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Abstract: Liquidambar formosana Hance has a highly ornamental value as an important urban green-
ing tree species with bright and beautiful leaf color. To gain insights into the physiological and
molecular mechanisms of L. formosana leaf color change, the leaves of three different clones were
sampled every ten days from October 13, 2019, five times in total, which are S1, S2, S3, S4 and S5.
Transcriptome sequencing was performed at S1 and S4. The chlorophyll content of the three clones
decreased significantly, while the anthocyanins content of the three clones increased significantly
in the coloring stage. The anthocyanins content of clone 2 was far more than that of the other two
clones throughout the period of leaf color change. The transcriptome analysis showed that six DEGs
related to anthocyanins biosynthesis, including CHS (chalcone synthase), CHI (chalcone isomerase),
F3'H (flavonoid 3'-hydroxylase), DFR (dihydroflavonol 4-reductase), ANS (anthocyanidin synthase)
and FLS (flavonol synthase), were found in three clones. Clone 2 has another three DEGs related to antho-
cyanins biosynthesis, including PAL (Phenylalanine ammonia-lyase), F3'5'H (flavonoid 3’,5'-hydroxylase)
and UFGT (flavonoid 3-O-glucosyltransferase). We lay a foundation for understanding the molecular
regulation mechanism of the formation of leaf color by exploring valuable genes, which is helpful for
L. formosana breeding.

Keywords: Liguidambar formosana; anthocyanins biosynthesis pathway; RNA-Seq; DEGs; leaf coloration

1. Introduction

Liquidambar formosana Hance, a deciduous ornamental tree species, is widely dis-
tributed in Southeast Asia [1,2]. This plant is one of the main afforestation tree species
in southern China, which exhibits strong adaptability, fire resistance and high ecological
benefits [3]. L. formosana has great potential in landscaping and gardening, owing to the fact
that its leaf color changes seasonally from green to yellow or red in October [4]; therefore,
studying the leaf color of L. formosana is of great importance for breeding individual clones
with good ornamental values.

Autumn leaf coloration is one of the most important horticultural characteristics
in nature [5]. Various colored-leaf trees have gradually become the primary choice for
landscaping due to their colorful leaves improving the level and ornamental value of the
landscape [6]. Leaf color is affected by the accumulation of different types and quantities of
pigments, such as flavonoids and anthocyanins [7]. Flavonoids are able to regulate pigmen-
tation and photo-protection [8]. Anthocyanins are an important class of flavonoids that
represent a large group of plant secondary metabolites. They are glycosylated polyphenolic
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compounds with a range of colors varying from orange, red and purple to blue in flowers,
seeds, fruits and vegetative tissues [9]. Anthocyanins are involved in defense responses
against pathogens, protecting plants from strong light and UV radiation [10]. They have
antioxidant properties to protect plants against various biotic and abiotic stresses [11]. In
addition, anthocyanins accumulate in the flowers and fruits of plants and are responsible
for their rich color attracting pollinators and seed dispersers [12]. They were catalyzed
by complex enzymes from phenylpropanoid and flavonoid biosynthetic pathways [13].
A wide range of constructive genes was involved in the anthocyanin’s biosynthesis. In
Arabidopsis thaliana, the structural enzymes in the anthocyanins biosynthetic pathway in-
clude the upstream components chalcone synthase (CHS), chalcone isomerase (CHI) and
the downstream components dihydroflavonol 4-reductase (DFR), anthocyanidin synthase
(ANS) and others [14]. The structural genes involved in anthocyanins biosynthesis have
been identified in genetic analyses of some plants, such as cucumber and sainfoin flow-
ers [15,16]. To date, little is known about the molecular regulatory mechanism of the key
genes underlying leaf color change in L. formosana. Many studies on L. formosana have
explored the relationship between leaf color change and environmental factors by measur-
ing the content changes of chlorophyll and other related pigments. Studies of Hu and Liu
have pointed out that temperature is the main factor affecting the accumulation of pigment
in L. formosana leaves [17,18]. This study can enrich the knowledge about the molecular
mechanisms of L. formosana.

Understanding of the metabolic pathways involved in leaf color change during
L. formosana development requires the exploration of functional genes. RNA sequenc-
ing, based on deep sequencing, has been widely used for gene discovery and analysis of
specific genes [19]. The results of this study not only accessed key genes in the anthocyanins
biosynthetic pathway of three clones of L. formosana in autumn, but also aimed to explore
the molecular mechanism of its color formation, thereby providing a theoretical basis for
L. formosana molecular breeding.

2. Results
2.1. Dynamic Patterns of Chlorophyll, Carotenoid and Anthocyanin Content

The total chlorophyll, carotenoid and anthocyanins in leaves varied significantly at
different coloration stages (Figure 1). With increased redness in leaf color, the total chlorophyll
levels decreased (Figure 1a), while anthocyanin levels increased (Figure 1c) and carotenoid
levels fluctuated (Figure 1b). For the total chlorophyll, the contents of the three clones at the S1
stage were 2.64 mg/g, 2.87 mg/g and 2.96 mg/g, respectively (Figure 1a), while the contents
at the 54 stage were 1.78 mg/g, 1.82 mg/g and 0.52 mg/g, respectively. When compared with
51, the total chlorophyll decreased by 32.6%, 36.6% and 82.4%, respectively. For carotenoids
(Figure 1b), the contents of the three clones at the S1 stage were 0.17 mg/g, 0.14 mg/g
and 0.09 mg/g, respectively, while content at the 54 stage were 0.02 mg/g, 0.08 mg/g and
0.05 mg/g, respectively. When compared with 51, carotenoids decreased by 88.2%, 42.8% and
44.4%, respectively. For anthocyanins (Figure 1c), levels of the three clones at the S1 stage were
10.75U/g, 18.20 U/g and 15.57 U/g, respectively, while levels at 54 stage were 24.34 U/g,
61.59 U/g and 20.14 U/g, respectively. Compared with S1, anthocyanins increased by 2.26,
3.38 and 1.29 times. In addition, the anthocyanins levels of clone 2 were far more than that of
the other two clones throughout the period of leaf color change.

