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The golden camellia,Camellia nitidissimaChi., is a well-known ornamental plant that is
known as “the queen of camellias” because of its golden yells owers. The principal

pigments in the owers are carotenoids and avonol glycosigs. Understanding the
biosynthesis of the golden color and its regulation is impdant in camellia breeding.
To obtain a comprehensive understanding of ower developmat in C. nitidissimg a

number of cDNA libraries were independently constructed ding ower development.

Using the lllumina Hiseq2500 platform, approximately 71.8nillion raw reads (about
10.8 gigabase pairs) were obtained and assembled into 58334 transcripts and 466,

594 unigenes. A differentially expressed genes (DEGSs) ando-@xpression network
was constructed to identify unigenes correlated with ower color. The analysis of
DEGs and co-expressed network involved in the carotenoid phway indicated that
the biosynthesis of carotenoids is regulated mainly at theranscript level and that
phytoene synthase (PSY), -carotene 3-hydroxylase(CrtZ), and capsanthin synthase
(CCS1) exert synergistic effects in carotenoid biosynthesis. Ehanalysis of DEGs and co-
expressed network involved in the avonoid pathway indicad that chalcone synthase
(CHS), naringenin 3-dioxygenase (F3H), leucoanthocyanidin dioxygenase(ANS)and

avonol synthase (FLS) play critical roles in regulating the formation of avonseland

anthocyanidin. Based on the gene expression analysis of thearotenoid and avonoid

pathways, and determinations of the pigments, we speculatehat the high expression
of PSY and CrtZ ensures the production of adequate levels of carotenoids, While the
expression of CHS, FLS ensures the production of avonols. The golden yellow colois

then the result of the accumulation of carotenoids and avonl glucosides in the petals.
This study of the mechanism of color formation in golden caméa points the way to
breeding strategies that exploit gene technology approacés to increase the content of
carotenoids and avonol glucosides and to decrease anthocgnidin synthesis.

Keywords: RNA-sequencing, transcriptome, metabolic pathwa y, carotenoids, avonoids, ower color, Camellia

nitidissima
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Zhou et al. Golden Camellia Flower Color Regulation

INTRODUCTION co-expressed during the ower development process, and furthe
explored hub genes and important gene interactions in these

The camellia, a traditional and much-loved ower in China,a  modules. The ndings provide a systems-level context for farth

well-known and popular ornamental plant around the world. Thestydies on the multi-gene regulation of carotenoid and awid

owers of most camellia species and cultivars are red, pinktavh pjosynthesis irC. nitidissima

or purple, and yellow owers are rare. The breeding of yellow

camellias of high ornamental value, such as cultivars veithe

owers or that are polypetalous, is an important goal for plant
breeders and for research into the breeding of ornamentals. MATERIALS AND METHODS

The golden camelliaCamellia nitidissimaChi., known as RNA Sequencing Library Construction and
“the queen of camellias” or “dreaming camellia’ becausdf i Sequencing

golden yellow owersChang and Ren (199&nhd Gao (2005)s a RNA Preparation

highly-prized plant that is found naturally in the Guangxi Zang T . .
Autonomous Region of China. Since it was rst discovered inPIants. ofCamelliia r}|t|d|5'3|maCh|. were grown 1n th? garden
the 1960s, this rare and unigue genetic resource has beeh us(?sI Yuhr: Norma: University éYut“nzi'tyﬁ Glljtﬁngx" (lzht')n?j)' Tr:e
in attempts to breed yellow camellia cultivarShen, 198Y. mean temperature was abou ealthy oral buds a
However, despite almost half a century of e ort using tradita ve dierent developmental staggs dC. nitidissima denoted
breeding methods, generations of hybrid progeny of the gtnldeStages 1-5 (S1-S5), were collectéigifre 1A). Total RNA from

camellia do not display the expected yellow ower colghéo ggch OI 1|5 otwefr sampLesd(l.e.l, three tb||olotg|cal rephcate;s] fr;) d
et al., 1998; Parks, 2000; Nishimoto et al., 200fe reason for Ierent plants for eac evelopmental stage) was extracte

the slow progress in the use of the golden camellia in hybriél’Si?éJ (? mo<_ji ecti ?T'gg i(éetyltrlimethylammon:cum brpn:_ide)d
breeding is that the biosynthesis of the golden yellow cotat a method Gasic et al., 2004Samples were snap-frozen in liqui

its regulation remain unclear, and as a result informed dieg nltrogennarrr]g s(,jtoreqnat 7?]CApr_||orntto g;c())%esBs_lngthNA 'rnt‘?fr_'ltym
programs cannot be pursued. was conrmed using an Aglle ioanalyzer (Agile

Analyses have shown that the golden yellow petal<Cof Technologies, Santa Clara, CA), setting a minimum integrity

