differentially expressed in purple leaves of QHP and

ZSY through RNA-sequencing (RNA-seq) data analysis, which was consistent with

quantitative real-time PCR analysis results. Correlation analysis between RNA-seq

data and metabolite profiles showed that the expression patterns of certain

differentially expressed genes in the anthocyanin biosynthesis pathway were

strongly correlated with the differential accumulation of anthocyanins. One R2R3-

MYB subfamily member in the SG5 subgroup, Podel.04G021100, showed a similar

expressionpattern to somestructural genes. This genewas strongly correlatedwith
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Abbreviations: LC-MS/MS, Liquid chromatography–tand

TFs, Transcription factors; qRT-PCR, Quantitative real–

reaction; CHS, Chalcone synthase; CHI, Chalcone isom

hydroxylase; DFR, Dihydroflavonol 4-reductase; ANS, A

UFGT, Flavonoid 3-O-glucosyltransferase; MBW, MYB

complex; MS, Mass spectrometer; RT, Retention t

Metabolome Database; VIP, Variable importance of pro

component analysis; FPKM, Fragments per kilobase of

mapped fragments; DEGs, Differentially expressed gene

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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16 anthocyanin compounds, indicating that Podel.04G021100might be involved in

the regulationof anthocyanin biosynthesis. These results contribute to a systematic

and comprehensive understanding of anthocyanin accumulation and to the

molecular mechanisms of anthocyanin biosynthesis in QHP and ZSY.
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1 Introduction

Colored-leaf plants are naturally occurring, and the leaves of

cultivated species differ in color from the natural green in the entire

growing season. Leaf color is an important ornamental trait of

cultivated colored-leaf plants. The change in leaf color is strongly

associated with the synthesis and accumulation of anthocyanins in

leaves (Gao et al., 2021; Li et al., 2021). Anthocyanins, a subclass of

flavonoids, perform many biological functions in higher plants,

including responsibility for a variety of colors to act as insect and

animal attractants (Landi et al., 2015; Liu et al., 2018; Liang and He,

2018). Anthocyanins also act as sunlight attenuators, antioxidants,

mediators of reactive oxygen species-induced signaling cascades,

chelating agents for heavy metals, and delay leaf senescence in

plants (Naing and Kim, 2021; Zheng et al., 2021). Recent studies

have shown that anthocyanins could confer tolerance to low

temperature, drought and high salinity stress in plants (Zheng

et al., 2019; Cirillo et al., 2021; Naing and Kim, 2021). Moreover,

anthocyanins are important for the beneficial human-health effects

associated with anti-inflammatory, chemopreventive, and

antioxidant properties (Dharmawansa et al., 2020; Sirilun et al.,

2022). Anthocyanins are responsible for orange, red, magenta,

violet and blue colors. The biosynthetic pathway leading to

anthocyanin pigment accumulation in flowers or fruit has been

well characterized, and the structural genes encoding relevant

enzymes and transcriptional factors (TFs) have been isolated (Xie

et al., 2011; Vimolmangkang et al., 2013; Chaves-Silva et al., 2018;

Yan et al., 2021). The structural genes involved in anthocyanin

biosynthesis primarily include phenylalanine ammonia-lyase

(PAL), chalcone synthase (CHS), chalcone isomerase (CHI),

flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase

(DFR), anthocyanidin synthase (ANS), and flavonoid 3-O-

glucosyltransferase (UFGT) (Xie et al., 2011; Vimolmangkang
emmass spectrometry;

time polymerase chain
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et al., 2013; Chaves-Silva et al., 2018; Yan et al., 2021). These

genes have been well characterized in many species (Xie et al., 2011;

Vimolmangkang et al., 2013; Chaves-Silva et al., 2018; Yan et al.,

2021). In addition to glycosylation, modifications such as

methylation and acylation contribute to the structural diversity of

anthocyanins (Provenzano et al., 2014; Shi et al., 2014; Enaru

et al., 2021).

Transcription factors play critical roles in the regulation of plant

organ pigmentation (Ambawat et al., 2013; Cheng et al., 2014; Sagawa

et al., 2016; Liu et al., 2022). Anthocyanin accumulation is highly

regulated by TFs, in particular, by MYB, bHLH, and WD40 proteins

(Lin-Wang et al., 2010; Rouholamin et al., 2015; Chen et al., 2019). The

MYB TFs have the following two regions: (1) a conserved N-terminal

domain and (2) a diverseC-terminalmodulator region, responsible for

the regulatory activity of the protein. TheMYBTF family is subdivided

into four subfamilies: 1R-, R2R3-, 3R-, and 4R-MYB proteins

(Tombuloglu et al., 2013). Among these subfamilies, R2R3-MYB TFs

activate theflavonoidbiosynthetic pathway (Lin-Wanget al., 2010). To

date, severalMYBTFs involved in anthocyanin biosynthesis have been

identified in poplar, including PtrMYB116, PtrMYB117, PtrMYB118,

PtrMYB119, PtrMYB120, PtrMYB57, and PdMYB118 (Zhou et al.,

2018; Wang et al., 2019). The expression of genes associated with

anthocyanin biosynthesis is regulated by the MYB-bHLH-WD40

(MBW) protein complex. PtrMYB57 interacts with bHLH131 (a

bHLH TF) and PtrTTG1 (a WDR TF) to form the MBW complex

andbinds toflavonoid genepromoters, which inhibits the biosynthesis

of anthocyanin and proanthocyanidins in poplar (Wan et al., 2017).

PdMYB118 directly interacts with PdTT8 (a bHLH TF) to regulate

wound-induced anthocyanin biosynthesis in Populus deltoides (Wang

et al., 2020). In addition, several other families of TFs (bZIP, NAC,

MADS box, Dof, and WRKY) have been described as regulators of

anthocyanin biosynthesis in plants (Riechmann and Ratcliffe, 2000;

Sun et al., 2017).

Integration of transcriptome and metabolome analyses not only

enable the exploration of new functional genes and metabolites, but

also reveal complex molecular mechanisms of secondary metabolite

biosynthesis in plants (Carreno-Quintero et al., 2013; Delfin et al.,

2019). For example, based on transcriptomics and metabolomics,

flavonoid–anthocyanin biosynthetic genes were shown to exhibit

differential expression patterns between purple- and green-skinned

fruit of Ficus carica (Wang et al., 2017). Similarly, accumulation of

malvidin 3-O-glucoside and delphinidin 3-O-glucoside was correlated

with reddening of the peel of jujube (Ziziphus jujuba) fruit and

increased the expression levels of three UFGT genes (Liu et al.,

2022). Recently, a combined analysis of the fruit metabolome and
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transcriptome analysis revealed that six candidate genes (AaF3H,

AaLDOX, AaUFGT, AaMYB, AabHLH, and AaHB2) and seven

flavonoid compounds were closely associated with the pigmentation

of red- and green-fleshed cultivars of Actinidia arguta (Yu et al., 2020).

The flavonoid components and the corresponding molecular

mechanisms of colored-leaf cultivars of P. deltoides have been

explored using transcriptome, metabolome, and proteome analyses

(Chen et al., 2021; Tian et al., 2021a). Thus, an integrated metabolome

and transcriptome analysis is an effective approach for exploration of

anthocyanin components and the molecular mechanisms of

anthocyanin biosynthesis in purple leaves of the P. deltoides cultivars

‘Quanhong’ (QHP) and ‘Zhongshanyuan’ (ZSY).

Poplar is widely distributed throughout most subtropical

regions of the world. The trees exhibit rapid growth and strong

stress resistance, and are commonly used for timber, pulp, and

paper production (Bal, 2016; Zhuang et al., 2018; Zhuang et al.,

2019). In recent years, several types of colored-leaf poplars have

been cultivated from a green-leaf cultivar (‘L2025’) (Wang et al.,

2022), such as ‘Zhonghong’ (Zhuang et al., 2018), ‘Quanhong’

(QHP) (Zhang et al., 2014; Zhang et al., 2016), ‘Jinhong’

(Zhuang et al., 2018), ‘Caihong’ (Zhuang et al., 2018), and

‘Zhongshanyuan’ (ZSY) (Zhuang et al., 2021a). Recently, ZSY, a

valuable colored-leaf cultivar with green and purple leaves, has been

used to reveal the molecular regulatory mechanism of anthocyanin

biosynthesis (Zhuang et al., 2021b). However, most research on

anthocyanin biosynthesis has focused on fruit color (e.g., Rahim

et al., 2014; Honda and Moriya, 2018; Zong et al., 2019) and petal

color (e.g., Jiang et al., 2014; Han et al., 2020), and anthocyanin

biosynthesis in colored-leaf plants has been less thoroughly

researched. In the present study, we performed metabolome and

transcriptome analyses of the purple leaves of QHP and ZSY.

Differentially expressed genes (DEGs), including structural genes

and TFs involved in the regulation of anthocyanin biosynthesis,

were identified, and the expression patterns of selected DEGs were

verified using quantitative real-time PCR (qRT-PCR) analysis.