2.2. De Novo Assembly of L. formosana Transcriptome

To explore changes in transcription, a total of 18 samples of three clones at S1 and 54 stages
of L. formosana were selected, consisting of three clones with three replicates per clone. A total
of 936,385,220 raw reads with a total of 141,394,168,220 bp were obtained. After removing the
adaptor and low-quality reads, a total of 927,523,280 clean reads with a total of 136,254,863,719 bp
were obtained from the eighteen sequencing libraries for further analysis (Table S1).
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Figure 1. Changes in total chlorophyll, carotenoids and anthocyanin contents during the leaf col-
oration: (a) changes in total chlorophyll content in different clones; (b) changes in carotenoids content
in different clones; (c) changes in anthocyanin content in different clones. Different lowercase letters
within each graph indicate significant differences (p < 0.05) among different clones, while differ-
ent capital letters within each graph indicate significant differences among different time periods
(p < 0.05). There were three biological replicates in each clone at each stage.

2.3. Gene Annotation and Classification

In total, 196,890 unigenes (99.65% of the 197,577 total unigenes) were identified by
BLASTX (E-value < 1 x 107°) in at least one of the GO, COG and KEGG databases. In
total, there were 82,229 (41.62%), 88,492 (44.79%) and 55,770 (28.23%) unigenes that had
annotated to the GO, COG and KEGG databases, respectively.

To analyze the functions of DEGs, we used the GO annotation term to enrich the
DEGs between S1 and 5S4 of the three clones. DEGs were divided into three ontologies:
molecular function, cellular component and biological process (Figure S1). In clone 1, for
the molecular function, “binding” and “catalytic activity” were the frequent terms and were
associated with 7577 and 7381 DEGs, respectively. For the cellular component, the DEGs
were mainly enriched for “cell part”, “membrane part” and “organelle” with 6809, 4891
and 3892 DEGs, respectively. For the biological process, the DEGs were mainly enriched
for “cellular process” (6526 DEGs) and “metabolic process” (6055 DEGs). Similarly, in clone
2, for the molecular function, the DEGs were associated with the “binding” (6758 DEGs)
and “catalytic activity” (6709 DEGs); for the cellular component ontology, the DEGs were
also enriched for genes involved in “cell part” (5692 DEGs), “membrane part” (4401 DEGs)
and “organelle” (3191 DEGs); for the biological process ontology, the DEGs were mainly
enriched for “cellular process” (5586 DEGs) and “metabolic process” (5173 DEGs). In clone
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3, for the molecular function, the DEGs were associated with the “binding” (6621 DEGs)
and “catalytic activity” (6090 DEGs); for the cellular component ontology, the DEGs were
also enriched for genes involved in “cell part” (4718 DEGs), “membrane part” (4335 DEGs)
and “organelle” (2621 DEGs); for the biological process ontology, the DEGs were mainly
enriched for “cellular process” (4852 DEGs) and “metabolic process” (4357 DEGs).

A total of 88,492 unigenes were assigned to 23 COG classifications, with the majority
(44,335, 50.10%) in “Function unknown”, followed by “Translation, ribosomal structure
and biogenesis” (7038, 7.95%) and “Posttranslational modification, protein turnover, chap-
erones” (6378, 7.21%) (Figure S2).

A total of 55,770 unigenes were assigned to six KEGG categories and 20 sub-categories
(Figure 2). “Metabolism” accounted for the highest proportion, most of which were
involved in “Carbohydrate metabolism (6019, 10.79%) and “Amino acid metabolism”
(3729, 6.69%). In “Genetic information processing”, “Translation” had the highest number
of unigenes (8801, 15.78%), followed by “Folding, sorting and degradation” (3939, 7.06%).
In addition, “Transport and catabolism” had a high proportion (3360, 6.02%).
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Figure 2. KEGG pathway classification statistics.

2.4. Analysis of DEGs

To analyze the dynamic expression patterns of the specific genes in leaf color change,
the differences in transcriptome profiles between the S1 and 54 stages of different clones
were compared. The Transcripts Per Million (TPM) values were statistically analyzed to
select different unigenes by using the DESeq method [20] (Table S2).



Molecules 2022, 27, 5433 50f 15

We compared the DEGs of the three clones (S1-vs-54). In clone 1, we identified
20,020 DEGs with 16,005 upregulated and 4015 downregulated (Figure 3a,b). In clone 2,
there were 17,000 DEGs with 12,941 upregulated and 4059 downregulated (Figure 3a,c).
Similarly, there are 17,397 DEGs in clone 3, of which 11,418 DEGs were upregulated and
5979 DEGs were downregulated (Figure 3a,d). Based on these analyses, the DEGs were
found and significantly expressed in all three clones, while some of DEGs in clone 2 were
the most significant (Figure 3c).
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Figure 3. (a) Differences in expression levels of different clones (S1-vs-54); (b) differences in expression
levels of clone 1 (S51-vs-54); (c) differences in expression levels of clone 2 (51-vs-54); (d) differences in
expression levels of clone 3 (51-vs-54). In the volcano map, y-axis represents the fold change value
of gene expression difference between two stages and x-axis shows the statistical test value of gene
expression difference; that is, the higher the point is, the more significant the difference is; the farther
away from the center, the greater the multiple of difference.
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2.5. KEGG Pathway Enrichment Analysis of DEGs

In this study, we carried out an enrichment analysis based on the KEGG database
in order to explore the biological functions of these DEGs. A total of 8988 unigenes were
assigned to 134 KEGG pathways in clone 1 between S1 and 54 stages. Similarly, a total of
7647 unigenes were assigned to 122 KEGG pathways in the clone 2 (51-VS-54) and a total
of 6341 unigenes were assigned to 135 KEGG pathways in the clone 3 (51-VS-54).