nitidissima contain a number of avonoid and carotenoid humber value of 8.
pigments, such as quercetind-glycoside (Qu7G), quercetin-
3-O-glycoside (Qu3G), quercetin, xanthophyll, and neoxanthinPreparation of Strand-Speci ¢ cDNA Library for
(Miyajima et al., 1985; Parks and Scogin, 1987; Peng et alranscriptome Sequencing
2011; Zhou, 20)2Work has indicated that although carotenoids For each sample, g of total RNA was used to isolate mMRNA
may contribute more to the yellow color than avonoids, for the preparation of a strand-speci ¢ RNA-seq library, using
cooperative e ects of the two classes may increase the degr@eNEBNext Poly (A) mRNA Magnetic Isolation Module and
of yellow coloration Parks and Scogin, 1987; Zhou, 2012 NEBNext Ultra Directional RNA Library Prep Kit for lllumina
The avonoid biosynthetic pathway has been comprehensivelfNew England Biolabs, Ipswich, MA, USA) and following the
characterized, and the associated genes have been ideinti e manufacturer's protocols, with minor modi cations. Brie,y
many plants, in numerous studieg/{nkel-Shirley, 2001; Tanaka mRNA was extracted with I8l of NEBNext Magnetic Oligo
et al., 2008; Falcone Ferreyra et al., 20PC. nitidissimaonly  d(T)25 and fragmented in NEBNext First Strand Synthesis
a few of the genes involved in avonoid pigment biosynthesisBu er by heating at 94C for 10 min. First-strand cDNA was
notably genes encoding chalcone synthaSeo( et al., 201}l  reverse-transcribed from the fragmented mRNA and then used
chalcone isomeras€ifiou et al.,, 201)2 avanone 3-hydroxylase as a template to synthesize double-stranded cDNA, with dUTP
(Zhou et al., 2015 and avonol synthaseZhou et al., 2013  replacing dTTP. The resulting double-stranded cDNA was end-
have been cloned and studied, and many other genes amdpaired, dA-tailed and then ligated with NEBNext Adaptor. To
the associated regulatory mechanisms remain uncharaetkri remove unwanted large fragments, the adaptor-ligated cDN& wa
Similarly, although carotenoid pigments are conspicuoushim t selected for size using Agencourt AMPure XP beads (Beckman
owers (or fruits) of a range of plant species, and the carotdno Coulter, Pasadena, CA, USA) in 0.6 volumes of the ligation
biosynthesis pathway in plants has been extensively studiedaction. For optimizing the size selection, another roufidine
(Tanaka et al., 2008; Cazzonelli and Pogson, 2010; Giuliarselection was performed, as describedZbyng et al. (2011)in
2019, few of the carotenoid biosynthesis gene€ohitidissima which the beads were used in 1.4 volumes of the cDNA solution.
have been cloned. Many structural genes, including multipl&ext, the selected cDNA was digested with NEBNext USER
copies, remain to be characterized in this species, togettier w enzyme (New England Biolabs) and then ampli ed by PCR under
the regulatory mechanisms. the following conditions: 98C for 30 s; 14 cycles of 98 for 10

In this study, we used RNAseq to comprehensively pro les, 65C for 30 s, and 72 for 30 s; 72C for 5 min; and, nally,
the mMRNA populations present at di erent developmental stage&ept at 4 C. The PCR-ampli ed cDNA library was puri ed using
of the golden camellia ower. Critical changes were found inl1.4 volumes of Agencourt AMPure XP beads and eluted im20
the expression of genes involved in carotenoid and avonoidf low TE bu er (10 mM Tris-HCI, pH 8.0, and 0.1 mM EDTA).
pigment biosynthesis. In addition, we identied modules of Each puri ed library was then quanti ed by means of a Qubit
genes related to carotenoid and avonoid biosynthesis thette 2.0 (Life Technologies, Carlsbad, CA, USA) uorometer, using
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FIGURE 1 | Pigment analysis during oral development stages o€amellia nitidissima (A), Different stages of oral buds: S1-S5 indicate the ve develpmental
stages; buds average diameter: S1, 0.8 0.2 centimeter; S2, 1.2 0.2 centimeter; S3, 1.8 0.2 centimeter; S4, 2.6 0.3 centimeter; S5, 4.5 0.5 centimeter.
(B), HPLC determination of pigments, including quercetin, kampferol, neoxanthin, violaxanthin, xanthophyll and—carotene. Signi cant differences P < 0.05) among
different samples were performed by SPSS17.0 software andrown in different upper case letters.

a dsDNA HS Assay Kit (Invitrogen/Life Technologies, Cartsba “N” character representing ambiguous bases in reads), and

CA, USA). low-quality reads containing more than 50% of bases with a
. . Q 5.
lllumina Sequencing Three commonly-used assembly pipelines, SOAPdenovo-

The cDNA library was sequenced from both theahd Pends  trans (Xie et al., 201y Bridger (Chang et al.,, 20)5and Trinity

on the lllumina Hiseq2500 platform (lllumina, San Diego, CA) (Grabherr et al., 2011; Schulz et al., 204€re compared and the
according to the manufacturers instructions. The uorest result of di erent assemblers, including mapped reads and full
image process to sequences, base-calling and quality valgnscript coverage, were evaluated. BUSCO software wasased t
(Q-value) calculation were performed by the lllumina dataconduct completeness analysis of the transcriptoBisgo et al.,
processing pipeline (version 1.4), in which 150-bp paired-en¢015. To reduce any sequence redundancy, the sca olds were

reads were obtained. clustered using CD-hitl(i and Godzik, 2008 The clustering
. output was passed to CAP3 assembléngng and Madan, 1999
De novo Assembly of Sequencing Reads for multiple alignment and consensus building.

and Sequence Clustering

Before assembly, the raw reads were Itered to obtain highFunctional Annotation and Classi cation

quality clean reads by removing adaptor sequences, dugitati The TransDecoder utility Grabherr et al., 20)1was used to
sequences, reads containing more than 10% “N” rate (thilentify candidate coding regions within transcript seques
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generated bde novdRNA-Seq transcript assembly using Trinity. Pigment Analysis and Weighted Gene