Correlation analysis between RNA-sequencing (RNA-seq) data

and metabolite profiling revealed that certain structural genes and

TFs were strongly correlated with quantitative changes in

anthocyanins. The data from this study improve understanding of

anthocyanin biosynthesis in purple leaves of QHP and ZSY at the

metabolic and molecular levels, and provide valuable information

for the development of new colored-leaf cultivars of poplar. Our

study aimed to explore the candidate genes associated with

anthocyanin biosynthesis in colored-leaf poplar, which also could

contribute to the understanding of molecular mechanisms in

anthocyanin biosynthesis of colored-leaf poplar, and the

cultivation of new varieties in colored-leaf plants.
2 Materials and methods

2.1 Plant material

QHP with bright purple leaves, L2025 with green leaves, and

ZSY with bright purple and green leaves were planted in the

experimental field of Nanjing Botanical Garden, Memorial Sun
Frontiers in Plant Science 03
Yat-Sen (32°3′N, 118°49′E). The fourth and fifth fully expanded

mature leaves were collected from two-year-old seedlings of QHP

(P) and L2025 (G), respectively. Fully expanded purple leaves (F_P)

and green leaves (F_G) from two-year-old ZSY seedlings were also

harvested. The leaf samples were immediately frozen in liquid

nitrogen and stored at −80°C until use for the determination of

chlorophyll, carotenoid, and anthocyanin contents, metabolite

detection, RNA-seq, and qRT-PCR analyses. Three independent

biological replicates were used for each experiment.
2.2 Chlorophyll, carotenoid, and
anthocyanin content analysis

The contents of chlorophyll, carotenoid, and anthocyanin of the

QHP, ZSY, and L2025 leaves were determined based on a previously

described method (Tian et al., 2021b). Fresh leaves were used to

measure total chlorophyll content based on the method described

by Wu et al. (2020). Leaf tissue (0.1 g) was ground into powder and

extracted in 5 mL of 95% ethanol at 50°C for 2 h. The mixture was

vortexed and centrifuged at 5,000 rpm for 5 min. The absorbance of

the supernatant was measured at 470, 649, and 665 nm using an

ultraviolet–visible spectrophotometer (Wu et al., 2020; Zhuang

et al., 2021b). Fresh leaves were used to determine the carotenoid

content in accordance with the method used by (Gao et al., 2021).

Approximately 100 mg of fresh leaf tissue were cut into pieces with

scissors, and extracted in 10 mL of 1% (v/v) HCl–ethanol at 60°C

for 30 min. The mixture was vortexed and centrifuged at 13,000 × g

for 5 min. The absorbance of the supernatant was measured at 530,

620, and 650 nm using an ultraviolet-visible spectrophotometer

(Gao et al., 2021).
2.3 Estimation of total anthocyanin content

The total anthocyanin content was determined in accordance

with the method of Xu et al. (2017) using functional leaves (the

third to fifth leaves from the main branches) of two-year-old

seedlings of QHP, ZSY, and L2025.
2.4 Metabolite profile analysis

Metabolite profiling of the extracted leaf samples was performed

using a liquid chromatography–tandem mass spectrometry (LC-MS/

MS) (Ma et al., 2006). Chromatographic separation of anthocyanin

metabolites was performed on an ACQUITY UPLC HSS T3 column

(100 mm × 2.1 mm, 1.8 µm), using a gradient elution of 0.1% formic

acid (SolutionA)with acetonitrile (SolutionB) at a flow rate of 0.2mL/

min and temperature of 40°C. The elution profile was set as follows:

80:20 VA/VB at 0 min, 80:20 VA/VB at 1 min, 25:75 VA/VB at 3 min,

25:75 VA/VB at 4 min, 80:20 VA/VB at 4.05 min, 80:20 VA/VB at

6.5min, and 80:20VA/VB at 7.5min. The injection volumewas 10mL.
A quadrupole-time-of-flight (TOF) tandem mass spectrometer

was operated in both positive and negative ion modes. The

optimized parameters were as follows: the ion source temperature
frontiersin.org
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500°C; ion spray voltage 5.5 kV (positive), −4.5 kV (negative); ion

sources gas1, ion sources gas2, and curtain gas were set at 50, 50,

and 35 psi, respectively. The collision gas and ion spray voltage were

set to medium and 4.5 kV, respectively. Data acquisition and

analysis were performed using Analyst Software (Sciex, Foster

City, CA, USA).
2.5 Qualitative and quantitative analysis
of metabolites

Data preprocessing was performed using Progenesis QI software

to obtain m/z values, retention time (RT), and peak intensity.

Metabolites were identified by searching and comparing the m/z

values, RT, and fragmentation patterns with standards in the

Human Metabolome Database (HMDB; http://www.hmdb.ca/) and

Metlindatabase (https://metlin.scripps.edu/). The variable importance

of projection (VIP) score of the orthogonal projections to latent

structures–discriminant analysis model was used to detect global

metabolic changes among comparable groups. Metabolites with a t-

test adjusted p-value (padj) ≤ 0.05 and VIP ≥ 1 were defined as

differential metabolites. The Bioconductor R package from on the

Majorbio Cloud Platform (https://cloud.majorbio.com) was used to

performmultivariate statistical analysis. An unsupervisedmethodwas

used to perform a principal component analysis (PCA).
2.6 RNA extraction, library construction,
and sequencing

Total RNA was extracted from the frozen leaf samples of each

poplar cultivar (QHP, ZSY, and L2025) using the EASYspin Plus

Plant RNA Kit (Aidlab, Beijing, China). The extracted RNA was

treated with DNase I (TaKaRa) to remove the contaminant DNA.

The Dynabeads™mRNA Purification Kit (Invitrogen) was used for

the purification of mRNA from total RNA. The purified mRNAs

were cleaved into small fragments and reverse-transcribed into first-

strand cDNAs with random hexamer primers. The double-stranded

cDNAs were synthesized using the NEBNext Ultra RNA Library

Prep Kit (NEB). Adaptors were added to the double-stranded

cDNAs, which were further fragmented and enriched by PCR to

construct the final cDNA libraries for Illumina paired-end

sequencing using an Illumina NovaSeq 600 platform.
2.7 Analysis of RNA-seq data

After trimming the adapter sequences and removing low quality

sequences, the clean reads were mapped to the P. deltoides reference

genome (https://www.ncbi.nlm.nih.gov/data-hub/genome/

GCA_015852605.2/) and assembled using Hisat2 and StringTie,

respectively. The obtained transcripts were annotated using eight

databases (Nr, Nt, GO, Swiss-Prot, COG, KOG, Pfam, and KEGG).

Gene expression levels were calculated and normalized using

fragments per kilobase of transcript per million mapped

fragments (FPKM). The DEGs between two groups were analyzed
Frontiers in Plant Science 04
using the DESeq R package. A false discovery rate (padj) ≤ 0.05 and |

log2(fold change)| ≥ 1 were used as the criteria to identify significant

DEGs (Ali and Bhaskar, 2016). In addition, gene ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of

DEGs were performed using the DAVID and KOBAS online tools,

respectively. The RNA-seq dataset is available from the Gene

Expression Omnibus (accession no. GSE216754).
2.8 Correlation analysis of metabolite and
transcriptome profiling

Pearson’s correlation analysis was conducted by calculating the

correlation coefficient between anthocyanin content and the

expression of DEGs enriched in the flavonoid–anthocyanin

biosynthesis pathway (ko00941 and ko00942). Furthermore,

R2R3-MYB and bHLH TFs with differential expression levels

were used to perform a correlation analysis with differentially

accumulated anthocyanins. Interaction networks between DEGs

and differentially accumulated anthocyanins were visualized using

Cytoscape 2.8.2 (Cho et al., 2016).
2.9 qRT-PCR analysis

The differential expression patterns of selected structural genes

and TFs in the anthocyanin biosynthesis pathway, as detected from

the RNA-seq data, were investigated using qRT-PCR (Kodama

et al., 2018). The Actin gene was used to normalize the gene

expression levels in all groups (Wang et al., 2015). The relative

expression level for each gene was calculated using the 2−DDCt

method. Three technical replicates and three biological replicates

were analyzed for each sample. All primers used in this study are

listed in Supplementary Table 1.
2.10 Statistical analysis

Heatmap analysis, PCA, and multiple-testing of metabolome

and transcriptome data were conducted using R software. Results

are expressed as the mean ± standard deviation (SD). The calculated

p-value was calibrated by false discovery rate (FDR) correction.
3 Results

3.1 Pigment constituents in leaves of QHP
and ZSY

To detect the pigment constituents in purple leaves of QHP and

ZSY, the contents of total chlorophyll (Chl-a and Chl-b), carotenoids,

and anthocyanins in leaves of L2025, QHP, and ZSY were measured

(Figures 1A, B). The Chl-a, Chl-b, and carotenoid contents of L2025

leaves (G) were 2.85, 1.54, and 1.50 times those of QHP leaves (P),

respectively, and the anthocyanin content of QHP leaves (P) was

14.82 times that of the L2025 leaves (G) (Figures 1C–E). The Chl-a,
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Chl-b, and carotenoid contents of ZSY green leaves (F_G) were 1.70,

1.54, and 1.71 times those of ZSY purple leaves (F_P), whereas the

anthocyanin content of ZSY purple leaves was 15.69 times that of

ZSY green leaves (Figures 1C–E and Supplementary Table 2). These

results indicated that the purple color of the leaves may have been

caused by anthocyanin accumulation.
3.2 Anthocyanin contents in leaves of
different colors

To further explore the anthocyanin components and the

corresponding molecular mechanisms of anthocyanin biosynthesis

in purple leaves of QHP and ZSY, the same leaf samples, comprising

the green leaves of L2025 and ZSY (G and F_G), and the purple leaves
Frontiers in Plant Science 05
of QHP and ZSY (P and F_P), were used for metabolite and

transcriptome analysis. Metabolite profiling of the leaves (G, P, F_G,

and F_P) was performed using LC-MS/MS analysis. A total of 39

anthocyanin metabolites were identified: 12 cyanidins, 7

pelargonidins, 5 delphindins, 5 procyanidins, 4 malvidins, 2

petunidins, 2 peonidins, 1 pseudopurpurin, and 1 gentisin (Table 1).

