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Abstract
Background: Loropetalum chinense var. rubrum is a typical colorful ornamental and medicinal plant.
However, the coloration information and potential colorful molecular mechanisms of its leaves remain
unclear. We analyzed structural and regulatory genes for flavonoid metabolites and anthocyanin
biosynthesis in 3 kinds color of leaves（PL, pink leaves; ML, middle color leaves; GL, green leaves) of L.
chinense var. rubrum.

Results: Metabolic detection to the samples showed that there were significant differences in the
metabolites accumulated in different color leaves. Meanwhile, transcriptome indicated that DFR, ANR and
UFGT genes in L. chinense var. rubrum might be one of the reasons for the accumulation of anthocyanin
in ML and GL. We also found that several key members of the MYB, BHLH, and WD40 gene families
played important roles in regulating the accumulation of flavonoids in plants, which were considered to
be the main drivers of transcriptional changes in different colors of L. chinense var. rubrum leaves. Our
findings provided a comprehensive data set for the metabolism and transcription of L. chinense var.
rubrum as well as candidate structures and transcription factors information related to leaf pigmentation.

Conclusions: The conclusion would provide useful information for elucidating the formation of leaf color
and anthocyanin accumulation in L. chinense var. rubrum，which could also explain the color variation in
its leaves. 

Background
Loropetalum chinense var. rubrum belongs to the Hamamelidaceous (witch-hazel family)[1] and is mainly
distributed in the south of the middle Yangtze River to the north of the Tropic of Cancer in China. It
originated from Hunan Province and plays an important role in the landscape[2]. L. chinense. var. rubrum
is an evergreen plant with a beautiful habit and bright colorful foliage. The plant is also a traditional
Chinese medicine and its leaves, flowers, and roots can be used for treating cough, burn, uterine bleeding,
traumatic bleeding, abdominal pain, diarrhea, etc. [3]. Recently, the plant has gained a lot of popularity
and is widely cultivated for its ornamental and medicinal importance.

The leaf color of L. chinense var. rubrum depends on a mixture of chlorophyll, carotenoids, and
flavonoids. Flavonoids are the decisive pigment presented in most plant colors, which provide blue, pink,
yellow, purple, and red for plants[4, 5]. Among these, flavonoids are comprised of chalcones, flavone,
flavanol, and anthocyanins[6]. It is generally believed that the color abundance of plant foliage is caused
by the content and composition of anthocyanins. In many fruits, flowers, and vegetables, the appearance
of color was determined by the accumulation of anthocyanins, such as Vaccinium corymbosum [7],
Morella rubra [8], Centaurea cyanus [9], Primula vulgaris[10], Onion(Allium cepa L)[11]. Anthocyanins
could reduce the stress of cold, drought, and pests on plants [12–14], and it is also beneficial to human
health as it was proved to make a great contribution to anti-oxidation, anti-cancer, anti-bacterial,
cardiovascular, and neurodegenerative disease protection[15, 16]. The variations of anthocyanins in
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higher plants are complex, generally divided into six categories: Cyanidin, Pelargonidin, Delphinidin,
Peonidin, Petunidin, and Malvidin[17].

The anthocyanin synthesis followed the flavonoid and anthocyanin biosynthesis pathway, under the
phenylpropanoid pathway[18]. The formation of these anthocyanins required phenylpropane as a
substrate under the involvement of a series of enzymes, such as PAL, C4H, 4CL, CHS, CHI, F3H, CYP75A,
DFR, ANS and UFGT[19]. The type of accumulated anthocyanins was identified by F3H and F3’5’H[20–
22]. UGFT is the final enzyme gene for anthocyanin to be transformed into a stable state[23].

Anthocyanin accumulation can also activate or inhibit the spatiotemporal expression of structural genes
through transcription factors. Such as MYB, bHLH, and WD40 proteins [24]. MYB is one of the most
abundant transcription factors in higher plants, which is involved in the regulation of secondary
metabolism, cell morphogenesis and differentiation, signal transduction, and stress response[25–28].
bHLH transcription factors regulated anthocyanin synthesis by binding with MYB transcription factors
/WD 40 proteins or forming an MBW protein complex with MYB transcription factors and WD 40
proteins[29–31].

