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Abstract: Flavonoids are natural antioxidants in plants that affect the color of plant tissues. Flavonoids
can be divided into eight subgroups, including flavonols, anthocyanins, and proanthocyanidins.
The mechanisms of flavonoid synthesis in model plants have been widely studied. However, there
are a limited number of reports on the synthesis of flavonoids in the red leaf varieties of woody
plants. In this study, we combined morphological observation, pigment content determination,
metabolomics, and transcriptomics to investigate the metabolites and gene regulation present in the
red and green leaves of Eucommia ulmoides Oliv. The results showed that the red leaves have a lower
chlorophyll content and a higher anthocyanin content. Metabonomic analysis identified that the
relative content of most flavonoids is up-regulated in red leaves based on UPLC-ESI-MS/MS, which
included the apigenin class, quercetin class, kaempferol class, and procyanidins. Transcriptome
data suggested that the differentially up-regulated genes are enriched in flavonoid and anthocyanin
synthesis pathways, ABC transport, and GST pathways. The integrative analysis of the transcriptome
and metabolome showed that the up-regulation of flavonoid metabolism and a high expression of
chlorophyll degradation with the down-regulation of chlorophyll biosynthesis genes are detected
in E. ulmoides red leaves compared with green leaves. In addition, the co-expression networks
implied that cyanidin 3-5-O-diglucoside, EuDR5, EuPAL2, EuDFR11, Eu3MaT1, and EuF3'H are likely
associated with the red leaf coloration of E. ulmoides. In summary, this research provided a reference
for studying the mechanism of red leaf coloration in woody plants and the use of E. ulmoides red
leaves as feedstock for bioactive products.
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1. Introduction

Eucommia ulmoides is native to China and has been extensively cultivated across
27 provinces (24°50'-41°50" N, 76°00'-126°00" E) because of its high economic value and
adaptability [1]. E. ulmoides leaf extract is a kind of herbal medicine and potential feedstock
for bioactive products, which are used as animal feed additives [2—4]. Pharmacological
experiments have shown that E. ulmoides leaf extract has antioxidation activity [5]. The
flavonol glycosides extracted from E. ulmoides leaves display glycation inhibitory activity [6].
Flavonoids are important antioxidants and highly concentrated in E. ulmoides leaves [7].
Most flavonoid concentrations peak in growing leaves, reaching the peak concentration
in growing green leaves [8]. A total of 13 flavonoids were identified in green E. ulmoides
leaves using ultraperformance liquid chromatography—tandem quadrupole time-of-flight
mass spectrometry (UPLC-Q-TOF-MS) detection [9]. Furthermore, the mass fraction of the
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total flavonoid content in E. ulmoides red leaf extract reached 1.7%, which was significantly
higher than that in the green leaf variety [10].

Flavonoids, a group of natural substances, are well known for their beneficial effects
on health and their use as natural antioxidants [11]. Flavonoids are a large family with
variable hydroxylated polyphenolic structures, which are divided into the following sub-
groups: flavones, flavonols, flavanones, flavanonols, flavanols or catechins, anthocyanins,
and chalcones [12]. The anthocyanin synthesis pathway shares the same upstream en-
zymatic steps with proanthocyanidin and flavonoid biosynthesis pathways [13-15]. The
metabolism and molecular regulation of the flavonoid biosynthesis pathway have been well
described in Arabidopsis thaliana [16,17]. First, phenylalanine, as a substrate, is catalyzed by
phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), and 4-coumaric
acid:CoA ligase (4CL). Then, chalcone synthase (CHS) is the first committed enzyme in
the biosynthesis of all flavonoids. Chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), flavonoid 3',5'-hydroxylase (F3'5'H), flavonol synthase (FLS), and dihydroflavonol
4-reductase (DFR) are activated successively. Anthocyanidin reductase (ANR) catalyzes
the NADPH-dependent reduction of anthocyanidin to epicatechin for the formation of
proanthocyanidins. Anthocyanidin synthase (ANS) activates the switch of the compound
to the anthocyanin biosynthesis pathway. Anthocyanidins can be modified into other forms
of anthocyanins owing to the secondary glycosylation, acetylation, and methylation [18].
In addition to genes, transcription factors (IFs) also play important roles in flavonoid
biosynthesis [19]. The key TFs, including MYBs, basic helix-loop-helix (bHLH) and WD40
proteins, can regulate the expression of flavonoid synthesis genes [20]. However, the
flavonoid synthesis mechanism in red leaves of woody plants is more complicated and less
well understood [21].

Anthocyanins, which belong to the flavonoid group, are natural pigments in plant
tissues, including the leaves, stems, flowers, and fruits, contributing to red, pink, purple,
and blue colors [22,23]. In the pink flowers of tea (Camellia sinensis), metabolites such as
cyanidin 3-O-glucoside, petunidin 3-O-glucoside, and epicatechin gallate were identified
using ultraperformance liquid chromatography—electrospray ionization-tandem mass
spectrometry (UPLC-ESI-MS/MS) detection [24]. In red poplar leaves, several anthocyanins
were identified by researchers, including cyanidin, cyanidin 3-O-glucoside, delphinidin
3-O-sambubioside, and delphinidin 3-O-glucoside [25]. Compared with fruits and flowers,
there are few studies on anthocyanins in leaves, which limits the study of the mechanisms
of leaf coloration.

