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Summary
Carnation (Dianthus caryophyllus) is one of the most popular ornamental flowers in the world.

Although numerous studies on carnations exist, the underlying mechanisms of flower color,

fragrance, and the formation of double flowers remain unknown. Here, we employed an

integrated multi-omics approach to elucidate the genetic and biochemical pathways underlying

the most important ornamental features of carnation flowers. First, we assembled a high-quality

chromosome-scale genome (636 Mb with contig N50 as 14.67 Mb) of D. caryophyllus, the

‘Scarlet Queen’. Next, a series of metabolomic datasets was generated with a variety of

instrumentation types from different parts of the flower at multiple stages of development to

assess spatial and temporal differences in the accumulation of pigment and volatile compounds.

Finally, transcriptomic data were generated to link genomic, biochemical, and morphological

patterns to propose a set of pathways by which ornamental traits such as petal coloration,

double flowers, and fragrance production are formed. Among them, the transcription factors

bHLHs, MYBs, and a WRKY44 homolog are proposed to be important in controlling petal color

patterning and genes such as coniferyl alcohol acetyltransferase and eugenol synthase are

involved in the synthesis of eugenol. The integrated dataset of genomics, transcriptomics, and

metabolomics presented herein provides an important foundation for understanding the

underlying pathways of flower development and coloration, which in turn can be used for

selective breeding and gene editing for the development of novel carnation cultivars.

Introduction

Carnation (Dianthus caryophyllus L., 2n = 2x = 30) is one of the

most important ornamental flowers worldwide, second only to

rose in terms of popularity. Carnation has high economic and

cultural value and is sold for multiple ornamental uses, including

fresh-cut flowers, potted plants, and landscaping. Carnation

cultivation has a history of more than 2000 years. Carnation

flowers are used to commemorate numerous varieties of

ceremonies, events, and holidays such as in celebration of

weddings in China, banquets in France, and ‘prom’ dances by

students in the United States. Plant breeders have used inter-

specific hybridization to develop cultivars with novel floral and

growth characteristics (Nimura et al., 2006; Sparnaaij et al.,

1990).

The diversity of floral forms and fragrances has attracted

humans for millennia, as evidenced by the myriad aesthetic uses

of flowers in daily life. Color is among the most important

characteristics that humans perceive when considering the

aesthetic quality of a flower. Flower colors among carnation

cultivars are very diverse and include red, pink, white, magenta,

and yellow, as well as various color patterns consisting of multiple

colors on the same petal. Since novel colors and/or patterns are

highly sought after and can result in an increase in sales,

researchers are constantly trying to develop new and interesting

cultivars. Previous studies have reported the molecular mecha-

nisms of carnations with pure color series, including white

(Onozaki et al., 1999), pink (Mato et al., 2001), and yellow (Itoh

et al., 2002; Yoshida et al., 2004). Based on these studies, a

novel blue flower carnation was developed using genetic engi-

neering techniques (Fukui et al., 2003; Matsuba et al., 2010).

Breeding novel carnation cultivars will attract more attention and

yield high economic value. However, the underlying molecular

mechanisms of multicolor flowers must be understood urgently.

Floral morphology, one of the most attractive features among

consumers, has also been an important topic for carnation

researchers. The well-known ABC model (Coen and Meyerowitz,

1991) and ‘Floral quartets’ model (Pelaz et al., 2000; Theißen and

Saedler, 2001) in Arabidopsis showed that genes of classes A,

A + B, B + C, and C are involved in sepal, petal, stamen, and

carpel development. Because the double-flower phenotype is the

most popular, genetic linkage maps were constructed using F2

progenies derived from a cross between a simple-flower parent

and a double-flower parent, which resulted in the identification
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of key regulatory factors (such as APETALA2-like (AP2L) gene)

contributing to these phenotypes (Wang et al., 2020a; Yagi

et al., 2013). The spicy scent of carnations is also considered a

desirable trait, with eugenol identified as its main component

(Clery et al., 1999; Kishimoto et al., 2011; Onozaki, 2018). Due

to the extraordinary aroma, carnation obtained its Chinese name

‘Xi�ang sh�ızh�u’, which means fragrance, and ‘Sh�ızh�u’ refers to the

genus name, Dianthus. Previous studies have vastly improved our

knowledge of key ornamental traits in carnations (Yagi et al.,

2013, 2014, 2017; Zhang et al., 2018), but the currently available

genome is a draft assembly containing 45,088 scaffolds, which

needs to be improved. It is important to understand the

underlying molecular mechanisms behind key traits and apply

this knowledge to develop improved cultivars through marker-

assisted breeding and gene editing.

Here, we present an assembled and annotated high-quality

reference genome for the D. caryophyllus cultivar, popularly

referred to as the ‘Scarlet Queen’, based on sequence data

generated from the PromethION platform from Oxford Nanopore

Technologies (ONT), and constructing pseudo-chromosomes

using high-throughput chromosome conformation capture (Hi-

C) techniques. Based on this reference genome, genetic regula-

tors of important ornamental traits for carnation, including

coloration of petal limbs and margins (technically the margin of

the apex; hereafter referred to as the ‘margin’ for simplicity),

eugenol biosynthesis, and formation of petaloid stamens were

identified by means of comprehensive homology search, gene

family analyses, integration of metabolomic data, and co-

expression analyses from RNA-seq datasets. This work provides

high-quality genomic resources needed to develop improved and

novel ornamental traits in carnations.