The secondary metabolites of L. chinense. var. rubrum is mainly flavonoids, which is related to the
formation of leaf color. The accumulation of these compounds in the leaves is different, which is the
main reason for the different leaf colors. However, due to the limitation of genetic background, in-depth
research on the molecular mechanism and genetic improvement of leaf coloration of L. chinense. var.
rubrum is hindered. Studying the accumulation of flavonoids in L. chinense. var. rubrum is of great
significance for studying the molecular mechanism of leaf coloration.

In this study, the process of flavonoids biosynthesis was identified by analyzing the transcriptome and
metabolites of different L. chinense. var. rubrum leaf colors. The gene expression and metabolites related
to leaf color formation were revealed. The findings should greatly enhance the better understanding of
the formation mechanism of Loropetalum leaves.

Results
Determination of photosynthetic and anthocyanin content

To elucidate the mechanism of biosynthesis of pigments in three-leaf colors of L. chinense. var. rubrum,
the GL, ML, and PL were chosen for this study (Fig. 1). The contents of chlorophyll and anthocyanin in
these three leaf colors were distinct. Compared to the GL and ML, PL had relatively lower levels of
carotenoid and total chlorophyll but higher anthocyanin accumulation, which indicated that anthocyanin
might be the main pink-colored material in leaves.

Differential metabolites from different leaves

Since anthocyanin content is a determinant for leaf color change in the plant, we profiled the metabolome
of the leaf samples of GL, PL, and ML using the LC-MS/MS analysis and annotated it in the MS2
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database. A total of 207 compounds were detected in the L. chinense. var. rubrum leaf, which could be
grouped into eight classes, including Proanthocyanins, Polyphenol, Isoflavone, Flavonol, Flavanone,
Anthocyanins, Flavonoid, Flavone, etc. (Additional file 1) All metabolites were analyzed by principal
component analysis and hierarchical cluster analysis to determine the influence of leaf-color change on
the change of metabolites. (Fig. 2A) [32]. A Fold change (≥2 or ≤0.5) among the metabolites with a
VIP>1 was used as an identification criterion. In all group comparisons, a total of 11 metabolites showed
significant differences in each combination. (Fig. 2B). There were 35 differential metabolites (31 up-
regulated and 4 down-regulated) between GL and PL (Fig. 2C), 37(33 up-regulated and 4 down-regulated)
between GL and ML (Fig. 2D). Two cluster heat maps of 46 flavonoid compounds were obtained. (Fig. 2E,
F). Interestingly, all the differentially accumulated anthocyanins were up-accumulated in ML and PL
samples.

Differential metabolic pathways in different leaves

The enrichment of differential metabolites in the metabolic pathway by the KEGG database helps us to
understand the changes in the mechanisms of metabolic pathways in different leaf colors. (Additional
file 2). Notably, different metabolites were enriched in the KEGG metabolic pathway. Compared with GL
and ML, PL was mainly involved in biosynthesis, including flavonoid biosynthesis and anthocyanin
biosynthesis.

Transcriptome de novo assembly, annotation

Three standardized cDNA libraries were constructed from RNA from GL, ML, and PL. After the cDNA
library was cleaned and characterized, 186,694,570,149,946,386 and 123,143,062 clean reads were
obtained, respectively. More than 98.09% of them have Q20(an error probability of 0.02%) for GL, PL and
ML were 97.9%, 97.48%. The GC contents were approximately 43.73% 43.84%, and 43.98% for GL, PL,
and ML (Additional file 3). These clean reads were assembled into 231,810 unigenes with lengths ranging
from 65 to 21,135 bp (average length 1271bp) and an N50 of 2608 bp. There were 110,962 unigenes
(47.87%) with a length of<500 bp; 31,726 unigenes (13.69%) with a length of 500-1000 bp; 38,050
(16.41%) unigenes with a length of 1000-2000 bp; 23,499 unigenes (10.14%) with a length of 2000-3000
bp, and the remaining 27,573 unigenes (11.89%) with a length of>3000 bp (Additional file 4). The
sequencing quality was able to cover the vast majority of expressed genes in GL, ML, and PL, which
provided the foundation for further analysis.

For comprehensive annotation, all the assembled unigene sequences were matched against NR,
SwissProt, KEGG, KOG, GO, NT and Pfam databases produced
118,518(17.88%);96,572(14.57%);115,058(17.36%);75,254(11.36%);84,662(12.77%);88,001(13.28%) and
84,662(12.77%) respectively (Additional file 5).

