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Abstract: The Loropetalum chinense and Loropetalum chinense var. rubrum are typical and traditional ornamental
and Chinese herbal medicine in Asia. However, more information is needed on the mechanisms underlying its
flower coloring. Here, we profiled the flavonoid metabolome, full-length sequencing, and transcriptome
analysis to investigate the flavonoid biosynthesis and global transcriptome changes among different petal
coloring cultivars of L. chinense and L. chinense var. rubrum. The total anthocyanins and phenotypic of the petal
were highly consistent with the petal color. Moreover, a total of 207 flavonoid components were identified. Of
these, 12 flavonoid components were considered significantly different expression compounds among the four
samples. Meanwhile, the first reference full-length transcriptome of L. chinense var. rubrum was being built,
which had 171,783 high-quality non-redundant transcripts with correcting with next-generation sequencing
(NGS). Among them, 52,851 transcripts were annotated in the seven database of NR, KOG, GO, NT, Pfam,
Swiss-Port and KEGG. Combined with NGS analysis, the DETs involved in flavonoids and anthocyanins
contributed greatest to the flower-coloring. Additionally, the different expressed of eight LcDFRs and four
LcANS genes were positively correlated with flavonoid biosynthesis, and the four LcBZ1 and one Lc3Mat1 were
positively correlated with the content of seven anthocyanins revealed by coupling with metabolomics and
transcriptomics analysis. Together these results were used to mine candidate genes by analyzing flower
coloring changes in a comprehensive metabolic and transcriptomic level in L. chinense and L. chinense var.
rubrum.

Keywords: Loropetalum chinense var. rubrum; flavonoid biosynthesis; anthocyanins; flower coloring;
metabolomic; transcriptomic

1. Introduction
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Loropetalum chinense var. rubrum belongs to the Hamamelidaceae family and is commonly used
in landscaping plazas, neighborhoods, gardens, roads, and green area et al. [1,2]. It is first identified
in Changsha, Hunan Province, and its wild resources are distributed in Luoxiao Mountains among
Liuyang, Pingjiang, and Liling[3]. Moreover, L. chinense var. rubrum has gorgeous flower and leaf
coloring and flowering 2-3 times per year[4]. The petal coloring of L. chinense and L. chinense var.
rubrum could be divided into five groups: poly-chromatic, yellowish-white, green-white, purplish-
pink, and purplish red[5]. The different distribution of anthocyanins in the petals of sponge tissue
cells was considered the main reason for different petal coloring in L. chinense var. rubrum [5].
Furthermore, the different components and content of flavonoids in leaves lead to the different leaf
coloring in L. chinense var. rubrum [6], while litter is known about the flavonoid biosynthesis in petals
of L. chinense var. rubrum.

Flavonoids are the primary pigments that contribute to the millions of flower colors in the petals
of plants [7]. The water-soluble flavonoids are responsible for the range of colors from yellow to red
to violet to blue, including aurones, chalcones, flavones, flavonols, flavanones, flavanones,
isoflavones and anthocyanins [7,8]. Flavones and flavonols are the co-pigments that contribute to
flower colors and bluing [9]. The O-glycosides of anthocyanins are the colored flavonoids which are
the main determinants of flower color, found in the vacuoles of petal cells [10,11]. It has a basic
structure of 3,5,7-trihydroxy benzene-2-phenyl benzofuran, then further modification by
glycosylation, acylation, and methylation depending on the plant species and varieties [8], which
acquires diversified anthocyanidin structures and variable flower colors [12]. Hundreds of
anthocyanins have been reported, and they are divided into six classes, including Pg (pelargonidin),
Cy (cyanidin), Dp (delphinidin), Pn (peonidin), Pt (petunidin), and Mv (malvidin) [12,13]. Cyanidin
derives peonidin, and delphinidin derives petunidin and malvidin formed by methylation,
hydroxylation, glycosylation, and acylation. And then, this deriving of anthocyanins further creates
orange-yellow, red, purple, and blue petals [14-17]. Thus, the flavonoid component and relative
content are significant factors in determining the flower color, and the synthetic genes, regulatory
genes, and modification genes create these.

The flavonoid biosynthetic pathway is well understood and conserved among seeds in plants
[18]. Flavonoids (including anthocyanins) are generated through the phenylpropanoid pathway,
which is divided into three stages [19,20]. The first stage is the general phenylpropanoid pathway
catalyzed by phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase(C4H), and 4-
coumarate-CoA ligase(4CL) [21]. The second stage involved in the production of colorless dihydro
flavonols successively catalyzed by chalcone synthase (CHS) [22,23], chalcone isomerase (CHI) [24],
flavanone 3-hydroxylase (F3H) [25], flavonoid-3'5'-hydroxylase (F3'5'H) [26,27] and flavonoid-3'-
hydro flavonols (F3'H) [28]. The third stage is the anthocyanins derivates catalyzing by dihydro
flavonol 4-reductase (DFR) [27,29] and anthocyanin synthase (ANS) [30,31]. And then, the
anthocyanins catalyzed by glycosyltransferase (GT) [32] and methyltransferase (MT) [33], and
acyltransferase (AT) [14] into stable anthocyanins and their further modifications. Of note, some of
the flavonoid biosynthetic genes of LcorCHS1 [34], LcCHS1, LcCHS2 [35], LcCHI [36], LcDFR1 and
LcDFR2 [37] were reported in L. chinense var. rubrum.

Transcriptional control also plays a vital role in the modulation of flavonoid biosynthesis, and
several transcription factors involved in the pathway have been elucidated [38-40]. MBW (MYB-
bHLH-WD40) complex is well conserved and the central transcriptional regulator of activating
structural genes to flavonoid pathway enzymes [41,42], which regulate the biosynthesis of flavan-3-
ols [43]. WD40 is a 'master regulator' to activate the flavonoid pathway independently [44]. MYB
transcription factor is the core component of the MBW complex, and its subgroup of R2R3-MYB is
mainly involved in regulating flavonoid metabolism [45]. The overexpression of AN4 (a R2R3-MYB
gene) promotes the expression of the anthocyanin biosynthesis gene of CHI, F3H, and DFR [46].
LhMYBI2 activated the lily's CHS and DFR gene promoter directly and obstructed the anthocyanin
biosynthesis under high temperatures [47]. Although MYB can stimulate its companion of bHLH, its
expression depends on different pigmented tissues [43]. TT8 (a bHLH gene) accumulates the
anthocyanin and proanthocyanin biosynthesis by expressing DFR in Arabidopsis thaliana [48]. The
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MADS-box genes of SCAGL11 and ScAG inhibit anthocyanin accumulation in the cineraria capitulum
by down-regulated the expression of ScCHS2, ScDFR3, and ScF3H1[49]. To date, the molecular
mechanisms of flavonoid biosynthesis are more demonstrated in plants, while it is no report on L.
chinense var. rubrum.

Here, one L. chinense 'Xiangnong Xiangyun' and three L. chinense var. rubrum 'Huaye Jimu 2',
‘Xiangnong Fenjiao', and 'Xiangnong Nichang' were studied (Figure 1A). We identified the
components of the flavonoid biosynthesis pathway in the three L. chinense var. rubrum and one L.
chinense cultivar with MRM (multiple reaction monitoring). Then, the full-length transcriptome data
and the next-generation sequencing data were obtained by combining NGS and SMRT sequencing.
Moreover, this approach, combined with the flavonoid metabolic data, was applied to explain the
molecular mechanism of the flower coloring of Loropetalum cultivars, in which flavonoids are
produced and accumulated. Accordingly, this study provides a valuable resource for further
investigating flavonoid biosynthesis and ornamental flower coloring modification and breeding.