E. ulmoides “Huazhong No. 12” (H12) is a variety whose leaves express an obvious red
color in summer and autumn. Previous work on the red leaves of E. ulmoides suggested that
enriched anthocyanin is the main cause of leaf color formation. The main factors determin-
ing the anthocyanin content are PAL enzyme activity, temperature, pH value, and light [26].
Transcriptome analysis of red leaves and green leaves of E. ulmoides showed that two
MYB, one bHLH, one F3H, one F3'5'H, five DFR, and nine GT (glucosyltransferase)genes
involved in the flavonoid biosynthesis and anthocyanin biosynthesis pathways might
be related to the formation of red leaves. Nonetheless, we still do not know which an-
thocyanins cause red E. ulmoides leaves. The ratio of anthocyanins to chlorophyll is also
important for determining whether the leaves will be red or green [27,28]. The chlorophyll
II synthesis pathway of the angiosperm consists of three parts: chlorophyll synthesis, the
chlorophyll cycle, and chlorophyll degradation [29]. In previous studies on the formation
of red E. ulmoides leaves, the chlorophyll metabolism pathway was not analyzed.

Here, we combined the metabolome with the transcriptome to analyze the differen-
tially expressed metabolites (DEMs) and differentially expressed genes (DEGs) in H12
(red leaves) and E. ulmoides “Huazhong No. 11”7 (H11, green leaves). The purpose of the
present study was to reveal the metabolic pathways and candidate genes related to red
leaf coloration in E. ulmoides. What are the differences between the red and green leaves
of E. ulmoides at the transcriptome and metabolome level? To figure out these problems,
integrative analysis of the transcriptome and metabolome was performed. Our results
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revealed the accumulation of a set of flavonoid metabolites (flavones, flavonols, antho-
cyanins, isoflavones, dihydroflavonols, chalcones, proanthocyanidins) accompanied by the
regulation of structural genes in the flavonoid biosynthesis and anthocyanin biosynthesis
pathways of E. ulmoides. This would provide a reference for the future study of woody
plant leaf coloration and the use of flavonoids in red E. ulmoides leaves.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The grafted seedlings of H12 (red leaves) and H11 (green leaves) were selected
(Figure 1a), and typical leaves with stable red coloration were collected as materials on July
2018 (Figure 1b). The plantlets were preserved at the Yuanyang experimental site (North
latitude 34°78’; East longitude 113°71’) and were grown under the same environmental
conditions as the controls. The leaves for the metabolome study, transcriptome sequencing,
and RT-qPCR validation were quickly frozen in liquid nitrogen and stored at —80 °C. Three
biological replicates were collected per sample.

(b) (o)
0.4 - 1 = 0384
_ — * % EY
b} ) 3
EX) 0.8 € 06 A
B 3 2 E 0.6
% 3 = 0.6 @
g 02 z E 04 -
5 S04 £
2 g &
g 01 £ 2021
< <
0 0 - 0 |
H12 HIl  HI2 HI11 HI2 Hil HI2

(e) () (8

Figure 1. Leaves of E. ulmoides “Huazhong No. 12”7 (H12, red) and E. ulmoides “Huazhong No. 11” (H11, green, CK).
(a) Leaves from H12 and H11 seedlings; (b) mature leaves of H12 and H11 used as experimental materials; (c) bare-hand

sectioning of H12 and H11 leaves observed under the light microscope; (d—f) chlorophyll, carotenoid, and anthocyanin

content in leaves of H11 and H12; and (g) anthocyanin and chlorophyll content ratio in leaves of two varieties. Data indicate

means + STDEV (n =12, p < 0.01, comparison method ANOVA). ** means that there is a significant difference in the pigment
content of H11 and H12, and the difference level reaches p < 0.01.

2.2. Leaf Pigment Content Determination

The chlorophyll and carotenoid contents of the H12 and H11 leaves were determined
using the direct extraction method [30]. The leaves were weighed to 0.1 g (accurate to
0.01 g) after removing the veins, and 80% acetone was added to reach a volume of 10 mL.
The supernatant was extracted after 72 h in darkness. The absorbance values at 445,
644, and 662 nm were determined using an ultraviolet spectrophotometer (JINGHUA
Instruments 752, Shanghai Jinghua Technology Instruments Co., Ltd., Shanghai, China).
The anthocyanin content was determined. Samples of 0.1 g (accurate to 0.01 g) were ground
in 10 mL of 1% HCL methanol solution for 4 h and centrifuged for 15 min at 3500 g. The
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supernatant contents were determined at 530 nm and 600 nm. The calculation formula was
as described in a previous paper [10].

