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Abstract: Acer triflorum Komarov is an important ornamental tree, and its seasonal change in leaf
color is the most striking feature. However, the quantifications of anthocyanin and the mechanisms
of leaf color change in this species remain unknown. Here, the combined analysis of metabolome and
transcriptome was performed on green, orange, and red leaves. In total, 27 anthocyanin metabolites
were detected and cyanidin 3-O-arabinoside, pelargonidin 3-O-glucoside, and peonidin 3-O-gluside
were significantly correlated with the color development. Several structural genes in the anthocyanin
biosynthesis process, such as chalcone synthase (CHS), flavanone 3-hydroxylase (F3H), and dihy-
droflavonol 4-reductase (DFR), were highly expressed in red leaves compared to green leaves. Most
regulators (MYB, bHLH, and other classes of transcription factors) were also upregulated in red and
orange leaves. In addition, 14 AtrMYBs including AtrMYB68, AtrMYB74, and AtrMYB35 showed
strong interactions with the genes involved in anthocyanin biosynthesis, and, thus, could be further
considered the hub regulators. The findings will facilitate genetic modification or selection for further
improvement in ornamental qualities of A. triflorum.

Keywords: anthocyanin; metabolomics; ornamental tree; structural genes; transcription factors;
transcriptome

1. Introduction

Acer triflorum Komarov is a rare, endangered, deciduous tree species of the Aceraceae
family (Acer Linn.) in China [1,2]. It is mainly distributed in Japan, Korea, Russia, Mongolia,
and China, while in China it occurs in Heilongjiang, Jilin, and Liaoning provinces. The
exfoliating barks of A. triflorum confer reddish and tan color, and, more attractively, the
green leaves with three leaflets become bright red in autumn. As an excellent color-leaf
ornamental tree species, it is used for landscaping projects, especially for the corridor forest
landscape [3,4]. In addition, A. triflorum is beneficial to ecological protection of saline-alkali
zones due to its strong cold tolerance and salt-alkali resistance [5]. Due to the ornamental
characteristics and gardening application, researchers have studied the morphological and
physiological traits suitable for developing propagation methods [6] and seed contents in
A. triflorum [7]; however, relatively little is known about molecular mechanism of leaf color
change. Generally, the causes of leaf color change during autumn are very complex and
are dependent on the type and concentration of pigments. Anthocyanin is a water-soluble
pigment, which provides the red color of autumn leaves of many plants [8,9]. Significantly
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decreased chlorophyll content and anthocyanin accumulation were found in several woody
plants when the green leaves turn red [10,11]. Generally, biosynthesis of anthocyanin
is a part of the flavonoid biosynthesis, which involves several transcription factors and
structural genes. Classical structural genes responsible for anthocyanin biosynthesis in
some model and horticultural plants include anthocyanin synthase (ANS), dihydroflavonol
4-reductase (DFR), UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT), phenylalanine
ammonia-lyase (PAL), chalcone synthase (CHS), and 4-coumarate-CoA ligase (4CL) [12,13].
The expression levels of these structural genes are influenced by several transcription factors
including MYB and bHLH, and MYB-bHLH-WD40 (MBW) has been shown to involve in
anthocyanin biosynthesis [14,15].

With methodological advances, high-throughput transcriptome and metabolome anal-
yses become a valuable tool for studying various aspects of plant growth and development.
For instance, high-throughput transcriptome and metabolome technologies are used to
examine genes related with transcription-regulation as well as metabolic pathways for
many phenotypic indicators, providing the basis for molecular genetic improvement of tree
species [16,17]. Similarly, multi-omics has been employed to explore the molecular mecha-
nisms of variation in leaf color in Acer species [9]. For example, it has been shown that a
significantly decreased chlorophyll content and an increased anthocyanin accumulation
contribute to changes into red leaf color in Acer pictum subsp. In Acer pictum subsp. mono,
CBL-interacting protein kinase genes (DFR, PAL1, and CIPKs) involved in the anthocyanin
synthesis pathway were differentially expressed during leaf color change [18]. According
to transcriptomic and metabolic analyses of various leaf color mutations in A. rubrum, a
massive accumulation of cyanidin was observed in red-colored leaves; F3H (flavanone
3-hydroxylase), F3'H (flavanone 3’ -hydroxylase), CHS, DFR, and UFGT are distinctively
expressed in different colored leaves [19]. These studies indicated that the molecular mech-
anisms involved in variations in leaf color among different plant species are not identical,
which is also confirmed by another study that showed that the regulatory mechanisms vary
across plant species [20]. Thus, species-specific studies on the molecular mechanisms for
leaf color change are necessary to guide genetic improvement of the species.