With GO classification, 391,895 matched unigenes were classified into 3 major categories: biological
process, molecular function, and cellular component (Additional file 6A). In the group of biological
processes, the majority of unigenes involved in the metabolic process (43,655) and cellular process
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(41,359); in the cellular components group, the cell (21,255) and cell part (21,255); and the molecular
function group, binding (47,320) and catalytic activity (41,565).

The annotated unigenes were assigned to the KEGG database for the identification of the biochemical
pathways (Additional file 6B). A total of 72,251 unigenes were divided into 46 metabolic pathways under
six main branches: cellular processes (6,659), environmental information processing (5,400), genetic
information processing (11,381), human diseases (13,719), metabolism (25,260), and organismal
systems (9,832). The top ten metabolic genes in subclasses included the following: signal transduction,
translation, carbohydrate metabolism, global and overview maps, folding sorting and degradation,
transport and catabolism, viral, energy metabolism, amino acid metabolism, and overview.

In total, pathways related to cellular processes and environmental information processing were also well
represented by unigenes from L. chinense. var. rubrum. This result should play an important role in our
metabolic pathway research in L. chinense. var. rubrum leaves.

Analysis of the differential expression genes in different colors

We applied the standard |Log2FC|≥2 to make all pairwise comparisons of the different expressions
between GL, PL, and ML leaf colors. We identified 6743 significant DEGs between the GL and ML and
1636 significant DEGs between the GL and PL. With GL set as control, the numbers of up-regulated and
down-regulated genes in ML were 2855 and 3888, respectively. 910 DEGs were up-regulated and 726
DEGs were down-regulated between GL and PL (Fig. 3A, B).

Go allocation was applied for predicting the function of gene expression that is involved in the flavonoid
biosynthesis pathway. The most important enrichment Go terms are selected and displayed in figure
(Additional file 7), and the most significant enrichment was found in the correlation between GL and ML,
such as metabolic process, organic substance, metabolic process, primary metabolic process, and
cellular metabolic process. Oxidation-reduction process, single-organic metabolic process,
oxidoreductase activity and catalytic are significant between GL and PL.

To further investigate the biochemical pathways of these DEGs, all of which were mapped to terms in the
KEGG database, which was a pathway-related database that could help better understand specific
processes, gene functions, and gene interactions at the transcriptomic level[33]. There were 591 (GL vs
ML) and 247 (GL vs PL) DEGs mapped onto the top 20 enriched KEGG pathways in the L. chinense. var.
rubrum transcriptomes from different colors of leaves. In these samples, flavone and flavanol
biosynthesis(ko00942) and Flavonoid biosynthesis (ko00941) were closely related to anthocyanin
synthesis (Additional file 8).

The focus of this study is the difference in anthocyanin accumulation among different leaf colors.
Previous anthocyanin determination results showed that the anthocyanin content in GL was significantly
lower than in ML and PL (Fig. 1A), which could prove the color substance of L. chinense var. rubrum
leaves were anthocyanin. Therefore, we focused on the metabolic pathways related to anthocyanin
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synthesis. Genes enriched in this pathway were 2 ANR (EC:1.3.1.77; ANR1467 and ANR1398); 4 CYP75A
(EC:1.14.14.81; CYP75A1815 CYP75A2846, CYP75A2909 and CYP75A1716); 1 DFR (EC:1.1.1.219;
DFR92899), and 2 UFGT (EC:2.4.1.115; UFGT1876 and UFGT3273).In addition to the structural genes,
MYB, bHLH and WD40 great influence on anthocyanin biosynthesis[34]. Because the leaves appear to be
of different colors and have different anthocyanins, we will focus on the transcription factors and select 3
MYB, 3 bHLH, and 3 WD40 transcription factors.