2.3. Metabolite

The extraction and separation of leaf samples, metabolite identification, and quantifica-
tion were done at MetWare Biotechnology Co., Ltd. (Wuhan, China) [31]. The freeze-dried
leaf samples of H11-1, H11-2, and H11-3 (green leaves) and H12-1, H12-2, and H12-3 (red
leaves) were crushed. A total of 100 mg of the resulting powder was dissolved in 1.0 mL
of 70% aqueous methanol solution and extracted overnight at 4 °C. The extract was then
centrifuged, adsorbed, and filtered before the ultraperformance liquid chromatography—
mass spectrometry (UPLC-MS) analysis. Next, the UPLC-MS equipment was connected to
an electrospray ionization (ESI)-triple quadrupole-linear ion trap—mass spectrometry /MS
system (Q TRAP-MS/MS, Applied Biosystems 6500 Q TRAP) in this experiment. The
characteristic ions of each metabolite were screened through the triple quadrupole (QQQ)
mass spectrometer. In this method, the quadrupole first selected the parent ions (Q1) of
the target substance with a regular molecular weight. The parent ions were ionized in the
collision chamber and then fragmented. The fragment ions were screened through the
QQQ to obtain target characteristic fragments (Q3). The non-target ions were eliminated
to prevent interference. Next, the mass spectrum peaks detected in different samples of
each metabolite were manually corrected to ensure data accuracy. Then, supported by
the Metware database and the public database of metabolite information, metabolites
were identified based on their mass spectra information, including parent ions (Q1), char-
acteristic fragments (Q3), molecular weight, and retention time. The relative contents
of corresponding metabolites were represented by the integrals of the chromatographic
peak area, which were calculated and corrected using MultiQuant (version 3.0.2) [32].
In addition, partial least squares discriminant analysis (PLS-DA) was used to maximize
the metabolite differences between two groups of samples. The variable importance in
projection (VIP) of >1 and fold-change of >2 or <0.5 were used as screening criteria [33].
The heatmaps of metabolite differences between H11 and H12 leaves were created by
TBtools software [34].

2.4. RNA-Seq

The total RNA of each sample was extracted using a SuperPure plant polyRNA rapid
extraction kit (GeneAnswer). RNA concentration and purity were determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, NC, USA) and
the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA), respectively.
RNA integrity was validated using 1% agarose gel electrophoresis. Then, RNA-seq libraries
were prepared for sequencing at Majorbio Technology Co., Ltd. (Shanghai, China). The
Illumina Novaseq 6000 platform was used for transcriptome sequencing. Raw reads were
filtered to obtain high-quality reads. The clean reads were aligned with the reference
genome using Hisat2 software (version 2.1.0) [35]. After each sample was spliced using
StringTie software (version 1.3.3b), the expression levels of genes and transcripts were
quantified using RSEM software (version 1.3.1), and the quantitative index was expressed
in fragments per kilobase of exon model per million mapped fragments (FPKM) [36]. The
annotation of the genes and transcripts was performed on public databases, including
Nr, COG, KEGG, and Swiss-Prot. Differentially expressed genes (DEGs) were deter-
mined using DESeq?2 (version 1.24.0) by edgeR (version 3.24.3). DEGs met the criteria of

llog2(fold-change) | > 1 and corrected p < 0.05. All the DEGs were analyzed for Gene
Ontology (GO) enrichment using goatools (version 0.6.5) [37] and KEGG enrichment using
KOBAS software (version 2.1.1). Then TFs were annotated into the PlantTFDB database. To
find the candidate EuMYB and EubHLH TFs regulating flavonoid synthesis, all EuMYBs
and EubHLHs were compared with Arabidopsis thaliana and combined with the expres-
sion data to speculate the possible transcription factors. Multiple sequence alignment of
putative domain proteins was performed by MUSCLE (v3.8.31) using default parameters.
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Phylogenetic analysis was performed using BEAST (v2.6.2), and the maximum likelihood
method with 10,000,000 bootstrap replicates was used [38].

2.5. Integrative Analysis of Metabolome and Transcriptome

Pearson correlation coefficients (PCCs) were applied to integrate metabolites and their
corresponding genes. The DEMs and DEGs were selected as variants to generate nine
quadrant diagrams. Black dashed lines divided each graph into nine quadrants. Each
quadrant showed the different expression of metabolites and genes. For example, the third
quadrant showed a positive correlation of metabolites and genes. Next, a co-expression
network was presented to find the relationship between metabolites and genes. Each pair
of metabolites and genes (PCC > 0.8, FDR < 0.01) was chosen to construct the network. The
co-expression network was visualized by Cytoscape (version 2.8.2).

2.6. Real-Time Quantitative PCR (RT-gPCR) Validation

In total, 12 related genes were selected for RT-qPCR, and the primer lists are shown
in Table S1. The SYBR Premix Ex Tag™ kit (TaKaRa, Japan) was used, and RT-qPCR
expression assays were performed on a CFX96 platform (Bio-Rad, Foster City, CA, USA).
The GADPH gene (EUC05716) was used as the relative quantitative reference gene. Three
technical replicates were performed for each sample. The expression levels of the genes
in the list were calculated using the 2-AACt method [39]. The mean values + standard
deviations were determined.

3. Results
3.1. Photosynthetic Pigment and Anthocyanin Content of Leaves

The diversity of pigments primarily determines the plant leaf color. Our detection
revealed that the chlorophyll, carotenoid and anthocyanin contents of H12 leaves were 0.61-,
1.07-, and 4.04-fold, respectively, compared with H11 leaves. The chlorophyll content of H12
was significantly lower than that of H11, while the anthocyanin content was significantly
higher than that of H11. In addition, there was no significant difference in the carotenoid
content between H11 and H12 (Figure 1d—f). The ratio of anthocyanins to chlorophyll of
H12 was 0.61, while that of H11 was 0.09 (Figure 1g). The results suggested that a lower
content of chlorophyll and a higher content of anthocyanin might be responsible for the
redness of H12 leaves.