In this study, we conducted metabolome and transcriptome analyses of green, orange,
and red leaves of A. triflorum with similar dimensions in different seasons to mine the genes
and metabolites related to changes in leaf color, as well as profiling the association between
genes and metabolites. The results will provide insightful ideas about genetic improvement
of ornamental qualities of the species.

2. Materials and Methods
2.1. Plant Materials

Well-grown A. triflorum plants under natural conditions were selected as plant materi-
als at the Shanhetun Forestry Bureau, Wuchang City, Heilongjiang Province (44°30'50.34"" N,
127°52/23.35"" E) located at an altitude of 252.8 m. Three key developmental periods with dif-
ferent leaf colors (green, orange, and red leaves (Figure 1)) were considered. For each color
type, we collected six leaves comprising a single biological sample, and three independent
replicates per color sample were used. The collected fresh leaf samples were immediately
stored in a freezer at —80 °C in liquid nitrogen until metabolomic and transcriptomic
analyses were performed.
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Figure 1. Different leaf color change stages of A. triflorum, green leaf (GL), orange (HRL), and red
leaf (RL).

2.2. Metabolite Extraction and Profiling

We followed previously described methods for preparation and extraction of metabolome
samples [21]. Briefly, the freeze-dried leaves were crushed in mill (MM 400, Retsch), and
the pulverized samples (50 mg) were extracted with 0.5 mL of 80% aqueous methanol
(contained 0.1% hydrochloric acid). The mixture was vortexed for 10 min, sonicated for
10 min, and centrifuged at 12,000 r/min for 3 min. Finally, the supernatants were collected
and filtered. The extracted samples of three different colored leaves were analyzed using
Ultra Performance Liquid Chromatography (UPLC, ExionLCTMAD) and Tandem Mass
Spectrometry (MS, Applied Biosystems 6500 Triple Quadrupole). The following conditions
were employed: (a) chromatographic column: ACQUITY BEH C18 (1.7 um, 2.1 x 100 mm);
(b) mobile phase: pure water with 0.1% formic acid as solvent A and methanol with 0.1%
formic acid as solvent B; (c) gradient program: 95% solvent A and 5% solvent B at 0 min
with 5% increase in solvent A and 95% in solvent B within 12 min. The mixture was kept for
2 min before 95% solvent A and 5% solvent B were returned to at 14 min; then, the column
was equilibrated for 2 min. (d) The flow velocity was 0.35 mL/min; the temperature of
the column oven was 40 °C with 2 puL injection volume. The effluent was alternatively
connected for quantification with linear trap and excellent identification in MRM Mode.

Linear ion trap and triple quadrupole scans were acquired on Q TRAP (API 6500 Q
TRAP UPLC/MS/MS System), equipped with an ESI Turbo Ion-Spray interface, which
operated in positive ion mode and was controlled using Analyst 1.6.3 software (AB Sciex).
The operation parameters for the ESI source were turbo spray as the ion source with
550 °C source temperature and 5500 V ion spray voltage in a positive ion mode; and 35 psi
curtain gas (CUR). We performed declustering potential (DP) and collision energy (CE) for
individual multiple reaction monitoring (MRM) transitions with further optimization of
DP and CE. The MRM transitions were monitored for each period based on the metabolites
eluted within this period.

2.3. Qualitative and Quantitative Analysis of Metabolites

To obtain the original metabolite data, the mass spectrum data were analyzed using
the MetWare database of MetWare Biotechnology Co., Ltd. (Wuhan, China) and R Pro-
gramming language (https:/ /www.r-project.org/, accessed on 2 June 2022). To identify the
accumulation of metabolites, hierarchical cluster analysis (HCA) was used. Furthermore,
the differentially accumulated metabolites were filtered using the criteria of fold change > 2
or fold change < 0.5 at p < 0.05.

2.4. RNA Extraction, Sequencing, and Transcriptome Data Analysis

To isolate the total RNA from leaf samples, we used the RNAprep Pure Plant Plus Kit
(Tiangen, Beijing, China). We then generated nine cDNA libraries using the NEBNext®UltraTM
RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) following the recommen-
dations of the manufacturer. The cDNA libraries were then sequenced on an Illumina
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HiSeqTM Xten platform, and the raw data with 150 bp paired-end reads were obtained for
subsequent analysis.

