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Abstract 
Cornaceae is a core representative family in Cornales, the earliest branching lineage in the Asterids on the life tree of angiosperms. This family 
includes the only genus Cornus, a group of ~55 species. These species occur widely in Northern Hemisphere and have been used as resources 
for horticultural ornaments, medicinal and industrial manufacturing. However, no any genome sequences are available for this family. Here, 
we reported a chromosome level genome for Cornus controversa. This was generated using high-fidelity plus Hi–C sequencing, and totally 
~771.80 Mb assembled sequences and 39,886 protein-coding genes were obtained. We provided evidence for a whole-genome duplication 
event (WGD) unique to C. controversa. The evolutionary features of this genome indicated that the expanded and unique genes might have 
contributed to response to stress, stimulus and defense. By using chromosome-level syntenic blocks shared between eight living genomes, we 
found high degrees of genomic diversification from the ancestral core-eudicot genome to the present-day genomes, suggesting an important 
role of WGD in genomic plasticity that leads to speciation and diversification. These results provide foundational insights on the evolutionary 
history of Cornaceae, as well as on the Asterids diversification.
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1. Introduction
Whole-genome duplication (WGD) has played a dramatic 
role in angiosperm (or flowering plant) diversification.1 The 
genome size and chromosome number of angiosperms fluc-
tuate remarkably, even among close related species, spanning 
1,000-fold and 50-fold, respectively.2–4 WGD and mobile 
elements are two major contributors of genomic evolution. 
Recurring ancient WGD events caused wholescale chromo-
somal rearrangement (such as translocations, inversions, du-
plications, and deletions) and condensations (or fusions) and 
gene loss that have led to genomic differences in synteny and 
collinearity between lineages having the most recent common 
ancestor (MRCA).4 In addition, mobile elements nearly re-
shuffle heterochromatic regions and largely break collinearity 
in these regions.5 Advances in genome DNA sequencing tech-
nologies have provided opportunities to detect WGD events 
by identifying chromosome-like synteny blocks shared be-
tween derived extant genomes and further to infer ancestral 
karyotype evolution.6,7 This is helpful in estimating the role 
of WGD in genomic plasticity that leads to speciation and 
diversification.

The Asterids is one of the major clades of angiosperms, 
including nearly 1/3 of flowering plants. However, little 
is known for its success of early diversification. Cornaceae 
comprising only Cornus L.8 is a core representative family 
in Cornales, the earliest branching lineage in the Asterids 

on the phylogenetic tree of flowering plants.9 There are 
about 55 trees or shrub dogwoods,8 which are one of major 
members of the boreal and tropical forests in the Northern 
Hemisphere. The dogwoods underwent rapid diversifica-
tion and have large-scale morphological heterogeneity, such 
as variables in fruits, inflorescences, and chromosomes.10,11 
This genus is horticulturally important, with many species 
widely cultivated for their showy blossoms and brightly col-
oured fruits. Additionally, some dogwoods produce special 
oil for industrial usage and some are used for medicines in 
China.12–14 Previous molecular systematic studies recovered 
that the dogwoods can be classified into about 10 subgenera, 
corresponding to the four groups identified by inflorescence 
differences.10 However, molecular barcoding markers cannot 
fully resolve evolutionary relationships of the dogwoods, 
leading to systematic controversy and uncertainty to remain 
debated.8,10–12,15,16 Genome sequence unavailability of the dog-
woods has complicated success to resolve their evolutionary 
histories and made a knowledge gap for improving the ac-
curacy of phylogenetic inference and precision of molecular 
dating using genome-scale data.

In this study, we chose C. controversa Hemsl. with 
a chromosome number of 2n = 2x = 2017 for genome-
sequencing. This deciduous canopy tree occurs frequently 
in evergreen broad-leaved forest and coniferous broad-
leaved mixed forest at elevations of 250–2,600 m across 
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China and adjacent countries of Asia.18 It diverged from 
other dogwoods very early with a likely origin since the 
Miocene.19 This species has been widely used for horticul-
tural landscape, medicinal and industrial resources.12–14,18 
Based on high-fidelity (HiFi) and chromosome con-
formation capture (Hi–C) sequencing, we assembled a 
high-quality, chromosome-level genome for this species, 
which is firstly reported for the family Cornaceae. This 
genome data provided an opportunity to understand the 
evolution of genome structure variations and gene families 
of C. controversa by performing comparative genomic ana-
lyses. The genomic evolutionary characteristics revealed 
that the species-specific and significantly expanded gene 
families might have contributed to its widespread adaption 
in the Northern Hemisphere. Furthermore, ancestral karyo-
type reconstructions of the extant Cornales/Asterids make 
it possible to investigate evolutionary forces that drive the 
success of early diversification of the Asterids. These recon-
structed MRCA genomes have identified the genomic frac-
tion conserved across sampled extant genomes following 
genomic changes and can be useful to infer their evolu-
tionary relationships and understand the degrees of gen-
omic plasticity from the MRCA.