3.2. Metabolomics Analysis

For an overview of the metabolic profiling of red and green leaves, qualitative and
quantitative analyses were further performed by UPLC-Q TRAP-MS/MS technology. The
overlapping total ion current (TIC) curves of the quality control (QC) in different samples
showed that the retention time and peak intensity were consistent, indicating the sample
signal was stable (Figure S1). In this experiment, 556 metabolites were detected, including
flavonoids, phenylpropanoids, phenols, lipids, amino acids, organic acids, nucleotides,
and other substances (Figure 2a). Among these, a total of 14 anthocyanin metabolites were
identified and their relative contents were analyzed, including cyanidin 3-O-glucoside,
cyanidin 3-O-rutinoside, cyanidin 3,5-O-diglucoside, cyanidin 3-O-malonylhexoside, cyani-
din O-syringic acid, delphinidin 3-O-rutinoside, delphinidin 3-O-rutinoside, peonidin
O-hexoside, petunidin 3-O-glucoside, rosin din O-hexoside, malvidin 3-O-galactoside, and
malvidin 3-O-glucoside (Table 1). The results showed that most of anthocyanins are highly
accumulated in E. ulmoides red leaves.
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Figure 2. Metabolome analysis of E. ulmoides H11 (green leaves, CK) and H12 (red leaves). (a) Statistics of the number of
classified metabolites, (b) PCA of metabolites, (¢) OPSLDA model of metabolite differences, (d) volcano plot of differentially
expressed metabolites (DEMs), and (e) KEGG enrichment of DEMs.
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Table 1. List of anthocyanins and anthocyanidins detected in H11 and H12.
Relative Content ®
Compounds 1 Q1 (Da) 2 Q3 (Da) 3 Rt (min) ¢ Wl\e/i;ftc;l i]a)ra) 11 H12
Cyanidin 287.00 231.60 3.45 287.24 815,667 8,570,000
Cyanidin 3-O-glucoside 447.30 284.10 2.55 448.30 82,533 67,967
Cyanidin 3-O-rutinoside 595.00 287.90 2.62 595.00 3,890,000 2,650,000
Cyanidin 3,5-O-diglucoside 611.00 287.70 2.15 611.00 431,000 19,700,000
Cyanidin 3-O-malonylhexoside 535.10 287.40 294 535.10 122,733 368,000
Cyanidin O-syringic acid 465.10 285.30 2.50 466.10 58,900 3,380,000
Delphinidin 303.00 149.30 2.90 303.24 3,716,667 8,826,667
Delphinidin 3-O-rutinoside 611.00 303.00 2.37 611.00 4,126,667 4,086,667
Pelargonin 595.00 271.80 240 595.00 1,453,333 2,563,333
Peonidin O-hexoside 463.10 301.40 3.00 463.12 103,000 14,150,000
Petunidin 3-O-glucoside 479.00 317.00 2.63 479.00 140,933 429,000
Rosinidin O-hexoside 477.10 315.60 3.31 477.10 111,000 228,000
Malvidin 3-O-galactoside 493.00 331.70 2.87 493.00 205,667 141,667
Malvidin 3-O-glucoside 493.20 331.60 2.87 493.20 258,667 173,667

1 Compounds refer to anthocyanins and anthocyanidins. 2Q1, parent ions; 3 Q3, characteristic fragments; 4 Rt, retention time; and
5 Molecular weight were the basis of metabolic characteristics. © Relative contents of the metabolites were calculated by chromatographic

peak areas.

Principal component analysis (PCA) was used to display the difference in metabolites
between H12 and H11. The six samples from the two varieties were classified into two
different regions of the PCA plot, indicating that the detected differences in metabolite
profiles are related to the leaf color (Figure 2b). Simultaneously, the orthogonal partial least
squares discriminant analysis (OPLS-DA) model was used to distinguish between H12 and
H11 to the most extent (R2X = 0.922, R2Y =1, and Q2 = 0.999). The Q2 value was more
than 0.9, indicating this model is stable and accurate (Figure 2c). The OPLS-DA model was
tested by permutation verification (n = 200). Then, we obtained the variable importance in
project (VIP) value from the OPLS-DA permutation model. The volcano plots calculated
the statistical significance of the difference between H12 and H11 (Figure 2d). Based on
the criteria of VIP > 1 and fold-change < 0.5 or fold-change > 2, 165 DEMs were screened.
Among them, 96 and 69 metabolites were up-regulated and down-regulated, respectively,
in H12 compared with H11. According to the results of different metabolites, the KEGG
pathway was enriched (Figure 2e). KEGG pathway enrichment analysis revealed that
four flavonoid-related pathways (phenylpropanoid biosynthesis, flavonoid biosynthesis,
flavone and flavanol biosynthesis, and isoflavonoid biosynthesis) changed significantly in
H12 compared with H11. In addition, the amino acid biosynthesis, tyrosine metabolism,
and tryptophan metabolism pathways were also significantly enriched in H12 compared
with H11.

