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Abstract

Rhododendron genus is famous with important ecology impacts, ornamental values, and high medicine values. To obtain a
comprehensive overview of anthocyanin regulatory networks, RNA-seq and de novo assembly of five Rhododendron spe-
cies flower tissues were performed, generating 159,408 unigenes with an average length of 490 bp and an N50 of 552 bp.
In particular, 106,766 unigenes could be annotated. Flavonoid biosynthesis was the most abundant KEGG pathway. Genes
controlling flower color varied in different species: transcripts involving in carotenoid biosynthesis and isoflavonoid bio-
synthesis highly expressed in Rhododendron molle G. Don possessing yellow color flower; genes involved in flavone and
flavonol biosynthesis showed higher abundance in Rhododendron fortune Lindl. with light pink flowers; transcripts of
unigenes participated in flavonoid biosynthesis exhibited higher levels in Rhododendron mariesii Hemsl. with pink color;
unigenes involved in anthocyanin biosynthesis showed higher mRNA levels in Rhododendron simsii Planch. with red color;
genes involved in carotenoid biosynthesis and flavonoid biosynthesis showed higher expression levels in Rhododendron
pulchrum Sweet with purplish red flowers. The five species were clustered into two main groups: group 1 (R. fortune and
R. mariesii) and group 2 (R. simsii, R. molle and R. pulchrum) based on expression levels of differentially expressed genes
(DEGS). In particular, R. molle showed a closer relationship with R. simsii. This study will provide rich genetic information
for further mechanism analysis of flower color variation and genetic improvement of flower color in Rhododendron species.

Keywords Anthocyanin - Flavonoid biosynthesis - Genetic improvement - Metabolic network - Rhododendron genus -
RNA-seq

1 Introduction

Rhododendron genus is widely distributed in the world
due to showy floral displays, medicinal and horticultural
value, as well as easy adaptability to various environmental
conditions (Scheiber et al. 2000; Popescu and Kopp 2013;
Gautam et al. 2020). As the largest genus within Ericaceae
family, Rhododendron contains over 1000 species and tens
of thousands of commercial hybrids, and about 650 species
are unique to China, with the juncture of Tibetan, Yunnan,
and Sichuan provinces being key distribution center of Rho-
dodendron species (Wang et al. 2010, 2018). Rhododendron

Zhiliang Li and Qiaofeng Yang contributed equally to this work

P4 Wenying Zhang
wyzhang @yangtzeu.edu.cn

< Shuzhen Wang
wangshuzhen710@whu.edu.cn

College of Agriculture, Yangtze University, Jingzhou,
Hubei 434000, People’s Republic of China

Hubei Key Laboratory of Economic Forest Germplasm
Improvement and Resources Comprehensive Utilization;
Hubei Collaborative Innovation Center for the Characteristic
Resources Exploitation of Dabie Mountains; College of Life
Sciences, Huanggang Normal University, Huanggang,
Hubei 438000, People’s Republic of China

College of Food and Bioengineering, Henan University
of Animal Husbandry and Economy, Zhengzhou,
Henan 450000, People’s Republic of China

species have been introduced to Europe from southern China
and gained extensive popularity, especially in England and
the USA (Wang et al. 2018).

Rhododendron species breeding aims at creating novelties
with improved flower characteristics, especially flower color
(Nishihara and Nakatsuka 2011). Rhododendron flower
color ranges from purple to carmine red and to red, pink, and
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even white (Keyser et al. 2013). Furthermore, Rhododendron
flowers can be flecked, which might be caused by transposon
activities (Keyser et al. 2013). Though flower color segrega-
tion in Rhododendron could be predicted by the Mendelian
model, the model could not explain pink flowers. Four major
phytopigments are responsible for the coloration of plant
tissues, including chlorophylls, flavonoids, betalains, and
carotenoids (Grotewold 2006). In relation to Rhododendron
species, anthocyanin and flavonols are the major pigments,
and the final color is a combination of both colored pigments
(anthocyanins) and colorless flavonols (Mizuta et al. 2009).
Moreover, flower color genes and putative QTLs have also
been mapped in certain Rhododendron species (Dunemann
et al. 1999; Daiki et al. 2014). However, anthocyanin bio-
synthesis has been rarely studied in Rhododendron species
(Daiki et al. 2014).

RNA sequencing (RNA-seq) shows great potential for
identification of genes conferring target traits, analysis of
gene expression profile, development of molecular markers,
revealing splice variants, mapping transcription start sites,
as well as characterization of alternative splicing patterns,
which have been successfully used in many species such
as pummelo, sweet potato, carrot, and barley (Ozsolak and
Milos 2011; Liang et al. 2015; Hill et al. 2016; Sun et al.
2019). Moreover, de novo assembly could benefit studies
on non-model species, whose genome information is una-
vailable (Smith-Unna et al. 2016). However, transcriptome
information in Rhododendron genus is very limited (Fang
et al. 2017; Xing et al. 2017; Choudhary et al. 2018; Xiao
et al. 2018).