The PCA showed clear separation of the sample groups. Among the

leaf samples, 90.6%of the total variancewas explained byPC1 (61.7%),

PC2 (16%), and PC3 (12.9%) (Figure 2A). The PCA revealed lower

variability among the biological replicates. To identify anthocyanin

compounds that were differentially accumulated between the purple

and green leaves, the anthocyanins from the leaf samples were

subjected to comparative analysis according to their relative

contents: P vs. G and F_P vs. F_G. The comparison between F_P

andF_Gshowed that22anthocyanins increased,whereas11decreased
A B

D EC

FIGURE 1

Morphological phenotype and pigment constituents of Populus deltoides ‘Quanhong’ (QHP), ‘Zhongshanyuan’ (ZSY), and ‘L2025’. (A) Morphological
phenotype of QHP and L2025; P, purple leaves of QHP; G, green leaves of L2025. (B) Morphological phenotype of ZSY; F_P and F_G, purple leaves and
green leaves, respectively. (C) Chlorophyll content in leaves of QHP, ZSY, and L2025. (D) Carotenoid content in the leaves of QHP, ZSY, and L2025.
(E) Anthocyanin content in leaves of QHP, ZSY, and L2025. Data are presented as the mean ± SD (N = 3). **p < 0.001 (Student’s t-test).
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TABLE 1 List of anthocyanins in poplar leaves identified by metabolome analysis.

Type Name Q1 [Da] RT [min] QC1 QC2 QC3 F_G F_P G P

Cyanidin

Cyanidin 3-O-malonylhexoside 535.1 3.739 121900000 134100000 125700000 0.02 0.33 0.07 0.92

Cyanidin O-malonyl-malonylhexoside 621.1 3.663 84270000 84090000 72600000 0.58 0 0.36 0

Cyanidin chloride 303.1 3.424 78470 75950 73200 0.02 0.64 0.01 0.51

Cyanidin 3-O-glucosyl-malonylglucoside 697.1 3.745 387800 407000 390400 0.01 0.27 0.9 0.37

Keracyanin chloride 611.1 1.561 62240 61760 59120 0.02 0.54 0.1 0.87

Cyanidin O-syringic acid 465.1 1.555 4195000 4534000 4184000 0 0.2 0 0.76

Cyanidin O-diacetyl-hexoside-O-glyceric acid 619.1 3.768 19720000 19680000 19700000 0.02 0.9 0.03 0.6

Cyanidin O-acetylhexoside 489.1 3.739 111300000 105700000 98630000 0.06 0.21 0.01 0.86

Cyanidin O-rutinoside 595.17 1.525 83530 97370 93900 0.12 0.24 0.59 0.34

Cyanidin 3-O-glucoside 465.1 1.614 1456000 1521000 1699000 0.03 0.6 0.01 0.5

Idaein chloride 465.1 1.56 3820000 3825000 3419000 0.02 0.45 0.01 0.82

Cyanin chloride 627.1 1.37 28220 25150 24270 0.37 0.74 0.79 0.12

Pelargonidin

Pelargonidin 3-O-malonylhexoside 519.1 3.795 25910000 28140000 23440000 0.01 0.4 0.01 0.65

Pelargonidin 3-O-malonyl-malonylhexoside 605.1 1.129 42990 47810 34960 0.01 0.44 0 0.89

Pelargonin chloride 611.1 1.544 94960 102600 91110 0.01 0.38 0 0.78

Pelargonidin chloride 287 3.773 7090 5343 3217 0.04 0.12 0.72 0.18

Pelargonidin O-acetylhexoside 473.1 3.803 5696000 5660000 5964000 0.85 0 0.31 0.26

Callistephin chloride 449.1 1.647 564000 573700 612600 0.05 0.41 0.1 0.79

Ferulylpelargonidin di-O-hexosyl-O-pentosid 919 3.599 3531 3536 2248 0.03 0.05 0.82 0.35

Peonidin
Peonidin chloride 317.1 3.812 77660 75180 67660 0 0.4 0 0

Peonidin O-hexoside 463.123 3.646 136600000 141200000 151200000 0 0.21 0 0.74

Malvidin

Malvidin 3-galactoside chloride 509.1 1.719 37630 36760 37880 0 0.89 0.08 0.52

Malvidin O-hexoside 493.1 1.734 10240 7730 6349 0.83 0.74 0.12 0.06

Malvidin 3,5-diglucoside 655.2 1.721 192000 187300 164300 0.59 0.29 0.5 0.2

Malvidin chloride 347.1 3.812 5987 7555 5333 0.03 0.59 0.02 0.69

Delphinidin

Delphinidin chloride 319 4.797 2619 3135 3109 0 0.08 0.76 0.02

3,3’,4’,5,5’,7,8-Heptahydroxyflavone 366.892 1.018 1230 2130 2333 0.01 0.2 0.03 0.91

Myrtillin chloride 481.1 1.483 73020 72930 76280 0.02 0.89 0 0.89

Delphinidin O-malonylhexoside 551.1 3.661 1231000 1359000 1394000 0.07 0.92 0.01 0.66

Delphinidin 3-sophoroside-5-rhamnoside 773 3.547 766600 767800 842300 0.02 0.65 0.16 0.94

Petunidin
Petunidin 3-O-rutinoside 625.3 3.538 76650000 73980000 79850000 0.1 0.77 0.01 0.58

Petunidin-3-O-glucoside chloride 495.1 1.576 5880 6644 8018 0.09 0.36 0.43 0.68

Gentisin 290.892 4.514 39910 22200 21390 0.11 0.13 0.02 0.96

Pseudopurpurin 332.892 3.496 41060 49740 47530 0.53 0.14 0.94 0.07

Procyanidin

Procyanidin A3 577.1 1.996 1135000 1119000 1206000 0.09 0.35 0.71 0.39

Procyanidin A1 577 1.9 543300 595700 532500 0.01 0.86 0.21 0.47

Procyanidin A2 577 2.001 514600 509300 510200 0.67 0.43 0.32 0.28

Procyanidin B2 577.135 1.895 4912000 4514000 4709000 0.46 0.58 0.42 0.36

Procyanidin B3 577.1 1.908 4619000 4819000 5044000 0.04 0.84 0.24 0.44
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(Figure 2B). BetweenP andG, 24 anthocyanins increased,whereas two

decreased (Figure 2C). In particular, 22 differentially accumulated

anthocyanins, including 20 upregulated anthocyanins (7 cyanidins, 5

procyanidins, 2 delphinidins, 2 pelargonidins, 2 peonidins, 1malvidin,

and 1 pseudopurpurin) and two downregulated anthocyanins

(cyanidin and malvidin O-hexoside), were detected in both

comparisons P vs. G and F_P vs. F_G (Supplementary Table 3).
3.3 Correlation analysis of metabolites

Correlation heat maps were constructed from the differential

anthocyanin metabolites detected from the comparisons P vs. G and

F_P vs. F_G (Figure 3). Of 741 pairwise correlations from 39

anthocyanin metabolites, 367 positive (yellow to red) and 95

negative (yellow to blue) correlations (altogether approximately

62.3% of the total) were observed for P vs. G (Figure 3A), and 297

positive and 142 negative correlations (altogether approximately

69.2% of the total) were observed for F_P vs. F_G (Figure 3B).

Significant changes in metabolite–metabolite correlations (both
Frontiers in Plant Science 07
positive and negative) were observed between P vs. G and F_P vs.

F_G. This in turn showed that adjustments in the branches of the

anthocyanin metabolic pathway occurred during the development of

purple leaves in QHP and ZSY. In P vs. G, 31.51% of 367 positive

correlations and 47.91% of 95 negative correlations were for

procyanidins, and cyanidins–other anthocyanins correlations,

respectively. 33.67% of 297 positive correlations and 43.26% of 142

negative correlations were for procyanidins, and cyanidins–other

anthocyanins correlations, respectively, that were observed in F_P

vs. F_G (Supplementary Table 4). These results indicated that

procyanidins and cyanidins were the main contributors to the

differences in accumulated anthocyanin metabolites between QHP

and ZSY.
3.4 Transcriptome analysis of green and
purple leaves

To explore the molecular regulatory mechanisms of anthocyanin

biosynthesis during the development of purple leaves of QHP and
A

B C

FIGURE 2

Principal component analysis (PCA) and differential accumulation of anthocyanin metabolites in leaves of Populus deltoides ‘Quanhong’ (QHP) and
‘Zhongshanyuan’ (ZSY). (A) PCA scatterplot of the contents of anthocyanin compounds. (B, C) represent heat maps of the differential accumulation
of anthocyanin metabolites in the F_P vs F_G and P vs G comparison groups, respectively. P, purple leaves of QHP; G, green leaves of L2025; F_P
and F_G, purple leaves and green leaves of ZSY, respectively. Red and green shading represent high and low contents of anthocyanins, respectively.
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ZSY, 12 cDNA libraries were constructed from the same samples

used for metabolite analysis to enable high-throughput RNA-seq

(Supplementary Table 5). In total, 535,787,836 raw reads in the range

of 42,021,546–46,112,070 and 510,395,564 clean reads in the range of

41,235,222–44,584,822 were obtained for each library

(Supplementary Table 6). The Q30 percentage and average GC

content percentages were more than 97% and 43.93% for the

libraries, respectively. Overall, 80.23%–92.71% of the clean reads

were mapped to the genome of P. deltoides for each library. Thus,

32,819, 32,704, 34,047, 32,331, 32,321, 32,337, 34,290, 34,098, 33,214,

33,014, 33,300, and 32,998 genes for each library were identified.