A total of 165 DEMs were also classified into 14 categories. The majority of DEMs
were classified into five categories, including flavonoids (67, 40.61%), amino acids and
derivatives (19, 11.51%), organic acids (16, 9.70%), lipids (9, 5.45%), and nucleotides
and derivates (7, 4.24%). More specifically, these flavonoids were further classified into
5 isoflavones, 22 flavones, 4 flavanones, 19 flavonols, 5 anthocyanidins, 2 proanthocyanidin,
and other flavonoids. The heatmap analysis of flavonoids with relative contents showed
that most of them are up-regulated in H12 (Figure S2a,b). Notably, this was the first time
proanthocyanidins were detected in E. ulmoides red leaves. In addition, the contents of most
amino acids, their derivatives, and organic acids were significantly down-regulated in H12
(Figure S2c). Taken together, about 29.68% of all detected metabolites showed significant
differences in the content level. Flavonoids were the main differential metabolite, and their
relative contents were most up-regulated in red leaves.

3.3. Transcriptome Analysis

To study the molecular basis of leaf coloration in E. ulmoides, transcriptome sequencing
was performed on H11 and H12. The average H11 sample produced 60,047,905 clean reads,
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the base error distribution rate was 0.02%, and the GC content was 46.76%. The average H12
sample produced 59,423,610 clean reads, the base error distribution rate was 0.02%, and the
GC content was 46.57%. The clean data have been submitted to the SRA database of the
NCBI (accession IDs SRR12569328 and SRR12569327). The sequenced reads were compared
with the reference genome of E. ulmoides (the BioProject accession no. of E. ulmoides genome
sequencing at the NCBI is PRINA357336). The average rates of total mapping for H12
and H11 were 95.53% and 95.36%, respectively. A total of 37,065 transcripts were then
searched against protein databases as follows: 30,085 in Nr (81.17%), 23,520 in Swiss-
Prot (63.46%), 22,519 in Pfam (60.76%), 29,271 in COG (78.97%), 14,793 in GO (39.91%),
and 12,917 in KEGG (34.85%). Differentially expressed genes (DEGs) met the criteria of
llog2(fold-change) | > 1 and corrected p < 0.005. In total, 6676 DEGs in H12 vs. H11 were
identified, with 3250 genes up-regulated and 3426 genes down-regulated (Figure 3a,b).
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transcriptome DEGs. (b) Volcano plot of transcriptome DEGs. (¢) KEGG enrichment of up-regulated genes.
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GO annotation and KEGG pathway analysis were used to identify the biological
functions of DEGs. The GO analysis annotated DEGs that mapped to the biological process,
cell component, and molecular functional classes. Cellular process, cell part, and binding
had the most genes involved in each GO category (Figure S3). The KEGG enrichment
of DEGs reflected the differential metabolic processes of H11 and H12 during the same
period in leaf tissues. The up-regulated genes showed the most significant differences in
flavonoid biosynthesis, ABC transporters, glutathione metabolism, and phenylpropanoid
biosynthesis pathways (Figure 3c). Notably, anthocyanin biosynthesis used phenylalanine
as a substrate and shared the same upstream enzymatic steps as the flavonoid biosynthesis
pathway. Anthocyanins were transported to vacuoles for storage by transporters, such as
glutathione sulfur transferase (GST) and ATP binding box C family (ABBC) [40]. Therefore,
the known results well supported our results of metabolic pathways enriched by up-
regulated genes. The down-regulated genes were mainly enriched in starch and sucrose
metabolism, cyanoamino acid metabolism, photosynthesis, porphyrin and chlorophyll
metabolism, and unsaturated fatty acid biosynthesis pathways (Figure S4).

3.4. Differential Expression of Chlorophyll Genes Involved in Leaf Coloration

As we know, the ratio of anthocyanins to chlorophyll is important to the red color of
leaves. The lack of any reaction of chlorophyll synthesis would result in green-deficient
leaves. Thus, the key genes encoding enzymes related to chlorophyll metabolism should
be identified. In this study, 48 candidate genes that encoded 20 enzymes involved in
the chlorophyll metabolism pathway were identified (Table S2). Among them, 12 DEGs
contributed to chlorophyll metabolism (Figure 4). Genes in chlorophyll biosynthesis in H12
that were significantly down-regulated compared with H11 included uroporphyrinogen
decarboxylase (HemE), coproporphyrinogen-III oxidase (HemF), and magnesium chelatase
subunit H (chIH). In addition, some genes encoding divinyl protochlorophyllide (DVR)
and protochlorophyllide reductase (POR) in the chlorophyll biosynthesis process were
also significantly down-regulated. Chlorophyll synthase (ChlG), as the last enzyme of
chlorophyll biosynthesis, plays an important role in this process [41]. Under the catalysis of
chlG enzyme, chlorophyllide-a was transformed into chlorophyll-a. Our data showed that
chlG genes are significantly up-regulated in the red leaves of H12. This result indicated that
most of the genes of the chlorophyll synthesis pathway are significantly down-regulated.
Those might cause the decrease in the chlorophyll content of red leaves.

Compared to the green leaves of H11, the expression of photosynthetic DEGs was
significantly down-regulated in the red leaves of H12. The photosynthesis pathway had five
parts: photosystem II, photosystem I, cytochrome b6/f complex, photosynthetic electron
transport, and F-type ATPase. According to KEGG enrichment results, 10 DEGs relevant to
PSII polypeptide subunits, 2 DEGs related to PSI polypeptide subunits, 2 DEGs related to
cytochrome-b, and 2 DEGs related to ferredoxin showed significant reductions in mRNA
levels of red leaves (Table S3). For example, LHCB1 genes, which are thought to bind
chlorophyll-b and transfer excitation energy to the reaction centers in photosystem II
(PSII) [42], were primarily down-regulated (Figure S5).
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Figure 4. Differential expression of genes related to the chlorophyll metabolism pathway. The gene expression level was
based on the FPKM value. The darker the color, the higher the gene expression level.