2. Materials and Methods

2.1. Plant materials

One Loropetalum chinense ('Xiangnong Xiangyun', XNXY) and three L. chinense var. rubrum
('Huaye Jimu 2', LDPF; 'Xiangnong Fenjiao', XNFJ; 'Xiangnong Nichang', XNNC) were planted in the
germplasm garden of Loropetalum spp. at in Hunan Agricultural University, Changsha, Hunan
province, China (E 113.08, N 28.17). XNXY, XNNC, and XNF] were the naturally pollinated offspring
of LDPF. The flowers (flowers in full bloom for one day), stems, leaves, and roots of LDPF were
harvested, respectively, for Iso-Seq library construction. The flowers of XNXY, LDPF, XNFJ, and
XNNC were also collected to total anthocyanin detection and sequencing library construction. We
considered 50 flowers comprising one biological sample for each Loropetalum cultivar, and each
sample was segregated as three independent biological replicates. All these samples were frozen in
liquid nitrogen immediately and stored at -80 °C.

2.2. Petal color comparison

The RHS color chart (sixth edition 2015, Royal Horticultural Society, 80 Vincent Square, London
SWIP 2 PE, UK) was used to describe the color differences among the four Loropetalum spps. A
spectrophotometer (YS3020, Technology Co. Ltd., China) was used to measure the color-related value
of fresh petals' L*, a* and b*. The parameters of L*, a* and b* were described in CIELAB (CIE 1976).
In this system, the value of L* represented lightness (those had higher L* represented white or near
white-color, while black or near-black color), a* was a positive or negative coordinate representing a
purplish-red-bluish-green color, and b* was a positive or negative coordinate representing a yellow-
blue color.

2.3. Total anthocyanins analysis

Total anthocyanin content was determined as described by Zhang et al. [50] and Dong et al. [51].
Briefly, 0.5 g of Loropetalum spp. petals was ground to a powder in liquid nitrogen. Then, these
powders were extracted with 5 mL of a mixture solution of 0.05% HCI in methanol at 4 °C for 24
hours in darkness. The supernatant was transferred into a clean tube after centrifugation at 1000xg
for 15 min. Draw 4 mL of buffer A (0.4 M KCl, pH 1.0) and buffer B (1.2 N citric acid, pH 4.5),
respectively, mixed with one milliliter of supernatant (the mixture is 5 mL in total) and take
absorbance measurement at 510 and 700 nm for A and B mixtures separately. The total anthocyanin
content was calculated using the formula: TA= A x MW x 5 x 100 x V/e (Romero et al., 2008). TA
represents the total anthocyanin content of the detected sample (mg/100 g, as cyanidin-3-O-glucose
equivalent). V represents the final volume (ml). A= [A510 (pH 1.0)-A700 (pH1.0)] - [A510 (pH4.5)-
A700 (pH 4.5)]. The value of 449.2 represents the molecular mass of cyanidin-3-O-glucose.
Furthermore, the value of 26,900 reflects a molar absorptivity (e) at 510 nm [52]. Each biological
replicate was repeated triplicate.
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2.4. Flavonoids extraction and MRM

The freeze-dried flower was crushed using a mixer mill (MM 400, Retsch) with a zirconia bead
for 1.5 min at 30 Hz. The 100 mg fine powder was extracted overnight at 4 °C with 1.0 mL 70%
aqueous methanol. The extracts supernatant was absorbed (CNWBOND Carbon-GCB SPE Cartridge,
250 mg, 3 mL; ANPEL, Shanghai, China, www.anpel.com.cn/) after centrifugation at 10,000 g for 10
min before LC-MS analysis. The supernatant was analyzed using an LC-EMS-MS/MS (HPLC, Shim-
pack UFLC SHIMADZU CBMB30A system, www.shimadzu.com.cn/; MS, Applied Biosystems 4500 Q
TRAP, www.appliedbiosystems.com.cn/). Moreover, the analytical conditions were composed of
column of Waters ACQUITY UPLC HSS T3 C18 (1.8 um, 2.1 mm*100 mm). Water and acetonitrile
with 0.04 % acetic acid were used as solvent systems. The gradient program of HPLC was performed
as 100:0V/V at Omin, 5:95V/V at 11.0min, 5:95V/V at 12.0min, 95:5V/V at 12.1min, 95:5V/V at 15.0 min.
The flow rate was 0.40 mL/min with an injection volume of 5 pL, and the column temperature was
40 °C. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (Q TRAP)-
MS [6,37].

A triple quadrupole-linear ion trap mass spectrometer (Q TRAP) API 4500 Q TRAP LC/MS/MS
System equipped with LIT and triple quadrupole (QQQ) scans were used to get the information on
flavonoid metabolites. Moreover, the analysis system was equipped with an ESI Turbo Ion-Spray
interface, operating in a positive ion mode and controlled by Analyst 1.6.3 software (AB Sciex). The
ESI system index sets were followed by Chen et al. [6] and Zhang et al. [37]. Instrument tuning and
mass calibration were performed with 10 and 100 pmol/L polypropylene glycol solutions in QQQ
and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas
(nitrogen) set to 5 psi. DP and CE for individual MRM transitions were done with further DP and CE
optimization. A specific set of MRM transitions were monitored for each period according to the
metabolites eluted within this period [6,37].

2.5. RNA sample preparation

Total RNA was prepared by grinding tissues into powder in liquid nitrogen and mixing 0.5 g
powder and 1 mL TRIzol reagent (GenStar P124-01). It is processed following the protocol provided
by the manufacturer (#124-01, GenStar, Beijing, China, https://www.gene-
star.com/pro_cont_10220.html#coming). All samples were replicated three times. Then 1% agarose
gels and Nanodrop (NanoDrop products, USA) were used to detect RNA degradation and
contamination. The quantified and quality of total RNA were assessed using Qubit® RNA Assay Kit
in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, USA), respectively. Two experiments were conducted. One was the different organs
(leaf, flower, root, and stem) of total RNA extracted and mixed with equal amounts to be a pool of L.
chinense var. rubrum RNA. The other was four flower cultivars (LDPF, XNNY, XNFJ, and XNNC)
with twelve libraries subjected to 2x150 paired-end RNA-seq using ILLUMINA novaseq 6000. All the
qualified RNA samples were stored at -20°C and used for SMRT sequencing, RNA-seq, and qRT-
PCR analysis.