In this study, Illumina HiSeq 2500 PE125 platform was
used for RNA-seq of five Rhododendron species with differ-
ent flower colors, including Rhododendron fortunei Lindl.
(light pink flowers), Rhododendron simsii Planch. (red flow-
ers), Rhododendron mariesii Hemsl. (pink flowers), Rhodo-
dendron molle G. Don (yellow flowers), and Rhododendron
pulchrum Sweet (purplish red flowers). Based on differential
expression genes (DEGs), critical genes involved in flower
color formation were clarified, and metabolic networking
was constructed. This research will be helpful in elucidating
molecular mechanism of color formation and regulation, as
well as benefit the genetic improvement of flower color in
Rhododendron species.

2 Materials and methods

Plant materials - Plant materials —Blooming flowers of R.
fortunei, R. mariesii, , R. simsii and R.molle were all col-
lected from Taohuachong (Dabie mountains) (116°0220"—
116°10'53"E, 30°57"20"-31°06'10"N, 900-1000 m) (Fig. 1).
Furthermore, flower tissue of R. pulchrum was sampled
from Huanggang Botanical garden (114°55'14.36"E,
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30°27'13.73"N, 22-50 m). All samples were immediately
frozen by liquid nitrogen and stored at — 80 °C until further
use.

RNA isolation and Illlumina sequencing - Total RNA was
extracted from each sample using TRIzol kit (Takara)
according to the manufacturer’s instruction. The pair-end
cDNA sequencing libraries were constructed by Binggang
Biotechnology Co. Ltd. (Wuhan, China). After being treated
with DNase I, RNA samples were enriched using magnetic
oligo (dT) beads. The enriched RNA was disrupted into
short fragments and then was used as template to synthe-
size second-stand cDNA with random hexamer primers.
The double-strand cDNA was purified, and single nucleotide
A was added to 3’ end. Finally, sequencing adapters were
digested to short fragments, and PCR for 16 cycles amplifi-
cation was performed to construct the cDNA libraries, which
were validated by an Agilent 2100 Bioanalyzer and ABI
StepOnePlus Real-Time PCR system. Finally, the cDNA
libraries were sequenced using Illumina HiSeq 2500 PE125.

De novoassembly and functional annotation — Raw reads
were filtered to generate clean data via a process that include
the removal of sequences containing adapters, low-quality
sequences with more than 20% of the bases of quality
value <10, and reads with N percentage over 5%. Then,
the obtained clean reads were assembled using Trinity soft-
ware (Dewey and Li 2011). For functional annotation, the
unigenes were subjected to BLASTx alignment against the
protein non-redundant database of Nr, Protein family (Pfam),
Swiss-Prot protein database, Kyoto Encyclopedia of Genes
and Genomes (KEGG), euKaryotic Orthologous Groups
database (KOG) and were also aligned to the nucleotide
sequences database (Nt) by BLASTn. Based on Nr annota-
tion, Gene Ontology (GO) annotation of unigenes according
to ‘component function,” ‘biological process,” and ‘cellu-
lar component’ ontologies was performed using Blast2GO
program (Kanehisa and Goto 2000). In particular, BLASTx
algorithm, with an E-value threshold of 1E-5, was used
in searching Nt, Nr, and Swiss-Prot protein database. The
expression levels of unigenes were calculated by mapping
clean reads to the assembled transcriptome using FPKM
(Fragments Per kb per Million reads) method. Then, the
transcriptomes were compared with each other to clarify dif-
ferentially expressed unigenes. False discovery rate (FDR)
was used to calculate the threshold of p value in multiple
expression analysis, and FDR <0.05 was set as the threshold.
The DEGs with twofold changes were subjected to GO and
KEGG pathway analysis.

Validation of RNA seq data — Validation of RNA-seq data
was performed by quantitative real-time PCR (qRT-PCR)
and comparative threshold (CT) method (delta-delta CT,
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Fig. 1 Information of five Rhododendron species. a R. mariesii; b R. molle; ¢ R. pulchrum; d R. fortunei; e R. simsii

AACT) according to Wang et al. (2018). Six genes were
randomly selected for real-time PCR amplification in order
to confirm the RNA-seq data with primer paris developed by
Wang et al. (2018), including ARR, CYCD, MYC2, SNRNp,
TIRI, and EIN3, with EF-1a gene as the internal control.