2. Materials and methods
2.1. Sample collection and genome sequencing
We collected fresh leaves from one individual plant of C. 
controversa that naturally distributes in Emei Mountain of 
Sichuan, China (E: 103.35, N: 29.56) and immediately stored 
them in liquid nitrogen. The total genomic DNA for genome 
sequencing was isolated from leaves according to a modified 
CTAB method.20 The quality of the extracted DNA was as-
sessed using the ultraviolet-visible spectrophotometer. The 
Illumina libraries with an insert size of 350 bp were prepared 
on PCR-free DNBSEQ platform (BGI, Beijing, China) and 
sequenced on paired-end (PE) 150-bp format system. A total 
of 97.49 gigabases (Gb) (coverage of ~126×) of clean PE reads 
were obtained. High-quality high-fidelity (HiFi) sequencing 
was carried out on PacBio Sequel II platform with Sage ELF 
libraries, sheared with 15 kilobases (kb) fragments using 
Megaruptor 3 (Diagenode). A total of 44.87 Gb (coverage 
of ~58×) HiFi clean reads were generated. Chromosome con-
formation capture, 3C (Hi-C) techniques were used to anchor 
HiFi contigs to the 10 pseudo-chromosomes according to the 
custom procedure.21 The Hi-C sequencing library was con-
structed using NEB Next Ultra II DNA library Prep Kit (New 
England Biolabs, England). Fragments between 400 and 
600 bp were sequenced on Illumina platform with PE 150-bp 
format. A total of 74.36 Gb (coverage of ~96×) of Hi–C raw 
reads were yielded (Supplementary Table S1).

2.2. Estimation of genome size and heterozygosity
Genome size survey for C. controversa was performed in 
GenomeScope based on the k-mer statistics22 using the short 
reads data. The 33 kmer frequency of Illumina short reads was 
used to construct k-mer depth distributions by Jellyfish.23 A 
total of 76,655,126,044 k-mers followed a bimodal distribu-
tion, with a primary peak observed at a depth of 89.70 and 
an additional peak at nearly half of the major depth. The esti-
mated genome size of C. controversa was 768.81 Mb (Table 1 
and Supplementary Fig. S1), and genomic heterozygosity was 
estimated to be 1.09%.

2.3. De novo genome assembly and chromosome 
construction
Adaptors and low-quality reads in the raw Illumina short 
reads were filtered using SOAP nuke v2.1.624 with default 
parameters. The high-quality HiFi reads were used to de 
novo assemble the contigs with HIFIASM v0.15.4r347.25 
Then three rounds of contig polish were carried out in 
Nextpolish1.4.1.26 To confirm the accuracy of assembly, the 
BWA-MEM2 v2.0pre227 was carried out to map the short 
clean reads to the contigs. We then reassembled these pol-
ished contigs to form scaffolds by using the Hi C reads. In 
brief, Burrows Wheeler Aligner28 (BWA) was used to obtain 
uniquely mapped read pairs by mapping the clean Hi–C reads 
to the assembled contigs. HiC Pro v3.0.029 was then applied to 
collect the valid interaction pairs by comparing and filtering. 
3D-DNA v18011430 was conducted to cluster, sort, and 
orientate the contigs to generate a chromosome-level genome 
(Supplementary Fig. S2). To estimate the assembly quality 
and structure of this chromosomal genome, the genome was 
then cut into numerous 1 kb bins, and HiCPlotter (https://
github.com/kcakdemir/HiCPlotter) was executed to plot the 
interaction heat map between any two bins using the number 
of Hi C read pairs between those two bins. We carried out 
Benchmarking Universal Single Copy Orthologs (BUSCO) 
v3.0.231 with embryophyta_odb10 to assess the integrity of 
the genome assembly.

2.4. Repetitive sequence annotation
To structurally annotate repetitive sequences in the C. 
controversa genome, we predicted repetitive elements 
with the application of RepeatModeler open 2.032 and 
RepeatMasker open 4.0.7.33 RECON and RepeatScout in 
RepeatModeler were applied to discover repetitive elem-
ents, and then extract and classify the consensus repeat 
models to construct a repeat library. RepeatMasker was 
used to perform a homology method based on a repeat 
search throughout the C. controversa genome. Finally, the 
same repeat classes in the two approaches were overlapped 
according to the coordinates in the genome. Transposable 
elements (TEs) could have an impact on gene expression 
and function, we thus identified genes with TE insertion 
via overlapping the coordinates between genes and TEs 

Table 1. The assembly and annotation information of the Cornus 
controversa genome

Genomic feature Value 

Estimated genome size (Mb) 768.81

Assembly size (Mb) 771.80

Number of contigs 107

Contig N50 (Mb) 62.64

GC content (%) 35.36

Genome complete BUSCO (%) 97.9

Protein complete BUSCO (%) 94.9

Pesudochromosome number 10

Sequences anchored to chromosomes (Mb) 756.59

Number of protein-coding gene 39,886

Average length of per genes (bp) 4,257.89

Number of CDS 183,344
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throughout the genome. Then GO enrichment was carried 
out in agriGO v2.034 for functional annotation of these 
genes.