2.6. PacBio Iso-Seq library preparation and SMRT sequencing

A total of 3.9 ug of equal mixed RNA was sequenced on the PacBio Sequel platform (Pacific
Bioscience, CA, USA) according to the manufacturer's instruction, as previously described (Hoang et
al.,, 2017; Hoang et al., 2019). The Oligo (dT) magnetic beads were used to mRNA enriched for the
cDNA libraries. The Iso-Seq library was prepared by the Clontech SMARTer PCR ¢cDNA synthesis
kit (#634926; Clontech, Takara Bio Inc., Japan) and the BluePippin Size Selection System protocol
described by Pacific Biosciences (PN 100-092-800-03). The fraction of cDNA with a size over 4 kb was
run on BluePippinTM System to remove the short SMRTbell templates. After size fraction, the
optimal library was sequenced on a PacBio RS II instrument at Novogene technology company
(Beijing, China).

doi:10.20944/preprints202304.0456.v1
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The sequencguh reads using pbclassify.py with ignore polyA false and min Seq Length 200.
Next, the non-full length and full-length fasta files were produced. At last, the isoform-level
clustering (ICE) and final arrow polishing were fed into the clustering step following the parameter
configuration of hq_quiver_min_accuracy 0.99, bin_by_primer false, bin_size_kb 1, qv_trim_5p 100,
qv_trim_3q 30. Additionally, the nucleotide errors in consensus reads were corrected using the
INlumina RNA-Seq data with the software LoORDEC [53]. Finally, the final transcripts were obtained
in corrected consensus reads by removing the redundant sequences with software CD-HIT (-c0.95-
T6 -GO -Al 0.00 -aS 0.99) [54]. The raw sequence data reported in this paper have been deposited in
the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in the National
Genomics Data Center (Nucleic Acids Res 2022), China National Center for Bioinformation / Beijing
Institute of Genomics, Chinese Academy of Sciences (GSA: CRA009285 and CRA009284) that are
publicly accessible at https://ngdc.cncb.ac.cn/gsa.

2.7. lllumina RAN-Seq library construction and sequencing

Twelve libraries of four cultivars of RNA samples were prepared and sequenced, respectively.
A total of 2 ug RNA was used for shot reads sequencing on the HiSeq4000 platform, and 150 bp
paired-end reads were generated at the Novogene technology company in Beijing, China. The
NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, MA, USA) was used for sequencing
libraries following the manufacturer's recommendations.

2.8. Gene functional annotation, coding sequences (CDS) prediction, transcription factor (TF), and long non-
coding RNAs (IncRNA) identification

All final transcripts annotation were done by comparing against the following databases: NCBI
non-redundant protein sequences (NR) [55], NCBI non-redundant nucleotide sequences (NT) [56],
Protein family (Pfam) [57], Clusters of Orthologous Groups of proteins (KOG/COG) [58], A manually
annotated and reviewed protein sequence database (Swiss-Port) [59], KEGG Ortholog database (KO)
[60], Gene Ontology (GO) [61]. The software of BLAST with the set of e-value '1e-10' was used for NT
database analysis [62]. The Diamond Blast with the option of e-value 'le-10' was applied to NR, KOG,
Swiss-Port and KEGG database analysis [63]. Moreover, the software of Hmmscan was used for Pfam
database analysis [64].

The ANGEL pipeline, a long-read ANGLE implementation, was used to determine cDNA
protein-coding sequences. We used L. chinense var. rubrum and closely related species confident
protein sequences for ANGEL training and then ran the ANGEL prediction for final transcripts [65].
The software of Itak [66] and Plant Transcription Factor database [67] was used to identify TFs,
transcriptional regulators (TRs), and protein kinases (PKs) with final transcripts of L. chinense var.
rubrum. The four tools were used to predict the IncRNAs of L. chinense var. rubrum: Coding-Non-
Coding-Index (CNCI) [62], Coding Potential Calculator (CPC) [68], Pfam-scan [69], PLEK [53]. The
detected transcripts predicted with coding potential by either/all of the four tools were filtered out,
and those without coding potential were our candidate set of LncRNAs.

2.9. Quantitation and differential expression of transcripts and genes analysis

The twelves sample of raw data were subjected to quality control including adapters, lower
reads, and ploy-N by fastQC v0.11.2 [70]. And then, the clean data were obtained and mapped onto
the L. chinense var. rubrum full-length transcriptome of final transcripts using Bowtie2 (v2.2.5) [71].
Readcount for each transcript was estimated by the expected number of Fragments Per Kilobase of
transcript sequence per Millions of base pairs sequenced (FPKM) [72] method by using RESM [73].
The correlation analysis between samples of each cultivar was used to test the repeatability of
samples. The three biological samples with a correlation coefficient value more considerable than 0.92
were performed to differentially expressed genes (DEGs) and differentially expressed Transcripts
(DETs) analyses. The DEGs and DETSs between each paired sample were performed by the DESeq R
packages [74]. Genes and transcripts with fold change 22 and adjusted p-value <0.05 were considered


https://doi.org/10.20944/preprints202304.0456.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0456.v1

6

significant DEGs and DETs. The gene ontology (GO) enrichment of all the DEGs and DETs was
performed using the GO-seq R packages [75]. KEGG database and KOBAS software were subjected
to KEGG Pathway enrichment analysis, and significantly enriched metabolic or signal transduction
pathways select with an adjusted p value of <0.05.

2.10. The correlation analysis between DETs and DCMs

The differentially content metabolites (DCMs) of flavonoid and anthocyanins and differentially
expressed transcripts (DETs) based on KEGG enrichment analysis of flavonoid biosynthetic pathway
and anthocyanins biosynthetic pathway genes were used for integrative analysis. Moreover, the
spearman method was used to analyze the correlation coefficients for transcriptome and metabolome
data integration. The connection between DETs and DCMs was shown by heatplot.

3. Results

3.1. Petal color phenotype and total anthocyanins content among the four Loropetalum cultivars

Four Loropetalum cultivars were selected to elucidate the mechanism of flavonoids biosynthesis
in petals, a white flower petal control cultivar, namely, Xiangnong Xiangyun' (XNXY) (Royal Garden
Color Card, NN155B), and three L. chinense var. rubrum of 'Huaye Jimu 2' (LDPF), 'Xingnong Fenjiao'
(XNFJ) (Royal Garden Color Card, 61C) and 'Xiangnong Nichang' (XNNC) (Royal Garden Color
Card, 63A) (Figure 1A). The a* value representing redness was 0.79, 1.5, 4.52, and 2.24 among XNXY,
LDPF, XNEFJ, and XNNC, respectively. The b* value of these four Loropetalum cultivars (XNXY,
LDPF, XNFJ, and XNNC) was -5.89, -6.29, -4.36, and -4.74, which represented blueness. The L* value,
representing lightness, showed at 80.43, 100.91, 96.49, and 98.91 in four Loropetalum cultivars,
respectively.

The total anthocyanins in the blooming petals for two days were detective by a
spectrophotometric pH differential method. Among these four Loropetalum cultivars, the lowest level
of anthocyanins accumulation (23.03 mg/g of FW) was detected in XNXY. Among the three L. chinense
var. rubrum cultivars, the flower color with chimera (Huaye Jimu 2, LDPF, 37.71 mg/g of FW) contains
more anthocyanins than XNXY (Figure 1B). The results indicated that the highest level of
anthocyanins content was in 'Xiangnong Nichang' (XNNC, 264.96 mg/g of FW) (Figure 1B). These
results showed that L. chinense var. rubrum was a critical resource of anthocyanins compared to
Asparagus officinalis (22.04 mg/g of FW) [51], Vaccinium corymbosum (about 1.8 mg/g of FW) [76], Lycoris
longituba (1.25 mg/g of FW) [77] and other horticultural plants. Additionally, a surprising degree of
anthocyanins accumulation was observed in the four Loropetalum cultivars. It was shown that the
sharp differences in anthocyanins accumulation are due to genetic diversity and specificity.
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Figure 1. Phenotypes of Loropetalum cultivars and total anthocyanin content. (A). Phenotypes of four
Loropetalum cultivars, namely, 'Xiangnong Xiangyun' (XNXY), 'Huye Jimu 2' (LDPF), 'Xiangnong
Fenjiao' (XNFJ) and 'Xiangnong Nichang' (XNNC) of 2 days after the flowering stage. (B). Total
anthocyanin content in the petals of four Loropetalum cultivars, namely, Xiangnong Xiangyun'
(XNXY), 'Huye Jimu 2' (LDPF), 'Xiangnong Fenjiao' (XNF]) and 'Xiangnong Nichang' (XNNC). Error
bars indicate standard error (+SE) of the mean. Different letters indicated significant differences at

p<0.05 level basing on Duncan's test.