qRT-PCR validation transcriptome results

To verify the expression levels of structural genes and transcription factors related to anthocyanin
synthesis in L. chinense var. rubrum, β-actin was selected as the reference gene. The results showed that
the expression was similar to what had been obtained by RNA-Seq (Fig. 4A). ANR and DFR were
significantly up-regulated in ML and PL, and the expression of CYP75A in PL and ML was higher than it in
GL, but the difference was not significant. Interestingly, the genes associated with stable anthocyanin
synthesis were differentially expressed in the GL, ML, and PL, and the expression of the UFGT gene in the
GL was much higher than that in the PL and ML. However, qRT-PCR results showed that the UFGT gene
behaved extremely differently between the GL and PL. The high expression level of the UFGT gene in PL
was consistent with the formation of stable anthocyanins, suggesting that it should be involved in the
biosynthesis of anthocyanins[35]. Unlike structural genes, the expression level of candidate regulatory
genes (MYB, BHLH, and WD40) was also higher in PL except for BHLH2379, BHLH2808 and
WD3208(Fig. 4B). Three MYB genes (MYB1131, MYB1811, and MYB3057) and WD40 proteins (WD2173
and WD3291)were up-regulated in PL, suggesting that MYB and WD factors might be involved in the
pigmentation of PL.

Integrative metabolomic and transcriptomic analysis

As some differentially expressed genes were located in multiple branches, the intensity of metabolite
accumulation could not be judged. Therefore, a joint analysis of transcriptome and metabolome was
needed to analyze large-scale secondary metabolites and pathway regulation. We focused on the
flavonoid biosynthesis pathway and the anthocyanin biosynthesis pathway (Fig. 5).

There were 9 genes involved in anthocyanin biosynthesis, including ANR, CYP75A, DFR, and UFGT.
Besides, 11 different metabolites also participated in this process. Based on the differentially expressed
genes and metabolites, the metabolic pathway of anthocyanins in L. chinense. var. rubrum was
summarized and analyzed. Interestingly, all differentially accumulated anthocyanins, such as cyanidin 3-
O-glucoside, cyanidin O-syringic acid, cyanidin 3,5-O-diglucoside, pelargonidin, petunidin 3-O-glucoside,
and peonidin 3-sophoroside-5-glucoside, increased in ML and PL, indicating the presence of anthocyanin
branching in ML and PL. Surprisingly, UFGT is directly involved in the stable biosynthesis of anthocyanin
synthesis in PL, which is consistent with the accumulation of anthocyanins. In summary, our study
showed that DFR, ANR, and UFGT genes played an important role in promoting the accumulation of
anthocyanins, including the rise of cyanidin 3-O-glucoside, cyanidin O-syringic acid, cyanidin 3,5-O-
diglucoside, pelargonidin, petunidin 3-O-glucoside, and peonidin 3-sophoroside-5-glucoside which brought
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the leaves of L. chinense. var. rubrum different colors. Typically, TFs activate genes in secondary
metabolic pathways to coordinate their expression[36]. While bHLH was not significantly expressed, MYB
(gene1131,3057) and WD40(gene2173,3219) were highly upregulated in PL (Fig. 4B). This is consistent
with the trend of the late synergistic genes DFR, ANR, and UFGT. The results had shown that they formed
a ternary complex with bHLH and WD40 transcription factors to up-regulate the expression of the DFR,
ANR, and UFGT genes, which ultimately formed anthocyanins and greatly improved the level of
anthocyanins[37, 38]. In summary, our study showed that DFR, ANR, and UFGT genes played an
important role in promoting the accumulation of anthocyanins, including the rise of cyanidien 3-O-
glucoside, cyanidin O-syringic acid, cyanidin 3,5-O-diglucoside, pelargonin, petunidin 3-O-glucoside, and
peonidin 3-sophoroside-5-glucoside which caused the L. chinense. var. rubrum leaves to have different
colors.

Discussion
L. chinense. var. rubrum, which is a unique ornamental plant in Hunan Province,has a beautiful habit,
dazzling flowers, and attractive leaves. Our findings from three different kinds of leaf colors in the same
genetic background should help to explain and reveal the molecular mechanisms of color formation.

The color formation of leaves was due to the interaction of pigments such as chlorophyll, anthocyanin,
and carotenoid, and the ratio of anthocyanin to chlorophyll content would affect the color presentation of
plants[39]. From our findings, the content of the photosynthetic pigment in GL was higher than those in
ML and PL, while the anthocyanin content in ML and PL was significantly higher than it in GL. The
content of anthocyanins and flavonoids affects the color development of plants[40].