Most of the pathways annotated by the three clones were related to “Metabolism”. In
the pathways related to leaf color change, the three clones were significantly enriched in
“Phenylpropanoid biosynthesis”, “Flavonoids biosynthesis”, “Isoflavonoid biosynthesis”,
“ Anthocyanin biosynthesis”, “Phenylalanine metabolism” and other pathways (Figure 4).
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Figure 4. Enrichment of differential genes KEGG in different clones: (a) enrichment of differential
genes KEGG in clone 1; (b) enrichment of differential genes KEGG in clone 2; (c) enrichment of
differential genes KEGG in clone 3.
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2.6. Identification of DEGs Related to Anthocyanin Metabolism

Based on annotations in public databases, a total of nine anthocyanin-related genes with
significant differential expression were obtained, among which six genes were significantly
upregulated in three clones (Table 1). TRINITY_DN11132_c0_g1, TRINITY_DN4277 _c0_g1,
TRINITY_DN18660_c0_g2, TRINITY_DN11660_c0_g1, TRINITY_DN29005_c0_g1;
TRINITY_DN17255_c0_g3 were annotated as CHS, CHI, F3’H, DFR, ANS and FLS,
respectively. Another three genes, including PAL(TRINITY_DN17802_c0_g4),
F3'5'"H(TRINITY_DN28662_c0_g1) and UFGT(TRINITY_DN3115_c0_g1), were
significantly upregulated in clone 2 (Table 2), indicating that there were more
DEGs related to anthocyanin biosynthesis in clone 2.

Table 1. DEGs related to anthocyanin biosynthesis in three clones.

TPM Value
Gene ID Abbreviation Up/Down
S1Clonel S1Clone2 S1Clone3 S4Clonel S4Clone2 S4Clone3
TRINITY_DN11132_c0_g1 CHS up 5501.80 411.20 420.20 11901.80 3553.40 3352.30
TRINITY_DN4277 _c0_g1 CHI up 186.20 198.20 210.0 193.2 439.0 468.6
TRINITY_DN18660_c0_g2 F3'H up 286.40 3634.70 4101.80 944.1 16367.90 14578.70
TRINITY_DN11660_c0_g1 DFR up 3245.80 3301.50 2578.90 802.4 1000.0 1092.40
TRINITY_DN29005_c0_g1 ANS up 27.2 19.8 22.4 487.9 868.6 782.4
TRINITY_DN17255_c0_g3 FLS up 13.1 23.4 45.0 26.9 128.2 93.9
Table 2. DEGs related to anthocyanin biosynthesis in clone 2.
TPM Value
Gene ID Abbreviation Up/Down
S1Clone2 S4Clone2

TRINITY_DN17802_c0_g4PAL up 93.3 216.5

TRINITY_DN28662_c0_gF3'5'H up 1.8 94.5

TRINITY_DN3115_c0_g1 UFGT up 168.0 468.3

To further validate the reliability of the RNA-seq results, eight DEGs related to anthocyanin
biosynthesis were selected (Figure 5). The relative expression of these key genes was very similar
to the RN A-seq results, suggesting that the RNA-seq data and DEG analysis are reliable.
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Figure 5. Expression of leaf color-related unigenes of L. formosana quantified by qRT-PCR. Bars with
different lowercase letters are significantly different (p < 0.05). There were three biological replicates
in each clone at each stage.

3. Discussion
3.1. Physiological Mechanism of Leaf Color Change of L. formosana

Seasonal changes in the content of chlorophyll, carotenoids and anthocyanins in
higher plants are the main reasons for the changes in leaf color [21]. The main components
of chlorophyll are Chl A and Chl B. Chl B is unstable and easily decomposed at low
temperatures [18]. Anthocyanins are a general term for a large class of compounds, which
are flavonoids [13]. Plant leaf color is closely related to anthocyanins [22]. Under acidic
soil conditions, anthocyanins appear red, and under alkaline soil conditions, anthocyanins
appear blue [18]. In our study, the total chlorophyll content of all three clones significantly
decreased, but the anthocyanin content increased from S1 stage to 54 stage. A similar
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phenomenon was found in the study by Wen and Chu [5]. In their study, the content of
chlorophyll decreased, and the content of anthocyanin increased during the color change
of L. formosana. Nie et al. reached the same conclusion in the change of leaves of Cotinus
coggygria in autumn [23] Tao et al. also showed that the change of leaf color of poplar had
the same findings [24]. In addition, it was found that clone 2 had the brightest color and
the highest anthocyanin content (Figure 1c), which was consistent with the most increased
anthocyanin in the “red type” in Wen and Chu'’s study [5]. The increase in anthocyanins
was the primary reason for the change in leaf color in L. formosana, causing the brighter
color leaves after the coloration period [25].

However, our study on carotenoids was slightly different from that of Hu et al. [17],
who reported that the carotenoid content of L. formosana leaves decreased significantly at
first but did not change significantly thereafter. The dynamic pattern of carotenoid content
during leaf color change of L. formosana needs further study.

3.2. Genes Involved in the Anthocyanin Biosynthesis Pathway

Anthocyanins are an important class of flavonoids that are widely present in plants [13].
Anthocyanin synthesis is catalyzed by a series of enzymes in the phenylpropanoid and
flavonoid pathways [26] (Figure 6). The biosynthesis of anthocyanins is controlled by
structural genes and regulatory genes, of which structural genes encode biosynthetic
enzymes and play a catalytic role in anthocyanin synthesis [27].
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Figure 6. Schematic representation of the anthocyanin biosynthetic pathway. PAL, phenylalanine
ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumaroyl-coA synthase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase;
F3'5'H, flavonoid 3’ 5'-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase;
UFGT, flavonoid 3-O-glucosyltransferase; FLS, flavonol synthase. The “*” means multiplication.