3.2. Identification and qualification of flavonoid metabolite profiles from the petals of Loropetalum cultivars

To identify flavonoid metabolite profiles in Loropetalum cultivars, the extracts from the petals of
XNXY, LDPF, XNFJ], and XNNC were analyzed by MRM. A total of 207 flavonoid metabolites were
identified from the four samples, including 39 flavonol metabolites, seven isoflavone metabolites, 26
flavonoid metabolites, 78 flavone metabolites, 20 flavanone metabolites, 19 polyphenol metabolites,
15 anthocyanins metabolites, and three proanthocyanins metabolites, were isolated and identified in
all the four Loropetalum cultivars' petal extracts (Table S1 and Figure 2A). The total content of each
flavonoid component was significantly different. For example, in LDPF, XNNC, and XNF], the
anthocyanins metabolites were the most abundant ones, followed by flavonol or polyphenol
metabolites, while flavonol metabolites in XNXY and followed by polyphenol ones (Figure 2A). In
addition, we performed principal component analysis (PCA), and these 207 flavonoid metabolites
could be divided into four groups, which is consistent with the flower-color phenotypical
characteristics of the four Loropetalum plants (Figure 2B). To sum up, the accumulation of flavonoid
components in flowers is significantly correlated with variety specificity.


https://doi.org/10.20944/preprints202304.0456.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0456.v1

8
16.63 % 0.04 % 10.55 % 0.06 %
: / 22.19% 632 % 2’ 2204 %
7.9 %\ [ Flavonol
Y113% ' i 4 143% [0 lIsoflavone
2543 W [ Flavonoid
26.26 % @ Flavone
XNNC
[ Flavanone
4453 % [ Polyphenol

i [@ Anthocyanins
& 267 % [ Proanthocyanins

]073%
g 1.18%

b 5
e = 168
. KRN
o 24 XY CL 8 150
= 8
ey 0
L pronel E 100
P o XNXY3 )
~ XK =
N 04 8 50
& :
XNE22 12 ¢
B Z o 5 33 1 ; 11
LDPF2 Pr—_\0 {
- - LDPF
24 LDPF1 XNFJ } I 1 [
® @ LDPF3 — N C
1 1
3 5 5 200 150 100 50 0

Number of metabolites
PC1(42.6%)

D LDPF_vs XNNC - E LDPF _vs XNFJ F s LDPF_vs XNXY
3 .
2
& =k oy
> 2l > = > LS
: N |/ R | 2
v / . ] -/ 1 e
\/<up:42 Y .up:34 ‘\'/up:ZZ
& down:17 .down:14 ‘ . down:28
0 ! unch 0 -unchange:159 0 - unchange:157
-15-10 -5 0 5 10 IS 20 -10 o0 10 20 20 10 0 10
log2(Fold.Change) log2(Fold.Change) log2(Fold.Change
G XNNC_vs_XNFJ H XNNC_vs XNXY I XNFJ_vs_XNXY
5 5
2 2
&2 & &
> > ’ > X
i 1 | / 1 «.\
. . up:28 : \/up:” 3f-up:11
- down:31 * -down:39 -down37
0 . unchange:148 0 .unchange:151 0 .unchange: 159
20 -10 0 10 20 20 10 [ 10 20 -10 0 10 20
log2(Fold.Change) log2(Fold.Change) log2(Fold.Change)

Figure 2. Global metabolic changes among of different cultivars of L. chinense var. rubrum. (A).
Classification and proportion of 207 flavonoid components in different cultivars of XNXY, XNF],
XNNC and LDPF. (B). PCA of metabolites in different cultivars of XNXY, XNFJ], XNNC and LDPF.
(C). Upset plot showing overlap of metabolites in different cultivars of XNXY, XNFJ, XNNC and
LDPE. (D). Volcano map of metabolites between LDPF and XNNC. (E). Volcano map of metabolites
between LDPF and XNF]J. (F). Volcano map of metabolites between LDPF and XNXY. (G). Volcano
map of metabolites between XNNC and XNF]. (H). Volcano map of metabolites between XNNC and
XNXY. (I). Volcano map of metabolites between XNFJ and XNXY.

3.3. Differential accumulation of flavonoid metabolites in Loropetalum plant’s petals

To investigate the different metabolites changes and expression levels of flavonoids involved in
L. spps., the types and relative accumulation levels of flavonoid compounds were analyzed among
the four selected cultivars (Supplementary table S1, Supplementary table S2, Supplementary table S3,
Supplementary table 54, Supplementary table S5, Supplementary table S6, and Supplementary table
S7). The results shown in Upset plot (Figure 2C) and Volcano plot (Figure 2D-I), demonstrate that
metabolites significantly differed among them. In total, 168 flavonoid metabolites were commonly
found in the four samples. Notably, eight flavonols (Kaempferide, Ayanin, Chrysoeriol 6-C-hexoside,
'di-C, C-hexosyl-apigenin', 8-C-hexosyl chrysoeriol O-hexoside, Tricin 7-O-hexosyl-O-hexoside,
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Acacetin O-glucuronic acid and Apigenin 6,8-C-diglucoside), one flavanone (Hesperetin O-
Glucuronic acid), and three anthocyanins (Peonidin, Peonidin 3-sophoroside-5-glucoside, and
Petunidin 3-O-glucoside) were coexisting in petals of LDPF, XNF], and XNNC (Figure 2C,
Supplementary table S8). Furthermore, four flavones (Tricin O-rhamnosyl-O-malonylhexoside, C-
hexosyl-chrysin O-feruloylhexoside, Chrysoeriol O-sinapoylhexoside, Apigenin 7-rutinoside
(Isorhoifolin)), one flavonoid (Apiin), and one anthocyanin (Malvidin 3-acetyl-5-diglucoside) were
common existed in XNFJ] and XNNC (Figure 2C, Supplementary table S8). Additionally, one
Anthocyanin (Cyanidin), one Flavone (Luteolin C-hexoside), and Flavone (Chrysoeriol 7-O-
rutinoside) were found in LDPF, XNNC, and XNF]J, respectively. Moreover, one flavone (C-hexosyl-
luteolin O-hexoside) and one Isoflavone (Glycitin) were detected in XNXY (Figure 2C,
Supplementary table S8).