Long-terminal repeat (LTR) retrotransposons were ini-
tially predicted by using LTR Finder v1.0235 and LTR har-
vest.36 LTR_retriever was then used to filter the false LTRs by 
checking the structure and sequence features according to (1) 
target site duplications, (2) terminal motifs, and (3) LTR Pfam 
domains. RepeatMasker was used to annotate LTRs based 
on the non-redundant LTR library and the insertion time of 
LTRs was computed by LTR_retriever.37

2.5. Gene prediction and function annotation
A combination of ab initio prediction and protein homolo-
gous mapping was used to annotate the protein-coding genes 
of C. controversa. For de novo prediction, the repeat masked 
genome of C. controversa was used to predict the protein-
coding genes by performing Augustus v.3.2.3,38 GenScan,39 
and GlimmerHMM v.3.0.4.40 For Augustus, we fed the pipe-
line only with the genome sequences of C. controversa, and 
used the parameter of “--species=arabidopsis” for training 
set done automatically (http://bioinf.uni-greifswald.de/au-
gustus/). And both of GenScan and GlimmerHMM were 
also trained on the Arabidopsis thaliana (L.) Heynh. genome. 
For protein homologous mapping, the gene models of C. 
controversa were determined by using GeMoMa v1.6.441 to 
hit the combined protein-coding genes of six species genomes 
including A. thaliana, Camellia sinensis (L.) Kuntze, Nyssa 
sinensis Oliv., N. yunnanensis W. Q. Yin ex H. N. Qin & 
Phengklai, Rhododendron simsii Planch., and Vitis vinifera L. 
(Supplementary Table S2). The consensus gene sets were gen-
erated using Evidence Modeler v1.1.142 by overlapping the ab 
initio and homology-mapping based results.

Functional annotation was carried out using NCBI Blast+ v 
2.2.28 (https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
LATEST/) (E-value ≤ 1e−5) by searching all predicted protein-
coding genes of C. controversa against the public databases of 
COG,43 KOG,43 NCBI-NR,44 Swiss Prot,45 and TrEMBL.45 The 
best hits of Blast were then used to perform prediction of gene 
functions. InterProScan v.5.2846 and HMMER v3.1b247 were 
used to identify protein domains and motifs by searching the 
protein sequence against the databases of InterPro and Pfam. 
Gene Ontology (GO) terms for each gene were achieved using 
Blast2GO v4.1 (http://www.blast2go.org/) from InterPro or 
Pfam entries. Ortholog assignment and pathway mapping 
were performed in KASS-KEGG Automatic Annotation 
Server (http://www.genome.jp/tools/kaas) using BLAST 
(E-value ≤ 1e−5) method.

2.6. Gene family and phylogenetic analysis
A total of 12 species, including C. controversa, Cercidiphyllum 
japonicum Siebold & Zucc. ex J. J. Hoffm. & J. H. Schult. bis 
(available at https://bigd.big.ac.cn/?xml:lang=en), V. vinifera 
(ENA, PRJEB37020), Rhododendron delavayi Franch. (NCBI, 
PRJNA659608), Actinidia rufa (Siebold & Zucc.) Planch. ex 
Miq. (NCBI, PRJDB8483), Camptotheca acuminata Decne. 
(available at https://doi.org/10.6084/m9.figshare.12570599 
and https://doi.org/10.6084/m9.figshare.12570614), Davidia 
involucrata Baill. (NCBI, PRJNA596897), Lactuca sativa 
L. (NCBI, PRJNA173551), Apium graveolens L. (NCBI, 
PRJNA593940), Salvia splendens Sellow ex Schult. (DDBJ/
ENA/GenBank, PNBA00000000), Coffea canephora Pierre 
ex A. Froehner (NCBI, PRJEB4211), and Catharanthus roseus 

(L.) G. Don (NCBI, JQHZ00000000), were selected to iden-
tify the orthologous groups (Fig. 2a). The longest transcript 
for each gene was used to represent the gene. Sequence simi-
larities were determined using All-vs.-all gene alignments in 
BLAST (E-value ≤ 1e−5). Gene family memberships were con-
structed using Markov Chain Clustering (MCL) in OrthoMCL 
v 2.0.9.48 Single-copy orthologous groups were then extracted 
from OrthoMCL results, and their protein-coding sequences 
were aligned using MAFFT v7.4.02.49 RAxML50 was used to 
construct a maximum likelihood (ML) tree with C. japonicum 
plus V. vinifera as outgroup. The robustness of each node was 
tested by running 1,000 bootstrap analyses. We used concat-
enated CDS alignments to estimate species divergence time 
with MCMCTree in PAML v4.9.51 The parameters were set to 
10,000 burn-in, 20,000 MCMC runs and sampling frequency 
every 1,000 runs. Two independent runs were performed to 
check the convergence. Based on Bayesian relaxed molecular 
clock approach, we used the divergence time, 106.0–118.9 
million years ago (Mya) between C. acuminata and L. sativa 
(retrieved from the TimeTree database, available at http://
www.timetree.org/) to calibrate this phylogenetic tree.