3 Results

lllumina sequencing and de novo assembly ofRhododendron-
species — Totally, approximately 21,006,137 sequencing
reads for R. fortunei, 23,207,108 for R. simsii, 26,118,281
for R. mariesii, 17,411,851 for R. molle, and 23,983,039
for R. pulchrum were generated (Table 1). Moreover,
20,999,440 clean reads with 5,249,860,000 bp for R. for-
tunei, 23,201,636 clean reads with 5,800,409,000 bp for R.
simsii, 26,109,041 clean reads with 6,527,260,250 bp for R.
mariesii, 17,406,941 clean reads with 4,351,735,250 bp for
R. molle, and 23,977,155 clean reads with 5,994,288,750 bp
for R. pulchrum were obtained through filtering low-quality
sequences, adaptors, and redundant reads. FastQC analysis
showed that the QC20 (ratio of high-quality sequences with
less than 20% of the bases of quality value < 10) percentage
and GC percentage were above 97 and 47%, respectively
(Table 1).

High-quality reads were used to assemble transcriptome
with Trinity (v2.2.0) software (Grabherr et al. 2011). Totally,
59,887 unigenes with an average length of 882.56 bp and
an N50 of 1465 bp were assembled in R. fortunei; 92,469
unigenes with an average length of 700.39 bp and an N50 of
1465 bp were identified in R. simsii; 81,710 unigenes with
an average length of 882.27 bp and an N50 of 1477 bp were
obtained in R. mariesii; 58,263 unigenes with an average
length of 830.26 bp and an N50 of 1372 bp were generated
in R. molle; 101,021 unigenes with an average length of
1090 bp and an N50 of 674.85 bp were produced in R. pul-
chrum (Table 1). Among these assembled unigenes, 64.5%
had lengths greater than 500 bp (Table 1). Furthermore,
contigs were pooled and assembled into a non-redundant
unigene set to expand the utility of [llumina sequencing data,
yielding 159,408 unigenes with an average length of 490 bp
and N50 of 552 bp.

Functional annotation of the unigenes - Among the 159,408
unigenes, 106,766 unigenes (66.98%) could be annotated
through searching against seven databases. In total, 25,335
unigenes had annotation information in all these seven
databases (Table 2, Fig. 2a). Particularly, 55,546 (34.85%),
89,984 (56.45%), and 73,386 (46.04%) unigenes showed
high identities to known sequences deposited in Nt, Nr, and
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Table 1 Sequence analysis of five Rhododendron species

category R. fortunei R. simsii R. mariesii R. molle R. pulchrum
Raw_reads 21,006,137 23,207,108 26,118,281 17,411,851 23,983,039
Clean_reads 20,999,440 23,201,636 26,109,041 17,406,941 23,977,155
Clean_base 5,249,860,000 5,800,409,000 6,527,260,250 4,351,735,250 5,994,288,750
Q20 percentage (%) 98.05 97.95 97.6 97.9 98.2

GC percentage (%) 47.6 47.65 47.8 48.6 47.95

0-300 15,795 (26.37%) 31,674 (34.25%) 21,951 (26.86%) 16,148 (27.72%) 35,846 (35.48%)
300-500 12,845 (21.45%) 22,354 (24.17%) 17,605 (21.55%) 12,923 (22.18%) 25,162 (24.91%)
500-1000 12,269 (20.49%) 17,927(19.39%) 16,936 (20.73%) 12,193 (20.93%) 19,442 (19.25%)
1000-2000 12,824 (21.41%) 14,962(16.18%) 16,812 (20.58%) 11,919 (20.46%) 14,917 (14.77%)
> 2000 6,153 (10.27%) 5,551(6.00%) 8,405 (10.29%) 5,079 (8.72%) 5,653 (5.60%)
Unigenes 59,887 92,469 81,710 58,263 101,021

Total length 52,853,689 64,764,610 72,090,665 48,373,333 68,174,524

N50 length 1465 1465 1477 1372 1090

Mean length 882.56 700.39 882.27 830.26 674.85

Table 2 Functional annotation of five Rhododendron species

Database Number of unigenes Percent-
age of all
unigenes

Nt 55,546 34.85

Nr 89,984 56.45

Swiss-prot 73,386 46.04

KOG 60,040 37.66

KEGG 54,001 33.88

GO 68,131 42.74

Pfam 39,045 24.49

Annotated 106,766 66.98

Total_unigens 159,408 100

Swiss-Prot protein databases, respectively (Table 2). The
unigenes with ORFs were searched against Pfam database
with a hmmscan threshold of 1E-3, and 39,045 (24.49%)
unigenes were similar to known proteins.