Results

Assembly and annotation of a high-quality,
chromosome-scale D. caryophyllus genome

To fully facilitate the analysis of the molecular mechanism of

ornamental traits in D. caryophyllus, we generated a high-quality

genome for carnations. The previously published carnation

genome (‘Francesco’_r1.0, National Center for Biotechnology

Information (NCBI) Accession GCA_000512335.1) released in

2014 was a draft assembly and it was generated using only

Illumina and GS FLX+ short-read technology, which resulted in

45,088 scaffolds spanning 568.9 Mb and a scaffold N50 of

60.73 kb (Yagi et al., 2014). In this study, we generated 959

coverage of ONT 60.65 Gb pass reads and assembled the

genome of D. caryophyllus ‘Scarlet Queen’ (a well-known cultivar

with petal margin coloration) (Figure 1a). Illumina short reads

(45.41 Gb ~62.609 coverage, after filtering) were used to further

polish ONT data (Table S1 and Figure S1). Because of its 1.2%

heterozygosity rate (Figures S2 and S3 and Table S2), redundant

sequences were removed from the initially assembled genome to

obtain a de-redundant genome. The final 636.30 Mb genome

assembly (D. caryophyllus v1.0) contained only 75 contigs with a

contig N50 of 14.67 Mb, which is close to the estimated genome

size of ~640 Mb obtained by K-mer survey and flow cytometry

(Table S2 and Figure S4). The paired-end reads from Hi-C were

used to cluster, order, and orient (Table S3), then 580.05 Mb

(91.16%) was anchored onto 15 pseudochromosomes (2n = 30)

using the LACHESIS package with manual adjustments. The final

assembly was achieved to N50 with 38.55 Mb and the pseu-

dochromosome lengths ranged from 30.95 to 53.54 Mb

(Table 1, Figure 1b and Figure S5). The Benchmarking Universal

Single-Copy Orthologs (BUSCO) analysis results show the com-

pleteness reached 97.15% (Table S4). The long terminal repeat

(LTR)-assembly index was 12.11. We remapped and obtained

high mapping rates for Illumina (99.77%) and ONT (99.77%)

data (Tables S5–S7). The genetic maps of D. caryophyllus ‘72L’

(Yagi et al., 2017) were used to assess the quality of the

assembled genome. Results showed higher collinearity between

the assembled genome of ‘Scarlet Queen’ and the genetic map of

‘72L’ (average 91.47%) (Figure S6). All the above-mentioned

genome indices indicate that the newly assembled genome for

carnation was of high quality.

A total of 43,925 protein-coding genes were predicted

(Tables S8 and S9 and Figure S7). Finally, 91.82% of the

predicted genes were annotated using different databases

(Table S10). The number of genes annotated from the carnation

genome was significantly larger than that in Spinacia oleracea,

Suaeda aralocaspica, and Beta vulgaris (Figure 1d). In addition,

1453 transfer RNA, 594 ribosomal RNA (rRNA), 2433 small

nuclear RNA, and 95 microRNA (mRNA) genes were predicted

using Infernal (Table S11). BUSCO analysis of the newly assem-

bled genome was 95% complete, whereas the D. caryophyllus_r1

draft genome (Yagi et al., 2014) was only 82.1% complete using

the same pipeline (Embryophyta_odb10 database) (Table 1),

which implied that our genome had higher integrity. In our

carnation genome, the repeat sequences accounted for 70.62%,

with LTR retrotransposons accounting for 36.14% of the

genome, of which 9.03% were of the copia type and the

remaining 27.11% of the gypsy type (Figure 1b, Tables S12 and

S13 and Figure S8). The genome of the carnation referred to as

‘Scarlet Queen’ was highly heterozygous. Therefore, we exam-

ined sequence polymorphisms within our newly assembled

genome using a previously published method (Zhong et al.,

2021). We found 1.79 million single nucleotide polymorphisms

(SNPs), of which 1.15 million were transitions and 0.74 million

were transversions (Tables S14 and S15, Figures S9–S11). A

quantity of 36.96% of the SNPs was located in intergenic regions.

SNPs resulted in the loss/gain of their start or stop codons,

affecting 2044 genes. We further identified 0.53 million indels, of

which 598 led to the loss or gain of start or stop codons

(Tables S14 and S15).

Evolution and whole-genome duplication

We constructed a phylogenetic tree and estimated the divergence

times of the nine plant species using 1433 shared single-copy

genes identified by OrthoFinder (Figure 1c). Results showed that

D. caryophyllus was most closely related to the Chenopodiaceae

species, S. oleracea, B. vulgaris, and S. aralocaspica. The

divergence time of carnation and Chenopodiaceae was estimated

at ~64.07 million years ago (MYA) using different calibration

points (Figures 1c and S12). In the genome of D. caryophyllus,

3111 and 3180 gene families underwent expansion and contrac-

tion, respectively (Figures 1c and S13). By the Gene Ontology

(GO) enrichment analysis, the expansion gene families were

enriched in RNA glycosylase activity, rRNA N-glycosylase activity,

ADP binding, hydrolase activity, hydrolysing N-glycosyl com-

pounds, transition metal-ion binding, catalytic activity, acting on

an rRNA, zinc ion binding, and nucleic acid binding (Table S16). In

addition, synonymous substitutions per synonymous site (Ks) for

the paralogs of S. oleracea and B. vulgaris, which the two no

experienced recent polyploidy events (Xu et al., 2017) and lettuce

(Lactuca sativa) which experienced a recent WGT event (Badouin
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et al., 2017), and D. caryophyllus and 4dTv values indicate that a

whole-genome polyploidy event occurred (Figures 1e and S14).

The collinearity patterns were 3:1 between D. caryophyllus_v1

and Vitis vinifera, B. vulgaris, and S. oleracea (Figures S15–S21).
Results of the Ks, 4dTv value, and collinearity pattern suggested

that the carnation may have had a whole-genome triplication

event after the divergence of Caryophyllaceae from Chenopodi-

aceae.

Identification and quantification of the main pigments
in petals

In this work, we sampled tissue from ‘Lorca’ which has a red

margin and yellow limb flower petals to elucidate spatial and

temporal differences in petal pigments (Figure 2a). Petals at three

different stages were selected for metabolite detection: stage 3

(entirely closed flowers, petals without red color), stage 4 (petals

begin red coloring), and stage 6 (open flowers, petals with red

coloration).