Phenylalanine ammonia-lyase (PAL) is an enzyme that catalyzes the first step of the
phenylpropanoid metabolic pathway [28]. As early as 1960, Neish confirmed that PAL cat-
alyzed the synthesis of anthocyanin [29]. PAL catalyzes the conversion of phenylalanine to cin-
namic acid, while C4H catalyzes the conversion of cinnamic acid to 4-coumaric acid. The con-
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version of 4-coumaric acid to 4-coumaroyl-CoA is catalyzed by 4CL [26]. 4-Coumaroyl-CoA
can generate anthocyanins through flavonoid metabolism, which are important components
of flower, fruit and leaf color in plants. Moreover, the synthesis of these substances is closely
related to PAL activity [30-32]. In our study, one PAL (TRINITY_DN17802_c0_g4) gene in
clone 2 was significantly upregulated at 54 stage, and the expression pattern was confirmed
in the qRT-PCR analyses; however, we did not find any DEGs annotated as C4H and 4CL,
which encode the enzymes required for the production of 4-coumaroyl-CoA.

The first committed enzyme in the flavonoid pathway is Chalcone synthase (CHS), a
polyketide synthase, mediating the synthesis of naringenin chalcone from 4-coumaroyl-CoA
and malonyl-CoA [13]. Then, naringenin chalcone is isomerized by chalcone isomerase (CHI) to
naringenin, the direct precursor of all flavonoid substances [8]. CHS is an important regulatory
gene located upstream in the flavonoid biosynthesis pathway, and its overexpression may
positively affect the expression of downstream chalcone isomerase (CHI) genes that affect the
production of flavonoids [33,34]. In our study, both CHS (TRINITY_DN11132_c0_g1) and CHI
(TRINITY_DN4277_c0_g1) gene showed significantly higher expression levels in three clones at
the 54 stage. This result indicated that CHS does positively regulate CHI expression during the
leaf color change of L. formosana. At the same time, we also found a significantly upregulated
flavonol synthase (FLS) gene (TRINITY_DN17255_c0_g3) in three clones, which encodes the
enzyme that catalyzes naringenin chalcone to flavonols [30]. Flavanone 3-hydroxylase (F3H),
which belongs to the OGD family, converts naringenin into dihydrokaempferol that can be
further hydroxylated by flavonoid 3'-hydroxylase (F3'H) or flavonoid 3’ 5"-hydroxylase (F3'5'H)
into two other dihydroflavonols, dihydroquercitin or dihydromyricetin, respectively [35,36].
F3'H and F3'5'H are the key enzymes determining the structures of anthocyanins, and therefore,
they affect color formation [37]. In this study, none of the DEGs were annotated as F3H; however,
the DEG TRINITY_DN18660_c0_g2, which was annotated as F3'H, showed a significantly higher
expression level at the S$4 stage than at the S1 stage in three clones. Another upregulated F3'5'H
gene (TRINITY_DN28662_c0_g1) was screened from clone 2. This result was similar to a study
that determined the pathway by which red longan (Dimocarpus longan) fruits were produced. Yi
et al. revealed that genes related to enzymes leading up to dihydromyricetin were significantly
upregulated in red pericarp longan fruits [38]. This may be the reason for the change in leaf
color in L. formosana and may also be responsible for the bright red color of clone 2 in autumn.

Next, the three dihydroflavonols are reduced to colorless leucoanthocyanidins by
dihydroflavonol 4-reductase (DFR). Anthocyanidin synthase (ANS), which belongs to
the OGD family, catalyzes the synthesis of corresponding colored anthocyanidins [39].
Nakatsuka et al. showed that ANS gene mutations could cause gentian flowers to turn
white [40]. In this study, two upregulated genes, DFR (TRINITY_DN11660_c0_g1) and
ANS (TRINITY_DN29005_c0_g1) genes were excavated, and their expression levels in-
creased significantly in all three clones at the 5S4 stage. In the end, anthocyanidins are
decorated and glycosylated by various members of the glycosyltransferase enzyme family,
for instance, flavonoid 3-O-glucosyltransferase (UFGT) [9]. We found that the transcript
level of UFGT (TRINITY_DN3115_c0_g1) in clone 2 was higher at the S4 stage than at the S1
stage. This result indicated that the biosynthesis of anthocyanin compounds is maintained
at high levels in clone 2 at the S4 stage. The higher expression levels of PAL, CHS, CHI, F3'H,
F3'5'H, DFR, ANS, UFGT and FLS in red leaf than in green leaf of L. formosana suggested
that these genes are responsible for leaf color formation.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The clones were selected; the trees originated from Qimen county, Anhui province
and were vegetatively propagated by grafting. They were planted in the Practice Forest
Farm of Nanjing Forestry University (located in XiaShu town, JuRong County, Jiangsu
province 32°07' N, 119°13’ E). In mid-October, 2019, three clones with the most representative
coloration effects were selected for sampling. Beginning October 13th, fresh leaves were
collected approximately every ten days. The leaves were immediately frozen in liquid
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nitrogen and stored at —80 °C until use. The five developmental stages were defined
according to the time of collection: S1, the green leaf stage; S2, leaf with red margin stage; S3,
leaf with red range-expanding stage; 54, the red leaf stage; S5, the red faded stage (Figure 7).

Clone 1l

Clone 3

Figure 7. Different leaf colors of L. formosana at the five developmental stages.