3.5. Up-Regulation of Key Genes and Corresponding Metabolites Related to the Flavonoid
Biosynthesis Pathway

According to transcriptome and metabolome integrative analysis results, we identified
45 candidate genes that encoded 15 enzymes and 156 metabolites related to the flavonoid
biosynthesis pathway (Table S4). The results showed majority up-regulation of genes
and metabolites related to the flavonoid synthesis pathway in E. ulmoides red leaves. We
focused on the anthocyanin, flavonol, and proanthocyanin synthesis. Therefore, 18 DEGs
and 9 DEMs involved in the flavonoid metabolic pathway were screened (Figure 5). First,
the expression of the CHI gene was up-regulated 1.06-fold in H12 compared with H11.
Second, the F3'5'H gene was down-regulated —3.34-fold, while F3'H was up-regulated



Forests 2021, 12, 1260

14 of 23

Phenylpropanoid
Synthesis pathway

Flavonoids
Synthesis pathway

Anthocyanins
Synthesis pathway

1.22-fold, which increased the content of dihydroquercetin by 10.51-fold. Third, DFR genes
were up-regulated. DFR genes plays a decisive role in the formation of anthocyanins. The
corresponding result was that dihydroquercetin was more transformed to promote the syn-
thesis of cyanidin, and the content of cyanidin was up-regulated 7.99-fold. Then, the 3MaT1
gene was up-regulated 1.22-fold. Cyanidin 3-malonylglucoside and cyanidin 3,5-glucoside
were up-regulated 1.58- and 5.51-fold, respectively. FLS plays an important role in flavonol
synthesis. Under the regulation of FLS genes, the contents of quercetin, kaempferol, and
myricetin were up-regulated 22.73-, 5.15-, and 45.41-fold, respectively. Leucoanthocyantin
reductase (LAR) and ANR are important genes in proanthocyanin synthesis. Their existence
and function led to an increase in the proanthocyanidin content. In general, the expression
of EuPAL, EuCHI, EuF3'H, EuF3'5'H, EuDFR, Eu3MaT1, EuFLS, EuLAR, and EuANR genes
may result in the up-regulation of most metabolites in the flavonoid biosynthesis and
anthocyanin metabolism pathways.
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3.6. Transcription Factors

Transcription factors (TFs) are key proteins that manipulate target genes to be ex-
pressed at a specific time in a specific space with a specific intensity in various biological
processes in plants. In this study, a total of 1931 transcripts were annotated as TFs, which
were divided into 44 TF families. Among these TF families, MYB TFs were the most
abundant TF family (123, 6.36%), followed by the MYB-related family (117, 6.06%), and
bHLH (100, 5.18%), C2C2 (96, 4.97%), NAC (75, 3.88%), and B3 superfamilies (74, 3.83%;
Figure 6). Then, the MYB and MYB-related gene families were identified: nine DEGs of
the MYB gene family were up-regulated, while 6 DEGs were down-regulated. Most of the
DEGs of the bHLH gene family were significantly down-regulated in H12. Additionally,
some DEGs encoding C2C2, NAC, AP2/EREF, and bZIP families showed highly significant
up-regulation in red leaves compared with normal green leaves (Table S5).

Statistics of TF family
. 123(6.36%)

W, 117 (6.06%) —log10 (E—value)

100 (5.18%) 0 20 40 60 80 100120140

Top 10 TF family
96 (4.97%) ® MYB
MYB-related
758 @ bHLH

/ ® C2C2
/ 74 (3.83%) NAC
" 4 B3 superfamily
T T2(3.73%) HB
67 (3.47%) : gIP}?/ERF
= 66 (3.42%) bZIP

65 (3.37%)
Figure 6. Transcription factors (TFs) in in E. ulmoides leaves.

MYB and bHLH TFs play an important role in regulating flavonoid synthesis. At-
MYB75, AtMYB90, AtMYB113, and AtMYB114 were reported to regulate anthocyanin
biosynthesis. AtMYB123 regulated proanthocyanidin biosynthesis. AtMYB11, AtMYB12,
and AtMYB111 were involved in flavonol biosynthesis [20,43]. AtMYB4, AtMYB7, At-
MYB32, and AtMYB?75 interacted with the bHLH TFs AtbHLH042/TT8, AtbHLH001/GL3,
and AtbHLHO002/EGL3, regulating flavonoid biosynthesis [44,45]. According to phylo-
genetic analysis results (Figure S6), EUC01949, EUC02121, and EUC20877 were highly
homologous with TFs regulating anthocyanin biosynthesis. Seven EuMYBs might be re-
lated to proanthocyanidin biosynthesis. EUC03871 was likely to regulate flavonol synthesis.
EUC23975 and EUC15883 were clustered with AtMYB4. Furthermore, EUC06643 was
aligned with AtbHLH042/TT8 (Figure S7), which positively induced the accumulation
of flavonoids [46]. Combined with the expression profile of their transcripts (Table S6),
the expression of EuMYBs was relatively low at the mRNA level. However, the expres-
sion of the bPHLH TF EUC06643 was significantly up-regulated in H12 and was relatively
higher. This result showed that there might be amounts of EuMYB TFs related to flavonoid
synthesis, but their expression levels were quite low in this period. This might be due to
the accumulation of flavonoids in E. ulmoides leaves when the color of the sampled leaves
remains unchanged.
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3.7. Correlation Analysis of Metabolites and Genes Involved in Flavonoid and
Anthocyanin Biosynthesis