Using liquid chromatography–electrospray ionization tandem

mass spectrometry (LC–ESI–MS/MS), 30 anthocyanin compounds

were identified and quantified (against 99 anthocyanin standards)

in petals (Figure S22 and Table S17). By comparing these

anthocyanins (top 18 are shown in Figure 2b) across different

stages of development, we found that pelargonidin 3-O-

glucoside content was the highest in the S6 petals, followed by

pelargonidin 3-O-(6-O-malonyl-beta-D-glucoside) (Figure 2b).

Given that the increases in these two compounds were associated

with petal development and deeper red margins, we propose that

these anthocyanins were the main compounds responsible for the

red coloration of petal margins. The carotenoid content in flowers

at different stages was quantified via ultra-performance liquid

chromatography (UPLC) separation (Supplementary Notes and

Figure S23). Among the carotenoids detected, lutein content was

the highest across the three stages for which comparisons were

made (Figure 2c and Table S18). Although lutein was the most

abundant carotenoid, it decreased with flower development.

Phytoene increased in S6 but remained at a lower concentration

than lutein. In addition, we also detected and quantified 184

flavonoid compounds (Table S19 and Figure S24) in the three

stages of petals using UPLC (Supplementary Methods Notes).

From our comparative analyses (S3 vs. S4, S4 vs. S6, and S3 vs.

S6), the difference in flavonoid content (fold change ≥2, fold

change ≤0.5, and variable importance in projection score ≥1)
varied between each stage of floral development; however, 31

Figure 1 Phylogenetic analysis of the D. caryophyllus genome. (a) Flower of D. caryophyllus ‘Scarlet Queen’. (b) Distribution of carnation genomic

features. Circular representation of the 15 pseudochromosomes (I) chromosome length in Mb, (II) gene density, (III) the density of all LTRs, (IV) the density of

all Gypsy-LTRs, (V) the density of all Copia-LTRs, (VI) GC content in 500 kb windows, and (Ⅶ) each linking line in the center of the circle connects a pair of

homologous genes. (c) Phylogenetic tree for D. caryophyllus and eight other eudicot species. Gene family expansions are indicated in green, and

contractions in red. The estimated divergence time (million years ago, MYA) is indicated at each node; numbers in brackets are the 95% confidence

intervals (each center is defined as mean value). The red dot represents a calibration point. (d) Genes in different groups of D. caryophyllus_v1 and other

sequenced genomes were shown and the values are shown with bar charts. (e) Ks values reveal a polyploidy event in carnation compared with S. oleracea

and B. vulgaris which have not experienced recent polyploidy events and L. sativa which experienced a recent WGT event.
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flavonoids were shared across all comparison groups with the

main shared compounds being dihydroflavones (numbers = 8,

quantity 27%), flavonoids (7, 23%), and dihydroflavonols (6,

20%) (Figure 2d and Table S20). Among the flavonoids,

apigenin-5-O-glucoside, rhoifolin, and apigenin-7-O-(6″-p-
coumarin)-glucoside contents at S6 were significantly higher than

those at S3 and S4 (Figure 2e). Among the flavanols, isorham-

netin was the most abundant at S6. These contents probably

contribute to the coloration of ‘Lorca’ petals ranging from white-

green to yellow with development (Figure 2f).

Characterization of pigment synthesis pathway genes
involved with petal color

To gain further insights into pigment biosynthesis, especially the

anthocyanin biogenesis pathway, seven different stages (S1–S3
samples exhibit colorless petals, and S4–S7 petals exhibit red

margins, and among them, ‘Lorca’ petals form red margins

gradually during S4) were sampled to extract and sequence gene

transcripts.

Based on homology search and genome functional annotation,

we identified several genes involved in pigment biosynthesis,

including PAL, C4H, 4CL, CHS, CHI, F3H, FLS, DFR, ANS, and AT/

GT. We outlined the putative pigment biosynthetic pathway

(Figure 3) based on the Kyoto Encyclopedia of Genes and

Genomes database and those previously published for other

higher plants (Belwal et al., 2020; Falcone Ferreyra et al., 2012).

We found that DFR and ANS mRNA levels were higher during the

S4 to S7 stages than during the first three flower developmental

stages (Figure 3a). A similar expression pattern was observed for

Dca_v1_10 g.0063700_FLS. The occurrence of carotenoid biosyn-

thesis has been described in numerous plant species (Sun et al.,

2018). Based on the functional annotation, we identified two

PSY, three PDS, five ZDS/CRTISO, two LCYB/LCYE, one CHYB,

eight ZEP, and two VDE carotenoid biosynthesis genes in

carnations (Figure 3b). As petals develop, the expression of

Dca_v1_ 13g.0238600_PSY, which is thought to be the rate-

limiting enzyme in carotenoid skeleton production, decreases.

Other downstream genes, such as homologous genes of

Dca_v1_07g.0027500_PDS, Dca_v1_08g.0280000_LCYE,

Dca_v1_01g.0015600_ZEP, Dca_v1_10 g.0104200_ZEP, and

Dca_v1_15g.0018200_ZEP, also showed the same expression

pattern, resulting in a decrease in carotenoid accumulation. These

results are of particular interest to understand pigment accumu-

lation and coloration.

MYBs, bHLHs, and WRKYs were involved in petal margin
coloration

To further clarify genes involved in the red coloration of petal

margins, we conducted a comparative analysis of differentially

expressed genes (DEGs) with two groups of combined samples

representing major changes in petal coloration (margin vs. limb

and S3 vs. S4) (Figure 4a). There were 4140 (S3 vs. S4) and 626

(margin vs. limb) DEGs specific to the two comparisons (Figure 4b

and Tables S21 and 22). We identified 275 DEGs that overlapped

between the two groups during carnation flower development.