Blast2GO softwareConesa et al., 20)was used to conduct Co-expression Network Analysis
gene annotation. Conserved domains/families in the as$sinb Pigment Analysis
unigenes were further identi ed using the InterPro data@as The avonoid pigments quercetin and kampferol were extracted
(version_30.0)l(lunter et al., 200p the Pfam database (version gnq analyzed according to the metho@hpu, 201). The
24.0) Finn et al.,, 201)) and the Clusters of Oth0|090US epicatechin was extracted and analyzed according to thegdeth
Groups database at NCBT4tusov et al., 2001Domain-based (1y,ang et al., 201€arotenoid pigments were extracted from the
comparisons v_wth the InterPro, Pfam, and COGs databases wWefgeazed dried petals (about 50 mg) in 2 mL of acetone (90% V/v)
performed using the InterProScan, HMMERS3 and BLAST {4 31 at 4 C in the dark (Tian et al., 2000 Following ltration
programs E-value threshold: 10-5), respectively, withBnalue ¢ the extract through a 0.2@m microporous membrane,
threshold of 10-5. KEGG pathways annotation was performed bHigh-performance liquid chromatography (HgPLC) analysis was
sequence comparisons against the Kyoto Encyclopedia of Genggried out on an Inertsii ODS-SP (4.6 mm 250 mm; 5
and Genomes databas&dnehisa, 2002 using the BLASTX ) column (GL Sciences, Japan) at a column temperature of
algorithm (E-value threshold: 10-5). 30 C using a LC-20AT instrument (Shimadzu, Kyoto, Japan),
eluted at 0.8 mL/min with a linear gradient asopropanol
. . . . (solvent A) and acetonitrile:pD (80:20, v/v; solvent B), from
Transcript Quanti cation and Analysis of 0% A and 100% B (at O min) to 100% A and 0% B (at 40
Differentially Expressed Genes min). Neoxanthin,a-carotene, and xanthophyll were detected
The reads from the 15 libraries were aligned to the assemblpy measurement of absorbance at 450 nm and were quanti ed
transcriptome using Bowtie2 softwaresgmead and Salzberg, by comparison of elution times and peak areas with those of
201). Transcript quanti cation was performed using eXpressknown standards chromatographed under the same conditions.
1.5.0 softwareNlangul et al., 201)1 Based on the transcript and Standards of neoxanthina-carotene, and xanthophyll for
gene-level abundance estimates for each of the 15 samplesjRLC were obtained from Wako (Japan), quercetin, epicatechin
matrix of counts and a matrix of normalized expression valuegind kampferol were from Sigma (Germany). The signi cant
were constructed using the scripts from the Trinity packagedi erences among dierent samples were analyzed using
Analysis of di erentially expressed genes (DEGs) was comdlict SPSS17.0 software.
using the edgeR packadedbinson et al., 20)0
Weighted Gene Co-expression Network Analysis
. . . . The R package WGCNALG@ngfelder and Horvath, 20)&vas
Gene Validation and Expression Analysis used to identify modules of highly correlated genes, basetien
Five selected unigenes with potential roles in theanine anfgormalized expression matrix data. The R package €t al.,
avonoid synthesis were chosen for validation using reale 201Qwas used to lter the genes based on genes expression
qPCR, with gene-speci ¢ primers designed using Primer Premieand variance, in the end, 92106 genes were remained. With the
software (version 5.0) (Supplementary Table 1). One micimgra hep of the function pickSoftThreshold in the WGCNA package,
of total RNA was used for reverse transcription in a totalpe soft thresholding power was chosen as 21. The power was
volume of 20mL in the presence of 6-mer random primer jnterpreted as a soft threshold of the correlation matrix.eTh
and oligo primer, according to the Takara (Dalian, China)yesylting adjacency matrix was then converted to a topokgic
protocol. The standard curve for each gene was obtained kb{/eﬂap (TO) matrix by the TOM similarity algorithm. Genes
real-time PCR with several dilutions of cDNA. The reactionyere hierarchically clustered based on TO similarity. Weiibe
was performed in 20mL, containing 10mL of 2 SYBR  pynamic Hybrid Tree Cut algorithm 30 to cut the hierarchical
Green Master Mix (Takara, Dalian, China), 300 nM of each|ystering tree, and de ned modules as branches from the-tre
primer and 2mL of 10-fold-diluted cDNA template. The PCR ¢ytting. We summarized the expression pro le of each module
reactions were run in a Bio-Rad Sequence Detection Systely representing it as the rst principal component (referred to

(Bio-Rad Laboratories, Hercules, CA, USA), using the follgwi a5 module eigengene). Modules whose eigengenes were highly
program: 95C for 10 s; then 40 cycles of 5 for 15s followed  grrelated (correlation above 0.8) were merged.

by annealing at 6@ for 30 s. Subsequently, the speci city
of the individual PCR ampli cation was checked using a heat
dissociation protocol from 55to 95 C following the nal RESULTS

cycle of the PCR, and agarose gel electrophoresis. Trigica . . .
of each reaction were performed, and ti8S rRNAgene tﬁxpressmn Pro le of the Transcriptome in

was chosen as an internal control for normalization followingGolden Yellow Petals in Relation to Flower
comparison of the expression of each of four reference gen&evelopment

(actin, GAPDH 18S rRNAand -tubulin) at the development To obtain an overview of the ower transcriptome o€.
stages of S1-S5. Quanti cation of the relative expression dfitidissimaat di erent developmental stages, RNA-seq strand-
the genes was performed at three dierent stages using thepeci c libraries from three biological replicates©f nitidissima
delta-delta Ct method, as described byak and Schmittgen plants sampled at ve developmental stages (15 libraries in
(2001) All data were expressed as the mean SD after total) were prepared for transcriptome analysis. In total,871.
normalization. million raw reads with a length of 150 bp (approximately
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10.8 gigabase pairs (Gbp) of raw data) were obtained ar@lO1Eigure 2). All raw high throughput sequence data have
the average Q30 was more than 93.55% (Supplementdogen deposited in the SRA database with accession number
Table 2). Three assemblers were compared with each oth8RP112181.

and the results showed that Trinity platform performed Next, all the unigenes were annotated on the basis of seguenc
better in both count of full transcripts, remapped readssimilarity, using four public databases: the National Cente
ratio and the completeness of transcriptome (Suplementarfor Biotechnology Information (NCBI), the Non-redundant
Tables 3, 4). The Trinity platform assembled 583,194 traptscr protein database (Nr), The Arabidopsis Information Resource
and 466,594 unigenes. Bench-marking universal single-cogYAIR), the Swiss-Prot protein database (Swiss-Prot), and the
orthologs (BUSCO) v.3 results using the embryophyta_odb%ranslated EMBL Nucleotide Sequence database (TrEMBL). In
gene set indicated that the transcriptomes have a moderatetal, 237,538 (50.90%) unigenes were annotated, while the
to high level of completeness (Suplementary Table 5). Afteemaining 229,056 (49.09%) had no signi cant matches to any
transcript quanti cation of each biological replicate, cdaon  sequences in the public databases. Our work and the work of
analysis suggested the biological replicates were weklated others has revealed numerous new genes speciX: tatidissima
(Supplementary Figure S1). To validate the TPM (transcriptshat are of unknown function, which will be the subject of fiué

per million) values as an accurate measure of transcriggtudies.