The original image data were converted to raw reads by base calling and then the
raw reads were filtered using fastp software (Version 0.12) to obtain high-quality clean
sequences. We used Trinity software for de novo assembly, and the assembled transcript
sequences were used as the reference sequences for subsequent analysis. The longest
cluster sequences were generated as unigenes based on hierarchical clustering analysis
using Corset [22]. Several public databases, such as Gene Ontology (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG), Non-Redundant Protein Sequence Database
(NR), euKaryotic Ortholog Groups (KOG), a manually annotated and reviewed protein
sequence database (Swiss-Prot), protein family (Pfam), and Trembl database were used to
annotate the unigenes. FPKM (fragments per kilobase of transcript per million fragments
mapped) was calculated to determine the expression level of a transcript or gene. Differ-
ential expression analysis between different color groups was conducted using DESeq?2
R package [23,24]. The Benjamini—-Hochberg method for correcting p values was used to
control the false discovery rate (FDR). The unigenes were selected by FDR < 0.05 as well
as |log2 fold change (FC)| > 1. Finally, the GO and KEGG enrichment analyses of DEGs
were carried out using the GOseq R packages [25] and KOBAS 2.0 software [26].

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Validation

Nine genes, identified in transcriptome analysis, that were related to flavonoid biosyn-
thesis were selected for qRT-PCR analysis. The total RNA extraction was the same as
described above. The cDNA was synthesized using the PrimeScript RT reagent Kit with
gDNA Eraser (TaKaRa, Shiga, Japan), and the specific primers were designed using Primer
3 software and shown in Table S1. Finally, qRT-PCR was performed on TB Green® Premix
Ex TaqTM II (TaKaRa, Shiga, Japan) in the ABI 7500 Fast Real-Time Detection System. All
analyses had three biological replicates with three technical replicates each, and the gene
expression levels were determined using the 2~22Ct method.

2.6. Interaction Network Construction

To predict which AfrMYBs can regulate differentially expressed structural genes
involved in anthocyanin synthesis, protein—protein interaction (PPI) networks were con-
structed on the STRING website (https:/ /www.string-db.org/, accessed on 2 June 2022).
Briefly, the amino acid sequences of AtrMYBs and anthocyanin synthesis structural genes
were uploaded on the STRING website with default parameters. An interaction network
of AtrMYBs and differentially expressed genes related to anthocyanin biosynthesis were
constructed and the protein sets were mapped to homologous proteins in Arabidopsis.
Thereafter, the protein interaction results were imported into Cytoscape software to acquire
the top 40 regulatory nodes using cytoHubba. These genes in the interaction network were
designated with new names for clear visualization (Table S2). The FPKM values of AtrMYB
genes in the top 40 regulatory nodes were used to construct a heatmap using TBtools [27].

3. Results
3.1. Metabolites in A. triflorum Leaves

A total of 27 metabolites involved in anthocyanin biosynthesis were identified in
A. triflorum leaves, and grouped into 8 classes, including 5 cyanidins, 3 delphinidins,
2 malvidins, 4 pelargonidins, 4 peonidins, 1 petunidin, 6 procyanidins, and 2 flavonols
(Supplementary Table S3 and Figure S2). From the hierarchical heatmap analysis of metabo-
lite concentration data, most metabolites, such as cyanidins (cyanidin 3,5-O-diglucoside,
cyanidin 3-O(6-O-malonyl-beta-d-glucoside), cyanidin 3-O-arabinoside, cyanidin 3-O-
glucoside and cyanidin 3-O-rutinoside), pelargonidins (pelargonidin 3-O-(6-O-malonyl-
beta-d-glucoside), pelargonidin 3-O-glucoside, pelargonidin 3-O-rutinoside and pelargoni-
din 3,5-o-diglucoside), peonidins (peonidin 3,5-O-diglucoside, peonidin 3-O-glucoside,
peonidin 3,5-O-diglucoside, peonidin 3-O-galactoside, and peonidin 3-O-rutinoside), petu-
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Class

nidin (petunidin 3-O-glucoside), and delphinidins (delphinidin 3,5-O-diglucoside (delphin),
delphinidin 3-O-galactoside, and delphinidin 3-O-glucoside), were abundantly found in red
leaves of A. triflorum (Figure 2). At the same time, clear separations between the different col-
ored leaves were observed from the hierarchical cluster analysis (Supplementary Figure S3).
The metabolite profiles in these samples were obviously distinct which were also classed
into two main groups (green-colored and red-colored leaf samples) with contrasting accu-
mulation levels.
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Figure 2. Heatmap of the identified metabolites in green (GL), orange (HRL), and red (RL) leaves.
The color scale indicates the normalized metabolite contents using Row Z-score. The name of each
anthocyanin compound is listed on the right side of the heatmap.