GO enrichment analysis of DEGs indicated that these genes were

enriched for oxidoreductase, hydrolase (acting on glycosyl bonds,

hydrolysing O-glycosyl compounds), and transcription regulator

activities, and other metabolic and biological processes (Fig-

ure 4c). Previous studies have shown that MYBs and bHLHs are

involved in anthocyanin biosynthesis (Xu et al., 2015). We

identified the MYB family by analysing their phylogenetic and

gene structure (Figure S25) and location (Figure S26), and

analysed expressions of MYBs and bHLHs from 275 DEGs

(Figures S27 and S28) in carnations. Combining characteristic

traits, nine candidate genes related to red margin coloration were

identified (Figures 4d and S29). Among them, we found that FLS,

DFR, ANS, two MYBs, and WRKY44 had similar expression

patterns to flower development. The expression of these genes

increased with reddening and then decreased; the expression of

these genes at the margin of the petal was higher than that in the

limb of the petal. By examining the co-expression network

inferred from WGCNA (an R package), we constructed weighted

gene co-expression networks and obtained 30 clusters (Fig-

ures S30 and S31). In addition, a regulatory network was

constructed based on genes related to anthocyanin synthesis by

cystoscopy (Figure S32). The regulatory network of the nine

candidate genes mentioned above was also proposed (Figure 4e),

which suggested that the MYBs, bHLHs, and WRKY44 TFs were

involved in anthocyanin synthesis. To comprehensively examine

the putative gene regulation involved in the anthocyanin/flavonol

biosynthesis pathways, a regulatory network for the formation of

red margins on carnation petals was proposed (Figure 4f); when

the expression of the Dca_v1_10g0111900_MYB gene is specif-

ically upregulated in petal margins together with other MYBs,

bHLHs, and WRKY44, it promotes the increase of downstream

DFR and ANS expressions contributing to red margins.

Table 1 Statistics for carnation ‘Scarlet Queen’_v1.0 genome and

‘Francesco’_r1.0 draft genome

‘Scarlet Queen’ ‘Francesco’

Sequencing

ONT ~60.65G *

Illumina-Short ~48.86G *

Illumina-HIC ~81.70G *

Assembly

Contig N50 14.67 Mb 17.55 kb

Contig N90 4.53 Mb 2.68 kb

scaffolds N50 38.55 M 62.62 kb

scaffolds N90 30.95 M 8.0 kb

Longest contig 34.83 Mb 1.29 kb

Number of contigs 75 88,654

Number of scaffolds 61 45088

De-redundancy total 636.30 Mb 568.89 Mb

BUSCO 97.15% –

Total GC content (%) 38% 36%

TE 70.62% 53.96%

Heterozygotic 1.2% 0.2%

Annotation

Number of predicted genes 43925 43266

Swiss-prot 21700 (49.4%) *

Interproscan 37656 (85.73%) *

GO * 16423 (37.8%)

NR 21133 (48.11) *

KOG 13896 (31.64%) 19005 (43.7%)

Annotated 40332 (91.82%) *

Unannotated 3593 (8.18%) *

BUSCO 95% 82.1%
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Proposed biosynthetic pathway of eugenol synthesis in
carnation

We found that three main volatiles, cis-3-hexenyl benzoate, b-
caryophyllene, and eugenol, were the primary components of the

carnation flower fragrance from S6 flowers by GC–MS (Fig-

ure 5a). Eugenol is often referred to as a characteristic aroma of

carnations. To further assess eugenol biosynthesis, steady-state

levels of eugenol were quantified in flowers at various stages (S2–
S6) of floral development. Results showed that the eugenol

content changed with flower development. Specifically, eugenol

increased across the stages of flower development from

0.00708 mmol/g at S4 to 0.02596 mmol/g at S5, and

0.04247 mmol/g at S6 (Figure 5b). Of particular interest was

the finding that both the accumulation of eugenol and antho-

cyanins began at S4 with similar accumulation patterns there-

after.

To resolve the pathway of eugenol synthesis, we identified 34

genes related to eugenol synthesis, including three CCOMT

genes, eleven CCR, nine CAD, six coniferyl alcohol acetyltrans-

ferase (CFAT), and five eugenol synthase (EGS) genes in carnation

by combining data from the carnation genome with transcrip-

tome data. Among these, the expansion genes mentioned above

contained CFAT genes, which belong to GO terms of zinc ion

binding, involved in the pathway of eugenol synthesis. We also

found that CFAT Dca_v1_12 g.0191300 and the EGS homolog

Dca_v1_10g.0152400 increased from S4, which corresponds to

the time when eugenol began to accumulate (Figure 5c). Several

important differences were observed from phylogenetic analysis,

sequence alignment, and promoter element comparison of EGS

homologs in the ‘Lorca’ carnation cultivar (rich in eugenol) and

‘Francesco’ cultivar (not rich in eugenol) (Kishimoto, 2020)

(Figure S33). A premature stop codon in Dca27403 from

‘Francesco’ was found in the last exon, shortening the translated

Figure 2 Identification and quantification of the pigments in carnation. (a) Three stages, S3: petals without color and S4 and S6: petals coloration. Petals

were used for metabolite detection. (b) Eighteen anthocyanins were identified and quantified from petals of S3, S4, and S6. (c) Eleven carotenoids

were identified and quantified from petals of S3, S4, and S6. (d–f) Flavonoids were identified and quantified from petals at S3, S4, and S6. (d) Venn

diagram of differential accumulated metabolites between S3 vs. S4, S3 vs. S6, and S4 vs. S6. (e) The quantity of seven high abundance flavonoids at

different stages. (f) The quantity of eight high-abundance flavanols at different stages.
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protein by 15 amino acids. The promoter of

Dca_v1_10g.0152400 in ‘Lorca’ containing fewer regulatory

elements compared to Dca36983 and Dca27403 genes in

‘Francesco’ was found.