In this study, 241 DEGs and 207 differential metabolites were identified. Nine differential genes, their
related metabolites, and their metabolic networks were obtained by analyzing the differential metabolites
of differential genes. Thus, changes in downstream metabolites were identified. Our results also indicated
that the presence of downstream differential genes of different colors in the leaves was the main initial
factor at the transcriptional level. At the metabolic level, metabolic pathways, secondary metabolic
biosynthesis, and phenylalanine biosynthesis might also participate in the presentation of leaf color
(Additional file 2).

Through analysis of differential metabolites among different phenotypes, anthocyanin was the main
metabolite that caused L. chinense. var. rubrum leaves show different colors. Combined metabolomics
and transcriptome analysis revealed genes involved in anthocyanin synthesis, thus explaining the
phenomenon of different colors in L. chinense. var. rubrum leaves. Previous studies on Rose[41],
Orchid[42], Chrysanthemum[43], Actinidia arguta[44], Capsicum annuum[45], and Ginkgo biloba[46], etc.
had found useful information to explain the formation of different colors of plants.

In this study, DFR, ANR, and UFGT genes were proved to be crucial for the formation of different kinds of
anthocyanins and eventually produced different colors. We found that except for the UFGT gene, both
DFR and ANR involved in the anthocyanin pathway were significantly up-regulated. In the color
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presentation of L. chinense. var. rubrum, the upregulation of DFR and ANR genes was the reason for the
accumulation of dyes[47–49]. However, the downregulation of UFGT was in contrast to the qRT-PCR
results, which might be related to the regulation of the activity of structural genes by transcription factor
genes such as MYBs, BHLH transcription factors, and WD 40 protein[50]. MYB played an important role in
regulating early genes[31], besides, MBW complexes were influenced by the late genes for pigment
production[51]. In Petunia and other plant species, the temporal, horizontal, and spatial distribution of
anthocyanin pigmentation was determined by the MBW complex. PpMYB formed the MBW complex and
especially activated UFGT to regulate anthocyanin biosynthesis[52, 53]. Arabidopsis WD-
repeat/Mybs/bHLH complex predominantly regulates the expression of the ‘late’ anthocyanin
biosynthetic genes including DFR, LDOX, and UF3GT[31].In this study, two MYB (MYB1131 and
MYB3057) and two WD40 (WD2173 and WD3291) were strikingly upregulated in PL (Table3; Table S5).
The up-regulated MYB and WD40 transcription factors will activate the expression of structural genes
involved in the anthocyanin biosynthetic pathway, leading to the increase of anthocyanin concentrations.
Present results might indicate that the structural genes and transcription factors that regulate the
production of secondary metabolites are significantly different in the samples. However, it is necessary to
further study how transcription factors and structural genes lead to changes in leaf color. This will
decipher the systematic regulation mechanism of L. chinense. var. rubrum leaf coloring and be beneficial
to the transgenic engineering of other plants.

Conclusion
In this study, the transcriptome and metabolome of three colored L. chinense. var. rubrum leaves were
sequenced and analyzed for the first time. We observed substantial increases in levels of cyanidin 3-O-
glucoside, cyanidin O-syringic acid, Cyanidin 3,5-O-diglucoside, pelargonidin, petunidin 3-O-glucoside,
peonidin 3-sophoroside-5-glucoside. The high content of anthocyanins in ML and PL was associated with
an upregulation of genes involved in the latter steps of anthocyanin synthesis (DFR, ANR, and UFGT).
Several transcription factors such as MYB and WD40 were predicted to be the main regulators in the
anthocyanin biosynthetic structural genes.

In summary, our results proved that the expression of several regulatory and structural genes could
promote the anthocyanin biosynthesis,and provided the sequence information for their leaf color change
and metabolite base.

Materials And Methods
Plant material

In this study, L. chinense var. rubrum plants were provided by Hunan Mid-subtropical Quality Plant
Breeding and Utilization Engineering Technology Research Center, Hunan Agricultural University. We
selected accession number Xiang S-SV-LC-032-2012-1 as mosaic leaves plant, accession number Xiang
S-SV-LC-032-2012-2 as purple leaves plant, and accession number Xiang S-SV-LC-032-2012-3 as green
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leaves plants. We named them ML, PL and GL, respectively, in this study. Plants were grown in the Garden
Flower Base of Hunan Agricultural University, Changsha, Hunan Province, China. (28°12′N,112°59′E).
These samples were immediately frozen in liquid nitrogen and stored at -80℃ before metabolomic and
transcriptomic analyses. The research materials were as shown in Fig. 1a. The GL was the control group,
and the ML and the PL were the experimental groups. Besides, three apical middle and upper leaves per
color selection were used, half samples were sent to Wuhan Netware for metabolome determination and
the metabolites were qualitatively and quantitatively analyzed based on UPLC-Q-trap/MS detection
platform and extensive targeted metabolome detection technology. And the other half samples for
transcriptome sequencing were stored in liquid nitrogen and sent to Beijing Novogene for transcriptome
sequencing. Three biological replicates of GL, ML, and PL were recorded as samples GL1-3, ML1-3, and
PL1-3.