4.2. Analysis of Pigment Content

Chlorophyll and carotenoid content of leaves from three clones were measured on the
basis of the procedure described by Lichtenthaler and Wellburn [41]. Approximately 0.2 g
of fresh samples were ground until no visible tissue in 2 mL of 95% ethanol with a small
amount of quartz sand. Then add another 10 mL of 95% ethanol, grind into a homogenate,
filter and dilute to 25 mL with ethanol. Finally, the chlorophyll extract was measured by
spectrophotometer at the absorption wavelengths of 665 nm, 649 nm and 470 nm. The
measurements were performed with three biological replicates.

Chlorophyll A concentration (mg/L) = 13.950Dgg5—6.880 Dgag 1
Chlorophyll B concentration (mg/L) = 24.960Dg49—7.320 Dgg5 )
Total chlorophyll concentration (mg/L) = Chl A + Chl B 3)

Carotenoid concentration Car (mg/L) = (10000D,7y — 2.05 Chl A —114.8 Chl B) /245 (4)

Pigment content (mg/g) = (pigment concentration * extraction liquid
volume * dilution ratio)/sample fresh weight

©)

The content of anthocyanins was determined by the hydrochloric acid-ethanol ex-
traction method [15,42]. In total, 3 g samples were taken and divided into three parts.
Anthocyanins were extracted in 10 mL ethanol (containing 1% hydrochloric acid) for 4 h at
32 °C in darkness. The samples were centrifuged at 5000 RPM for 10 min. Supernatants
were taken to measure the absorbance at 520 nm, which is the absorbance OD value, re-
peated three times. Taking 0.1 OD value of fresh weight per gram of leaves in 10 mL extract
as a pigment range U, the relative content of anthocyanin is as follows:

Anthocyanin content (U/g) = ODsp/0.1 (6)
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4.3. RNA Extraction, cDNA Library Construction and Sequencing

The L. formosana leaves at two stages (S1 and S4) were selected as materials. The
leaves of S1 are the green ones before coloration, and the leaves of 54 are the red ones
after coloration. There were three clones per stage, and each clone had three biological
replicates, resulting in a total of 18 samples. Total RNA was extracted using the Plant RNA
Kit (Omega Bio-Tek, Doraville, GA, USA) according to the manufacturer’s instructions. The
quantity and quality of total RNA were assessed using a 1% agarose gel and a Nanodrop
ND 2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Total RNA
integrity and concentration were assessed using the Bioanalyzer 2100 RNA 6000 Nano Kit
(Agilent Technologies, Santa Clara, CA, USA).

Poly(A) mRNA was isolated from total RNA using the Oligotex mRNA Mini Kit
(Qiagen, Inc., Valencia, CA, USA) according to the manufacturer’s instructions. The
cDNA library was built using methods previously described by Niu et al. [43]. The
18 cDNA libraries were sequenced on the Illumina Hiseq 4000 Sequencing platform
(Ilumina, Inc., San Diego, CA, USA). The raw data were processed to remove low-quality
sequences (more than 50% of reads with Q < 19 bases), adapter-contaminated sequences,
and sequences with more than 5% ambiguous base sequences. Clean reads were assembled
into unigenes by Trinity software (Trinity Release v2.4.0, MIT and Harvard, Cambridge,
MA, USA) [44].

4.4. Unigene Annotation and DEG Analysis

Assembled unigenes were aligned to publicly available protein databases, including
GO(GeneOntology, http:/ /www.geneontology.org, accessed on3 April 2022), COG(Clusters
of Orthologous Groups of proteins, http:/ /www.ncbi.nlm.nih.gov/COG/, accessed on
3 April 2022) and KEGG(Kyoto Encyclopedia of Genes and Genomes, http://www.genome.
jp/kegg/, accessed on 3 April 2022).

Unigenes expression was normalized to Transcripts Per Million (TPM) and the DEGs between
different stages were identified with padj < 0.05 and |log2 (foldchange value) | > 1 [45] Next,
GO and KEGG enrichment analysis was performed on all DEGs, and a hypergeometric test with
a threshold of p < 0.05 determined significant enrichment of GO terms and KEGG pathways.

4.5. gRT-PCR Validation

Eight key genes involved in anthocyanin biosynthesis were selected for validation by
quantitative real-time PCR (QRT-PCR). The primers were designed by Primer Premier 5.0
(Premier Biosoft International, Palo Alto, CA, USA) and the reference gene was 18S riboso-
mal RNA [46]. All experiments were performed using the StepOne Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) using SYBR Green Dye (Takara, Dalian, China).
DEGs were analyzed using the 2~4Ct method [47]. The experiment was conducted with
three biological replicates, and each biological replicates had three technical replicates. The
gene-specific primers designed for nine candidate DEGs are listed in Table S3.

4.6. Statistical Analysis

The data analysis included a basic descriptive analysis followed by an analysis of
variance (ANOVA). Significant differences were based on Duncan’s test, which were
performed using SPSS 23.0 for Windows (SPSS Science, Chicago, IL, USA). The p-values
less than 0.05 were considered to indicate significance between groups. For the elaboration
of graphs, Excel 2019 (Microsoft, Redmond, WA, USA) was used.

5. Conclusions

Overall, the regulation mechanism of leaf color in L. formosana was firstly carried out
by physiology and RNA-seq. It was found that with increased redness in leaf color, the total
chlorophyll levels decreased, while anthocyanin levels increased. The anthocyanins content
of clone 2 was far more than that of the other two clones throughout the color-changing
period. Six genes, including CHS, CHI, F3'H, DFR, ANS and FLS, play an important role in
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the anthocyanin’s biosynthesis pathway in three clones. Another three genes, including
PAL, F3'5'H and UFGT, were only significantly expressed in clone 2, indicating that there
were more DEGs related to anthocyanin biosynthesis in clone 2. Our study will provide
molecular information for the selection and breeding of new species of colored-leaf species
and provide a reference for the future study of leaf color polymorphisms in L. formosana.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27175433 /s1, Figure S1: GO annotations analysis;
Figure S2: COG classification statistics; Table S1: Transcriptome sequencing data; Table S2: Statistical
analysis of TPM value; Table S3: Primers used in qPCR.