Expression patterns of ABC genes in double-flower
carnation

To characterize the genetic patterns of flower initiation and

development, seven stages, including S1: active axillary buds,

stem apical meristem transformation to flower primordium, S2:

floral meristem and early floral organ development, S3: entirely

closed flower, S4: flower coloration begins, S5: buds before

flowering and coloration, S6: open flower, and S7: senescing

flowers, were selected for analysis (Figure 6a).

By examining the co-expression network mentioned above and

combining annotation information from the genome, we found

that the dark-grey and floral-white modules were related to the

initiation of flowering, and the antique-white, pale-turquoise, and

brown modules were related to the development of floral organs,

while dark-olive green modules were related to senescence

(Figure S34). And hence, the identification of these modules

facilitates the analysis of these biological processes. Based on the

reported flower development genes in Arabidopsis, homologous

genes were identified in the carnation genome, and a phyloge-

netic tree was constructed using genes from both species. From

these, 35 type II MADS genes were identified in carnation,

including five SEP genes, two AGL6, three AP1/FUL, three SOC1,

three AG/STK, five AP3/PI (two PI, two AP3, and one TM6), two

Bs, one AGL12, two AGL15, three SVP, four AGL17, and two

MIKC* (Figure 6b).

To assess the double flowers in carnations, flower petals from

outside to inside were categorized into four whorls: outer petals,

Figure 3 The biosynthesis pathways of pigments. (a) Proposed synthesis pathway of anthocyanins and flavonols. (b) Proposed synthesis pathway of

xanthophylls and carotenes. Phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate CoA ligase 4 (4CL), chalcone synthase (CHS),

chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), acyltransferase (AT),

glucosyltransferase (GT), flavonol synthase (FLS). phytoene synthase (PSY), phytoene desaturase (PDS), carotene isomerase (CRTISO), lycopene b-cyclase

(LCYB), lycopene e-cyclase (LCYE), cytochrome P450 carotene b-hydroxylase (CYP97A), cytochrome P450 carotene e-hydroxylase (CYP97C), zeaxanthin

epoxidase (ZEP), violaxanthin de-epoxidase (VDE), and neoxanthin synthase (NXS). Gene expression profile (FPKM) at different stages. Low to high expression

is indicated by a change in color from blue (low accumulation) to red (high accumulation).
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middle petals, petaloid stamens, and sterile stamens (Figure 6c).

Scanning electron microscopy was performed on the abaxial

surface of the petals to assess epidermal changes from the outer

to inner whorls. The shapes of cells in proximal epidermal

surfaces from petal to stamen changed from an irregular circle

to an oblong circle, and that in proximal epidermal surfaces from

petals to stamens from a long shuttle type to a shortened type

(Figure S35). The distal abaxial epidermal cell of the petaloid

stamen showed a gradient shape between the petal and stamen

(Figure S35). Patterns of gene expression were compared to

assess the types and levels of expressed genes to determine the

effects of shifts in gene expression on double flowers. We

Figure 4 The formation of petal margin coloration. (a) Flower petal (corolla lobe) morphology and coloration at different stages of development (b) Venn

diagram indicates the number of DEGs in two comparisons. (c) Gene Ontology (GO) enrichment analysis of DEGs in two comparisons. (d) The expression of

anthocyanin synthesis-related genes in 7 stages and two tissues. (e) Sub-network for Dca_v1_10g0111900_MYB, low values to small size circle. Low to

high expression is indicated by a change in color from blue to red. (f) Proposed regulatory pathways for petals coloration.
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interpreted our results in reference to the ABC model for flower

development, where A genes determine sepals, A + B genes

determine petals, B + C genes determine stamens, and C genes

determine carpel formation (Coen and Meyerowitz, 1991;

Theißen and Saedler, 2001). We found that AP1 and FUL of

class A were expressed in all tissues, but their expression in

petals was higher than that in stamens, as measured by

qRT-PCR. AP2L was mainly expressed in both the outer and

middle petals and it was expressed at low levels in petaloid

stamens. The expression of class C genes was detected not only

in stamens but also in petaloid stamens and middle petals, with

the highest levels of expression in the stamens, followed by

petaloid stamens (Figure 6c). In addition, we have analysed the

functions of class C genes of carnations (Wang et al., 2020b). In

our results, five B genes were expressed in all detected flower

organs of the outer petals, middle petals, petaloid stamens, and

stamens, and the PI homolog expression was higher than those

of AP3 and TM6 homologs (Figure S36).

Figure 5 Proposed biosynthetic pathway of eugenol synthesis in carnation. (a) Three volatiles were identified by SPME of GC_MS. (b) The content of

eugenol at different stages of floral development. (c) Proposed biosynthetic pathway of eugenol synthesis in carnation. Phenylalanine ammonia-lyase (PAL),

cinnamate-4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR),

anthocyanidin synthase (ANS), UDP-flavonoid glucosyltransferase (UFGT), caffeoyl-CoA O-methyl transferase (CCOMT), cinnamoyl-CoA reductase (CCR),

cinnamyl alcohol dehydrogenase (CAD), coniferyl alcohol acetatyltransferase (CFAT), eugenol synthase (EGS).
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Figure 6 Genetic basis of flower development. (a) Flower developmental stages (S1–S7). (b) Phylogenetic tree of type Ⅱ MADS-box family, carnation

genes denoted by blue dots. (c) The gene expression patterns of A-/C-function genes from various floral organs. Pe-out (A): outer petals; Pe-mid (B): inner

petals; Pel-st (C): petaloid stamens; and St (D): stamens. (d) The phenotype of 35S::DcaPI2.2 in Arabidopsis. The flower of 35S::DcPI2.2 transgenic are

spread out (ⅰ) and contained petaloid sepals (ⅱ), Col means Colombia Arabidopsis. (e) ABC model in the double flower phenotype in carnation where in

class A gene expression is maintained across floral organs resulting in the petalization of the inner whorls. S: sepal; P: petal; PI: petaloid stamen; St: stamen;