Totally, 68,131 unigenes (42.74%) showed significant
similarities to known sequences in GO database: ‘biologi-
cal process’ accounting for the largest (205,888 unigenes),
followed by ‘cellular component’ (133,669 unigenes) and
‘molecular function’ (80,565 unigenes) (Fig. 2b). Under
‘biological process’ category, ‘metabolic process’ (48,133,
70.64%), ‘cellular process’ (41,126, 60.36%), and ‘single-
organism process’ (33,683, 49.43%) were main groups. In
‘cellular component’ category, 30,347 unigenes (44.54%)
were assigned both to the most abundant groups of ‘cell’
and ‘cell part,” followed by ‘organelle’ (22,420, 32.9%).
Moreover, ‘catalytic activity’ (37,474, 55%) and ‘binding’
(32,320, 47.43%) represented the first and second largest
subcategories in ‘molecular function’ category, respectively.
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Furthermore, 60,040 (37.66%) unigenes could be anno-
tated to KOG database and were grouped into 25 functional
clusters. Particularly, ‘general function prediction’ (11,151,
18.5%), ‘posttranslational modification, protein turnover,
chaperones’ (7503, 12.4%), and ‘signal transduction mecha-
nisms’ (5692, 9.4%) were the first three largest groups (Fig.
S1). Moreover, ‘energy production and conversion’ (4508,
7.5%), ‘carbohydrate transport and metabolism’ (4377,
7.2%), ‘translation, ribosomal structure and biogenesis’
(4506, 7.5%), ‘intracellular trafficking, secretion, vesicu-
lar transport’ (3247, 5.4%), ‘transcription’ (2849, 4.7%),
and ‘function unknown’ (3157, 5.2%) were also the main
clusters.

A set of 54,001 (33.88%) unigenes was categorized into
32 pathways (five main categories) by KEGG classification
(Fig. 3). The ‘metabolism’ (40,603, 75.1%) was the largest
category containing 12 subcategories, such as ‘carbohydrate
metabolism’ (8751, 16.2%), ‘overview’ (5552, 10.28%),
‘amino acid metabolism’ (4847, 8.97%), ‘lipid metabolism’
(3823, 7.07%), ‘energy metabolism’ (3448, 6.38%), ‘xeno-
biotics biodegradation and metabolism’ (3054, 5.65%), and
other subcategories. Furthermore, categories of ‘organismal
systems,” ‘genetic information processing,” ‘environment
information processing,” and ‘cellular processes’ accounted
for 27.5, 24.6, 17.6, and 13.1%, respectively.

Analysis and functional annotation of DEGs - The five Rho-
dodendron species shared 20,509 unigenes in common. Fur-
thermore, a total of 3785, 4382, 5846, 2402, and 12,605 uni-
genes showed specific expression in R. fortunei, R. simsii, R.
mariesii, R. molle, and R. pulchrum, respectively (Fig. 4a).
Moreover, numbers of unigenes shared by R. fortunei and
R. simsii, R. mariesii and R. simsii, R. molle and R. simsii,
and R. pulchrum and R. simsii were 28,368, 29,850, 27,408,
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and 36,738, respectively. The transcriptomes of R. fortu-
nei, R. mariesii, R. molle, R. pulchrum were compared to
that of R. simsii, yielding 1709, 2,157, 827, and 672 DEGs
with an P value < 1e-3, FDR < 1e-3 and a | log2 ration | >2,
respectively (Fig. 4b). Compared with R. simsii, 1110 down-
regulated and 599 up-regulated DEGs were found in R. for-
tunei, 1329 down-regulated and 828 up-regulated DEGs
in R. mariesii, 471 down-regulated and 356 up-regulated
DEGs in R. molle, as well as 360 down-regulated and 312
up-regulated DEGs in R. pulchrum, respectively (Fig. 4c).
By pairwise comparison, 90 common DEGs were found.
In addition, seven DEGs were randomly selected for qRT-
PCR amplification, and good correlation (r*=0.8234) was
obtained, confirming the high reliability of these RNA-seq
data. Flavonoid biosynthesis was the most abundant KEGG
pathway, and genes involved in flavonoid biosynthesis were
typical DEGs.