The flavonoid metabolites distribution could be divided into up- and down-regulated types.
Based on the fold changes and the VIP value of OPLS-DA of flavonoid metabolites in the four
samples, 59, 48, 50, 59, 56, and 48 differentially concentration of flavonoid metabolites (DCMs) (fold
change >2 or fold change <0.5, and VIP 21) were detected in LDPF VS XNNC (Figure 2D,
Supplementary table S9), LDPF VS XNF]J (Figure 2E, Supplementary table S10), LDPF VS XNXY
(Figure 2F, Supplementary table 511), XNNC VS XNF] (Figure 2G, Supplementary table 512), XNNC
VS XNXY (Figure 2H, Supplementary table S13), and XNFJ VS XNXY (Figure 21, Supplementary table
514), respectively. Then, these DCMs have introduced into the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database and KEGG enrichment analysis to explore the potential metabolic
pathway affected by the different coloring petals. The 'Biosynthesis of secondary metabolites'
(ko01110), 'Flavonoid biosynthesis' (ko00941), 'Anthocyanin biosynthesis' (ko00942), 'Isoflavonoid
biosynthesis' (ko00943), and 'Flavone and flavonol biosynthesis' (ko00944) were screened out to be
the most relative metabolic pathway which related to the petals coloring (Figure S1, Supplementary
table S15-520). Notably, the different relative content of Kaempferide (Flavonol), Apiin (flavonoid),
Glycitin (Isoflavone), Tricetin (Flavone), Naringenin 7-O-glucoside (Flavanone), Cyanidin 3,5-O-
diglucoside (Anthocyanin), Cyanidin 3-O-glucoside (Anthocyanin), Delphinidin (Anthocyanin),
Delphinidin = 3-O-glucoside (Anthocyanin), Petunidin 3-O-glucoside (Anthocyanin), and
Pelargonidin (Anthocyanin) were significantly different in the four cultivars of petals. Additionally,
the Kaempferide, Malvidin 3-acetyl-5-diglucoside, Peonidin, Peonidin 3-sophoroside-5-glucoside,
and Petunidin 3-O-glucoside, Cyanidin 3,5-O-diglucoside, Cyanidin 3-O-glucoside, Delphinidin 3-
O-glucoside, and Pelargonidin were much higher content in XNNC, XNF], and LDPF, while the
content of Delphinidin was highest in XNXY (Figure S2, Supplementary table S15-520). The
phenomenon mentioned above, flavonoid compounds from the three purple petals, indicated that
these purple cultivars might differ in the expression of anthocyanin biosynthetic or regulatory gene
expression from the white one.

3.4. Combined sequencing approach to tissues of L. chinensis var. rubrum

To identify and differentiate the flower transcriptome of L. chinense, two sequencing strategies
were adopted by using the NGS and SMRT sequencing platforms. First, the twelve mRNA samples
from four flower petals (LDPF, XNNC, XNF], and XNXY, each in triplicate) were performed 2x150
paired-end sequencing using HiSeq 4000 platform, with each sample yielding 8.14 Gb clean data on
average, and the Q30 values of all the 12 samples were higher than 93.82 %. The average coverage of
each Illumina transcriptome data mapping to the L. chinense var. rubrum full-length transcriptome
was 82.92 % (80.36~86.77 %), which indicated that the data were comparable (Supplementary table
21). The second strategy was that full-length cDNAs from 12 pooled total RNA samples were
normalized and performed SMRT sequencing using the PacBio platform (Supplementary table 22).
In total, 46.16 Gb polymerase read bases (1,562,962 polymerase reads) were generated by PacBio
sequence, with an average read length of 29,532 bp and N50 of 51,440 bp. After filtering using the RS
Subreads.1 of PacBio RS, 35,173,249 subreads representing 43.50 Gb were obtained. After clustering
and polished with ICE and arrow, 723,655 full-length non-chimeric reads were obtained. Finally, the
clean Illumina reads were used to correct the SMRT reads of the polished consensus using the
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LoRDEC software, the redundant sequences were removed by CD-HIT software, and 171,783 high-
quality non-redundant transcripts were produced, with a total length of 406,454,922 bp, and N50
length of 2,935 bp, and their lengths were in the range of 132 to 14,258 bp. The high-quality full-length
transcriptome data was obtained.

The final transcripts were annotated with the NR, KOG, GO, NT, Pfam, Swiss-Port, and KEGG,
and they were also analyzed involving metabolic pathways and functional classifications. In total,
144,893 transcripts (84.35% of all) were functionally annotated, and 52,851 transcripts (24.94 % of all)
were subjected to all databases (Figure 3A). Furthermore, five public protein databases shared 43,776
transcripts (Figure 3B), with 131,741 transcripts (76.69 % of all) being assigned to NR database. The
NR databases had the most matched sequences, and the top five species, including Vitis vinifera,
Juglans regia, Theobroma cacao, Nelumbo nucifera, Ziziphus jujuba, which were with over 50 % best Blast
hits ratio (Figure S3). In the KOG database, 85,328 transcripts were subjected to 26 functional
categories (Figure 54), and the largest group was general function prediction only, with 19,255
transcripts (22.57 % of all). Especially in Q group, 3,830 transcripts were assigned to the category of
'Secondary metabolites biosynthesis, transport and catabolism'. A total of 76,974 transcripts were
grouped into three GO categories of biological process (BPs), cellular components (CCs), and
molecular functions (MFs). All the hit transcripts were divided into 54 subgroups, with many
transcripts related to 'metabolic process' (35,888 of all) and 'biological regulation' (9,532 of all) (Figure
S5). A total of 129,856 transcripts were annotated in six categories subjected to KEGG database (Figure
56). The most enriched was 'Metabolism' (40,595 of all), and these transcripts associated with the
biosynthesis of carbohydrate metabolism (5,657 of all), phenylpropanoid biosynthesis (641 of all),
flavonoid biosynthesis (267 of all), isoflavonoid biosynthesis (5 of all), and flavone and flavonol
biosynthesis (62 of all) pathways.
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Figure 3. The annotation results of full-length nonredundant final transcripts to public databases. (A).
The static annotation results of full-length nonredundant final transcripts to seven databases. (B).
Annotation of full-length non-redundant final transcripts to NR, NT, KOG, KEGG and GO.

The protein-coding and long non-coding RNA were obtained by full-length transcriptome
sequencing. A total of 16,1387 CDSs predicted from the transcripts (Figure S7A). Furthermore, these
CDSs were blasted and hit with PInTFDB and iTAK software for TF annotation. In total, 5487 TFs
were identified and divided into more than 28 families (Figure S7B). The most abundant family was
C2H2 (397 of all), followed by C3H (341 of all), bHLH (324 of all), FAR1 (291 of all), and SNF2 (254 of
all). In addition, 26,590 LncRNAs were predicted from the final transcripts, ranging from 200 to 11,293
bp (Figure S7C, Figure S7D). These data provided an abundant and gene and transcript pool for
further study of metabolic process.