Expansion or contraction of gene families was identified 
using CAFÉ v3.152 in the above inferred time tree of the 12 
sequenced genomes, with the p-value set to 0.05 and the 
parameter λ value for each branch estimated using random 
searching. Functional annotation of genes that had under-
gone significant expansion was performed using GO enrich-
ment in agriGO v2.0.34

Plant resistance (R) genes are a gene group that plays an 
important role in pathogen recognition pathways.53 R genes 
usually contain two conserved domains, that is, nucleotide-
binding site (NBS) domain and leucine rich repeat (LRR) 
domain. R genes can be further divided into three classes ac-
cording to the domain types in the N terminal region, namely 
CNL (CC NBS LRR), RNL (RPW8 NBS LRR), and TNL (TIR-
NBS LRR).54 We thus performed the hidden Markov model 
(HMM) and BLAST searching to identify R genes in the C. 
controversa, C. acuminata, D. involucrata, and A. thaliana 
genomes. In brief, we first performed HMMSCAN in 
HMMER v3.1b2 to search the HMM profile of the NB-ARC 
domain (Pfam no. PF00931) against each protein sequence 
file of the four genomes. We then used BLASTp to search the 
protein sequences of the NB-ARC domain against the protein 
sequence file of each genome. After merging all hits identified 
from HMMSCAN and BLAST analyses and filtering the re-
dundant ones, we obtained the R gene sequences of these four 
genomes. Furthermore, we carried out Pfam and coiled-coil 
(CC) analyses to detect LRR, RPW8, TIR, zf-BED, and CC 
domains in these R gene sequences. Paircoil255 (the threshold 
set of 0.025) and COILS software (http://www.ch.embnet.
org/software/COILS_form.html) were used for identifying 
CC domain.

2.7. Demographic history
To explore whether the population size (Ne) expansion has 
contributed to the widespread distribution of C. controversa 
and C. acuminata compared to D. involucrata which has a 
narrow geographic distribution,56 a Pairwise Sequentially 
Markovian Coalescent (PSMC) model v0.6.5-r6757 (https://
github.com/lh3/psmc) was carried out to estimate their his-
torical dynamics in Ne. The Illumina short clean reads of each 
species were mapped to the corresponding assembled gen-
omes to get the consensus sequences by using BWA-MEM2 
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v2.0pre227 and SAMtools v1.9.58 PSMC analysis was per-
formed by setting the parameters of ‘−N25 − t15 − r5 − p 
“4 + 25 × 2 + 4 + 6”’, with the generation time of 15 years 
and a mutation rate of 3.65 × 10−8 per site per year for all 
species.

2.8. Whole-genome duplication analysis
To provide evidence for the lineage-specific whole-genome du-
plicate (WGD) events, we selected three species, including C. 
controversa, D. involucrata, and V. vinifera to find collinear 
blocks both between species and within each species by using 
MCScanX4 with default parameters. For each block, at least 
five collinear gene pairs were contained. Synonymous substi-
tution rates per gene (Ks) of each collinear gene pair were cal-
culated using WGDI59 with a parameter of ‘-ks’ by YN00. We 
then extracted the median Ks values of each collinear block 
to plot the density distribution curve of Ks probability using 
the kernel smoothing function in MATLAB, by setting default 
parameters of Ks density and bandwidth. Multi-peak fitting 
curve was estimated using the vcftools in MATLAB, with the 
coefficient (R2) set to 0.95. To validate whether the identified 
WGD events were shared among the families in the Cornales, 
we further examined the gene duplication events across the 
phylogeny of the above mentioned 12 species. First, according 
to the results of gene family clustering by OrthoMCL, we 
selected the clusters with more than four genes contained for 
the following analysis. Next, we reconstructed an independent 
gene tree for each cluster using IQ-TREE (http://www.iqtree.
org/) by setting the parameters of ‘-m MFP -bb 1000 -bnni -nt 
AUTO -redo’. With the phylogeny of the 12 selected angio-
sperms used as a reference of species tree, we used NOTUNG60 
algorithm to obtain the gene trees that were consistent with 
the species-tree, and then to count gene duplication events for 
all internal nodes and terminal taxa in each tree with the par-
ameter setting of ‘--threshold 50%’. Gene duplication events 
were determined by two measures: (i) two child branches need 
have genes from at least one common species; (ii) bootstrap 
value at each internal node was greater than 50%. The final re-
sult of gene duplication events was summarized and presented 
on the species tree. We finally scaled the time of WGD in the 
C. controversa genome using the time of the γ event of 115–
130 Mya.61 Additionally, we performed MCScanX to identify 
the duplication gene types of all genes in the genome of C. 
controversa, and then extracted the duplication genes resulted 
from the recent WGD for the GO enrichment in agriGO v2.0.

2.9. Ancestral karyotype reconstruction
To understand how the genomes have evolved within 
Superasterids/Asterids/Cornales, we reconstructed their an-
cestral karyotypes by selecting eight extant species genomes, 
including C. acuminata, C. controversa, D. involucrata, A. 
rufa, L. sativa, S. splendens, and Amaranthus hybridus L., 
and with C. japonicum from the family Cercidiphyllum used 
as outgroup. The operation procedure was generally ac-
cording to WGDI,59 and the specific workflow was consisted 
of three main steps: (i) polyploidy inference using Dotplot, 
Collinearity extraction, and Ks distributions; (ii) hierarchical 
inference of genomic homology; (iii) subgenomic and ances-
tral genome reconstruction and other evolutionary scenarios. 
In brief, we first processed the genomic and annotation data of 
the eight species according to the WGDI format requirements 

and then carried out the protein sequence alignment using 
the MMseqs2 (https://github.com/soedinglab/MMseqs2), 
a blastp like software method. Afterward, the homologous 
chromosome fragment identification was performed using a 
dynamic programming algorithm based on gene synteny, and 
the Ks values of homologous gene pairs were also calculated. 
The resulting syntenic blocks and Ks values were used to infer 
the occurrence of genomic duplications. Since the haploid 
chromosome number of C. japonicum (x = 19) was close to 
that of the ancestral core eudicots (x = 21), we thus mapped 
the C. japonicum genome to the other seven species to infer 
the karyotype evolution of their MRCA.