The correlation of these five species was studied by clus-
tering analysis according to expression levels of DEGs. The
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five species could be divided into two main groups: group
1 (R. fortune and R. mariesii) and group 2 (R. simsii, R.
molle and R. pulchrum) (Fig. 4d). Moreover, group 2 could
be further divided into two subgroups: R. simsii and R. pul-
chrum were clustered in one subgroup, while R. molle was
in another subgroup (Fig. 4d). As expected, R. pulchrum and
R. simsii with red flowers were clustered together, R. fortune
and R. mariesii with pink flowers were clustered together,
and R. molle with yellow flowers was clustered alone.
Among the DEGs between R. fortunei and R. simsii, 287
were enriched in 30 GO categories. In ‘biological process,’
the typical DEGs were involved in the response to biotic
stimulus (GO: 0,009,607), oxidation—reduction process (GO:
0,055,114), and defense response (GO: 0,006,952) with the
numbers of 29, 159, 31, respectively. In ‘molecular func-
tion,” the most representative categories are heme binding
(GO: 0,020,037), monooxygenase activity (GO: 0,004,497),
and iron ion binding (GO: 0,005,506) with 51, 30, 49, DEGs,
respectively (Fig. S2). Furthermore, chemical carcinogenesis

R. simsii vs R. molle

R. simsii vs R. mariesii

Color Key

R. fortunei
R. mariesii
R. pulchrum

(d)

Fig.4 a Veen diagram of the unigenes number of the five samples; b Veen diagram of the number of differentially expressed gens (DEGs)
obtained through pairwise comparison; ¢ Numbers of up-regulated and down-regulated genes based on pairwise comparison; d Clustering analy-
sis of DEGs in different species. 0047: R. fortunei; 0049: R. simsii; 0051: R. mariesii; 0053: R. molle; 0059: R. pulchrum
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(ko05204), stibenoid, diarylheptanoid and gingerol biosyn-
thesis (ko00945), as well as drug metabolism-cytochrom
P450 (ko00982), were the most KEGG pathway (Fig. S2).
In particular, DEGs involved in response to biotic stimulus,
defense response, chitin binding, and glutathione transferase
activity were all up-regulated in R. simsii.

Totally, 438 DEGs between R. mariesii and R. simsii
were enriched in GO categories. The most representative
terms were chitin binding (GO: 0,008,061), chitinase activity
(GO: 0,004,568), heme binding (GO: 0,020,037), sucrose:
proton symporter activity (GO: 0,008,506), and glutathione
transferase activity (GO: 0,004,364) with 23, 24, 50, 7, and
13 DGEs, respectively (Fig. S3a). Furthermore, KEGG
analysis with DGEs inferred that chemical carcinogenesis
(ko05204), drug metabolism-cytochrom P450 (ko00982),
metabolism of xenobiotics by cytochrome P450 (ko00980),
glutathione metabolism (ko00480), and flavonoid biosyn-
thesis (ko00941) were the most dominant KEGG pathways.
In addition, carotenoid biosynthesis (7 DEGs) was also the
representative KEGG terms (Fig. S3b). DEGs involved in
response to biotic stimulus, chitin binding, chitin catabolic
process, cell wall macromolecule, and chitinase activity
were all up-regulated in R. simsii.

In addition, 172 DEGs between R. molle and R. simsii
were enriched in GO categories. In ‘biological process,’
‘oxidation-reduction process’ (GO: 0,055,114), ‘carbohy-
drate metabolic process’ (GO: 0,005,975), ‘the response to
biotic stimulus’ (GO: 0,009,607), and ‘defense response’
(GO: 0,006,952) were the top four categories with the num-
ber of DEGs 70, 23, 12, and 12, respectively. In ‘molecular
function,” the most representative categories were ‘heme
binding’ (GO: 0,020,037), ‘transferase activity, transfer-
ring hexosyl groups’ (GO: 0,016,758), and ‘metallopeptidase
activity’ (GO: 0,008,237) with 22, 14, 8 DEGs, respectively
(Fig. S4a). Most of DEGs involved in response to biotic
stimulus (in biological process), extracellular region (in cel-
lular component), metallopeptidase activity (in molecular
function) were up-regulated in R. molle. Other glycan deg-
radation (ko00511), stibenoid, diarylheptanoid and gingerol
biosynthesis (ko00945), and phenylpropanoid biosynthesis
(ko00940) were the most enriched KEGG pathways (Fig.
S4b).

Furthermore, 176 DEGs between R. pulchrum and R.
simsii were enriched in GO categories. In ‘biological pro-
cess,” oxidation—reduction process (GO: 0055114), defense
response (GO: 0006952), the response to biotic stimulus
(GO: 0009607) were the top three categories with the num-
ber of DEGs 65, 19, 14, respectively. In ‘molecular func-
tion,” the most representative categories were hydrolase
activity, acting on ester bonds (GO: 0016788), glactinol-
sucrose galacytosyltransferase activity (GO: 0047274),
and pectate lyase activity (GO: 003070) with 16, 15, and
10DEGs, respectively (Fig. S5). DEGs involved in defense

response (in biological process), cell wall (in cellular com-
ponent), and hydrolase activity (in molecular function)
were all up-regulated genes in R. simsii. Glycan degrada-
tion (ko00511), pentose and glucuronate interconversions
(ko00040), as well as cutin, suberine, and wax biosynthesis
(ko00073), were the most different KEGG pathways.