abundance, the expression levels of three representatiesgen We then assigned the unigenes to Gene Ontology (GO)
were also assessed using gRT-PCR (Supplementary Table té)ms for the categorization of standardized gene fundion
The relative expression levels of these three genes (gendél,total of 36,146 unigenes could be allocated to three
gene2, gened) from gRT-PCR were closely correlated witinain categories: cellular component, biological process,
their TPM values, with Pearson correlation coe cient vatue and molecular function (Supplementary Figure S2). In
of 0.87, 0.82, and 0.802 at the signicance levelPolc  the cellular component category, “the cell” and “cell part”

relative expression TPM
in qRT-PCR in RNAseq relative expression TPM
in qRT-PCR in RNAseq
1.60 r 120
5.00 4 30
1.40 450
R=0.993 [ 100 R*=0.957 Fas
1.20 400
1.00 80 350 o
3.00
0.3 r 6 250 - 15
0.60 2.00
- 40 10
150
0.40
1.00 -
L 20 5
0.20 050 -
0.00 ; 0 0.00 - - L0
s1 s2 s3 S4 S5 s1 s2 s3 S4 S5
gene 1 gene 2
relative expression TPM
in gRT-PCR in RNAseq
25.00 r 250
20.00 R>=0.986 200
+ qRT-PCR
15.00 - - 150
10.00 - - 100 i RNAseq
500 - 50
0.00 0
S1 S2 S3 S4 S5
gene 3
FIGURE 2 | Correlation analysis of gRT-PCR and RNAseq.
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corresponded to more than 20.0%, respectively. The majoAnalysis of Differentially Expressed Genes
subgroupings within the biological process category inodhde(DEGS) during Flower Development

“metabolic process,” “cellular process;” “response to sl To jdentify DEGs during ower development, we compared
“pigmentation,” and “biological regulation.” The categoof  transcript levels of each unigene between developmentastag
molecular function included “binding,” “catalytic actiyi' | total, 14,309 genes were di erentially expressed at di erent
“transporter activity,” and “structural molecule activity stages. In the S2 vs. S1 comparison, 76 DEGs were detected,
etc. including 71 that were up-regulated and 5 that were down-
The Clusters of Orthologous Groups (COG) databasgegulated. In the S3 vs. S2 comparison, 58 up-regulated and
was used to annotate the assembled unigenes. Our study,128 down-regulated transcripts were found. In the comparison
total of 142,016 unigenes were assigned to 24 COG clustesfs4 vs. S3, 2 up-regulated and 7 down-regulated transcripts
(Supplementary Table 7). The largest category was “Genefgkre detected. Finally, in the comparison of S5 vs. S4, 402
functions prediction only,” followed by “Signal transdumti  p-regulated and 332 down-regulated transcripts were redeal

mechanisms,”  “Function  unknown,”  “Posttranslational (supplementary Table 9). All the pairwise comparisons and
modi cation, protein turnover, chaperones,’ “Transcriptin  the overlaps between them were visualized in the form of a
and “Carbohydrate transport and metabolisniFigure 3). Venn diagram Eigure 5). This revealed that genes that showed

To further determine the metabolic pathways involvedchanges in expression throughout all ve developmental stage
in the pigment formation process, all the unigenes wergyere rare.
searched against the KEGG (Kyoto Encyclopedia of Genes
and Genomes) database and a total of 53,509 entries . .
were annotated Rigure 4. The pathways that were most CO-€xpression Network Analysis Based on
represented were “Genetic information processing;” follolwed Flower Pigments
“Environmental information processing,” “Cellular Proses,” Flower pigment analysis by HPLC indicated that the highest
“Human diseases,” “Organismal systems,” “Enzyme fanfiiliescontent of quercetin occurred at S2, whereas that of kaerapfer
“Carbohydrate metabolism,” “Amino acid metabolism,” andwas at S3 Figure 1B). Otherwise, variations in content for

“Energy metabolism” (Supplementary Table 8). these two avonols showed a similar trend. Levels of the

COG classification

col
.A: RNA processing and modification
. B: Chromatin structure and dynamics
. C: Energy production and conversion
. D: Cell cycle control cell division chromosome partitioning
. E: Amino acid transport and metabolism
30000 - . F: Nucleotide transport and metabolism
.G: Carbohydrate transport and metabolism
. H: Coenzyme transport and metabolism
. I: Lipid transport and metabolism
.J: Translation ribosomal structure and biogenesis
. K: Transcription

>
o

g 20000 - . L: Replication recombination and repair

?-)' . M: Cell wall/membrane/envelope biogenesis
i I N: cell motiity

.O: Posttranslational modification protein turnover chaperones
. P: Inorganic ion transport and metabolism

. Q: Secondary metabolites biosynthesis transport and catabolism
. R: General function prediction only

. S: Function unknown

10000 -

.T: Signal transduction mechanisms
. U: Intracellular trafficking secretion and vesicular transport

. V: Defense mechanisms
I III I II II I I - W: Extracellular structures
0- . [ 1 || L [ 1 .Y: Nuclear structure
. Z: Cytoskeleton

[ B T R B B
ABCDEFGH I

FIGURE 3 | COG classi cation of unigenes fromCamellia nitidissima.
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Summary 53509 entries (31.0%) annotated
Einctianal .| Genetic Information Processing
category | Environmental Information Processing

"] Cellular Processes
"] Human Diseases
|| Organismal Systems
| Enzyme families
[l Carbohydrate metabolism
] Amino acid metabolism
[l Energy metabolism
|l Lipid metabolism
' Unclassified

FIGURE 4 | Overview of KEGG-annotated summary of unigenes fror@amellia nitidissima.

Association of each co-expression module with each pigment
was quantied by Pearson correlation coe cient (PCC)
analysis and visualized using a hierarchically clusterethiega
(Figure 7). Modules of interest were selected according to
the criteria |r| > 0.6 andP < 0.05. A number of modules
displayed a close relationship with speci ¢ pigments, or witlal bu
diameter, as follows (Supplementary Table 10): M1 — kaempferol,
violaxanthin, xanthophyll and neoxanthin; M3 — xanthophyll,
neoxanthina-carotene, and bud diameter; M4a-carotene and
bud diameter; M31 — violaxanthin, xanthophyll, neoxanthin;
M33 — violaxanthin, xanthophyll, neoxanthin, araicarotene;
M46 — violaxanthin and neoxanthin; M54 and M55 — quercetin,
violaxanthin, xanthophyll, neoxanthina-carotene, and bud
diameter; and M65 — violaxanthin and neoxanthin.