3.2. Differentially Accumulated Metabolites

To better select the final differential metabolites between the compared samples, fold
change of metabolites > 2 or <0.5 was employed as a screening criterium. The results
showed some differentially accumulated metabolites (DAMSs): 9 upregulated DAMs in
green versus orange leaves, 9 upregulated and 2 downregulated DAMs in green versus
red leaves, and 4 upregulated in orange versus red leaves were obtained (Figure 3A-C;
Supplementary Table S4). Compared to green leaves, most DAMs in the anthocyanin
biosynthesis pathway significantly increased in orange and red leaves, while the malvidins
(mal-3-O-rut and mal-3-O-(6-O-malonyl)-glu) were gradually reduced as the leaves of A. tri-
florum became red. It indicated that cyanidin 3-O-glucoside, cyanidin 3,5-O-diglucoside,
delphinidin 3-O-glucoside, peonidin 3,5-O-diglucoside, and dihydromyricetin played a
crucial role in variation in color of A. triflorum leaves. The Venn diagram (Figure 3D) shows
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that 3 anthocyanins (cyanidin 3-O-arabinoside, pelargonidin 3-O-glucoside, and peonidin
3-O-gluside) were identified as the common metabolites among green versus orange leaves,
green versus red leaves, and orange versus red leaves, as expected. These three metabolites
were upregulated with increase in the redness in leaves and substantially enriched in
the pathway of anthocyanin biosynthesis (ko00942), which were speculated as the vital
metabolites for color formation of A. triflorum leaves.
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Figure 3. Differentially accumulated metabolites in the pathway of anthocyanin biosynthesis in three
comparison groups: (A) green versus orange leaves (GL vs. HRL), (B) green versus red leaves (GL vs.
RL), and (C) orange versus red leaves (HRL vs. RL). (D) Venn diagram of DAMs.

3.3. Transcriptomic Analysis of A. triflorum Leaves with Different Colors

To get a better understanding of the molecular mechanisms of anthocyanin biosyn-
thesis in A. triflorum leaves, nine cDNA libraries (green, orange, and red leaves with three
biological replicates per color stage) were constructed for transcriptomic analysis. A to-
tal of 393,824,706 raw reads and 379,582,208 clean reads were obtained, and the average
20, Q30, and GC contents in the clean reads were 95.53, 89.67, and 35.56%, respectively
(Supplementary Table S5). These high-quality reads guaranteed the preciseness of sub-
sequent analysis. We assembled 155,647 unigenes, which were annotated with the GO,
KEGG, KOG, and NR databases where 95,978 annotated unigenes were found in at least
one database (Supplementary Table S6). Principal component analysis, based on the FPKM
values, revealed that the green and orange leaf samples were obviously clustered together,
while the red leaf samples were clearly distinguished from green and orange leaf samples
(Supplementary Figure S3), indicating that there was a great difference in gene expression
between the green/orange samples and the red sample.

3.4. Differentially Expressed Genes in the Anthocyanin Biosynthesis Pathway

To identify differentially expressed genes (DEGs) in the A. triflorum leaves differing
in color, pairwise transcriptomic comparisons were conducted using DESeq2. Genes with
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fold change > 2 and FDR < 0.05 were defined as DEGs, and 47,790 DEGs were identified
between sets of color groups (green versus orange leaves, orange versus red leaves, and
green versus red leaves). There were 3441 DEGs (2042 down- and 1399 upregulated),
44,887 DEGs (11,568 down- and 33,319 upregulated), and 46,123 DEGs (11,730 down- and
34,393 upregulated) in green versus orange leaves, orange versus red leaves, and green
versus red leaves, respectively (Supplementary Table S7). The volcano maps provided
a visual view of DEGs distribution in comparison groups (Figure 4). The Venn diagram
showed that there were 2270 identical DEGs in all three comparison groups (Figure 5),
which might be related to changes in leaf color. GO enrichment analysis revealed three
functional groups for the DEGs: molecular functions (MF), cellular components (CC),
and biological processes (BP) (Figure S4). We analyzed the top 50 GO terms with the
most significant enrichment in three comparison groups and identified two processes that
may be directly involved in leaf color changes: including flavonoid metabolic process
(GO: 0009812) and flavonoid biosynthetic process (GO: 0009813). Furthermore, KEGG
pathway enrichment analysis from three comparison groups showed that these DEGs
were mainly enriched in biosynthesis of secondary metabolites (ko01110), plant-pathogen
interaction (ko04626), flavonoid biosynthesis (ko00941), and anthocyanin biosynthesis
(ko00942) (Figure 6).