Identification of genes involved in flower traits - In total,
eight terms containing 405 unigenes involved in the synthe-
sis and participation of flower pigments (anthocyanin, carot-
enoids, and betalains) were found, including flavonoid bio-
synthesis (GO: 0,009,813), positive regulation of flavonoid
biosynthesis (GO: 0,009,963), flavonol biosynthesis process
(GO: 0,051,555), anthocyanin-containing compound biosyn-
thesis process (GO: 0,009,718), anthocyanin accumulation
in tissue in response to UV light (GO: 0,043,418), regula-
tion of anthocyanin biosynthesis process (GO: 0,031,540),
anthocyanin-containing compound metabolic process (GO:
0,046,283), and carotenoid biosynthesis process (GO:
0,016,117). Transcription of DEGs displayed variations in
abundance in different species (Fig. 5). Most of genes clus-
tered in Cluster I were involved in carotenoid biosynthesis
and isoflavonoid biosynthesis, with higher expression lev-
els in R. molle possessing yellow flowers. Within cluster
II, unigenes involved in flavone and flavonol biosynthesis
showed higher abundance in R. fortune with light pink flow-
ers. Within cluster III, transcripts of unigenes participated in
flavonoid biosynthesis exhibited higher levels in R. mariesii
with pink flowers. In cluster I'V, unigenes involved in antho-
cyanin biosynthesis showed higher mRNA levels in R. simsii
with red flowers. In cluster V, genes involved in carotenoid
biosynthesis and flavonoid biosynthesis showed higher
expression levels in R. pulchrum with purplish red flowers.

In particular, 162 unigenes involved in anthocyanin
synthesis pathway were found, mainly containing thirty
homologs of 4-coumaryol CoA lignase (4CL), five homologs
of cinnamate 4-hydroxylase (C4H), eight homologs of
anthocyanidin synthase (ANS), fourteen homologs of
chalcone isomerase (CHI), thirty-eight homologs of chal-
cone synthase (CHS), thirteen homologs of dihydrofla-
vonol 4-reductase (DFR), fifteen homologs of flavonoid
3" 5'-hydroxylase (F3'5'H), six homologs of flavonoid
3"-hydroxylase (F3'H), ten homologs of flavonol 3-hydroxy-
lase (F3H), five homologs of flavonol synthase (FLS), and
seventeen homologs of phenylalanine ammonia lyase (PAL)
(Fig. 6). Interestingly, high expression levels of these uni-
genes were observed in R. pulchrum, such as homologous to
F3'H, FLS, and F3H. Homologous to CHI exhibited higher
expression levels in R. mariesii. Homologous to anthocya-
nidin reductase (ANR) and leucoanthocyanidin reductase
(LAR) were observed higher accumulation in R. simsii. Leu-
coanthocyanidin dioxygenase (LDOX) exhibited minimum
expression in R. fortune.
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Fig.5 Heatmaps visualization
of differential expressed genes
(DEGsS) involved in flower. a
DEGs enriched in flower color
related pathways. b DEGs
likely involved in anthocyanin
biosynthesis

Furthermore, 57 unigenes involved in the carotenoid bio-
synthesis pathway were found: seven homologs of isopen-
tenyl pyrophosphate isomerase (IPI), five homologs of phy-
toene synthase (PSY), two homologs of phytoene desaturase
(PDS), one homolog of {-carotene desaturase (ZDS), three
homologs of lycopene f-cyclase (LCYB), three homologs
of p-ring hydroxylase (CHYB), one homolog of e-ring
hydroxylase (CHYE), eighteen homologs of zeaxanthin
epoxidase (ZEP), five homologs of carotenoid isomerase
(CRTISO), five homologs of neoxanthin synthase (NSY), and
ten homologs of 9-cis-epoxycarotenoid dioxygenase (NCED)
(Fig. 6). Terpenoids are important for fragrance production
(Guterman et al. 2002). In total, 92 unigenes were assigned
to terpenoids biosynthetic and metabolic pathway, includ-
ing pentacyclic triterpenoid biosynthetic process (GO:
0,019,745), terpenoid biosynthesis process (GO: 0,016,114),
triterpenoid biosynthetic process (GO: 0,016,104), monoter-
penoid biosynthesis process (GO: 0,016,099), and tetracylic
triterpenoid biosynthesis process (GO: 0,010,686).