In contrast, other modules showed a speci c relationship with
bud diameter alone, or with a single pigment. Thus, M11 and
M13 were correlated speci cally with bud diameter, M19, M24,
M38, and M67 were correlated speci cally with kaempferol, and
M49, M50, M53, and M57 showed a speci ¢ relationship with
o quercetin. The demonstration of these speci c relationships

S3 suggestive of the expression of particular genes associdted w
FIGURE 5 | Venn diagram of unigenes involved in the ve different ower the b|osynthe5|s or degradanon of the substance concerned
developmental stages ofCamellia nitidissima. Those phenotype-related gene modules were further
annotated by KEGG and GO analysis. In M54, avonoid pathway
was enriched® < 0.01). The result showed thethalcone synthase

four carotenoids violaxanthin, neoxanthin, xanthophylldsa  (CHS [EC:2.3.1.74, 2.3.1.170fgringenin 3-dioxygenage3H,
carotene varied in concert, increasing from S1 to S5. Toaleve[EC:1.14.11.9]),avonol synthase(FLS [EC:1.14.11.23]) and
the regulatory network correlated with the changes in theels  leucoanthocyanidin dioxygenaeDOX/ANS [EC:1.14.11.19])

of the major pigments occurring during ower development, weco-expressed (Supplementary Figure S3). It is known
associated the pigments with co-expression modules obtaiped B1at CHS catalyzes the synthesis of chalcones, which are
weighted gene co-expression network analysis (WGCK#)(g important in the avonoid biosynthesis process. F3H catalyzes
and Horvath, 2005; Langfelder and Horvath, 2p0&rom  naringenin to yield dihydrokaempferol. F3H also catalyzes th
WGCNA, 67 co-expression modules were constructed; of thesBydroxylation of eryodictyol and pentahydroxyl avanones
ME50 was the largest module, consisting of 13,898 gends, dihydroquercetin and dihydromyricetin, respectivelyl. S
whilst ME17 was the smallest, consisting of only 35 genes. Tig@talyzes dihydro avonols to avonols, such as quercetin o
distribution of unigenes in each module is showrfiigure 6. kaempferol. LDOX/ANS catalyzes the synthesis of correspandi
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FIGURE 6 | Distribution of genes in each module.

colored anthocyanidins. The result indicated that theseege synthase (PSY, 7 unigenes), phytoene desaturase (PDS, 9
may play important role in the biosynthesis of quercetin. unigenes)z-carotene isomerase (Z-1SO, 2 unigenesjarotene

The co-expression gene modules related wétltarotene, desaturase (ZDS, 4 unigenes), carotenoid isomerase (CRTIS
violaxanthin, xanthophyll, neoxanthin were further expldre 4 unigenes), lycopenecyclase (LCYB, 1 unigene), lycopene
(Figure 6, Supplementary Table 10). In M3, carotenoidcyclase (LCYE, 4 unigeneg}carotene 3-hydroxylase (CrtZ, 3
pathway was enriched P( < 0.01). The result showed unigenes)b-carotene hydroxylase (BCH, 10 unigenes), carotene
that phytoene syntha@®SY[EC:2.5.1.32, 2.5.1.99]),z +monooxygenase (LUT1, 4 unigenes), zeaxanthin epoxidase
carotene isomerg@lSQ [EC:5.2.1.12]), LUTS beta-ring (ZEP, 8 unigenes), and neoxanthin synthase (NXS, 1 unigéne)
hydroxylasg zeaxanthin epoxida§€EP, [EC:1.14.15.21]) and addition to the unigenes assigned to the carotenoid biosgtith
9-cis-epoxycarotenoid dioxygena@ECD, [EC:1.13.11.51]) pathway, many unigenes not involved in the biosynthesis of
co-expressed (Supplementary Figure S4). In carotenoidtein or neoxanthin were detected. These genes may have
biosynthesis, PSY is the rst key enzyme which catalyzésportant functions in other metabolic processes.
geranylgeranylpyrophosphate (GGPP) to phytoene. Z-ISO To identify DEGs of carotenoid biosynthesis, an expression
catalyzes 9, 15, %9 tri-cis-zcarotene to 98di-cisz heatmap Figure 8) was constructed based on the transcriptome.
carotene. LUTS catalyzes the synthesis of zeinoxanthirb or The results indicated that 27 unigenes encoding eight eezsym
-Cryptoxanthin. ZEP catalyzes zeaxanthin to violaxanthinshowed marked changes in expression during the stages
Both 9-cis-violaxanthin and %cis-neoxanthin are cleaved of ower development; among these, unigenes encoding
to xanthoxin by NCED. These co-expressed genes may pl®&8Y, Z-1ISO, CrtZ, capsanthin synthase (CCS1), ZEP and
important role in the biosynthesis of violaxanthin, xanthgplh  9-cis-epoxycarotenoid dioxygenase(NCED) all showed up-
neoxanthin anda-carotene. Besides, there are no unigenegegulated expression during ower development from S1 to
mapped to carotenoid pathway in M1, M46, M54, M55,S5 while unigenes encodirigcarotene isomerase (DWARF27)

and M65. and abscisic acid 8'-hydroxylase(ABA8'H) showed di erent
. . expression pattern to the other DEGs. In the carotenoid pathway

Analysis of Carotenoid Pathway Gene PSY catalyzes the synthesis of phytoene, a precursor of lyeopen

Expression during Flower Development The high expression level BSY(Trinity_DN212984 ¢3_g1_il)

In order to identify the structural genes involved carot@ho was consistent with this central role in carotenoid biosgtis.
biosynthesis, all the unigenes were searched against thetZ is a key enzyme in the biosynthesis of zeaxanthin, a
carotenoid biosynthesis pathway in the KEGG database. Fropivotal intermediate of thd branch of the carotenoid pathway,
this, a metabolic map was eventually compiled in which mudtipl and the high expression level &rtZ appeared consistent
transcripts encoding enzymes of the carotenoid biosynghesivith this role. At the same time, the expression levels of two
pathway were displayed (Supplementary Figure S5). As indicategligenes encoding DWARF27 were down-regulated as ower
in the map, it is assumed that carotenoids are derivedievelopment progressed. The decreased expressibWaiRF27
from geranyl- geranyl-PP and converted to neoxanthin ormight permit a greater ux ofb-carotene into theb-carotenoid
lutein by the action of the following enzymes: phytoenepathway.