Determination of photosynthetic and anthocyanin content

Chlorophyll content and carotenoid content in the leaves of GL, ML, and PL of L. chinense. var. rubrum
measured directly by extraction method. After the veins were removed, 0.1g of each kind of leaves was
weighed, then 15 ml of 95% alcohol was added, and every leaf tissue was put at 4℃ for whitening in the
dark, finally, the supernatant was taken. The absorbance values at 470 nm, 649 nm, and 665 nm were
measured with an ultraviolet spectrophotometer (AOE TSD-599), and each variety was repeated six times.
Anthocyanin was detected by the pH differential method for cyanidin-3-glucoside content in plants. The
revised method proposed by Zhang et al. was adopted[54], and the calculation formula is as follows:

Ca=13.95A665-6.88649; Cb =24.96A649-7.32A665; Cc=(1000A470-2.05Ca-114.8Cb)/245
TA=A*MW*5*100*V/e[55].

Extraction and NMR of Anthocyanin

0.1g of freeze-dried leaf sample apriority was weighed and transferred into centrifuge tubes next, these
samples were pulverized with a grinder at 30 Hz for 1.5 min. Then, the powdered sample was extracted
overnight at 4℃by adding 1.0 ml (70% of aqueous methanol). Samples were centrifuged at 10000g for
10min, then absorbed by the supernatant filter with 0.22 microporous filter membrane, and finally stored
in the sample bottle for LC-MS/MS analysis. Chromatographic separation was performed on a water
ACQUITY UPLC HSS T3 C18(1.8 m,2.1 mm*100 mm) using solvent A (water,0.04% acetic acid): solvent B
(acetonitrile,0.04% acetic acid). The solvent system consisted of a water: acetonitrile gradient
programming 100:0V/V for 0 minutes,5:95V/V for 11.0 minutes,5:95V/V for 12.0 minutes,95:5V/V for
12.1 minutes,95:5V/V for 15.0 minutes. The flow rate was 0.40 ml.min-1, the Column temperature was
40℃and the injection volume was 5μL. The effluent was alternately connected to electrospray-triple
quadrupole rod-linear ion trap-mass spectrometry. The ESI source temperature was 550℃; Ion spray
voltage 5500 volts, and the CUR was set to 55,60 and 25.0 psi respectively.

The structure analysis of metabolites was from the Mass Bank (http://www.massbank.jp/), KNAPSACK
(HTTP://kanaya,naist,jp/KNAPSACK/), HMDB (HTTP//www.hmdb.cal)
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[56],MOTODB(http://www.ab.wur.nl/moto) and METLIN (http://metlin.scripps.edu/index.php[57]. The
identified metabolites based on the KEGG pathway database (http://www.genome,jp/kegg/pathway.html)
were to identify related metabolic pathways[32]. Qualitative analysis of spectral and secondary spectral
data was carried out through a self-built database MWDB and a public database of metabolite
information. Metabolite quantification was based on MRM using triple quadrupole mass spectrometry.

RNA extraction, library construction and RNA-Seq

Total RNA was extracted from approximately 2g of L. chinense. var. rubrum leaves by using Gene Star
(Beijing, China). Library preparation and transcriptome sequencing were performed by Novogene
Bioinformatics Technology (Beijing, China). The libraries were sequenced by using an Illumina HiSeq
platform and the raw reads filtering the adaptor sequence, lower quality (the quality value is less than 20),
and N-containing reads followed by de novo assembly of the transcriptome using Trinity. The unigene for
functional annotation, which was obtained by alignment of the unigene with the Go, KOG, KEGG, Nt, Nr,
and Pfam database to annotate their potential metabolic pathways.