Genes required for photoperiod pathway, light signal
transduction, floral meristem development also play impor-
tant roles in flower development (Irish 2010; Mouradov et al.
2002). In these five Rhododendron species, 21 MADS-box
genes vital for photoperiod and floral meristem development
were found, including three isoforms of AGL2 (AGAMOUS
LIKE), one isoform of AGLS, one isoform of AGLI5, one
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isoform of AGLI16, and one isoform of AGL61. CONSTANS
(CO) is a key regulator of the photoperiod pathway, and
eighteen homologs of CO were identified. One homolog
of Flowering Locus (FT), the target of CO, also existed in
these five Rhododendron species. Homologous genes of the
photoreceptor and circadian clock components were also
identified, including twelve homologs of CRYPTOCHROME
(CRY), fifteen homologs of PHYTOCHROME (PHY), four
homologs of LATE ELONGATED HYPOCOTYL (LHY), ten
homologs of EARLY FLOWERING 4 (EFL4), one homolog
of FLAVIN-BINDING KELCH REPEAT (FKF1), and five
homologs of GIGANTEA (GI). One homolog of APETALA?2
(AP2), important for floral meristem development, was also
searched.

4 Discussion

Flowering is one of the most important events in plant life
cycle, therefore, the understanding of genetic mechanisms
underlying flowering is vital for plant breeding, espe-
cially for horticultural species (Mizuta et al. 2009; Cheon
et al. 2011). During the last several decades, molecular
mechanisms controlling flowering have been well stud-
ied in model plants, particularly in herbaceous plants. As



Transcriptome analysis of flower color variation in five Rhododendron species (Ericaceae) 693
!:ig. 6 The unigenes. likely Shikimate Pathway IPP
involved in flower pigments l":” ™
biosynthesis pathway. a Core l lGGPS
pathway for anthocyanin bio- Phenylalanine GGPP
synthesis pathway; b Simpli- PAL(17)
fied scheme of the carotenoid . . . lPSY(S)
. . Cinnamic Acid
biosynthesis pathway Phytoene
C4H (5) lPDS(2)
p-Coumaric Acid lz-|so
4CL(30)
{-Carotene
p-Coumaroyl CoA lzns (1)
lCHS(SB) lCRTISO ®)
Naringenin Chalcone Lycopene
CHI (14) LCYE (3) LCYB
FNS
Flavone €—— Naringenin LCYB(3) B-Carotene
F3H/F3’HIF3'5’H(10/6/15) a-Carotene CHYBl
Dihydroflavonol lc”YB Zeaxanthin
(5) FL DFR/ANS (13) lCHYE ™ (18) ZEPlTVDE
Lutein Antheraxanthin
Flavonol  Anthocyanin l? (18) ZE'iT VDE
Lutein-5,6-epoxide Violaxanthin
~ _, NCED(10)
>
(5) NSYl S
i ABA
(a) Neoxanthin -~-0- (b)

important ornamental woody plant, Rhododendron spe-
cies show large botanical and economic importance. Genes
controlling flower initiation and flower color, such as
LEAFY (LFY), TERMINALFLOWER 1 (TFL1), APETALA
3 (AP3), CHS, F3H, F3’H, FLS and CHI have been iso-
lated and characterized in certain Rhododendron species
(Nakatsuka et al. 2008; Cheon et al. 2011, 2013; De et al.
2013; Christiaens et al. 2015). Recently, expression levels
of genes vital for flower development have been well char-
acterized in R. pulchrum (Wang et al. 2018). Anthocyanins
and flavonols are the major pigments in various azalea
flowers. The main basic groups and derivatives of pig-
ments have been well characterized in Rhododendron, such
as cyaniding, peonidin, delphinidin, and malvidin (Mizuta
et al. 2009). However, genes controlling flower color and
other flower traits in different Rhododedndron species have
not been compared, and no forward and reverse genetics
research of Rhododendron were yet available due to the
lack of Rhododendron genomic.

In this study, five Rhododendron species possessing dif-
ferent flower colors have been chosen for RNA-seq, hoping
for large-scale characterization of genes controlling flow-
ering. In particular, good correlation (R?=0.8943) existed
between the RNA-seq data and qRT-PCR data, which further
confirmed the high reliability of the RNA-seq data obtained
(Table S1 and Fig. S6). Among the 159,408 unigenes,
106,766 unigenes (66.98%) could be annotated, which was
slightly lower than that in Pummelo (69%) (Liang et al.
2015). The 42.74, 37.66, and 33.88% assembled unigenes in