GL vs HRL HRL vs RL GLvs RL
60 300f . so0] . .-
5 (_ = s
£ 40, | regulated EQDO, regulated 8 200 regulated
k= . down @ . down = . down
o o =2
] - up o + Up _? = Up
20 » false ' 100/ « false 100 « false
0 : 0] 0f° -
-10-5 0 5 10 -10-5 0 5 10 -10-5 0 5 10

Figure 4. Volcano plots of differentially expressed genes; green, red, and blue dots represent the
downregulated, the upregulated, and non-differentially expressed genes, respectively.

GL vs HRL

HRL vs RL

Figure 5. Venn diagram of DEGs in each comparison group: green versus orange (GL vs. HRL), green
versus red (GL vs. RL), and orange versus red leaves (HRL vs. RL).
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Figure 6. KEGG enrichment analysis of the DEGs in each comparison. The red dots highlight the
flavonoid biosynthetic process and flavonoid metabolic process.

To obtain insights about the expression of DEGs under different color conditions,
the k-means clustering analysis was used for categorizing the genes with the same or
similar expression patterns (Figure 7). As a result, there were 969, 5909, 4822, 2487, 33,122,
and 481 genes clustered in six sub-classes (sub-classes 1-6), respectively. Most notably,
genes in sub-class 1 were significantly upregulated as the redness of leaves increased,
displaying that they could be positively associated with the color formation and played
a crucial role in flavonoid and anthocyanin biosynthesis pathways in A. triflorum. In
contrast, the expression levels of sub-class 3 genes were gradually downregulated when
the leaves became red, indicating might be a negative correlation between these genes
and anthocyanin accumulation in A. triflorum. Crucially, some transcription factor (TF)
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genes were found in sub-class 1, mainly for C2H2, WRKY, AP2/ERF, NAC, bZIP, MYB, etc.
(Supplementary Table S8).
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Figure 7. k-means clustering of DEGs. Black lines show the average values for standardized FPKM in
each sub-class; the colored lines represent the standardized FPKM values of each gene in each sub-class.

The conjoint analysis between metabolome and transcriptome showed that a total
of 38,619 DEGs were associated with 27 metabolites (r > 0.8). Most of the genes were
collectively involved in biosynthesis of one or more anthocyanin metabolites, such as
32,957 genes in malvidin 3-O-rutinoside, 30,008 genes in dihydromyricetin, 28,520 genes in
cyanidin 3-O-arabinoside, 28,349 genes in petunidin 3-O-glucoside, 18,916 genes in peoni-
din 3-O-glucoside, 17,979 genes in pelargonidin 3-O-glucoside, 13,533 genes in delphinidin
3-O-glucoside, 8249 genes in cyanidin 3-O-(6-O-malonyl-beta-D-glucoside), 7707 genes
in cyanidin 3,5-O-diglucoside, 7611 genes in peonidin 3-O-galactoside, and 7332 genes in
cyanidin 3-O-glucoside biosynthesis (Supplementary Table S9).

3.5. Candidate Genes Related with Anthocyanin Accumulation

KEGG enrichment analysis showed 75 DEGs involved in phenylpropanoid, flavonoid,
and anthocyanidin biosynthesis pathways in A. triflorum (Figure 8, Supplementary Ta-
ble S10). Indeed, expression levels of some key genes showed significant changes, such
as PAL (6 genes), C4H (7 genes), 4CL (9 genes), CHS (6 genes), F3H (2 genes), and DFR (7
genes), which exhibited higher transcript abundances in the orange and red leaves than
green leaves. The patterns of expression of these genes were related with high accumulation
of anthocyanin in red and orange leaves, suggesting that these genes may regulate changes
in leaf color from green to red in A. triflorum.

In addition, we also found that one F3'5'H gene (Cluster-51031.1), one CHI gene
(Cluster-24474.37259), two BZ1 genes (Cluster-24474.39752 and Cluster-24474.50775), and
one GT1 gene (Cluster-24474.39259) were clearly downregulated when the leaf turned red.
On the contrary, one ANS gene (Cluster-24474.33469), two CHI genes (Cluster-24474.29734
and Cluster-24474.36210), two F3'H genes (Cluster-24474.20786 and Cluster-24474.31431),
and three BZ1 genes (Cluster-24474.30610, Cluster-24474.30670, and Cluster-24474.31001)
were highly expressed in orange compared to red leaves.
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Figure 8. Pathways and key genes related to the biosynthesis pathways of phenylpropanoid,
flavonoid, and anthocyanidin in A. triflorum, reconstructed based on KEGG pathway analysis of
DEGs. The left and right colored dots displayed the level of expression of key genes in green (GL),
orange (HRL), and red (RL) leaves; PAL, phenylalanine ammonia-lyase; 4CL, 4-coumarate-CoA ligase;
DEFR, dihydroflavonol 4-reductase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone
3-hydroxylase; F3'H, flavanone 3’-hydroxylase; F3/5'H, flavanone 3'5'-hydroxylase; DFR, dihy-
droflavonol 4-reductase; ANS, anthocyanin synthase; BZ1, anthocyanidin 3-O-glucosyltransferase;
GT, glucosyltransferase; UGT75C1, anthocyanidin 3-O-glucoside 5-O-glucosyltransferase.