To obtain the hub metabolites and genes related to leaf coloration, correlation analysis
was performed. First, nine quadrant diagrams were used to comprehensively evaluate the
correlation between metabolites and genes (Figure 7a). Most pairs of flavonoid metabolites
and corresponding genes were found in the third quadrant, which represented up-regulated
metabolites and genes. Thus, the representative DEMs and DEGs (PCC > 0.8) related to
flavonoid and anthocyanin biosynthesis were selected to generated co-expression networks.
The visualized networks were divided into three subnetworks with core nodes. The
first subnetwork was central with the EuDR5 gene node. The second subnetwork took
the cyanidin 3-5-O-diglucoside metabolite as the node. The third subnetwork may take
quercetin as the node. In addition, EuPAL2, EuDFR11, Eu3MaT1, and EuF3’'H might be the
key nodes of the whole network (Figure 7b, Table S7). These gene nodes would become
candidates for our future research on flavonoid and anthocyanin biosynthesis in E. ulmoides.
In addition, these nodes contain cyanidin 3-5-O-diglucoside, EuDR5, EuPAL2, EuDFR11,
Eu3MaT1, and EuF3’'H, which are likely associated with the red leaf coloration of E. ulmoides.
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Figure 7. Integrative analysis of the metabolome and transcriptome. (a) Quadrant diagrams rep-
resenting the association of metabolomic and transcriptomic data. (b) Co-expression network of
metabolites and genes involved in flavonol and anthocyanin biosynthesis. The gene-metabolite
pairs were connected within the network by edges. Red nodes represent genes, and blue nodes
represent metabolites.
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3.8. RT-gPCR Verification

To verify the RNA-seq results, we selected 10 genes (2 genes in the flavonoid synthesis
pathway, 4 in the anthocyanin synthesis pathway, and 3 in the photosynthetic metabolism
pathway). RT-qPCR results showed the that up-regulated and down-regulated gene
expression levels in the leaves of H11 and H12 were consistent with RNA-seq (Figure S8).

4. Discussion

The central problem to be solved was which metabolic pathways and candidate
genes lead to the color of red leaves of Eucommia ulmoides. As we know, flavonoid
synthesis is a colored model for studying metabolism, contributing to the major red, blue,
and purple pigments in plants [17]. In addition, the ratio of anthocyanins to chlorophyll
is crucial to leaf color [47]. Our study suggested that the up-regulation of flavonoid
biosynthesis and a high expression of chlorophyll degradation with the down-regulation of
chlorophyll biosynthesis are detected in E. ulmoides red leaves compared with green leaves.
Although there were intriguing discoveries related to the dynamic changes in flavonoids
and chlorophyll, we still do not know whether there is a relationship between flavonoid
synthesis and chlorophyll metabolism. For example, in the purple leaves of ornamental
cabbage, the trends in anthocyanin and chlorophyll gene expression are consistent with
our results [48]. In the yellow mutant of poplar, a high level of anthocyanin metabolism
and a high level of chlorophyll degradation genes with down-regulation of carotenoid
synthesis were found compared with green leaves [49]. Fortunately, a few studies have
been were reported to determine the relationship between flavonoids and chlorophyll.
First, at the genetic level, the content of naringenin chalcone segregated as a monogenic
trait independently to carotenoids and chlorophyll in melon fruit rinds [50]. Second, at
the transcriptional regulation level, down-regulation of SIMYB72 increased chlorophyll
accumulation and increased flavonoid accumulation in tomato fruits [51]. SIMYB72 directly
targeted SIPOR and SIChIH genes in the chlorophyll metabolism pathway and SI4CL and
SICHS genes related to flavonoid biosynthesis. Therefore, there might be some relationship
between flavonoids and chlorophyll metabolism in E. ulmoides leaves.

Delphinidin, peonidin, and malvidin cause purple and dark colors, whereas cyanidin
and pelargonidin derivatives result in the main bright-red coloration [52]. In our study,
a total of 14 anthocyanin metabolites in E. ulmoides red leaves were identified and their
relative contents were analyzed based on UPLC-MS/MS for the first time. Importantly,
the combined analysis of the transcriptome and metabolome suggested that cyanidin,
cyanidin 3-malonylglucoside, and cyanidin 3,5-glucoside might be related to E. ulmoides
red leaves. Similarly, a study on poplar showed that cyanidin 3-O-glucoside, malvidin
3-O-galactoside, malvidin 3-O-glucoside, delphinidin 3-O-glucoside, and pelargonin are
specifically accumulated in red leaves compared with green leaves. There is little difference
in the kinds of anthocyanins detected between E. ulmoides red leaves and poplar red
leaves [21]. These studies thus offer a reference for the anthocyanin study associated with
woody plant leaf coloration.

