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Methods S1. Genome assembly and annotation. 

Genome survey. Genome size and heterozygosity were estimated using Illumina paired-end (2 × 

150 bp) sequencing data (Table S2). A total of 50 Gb of raw data were first trimmed using 

Trimmomatic (Bolger et al., 2014). The detailed commands were: java -jar trimmomatic-0.39.jar 

PE -threads 20 -phred33 R1.fq R2.fq R1_clean.fq R1_un.fq R2_clean.fq R2_un.fq 

ILLUMINACLIP: TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 

MINLEN:50. Clean reads were used to measure the k-mer profile (k 17) in Jellyfish (Marcais and 

Kingsford, 2011). The detailed commands were: jellyfish count -m 17 -s 100M -t 10 -C 

illumine_reads.fasta & jellyfish histo mer_counts.jf. Genome size and heterozygosity were 

predicted by GenomeScope using the k-mer profile (Vurture et al., 2017). The detailed commands 

were: Rscript genomescope.R mer_counts.histo 17 150 genomescope. The L. japonica genome k-

mer profile presented a characteristic bimodal profile, and the genome size was calculated to be 

887.15 Mb with a heterozygosity of 1.27%. 

 

Genome assembly. A total of 78.8 Gb of ONT (Oxford Nonopore Technology) reads were produced 

with a genome coverage of 90 × (Table S3). Due to the high error rate of ONT reads, we first 

recruited CANU software to correct and trim the noisy reads (Koren et al., 2017). The detailed 

commands were: canu -correct -trim -p correct -d correct genomeSize= 900m -nanopore-raw 

ont_reads.fasta. Thereby, 31.5 Gb of corrected reads with an N50 of 37 kb were obtained. The 

corrected reads were assembled using SMARTdenovo (https://github.com/ruanjue/smartdenovo). 

The detailed commands were: perl smartdenovo.pl -c 1 -t 48 -k 17 -p smartdenovo 

correctedReads.fasta > smartdenovo.make & make -f smartdenovo.make. Then, the assembled 

contigs were further evaluated using BUSCO (Simão et al., 2015) (Table S4). The detailed 

commands were: run_BUSCO.py -i smartdenovo.fasta -c 20 -o assembly_smartdenovo -m geno -l 

embryophyta_odb10. The 57% genome completeness might be introduced by the INDELs of ONT 

reads (Watson et al., 2019). Then, we used golden-standard reads (Illumina short reads) to further 

polish the long-read assembly genome three times via Pilon (Walker et al., 2014). The detailed 

commands were: bwa index smartdenovo.fasta & bwa mem -t 48 smartdenovo.fasta R1.fastq 

R2.fastq >pilon1.sam & samtools view -bhS -o pilon1.bam pilon1.sam & samtools sort pilon1.bam 

sorted_pilon1 & samtools index sorted_pilon1.bam & java -Xmx500G -jar pilon-1.22.jar --genome 

smartdenovo.fasta --frags sorted_pilon1.bam --output smartdenovo_pilon1 --threads 48. This step 

was repeated three times. The polished genome was further evaluated, and the complete BUSCOs 

were 95%, suggesting that the draft genome was of high quality (Table S4). Fresh L. japonica tissue 

was used to construct a Hi-C sequencing library. Steps included chromatin crosslinking, chromatin 



digestion with Hind III, biotin labeling and end repair, DNA purification, streptavidin pull-down of 

labeled Hi-C ligation products, and construction of an Illumina sequencing library. The clean 

sequences were mapped to the draft genome using HiC-Pro with default parameters (Servant et al., 

2015), and valid Hi-C reads were used to correct the draft assembly. Then, the draft L. japonica 

genome was assembled into chromosomes (2n = 18) using LACHESIS with the default parameters 

(Burton et al., 2013). The chromosomal assembly was further validated using SLR (Luo et al., 2019) 

and SALSA (Ghurye et al., 2017) scaffolds. Firstly, we performed scaffolding of the contigs using 

SLR based on the ONT reads. A total of 706 scaffolds with N50 length of 2.7 Mb were obtained and 

then aligned to chromosomal assembly. The dotplot in Figure S3B showed consistent alignment of 

SLR scaffolds to chromosomal assembly. Secondly, we further used SALSA to assemble the contigs 

based on Hi-C data. A total of 485 scaffolds with N50 length of 11.5 Mb were obtained, then 46 

SALSA scaffolds, covering 75% genome size, were well aligned to the chromosomal assembly in 

Figure S4. These results showed that the chromosomal assembly in this study based on Hi-C data is 

of high quality.  