Frontiers in Plant Science | www.frontiersin.org 8 September 2017 | Volume 8 | Article 1545


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Golden Camellia Flower Color Regulation

Zhou et al.
A Gene dendrogram and module colors in block 1 B Gene dendrogram and module colors in block 2
O s QA s
p p
©
0 & v
S o
£ E 9
o o | ® o
(5] o (5]
b I
< |
< o
I -
N
o
N
o

Module colors Module colors

C Gene dendrogram and module colors in block 3 " a3 x
D Module-trait relationships
e
2 o5 0T 00
-3.03(00) | 0)58(00% 06800 fm%
] Q08a(05 uissio. } By .02) 2(0.0 1
17} .5) 0.22(0.4) 0.019(0. 14(0. 023(1
210" sozes  Sozil: Pt
=0.22(0. 12(0.7) 0.12(( .'9 K 0.21(( .43 .4
-0.24(0. = 12}& ; -0. 12{0 ) -0.04(0. g A
=0 ¥ =0.28(0.3) =0.24(0.4] X $ X ~0.14(0.6) X ). ;
~038(0: 203 9308 oaiod 0280 54004
0. { X ).32(0. 0.17(0.¢ 0.27(0.3, 0.15(0.6) 0.38(0.2)
o _| ) -0.31(0. .34(0.2] 0.39(0.2] 0.43(0.1° 054§ .04)
o‘ -0.28(0. .19(0.5] 0.21(0.5/ 0.25(0.4, 0.33(0.2)
035(0: 20208 6ar: oen o0 gce
-0.14(0. ~0.06: g} ) =0.12(0.7, ~-0.025(0. ~0.06' g) ) 0.19(0.
Z0i43(0; B 25(0: B e 0063(0:
sise) il g3 Z638(0; ~0:34(0; 2033(0;
0. X .31(0.3] 0.22(0.4) 0.22(( 0.073(0. -0.17(0.
) 507) .23110.43 L 282800 0.5
. .3) =0.12(0.7) =0.3(0.3) ~0.18(0.! -0.39(0.. =-0.32(0.: .
) .5(0.06] .185 .5) 70.074&;) ) 0.03(¢ -0.21(0. ~0.14(0.
. .4) ~0.08 éc.a) -0, 238 .4) ~0.13(0.6) =0.3(0. ~0.24(0.¢
) 635003 2709 il 025 i) e
-— «© X .4( 2 047(0. 025 .5) =0.17(0.¢ =-0.13
T =S . 48(0.( . 044(0.9) 0.053(0.9) -0.17(0. -0.11(0.7]
k= -0.055(0. } X .41(0.1, 03802 Q4s(00¢ 045009
L5} o 07 ¥ 1) 9B
I 0,808 53] 38(0.2) o oszju
0.49(0.0¢ ; 0.3 . oasé ~0.08: 60 )
0.58(0.02)  0.64( 0. 13(0.6)
0.18(0.5) X X 24(0.4!
) 0.4(0.1) 0.7 £ 01) .44(0.1
-0.099(0.7) - 70 =0
) 0439402 ). .06: %0 )
= 883 83708
o J 77(7e- % -0:24(0:
) g EL
‘%o‘q : (0
i bt
-oiheh = 8550
~-0.04’ 80 ) = -0.32(0..
=0.38(0.2) W=0; -0.81; ).02)
B B
~ 3108 | o S0 ~-0.5
< R e A B
5568 B
=0.2(0.5) ~0.35(0.2]
B S | |
013006 .07, X X 0.52(0.
-0.26(0.3) .08] .1 X =0.33(0..
03303 0%  -01s si X u.usgg;
0.096(0.7) (0.4) = 35; .2] ; 13 =0.4(
2015007 0’6 IO G Eror)
Module colors o (04 o 0.2) B
-0 0.3(0.3) -0.21(0 ) 0,023(0 -1
E Oy 0350
:W&) -0.! -0.59} .02)
(0.06) = ~0.44(0,

FIGURE 7 | Gene co-expression modules detected using WGCNA(A), Clustering dendrogram of genes of block 1 across all the saples, with dissimilarity based on
topological overlap, together with assigned merged moduleolors (merged dynamic) and the original module colors (dymic tree cut).(B), As for (A) above, but for
genes of block 2. (C), As for (A) above, but for genes of block 3.(D), Module-trait associations. Each row corresponds to a modie eigengene and each column to a
trait. Each cell contains the corresponding correlation ash P-value. The table is color-coded by correlation, accordingo the color legend.

Analysis of Flavonoid Pathway Gene on the map, and recognizing that the principal pigments

Expression during Flower Development are the avonols quercetin and kaempferol, it is assumed
To determine the key genes involved in avonoid biosyntisesi that avonoids arise from cinnamoyl-CoA and that the
all the unigenes were searched against the avonoid bidmgis biosynthesis of quercetin occurs through the action of cbaé
pathway in the KEGG database. From this, a metabolisynthase (CHS, 12 unigenes), chalcone isomerase (CHI, 10
map was eventually compiled in which multiple transcriptsunigenes), naringenin 3-dioxygenase (F3H, 4 unigenes),
encoding enzymes of the avonoid biosynthesis pathwayavonoid-3°% 5*hydroxylase (FBH, 6 unigenes), avonoid
were displayed (Supplementary Figure S6). As indicated*monooxygenase (3, 3 unigenes), and avonol synthase

Frontiers in Plant Science | www.frontiersin.org 9 September 2017 | Volume 8 | Article 1545


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Zhou et al. Golden Camellia Flower Color Regulation

key

Count
0 20

0 4 8
log2 (TPM+1)

@

beta-carotene
3-hydroxylase

Contig18624_g1_i1
TRINITY_DN191361_c1_g2_i1

TRINITY_DN191361_c1_g2_i5

@ _— TRINITY_DN170937_c1_g3_i4
TRINITY_DN185444_c1_g1_i1

beta-carotene - o1 g1
isomerase TRINITY_DN185444_c1_g1_i2
® TRINITY_DN209614_c3_g2_i2