Author Contributions: Conceptualization, EY.; methodology, Y.Z. and EY.; validation, Y.L., H.C.
and C.C,; formal analysis, Y.Z. and Y.L.; investigation, Y.L. and Z.L.; resources, Y.Z and C.H.; data
curation, Q.W.; writing—original draft preparation, Y.L. and Y.Z.; writing—review and editing, Y.L.;
supervision, EY. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Joint Research Project Based on Cooperative Program for
Bachelor of Science in Forestry by Nanjing Forestry University and the University of British Columbia,
A Project Funded by the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD) and Undergraduate Research & Practice Innovation Program of Jiangsu Province
(No. 202110298114Y).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed in this study are available at
PRJNA837352 (https:/ /www.ncbi.nlm.nih.gov /bioproject/?term=prjna837352), accessed on 12 May 2022.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References

1.  Wen, C.H, Lin, S.S.; Chu, FH. Transcriptome analysis of a subtropical deciduous tree: Autumn leaf senescence gene expression
profile of Formosan gum. Plant Cell Physiol. 2015, 56, 163-174.

2. Luo, Z,; Guan, H.D.; Zhang, X.P; Liu, N. Photosynthetic capacity of senescent leaves for a subtropical broadleaf deciduous tree
species Liquidambar formosana Hance. Sci. Rep. 2017, 7, 6323. [CrossRef]

3. Yin, G.P; Wang, Y.; Xiao, Y.F; Yang, ].S.; Wang, RJ.; Jiang, Y.; Huang, R.L.; Liu, X.S.; Jiang, Y. Relationships between leaf
color changes, pigment levels, enzyme activity, photosynthetic fluorescence characteristics and chloroplast ultrastructure of
Liquidambar formosana Hance. |. For. Res. 2022, 1-14.

4. Lai, ].X; Lin, ER.; Huang, P.; Guo, W.Y.; Han, L.B.; Zheng, Y.Q. Seasonal variation of flavonoid metabolites in leaves of
Liquidambar formosana ‘Nanlinhong’ trees revealed by UPLC-ESI-MS/MS. Rev. Bras. Bot. 2021, 44, 575-586. [CrossRef]

5. Wen, C.H.; Chu, EH. A R2R3-MYB gene LfMYB113 is responsible for autumn leaf coloration in Formosan sweet gum
(Liquidambar formosana Hance). Plant Cell Physiol. 2017, 58, 508-521.

6. Wang, Z.R. Research progress of color-emerging mechanism and photosynthetic characteristics of colored-leaf tree. J. Anhui Agri.
2011, 39, 13495-13497.

7. Hatano, T.; Kira, R.; Yoshizaki, M.; Okuda, T. Seasonal changes in the tannins of Liguidambar formosana reflecting their biogenesis.
Phytochemistry 1986, 25, 2787-2789. [CrossRef]

8. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]

9. Tanaka, Y.; Ohmiya, A. Seeing is believing: Engineering anthocyanin and carotenoid biosynthetic pathways. Curr. Opin. Biotechnol.
2008, 19, 190-197. [CrossRef]

10. Shi, M.Z,; Xie, D.Y. Biosynthesis and metabolic engineering of anthocyanins in Arabidopsis thaliana. Recent Pat. Biotechnol. 2014,
8, 47-60. [CrossRef]

11.  Ahmed, N.U,; Park, ].I; Jung, H.J.; Yang, T.].; Hur, Y.; Nou, I.S. Characterization of dihydroflavonol 4-reductase (DFR) genes and
their association with cold and freezing stress in Brassica rapa. Gene 2014, 550, 46-55. [CrossRef]

12. Yamazaki, M.; Shibata, M.; Nishiyama, Y.; Springob, K.; Kitayama, M.; Shimada, N.; Aoki, T.; Ayabe, S.; Saito, K. Differential gene
expression profiles of red and green forms of Perilla frutescens leading to comprehensive identification of anthocyanin biosynthetic
genes. FEBS |. 2008, 275, 3494-3502.

13. Liu, Y;; Tikunov, Y.; Schouten, R.E.; Marcelis, L.E; Visser, R.G.; Bovy, A. Anthocyanin biosynthesis and degradation mechanisms

in Solanaceous vegetables: A review. Front. Chem. 2018, 6, 52. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27175433/s1
https://www.mdpi.com/article/10.3390/molecules27175433/s1
https://www.ncbi.nlm.nih.gov/bioproject/?term=prjna837352
http://doi.org/10.1038/s41598-017-06629-7
http://doi.org/10.1007/s40415-021-00718-8
http://doi.org/10.1016/S0031-9422(00)83742-5
http://doi.org/10.1017/jns.2016.41
http://doi.org/10.1016/j.copbio.2008.02.015
http://doi.org/10.2174/1872208307666131218123538
http://doi.org/10.1016/j.gene.2014.08.013
http://doi.org/10.3389/fchem.2018.00052

Molecules 2022, 27, 5433 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

Saito, K.; Yonekura-Sakakibara, K.; Nakabayashi, R.; Higashi, Y.; Yamazaki, M.; Tohge, T.; Fernie, A.R. The flavonoid biosynthetic
pathway in Arabidopsis: Structural and genetic diversity. Plant Physiol. Biochem. 2013, 72, 21-34. [CrossRef]

Wang, M.; Chen, L,; Liang, Z.J.; He, X.M.; Liu, W.R;; Jiang, B.; Yan, J.Q.; Sun, P.Y.; Cao, Z.Q.; Peng, Q.W. Metabolome and
transcriptome analyses reveal chlorophyll and anthocyanin metabolism pathway associated with cucumber fruit skin color. BMC
Plant Biol. 2020, 20, 386. [CrossRef]

Qiao, Y.; Cheng, Q.; Zhang, Y.T.; Yan, W.; Yi, F.Y.; Shi, FL. Transcriptomic and chemical analyses to identify candidate genes
involved in color variation of sainfoin flowers. BMC Plant Biol. 2021, 21, 61. [CrossRef]

Hu, J.Z,; Tian, Q.; Lu, X.N. Relationship between changes of the pigments content and leaf color changing in Liguidambar formosana.
J. Northwest Sci-Tech Univ. Agric. For. 2007, 35, 219-223.