3. Results
In this study, we combined three different sequencing strat-
egies to de novo produce a high-quality, chromosome-level 
genome of C. controversa, including ~97.49 Gb Illumina PE 
short reads, ~44.87 Gb HiFi reads, and ~74.36 Gb Hi–C 
reads (Supplementary Table S1). The estimated genome size of 
C. controversa was 768.81 Mb (Table 1 and Supplementary 
Fig. S1). The de novo assembled C. controversa genome 
was 771.80 Mb in length and contained 107 contigs. Based 
on ~96× Hi–C reads, 55 out of 107 contigs (~756.59  Mb, 
98.03% of the original assembly) were anchored to 10 
pseudo-chromosomes (Fig. 1 and Table 1). The contig N50 
length of the assembled genome was 62.64  Mb, which is 
much higher than many recently reported genomes using 
PacBio sequencing (e.g. Chen Y., Li M.J., and Kang M.H.62–

64). The overall GC-content of the C. controversa genome was 
35.36% (Table 1 and Supplementary Table S3). The max-
imum and minimum chromosome lengths were 129.13 Mb 
and 48.29  Mb, respectively (Supplementary Table S4 and 
Supplementary Fig. S2). The assembled quality of the C. 
controversa genome was assessed according to the following 
aspects: (i) more than 98.56% Illumina short reads could be 
properly mapped to the genome assembly (Supplementary 
Table S3); (ii) a total of 1,580 (97.90%) orthologs and 1,481 
(91.80%) single-copy orthologs specific in C. controversa 
were found to be complete in BUSCO assessments (Table 1 
and Supplementary Table S5). These results indicated that 
a highly contiguous, complete, and accurate genome of C. 
controversa was reported.

A total of 39,886 protein-coding genes accounting for 
94.90% in complete BUSCO (Table 1 and Supplementary 
Table S6) were identified in the C. controversa genome, with 
the average gene length of 4,257.89  bp, the average CDS 
length of 1,103.77 bp, the average exon length of 239.95 bp, 
and the average intron length of 877.16  bp, respectively 
(Supplementary Table S7). The mean exon counts per gene 
were 4.60 in the C. controversa genome. These results sug-
gested a conversed evolution of protein-coding genes in the 
C. controversa genome, when compared with the closely 
related species (C. acuminata and D. involucrata) genomes 
(Supplementary Table S7). However, when compared to C. 
acuminata and D. involucrata, a rather shorter gene length 
was observed in C. controversa mainly due to fewer exons and 
introns in each gene, plus a shorter average intron length per 
gene (Supplementary Table S7). In addition, all these protein-
coding genes were aligned with public annotated protein data-
base for homology: COG (28.30%), GO (28.32%), KEGG 
(17.99%), KOG (43.00%), Swiss Prot (53.80%), TrEMBL 
(84.01%), and NCBI NR (79.90%; Supplementary Table 
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S8). Functional annotation using InterProScan and HMMER 
showed that 95.93% of these protein-coding genes possessed 
conserved protein domains. Finally, 80.16% of the protein-
coding genes (31,973) were functionally annotated.

Transposable elements (TE) were found to constitute 
52.23% of the C. controversa genome, in which LTRs were 
most abundant, accounting for 26.62% (201,404,289 bp) of 
the assembled genome (Supplementary Table S9). The time of 
LTR insertion in the C. controversa genome was estimated to 
begin at 5.30 million years ago (Mya), and reached to a peak at 
1.99 Mya, which both were much older than those in the gen-
omes of C. acuminata (began to burst at 4.00 Mya and reach 
to a peak at 0.24 Mya) and D. involucrata (began to burst at 
4.00 Mya and reach to a peak at 0.70 Mya; Fig. 2b). The GO 

enrichment analysis of genes with TE insertion were mainly 
correlated with macromolecular methylation/modification, 
stress response and DNA repair (Supplementary Figs. S3–S5).

3.1. Phylogenetic analysis and gene family 
evolution
We selected 12 species from the Rosanae to infer phylogen-
etic relationships with V. vinifera and C. japonicum used as 
outgroup. A total of 39,886 C. controversa genes were clus-
tered into 17,948 gene families, of which, 7,176 (44.83%) 
gene families were shared with the other 12 species and 
1,494 ones were unique to C. controversa (Supplementary 
Table S10). The GO enrichment analysis revealed that those 
unique genes were functionally involved in responding to 

Figure 1. Overview of the chromosome features of Cornus controversa in 500 kb sliding windows for each pseudochromosome. Tracks from outside to 
inside respectively correspond to (i) pseudochromosome number; (ii) gene density and (iii) GC content. Links in the core connect syntenous genes of C. 
controversa; (iv) Copia density (low to high, from undertint to dark blue), (v) Gypsy density (low to high, from undertint to dark red), and (vi) total repeat 
density (low to high, from undertint to dark red). Links in the core connect syntenous genes of C. controversa.
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stress and stimulus and defense response (Supplementary 
Figs. S6 and S7).