3.5. Global transcriptomic characteristics of flowers during full-bloom stage
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To acquire insight into the molecular mechanism of L. chinense var. rubrum flowers, RNA
samples from the four cultivars with dissimilar flower coloring were used for transcript
quantification. The box histogram showed that all the transcripts' expression levels were significantly
different in the four samples, and it was the lowest level in XNNC (Figure 4A). However, correlation
analysis indicated that all the samples in each group had good reproducibility (Figure 4B). Moreover,
the cluster dendrogram analysis and PCA analysis revealed that all the samples within each group
had high consistency (Figure 4C, Figure 4D). A total of 8,713, 17,085, 11,818, 17,652, 9,803, 17,687,
13,412, 15,772, 1,412, 16,058, 7,854, and 7,521 differential expression transcripts (DETs) were identified
in XNF] VS LDPF, XNFJ VS XNNC, XNFJ VS XNXY, XNNC VS XNXY, and XNXY VS LDPF
compared combinations, respectively (Figure 4E). Mainly, focusing on the pairwise comparisons
group content of XNFJ and XNNC (petals with purl coloring), the number of upregulated DETs was
higher than that of downregulated ones. While the downregulated DETs were higher than
upregulated ones in the XNXY VS LDPF group (petals with white and mosaic coloring). Additionally,
the number of upregulated differentials expressing LncRNA was higher than downregulated ones in
the group of XNFJ VS LDPF and XNFJ VS XNXY (Figure S8).
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Figure 4. RNA-seq data profiles of L. chinense var. rubrum. Note: XNFJ1-XNFJ3 belong to XNFJ,
XNNC1-XNNC3 belong to XNNC, XNXY1-XNXY3 belong to XNXY, and LDPF1-LDPF3 belong to
LDPE. (A). Box histogram of all transcript's expression among all samples. Note, FPKM value means
Fragments per Kilobase of transcript per Million mapped reads. (B). Heatmap of Pearson's correlation
coefficient of all transcript's expression among all samples. (C). Clustering tree of transcripts
expression of all samples which shows the distance between samples. (D). PCA of transcripts
expression of all samples which shows principal components 1 and 2 represent high cohesion within
groups and good separation among different cultivars. (E). The number of up- and down-regulated
different expression transcripts in the different compared combinations. Note, DEG_number: the
number of differential expressed genes and transcripts.

Differences in transcripts were analyzed genes that may be involved in flower coloring
formation among color-full petal cultivars. Furthermore, GO enrichment analysis was used to classify
the function of the DETs. The results showed that the main enriched GO terms of DETs in the selected
group belong to 'biological process' (BP), 'cellar component' (CC), and 'molecular function' (MF) of
GO categories. In the group of XNNC VS LDPF (Figure S9, Supplementary table S23), XNNC VS
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XNXY (Figure S10, Supplementary table S24), XNF]J VS LDPF (Figure S11, Supplementary table S25),
XNEFJ VS XNNC (Figure S12, Supplementary table S26), XNFJ VS XNXY (Figure S13, Supplementary
table S27), XNXY VS LDPF (Figure 514, Supplementary table S28) paired comparison, BP had 15, 15,
15, 15, 15, 15 significantly enriched GO terms, respectively; the CC had 11, 12, 3, 6, 8, 1 significant
enriched GO terms, respectively; and MF had 15, 15, 16, 15, 15, 15 significant enriched GO terms,
respectively. Moreover, the 'biding’, 'catalytic activity', 'metabolic process', 'cellular process’, and
‘organic substance metabolic process' were the top five processes and molecular functions of
significant enriched GO terms.

The KEGG enrichment analysis of the differential expressed transcripts was analyzed for their
biological functions (Supplementary table S523-28, Figure S$15). The results indicated that
'Phenylpropanoid biosynthesis', 'Flavonoid biosynthesis', 'Carotenoid biosynthesis', Monoterpenoid
biosynthesis', 'Phenylalanine, tyrosine, and tryptophan biosynthesis', 'Photosynthesis-antenna
proteins', and 'Plant hormone signal transduction' enrichment pathways were obtained in the six
paired comparisons, which demonstrated that those DETs had significant effects on petal coloring.
Furthermore, phenylpropanoids and flavonoids are the most significant contributors to flower and
leaf coloring. Therefore, these DETs involved in Phenylpropanoid biosynthesis' and 'Flavonoid
biosynthesis' might play critical roles in different petal coloring formations L. chinenses var. rubrum
and L. chinenses.

3.6. Expression analysis indicates flavonoid compounds’ biosynthesis and accumulation

Flavonoids are the primary pigment in plants, which can be classified into several subgroups,
such as flavones, flavonols, anthocyanins, et al. In total, 433 DETs were detected in six compared
subgroups (Figure 516). The KEGG enrichment analysis indicated that the "flavonoid biosynthesis"
pathway was one of the most representative pathways in XNNC VS LDPF (Supplementary table 529),
XNNC VS XNXY (Supplementary table 530), XNF] VS LDPF (Supplementary table S31), XNFJ VS
XNNC (Supplementary table S32), XNFJ VS XNXY (Supplementary table S33), and XNXY VS LDPF
(Supplementary table S34). Based on the KEGG enrichment analysis of DCMs and DETs, the
flavonoid biosynthetic pathway of L. chinense var. rubrum was constructed according to KEGG public
database (Figure 5A). Eight flavonoid compounds were significantly different among the four
samples (Figure 5A). The XNXY was with the highest relative content of myricetin, Naringenin-7-O-
glucoside, Glycitin, Tricetin and Delphinidin. While the XNNC and XNF]J were with a higher relative
content of Apiin, Kaempferol, and Pelargonidin. Furthermore, 73 DETs related to biosynthesis of
flavonoid compounds, including eight LcCYP73A (encoding trans-cinnamate 4-monooxygenase), 20
LcCHS (encoding chalcone synthase), three LcCHI (encoding chalcone isomerase), 19 LcF3H
(encoding naringenin 3-dioxygenase), eight LcDFR (encoding bifunctional dihydroflavonol 4-
reductase or flavanone 4-reductase) and four LcANS (encoding anthocyanidin reductase) (Figure 5B).
Additionally, all the different expressed LcDFR and LcANS genes were highly expressed in XNF]J or
XNNC. Moreover, there was a strong correlation between the expression of flavonoid biosynthesis-
related gene DETs and KEGG enrichment DCMs of flavonoids (Figure S17).

doi:10.20944/preprints202304.0456.v1
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Figure 5. Simplified representation of flavonoid metabolism and heat map produced by significant
different gene related to flavonoid synthetic of L. chinense var. rubrum. (A). Simplified representation
of flavonoid metabolism. Red rectangular boxes represented significant changed metabolism
according to KEGG enrichment analysis. (B). Heat map produced by significant different gene related
to flavonoid synthetic. And the gray rectangular boxes represented the enzyme coded by related
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genes. The orange square represented upregulated, and purple square represented downregulated.
White square represented the gene related to flavonoid synthetic that hadn't significant changed.

3.7. Co-expression analysis for the investigation of anthocyanin biosynthesis

Anthocyanins were the primary coloring pigments giving the colors orange, red, blue, and
purple in flowers, leaves, fruits, seeds, and other tissues (Bueno et al., 2012). Anthocyanins were the
essential products in the flavonoid pathway biosynthesis. Moreover, the colored unstable
anthocyanidins (pelargonidin, cyanidin, and delphinidin) were converted to stable anthocyanins
(pelargonidin-3-O-glucoside, cyanidin-3-O-glucoside, and delphinidin-3-glucoside) and their further
modifications (such as acylation, glycosylation, and methylation) (Liu et al., 2021b). The KEGG
enrichment analysis indicated that eight anthocyanins such as pelargonidin, delphinidin, cyanidin-
3-O-glucoside, cyanidin-3,5-O-glucoside, petunidin-3-O-glucoside, peonidin-3-O-sophoroside-5-O-
glucoside, malvidin-3-acetyl-5-O-diglucoside, and Delphinidin-3-O-glucoside were significantly
different among the four samples (Supplementary table 1, Figure 6A). Furthermore, the relative
concentration of pelargonidin, peonidin-O-3-sophoroside-5-O-glucoside, and Malvidin-3-acetyl-5-O-
diglucoside was consistent with the petal coloring of all the samples (Supplementary table 1, Figure
6A). Twenty DETs-related genes of anthocyanins biosynthetic were identified (Figure 6B). The results
indicated that the genes of UFOG1, UFOG7, UFOGY, UFOGI12, and 3AT1_2 were relatively higher
expressed in darker petals of samples.

