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Abstract
Background  The genus Ainsliaea DC. is the largest group in the tribe Pertyeae (Pertyoideae, Asteraceae). Ainsliaea 
gracilis Franch., a medicinal plant endemic to China, is used as a traditional Chinese medicine to treat hemoptysis, 
phlegmon, and traumatic injuries. However, genomic research of molecular mechanisms of medicinal secondary 
metabolite biosynthesis for this species is limited by the absence of nuclear genome. To address this gap, we provided 
a high-quality chromosome-level genome of A. gracilis with comprehensive structural and functional annotations.

Results  The genome assembly obtained by PacBio HiFi and Illumina Hi-C sequencing technologies was 1,161 Mb 
and anchored onto the 13 pseudochromosomes, achieving an anchor rate of 99.14%. The contig and scaffold N50 
values were 60.20 Mb and 92.53 Mb, respectively. The BUSCO completeness score was 97.70%. The LTR Assembly 
Index (LAI) score was 22.75, surpassing the high-quality assembly threshold of 20. The genome annotations 
indicated 35,803 protein-coding genes (PCGs), 6,058 non-coding RNA genes (ncRNAs) and 72.20% repetitive 
elements. Gene family expansions and contractions were observed among 13 Asteraceae species, with contractions 
generally exceeding expansions. Phylogenomic analysis revealed that Pertyoideae was identified as the basal group 
of Asteraceae. Both A. gracilis and four Carduoideae species experienced a single, most recent whole genome 
duplication event. Molecular clock estimations pinpointed the divergence of the four subfamilies at 43.98 million 
years ago.

Conclusions  This study fills a critical gap in the nuclear genome data of Pertyoideae (Asteraceae). It provides not only 
a high-quality genomic resource for developing molecular markers and exploring gene clusters related to medicinal 
secondary metabolite, but also proposes a practical framework for assembling other complex genomes within 
Pertyoideae. This work lays a solid foundation for the future phylogenomic studies of Pertyoideae and Asteraceae.

Keywords  Ainsliaea gracilis, PacBio HiFi, Hi-C scaffolding, De novo assembly, Comparative genomics

A de novo assembled chromosome-
level genome of Ainsliaea gracilis Franch. 
(Pertyeae, Asteraceae) and its comparative 
phylogenomics within Asteraceae
Xinyu Chen1,2, Tianmeng Qu2, Xinyi Zheng2, Yanru Zhang2, Liang Dou3,4, Yizhen Shao5, Mingcheng Wang6* and 
Zhixi Fu1,2,7*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12870-026-08155-z
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-026-08155-z&domain=pdf&date_stamp=2026-2-4


Page 2 of 18Chen et al. BMC Plant Biology          (2026) 26:431 

Background
The genus Ainsliaea DC., the largest group in the tribe 
Pertyeae (Pertyeae, Asteraceae), comprises around 59 
species of perennial herbs recorded [1–5]. The species 
of this genus are primarily distributed across Afghani-
stan, Himalayas, central, western, and eastern China, the 
Korean Peninsula, and Japan [2, 5–7]. In China, around 
40 species (ca. 30 endemic) are found in the Yangtze 
River Basin and its southern provinces, particularly in 
the southwestern provinces (Yunnan, Sichuan, and Tibet) 
[8–13]. Currently, Ainsliaea is classified into two subgen-
era, including A. subg. Ainsliaea (58 species) and A. subg. 
Diaspananthus (Ainsliaea uniflora Sch.Bip., endemic to 
Japan) [5]. Within A. subg. Ainsliaea, four sections are 
recognized, namely A. sect. Aggregatae (24 species), A. 
sect. Ainsliaea (33 species), A. sect. Alternae (Ainsliaea 
lancifolia Franch., endemic to central and southwest-
ern China), and A. sect. Intermediae (Ainsliaea nana 
Y.C.Tseng, endemic to Sichuan, China) [5]. Most spe-
cies of the genus inhabit forest understory, significantly 
contributing to soil-water conservation and ecological 
sustainability [14]. Moreover, the genus includes sev-
eral species of medicinal importance in traditional Chi-
nese medicines [15, 16]. For example, Ainsliaea gracilis 
Franch., a species of sect. Aggregatae, has long been used 
for treating hemoptysis, phlegmon, and traumatic inju-
ries [17]. This species typically grows in mountainous for-
ests or streamside crevices at elevations of 400-1,600 m 
[10].