 

Genome annotation. Annotation of structural repeats in the L. japonica genome was performed 

using the RepeatModeler package (http://www.repeatmasker.org/RepeatModeler/; v1.0.9), which 

combines RECON and RepeatScout to identify and classify repeat elements. The detailed 

commands were: BuildDatabase -name repeat_database -engine ncbi genome.fasta & perl 

RepeatModeler -database repeat_database -engine ncbi -pa 42. Next, the annotated repeat elements 

were masked using RepeatMasker (http://www.repeatmasker.org/). The detailed commands were: 

RepeatMasker -pa 40 -e ncbi -lib consensi.fa.classified -dir Repeat_result/ -gff genome.fasta. Long 

terminal repeat retrotransposons (LTR-RTs) in L. japonica were identified using LTR_Finder (Xu 

et al., 2017) and LTR_retriever with the default parameters (Ou et al., 2018). Transposable elements 

(TEs) account for approximately 58.2% of the L. japonica genome (Table S5), and 45.6% of these 

TEs are long terminal repeat (LTR) elements (Table S6).  

Microsatellites, as simple sequence repeats, were identified using MISA (Beier et al., 2017) 

(Table S7). L. japonica noncoding RNAs were annotated by aligning to the Rfam database using 

INFERNAL (Nawrocki et al., 2013) (Table S8, Table S9). The detailed commands were: cmscan --

cpu 40 --rfam --cut_ga --nohmmonly --tblout rfam.tblout --fmt 2 --clanin Rfam.12.1.clanin 

Rfam.cm genome.fasta.masked > rfam.cmscan. miRNAs were further analyzed by performing 

BLASTN searches against the miRNA database (Table S10). 

For the masked genome, ab initio gene prediction was performed using MAKER (Cantarel et 

al., 2008), integrating the assembled L. japonica transcripts, protein sequences from L. japonica and 



A. thaliana, and the tomoato augustus gene prediction species model. The de novo RNA-Seq 

assembly was performed using Trinity with the default parameters (Grabherr et al., 2011). The 

detailed commands were: Trinity --seqType fq --left reads_1.fq --right reads_2.fq --CPU 20 --

max_memory 50G. Assembled transcripts were used to guide L. japonica genome gene prediction. 

In the end, 33,939 predicted genes and 91% BUSCOs completeness were attained (Table S5).  

 

Gene expression analysis. L. japonica flowers at juvenile bud (JB), green bud (GB), white bud (WB), 

silver flower (SF), golden flower (GF) and tawny withering flower (TWF) stages were collected 

and used for RNA-Seq on the Illumina NextSeq 500. Raw data were trimmed using Trimmomatic. 

RNA-Seq clean reads from different flower stages were aligned to the masked genome using 

HiSAT2 (Kim et al., 2019), and the FPKM values of annotated genes in the reference genome were 

calculated using Cufflinks (Trapnell et al., 2012).  

 

The detailed commands were: 

hisat2-build genome.fasta genome.fasta 

for x in list 

do 

hisat2 -p 20 -5 10 -3 10 --dta-cufflinks  -x genome.fasta -1 ${x}_R1.fq.gz -2 R2.fq.gz -S 

${x}_hisat2.sam > ${x}_hisat2.txt 

samtools view -@ 20 -bhS -o ${x}_hisat2.bam ${x}_hisat2.sam 

samtools sort -@ 20 ${x}_hisat2.bam ${x}_hisat2_sorted 

cufflinks -p 20 -o ${x}_hisat/ -G genome.gff3  ${x}_hisat2_sorted.bam 

done 

cuffmerge -p 20 -o merged_hisat2 -g genome.gff3 -p 48 -s genome.fasta assemblies.txt 

cuffdiff -p 20 -T -o cuffdiff merged_hisat2/merged.gtf …_sorted.bam           

 

Methods S2. Genome evaluation analysis.  

Single copy genes were identified on the basis of OrthoMCL results (Li et al., 2003). Orthologues 

were obtained from two monocots (Oryza sativa and Zea mays), ten eudicots (Solanum tuberosum, 

Coffea canephora, Sesamum indicum, Scutellaria baicalensis, Lonicera japonica, Chrysanthemum 

nankingense, Lactuca sativa, Vitis vinifera, Arabidopsis thaliana, and Populus trichocarpa), and 

basal angiosperm Amborella trichopoda. In total, the protein sequences and nucleotide acid 

sequences of 169 single copy genes were concatenated, respectively. Sequences were aligned using 

MAFFT (Katoh et al., 2002). Spurious sequences and poorly aligned regions from the multiple 



sequence alignments were trimmed using trimAI (Capella-Gutiérrez et al., 2009). The best-fit 

modules for protein evolution were selected using PROTTEST (Abascal et al., 2005). Then, 

phylogenetic trees were constructed using RAxML (Stamatakis, 2006) with the GTR+G model for 

nucleotide acid sequences and the JTT+G model for protein sequences (Figure 2A). The divergence 

times were estimated by the program r8s (Sanderson, 2003) using the fossil-based age constraints 

of 42–52 million years ago (MYA) for O. sativa and Z. mays divergence, 98-117 MYA for A. 