To explore the roles of DETs involved in the accumulation of anthocyanins, a correlation analysis
among the relative expression profiles mentioned above DETs and the DCMs of anthocyanins was
performed (Figure 518). As a result, the expression of UFOG1, UFOG7, UFOGY, UFOG12, and 3AT1_2
was positively correlated with the content of cyanindin-3-O-glucoside, delphinidin-3-O-glucoside,
petunidin-3-O-glucoside, pelargonidin, malvidin-3-acetyl-5-O-diglucoside, peonidin and peonidin-
3-sophoroside-5-O-glucoside, and negatively correlation with the content of delphinidin. In addition,
the UFOG2, UFOG10, and GT1_2 positively correlated with the delphinidin content.
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Figure 6. Simplified representation of anthocyanins metabolism and heat map of related genes of L.
chinense var. rubrum. (A). Simplified representation of flavonoid metabolism. (B). Heat map produced
by significant different gene related to flavonoid synthetic. And the gray rectangular boxes
represented the enzyme coded by related genes. The orange square represented upregulated, and
purple square represented downregulated. White square represented the gene related to flavonoid
synthetic that hadn't significant changed.

4. Discussion

What flowers do we like? Flower color is one of the most important factors influencing flowers'
beauty [11]. Flavonoids are a common pigment component that presents a broad spectrum of colors
from pale yellow to blue to pure, especially reported in petals. Flavonoids are a large group of plant-
biosynthetic compounds which can be classified as anthocyanins, flavones, flavanols, flavanones,
isoflavones, or other flavonoids compounds [78]. The anthocyanin in leaves is the primary coloring
pigment in L. chinense var. rubrum [6]. In the present study, we found that the anthocyanins content
of red-flowers L. chinense var. rubrum is higher than white-flowers L. chinense. Moreover, the content
of anthocyanins is a vital factor influencing their flower coloring. XNFJ had the highest total
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anthocyanins and the redness color of a* value, while XNXY had the lowest total anthocyanins and
lightness. It might be the main reason for the transformation from white to pink to purple.

Flavonoids are one of the essential pigments in many ornamental plant petals, and the
composition of flavonoids' composition may vary among different color petals of the same species.
The white flower chrysanthemum only contained flavones and flavonols, and the pink ones mainly
contained anthocyanins, flavones, and flavonols [79]. The derivatives of delphinidin and cyanidin
were more complicated in the red group of water lily than in others [80]. In total, 15 anthocyanin and
20 flavonols were identified in primula vulgaris cultivars, peonidin-type anthocyanins, cyanindi-3-
O-glucoside, and dephininidin-3,5-di-O-glucoside-3'-caffeic ester were accumulated in pink flowers
[35]. We found that 207 flavonoid metabolites were identified in the four cultivars (Table S1 and
Figure 2A), and they were mainly involved in 39 flavonols, 7 isoflavones, 26 flavonoids, 78 flavones,
20 flavanones, 19 polyphenols, 15 anthocyanins and 3 proanthocyanins in L. chinense var. rubrum and
L. chinense. About 168 flavonoids were common in the four samples, indicating no apparent
alternatives of flavonoids among the samples of Loropetalum species. The same result was found in
Nicotiana species [81], which might be the same species' close genetic background. Eight flavonols,
one flavone, and three anthocyanins, reporting for the first time in Loropetalum species, were
identified in petals of LDPF, XNF], and XNNC. These DCMs had a close correlation with the petals
coloring of Loropetalum species. Furthermore, the enrichment analysis showed that these DCMs were
identified to the metabolic pathway of '‘Biosynthesis of secondary metabolites' (ko01110), 'Flavonoid
biosynthesis' (ko00941), 'Anthocyanin biosynthesis' (ko00942), 'Isoflavonoid biosynthesis' (ko00943)
and 'Flavone and flavonol biosynthesis' (ko00944).

The structural and functional genomic analysis provides a good insight into discovering the
metabolic processing pathway in plants. The full-length transcripts, based on the SMRT sequencing
stratagem that improves genome and transcriptome assembly, are essential for structural, functional,
and comparative genomics studies [82-84]. The NGS strategies for transcriptomes were a convenient
tool for correcting the SMRT sequencing errors reported in many plants [42,85]. In this study, we
obtained 46.16 GB of raw data by PacBio sequencing with an average length of 29,523 bp and N50 of
51,440 bp. After correcting the SMRT reads with NGS data and CD-HIT software, 171,783 high-
quality non-redundant transcripts were produced. It is much larger than Carthamus tincorius (79,926
transcripts) [86], Litchi chinense (50,808 trancripts) [87], Camellia oleifera (40,143 transcripts) [88], and
Lolium multiflorum (72,722 transcripts) (Chen et al., 2018). Then, these transcripts were annotated with
the NR, KOG, GO, NT, Pfam, Swiss-Port, and KEGG for gene function annotation and metabolic
pathways analysis. As a result, 144,893 transcripts were functionally annotated, and the most
enriched were 'Metabolism', including phenylpropanoid biosynthesis, flavonoid biosynthesis,
isoflavonoid biosynthesis, and flavone and flavonol biosynthesis pathways (Figure 3A, Figure 3B,
Figure S5-58). Thus, SMRT sequencing combined with NGS sequencing strategy established an
accurate abundant reference transcriptome of L. chinense var. rubrum for the first time.

Cultivars-specific flavonoids in L. chinense var. rubrum might be associated with the differential
expression of essential biosynthetic genes. Flavonoid biosynthesis and anthocyanin biosynthesis
genes had well summarized in some reviews [21,41,43,84]. The transcriptomes are based on NGS
strategy as a convenient tool for quantitative gene expression data in plants. This study used the four
cultivars with twelve samples for transcript qualification. All the differentially expressed genes were
annotated with high-quality full-non-redundant reference transcriptomes. The DETs enrichment
analyzed with KEGG annotation demonstrated that they were involved in 'Phenylpropanoid
biosynthesis' and 'Flavonoid biosynthesis'. Combined with the DCMs analyzed, eight LcCYP73A
(encoding trans-cinnamate 4-monooxygenase), 20 LcCHS (encoding chalcone synthase), three LcCHI
(encoding chalcone isomerase), 19 LcF3H (encoding naringenin 3-dioxygenase), eight LcDFR
(encoding bifunctional dihydroflavonol 4-reductase or flavanone 4-reductase) and four LcANS
(encoding anthocyanidin reductase), and twenty genes of anthocyanins biosynthetic were identified
in our study (Figure 5A, Figure 5B, Figure 6A, Figure 6B, Figure 519, Figure 520). Moreover, the
correlation of DCMs and the flavonoid pathway (included of anthocyanin pathway) related genes
were also discovered. The genes of UFOGI1, UFOG7, UFOGY, UFOG12, and 3AT1_2 were relatively
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higher expressed in darker petals of samples. Furthermore, the UFOG2, UFOGI10, and GT1_2
positively correlated with the delphinidin content.