8 . TRINITY_DN174711_c2_g1_i1
abscisic acid

8'-hydroxylase

TRINITY_DN194234_c0_g1_i3

TRINITY_DN194234_c0_g1_i5

@ TRINITY_DN172844_c0_g1_i2
phytoene TRINITY_DN212984_c3_g1_i1
synthase

TRINITY_DN212984_c3_g1_i2
@C-car()tene Contig14885_g1_i1
isomerase |:

®capsanthin |:

synthase

TRINITY_DN203330_c5_g1_i3
TRINITY_DN160337_c0_g1_i1

TRINITY_DN202951_c1_g1_i1

® TRINITY_DN190850_c1_g1_i1
) TRINITY_DN204166_c5_g1_i1
9-cis-epoxyca

rOteHOid TRINITY_DN206495_c4_g1_i3
dioxygenase TRINITY_DN206495_c4_g1_i5
TRINITY_DN206495_c4_g1_i6

Contig11675_g1_i1

Contig11676_g1_i1
zeaxanthin i
! TRINITY_DN202187_c1_g4_i1

epoxidase

TRINITY_DN202187_c1_g4_i5
‘ TRINITY_DN202187_c1_g4_i9

S1 S2 S3 S4 S5

FIGURE 8 | Expression heatmap of differentially expressed genes of catenoid biosynthesis. The expression of differentiallyxpressed genes (DEGs) displayed as
log2 (TMMC1). DEGs genes are de ned as genes showing signi cantly diffemt levels of expression between two stages of ower developrant. A CrtZ, b-carotene
3-hydroxylase;A DWARF27,b-carotene isomerase;A ABABQ-I, abscisic acid 80—hydroxylase;A PSY, phytoene synthase A Z-1SO, z-carotene isomerase;A CCS1,
capsanthin synthase; £ENCED, 9-cis-epoxycarotenoid dioxygenaseC ZEP, zeaxanthin epoxidase.

(FLS, 9 unigenes). In addition to the unigenes cited above, An expression heatmap was constructed based on the
unigenes encoding dihydro avonol 4-reductase (DFR, 18&xpression of those identied DEGs of the avonoid pathway
unigenes), leucoanthocyanidin reductase (LAR, 10 uniglene (Figure 9. It was found that 49 unigenes, encoding 10 enzymes,
leucoanthocyanidin dioxygenase (LDOX/ANS, 8 unigenes), a showed large changes during ower development. Overalh wit
anthocyanidin reductase (ANR, 12 unigenes) were identi edthe exception ofCHIs, most of the unigenes showed high

It is possible that these genes may be correlated with thexpression levels at S1 to S4 and low levels at S5. Among these
biosynthesis of epicatechin or gallocatechin. Additionall DEGs, the much higher expression levelsGis, relative to
unigenes  encoding caeoyl-CoA O-methyltransferase, other unigenes, were suggestive of a particularly importale r
and shikimate  O-hydroxycinnamoyltransferase  were for CHSs in the pathway. FLS catalyzes the formation of avonols.
identi ed. The high expression levels BES observed here are consistent
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FIGURE 9 | Expression heatmap of differentially expressed genes of anoid biosynthesis. The expression of differentially expssed genes (DEGSs) displayed as log2|
(TMMC1). DEGs genes are de ned as genes showing signi cantly diffemt levels of expression between two stages of ower developrant. A F3H, avonoid
3%monooxygenase; A LDOX/ANS, leucoanthocyanidin dioxygenaseA FLS, avonol synthase;A COMT, caffeoyl-CoAO-methyltransferase;A CHI, chalcone
isomerase;A HCT, shikimateO-hydroxycinnamoyltransferase/ZELAR, leucoanthocyanidin reductase,C F3H, naringenin 3-dioxygenaseE CHS, chalcone synthase;
E ANR, anthocyanidin reductase.

with the essential role of FLS in the biosynthesis of the msle  DISCUSSION

quercetin and kaempferol, and with the critical role@fiFLSIn . . .

yellow pigmentation inC. nitidissima(Zhou et al., 2013 High Trans.crlp.t.o_m(.e S.equ.encmg and AnnOtatl_on
expression levels were also observedAbiRs, and these may Camellia nitidissimais widely popular, owing to its golden
be related to the accumulation of epicatechin (SupplementanpWer color. Flower color is an important trait in many
Figure S7). The expression levelCifls were variable. For four Ornamental plants and is regulated through gene expression.
CHls, the highest expression levels were observed to occur in 88 understanding of the molecular mechanisms involved in
and for two others they were in S1. This result could imply thathe generation of the golden color during ower development
an elevated level of expression®fil is not necessary for the will assist in the breeding yellow camellias of improved
biosynthesis of avonols iC. nitidissima ornamental value. However, scant genomic information is
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available forC. nitidissima Recently, high-throughput mRNA observed to occur concomitantly with ower development. The
sequencing(RNA-seq) technology has been widely used ty stutligh expression level #fSYobserved during the stages of ower
the transcriptomes of plants because of its reduced cost, higlevelopmentirC. nitidissimandicates that PSY is a key enzyme
e ciency and rapid output (Wang et al., 2009, 2014; Loraine of carotenoid biosynthesis.

etal.,2013; Lietal., 20)Lparticularly for transcriptome pro ling

in the absence of a reference genomepherr et al., 2001 High Expression Level of FLS, ANS, ANR

In the present study, the transcriptomes of golden camellipegmates the Biosynthesis of Flavonols
owers at di erent developmental stages were sequenced usin

the lllumina Hiseq2500 platform and characterized to gaingnd Anthocyanldm in Golden Camellia

insights into the global regulation of ower pigment metatssh. Flavonoids are among the most important pigments in the petals