We selected 70 single-copy genes across the sampled 12 
species to infer a phylogenetic tree using RAxML.50 We 
found that C. controversa was sister to the Nyssaceaes spe-
cies, that is, C. acuminata and D. involucrata. Then, all of 
them constituted the Cornales and were sister to A. rufa + R. 
delavayi (Fig. 2a). The divergence time estimation indicated 
that C. controversa diverged from the Nyssaceae clade at 
97.03 Mya. The divergence of the Cornales—Ericales and the 
Lamiids—Campanulids occurred at 111.71 Mya (Fig. 2a and 
Supplementary Fig. S8).

The gain and loss of gene families play critical roles in 
plant evolution. Our computational analysis of 43,056 
gene families among the 12 selected species found a total 
of 1,876 and 7,335 gene families to be expanded and con-
tracted in C. controversa, respectively (Fig. 2a). Based on 
the MCScanX result, we further classified the 6,326 genes 
of 1,876 expanded gene families into five classes according 
to their origins and locations: singleton (0.71%, 45), dis-
persed (32.03%, 2,026), proximal (7.73%, 489), tandem 
(36.93%, 2,336), and WGD/segmental (22.61%, 1,430) 
(Supplementary Table S11). This likely suggested that WGD 
and tandem duplication had played an important role in con-
tributing to the expansion of gene families in C. controversa. 
GO enrichment analysis revealed that the expanded genes in 
C. controversa were mainly related to molecular and cellular 
functions (Supplementary Fig. S7 and Supplementary Tables 
S12–S13).

3.2. Demographic history
We employed the pairwise sequentially Markovian coalescent 
(PSMC) method to infer dynamic histories of the effective 
population size (Ne) of C. controversa, C. acuminata, and 
D. involucrata. Our PSMC result showed that C. controversa 
and D. involucrata had a similar Ne at 3 Mya, which was 
slightly larger than that of C. acuminata (Fig. 2c). Since then, 
C. acuminata and C. controversa experienced a rapid increase 
of Ne during 0.5–3.0 Mya; meanwhile, a relatively stable Ne 
was observed in D. involucrata. The first sharp decline of 
Ne in C. controversa and C. acuminata occurred from 0.5 
to 0.02 Mya, while a relatively gradual decline of Ne oc-
curred in D. involucrata at the same time. Following the end 
of Last Glacial Maximum (LGM), the Ne of D. involucrata 
and C. controversa continued to decline with the Ne of C. 
controversa larger than that of D. involucrata. However, C. 
acuminata recovered its Ne during 0.02–0.01 Mya, making it 
much larger than those of D. involucrata and C. controversa 
(Fig. 2c).

3.3. Whole-genome duplication analysis
To investigate the whole-genome duplication (WGD) history 
in the C. controversa genome, we established the distribution 
of synonymous substitutions per synonymous site (Ks) using 
syntenic paralogs. We found C. controversa, C. acuminata, 
and D. involucrata experienced independent WGD after 
the shared γ (whole genome triplication) event in all core-
eudicots.61 The species-specific WGD in C. controversa oc-
curred at the peak of Ks of ~0.478, which was slightly earlier 

Figure 2. Genomic evolutionary history of Cornus controversa. (a) Phylogenetic tree for C. controversa and other 11 angiosperms. All branch bootstrap 
values are 100. The pie chart and the corresponding positive and negative numbers represent the expanding and contracting gene families; the 
corresponding proportions among the total changes are shown using the same colours in the pie charts. The estimated divergence time (million years 
ago, Mya) is indicated at each node. The histograms represent the gene investigation of this phylogenetic tree based on software of orthoMCL. (b) 
Insertion time of long-terminal repeat (LTR) retrotransposons in C. controversa, Davidia involucrata, and Camptotheca acuminata. Mya, million years 
ago. (c) Demographic histories for C. controversa, D. involucrata, and C. acuminata inferred using pairwise sequentially markovian coalescent (PSMC) 
model.
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than the divergence between C. controversa and D. involucrata 
(Ks peak: ~0.440), but slightly later than C. controversa and 
C. acuminata (Ks peak: ~0.524) (Fig. 3a). When performing 
intergenomic analysis between V. vinifera, C. controversa, C. 
acuminata, and D. involucrata, we observed a clear syntenic 
depth ratio of 1:2 of the large collinear blocks within the 
intergenomic analysis of V. vinifera and C. controversa, and a 
syntenic depth ratio of 2:2 was identified in the intergenomic 
analyses of Cornales (Supplementary Figs. S9–S11 and Fig. 
3b and c). To validate whether these three species shared a 
recent WGD, we performed gene duplication analysis. A total 
of 16,591 clusters (35.5% of all orthologous clusters) were 
obtained among the 12 selected angiosperms, and 15,364 
gene trees were retained through topology reconciliation be-
tween gene tree and species tree. Our results showed that 
2,542 genes in C. controversa, 9,015 genes in C. acuminata 
and 10,716 genes in D. involucrata experienced duplication, 
respectively. However, only 460 genes experienced duplication 
at the nearest common ancestor node of C. controversa and 
C. acuminata + D. involucrata, and 3,532 genes at the nearest 
common ancestor node of C. acuminata and D. involucrata 
(Supplementary Fig. S12). As a consequence, the ratios of the 
Cornales (0.18 of 460/2,542, 0.05 of 460/9,015 and 0.04 of 
460/10,716) were largely less than those of the Nyssaceae 
family (0.39 of 3,532/9,015 and 0.33 of 3,532/10,716), 
suggesting an independent WGD event for C. controversa, 
and a recently shared WGD between C. acuminata and D. 
involucrata.61 This conclusion was also supported by the Ks 
distribution62 and syntenic depth ratios (Fig. 3). When scaling 
the time of the WGD event in C. controversa by the core-
eudicot γ event of 115–130 Mya,61 we found C. controversa 
encountered polyploidization approximately at 45.38–51.30 
Mya. Additionally, we identified 4,620 duplicated genes re-
sulted from the recent WGD in the C. controversa genome, 
and they showed functions associated with biosynthetic and 
metabolic processes (Supplementary Fig. S13).