thaliana and P. trichocarpa divergence, and 173-199 MYA for A. trichopoda and V. vinifera 

divergence. L. japonica showed the closest relationship to Asteraceae species, C. nankingense and 

L. sativa, with an estimated divergence time of approximately 87 MYA. CAFÉ (Han et al., 2013) 

used the phylogenetic tree with a probabilistic graphical model to identify gene family expansions 

and contractions. 

Whole genome duplication events are usually inferred from the distribution of synonymous 

substitutions per synonymous site (KS) values. The KS value of paralogous and orthologous anchor 

pairs among L. japonica, C. nankingense, L. sativa, and C. canephora were calculated using the 

CoGe pipeline (https://genomevolution.org/coge/). In brief, global pairwise alignment among these 

genomes was performed using Large-Scale Genome Alignment Tool (LAST, http://last.cbrc.jp/). 

Chains of syntenic genes were identified within complete genome sequences using DAGChainer 

with a maximum distance of 120 kb between two matches (Haas et al., 2004). The syntenic blocks 

were merged using QUOTA-ALIGN (Tang et al., 2011) with a maximum distance of 480 kb between 

two blocks. The Ks values of syntenic pairs were calculated using the CodeML program from the 

PAML package (Yang, 1997). Density plots of paralogous and orthologous KS distributions were 

prepared using the R package. An identified L. japonica WGD event at a KS peak value of around 

0.79 occurred after L. japonica divergence from Asteraceae. 

 

Methods S3. Carotenoid content analysis. 

Standard substances and chemicals. Lutein, β-carotene, and β-ionone were purchased from Sigma-

Aldrich (America). 10′-apo-β-carotenal was purchased from CaroteNature (Switzerland). All 

chemical reagents used were analytical grade. 

 

Total carotenoid content analysis. The total carotenoid content was analyzed using the method of 

Tian et al. with a slight modification (Tian et al., 2017). Frozen flowers collected at six different 

development stages (JB, GB, WB, SF, GF and TWF) were ground into powder. Samples (0.1 g) 

were dissolved in 4 mL methanol that contained 200 μL 60% (m/V) potassium hydroxide (KOH). 

The mixture was incubated at 60°C for 20 min, and the cooled mixture was extracted with 50% 



ethyl ether in petrol ether. The upper phase was collected and evaporated. Total carotenoid content 

was determined from spectrophotometric OD 445 nm values. After rational assessment and removal 

of unreasonable data from the preliminary data, the average OD value was used to evaluate total 

carotenoid content. 

 

Lutein and β-carotene content analysis. Similarly, flowers at different developmental stages were 

extracted for detection of individual carotenoids. By means of UPLC analysis with a Thermo 

Ultimate 3000 system equipped with an Acquity UPLC BEH C18 column (1.7 μm, 100 × 2.1 mm) 

used at 30°C, we found that lutein and β-carotene are the two main compounds at different flower 

developmental stages. Peak areas (mAu*min) were calculated and averaged, and the log2(mAu*min) 

was used to analyze relative content of carotenoids. 

 

References: 

Abascal F, Zardoya R, Posada D. ProtTest: selection of best-fit models of protein evolution. 

Bioinformatics, 2005, 21(9): 2104-2105.  

Beier S, Thiel T, Münch T, Scholz U, Mascher M. MISA-web: a web server for microsatellite 

prediction. Bioinformatics, 2017, 33(16): 2583-2585. 

Bolger A M, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. 

Bioinformatics, 2014, 30(15): 2114-2120. 

Burton J N, Adey A, Patwardhan R P, Qiu R, Kitzman J, Shendure J. Chromosome-scale 

scaffolding of de novo genome assemblies based on chromatin interactions. Nature biotechnology, 

2013, 31(12): 1119. 

Cantarel B L, Korf I, Robb S M C, Parra G, Ross E, Moore B, Holt C, Alvarado A, Yandell 

M. MAKER: an easy-to-use annotation pipeline designed for emerging model organism genomes. 

Genome research, 2008, 18(1): 188-196. 

Capella-Gutiérrez S, Silla-Martínez J M, Gabaldón T. trimAl: a tool for automated alignment 

trimming in large-scale phylogenetic analyses. Bioinformatics, 2009, 25(15): 1972-1973. 

Ghurye J, Pop M, Koren S, Bickhart D, Chin C. Scaffolding of long read assemblies using long 

range contact information. BMC genomics, 2017, 18(1): 527. 