5. Conclusion

For the first time, this study reports on the intergrade application of phenotypic, metabolomics,
and transcriptomics to elucidate the flower coloring mechanism of L. chinense var. rubrum. The
different pigment combination and their accumulations were the crucial reasons caused by the
different petal coloration in L. chinense var. rubrum. Most flavonoids had significantly different
content among the four cultivars for close genetic backgrounds. And the relative content of
Kaempferide, Apiin, Glycitin, Tricetin, Naringenin 7-O-glucoside, pelargonidin, delphinidin,
cyanidin-3-O-glucoside,  cyanidin-3,5-O-glucoside, = petunidin-3-O-glucoside, = peonidin-3-O-
sophoroside-5-O-glucoside, malvidin-3-acetyl-5-O-diglucoside and Delphinidin-3-O-glucoside were
main differential content of components in L. chinense var. rubrum. An accurate abundant referent
transcriptome was established by combining with SMRT and NGS strategy. The flavonoid
biosynthesis genes, such as LcCYP73A, 20 LcCHS, three LcCHI, 19 LcF3H, eight LcDFR, four LcANS,
four UFOGs and one 3AT1_2, correlated with the specific flavonoid's high determination the flower
color of L. chinense var. rubrum. Together, these findings offer novel insights into the molecular basis
for the flavonoid biosynthesis in L. chinense var. rubrum, and could serve as the basis for future
research on the selective breeding of colorful ornamental plants.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: The metabolism view map of the significant metabolism pathways of the four
different cultivars of L. chinense and L. chinense var. rubrum. (A). Significant changed pathways on the enrichment
of LDPF VS XNNC. (B). Significant changed pathways on the enrichment of LDPF VS XNF]. (C). Significant
changed pathways on the enrichment of LDPF VS XNXY. (D). Significant changed pathways on the enrichment
of XNNC VS XNF]J. (E). Significant changed pathways on the enrichment of XNNC VS XNXY. (F). Significant
changed pathways on the enrichment of XNNC VS XNXY. (G). Significant changed pathways on the enrichment
of XNF]J VS XNXY.; Figure S52: The top 20 differential metabolites among of different cultivars of L. chinense var.
rubrum. (A). the top 20 change metabolite of LDPF VS XNNC. (B). the top 20 change metabolite of LDPF VS
XNFEF]. (C). the top 20 change metabolite of LDPF VS XNXY. D. the top 20 change metabolite of XNNC VS XNF]J.
(E). the top 20 change metabolite of XNNC VS XNXY. (F). the top 20 change metabolite of XNF] VS XNXY; Figure
S3: The annotation static results of full-length nonredundant final transcripts to NR databases in different
species; Figure S54: The classification map of full-length nonredundant final transcripts to GO database; Figure
S5: The classification map of full-length nonredundant final transcripts to GO database; Figure S6:The
classification chart of annotation of full-length nonredundant final transcripts to KEGG metabolic pathway;
Figure S7: The annotation and prediction of CDS, transcription factors, and LncRNAs of L. chinense var. rubrum.
(A). The number, percentage and length of CDS predicted by final transcripts of L. chinense var. rubrum. (B). The
top 30 transcription factor family predicted by final transcripts of L. chinense var. rubrum. (C). Scatter diagram of
LncRNAs and mRNA length distribution of L. chinense var. rubrum. (D). Annotation of full-length noncoding
final transcripts predicted by cnci, pfam, plek and cpc software; Figure S8: The number of up- and down-
regulated different expression LncRNA in the different compared combinations; Figure S9: GO enrichment
analysis of DETs between XNNC VS LDPF group; Figure S10: GO enrichment analysis of DETs between XNNC
VS XNXY group; Figure S11: GO enrichment analysis of DETs between XNF]J VS LDPF group; Figure S12: GO
enrichment analysis of DETs between XNF] VS XNNC group; Figure S13: GO enrichment analysis of DETs
between XNFJ VS XNXY group; Figure S14: GO enrichment analysis of DETs between XNXY VS LDPF group;
Figure S15: The top 20 enriched KEGG pathway of the differentially expressed genes (DEGs) among of different
cultivars of L. chinense var. rubrum. (A). The enrichment pathway of XNNC VS LDPF. (B). The enrichment
pathway of XNNC VS XNXY. (C). The enrichment pathway of XNFJ VS LDPF. (D). The enrichment pathway of
XNEF]J VS XNNC. (E). The enrichment pathway of XNFJ VS XNXY. (F). The enrichment pathway of XNXY VS
LDPF; Figure S16: The Venn diagram of DETs between different comparisons; Figure S17: Correlation analyses
of differentially expressed transcripts (DETs) involved in flavonoids; Figure S18: Correlation analyses of
differentially expressed transcripts (DETs) involved in anthocyanins; Table S1: Type and content of flavonoids
in four Loropetalum cultivars; Table S2: The differential accumulated metabolites in group of LDPF VS XNNC;
Table S3: The differential accumulated metabolites in group of LDPF VS XNEFJ; Table S4: The differential
accumulated metabolites in group of LDPF VS XNEFJ; Table S5: The differential accumulated metabolites in group
of XNNC VS XNEFJ; Table S6: The differential accumulated metabolites in group of XNNC VS XNXY; Table S7:
The differential accumulated metabolites in group of XNFJ VS XNXY; Table S8: The differential accumulated
flavonoid metabolites in all groups of L. chinense and L. chinense var. rubrum; Table S9: The differentially
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concentration of flavonoid metabolites analysis in group of LDPF VS XNNC; Table S10: The differentially
concentration of flavonoid metabolites analysis in group of LDPF VS XNF]; Table S11: The differentially
concentration of flavonoid metabolites analysis in group of LDPF VS XNXY; Table S12: The differentially
concentration of flavonoid metabolites analysis in group of XNNC VS XNFJ; Table S13: The differentially
concentration of flavonoid metabolites analysis in group of XNNC VS XNXY; Table S14: The differentially
concentration of flavonoid metabolites analysis in group of XNFJ VS XNXY; Table S15: The compared
transcriptome of LDPF VS XNNC on KEGG metabolic pathway annotation; Table S16: The compared
transcriptome of LDPF VS XNNC on KEGG metabolic pathway annotation; Table S17: The compared
transcriptome of LDPF VS XNXY on KEGG metabolic pathway annotation; Table S18: The compared
transcriptome of XNNC VS XNFJ on KEGG metabolic pathway annotation; Table S19: The compared
transcriptome of XNNC VS XNXY on KEGG metabolic pathway annotation; Table S20: The compared
transcriptome of XNF] VS XNXY on KEGG metabolic pathway annotation; Table S21: Quality statistics of filtered
reads; Table S22: Major indicators of the full-length transcriptome of Loropetalum chinense var. rubrum; Table S23:
The GO enrichment analysis of DETs between XNNC VS LDPF group; Table S24: The GO enrichment analysis
of DETs between XNNC VS XNXY group; Table 525: The GO enrichment analysis of DETs between XNFJ VS
LDPF group; Table S26: The GO enrichment analysis of DETs between XNF] VS XNNC group; Table S27: The
GO enrichment analysis of DETs between XNFJ VS XNXY group; Table S28: The GO enrichment analysis of
DETs between XNXY VS LDPF group; Table 529: The KEGG enrichment analysis of DETs between XNNC VS
LDPF group; Table S30: The KEGG enrichment analysis of DETs between XNNC VS XNXY group; Table S31:
The KEGG enrichment analysis of DETs between XNFJ VS LDPF group; Table S32: The KEGG enrichment
analysis of DETs between XNFJ VS XNNC group; Table 533: The KEGG enrichment analysis of DETs between
XNEFJ VS XNXY group; Table 534: The KEGG enrichment analysis of DETs between XNXY VS LDPF group.
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