3.4. Evolution of resistance-related (R) genes
We totally identified 275 R genes in the C. controversa 
genome, including 65 CNL genes, 1 RNL gene and 47 TNL 
genes (Supplementary Table S14). The counts of R genes 
in three closely related species were similar, with 270 and 
316 R genes respectively identified in C. acuminata and D. 
involucrata, but the counts of R genes in these three species 
were highly higher than that in A. thaliana (Supplementary 
Table S14). Furthermore, D. involucrata had nine TNL genes, 
which was much lower than those of C. controversa (47), C. 
acuminata (23), and A. thaliana (75) (Supplementary Table 
S14), while D. involucrata had much more CNL genes than 
the other threes (Supplementary Table S14). We used R genes 
having complete domains from these four species to construct 
a phylogenetic tree. The resulting topology showed that all 
R genes were classified into CNL, RNL, and TNL groups 
(Supplementary Fig. S14).

3.5. Ancestral karyotypes of the modern Asterids
Ancestral karyotype reconstruction is greatly helpful in 
estimating the role of polyploidization in genomic plasticity 
that leads to speciation and diversification. We thus did that 
by refining the ancestral core-eudicot karyotype (AEK) as a 
post-γ AEK with 21 protochromosomes.7 A comparison of 
the C. japonicum genome and the post-γ AEK revealed a 
chromosome fusion event, which derived C. japonicum with 

19 chromosomes.65 We inferred the ancestral Superasterids 
karyotype (ASK) by defining the synteny and collinearity of 
ancestral genes among the genomes of C. japonicum and A. 
hybridus (Supplementary Fig. S15). The inferred ASK was re-
fined with 19 protochromosomes and two chromosome fu-
sion events were arisen from the post-γ AEK to the ASK (Fig. 
4). We then reconstructed the ancestral Cornales karyotype 
(ACK) by performing a comparison of the extant Cornales 
genomes and the C. japonicum genome (Supplementary 
Figs. S16–S18). The reconstructed ACK was refined with 14 
protochromosomes and seven chromosome condensations 
from the post-γ AEK to the ACK were identified (Fig. 4). 
On the basis of this analysis, the ancestral Asterids karyo-
type (AAK) was also refined with 14 protochromosomes 
and no clear chromosome condensation occurred from the 
AAK to the ACK (Fig. 4). However, three chromosome fu-
sions from the ACK to the ancestral Nyssaceae karyotype 
(ANK) were observed and the ANK was refined with 12 
protochromosomes (Fig. 4). The degrees of genomic ar-
rangements and chromosomal fusion changes were signifi-
cantly higher in C. controversa than those in the Nyssaceae 
lineage (both C. acuminata and D. involucrata) (Fig. 4). To 
validate the precise nature of AAK, pairwise comparisons of 
the genomes between C. japonicum and the other Asterids 
including Ericales (A. rufa), Lamiales (S. splendens), and 
Asterales (L. sativa) were also performed. The AAK with 14 
protochromosomes was robustly supported by full deconvo-
lution of the completely conserved synteny and paralogy be-
tween the pairwise genomes of C. japonicum and the other 
three Asterids families (Supplementary Figs. S19–S21). Based 
on these analyses (Fig. 4), the lineage-specific polyploidization 
events were also observed. An independent WGD event was 
respectively identified in A. rufa, Amaranthus hybridus, C. 
controversa, and the family Nyssaceae. Additionally, whole-
genome triplication (WGT) in L. sativa and three independent 
WGD events in S. splendens were also detected (Fig. 4). These 
results agreed with previous reports. The evolutionary rela-
tionships among the sampled eight species were also inferred 
based on the results of protein sequence alignments and hom-
ology dotplots, which were consistent with that inferred from 
the orthologous genes (Fig. 2a).

4 Discussion
In addition to the multipurpose functions in ecology and 
economy, dogwoods also have a key position in the evolution 
of the Asterids, while the lack of a chromosome-level reference 
genome is a serious constraint to boost relevant research. In 
this study, we report the genome sequences for one dogwood 
plant, C. controversa, with a combination of Illumina, HiFi, 
and Hi-C sequencing technologies. The genome assembly as-
sessments suggest a highly-quality chromosome genome to-
ward continuity and gene annotation. This is the first report 
of the genome sequences for the family Cornaceae. The gen-
omic sequences are critical to investigate genome evolution of 
C. controversa by performing comparative genomic analyses, 
as well as to study karyotype evolution of the Asterids by 
comparing chromosome-level synteny blocks.