C: carpel.
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To further investigate the function of class B genes in petal

identity, DcaPI2 with higher expression levels among class B genes

was selected for further experiments. The DcaPI2 gene in the two

carnation cultivars ‘Lorca’ and ‘L’ was amplified, and there was a

one-amino acid difference between them (Figure S37). We chose

the longer sequence of ‘L’ named ‘DcaPI2.2’, for further study. In

35S: DcaPI2.2 transgenic plants, the sepals were converted to

organs classified as petaloid sepals, based on shape and color

(Figure 6d). Using a scanning electron microscope, we observed

sepal marginal cells of the transgenic line specialized in petal-

specific cells (Figure S38E). The shape of these cells was between

the epidermal cells of the sepals (Figure S38F) and the epidermal

cells of the petals (Figure S38G) in wild-type Arabidopsis thaliana,

showing an irregular square shape. The expression of DcaPI2.2,

AtPI, and AtAP3 genes in the transgenic lines of Arabidopsis were

detected and showed similar expression patterns (Figure S39).

These results indicate that PI2 plays an important role in petal

identification in carnations.

Within the context of the ABC model, our results indicated that

in the model of carnation double flower formation, the boundary

of the class A/C gene expression slides (the A gene slides inward

and the C gene slides outward) and fades, resulting in the

boundary between petals and stamens intergrading, as indicated

by the progression of petal forms from the outside (most petal-

like) to the inside (most stamen-like) (Figure 6e).

Discussion

In the present study, we describe the first chromosome-scale

genome assembly for a carnation. This high-quality reference

genome for carnations is an essential resource for carnation

cultivar developers as well as for researchers studying the

molecular mechanisms of flower development and evolution.

Carnation is one of the most popular ornamental flowers in the

world, partly because of the diversity of flower colors, fragrance,

and phenotype, making it attractive to consumers. Previous

studies have reported functions of genes encoding relevant

enzymes and transcription factors in the carnation pigment

pathway (Abe et al., 2008; Fukui et al., 2003; Momose et al.,

2013; Morimoto et al., 2019; Yagi et al., 2013). However, these

studies focused on the accumulation of metabolites in different

varieties and lacked complementary gene expression data across

developmental stages, which is necessary for the complete

elucidation of the underlying pathways. Here, using a newly

assembled genome, along with transcriptomic and metabolomic

data across a developmental series of flowering stages and

different tissues, we propose a co-expression network for petal

coloration and infer the contribution of key transcription factors.

Our study suggests that bHLHs and MYBs together regulate

anthocyanin pigmentation, which is similar to the findings in

other species (Huang et al., 2018; Wang et al., 2021; Xu et al.,

2015).

In recent years, more studies have found the conservation of

WRKY-based regulatory mechanisms in the anthocyanin path-

way, such as in Arabidopsis, where WRKY factors combined with

the MYB-bHLH-WD40 (MBW) complex to regulate the antho-

cyanin pathways (Verweij et al., 2016). Another study also

reported that WRKY proteins can control flavonoid pigment

pathways through its relationship with the MBW complex (Lloyd

et al., 2017). In addition, WRKY was found to be involved in

recently published research on rhododendron color (Yang et al.,

2020). These studies illustrate the important role of the WRKY

factor in the pigment pathway. Interestingly, our results also

showed that the WRKY44 transcription factor was specifically

expressed in petal margins, and it was predicted to interact with

the DFR gene, suggesting that it is involved in petal margin

coloration in carnations. WRKY transcription factors participate in

the synthesis of anthocyanins across a diversity of different

species; therefore, more research is needed to understand how

WRKY has evolved throughout angiosperms and what function it

serves in other lineages. Previous attempts to create novel blue

pigment pathways in carnations with genetic engineering have

been successful (Matsuba et al., 2010), but efforts were slow for

multicolor petals given the lack of complete genomic resources. It

is well known that complete high-quality genomes and the

resolution of gene regulatory networks improve the efficiency

and reduce off-target effects of gene editing techniques (Mangh-

war et al., 2020; Scheben et al., 2017). As such, the high-quality

genome and proposed gene regulatory networks presented

herein provide a blueprint for the development of carnation

cultivars with novel multi-coloration, both through conventional

marker-assisted breeding and various gene-editing techniques.

To clarify the diversity of carnation scents, Clery et al. (1999)

studied the volatile organic compounds of carnations and found

that modern cultivars have lost the spicy fragrance of eugenol.

The diversity of cultivated carnation scents was much lower than

that of wild Dianthus species. In a review of floral fragrance, the

study suggested that in modern flower cultivars fragrance was

unintentionally selected against other traits (Schade et al., 2001;

Vainstein et al., 2001). In a study of emitted volatiles in 25

carnation cultivars, it was found that many commonly grown

cultivars also lost the ability to produce fragrance (Kishimoto,

2020). In this study, we identified candidate genes, CFAT and

EGS, that contributed to eugenol synthesis. The structural

changes of the EGS gene may explain the lack of eugenol in

cultivars like ‘Francesco’. This finding provides a basis for testing

cultivars that lack fragrance for these structural gene differences

and potential return of functional genes to newly developed

cultivars, such that, fragrant carnation can once again be grown

while preserving important morphological and color traits. Lastly,

we propose that together with class B genes, the expression of

class A genes across floral whorls may contribute to the petal

formation of all whorls and in turn be a part of producing the

double-flower form that is most sought after in carnations

(Figure 6d). Overall, the high-quality carnation genome reported

in this study provides new insights into the ornamental traits of

carnations and provides a basis for further development of

research questions and techniques in plant biotechnology.