These results demonstrated that the RNA-seq data were of high

quality and suitable for subsequent analyses.
Frontiers in Plant Science 08
3.5 Differentially expressed genes

To identify the DEGs between the purple and green leaves of

QHP, L2025, and ZSY, the correlation coefficients (r) between the

purple and green leaves for the repeated samples of QHP, L2025, and

ZSY were computed based on the FPKM value of all transcripts in

each sample. The r values between the biological replicates of the four

poplar leaf samples were all greater than 0.9 (Figure 4A). The samples

were scattered among the four different groups and clustered within

the same group, which indicated that the biological replicates could

be further used for the detection of DEGs (Figures 4B, C). Based on

pairwise comparisons with fold change ≥ 1 and FDR ≤ 0.05, 8,217

(2,005 upregulated and 6,212 downregulated) and 11,484 (5,041
A

B

FIGURE 3

Visualization of metabolite–metabolite correlations. (A) Heat map of pairwise correlations between metabolites identified in the F_P vs F_G
comparison group. (B) Heat map of pairwise correlations between metabolites identified in the P vs G comparison group. Each square indicates a
given r value resulting from a Pearson correlation analysis in a false color scale (red and blue indicate positive and negative correlations,
respectively). The self-comparisons are indicated in white.
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upregulated and 6,643 downregulated) DEGs were identified in F_G

vs. F_P and P vs. G, respectively (Figure 4D).

A GO enrichment analysis was performed to explore the

biological functions of DEGs using Blast2GO. A total of 2,345

(F_G vs. F_P) and 3,297 (G vs. P) DEGs were clustered into 83 and

69 functional groups, respectively (Supplementary Table 7). The

highest-ranked significant GO terms in the enrichment analysis for

the DEGs in F_P vs. F_G and P vs. G were classified into three GO

categories: 11 and 11 in the biological process category, 4 and 7 in

the cellular component category, and 35 and 32 in the molecular

function category, respectively (Figures 4E, F). Among biological

processes, the most enriched terms were microtubule-based

movement, microtubule-based process, and cellular carbohydrate

metabolic process. In the cellular component category, the cell wall,

external encapsulating structure, and cell periphery were the most

represented GO terms. For the molecular function category, the

most enriched terms were hydrolase activity acting on acid

anhydrides, hydrolase activity hydrolyzing O-glycosyl compounds,

and hydrolase activity acting on glycosyl bond catalytic, binding,

and transporter activities.

To further explore the DEGs involved in the metabolic

pathways, a KEGG pathway analysis was performed. A total of

1,158 (F_P vs. F_G) and 1,818 (P vs. G) DEGs were assigned to 121
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KEGG pathways (Supplementary Table 8). The 50 highest-ranked

significant KEGG pathways were classified into five categories:

metabolism, genetic information processing, cellular processes,

environmental information processing, and organismal systems.

Among these pathways, the five metabolic pathways with the largest

number of DEGs were annotated using the KEGG database in two

pairwise comparisons: F_P vs. F_G and P vs. G (Figures 5A, B). The

five metabolic pathways with the largest number of DEGs from F_P

vs. F_G were plant hormone signal transduction (pop04075, 89

genes), phenylpropanoid biosynthesis (pop00940, 78 genes), carbon

metabolism (pop01200, 69 genes), starch and sucrose metabolism

(pop00500, 61 genes), and plant–pathogen interaction (pop04626,

60 genes). For the comparison of P vs. G, plant–pathogen

interaction (pop04626, 113 genes), plant hormone signal

transduction (pop04075, 112 genes), phenylpropanoid

biosynthesis (pop00940, 92 genes), starch and sucrose metabolism

(pop00500, 72 genes), and amino sugar and nucleotide sugar

metabolism (pop00520, 65 genes) were the most highly enriched

pathways. Notably, plant hormone signal transduction (pop04075),

phenylpropanoid biosynthesis (pop00940), starch and sucrose

metabolism (pop00500), and plant–pathogen interaction

(pop04626) were present among the significantly enriched

pathways in both F_P vs. F_G and P vs. G (Figures 5C, D).
A B

D E F

C

FIGURE 4

Identification and gene ontology enrichment of differentially expressed genes (DEGs) identified in leaves of Populus deltoides ‘Quanhong’ (QHP) and
‘Zhongshanyuan’ (ZSY). (A) Correlation of all samples. A correlation analysis between the samples was performed to estimate biological duplication
among samples within a group. (B) Volcano plot of DEGs between F_P and F_G. (C) Volcano plot of DEGs between P and G. The two vertical dotted
lines are twice the difference threshold, and the horizontal dotted line represents a p-value of 0.05. Red dots indicate the upregulated genes in this
group, blue dots indicate the downregulated genes in this group, and black dots indicate the non-significantly differentially expressed genes. (D)
Number of DEGs identified in F_P vs F_G and P vs G. (E) Gene ontology enrichment of DEGs in F_P vs F_G. (F) Gene ontology enrichment of DEGs
in P vs G.
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3.6 DEGs involved in regulation of
anthocyanin biosynthesis in colored leaves

The DEGs encoding key enzymes involved in anthocyanin

biosynthesis were identified based on gene functional annotation

and KEGG pathway enrichment analysis (Figure 6 and

Supplementary Table 9). As a result, 28 DEGs (four CHS, three

FLS, four F3H, two F3’H, two F3’5’H, one DFR, four ANS, and eight

UFGT genes) were detected in F_P vs. F_G. Among these genes,

three CHS, two FLS, one F3’H, one F3’5’H, one DFR, two ANS, and

five UFGT genes were significantly upregulated in F_P vs. F_G. The

remaining DEGs were downregulated in F_P vs. F_G. Thirty-three

DEGs (seven CHS, three FLS, three F3H, three F3’H, two F3’5’H,

one DFR, five ANS, and nine UFGT genes) were detected in P vs. G.

Among these genes, five CHS, three FLS, two F3’H, one DFR, one

ANS, and four UFGT genes were significantly upregulated in P vs.

G. The remaining DEGs were downregulated in the P vs. G group.

In addition, 11 DEGs, comprising three CHS (PdeCHS1, PdeCHS2,

and PdeCHS7), two FLS (PdeFLS3 and PdeFLS4), one F3’H

(PdeF3’H1), one DFR (PdeDFR), one ANS (PdeANS3), and three
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UFGT genes (PdeUFGT3, PdeUFGT4, and PdeUFGT5), were

significantly upregulated in F_P vs. F_G and P vs. G.

It is well known that MYB, bHLH, and WD40 TFs play

important roles in regulating anthocyanin biosynthesis. In

addition, AP2/ERF, bZIP, WRKY, and Dof TFs are associated

with anthocyanin biosynthesis. In this study, seven TF families

were detected as differentially expressed in the RNA-seq data

(Figure 7 and Supplementary Table 10). A total of 75 MYB, 39

bHLH, 26 WRKY, 52 AP2, 22 Dof, 20 bZIP, and one WD40 TFs

were differentially expressed in the comparison group of F_P vs.

F_G. Among these TFs, 11 MYB, 5 bHLH, 6 WRKY, 6 AP2, 11

bZIP, and 1 Dof exhibited similar expression patterns as the

structural genes in the anthocyanin biosynthesis pathway, which

were increased in purple leaves of ZSY. Seventy-six MYB, 34

bHLH, 20 WRKY, 46 AP2, 21 Dof, 1 bZIP, and 1 WD40 TFs

exhibited the opposite expression pattern to most structural genes

in the anthocyanin biosynthesis pathway, which decreased in

purple leaves of ZSY. Moreover, 76 MYB, 37 bHLH, 12 WD40,

30 WRKY, 38 AP2, 20 Dof, and 23 bZIP TFs were differentially

expressed in the comparison group of P vs. G. Among these TFs,
A B

DC

FIGURE 5

KEGG analysis of the differentially expressed genes (DEGs) in different comparison groups. (A) KEGG pathway assignment of the DEGs in F_P vs. F_G
(top 50 pathways according to the enrichment factor). (B) KEGG pathway assignment of the DEGs in P vs. G (top 50 pathways according to the
enrichment factor). The vertical axis represents the enriched KEGG pathways, and the horizontal axis represents the number of DEGs in each
pathway. (C) Significantly enriched KEGG pathways (P < 0.05) from DEGs in F_P vs F_G. (D) Significantly enriched KEGG pathways (P < 0.05) from
DEGs in P vs G The red frames indicated the phenylpropanoid and flavonoid biosynthesis pathways.
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19 MYB, 13 bHLH, 6 WD40, 6 WRKY, 6 AP2, and 12 bZIP TFs

showed expression patterns consistent with most anthocyanin

biosynthetic structural genes, which increased in the leaves of

QHP. In contrast, 57 MYB, 24 bHLH, 24 WRKY, 32 AP2, 20 Dof,

11 bZIP, and 6 WD40 TFs exhibited the opposite expression

pattern to most anthocyanin biosynthetic structural genes, which

increased in the leaves of L2025. To explore the function of

differentially expressed MYB TFs, an unrooted phylogenetic tree

of MYBs, including the differentially expressed MYBs in P.