Liu, R; Yuan, Q.Q.; Yuan, X.P; Zhou, X.H. The relationship with change of pigment content in leaves of different
Liquidambar formosana families and change of leaf color. South China For. Sci. 2017, 45, 46—49.

Wu, QK,; Cao, Y.Y,; Chen, C.; Gao, Z.Z.; Yu, FY.; Guy, R.D. Transcriptome analysis of metabolic pathways associated with oil
accumulation in developing seed kernels of Styrax tonkinensis, a woody biodiesel species. BMC Plant Biol. 2020, 20, 121. [CrossRef]
Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621-628. [CrossRef]

Yu, X.N.; Zhang, Q.X. Advances in studies on colorization in coloreleaf plants. Acta Hortic. Sin. 2000, 27, 533-538.

Pirie, A.; Mullins, M.G. Changes in Anthocyanin and Phenolics Content of Grapevine Leaf and Fruit Tissues Treated with Sucrose,
Nitrate, and Abscisic Acid. Plant Physiol. 1976, 58, 468-472. [CrossRef] [PubMed]

Nie, Q.J.; Shi, B.S.; Meng, Z.; Liu, D.Y,; Lou, L.N. The enzyme activities, pigment and inclusion contents in different leaves color
of Cotinus coggygria ‘Royal purple” in autumn. Bull. Bot Res. 2008, 68, 599—-602.

Wang, T,; Li, L.Y,; Cheng, G.H.; Shu, X.C.; Wang, N.; Zhang, FJ.; Zhuang, W.B.; Wang, Z. Physiological and Molecular Analysis Reveals
the Differences of Photosynthesis between Colored and Green Leaf Poplars. Int. ]. Mol. Sci. 2021, 22, 8982. [CrossRef] [PubMed]
Huang, G.H.; Liao, X.Z.; Han, Q.; Zhou, Z.Z,; Liang, K.N.; Li, G.Y,; Yang, G.; Tembrock, L.; Wang, X.B.; Wu, Z.Q. Integrated
Metabolome and Transcriptome Analyses Reveal Dissimilarities in the Anthocyanin Synthesis Pathway Between Different
Developmental Leaf Color Transitions in Hopea hainanensis (Dipterocarpaceae). Front. Plant Sci. 2022, 13, 830413. [CrossRef]

Li, Y.Z.; Luo, X.; Wu, C.Y,; Cao, S.Y.; Zhou, Y.F; Jie, B.; Cao, Y.L.; Meng, H.J.; Wu, G.L. Comparative transcriptome analysis of
genes involved in anthocyanin biosynthesis in red and green walnut (Juglans regia L.). Molecules 2017, 23, 25. [CrossRef]

Li, Y,; Gao, Z.R,; Zhang, C.; Li, N.; Liu, C. Research progress on the molecular regulation mechanism of anthocyanin biosynthesis
pathway. Chin. J. Ecol. 2015, 34, 2937-2942.

Jiang, C.J.; Yu, Y.B. Research progress of phenylalanine ammonia-lyase (review). J. Anhui Agri. Univ. 2001, 28, 425-430.

Neish, A. Biosynthetic pathways of aromatic compounds. Annu. Rev. Plant Physiol. 1960, 11, 55-80. [CrossRef]

Kataoka, I.; Kubo, Y.; Sugiura, A.; Tomana, T. Changes in L-phenylalanine ammonia-lyase activity and anthocyanin synthesis
during berry ripening of three grape cultivars. J. Jpn. Soc. Hortic. Sci. 1983, 52, 273-279. [CrossRef]

Lister, C.E.; Lancaster, ].E.; Walker, J.R. Phenylalanine ammonia-lyase (PAL) activity and its relationship to anthocyanin and
flavonoid levels in New Zealand-grown apple cultivars. J. Am. Soc. Hortic. Sci. 1996, 121, 281-285. [CrossRef]

Zhao, Z.F.; Zhao, Y.; Wu, G.E. Studies on relationship between Anthocyanidin and PAL. Acta Hortic. Sin. 1994, 21, 199-200.
Awasthi, P; Mahajan, V.; Jamwal, V.L.; Kapoor, N.; Rasool, S.; Bedi, Y.S.; Gandhi, S.G. Cloning and expression analysis of chalcone
synthase gene from Coleus forskohlii. ]. Genet. 2016, 95, 647—-657. [CrossRef]

Kreuzaler, F; Hahlbrock, K. Enzymatic synthesis of aromatic compounds in higher plants: Formation of naringenin
(5,7 4'-trihydroxyflavanone) from p-coumaroyl coenzyme A and malonyl coenzyme A. FEBS Lett. 1972, 28, 69-72. [CrossRef]
Katsumoto, Y.; Fukuchi-Mizutani, M.; Fukui, Y.; Brugliera, F.; Holton, T. Engineering of the rose flavonoid biosynthetic pathway
successfully generated blue-hued flowers accumulating delphinidin. Plant Cell Physiol 2007, 48, 1589-1600. [CrossRef]