3.6. Analysis of Transcription Factors

Transcription factors also played a key role in the anthocyanin accumulation, some
of which had been proved to regulate structural genes of flavonoid biosynthesis, such as
MYB, bHLH, and WD40 [28]. Comparison of green versus orange leaves showed a total of
160 transcription factor genes (78 up- and 82 downregulated), which were coded as C2H2,
NAC, WRKY, bZIP, and MYB. Among them, 7 MYB genes (6 up- and 1 downregulated) and
5 bHLH genes (5 downregulated) were differentially expressed. When comparing green
versus red leaves, 31 MYB and 62 bHLH genes were significantly upregulated, whereas
24 MYB genes and 30 bHLH genes were significantly downregulated. In total, 13 MYB
and 18 bHLH genes (log2 fold change > 4) were strikingly upregulated in red leaves,
which might regulate expression of anthocyanin-related genes (Supplementary Table S511).
Furthermore, there were 1463 (795 up- and 668 downregulated) TFs that were differentially
expressed when comparing orange with red leaves, with 58 bHLH genes (28 upregulated)
and 33 MYB genes of which 20 genes were upregulated (Supplementary Table 512).
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Given the key regulatory role that MYB plays in anthocyanin synthesis, we con-
structed a PPI network of differentially expressed AtrMYBs and structural genes related to
anthocyanin synthesis genes in the STRING database based on homologous proteins in Ara-
bidopsis (Figure 9). The results showed that many differentially expressed AtrMYBs could
directly or indirectly regulate some structural genes, including ANS, CHI, 4CL, and DFR.
Furthermore, the top 40 regulatory nodes were found using Cytoscape software, which
included 14 AtrMYB genes (Figure 10A). Compared to other AtrMYBs, the 14 AtrMYBs
displayed stronger interactions with the structural genes involved in anthocyanin syn-
thesis. Particularly, AtrMYB9 showed a consistently high interaction with nine structural
genes, including CHS, ANS, DFR, and F3H. Among them, AtrMYB23, AtrMYB35, and
AtrMYB74 showed higher expression levels in red leaves, which may regulate structural
genes involved in anthocyanin biosynthesis positively (Figure 10B).
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To further check the reliability and accuracy of transcriptome data, nine genes in the
flavonoid biosynthetic pathway (Cluster-24474.32057, Cluster-24474.29295, Cluster-24474.32086,
Cluster-24474.29771, Cluster-24474.34771, Cluster-24474.31798, Cluster-24474.31001, Cluster-
24474.39259, and Cluster-24474.27573) were selected for qRT-PCR analysis. Most of these
genes displayed similar patterns of expression between transcriptomic data sets and results
from qRT-PCR (Figure 11).
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Figure 11. Expression patterns of anthocyanidin-biosynthesis-related differentially expressed genes
(DEGs) in green (GL), orange (HRL), and red (RL) leaves by qRT-PCR.

4. Discussion
4.1. Anthocyanin Contents of Different Colored A. triflorum Leaves

Leaf color is a trait that influences the ornamental value of urban trees, and antho-
cyanin accumulation plays a critical role in leaf color change [29,30]. Until now, several
genes and enzymes that played a key role in color development of plant leaves and antho-
cyanin accumulation have been described in Aceraceae species, including A. rubrum [31,32],
A. palmatum [33,34], and A. pseudosieboldianum [35]. However, pigment composition and the
structural genes of the metabolic pathway varied across species. In addition, the molecular
mechanism of anthocyanin biosynthesis in A. triflorum was still obscure.