deltoides and Arabidopsis MYBs, was constructed. Two P.

deltoides MYBs (Podel.06G234300 and Podel.04G021100)

belonging to the SG5 subgroup of R2R3-MYB TFs were

identified (Figure S1).
3.7 Validation of expression pattern of
DEGs in the anthocyanin biosynthesis
pathway by qRT-PCR

To verify the expression pattern of DEGs involved in

anthocyanin biosynthesis, 12 structural genes encoding key

enzymes (three CHS, one F3H, one F3’H, one DFR, one CHI, one

ANS, and three UFGT) and two TFs (two SG5 R2R3-MYB TFs)

were subjected to qRT-PCR analysis. The qRT-PCR results showed

that the expression pattern of all the selected candidate genes was
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strongly correlated with the RNA-seq data (Figure 8 and

Supplementary Table 11).
3.8 Correlation between DEGs and
anthocyanin compounds

To further explore the complex regulatory mechanism of

anthocyanin biosynthesis in the leaves of colored-leaf poplar,

correlation analysis of quantitative changes in anthocyanin content

and related DEGs in the leaves of colored-leaf poplar was performed

(Figure 9). Based on the detected differentially accumulated

metabolites and DEGs involved in anthocyanin biosynthesis, 10

structural genes displayed a significant positive correlation (r > 0.8)

with 28 anthocyanins (Supplementary Table 12). The corresponding

interaction networks are shown in Figure 9A. The 10 structural genes,

comprising three CHS, one F3H, one F3’H, one DFR, one ANS, and

three UFGT, played a pivotal role in the anthocyanin biosynthesis

pathway. The 28 anthocyanins were cyanidinO-diacetyl-hexoside-O-

glyceric acid, cyanin chloride, delphinidin 3-sophoroside-5-

rhamnoside, myrtillin chloride, cyanidin 3-O-glucoside, cyanidin O-

malonyl-malonylhexoside, cyanidin O-syringic acid, cyanidin

chloride, pseudopurpurin, idaein chloride, malvidin O-hexoside,

procyanidin B2, procyanidin B3, pelargonin chloride, procyanidin

A2, keracyanin chloride, cyanidin O-rutinoside, cyanidin 3-O-
FIGURE 6

Differentially expressed genes (DEGs) involved in the anthocyanin biosynthesis pathway. Common anthocyanins detected in this study are indicated
in gray. Red and green colors indicate a higher or lower expression level of DEGs. Abbreviations: CHS, chalcone synthase; FLS, flavonol synthase;
CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonol 3′-hydroxylase; F3′5′H, flavonol 3′5′-hydroxylase; DFR, dihydroflavonol 4-
reductase; ANS, anthocyanidin synthase; UFGT, flavonoid-3-O-glycosyltransferase.
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g lu co sy l -ma lony lg l ucos id e , ma l v id in 3 -ga l a c t o s id e ,

ferulylpelargonidin di-O-hexosyl-O-pentoside chloride, peonidin,

chloride, procyanidin A1, procyanidin A3, pelargonidin O-

acetylhexoside, pelargonidin 3-O-malonylhexoside, cyanidin O-

acetylhexoside, cyanidin 3-O-malonylhexoside, and peonidin O-

hexoside (Figure 9A). Correlations between the differentially

expressed MYBs, bHLHs, and differentially accumulated metabolites

showed that 10MYB and 10 bHLHTFs exhibited a significant positive

correlation with 36 and 30 anthocyanins, respectively (r > 0.8)
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(Figures 9B, C; Supplementary Tables 13, 14). As crucial regulators

of plant anthocyanin biosynthesis, the two R2R3-MYB TFs of the SG5

subgroup (Podel.06G234300 and Podel.04G021100), based on

phylogenetic analysis and gene function annotation, were

significantly positively correlated with six anthocyanins (malvidin 3-

galactoside chloride, peonidin O-hexoside, pelargonidin O-

acetylhexoside, pelargonidin 3-O-malonylhexoside, cyanidin 3-O-

malonylhexoside, and cyanidin chloride) and 16 anthocyanins

(procyanidin A1, procyanidin A2, procyanidin A3, procyanidin B2,
A

B

FIGURE 7

Transcription factors (TFs) differentially expressed in leaves of different poplar cultivars based on the RNA-seq data. (A) Number of TFs with a
differential expression pattern in F_P vs F_G. (B) Number of TFs with differential expression pattern in P vs G. Blue and red columns indicate down-
and up-regulated TFs, respectively. P, purple leaves of ‘Quanhong’ (QHP); G, green leaves of ‘L2025’; F_P and F_G, purple leaves and green leaves of
‘Zhongshanyuan’ (ZSY), respectively.
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procyanidin B3, cyanin chloride, cyanidin O-rutinoside, cyanidin O-

acetylhexoside, cyanidin 3-O-glucoside, cyanidin O-malonyl-

malonylhexoside, keracyanin chloride, ferulylpelargonidin di-O-

hexosyl-O-pentoside, pelargonidin 3-O-malonylhexoside, malvidin

3-galactoside chloride, peonidin chloride, and pseudopurpurin),

respectively. The strong correlation of Podel.04G021100 with

procyan id in and cyan id in ind i ca t ed tha t one MYB

(Pode l . 0 4G021100 ) may be invo l v ed in r e gu l a t i ng

anthocyanin biosynthesis.
Discussion

The different colors of plant organs depend on the relative

content and distribution of the three types of pigments (chlorophyll,
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carotenoids, and anthocyanins) (Baek et al., 2012; Sousa, 2022). A

previous study reported that a high ratio of anthocyanins relative to

the other two pigments (chlorophyll and carotenoids) was detected

in a colored-leaf cultivar of P. deltoides (‘Caihong’, CHP) (Zhuang

et al., 2019). Tian et al. (2021b) proposed a pigmentation

mechanism in JHY by which carotenoids and anthocyanins

overlay each other and are combined with a reduction in

chlorophyll content, thus causing the golden color of the leaves

(Tian et al., 2021a). However, the anthocyanin components and the

molecular mechanisms of anthocyanin biosynthesis in colored-leaf

cultivars of P. deltoides QHP and ZSY remained unclear

(Figures 1A, B). The present results showed that the contents of

chlorophyll and carotenoid in P and F_P were significantly lower

than those in G and F_G (Figures 1C, D and Supplementary

Table 2). The anthocyanin content in purple leaves of QHP and
A B D
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FIGURE 8

Transcription levels of anthocyanin biosynthesis genes and two anthocyanin regulation MYB TFs as determined by qRT- PCR. Relative expression
levels were calculated using Actin2 as a standard. Three biological replicates and three technical replicates were analyzed for each data point. Data
are presented as the mean ± SD (N = 3). (A–L) indicate the expression levels of PdeCHS1, PdeCHS2, PdeCHS3, PdeF3H2, PdeF3’H1, PdeDFR,
PdeANS3, PdeUFGT4, PdeUFGT5, PdeUFGT9, PdeMYB1, and PdeMYB2. F_P and F_G, purple leaves and green leaves of ‘Zhongshanyuan’ (ZSY),
respectively; P, purple leaves of ‘Quanhong’ (QHP); G, green leaves of ‘L2025’.
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ZSY (P and F_P) was significantly higher than that in green leaves

of L2025 and ZSY (G and F_G) (Figure 1E and Supplementary

Table 2). These results suggested that anthocyanins were the main

contributor to the purple leaf phenotype, which was consistent with

previous findings (Zhang et al., 2016). In the present study,

integrated metabolite and transcriptome profiling revealed the

anthocyanin composition and identified DEGs involved in

anthocyanin biosynthesis in purple leaves of QHP and ZSY.

Thirty-nine anthocyanin compounds were identified in the

leaves of QHP and ZSY based on metabolite profile analysis

(Table 1 and Figure 2). Over 61.5% of these compounds were

cyanidins, pelargonidins, and delphindins, which was consistent

with previous findings by Ni et al. (2021). Moreover, the contents of

most differential anthocyanin metabolites were upregulated in both

F_P vs. F_G and P vs G (Figures 2B, C), suggesting that the

accumulation of anthocyanins systematically provided a strong
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basis for the development of purple leaves in colored-leaf

cultivars of P. deltoides, which was consistent with a previous

study (Tian et al., 2021b). Tian et al. (2021b) detected 13

anthocyanin metabolites in ‘golden leaf mutant poplar variety’

(JHY) and QHP, and phenylpropanoid biosynthesis-related genes

and three MYB TFs involved in anthocyanin biosynthesis were also

identified. The structural genes and TFs involved in anthocyanin

biosynthesis have been identified in genetic analyses of model

plants, such as apple, grape, and peach (Cheng et al., 2014; Xu

et al., 2017; Zhang et al., 2017; Honda and Moriya 2018). To date,

the molecular mechanism of anthocyanin accumulation in colored-

leaf poplar cultivars (QHP and ZSY) has not been studied in detail.

In the present study, 15 and 16 DEGs encoding key enzymes for

anthocyanin biosynthesis were upregulated in F_P vs. F_G and P vs.