Tanaka, Y;; Sasaki, N.; Ohmiya, A. Biosynthesis of plant pigments: Anthocyanins, betalains and carotenoids. Plant ]. 2008, 54, 733-749. [CrossRef]
Koes, R.; Verweij, W.; Quattrocchio, F. Flavonoids: A colorful model for the regulation and evolution of biochemical pathways.
Trend Plant Sci. 2005, 10, 236-242. [CrossRef]

Yi, D.B.; Zhang, H.N,; Lai, B,; Liu, L.Q.; Pan, X.L.; Ma, Z.L.; Wang, Y.C.; Xie, ].H.; Shi, S.Y.; Wei, Y.Z. Integrative analysis of the
coloring mechanism of red longan pericarp through metabolome and transcriptome analyses. J. Agric. Food Chem. 2020, 69,
1806-1815. [CrossRef]

Tanaka, Y.; Brugliera, F. Flower colour and cytochromes P450. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368, 20120432. [CrossRef]
Nakatsuka, T.; Nishihara, M.; Mishiba, K.; Yamamura, S. Two different mutations are involved in the formation of white-flowered
gentian plants. Plant Sci. ]. 2005, 169, 949-958. [CrossRef]

Lichtenthaler, H.K.; Wellburn, A.R. Determinations of Total Carotenoids and Chlorophylls A and B of Leaf Extracts in Different Solvents;
Portland Press Ltd.: London, UK, 1983.

Hao, Z.D.; Liu, S.Q.; Hu, L.E; Shi, ].S.; Chen, ].H. Transcriptome analysis and metabolic profiling reveal the key role of carotenoids
in the petal coloration of Liriodendron tulipifera. Hortic. Res. 2020, 7, 70. [CrossRef] [PubMed]

Niu, J.; An, J.; Wang, L.; Fang, C.; Ha, D.; Fu, C.; Qiu, L.; Yu, H.; Zhao, H.; Hou, X. Transcriptomic analysis revealed the mechanism
of o0il dynamic accumulation during developing Siberian apricot (Prunus sibirica L.) seed kernels for the development of woody
biodiesel. Biotechnol. Biofuels 2015, 8, 29. [CrossRef] [PubMed]


http://doi.org/10.1016/j.plaphy.2013.02.001
http://doi.org/10.1186/s12870-020-02597-9
http://doi.org/10.1186/s12870-021-02827-8
http://doi.org/10.1186/s12870-020-2327-4
http://doi.org/10.1038/nmeth.1226
http://doi.org/10.1104/pp.58.4.468
http://www.ncbi.nlm.nih.gov/pubmed/16659699
http://doi.org/10.3390/ijms22168982
http://www.ncbi.nlm.nih.gov/pubmed/34445687
http://doi.org/10.3389/fpls.2022.830413
http://doi.org/10.3390/molecules23010025
http://doi.org/10.1146/annurev.pp.11.060160.000415
http://doi.org/10.2503/jjshs.52.273
http://doi.org/10.21273/JASHS.121.2.281
http://doi.org/10.1007/s12041-016-0680-8
http://doi.org/10.1016/0014-5793(72)80679-3
http://doi.org/10.1093/pcp/pcm131
http://doi.org/10.1111/j.1365-313X.2008.03447.x
http://doi.org/10.1016/j.tplants.2005.03.002
http://doi.org/10.1021/acs.jafc.0c05023
http://doi.org/10.1098/rstb.2012.0432
http://doi.org/10.1016/j.plantsci.2005.06.013
http://doi.org/10.1038/s41438-020-0287-3
http://www.ncbi.nlm.nih.gov/pubmed/32377360
http://doi.org/10.1186/s13068-015-0213-3
http://www.ncbi.nlm.nih.gov/pubmed/25834637

Molecules 2022, 27, 5433 15 of 15

44.

45.
46.

47.

Grabherr, M.G; Haas, B].; Yassour, M.; Levin, ].Z.; Thompson, D.A.; Amit, I; Adiconis, X,; Fan, L.; Raychowdhury, R,; Zeng, Q.D. Full-length
transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644-652. [CrossRef] [PubMed]

Anders, S.; Huber, W. Differential expression analysis for sequence count data. Nat. Preced. 2010, 11, R106.

Lin, Z.X.; An, ].Y.; Wang, J.; Niu, J.; Ma, C.; Wang, L.B.; Yuan, G.S,; Shi, L.L,; Liu, L.L.; Zhang, J.S. Integrated analysis of 454
and Illumina transcriptomic sequencing characterizes carbon flux and energy source for fatty acid synthesis in developing
Lindera glauca fruits for woody biodiesel. Biotechnol. Biofuels 2017, 10, 134. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2—AACT method.
Methods 2001, 25, 402-408. [CrossRef]


http://doi.org/10.1038/nbt.1883
http://www.ncbi.nlm.nih.gov/pubmed/21572440
http://doi.org/10.1186/s13068-017-0820-2
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Dynamic Patterns of Chlorophyll, Carotenoid and Anthocyanin Content 
	De Novo Assembly of L. formosana Transcriptome 
	Gene Annotation and Classification 
	Analysis of DEGs 
	KEGG Pathway Enrichment Analysis of DEGs 
	Identification of DEGs Related to Anthocyanin Metabolism 

	Discussion 
	Physiological Mechanism of Leaf Color Change of L. formosana 
	Genes Involved in the Anthocyanin Biosynthesis Pathway 

	Materials and Methods 
	Plant Materials and Growth Conditions 
	Analysis of Pigment Content 
	RNA Extraction, cDNA Library Construction and Sequencing 
	Unigene Annotation and DEG Analysis 
	qRT-PCR Validation 
	Statistical Analysis 

	Conclusions 
	References