In our present research, UPLC-MS/MS was used to explore the metabolites change
in different colors of A. triflorum leaves. Consequently, we identified 27 metabolites of
anthocyanin, of which 14 metabolites showed significant variations among different colored
leaves (Figures 2 and 3). In general, red hues are frequently attributed to cyanidins,
pelargonidins mainly show orange/red, whereas purple/blue hues are typically ascribed
to delphinidins. In this study, five cyanidins (cyanidin 3,5-O-diglucoside, cyanidin 3-
O-arabinoside, cyanidin 3-O-glucoside, cyanidin 3-O-rutinoside, and cyanidin 3-O-(6-
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O-malonyl-beta-D-glucoside)) and pelargonidin (pelargonidin 3-O-glucoside) (Figure 3)
were significantly increased when the leaves turned red. Remarkably, three anthocyanin
compounds (cyanidin 3-O-arabinoside, pelargonidin 3-O-glucoside, and peonidin 3-O-
glucoside) were significantly increased in red and orange leaves, suggesting that these
metabolites may be involved in the final color of A. triflorum leaves (Figure 7). Similarly, a
previous report suggested that cyanidin 3-O-rutinoside, peonidin 3-O-glucoside, cyanidin
3-O-glucoside, and pelargonidin 3-O-glucoside were accountable for the deep red color
of Camellia japonica petals [36]. Seven anthocyanin compounds including cyanidin-3-O-
glucoside, pelargonidin 3-O-glucoside, and cyanidin 3-O-rutinoside were identified in deep
pink colored petals of roses, while these metabolites were not detected in light pink colored
petals [37]. In addition, cyanidin 3,5-O-diglucoside was reported as the main compound
involved in the red leaf phenotype [35]. At the same time, cyanidin 3-O-arabinoside,
peonidin 3-O-glucoside, and pelargonidin 3-O-glucoside, as predominant metabolites in
anthocyanin biosynthesis pathway of A. triflorum, were regulated by numerous DEGs;
each of them were associated with 28,520, 18,916, and 17,979 DEGs, respectively (r > 0.8)
(Supplementary Table S9). This result provided a new insight into the difference between
green and red coloring in A. triflorum leaves.

4.2. Key Genes Related to Anthocyanin Synthesis in A. triflorum Leaves

Existing studies confirmed that the pathway for anthocyanin biosynthetic is part and
parcel of the phenylpropanoid biosynthetic pathway, and its biosynthesis was strongly
controlled by structural genes, such as PAL, 4CL, CHI, CHS, DFR, ANS, F3H, BZ1, and
UGFT [38]. In our studies, the structural genes that regulated the phenylpropanoid biosyn-
thesis pathways (43 genes), flavonoid biosynthesis pathways (22 genes), and anthocyanidin
biosynthetic pathways (10 genes) were significantly expressed when the color of the leaves
was changed (Figure 5). Among them, six PAL genes, nine 4CL genes, and six CHS genes
were substantially expressed in red-colored leaves of A. triflorum, suggesting that these
early biosynthetic genes lead to the production of flavonoids, as observed in other plant
species with red leaves or fruits [39-42]. In addition, some downregulated PAL, 4CL, and
CHS genes were also found in red leaves, suggesting that the color change in A. triflorum
leaves was controlled by multiple single genes.

Compared to green leaves, one F3H gene (Cluster-57603.1) was significantly upreg-
ulated in red and orange leaves. The enzyme encoded by F3H catalyzes an early step
in the flavonoid biosynthesis pathway and displays a positive correlation with catechins
and anthocyanidins synthesis [43]. In some fruit skins, the expression levels of F3Hs
are positively correlated with anthocyanin accumulation [44,45]. Seven DFR genes were
upregulated in red-colored leaves; three DFR genes and one ANS gene were upregu-
lated in orange-colored leaves. ANS and DFR genes have been shown to play a key role
in catalyzing the production of colored anthocyanidins from colorless leucoanthocyani-
dins [46,47]. Similarly, in transgenic tobacco lines, overexpression of HvDFR has been
shown to enhance the anthocyanins accumulation [48]. The gene BZ1 is an anthocyanidin
3-O-glucosyltransferase that modifies flower color as well as increases the solubility and
stability of hydrophobic flavonoids [49,50]. The expression level of three BZ1 genes (Cluster-
24474.30610, Cluster-24474.30670, and Cluster-24474.31001) was the highest in orange leaf,
and its downstream metabolites (cyanidin 3-O-glucoside and pelargonidin 3-O-glucoside)
were correspondingly significantly upregulated. This suggests that the two BZ1 genes
could regulate anthocyanin synthesis and stabilization of leaf color when the leaf color
gradually turns orange. However, it should be noted that most of ANS, BZ1, GT1, and
UGT75C1 (anthocyanidin 3-O-glucoside 5-O-glucosyltransferase) were highly expressed in
orange leaves, but downregulated in the red leaves. The leaf color change is very complex
and primarily determined by content, composition, and distribution of intracellular pig-
ments (anthocyanin, chlorophylls, and carotenoids) [14,51]. Carotenoids are responsible
for colors that vary from yellow to red [52,53]. We speculated that some other pigments,
such as carotenoids, may contribute to the transformation from orange to red when antho-



Horticulturae 2022, 8, 635

14 0f 18

cyanins are accumulated abundantly. As the leaves were sampled in late autumn, the cold
temperature may result in slower metabolism in red leaves. Moreover, the downregulated
UGT75C1 and GT1 genes were significant in anthocyanin biosynthesis, resulting in the
formation of more anthocyanin derivatives.