Expression levels of genes related to leaf color formation of L. chinense. var. rubrum was explored with
the RSEM software package[58, 59]. To evaluate the expression abundance of the unigene by the FPKM
method[60]. Differential expression analyses of the leaf colors were performed by the DESeq R
package(1.10.1).DEGs were those who had |log2(fold change)|≥2,FDR value<0.01.Go and KEGG pathway
enrichment analysis of the DEGs was done by the GOseq R package-based hypergeometric
distribution[61], which can adjust gene length bias in DEGs.

Quantitative real-time PCR (qRT-PCR) analysis

To further confirm the reliability of RNA-seq data in our differential expression analysis, 10 structural
genes in the flavonoid metabolic pathway were selected to analyze the relative expression levels of L.
chinense. var. rubrum in three-color leaves through qRT-PCR. Primer was designed with Primer Premier 5.0
software, and the details were shown in Additional file  9. With the β-actin gene as an internal reference
gene, three technical replicates were set for each biological sample, and the expression level of each gene
in the list was calculated by the 2 −△△Ct method and expressed as the average standard deviation.

Integrative metabolomic and transcriptomic analysis

Transcriptomic and metabolomic data for L. chinense. var. rubrum leaves with clear differences were
used for analysis. Correlation analysis was carried out according to the metabolite content of different
colors of leaves in metabolic data and the differential gene expression in transcriptome data.

Abbreviations
L. chinense var. rubrum: Loropetalum chinense var. rubrum; GL: green leaves; ML: mixed leaves; PL: pink
leaves; Ca: Chlorophyll a; Cb: Chlorophyll b; Cc: Carotenoid concentration; TA: Total anthocyanin; PAL:
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phenylalanine ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL:4-coumaroyl: CoA-ligase; CHS:
chalcone synthase; CHI: chalcone isomerase; F3H;flavanone 3-hydroxylase; ANR: anthocyanidin
reductase; CYP75A:flavonoid 3',5'-hydroxylase; DFR: dihydro-flavonol 4-reductase; UFGT:3-3-O-
glycosyltransferase; MYB: MYB transcription factor; bHLH: basic helix-loop-helix transcription factor;
WD40：WD40 proteins; FPKM: fragment per kilobase per million reads; Log2FC; Log2 fold change; DEGs:
differentially expressed genes; qRT-PCR: quantitative real-time PCR; Go: Gene ontology; KOG: eukaryotic
Ortholog Groups; KEGG: Kyoto Encyclopedia of Gene and Genomes; Nt: NCBI nucleotide sequences; Nr:
NCBI nonredundant protein; Pfam: Protein family; MRM: multiple reaction monitoring; CUR: curtain gas;
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Figure 1

Determination of photosynthetic and anthocyanin content. A Leaf colors pf the three-leaf colors GL, ML,
and PL. B Relative content of total anthocyanins. C Relative content of chlorophyll A. D Relative content
of chlorophyll B. E Relative contents of Carotenoid concentration. F Relative contents of total chlorophyll.
The green leaf was used as the control group for three biological repetitions, and the value was subject to
the means ± standard. Asterisks indicate statistically significant differences (Student’s t-test; *P≤0.05
and **P)
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Figure 2

Differential metabolites from different leaves. A PCA score plot of three materials and numbers of
potential markers for each leaf color. B Venn diagram of SCMs. C Volcano plots of SCMs between GL and
ML. D Volcano plots of SCMs between GL and PL. E Cluster heat map of SCMs between GL and ML. F
Cluster heat map of SCMs between GL and PL
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Figure 3

Differential expression genes in different colors A, B. The volcano plot shows the differential expression
gene between ML, PL, and GL

Figure 4

Transcriptional levels of flavonoid biosynthetic genes in the L. chinense. var. rubrum detected by qRT-PCR
analysis. The β-actin gene was used as an internal control. A ANR; UFGT, DFR, and CYP75A. B MYB,
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bHLH, WD40. The control for relative expression GL was assigned the arbitrary value of 1.0. Values
presented are the means ± standard errors of three analyses for two biological replications. Asterisks
indicate statistically significant differences (Student’s t-test; *P≤0.05 and **P)

Figure 5

Regulatory network of flavonoid biosynthesis in L. chinense. var. rubrum. The left block below each
gene/metabolite is the Log2FC of this between GL vs ML. The right block below each gene/metabolite is
the Log2FC of this between GL vs PL
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