Grabherr M G, Haas B J, Yassour M, Levin J, Thompson D, Amit I, Adiconis X, Fan L, 

Raychowdhury R, Zeng Q, et al. Full-length transcriptome assembly from RNA-Seq data without 

a reference genome. Nature biotechnology, 2011, 29(7): 644. 

Han M V, Thomas G W C, Lugo-Martinez J, Hahn M. Estimating gene gain and loss rates in the 

presence of error in genome assembly and annotation using CAFE 3. Molecular biology and 



evolution, 2013, 30(8): 1987-1997.  

Haas B J, Delcher A L, Wortman J R, Salzberg S. DAGchainer: a tool for mining segmental 

genome duplications and synteny. Bioinformatics, 2004, 20(18): 3643-3646. 

Li L, Stoeckert C J, Roos D S. OrthoMCL: identification of ortholog groups for eukaryotic 

genomes. Genome research, 2003, 13(9): 2178-2189.  

Luo J, Lyu M, Chen R, Zhang X, Luo H, Yan C. SLR: a scaffolding algorithm based on long 

reads and contig classification. BMC bioinformatics, 2019, 20(1): 539. 

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid multiple sequence 

alignment based on fast Fourier transform. Nucleic acids research, 2002, 30(14): 3059-3066.  

Kim D, Paggi J M, Park C, Bennett C, Slazberg S. Graph-based genome alignment and 

genotyping with HISAT2 and HISAT-genotype. Nature biotechnology, 2019, 37(8): 907-915. 

Koren S, Walenz B P, Berlin K, Miller J, Bergman N, Phillippy A. Canu: scalable and accurate 

long-read assembly via adaptive k-mer weighting and repeat separation. Genome research, 2017, 

27(5): 722-736. 

Marçais G, Kingsford C. A fast, lock-free approach for efficient parallel counting of occurrences 

of k-mers. Bioinformatics, 2011, 27(6): 764-770.  

Nawrocki E P, Eddy S R. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics, 

2013, 29(22): 2933-2935. 

Ou S, Jiang N. LTR_retriever: a highly accurate and sensitive program for identification of long 

terminal repeat retrotransposons. Plant physiology, 2018, 176(2): 1410-1422. 

Sanderson M J. r8s: inferring absolute rates of molecular evolution and divergence times in the 

absence of a molecular clock. Bioinformatics, 2003, 19(2): 301-302.  

Servant N, Varoquaux N, Lajoie B R, Viara E, Chen C, Vert J, Heard E, Dekker J, Barillot E. 

HiC-Pro: an optimized and flexible pipeline for Hi-C data processing. Genome biology, 2015, 16(1): 

259. 

Simão F A, Waterhouse R M, Ioannidis P, Kriventseva E, Zdobnov E. BUSCO: assessing 

genome assembly and annotation completeness with single-copy orthologs. Bioinformatics, 2015, 

31(19): 3210-3212. 

Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with 

thousands of taxa and mixed models. Bioinformatics, 2006, 22(21): 2688-2690.  

Tang H, Lyons E, Pedersen B, Schnable J, Paterson A, Freeling M. Screening synteny blocks in 

pairwise genome comparisons through integer programming. BMC bioinformatics, 2011, 12(1): 102.  

Tian X, Ji J, Wang G, Jin C, Jia C, Li Z. Cloning and functional characterisation of carotenoid 

cleavage dioxygenase 4 from wolfberry. Transactions of Tianjin University, 2017, 23: 62-69. 



Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley D, Pimentel H, Salzberg S, Rinn J, 

Pachter L. Differential gene and transcript expression analysis of RNA-seq experiments with 

TopHat and Cufflinks. Nature protocols, 2012, 7(3): 562-578. 

Vurture G W, Sedlazeck F J, Nattestad M, Underwood C, Fang H, Gurtowski J, Schatz M. 

GenomeScope: fast reference-free genome profiling from short reads. Bioinformatics, 2017, 33(14): 

2202-2204. 

Walker B J, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo C, Zeng Q, 

Wortman J, Young S, et al. Pilon: an integrated tool for comprehensive microbial variant detection 

and genome assembly improvement. PloS one, 2014, 9(11). 

Watson M, Warr A. Errors in long-read assemblies can critically affect protein prediction. Nature 

biotechnology, 2019, 37(2): 124-126. 

Xu Z, Wang H. LTR_FINDER: an efficient tool for the prediction of full-length LTR 

retrotransposons. Nucleic acids research, 2007, 35(suppl_2): W265-W268. 

Yang Z. PAML: a program package for phylogenetic analysis by maximum likelihood. 

Bioinformatics, 1997, 13(5): 555-556. 

 