The transcriptome data reported here will provide a resourcé)]: mallny ornament?l pIantT and”producb? the W'?SSI spec(;rum
for ower development studies irC. nitidissimaand in other of colors, ranging from pale yellow to blue-purpl&h@o an

camellias Tao, 201% A question that remains unclear is why anthocyanins
In this work, a total of 237,538 of the unigenes from the'® the principal pigments in the owers of many red camellia

petals ofC. nitidissimawere annotated by comparison with the species or cultivars but are not detectedGn nitidissima(Lu,

public databases Nr, TAIR, Swiss-Prot, and TrEMBL; howeve_?,OOG; Li et a_I., 2008, I_Deng etal, mﬂposs_‘b'e explanation .
the remaining 229,056 showed no signi cant matches to an{F that the biosynthesis of anthocyanidins in golden camaelli
ers is regulated by one or some genes. In the biosynthesis

sequences in the public databases, and these numerous newl h q h ) hich
reported genes specic t&. nitidissima but with unknown pathway,FLS DFR ANS and ANR are the main genes whic

functions, will be the subject of future studies regulate the biosynthesis of avonols and anthocyanitiar(aka
' ' et al., 2008; Mouradov and Spangenberg, 0ihis research,

: L DEG analysis indicated a high expression levétld ANS and
CarOtenOId Accumulation in Golden ANR Whilga very low IevelgoDFRE)(SuppIementary Table 11).
Camellia Is Regulated at the Besides, co-expression network analysis reveletand ANS
Transcriptional Level co-expressed. These results showed that high expressidmofeve
In C. nitidissima owers, carotenoids play an important role FLS ANSand ANR may play important roles in regulating the
in color formation in the petals Nliyajima et al., 1985; Zhou, biosynthesis of avonols and anthocyanindin.

2019. Evidence has indicated that the carotenoid content of

petals is mainly controlled at the transcriptional level thgh  Breeding Yellow Camellias through
the regulation of carotenoid biosynthetic gene(niya, 2018 Genetic Engineering

In chrysanthemumChrysanthemum morifoliunRamat.), the Based on the gene expression analysis of the two pathways, and

expression levels of most carotenoid pathway genes, incrJUdirfhe levels of the pigments, the formation of the golden colaym
PSY PDS ZDS CRTISQ LCYB LCYE and CHYB increased be explained. In the rst place, the high expression of caroigno

during petal maturation Ohmiya et al., 20()6.E>.<press.ion levels biosynthetic genes leads to the accumulation of carotenaid
of PSY ZDS CRTISO and CHYB were similarly increased the petals. At the same time, the expressiorFb§ ANS and

in Asiatic hybrid lily (vamagishi et al., 20J0In the present ANR regulates the production of avonols and anthocyanidin.

study, levels of neoxarjthln, V|olaxanth|a;garotenmds, gnd The golden yellow color of the petals is then the result of the
xanthophyll, as determined by HPLC, all increased with th ombined accumulation of carotenoids and avonols (as awb
stage of ower development from S1 to S5, and expression lev ﬁJcosides)

of PSY CriZ, Z-1SQ CCS] and ZEP were found to increase The basis of color formation in golden camellia points the

concomitantly. Besides, the analysis of co-expression meedu way to breeding yellow camellias. Yellow camellias may be
showed PSY¥-ISQ ZEP, LUTS and NCED co-expressed. Thes%btained by increasing the carotenoid content whilst dedreps

_results SqueSt. that the gxpression Of. the_se genes _plays tAB synthesis of anthocyanidins. Studies show that reigulat
important role in carotenoid accumulatlo_n nfi:. n|t|d_|ssm_1a of the expression of carotenogenic genes can alter the color
owers, gnd further suggests that.ca}rotenmd biosynthasthis of owers or other organs by promoting the accumulation of
system is regulated at the transcriptional level. carotenoids. Over-expression AfPSYin Arabidopsiseedlings

) increased the carotenoid content and altered the color efise
PSY Is a Key Enzyme of Carotenoid derived calli to yellowlaass et al., 2009t has been reported
Biosynthesis in Golden Camellia that down-regulation ofbCHY- increased total carotenoids in
In the biosynthesis of carotenoids, PSY is considered torbea  transgenic sweet potato calli and produced a yellow colamatio
limiting enzyme and a key integrator of several signalsliamg (Kim etal., 201). In transgenic rice, golden seeds were obtained
the carotenoid pathway\{ong et al., 2004; Paine et al., 2005y introducing and expressing the geneSY crtl, and LCYB
Giuliano, 201). Studies indicate that the expression leveP8ly  (Ye et al., 2000 Up-regulation ofPSY PDS and LCYBcaused
usually correlates with ower color. In marigold, yellow plsta a remarkable increase in the carotenoid content in tomato
display a lower expression &fSY than orange petalsMoehs petals Giuliano et al., 1993; Corona et al., 1996; Ronen et al.,
et al., 200). In tomato (Giuliano et al., 1993and in Gentiana 2000Q. In Chrysanthemum morifoliu@hmiya et al., 2006and
lutea(Zhu et al., 200p, increased expression levelsR8Ywere Brassica nap@shang et al., 20)5disruption of the expression of
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carotenoid cleavage dioxygen@aCCDJ resulted in a change cause the petals to be golden yellow. The study reported here
in petal color from white to yellow. These studies illustrate t points the way toward the breeding of yellow camellias. For
potential to change the ower color of camellias by regulgtin breeders, improving the levels of carotenoids and avonol
carotenoid biosynthetic genes, suchR8Y CHYB and others. glucosides and decreasing the synthesis of anthocyanidins
Regarding the avonoid pathway, over-expression@iFLS1 through genetic engineering technology should be the faxfus
altered the ower color ofNicotiana tabacunto white or light  future studies.

yellow, and metabolic analysis showed a signi cant inceeias

avonols and a reduction of anthocyanins in transgenic pant AUTHOR CONTRIBUTIONS

(Zhou et al., 2013 In transgenic tobaccoNjcotiana tabacum

cv. Petite Havana SR1), inhibition of the expressionG#l XZ was responsible for the data analysis and drafted the
and DFRed to a loss of anthocyanirHgn et al., 201 These manuscript. JC, YZ, XF, and SL prepared cDNA samples for
studies indicate that increasing the content of avonolsdan sequencing. YZ and HZ assisted with the data analysis. JL and
decreasing anthocyanidin synthesis through genetic esgging SN provided helpful comments on the manuscript. YW provided
are feasible. It is thus practicable to breed yellow camdiljas guidance on the whole study and contributed with valuable
targeted regulation of gene expression. discussions.
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