Methods

Plant material and tissue collection

The carnation (D. caryophyllus L.) cultivars, ‘Scarlet Queen’ and

‘Lorca’ (well-known cultivars possessing petals with marginal

coloration), were grown in a greenhouse at the experimental

growth facility of Huazhong Agricultural University (located at

30°28036.5 N and 114°21059.4 E) in Wuhan, Hubei Province,

China. Young leaves of ‘Scarlet Queen’ were collected to extract

high-quality DNA for Illumina and ONT sequencing. RNA-seq data

from stems, leaves, and roots of ‘Scarlet Queen’ and published

data from the NCBI Sequence Read Archive database (BioProject:

PRJDB5916) were used for genome annotation.
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DNA extraction, library construction, and genome
sequencing

For the ONT library preparation, high-quality genomic DNA was

extracted using the Qiagen Genomic DNA extraction kit (Cat.

No.10,243 and 19,060, Qiagen, Hilden, Germany), according to

the manufacturer’s instructions. Quality control of the extracted

DNA was carried out using a NanoDrop One UV–Vis spectropho-
tometer (Thermo Fisher Scientific, USA) to assess DNA purity

(OD260/280 ranging from 1.8 to 2.0, and OD260/230 between

2.0 and 2.2). Following the Nanopore library construction

protocol, a library was constructed for use on the PromethION

sequencer platform (Oxford Nanopore Technologies, UK). For

Illumina sequencing, we generated ~509 Illumina short reads on

the HiSeq 2000 platform (Illumina, San Diego, CA) with insert

sizes of 400 bp to polish the ONT genome assembly. Raw

sequencing data were processed using FastQ (v0.20.0) (Chen

et al., 2018) and FastQC (Brown et al., 2017) to filter and detect

poor-quality reads and over-represented sequences. The Hi-C

library (PE 150bp) was constructed by chromatin extraction and

digestion using a standard procedure. Details of the Hi-C library

procedure, including DNA ligation, purification, and fragmenta-

tion, are described in Supplementary Notes. The HiC library was

sequenced on an Illumina NovaSeq platform and resulting data

were used to construct the chromosome-level genome assembly.

Genome assembly and pseudochromosome scaffolding

Illumina clean reads were analysed using kmerfreq to generate

the k-mer depth distribution with a k-mer size of 17 bp. These

data were then used to estimate the genome size. Correction of

ONT long reads and de novo assembly were performed using

NextDenovo (reads_cutoff: 1k and seed_cutoff: 32k). For genome

polishing, ONT reads and Illumina sequencing reads were

separately subjected to three and four rounds of genome

correction, respectively, using NextPolish v1.2.4 (https://github.

com/Nextomics/NextPolish.git). A subprogram of Purge_Haplotigs

(Roach et al., 2018) was used to generate the final contig

assembly to retain only one copy of each contig from the

heterozygous regions. For Hi-C sequence data, we also initially

filtered out low-quality reads using fastp and validated paired-end

reads using Bowtie2 v2.3.2 (Langmead and Salzberg, 2012). Then

we employed LACHESIS (Burton et al., 2013) software (clus-

ter_min_re_sites = 100; cluster_max_link_density = 2.5; clus-

ter_noninformative_ratio = 1.4; order_min_n_res_in_trunk = 60;

order_min_n_res_in_ shreds = 60) to cluster, reorder, and orient

the contig-scale genome assembly, and manually checked the

placement and orientation errors apparent in chromosomes using

the Hi-C heatmap. To evaluate the newly assembled genome, the

completeness of the genome assembly was assessed using

BUSCO (Simao et al., 2015) against the Embryophyta_odb10

database. Quality was assessed using ‘72L’ genetic maps of

carnation published (Yagi et al., 2017) using ALLMAPS (Tang

et al., 2015). Finally, we judged the assembly quality by mapping

our Illumina and ONT reads back to the genome.

Annotation of repeat elements and genes

Before gene prediction, repetitive sequences were masked by an

extensive de novo TE annotator pipeline (Ou et al., 2019).

Transcriptome-based, homology-based, and de novo approaches

were used to predict high-quality protein-coding genes (Supple-

mentary Notes). For homology-based prediction, we selected

transcript protein sequences from eight species, including A.

thaliana, Oryza sativa, Rosa chinensis, V. vinifera, Carica papaya,

D. caryophyllus_draft _r1.0, Solanum lycopersicum, and B.

vulgaris. For ab initio annotation, Augustus (Stanke et al.,

2004), SNAP (https://github.com/KorfLab/SNAP), and Glim-

merHMM (Majoros et al., 2004) were employed. For

transcriptome-based prediction, the transcriptome data were

produced by Illumina sequencing of materials including leaves,

shoots, and roots of ‘Scarlet Queen’ and RNA-seq data of flowers

from NCBI. RNA-seq alignment files were generated using HISAT2

(Kim et al., 2015) and the PASA program was used to align

spliced transcripts and annotate candidate genes. Evidence

Modeler v1.1.1 (Haas et al., 2008) was used to generate the

final consensus set of gene models obtained using the three

approaches and results were updated using PASA. Functional

annotation of protein-coding genes was performed by BLASTp (e-

value 1e-5 cutoff) using the SwissProt, NR, and KOG databases.

InterProScan (Jones et al., 2014) was used to annotate the

protein domains by searching the InterPro database. GO terms for

each gene were obtained from the corresponding InterPro

entries. Non-coding RNAs were identified using Rfam and Infernal

software.

Phylogenetic analyses

To investigate the evolutionary history of D. caryophyllus, eight

other species with complete genomes, B. vulgaris, S. oleracea, S.

aralocaspica, Daucus carota, Helianthus annuus, Nesolagus

sinensis, Rhododendron simsii, and Nelumbo nucifera were

selected for using OrthoFinder (Emms and Kelly, 2015) with

default parameters to generate a matrix for phylogenetic analysis.