The assembly genome C. controversa is 771.80  Mb in 
length, and more than 98.54% of the assembled sequences 
were anchored on 10 pseudochromosomes. Compared 
to other two closely related species, the genome size of C. 
controversa is ~2.2 fold greater than that of C. acuminata 
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(414.95  Mb),64 but is smaller than that of D. involucrata 
(1,169 Mb)62 (Supplementary Table S7). WGD events and TE 
bursts are two most common aspects for the genome size dif-
ferences.66 We found C. controversa and C. acuminata—D. 
involucrata62 experienced one independent recent WGD ex-
cept the shared γ event of all core-eudicots, respectively. The 
gene number in C. controversa (39,886) is close to that of 

D. involucrata (42,554), but greatly higher than that of C. 
acuminata (27,940). Given the similar average length per gene 
between C. acuminata and D. involucrata, but rather shorter 
in C. controversa (Supplementary Table S7), it is conclusive 
that WGD cat not fully explained their genome size differ-
ences. The genome assemblies and annotations found that the 
TE sequences occupy 66.00% (771.59  Mb) of the genome 

Figure 3. Polyploidization analysis of the Cornus controversa genome. (a) Distribution of synonymous nucleotide substitutions (Ks) among C. 
controversa and other three species. (b) Collinear relationships between C. controversa, Davidia involucrata, and Camptotheca acuminata. All banded 
lines in the background indicate syntenic blocks between the genomes spanning more than 15 genes; some of the 2:2 syntenic blocks are highlighted 
with bright lines. (c) Syntenic block dotplot between C. controversa and D. involucrata. A syntenic depth ratio of 2:2 is shown using squares and solid 
lines.
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sequences in D. involucrata,62 which is much larger than those 
in C. controversa (390.32  Mb, 52.23%) and C. acuminata 
(156.37 Mb, 37.68%). In summary, the genome size expan-
sion in D. involucrata and C. controversa compared to C. 
acuminata likely stem from the TE bursts, especially the LTR 
expansion which has a profound impact on variations of gene 
length and number.

Our PSMC-based demographic histories of the three 
Cornales species recovered contrasting demographic histories 
for the endangered relict D. involucrata and the widespread 
C. acuminata and C. controversa. Effective population size 
(Ne) of D. involucrata failed to recover at the end of the last 
glaciation maximum (LGM, 26.5–19 kaBP)67 may have con-
tributed much to its population collapse.62 Despite a smaller 
Ne of C. controversa at the end of the LGM, its widespread 
distribution may suggest substantial genetic variability and 
enough adaptive potential for recovery. The genome evolu-
tionary features of C. controversa also provide support for 
this hypothesis when considering the expanded and unique 
genes that are functionally correlated to response to stress, 
stimulus, and defense. However, this hypothesis need further 
evidence from population genetics.

In this study, we inferred the ancestral Superasterids 
karyotype (ASK, 19 protochromosomes), the ances-
tral Asterids karyotype (AAK, 14 protochromosomes), 
and the ancestral Cornales karyotype (ACK, 14 
protochromosomes), providing an overview of genome 
evolution from the ancestral core-eudicot (AEK, a post-γ 
AEK with 21 protochromosomes) to the eight present-
day genomes. Although no shared paleopolyploidization 

events were found in the ASK, AAK, and ACK, the rela-
tively recent WGD events have independently happened in 
C. controversa, Nyssaceae, Actinidia rufa, Lactuca sativa, 
Salvia splendens, and Amaranthus hybridus (Fig. 4). The 
early diversification of Asterids mostly during the last 
117–70 million years of evolution (Fig. 2a), in the con-
text of the era of Cretaceous–Paleocene (K–Pg) mass spe-
cies extinction,68 might have benefited from the genomic 
plasticity inherited through the shared polyploidization 
events of eudicots (γ).7,69 The post-polyploidization com-
partments from the AEK likely acting as a reservoir of 
genomic plasticity for speciation and diversification have 
been specialized at chromosomal structures, and therefore 
present diverse degrees of synteny and collinearity among 
different species (Fig. 4).7,69 Furthermore, the genomic plas-
ticity inherited from the relatively recent polyploidization 
may have derived lineage-specific diversification, in the 
context of increasingly environmental changes (such as 
cooling and aridification) during the following 60 million 
years of evolution.69 Our inferred evolutionary framework 
of ASK, AAK, and ACK, with a comparison of them with 
the present-day extant species, advances our understanding 
and provides fundamental insights on the genomic plas-
ticity to speciation and diversification. These inferred an-
cestral karyotypes recovered that polyploidization has 
caused different degrees of genomic changes at the species, 
subgenome, and even gene levels (Fig. 4), as previous re-
port.7,70,71 Overall, our inferred ancestral karyotypes and 
evolutionary frameworks are useful in understanding the 
success of the Asterids diversification.

Figure 4. Ancestral karyotypes of Superasterids/Asterdis/Cornales from the ancestral core-eudicot karyotype (AEK). The known AEK is illustrated with 
21-colour code. WGD, whole genome duplication. WGT, whole genome triplication. The chromosome fusions and fissions that shaped the modern 
karyotypes from the AEK are shown on the tree branches. The protochromosome number of most recent common ancestor and chromosome number 
of extant sampled species are indicated using Roman numbers from left to right along with an arrow. ASK: the ancestral Superasterids karyotype; AAK: 
the ancestral Asterids karyotype; ACK, the ancestral Cornales karyotype; ANK: the ancestral Nyssaceae karyotype.
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