G, respectively (Figure 6 and Supplementary Table 9), which was

consistent with the results of a previous study (Chen et al., 2021). In
A
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FIGURE 9

Connection network between anthocyanin biosynthesis-related differentially expressed genes (DEGs) and differentially accumulated anthocyanin
metabolites in leaves of different poplar cultivars. (A) Connection network between anthocyanin biosynthesis structural genes and anthocyanin
metabolites. (B) Connection network between MYB transcription factor genes and anthocyanin metabolites. (C) Connection network between bHLH
transcription factor genes and anthocyanin metabolites. The red ellipsoid represents DEGs; the yellow ellipsoid represents differentially accumulated
anthocyanins; the red ellipsoid with the black triangle represents the MYB transcription factor Podel.04G021100.
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a previous study, 15 and 11 DEGs involved in anthocyanin

biosynthesis were screened in QHP and ‘Xuanhong’, respectively,

and three TFs (HY5, HYH, and TTG2) may be directly associated

with anthocyanin biosynthesis in both red-leaved poplars based on

the results of a combined transcriptome and proteome analysis

(Chen et al., 2021). The enzyme UFGT is essential for maintaining

proper production quantity, acylation, and glucosylation of

anthocyanin (Muhammad et al., 2022). In the present study, three

UFGT genes were significantly upregulated in both F_P vs. F_G and

P vs. G, which was consistent with the results of the metabolite

profile analysis and the expression pattern of most DEGs

(Figure 6 and Supplementary Table 9), indicating that these

UFGT genes might be involved in catalyzing the formation of

glycosylated anthocyanins.

Anthocyanin biosynthesis is regulated by several TFs belonging

to different families, such as MYB, bHLH, WD40, AP2/ERF, bZIP,

WRKY, and Dof (Rameneni et al., 2020; Yuan et al., 2020). In the

current study, 5 MYB, 3 bHLH, 17 AP2/ERP, and 1 WD4 TFs

showed the same expression pattern as most structural genes

involved in anthocyanin biosynthesis, which were upregulated in

both F_P vs. F_G and P vs G (Figure 7 and Supplementary

Table 10). This result demonstrated that these TFs play positive

regulatory roles in anthocyanin biosynthesis. In contrast, 33 MYB,

21 bHLH, 17 AP2/ERP, 6 bZIP, and 7WRKY exhibited the opposite

expression patterns to most structural genes involved in

anthocyanin biosynthesis, which were downregulated in both F_P

vs F_G and P vs G (Figure 7 and Supplementary Table 10). This

result demonstrated that these TFs play negative regulatory roles in

anthocyanin biosynthesis. Phylogenetic analysis showed that two

MYB TFs, Podel.06G234300 and Podel.04G021100, belonged to the

SG5 subgroup of R2R3-MYB TFs (Figure S1). Members of the SG5

subgroup in Arabidopsis are involved in regulating anthocyanin and

proanthocyanidin biosynthesis (Schwinn et al., 2016).

A correlation of RNA-seq analysis and metabolite profiling

confirmed that the expression patterns of certain structural genes

and TFs were significantly correlated with the production of some

anthocyanins (Figure 9 and Supplementary Tables 12–14),

suggesting that these genes were the primary contributors to

anthocyanin accumulation in purple leaves of QHP and ZSY. In

particular, one R2R3-MYB TF (Podel.04G021100) belonging to the

SG5 subgroup was significantly positively correlated with 16

anthocyanins. Moreover, Podel.04G021100 showed a similar

correlation pattern with three CHS, one F3H, one F3’H, one DFR,

one ANS, and three UFGT genes, which were significantly

upregulated in purple leaves of QHP and ZSY (P and F_P). Based

on the phylogenetic analysis, the ortholog of Podel.04G021100 was

Arabidopsis AtMYB123 (TT2) (Figure S1). Arabidopsis AtMYB123

(TT2) primarily regulates the expression of DFR and ANR to

catalyze the formation of anthocyanins and proanthocyanidins (Li

et al., 2019; Zhao et al., 2019). Overall, Podel.04G021100 was a key

regulator of anthocyanin and proanthocyanidin biosynthesis in

purple leaves of QHP and ZSY.
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Conclusion

In this study, the constituents and kinetic pattern of

anthocyanin accumulation and differentially expressed

anthocyanins were detected in the leaves of QHP, ZSY, and

L2025 plants. Some differentially expressed structural genes and

TFs associated with anthocyanin biosynthesis were identified and

verified by qRT-PCR (TDKodama et al., 2018; Xi et al., 2019; Li

et al., 2021; Li et al., 2022). Genes regulating the differential

accumulation of anthocyanins were identified, and the critical

regulatory genes involved in anthocyanin biosynthesis in purple

leaves of QHP and ZSY were identified based on a correlation

analysis between the RNA-seq data and metabolite profiling, and

phylogenetic analysis. These results enhance our understanding of

the anthocyanin composition and corresponding molecular

mechanisms of anthocyanin biosynthesis in purple leaves of QHP

and ZSY.
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Anthocyanins: Factors affecting their stability and degradation. Antioxidants 10,
1967. doi: 10.3390/antiox10121967

Gao, Y. F., Zhao, D. H., Zhang, J. Q., Chen, J. S., Li, J. L., Weng, Z., et al. (2021). De
novo transcriptome sequencing and anthocyanin metabolite analysis reveals leaf color
of acer pseudosieboldianum in autumn. BMC Genomics 22, 383. doi: 10.1186/s12864-
021-07715-x
Han, M., Yang, C., Zhou, J., Zhu, J., Meng, J., Shen, T., et al. (2020). Analysis of
flavonoids and anthocyanin biosynthesis-related genes expression reveals the
mechanism of petal color fading of Malus hupehensis (Rosaceae). Braz. J. Bot. 43,
81–89. doi: 10.1007/s40415-020-00590-y

Honda, C., and Moriya, S. (2018). Anthocyanin biosynthesis in apple fruit. Hortic. J.
87, 305–314. doi: 10.2503/hortj.OKD-R01

Jiang, R., Tian, J., Song, T., Zhang, J., and Yao, Y. (2014). The malus crabapple
transcription factor McMYB10 regulates anthocyanin biosynthesis during petal
coloration. Scientia Hortic. 166, 42–49. doi: 10.1016/j.scienta.2013.12.002

Kodama, M., Brinch-Pedersen, H., Sharma, S., Holme, I. B., Joernsgaard, B.,
Dzhanfezova, T., et al. (2018). Identification of transcription factor genes involved in
anthocyanin biosynthesis in carrot (Daucus carota l.) using RNA-seq. BMC Genomics
19, 811. doi: 10.1186/s12864-018-5135-6

Landi, M., Tattini, M., and Gould, K. S. (2015). Multiple functional roles of
anthocyanins in plant-environment interactions. Environ. Exp. Bot. 119, 4–17.
doi: 10.1016/j.envexpbot.2015.05.012

Li, D., Hu, X., and Li, C. (2019). Overexpression of the LoMYB29 gene of Larix
olgensis contributes to the regulation of proanthocyanidin biosynthesis in Arabidopsis
thaliana. J. For. Res. 30, 179–1804. doi: 10.1007/s11676-018-0709-3

Li, X., Li, Y., Zhao, M., Hu, Y., Meng, F., Song, X., et al. (2021). Molecular and
metabolic insights into anthocyanin biosynthesis for leaf color change in chokecherry
(Padus virginiana). Int. J. Mol. Sci. 22, 10697. doi: 10.3390/ijms221910697

Li, Y., Zhou, Y., Chen, H., Chen, C., Liu, Z., Han, C., et al. (2022). Transcriptomic
analyses reveal key genes involved in pigment biosynthesis related to leaf color change
of Liquidambar formosana hance.Molecules 27, 5433. doi: 10.3390/molecules27175433

Liang, J., and He, J. (2018). Protective role of anthocyanins in plants under low
nitrogen stress. Biochem. Biophys. Res. Commun. 498, 946–953. doi: 10.1016/
j.bbrc.2018.03.087

Lin-Wang, K., Bolitho, K., Grafton, K., Kortstee, A., Karunairetnam, S., McGhie, T.
K., et al. (2010). An R2R3 MYB transcription factor associated with regulation of the
anthocyanin biosynthetic pathway in rosaceae. BMC Plant Biol. 10, 50. doi: 10.1186/
1471-2229-10-50

Liu, L., Teng, K., Fan, X., Han, C., Zhang, H., Wu, J., et al. (2022). Combination
analysis of single-molecule long-read and illumina sequencing provides insights into
the anthocyanin accumulation mechanism in an ornamental grass, Pennisetum
setaceum cv. Rubrum. Plant Mol. Biol. 109, 159–175. doi: 10.1007/s11103-022-01264-x

Liu, Y., Tikunov, Y., Schouten, R. E., Marcelis, L. F. M., Visser, R. G. F., and Bovy, A.
(2018). Anthocyanin biosynthesis and degradation mechanisms in solanaceous
vegetables: A review. Front. Chem. 6. doi: 10.3389/fchem.2018.00052

Ma, S., Chowdhury, S. K., and Alton, K. B. (2006). Application of mass spectrometry
for metabolite identification. Curr. Drug Metab. 7, 503–523. doi: 10.2174/
138920006777697891

Muhammad, N., Luo, Z., Yang, M., Li, X., Liu, Z., and Liu, M. (2022). The joint role
of the late anthocyanin biosynthetic UFGT-encoding genes in the flowers and fruits
coloration of horticultural plants. Scientia Hortic. 301, 111110. doi: 10.1016/
j.scienta.2022.111110