this study were assigned to GO, KOG, and KEGG databases,
respectively, indicating that various transcripts are involved
in regulating flower traits. Totally, 90 genes encoding key
enzymes in pigments biosynthesis were found, containing
71 unigenes in anthocyanin and flavonoid biosynthesis,
12 unigenes in carotenoid biosynthesis, and 7 unigenes in
betalains biosynthesis. These genes might be important for
anthocyanin synthesis, as 149 known flavonoids, as well as
the glycosylated and methylated derivatives, were obtained
in blooming flowers of R. pulchrum through LC-ESI-MS/
MS method, including 38 flavone, 32 flavonol, 14 flavanone,
and 7 isoflavone (Wang et al. 2021). Genes of anthocya-
nin biosynthetic pathway have been divided into early bio-
synthetic genes and late biosynthetic genes in dicotyledon
(Katia and Chiara 2011). Besides F3'5'H, the early biosyn-
thetic genes (CHI, F3H, and F3'H) and the late biosynthesis
gene LDOX also expressed in these five species, and the
maximum expression of F3'5'H unigenes was in R. fortune.

Comparative transcriptome analysis revealed that signifi-
cant differences existed in these five species. The number
of DEGs between R. simsii and R. pulchrum was minimum
(672 DEGS), while the number of DEGs between R. mariesii
and R. simsii was maximum, which was consistent with the
significant differences in flower color. R. molle with yellow
flowers showed a closer relationship with R. simsii by clus-
tering analysis. Among these five species, ‘oxidation—reduc-
tion process’ and ‘defense response’ were the significant GO
categories, and ‘plant hormone signal transduction’ was the
typical statistics enriched KEGG pathway, as these genes
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might play important roles in flower color diversification.
Several lines of previous studies supported this hypothesis.
Firstly, antioxidant activity of betalain, one of the main
pigments, has been reported (Cai et al. 2003). Secondly,
cytochrome P450s, involved in the biosynthesis of anthocya-
nin pigments, was enriched in KEGG pathway ‘metabolism
of xenobiotics’ (Ayabe and Akashi 2006). Thirdly, ethyl-
ene biosynthesis and receptor genes also play vital roles in
flower opening (Xue 2008).

Some gene products of DEGs were assigned to flavonoid
3’-monooxygenase and flavonoid 3’°,5’-hydroxylase, and
some were involved in monoterpenoid biosynthesis, which
might be involved in anthocyanin pathway in Petunia spp.
and maize (Marrs et al. 1995; Alfenito et al. 1998). Among
DEGs between R. fortunei and R. simsii, flavonoid biosyn-
thesis (38 DEGs) was the most abundant pathway for the
KEGG pathway. Among the identified unigenes involved
in flavonoid biosynthesis, one homolog of F3'H, three
homologs of F3H, two homologs of FLS, and one homolog
of CHI were differentially expressed between R. mariesii
and R. simsii. Based on the comparison between R. molle
and R. simsii, one homolog of F3'5'H, one homolog of C4H,
and one homolog of F3'H were identified. Among the DEGs
between R. pulchrum and R. simsii, only one homolog of
4CL was detected. Between R. pulchrum and R. simsii, five
DEGs were enriched for terpenoid backbone biosynthesis
in KEGG analysis. All these differences in gene expression
profiles might account for flower variation in different Rho-
dodendron species.

Co-pigmentation between anthocyanins and flavonols
contributes a lot to flower color formation (Alfenito et al.
1998). F3'5'H expression level is correlated to petal pig-
mentation along with flowering progressed (Nakatsuka et al.
2008). The decreased expression of LDOX in light pink color
flower probably led less dihydroflavonols into the direction
of anthocyanin branch, inferring that the expression profile
of LDOX was correlated with flower color of Rhododendron.
Previous study in Paeonia ostill showed that the late bio-
synthetic genes were in strong correlation with anthocyanin
synthesis (Gao et al. 2016). Lower expression of ANS in
R. fortunei might also probably inhibit the conversion of
dihydroflavonols to anthocyanin, resulting in the relatively
lower accumulation of anthocyanins in the light pink flower.

In addition to pigments, various factors could also affect
flower colors, such as metal ion type and concentration, pH
vacuoles, and even shape of surface cells (Yoshida 2009).
In this study, genes involved in iron ion binding, copper ion
binding, and manganese ion binding, were enriched in GO
category ‘molecular function’ Moreover, DEGs between R.
simsii and R. mariesii, as well as R. molle and R. simsii,
had been assumed to possess beta-primeverosidase activ-
ity, which would be involved in aroma formation (Rock
and Zeevaart 1991). This study has provided rich genetic

@ Springer

information on Rhododendron genus, identified lots of genes
involved in flower development, as well as obtained DEGs
involved in pigments synthesis and fragrance, which would
benefit the manipulation of pigments biosynthesis pathways
and directional breeding of Rhododendron species in the
future.
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