Single-copy orthologs were identified from this dataset and used

to construct a phylogenetic tree. Protein sequences were aligned

using MAFFT (Katoh and Standley, 2013). We further estimated

the divergence times between species using the MCMCTree in

the PAML package (Yang, 2007). For the estimation of diver-

gence time, we calibrated the model using the divergence time

between N. nucifera and H. annuus (121.6–134.9 MYA), B.

vulgaris and S. aralocaspica (40–62 MYA), B. vulgaris and S.

oleracea (22–61 MYA), D. carota and H. annuus (77.3–91.7
MYA), and H. annuus and R. simsii (99–114 MYA) obtained from

the TimeTree database (http://www.timetree.org/) and the crown

age of 89.8 MYA (~90 MYA) of either the Cornales or Ericales (Li

et al., 2019).

Gene families that underwent expansion or contraction were

identified in the eight sequenced species using Computational

Analysis of Gene Family Evolution (Han et al., 2013). Homologous

pairs of D. caryophyllus proteins were identified using an all-to-all

search in BLASTp with an e-value cutoff of 1e�5. MCScanX

(Wang et al., 2012) with default parameters to identify collinear

blocks, each containing at least 15 collinear gene pairs. To look

for polyploidy events, add_ka_and_ks_to_collinearity. pl of the

downstream MCScanX script was used to calculate Ks between

collinear genes in each pair of D. caryophyllus_v1, D. caryophyllus

r1_draft, B. vulgaris, S. oleracea, and L. sativa within each species.

4DTv values for these species were obtained using the PAML

package.

RNA sequencing, gene expression analysis, and co-
expression analyses

Samples at each of the different stages of flower development of

‘Lorca’ (i.e., S1: active axillary buds, stem apical meristem

transforms to flower primordium, S2: floral meristem and early

floral organs development, S3: entirely closed flowers, S4:
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coloration of flowers begins, S5: buds before flowering and

coloration, S6: open flowers, and S7: senescing flowers), as well

as red margin tissue and yellow limb tissue, were collected for

RNA-seq. We used HISAT2 (Kim et al., 2015) to align RNA-seq

short reads from 27 different tissues to our chromosome-scale

genome. Read counts of these samples were calculated using

HTSeq, and differential gene expression analysis was conducted

using the R package DESeq2 (|log2FC| >1 and padj <0.05). Other
samples of different floral organs (outer petals, middle petals,

petaloid stamens, and stamens) were collected for qRT-PCR. We

followed the qRT-PCR procedures and analyses described in a

previous paper (Zhang et al., 2018) to quantify the gene

expression among the different floral whorls. To identify rela-

tionships between DEGs, co-expression networks were con-

structed using the WGCNA package (Langfelder and Horvath,

2008). The parameters used in the construction of WGCNA were

weighted network, unsigned, hierarchal clustering tree, dynamic

hybrid tree cut algorithm, power 8, and minModuleSize = 30. We

then used a Cytoscape to display the network. Network statistics

were calculated using NetworkAnalyzer in Cytoscape (Shannon

et al., 2003). Expression heatmaps were generated using TBtools

software (Chen et al., 2020) with log and row scales and online

heatmap software v0.2.2 (https://hiplot.com.cn/basic/heatmap)

with default parameters.

Metabolite profiling

The petals of ‘Lorca’ at S3, S4, and S6 were collected and

immediately frozen in liquid nitrogen. anthocyanin, carotenoid,

and flavonoid compounds were identified and quantified using a

UPLC–ESI–MS/MS system (HPLC, UFLC Shimadzu Nexera X2,

www.shimadzu.com.cn/; MS, Applied Biosystems 4500 Q Trap,

www.appliedbiosystems.com.cn/) and a UPLC–APCI–MS/MS sys-

tem (UPLC, ExionLCTM AD, https://sciex.com.cn/; MS, Applied

Biosystems 6500 Triple Quadrupole, https://sciex.com.cn/). For

each developmental stage, three biological replicates were

evaluated for each part of the flower (i.e., samples of the same

segment from four individuals were mixed to form one sample)

for a total of nine samples. The freeze-dried samples were

extracted, identified, and quantified using the methods detailed

in Supplementary Notes.

Volatile compounds of ‘Lorca’ emitted from flowers were

collected by solid-phase microextraction. These samples were

added to a 15-mL headspace bottle, weighed, and balanced.

After extraction, the extracted fiber was immediately inserted into

the GC injection port for thermal analysis. Three independent

replicates were performed for each stage for each sample.

Analysis was performed using a GCMS-QP2010 system (Shi-

madzu, Japan). The ion source and interface temperatures were

200 and 250 °C, respectively. After obtaining the chro-

matograms and mass spectrograms of the floral compounds,

these data were assessed by qualitative analysis using the

NIST2011 library, and the identified compounds were checked

against published plant volatiles in The Pherobase Database

(www.pherobase.com).

Plant transformation

Full-length coding sequences of the PI2 gene were amplified from

the floral cDNA of two cultivated carnationsD. caryophyllus ‘Lorca’

and D. chinensis ‘L’ using gene-specific primers and cloned into

pRI101 vectors. The primers used were those described by Zhang

et al. (2018). All the reconstructed vectors were confirmed by

sequencing. For genetic transformation, we used A. thaliana

(Columbia) plants transformed using the floral dip method (Loge-

mann et al., 2006). After RNA extraction, qRT-PCR was conducted

using SYBR� Premix Ex TaqTM II (Takara, Japan) in an Applied

Biosystems Real-Time PCR System (Life Technologies), with each

gene analysed in three biological replicates and three technical

replicates. The relative expression values were calculated using the

comparative 2�▵▵CT method. The primers used for qRT-PCR were

those published by Zhang et al. (2018) and Wang et al. (2020).

These and other methods are further detailed in Supplemen-

tary Notes.
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