Naing, A. H., and Kim, C. K. (2021). Abiotic stress-induced anthocyanins in plants:
Their role in tolerance to abiotic stresses. Physiol. Plant 172, 1711–1723. doi: 10.1111/
ppl.13373
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1103468/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1103468/full#supplementary-material
https://doi.org/10.4103/0019-5049.190623
https://doi.org/10.1007/s12298-013-0179-1
https://doi.org/10.5423/PPJ.NT.01.2012.0006
https://doi.org/10.4067/S0718-221X2016005000037
https://doi.org/10.1016/j.tig.2012.09.006
https://doi.org/10.1016/j.phytochem.2018.05.013
https://doi.org/10.1016/j.plaphy.2019.01.024
https://doi.org/10.1007/s11103-021-01166-4
https://doi.org/10.1007/s11103-021-01166-4
https://doi.org/10.1104/pp.114.246876
https://doi.org/10.1093/jxb/erv549
https://doi.org/10.3390/biology10020139
https://doi.org/10.1007/s40626-018-0126-1
https://doi.org/10.3390/ijms21186555
https://doi.org/10.3390/ijms21186555
https://doi.org/10.3390/antiox10121967
https://doi.org/10.1186/s12864-021-07715-x
https://doi.org/10.1186/s12864-021-07715-x
https://doi.org/10.1007/s40415-020-00590-y
https://doi.org/10.2503/hortj.OKD-R01
https://doi.org/10.1016/j.scienta.2013.12.002
https://doi.org/10.1186/s12864-018-5135-6
https://doi.org/10.1016/j.envexpbot.2015.05.012
https://doi.org/10.1007/s11676-018-0709-3
https://doi.org/10.3390/ijms221910697
https://doi.org/10.3390/molecules27175433
https://doi.org/10.1016/j.bbrc.2018.03.087
https://doi.org/10.1016/j.bbrc.2018.03.087
https://doi.org/10.1186/1471-2229-10-50
https://doi.org/10.1186/1471-2229-10-50
https://doi.org/10.1007/s11103-022-01264-x
https://doi.org/10.3389/fchem.2018.00052
https://doi.org/10.2174/138920006777697891
https://doi.org/10.2174/138920006777697891
https://doi.org/10.1016/j.scienta.2022.111110
https://doi.org/10.1016/j.scienta.2022.111110
https://doi.org/10.1111/ppl.13373
https://doi.org/10.1111/ppl.13373
https://doi.org/10.3389/fpls.2023.1103468
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Peng et al. 10.3389/fpls.2023.1103468
Ni, Y., Chen, H., Liu, D., Zeng, L., Chen, P., and Liu, C. (2021). Discovery of genes
involved in anthocyanin biosynthesis from the rind and pith of three sugarcane
varieties using integrated metabolic profiling and RNA-seq analysis. BMC Plant Biol.
21, 214. doi: 10.1186/s12870-021-02986-8

Provenzano, S., Spelt, C., Hosokawa, S., Nakamura, N., Brugliera, F., Demelis, L.,
et al. (2014). Genetic control and evolution of anthocyanin methylation. Plant Physiol.
165, 962–977. doi: 10.1104/pp.113.234526

Rahim, M., Busatto, N., and Trainotti, L. (2014). Regulation of anthocyanin
biosynthesis in peach fruits. Planta 240, 913–929. doi: 10.1007/s00425-014-2078-2

Rameneni, J. J., Choi, S. R., Chhapekar, S. S., Kim, M. S., Singh, S., Yi, S. Y., et al.
(2020). Red chinese cabbage transcriptome analysis reveals structural genes and
multiple transcription factors regulating reddish purple color. Int. J. Mol. Sci. 21,
2901. doi: 10.3390/ijms21082901

Riechmann, J. L., and Ratcliffe, O. J. (2000). A genomic perspective on plant
transcription factors. Curr. Opin. Plant Biol. 3, 423–434. doi: 10.1016/s1369-5266(00)
00107-2

Rouholamin, S., Zahedi, B., Nazarian-Firouzabadi, F., and Saei, A. (2015).
Expression analysis of anthocyanin biosynthesis key regulatory genes involved in
pomegranate (Punica granatum l.). Scientia Hortic. 186, 84–88. doi: 10.1016/
j.scienta.2015.02.017

Sagawa, J. M., Stanley, L. E., LaFountain, A. M., Frank, H. A., Liu, C., and Yuan, Y.
W. (2016). An R2R3-MYB transcription factor regulates carotenoid pigmentation in
Mimulus lewisii flowers. New Phytol. 209, 1049–1057. doi: 10.1111/nph.13647

Schwinn, K. E., Ngo, H., Kenel, F., Brummell, D. A., Albert, N. W., McCallum, J. A.,
et al. (2016). The onion (Allium cepa l.) R2R3-MYB gene MYB1 regulates anthocyanin
biosynthesis. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01865

Shi, M. Z., and Xie, D. Y. (2014). Biosynthesis and metabolic engineering of
anthocyanins in Arabidopsis thaliana. Recent Pat. Biotechnol. 8, 47–60. doi: 10.2174/
1872208307666131218123538

Sirilun, S., Chaiyasut, C., Pattananandecha, T., Apichai, S., Sirithunyalug, J.,
Sirithunyalug, B., et al. (2022). Enhancement of the colorectal chemopreventive and
immunization potential of northern thai purple rice anthocyanin using the
biotransformation by b-glucosidase-producing lactobacillus. Antioxidants 11, 305.
doi: 10.3390/antiox11020305

Sousa, C. (2022). Anthocyanins, carotenoids and chlorophylls in edible plant leaves
unveiled by tandem mass spectrometry. Foods 11, 1924. doi: 10.3390/foods11131924

Sun, R. Z., Cheng, G., Li, Q., He, Y. N., Wang, Y., Lan, Y. B., et al. (2017). Light-
induced variation in phenolic compounds in cabernet sauvignon grapes (Vitis vinifera
l.) involves extensive transcriptome reprogramming of biosynthetic enzymes,
transcription factors, and phytohormonal regulators. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.00547

Tian, Y., Li, Q., Rao, S., Wang, A., Zhang, H., Wang, L., et al. (2021a). Metabolic
profiling and gene expression analysis provides insights into flavonoid and anthocyanin
metabolism in poplar. Tree Physiol. 41, 1046–1064. doi: 10.1093/treephys/tpaa152

Tian, Y., Rao, S., Li, Q., Xu, M., Wang, A., Zhang, H., et al. (2021b). The coloring
mechanism of a novel golden variety in Populus deltoides based on the RGB color
mode. Forestry Res. 1, 5. doi: 10.48130/FR-2021-0005

Tombuloglu, H., Kekec, G., Sakcali, M. S., and Unver, T. (2013). Transcriptome-wide
identification of R2R3-MYB transcription factors in barley with their boron responsive
expression analysis. Mol. Genet. Genomics 288, 141–155. doi: 10.1007/s00438-013-
0740-1

Vimolmangkang, S., Han, Y., Wei, G., and Korban, S. S. (2013). An apple MYB
transcription factor, MdMYB3, is involved in regulation of anthocyanin biosynthesis
and flower development. BMC Plant Biol. 13, 1–13. doi: 10.1186/1471-2229-13-176

Wan, S., Li, C., Ma, X., and Luo, K. (2017). PtrMYB57 contributes to the negative
regulation of anthocyanin and proanthocyanidin biosynthesis in poplar. Plant Cell Rep.
36, 1263–1276. doi: 10.1007/s00299-017-2151-y

Wang, Z., Cui, Y., Vainstein, A., Chen, S., and Ma, H. (2017). Regulation of fig (Ficus
carica l.) fruit color: Metabolomic and transcriptomic analyses of the flavonoid
biosynthetic pathway. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01990

Wang, H. L., Li, L., Tang, S., Yuan, C., Tian, Q., Su, Y., et al. (2015). Evaluation of
appropriate reference genes for reverse transcription-quantitative PCR studies in
different tissues of a desert poplar via comparision of different algorithms. Int. J.
Mol. Sci. 16, 20468–20491. doi: 10.3390/ijms160920468

Wang, X. J., Peng, X. Q., Shu, X. C., Li, Y. H., Wang, Z., and Zhuang, W. B. (2022).
Genome-wide identification and characterization of PdbHLH transcription factors
related to anthocyanin biosynthesis in colored-leaf poplar (Populus deltoids). BMC
Genomics 23, 244. doi: 10.1186/s12864-022-08460-5

Wang, H., Wang, X., Song, W., Bao, Y., Jin, Y., Jiang, C., et al. (2019). PdMYB118,
isolated from a red leaf mutant of Populus deltoids, is a new transcription factor
Frontiers in Plant Science 17
regulating anthocyanin biosynthesis in poplar. Plant Cell Rep. 38, 927–936.
doi: 10.1007/s00299-019-02413-1

Wang, H., Wang, X., Yu, C., Wang, C., Jin, Y., and Zhang, H. (2020). MYB
transcription factor PdMYB118 directly interacts with bHLH transcription factor
PdTT8 to regulate wound-induced anthocyanin biosynthesis in poplar. BMC Plant
Biol. 20, 173. doi: 10.1186/s12870-020-02389-1

Wu, S., Guo, Y., Adil, M. F., Sehar, S., Cai, B., Xiang, Z., et al. (2020). Comparative
proteomic analysis by iTRAQ reveals that plastid pigment metabolism contributes to
leaf color changes in tobacco (Nicotiana tabacum) during curing. Int. J. Mol. Sci. 21,
2394. doi: 10.3390/ijms21072394