4.3. Transcription Factors Associated with Anthocyanin Biosynthesis

Transcription factors (TFs) play a crucial role in regulating the anthocyanin biosyn-
thesis. Previous studies have elucidated MYB, bHLH, and WD40 to be involved in the
anthocyanin biosynthesis pathway that contributes to accumulation of anthocyanin [54-56].
Most crucially, the MBW complex (MYB-bHLH-WD40) regulates the downstream accumu-
lation of anthocyanin positively or negatively [26,57]. In our case, 160 (78 upregulated and
82 downregulated), 1480 (840 upregulated and 640 downregulated), and 1463 (795 upreg-
ulated and 668 downregulated) TFs that were differentially expressed were identified in
green versus orange leaves, green versus red leaves, and orange and red leaves, respectively
(Supplementary Table S12). Our study showed that highly expressed MYB genes, such as
Cluster-24474.31177, Cluster-24474.28911, Cluster-24474.26570, Cluster-24474.35504, Cluster-
24474.30825, and Cluster-24474.45773, were concentrated mainly in orange and red leaves,
which, in turn, may regulate key structural genes involved in anthocyanin biosynthesis
positively. Similarly, the overexpression of PsMYB58 (an anthocyanin regulatory R2R3-MYB
gene in tree peony flowers) in tobacco enhanced anthocyanin accumulation in various or-
gans [58]. In contrast, we also found some MYBs (Cluster-24474.33458, Cluster-24474.28542,
Cluster-24474.31177, Cluster-24474.34995, Cluster-24474.35337, and Cluster-24474.31121) that
were downregulated dramatically in red leaves. This suggests that these genes may play
a negative role in anthocyanin biosynthesis, as reported recently [59] in which MaMYB4
was a repressor of anthocyanin biosynthesis and anthocyanin synthesis structural genes
in banana.

In addition, 14 AtrMYBs, including AtrMYB68, AtrMYB74, and AtrMYB35 strongly
interacted with genes involved in anthocyanin biosynthesis; and hence could be regarded
as hub regulators. Furthermore, some bHLHs (Cluster-24474.33920, Cluster-24474.56470,
Cluster-24474.19324, Cluster-24474.32567, Cluster-52890.0, and Cluster-24474.57016) dis-
played an increasing expression level during leaf color change, indicating that they may
cooperate with MYB genes in anthocyanin synthesis. The co-functioning of multiple TFs
in anthocyanin biosynthesis has been reported in various plants [60-62]. Moreover, some
other TFs such as NAC, WRKY, and bZIP were differentially expressed during changes in
leaf color, indicating that they may synergistically regulate gene expression in anthocyanin
biosynthesis. In light of the aforementioned results, we speculate that the changes in the
expression level of these TFs, especially MYB, result in leaf color change, although further
verification is warranted.

5. Conclusions

A. triflorum is a visually appealing ornamental tree in landscapes, in which the leaves
turn from green to beautifully red in autumn. Although anthocyanins are the main pig-
ments that determine the formation of leaf color, the underlying molecular mechanisms of
color change in A. triflorum leaves are still unclear. In this study, we conducted metabolome
and transcriptome analyses in three different colors of A. triflorum leaves. We detected 27 an-
thocyanin metabolites, of which cyanidin-3-O-arabinoside, pelargonidin-3-O-glucoside
and peonidin-3-O-gluside were the predominant metabolites in the biosynthesis of the
anthocyanins, which accumulated in large quantities when A. triflorum leaves turned red.
Furthermore, 47,790 differentially expressed genes were identified in different colored
leaves of A. triflorum, of which 3441, 44,887, and 46,123 DEGs were obtained in green
versus orange leaves, orange versus red leaves, and green versus red leaves, respectively.
Additionally, we screened out some key structural genes (DFR, CHS, F3H) and some key
TFs (MYBs and bHLHs) that were differentially expressed in different colored leaves, which
in turn may participate in anthocyanin accumulation in A. triflorum leaves. The findings
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provide valuable insights into genetic engineering or improvement works to enhance the
ornamental qualities of A. triflorum by enhancing the red coloration of the leaves.
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