Flavonoid biosynthesis is regulated by a series of genes, some of which compete
with each other [17]. Our results implied that EuPAL, EuCHI, EuF3'H, EuF3'5'H, EuDFR,
Eu3MaT1, EuFLS, EuLAR, and EuANR genes regulate the flavonoid biosynthesis in E.
ulmoides leaves. Notably, the analysis showed that F3'5'H was down-regulated —3.34-fold,
while F3'H was up-regulated 1.22-fold, which resulted in the activation of the cyanidin
pathway and the blocking of the delphinidin pathway. The F3'5'H genes were barely
expressed, whereas the F3'H genes showed high expression levels. F3'5'H encodes a
flavonoid 3',5’-hydroxylase belonging to the cyp75a subfamily, while F3'H encodes a fla-
vanone 3-hydroxylase belonging to the cyp75b subfamily [53]. F3'5'H catalyzed naringenin
and dihydrokaempferol into dihydromyricetin, while F3'H catalyzed them into dihydro-
quercetin. Therefore, these results well explained that the content of dihydroquercetin was
significantly up-regulated in the red leaves of E. ulmoides. In addition, there are reports that
FLS can affect anthocyanin synthesis through substrate competition. FLS changed the ratio
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of flavonol and anthocyanin and finally changed the flower color of Petunia hybrida [54].
FLS competed with DFR, causing the white-flowered mutant of Muscari botryoides Mill
to lose the cyanidin compound compared with the blue-flowered plant [55]. Our study
indicated that EuF3'H competes with EuF3'5'H, which might affect the final red coloration
of E. ulmoides leaves.

E. ulmoides “Huazhong No. 12”7 (H12) is a woody plant whose leaves express an
obvious red color. Our study showed comprehensive detection of flavonoid biosynthesis
in E. ulmoides red leaves. Recently, by applying metabolome and transcriptome combined
analysis, flavonoid biosynthesis profiles were studied in several plant species, including the
pre-angiosperm, monocot, and eudicot clades. However, the flavonoid profiles of woody
plants are different from those of monocotyledons and herbaceous dicotyledons [21]. The
flavonoid synthesis in woody plants may be more complex than that in Arabidopsis and
maize [17,56]. Combining metabolome and transcriptome analysis can further deepen
our understanding of the differences between red and green leaves. Integrative analysis
indicated that EuPAL2, EuF3'H, EuDFR5, EuDFR11, and Eu3MaT1 might play an important
role in regulating phenylalanine, flavonoid, and anthocyanin biosynthesis. In the begin-
ning, phenylalanine, as a substrate, was regulated by EuPAL2. Then the up-regulation
of EuF3'H resulted in the increased content of dihydroquercetin. Under the regulation
of EuDFR and EuANS, dihydroquercetin was converted to cyanidin. Thus, EuDFR5 and
EuDFR11 were significantly up-regulated and might be crucial to the formation of cyani-
din. However, dihydroquercetin, as a substrate, was catalyzed into flavonols, including
quercetin, kaempferol, and myricetin. Finally, cyanidin was controlled by Eu3GT and
Eu3MaT1 genes. The content of cyanidin 3-malonylglucoside and cyanidin 3,5-glucoside
was up-regulated. Therefore, our research on flavonoid synthesis provided a reference for
studying the molecular mechanism of flavonoid synthesis in woody plants.

Flavonoids are natural products known for their beneficial effects on health. Phar-
macological experiments show that flavonoids have antioxidant, anti-inflammatory, and
anti-carcinogenic properties [57]. Among them, flavonols, flavones, chalcones, proantho-
cyanidins, and other substance have shown great potential in nutraceutical and medicinal
applications. The most abundant citrus flavonoids are flavanones, such as hesperidin,
naringin, or neohesperidin, which display antioxidant and anti-inflammatory proper-
ties [58]. Quercetin and apigenin are considered to be natural compounds for cancer
treatment [59]. Cocoa procyanidins are reported to regulate transcriptional pathways re-
lated to inflammation and metabolism in human dendritic cells [60]. These studies provide
a basis for the use of flavonoids from E. ulmoides red leaves. Our metabolome analysis
demonstrated that E. ulmoides red leaves show a relatively higher flavonoid content, includ-
ing apigenin class, quercetin class, kaempferol class, and procyanidins (Figure 52). Thus,
besides anthocyanins, these flavonoids are also important findings in E. ulmoides. Given that
E. ulmoides leaves are used as herbal medicine and animal feed, the relatively flavonoid-rich
E. ulmoides red leaves may be more useful as feedstock for bioactive products.

5. Conclusions

In conclusion, through the determination of the phenotype and pigment content, we
found that the ratio of anthocyanins to chlorophyll of H12 is higher than that in H11,
which is one of the reasons for the leaf color difference. At the metabolic level, most
flavonoids and anthocyanins were highly accumulated in red leaves. Gene expression
analysis suggested that flavonoid biosynthesis and phenylpropanoid biosynthesis genes
shows high levels in H12 than in H11, which also validated the significant up-regulation
of flavonoid metabolism. On the basis of a comprehensive analysis relating metabolites
to the gene expression profile, our study indicated that the up-regulation of flavonoid
biosynthesis and a high expression of chlorophyll degradation with the down-regulation of
chlorophyll biosynthesis contributes to the red leaves of E. ulmoides. These findings expand
the understanding of the mechanism of red leaf coloration in woody plants. Furthermore,
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the relatively flavonoid-rich E. ulmoides red leaves may be more useful as feedstock for
bioactive products.
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