Xi, W., Feng, J., Liu, Y., Zhang, S., and Zhao, G. (2019). The R2R3-MYB
transcription factor PaMYB10 is involved in anthocyanin biosynthesis in apricots
and determines red blushed skin. BMC Plant Biol. 19, 287. doi: 10.1186/s12870-019-
1898-4

Xie, R., Zheng, L., He, S., Zheng, Y., Yi, S., and Deng, L. (2011). Anthocyanin
biosynthesis in fruit tree crops: genes and their regulation. Afr. J. Biotech. 10, 19890–
19897. doi: 10.5897/AJBX11.028

Xu, L., Yue, Q., Bian, F., Sun, H., Zhai, H., and Yao, Y. (2017). Melatonin enhances
phenolics accumulation partially via ethylene signaling and resulted in high antioxidant
capacity in grape berries. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01426

Yan, H., Pei, X., Zhang, H., Li, X., Zhang, X., Zhao, M., et al. (2021). MYB-mediated
regulation of anthocyanin biosynthesis. Int. J. Mol. Sci. 22, 3103. doi: 10.3390/
ijms22063103

Yu, M., Man, Y., Lei, R., Lu, X., and Wang, Y. (2020). Metabolomics study of
flavonoids and anthocyanin-related gene analysis in kiwifruit (Actinidia chinensis) and
kiwiberry (Actinidia arguta). Plant Mol. Biol. Rep. 38, 353–369. doi: 10.1007/s11105-
020-01200-7

Yuan, Y., Zhang, J., Liu, X., Meng, M., Wang, J., and Lin, J. (2020). Tissue-specific
transcriptome for Dendrobium officinale reveals genes involved in flavonoid
biosynthesis. Genomics 112, 1781–1794. doi: 10.1016/j.ygeno.2019.10.010

Zhang, F., Wan, X., Zheng, Y., Sun, L., Chen, Q., Guo, Y., et al. (2014). Physiological
and related anthocyanin biosynthesis genes responses induced by cadmium stress in a
new colored-leaf plant “Quanhong poplar”. Agroforestry Syst. 88, 343–355.
doi: 10.1007/s10457-014-9687-4

Zhang, H., Yang, B., Liu, J., Guo, D., Hou, J., Chen, S., et al. (2017). Analysis of
structural genes and key transcription factors related to anthocyanin biosynthesis in
potato tubers. Scientia Hortic. 225, 310–316. doi: 10.1016/j.scienta.2017.07.018

Zhang, F., Zhao, J., Wan, X., Luo, X., Li, W., Sun, L., et al. (2016). From green to red:
large-scale transcriptome comparison of a bud sport in poplar (Populus deltoides). Acta
Physiol. Plant 38, 1–16. doi: 10.1007/s11738-016-2259-7

Zhao, P., Li, X., Jia, J., Yuan, G., Chen, S., Qi, D., et al. (2019). bHLH92 from
sheepgrass acts as a negative regulator of anthocyanin/proanthocyandin accumulation
and influences seed dormancy. J. Exp. Bot. 70, 269–284. doi: 10.1093/jxb/ery335

Zheng, G., Fan, C., Di, S., Wang, X., Gao, L., Dzyubenko, N., et al. (2019). Ectopic
expression of tea MYB genes alter spatial flavonoid accumulation in alfalfa (Medicago
sativa). PloS One 14, e0218336. doi: 10.1371/journal.pone.0218336

Zheng, X. T., Yu, Z. C., Tang, J. W., Cai, M. L., Chen, Y. L., Yang, C. W., et al. (2021).
The major photoprotective role of anthocyanins in leaves of Arabidopsis thaliana under
long-term high light treatment: antioxidant or light attenuator? Photosynth. Res. 149,
25–40. doi: 10.1007/s11120-020-00761-8

Zhou, H., Liao, L., Xu, S., Ren, F., Zhao, J., Ogutu, C., et al. (2018). Two amino acid
changes in the R3 repeat cause functional divergence of two clustered MYB10 genes in
peach. Plant Mol. Biol. 98, 169–183. doi: 10.1007/s11103-018-0773-2

Zhuang, W., Liu, T., Qu, S., Cai, B., Qin, Y., Zhang, F., et al. (2018). Identification of
candidate genes for leaf scorch in Populus deltoids by the whole genome resequencing
analysis. Sci. Rep. 8, 1–11. doi: 10.1038/s41598-018-33739-7

Zhuang, W., Shu, X., Lu, X., Wang, T., Zhang, F., Wang, N., et al. (2021a).
Ornamental poplar ‘Zhongshancaiyun’. HortScience 56, 1291–1292. doi: 10.21273/
HORTSCI16016-21

Zhuang, W., Shu, X., Zhang, H., Wang, T., Zhang, F., Wang, N., et al. (2021b).
Complete chloroplast genome sequence and phylogenetic analysis of Populus deltoides
caihong. Mitochondrial DNA B 6, 389–390. doi: 10.1080/23802359.2020.1869612

Zhuang, W., Wang, H., Liu, T., Wang, T., Zhang, F., Shu, X., et al. (2019). Integrated
physiological and genomic analysis reveals structural variations and expression
patterns of candidate genes for colored- and green-leaf poplar. Sci. Rep. 9, 11150.
doi: 10.1038/s41598-019-47681-9

Zong, Y., Li, S., Xi, X., Cao, D., Wang, Z., Wang, R., et al. (2019). Comprehensive
influences of overexpression of a MYB transcriptor regulating anthocyanin
biosynthesis on transcriptome and metabolome of tobacco leaves. Int. J. Mol. Sci. 20,
5123. doi: 10.3390/ijms20205123
frontiersin.org

https://doi.org/10.1186/s12870-021-02986-8
https://doi.org/10.1104/pp.113.234526
https://doi.org/10.1007/s00425-014-2078-2
https://doi.org/10.3390/ijms21082901
https://doi.org/10.1016/s1369-5266(00)00107-2
https://doi.org/10.1016/s1369-5266(00)00107-2
https://doi.org/10.1016/j.scienta.2015.02.017
https://doi.org/10.1016/j.scienta.2015.02.017
https://doi.org/10.1111/nph.13647
https://doi.org/10.3389/fpls.2016.01865
https://doi.org/10.2174/1872208307666131218123538
https://doi.org/10.2174/1872208307666131218123538
https://doi.org/10.3390/antiox11020305
https://doi.org/10.3390/foods11131924
https://doi.org/10.3389/fpls.2017.00547
https://doi.org/10.1093/treephys/tpaa152
https://doi.org/10.48130/FR-2021-0005
https://doi.org/10.1007/s00438-013-0740-1
https://doi.org/10.1007/s00438-013-0740-1
https://doi.org/10.1186/1471-2229-13-176
https://doi.org/10.1007/s00299-017-2151-y
https://doi.org/10.3389/fpls.2017.01990
https://doi.org/10.3390/ijms160920468
https://doi.org/10.1186/s12864-022-08460-5
https://doi.org/10.1007/s00299-019-02413-1
https://doi.org/10.1186/s12870-020-02389-1
https://doi.org/10.3390/ijms21072394
https://doi.org/10.1186/s12870-019-1898-4
https://doi.org/10.1186/s12870-019-1898-4
https://doi.org/10.5897/AJBX11.028
https://doi.org/10.3389/fpls.2017.01426
https://doi.org/10.3390/ijms22063103
https://doi.org/10.3390/ijms22063103
https://doi.org/10.1007/s11105-020-01200-7
https://doi.org/10.1007/s11105-020-01200-7
https://doi.org/10.1016/j.ygeno.2019.10.010
https://doi.org/10.1007/s10457-014-9687-4
https://doi.org/10.1016/j.scienta.2017.07.018
https://doi.org/10.1007/s11738-016-2259-7
https://doi.org/10.1093/jxb/ery335
https://doi.org/10.1371/journal.pone.0218336
https://doi.org/10.1007/s11120-020-00761-8
https://doi.org/10.1007/s11103-018-0773-2
https://doi.org/10.1038/s41598-018-33739-7
https://doi.org/10.21273/HORTSCI16016-21
https://doi.org/10.21273/HORTSCI16016-21
https://doi.org/10.1080/23802359.2020.1869612
https://doi.org/10.1038/s41598-019-47681-9
https://doi.org/10.3390/ijms20205123
https://doi.org/10.3389/fpls.2023.1103468
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptome and metabolome analyses reveal molecular mechanisms of anthocyanin-related leaf color variation in poplar (Populus deltoides) cultivars
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Chlorophyll, carotenoid, and anthocyanin content analysis
	2.3 Estimation of total anthocyanin content
	2.4 Metabolite profile analysis
	2.5 Qualitative and quantitative analysis of metabolites
	2.6 RNA extraction, library construction, and sequencing
	2.7 Analysis of RNA-seq data
	2.8 Correlation analysis of metabolite and transcriptome profiling
	2.9 qRT-PCR analysis
	2.10 Statistical analysis

	3 Results
	3.1 Pigment constituents in leaves of QHP and ZSY
	3.2 Anthocyanin contents in leaves of different colors
	3.3 Correlation analysis of metabolites
	3.4 Transcriptome analysis of green and purple leaves
	3.5 Differentially expressed genes
	3.6 DEGs involved in regulation of anthocyanin biosynthesis in colored leaves
	3.7 Validation of expression pattern of DEGs in the anthocyanin biosynthesis pathway by qRT-PCR
	3.8 Correlation between DEGs and anthocyanin compounds

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