However, the phylogenetic position of Ainsliaea and 
its related genera has long been debated. Kim et al. [18] 
provided early evidence supporting the monophyly of 
Ainsliaea and placed it together with Myripnois Bunge 
and Pertya Sch.Bip. in the tribe Mutisieae (Mutisioideae), 
while Panero and Funk [4, 19] placed Ainsliaea, Macro-
clinidium Maxim. (endemic to Japan), Myripnois, and 
Pertya in the tribe Pertyeae (Pertyoideae). Subsequent 
studies using molecular or morphological data largely 
supported this treatment [1, 2, 6, 14, 20], although Gao et 
al. [10] and Hind [21] insisted on assigning these genera 
to Mutisieae. In addition, recent evidence even suggested 
merging Myripnois into Pertya [14, 22, 23]. Overall, 
despite advances in elucidating both intra- and interge-
neric relationships within Ainsliaea, the circumscription 
and taxonomic status of Pertyeae remain unresolved. To 
date, most studies of Ainsliaea and its related genera have 
primarily relied on genome-skimming [4–6, 14, 18, 19, 
23] or transcriptomes data [20, 24]. Broader taxon sam-
pling and high-resolution nuclear genome data are there-
fore essential to further clarify the evolutionary history of 
these taxa. Currently, nuclear genome-based comparative 
and phylogenomic analyses have proven to be powerful 
tools for elucidating plant identification [25], evolution-
ary history [26–32], biosynthetic pathways [26, 32–35], 

and adaptive mechanisms [27, 28, 36, 37]. Assessing the 
current availability of nuclear genomes across Asteraceae 
provides critical context for such efforts.

Asteraceae is recognized as comrising 16 subfamilies, 
45-50 tribes, and 176-190 subtribes to date [24, 38, 39]. 
Phylogenetic reconstruction of the family was nearly 
complete using transcriptomes and genome-skimming 
datasets from 706 species representing 16 subfamilies, 
41 tribes, and 144 subtribes [24]. Nevertheless, nuclear 
genomic resources of Asteraceae have not been exten-
sively reported. Recently, the rapid advancement of high-
throughput sequencing technologies has greatly reduced 
the cost and increased the accessibility of nuclear 
genome data. Helianthus annuus L. [40, 41] was the 
first species in the family Asteraceae to have its nuclear 
genome sequenced. In 2011, Kane et al. [40] initiated the 
genome sequencing of H. annuus using next-generation 
whole-genome shotgun data. Although the final assembly 
covered only approximately 85% of predicted genome, 
it marked a pivotal milestone in the genomic study of 
Asteraceae. In 2017, Badouin et al. [41] reassembled the 
genome of H. annuus using third-generation sequenc-
ing data generated by the PacBio RS-II platform. They 
obtained a high-quality 3.0 Gb genome and successfully 
constructed 17 pseudochromosomes with a high anchor 
rate of 97%. These pioneering efforts laid the groundwork 
for assembling nuclear genome in Asteraceae, gradually 
leading to the sequencing of 35 species to date [42]. How-
ever, these sequenced species are limited to only three 
subfamilies [42], including Carduoideae [43–46], Cicho-
rioideae [45, 47, 48], and Asteroideae [40, 41, 49–51]. 
These subfamilies also represent the three largest groups 
within Asteraceae [39].

Given that nuclear genomes have been sequenced for 
only three subfamilies, substantial gaps persist across the 
other 13. Particularly, nuclear genome data for Pertyoi-
deae remain unavailable to date. Decoding the genome 
of the medicinal plant A. gracilis will provide essential 
resources for elucidating the biosynthesis pathways of 
medicinal secondary metabolites [52]. Ultimately, these 
resources will benefit not only the genus Ainsliaea, but 
also the subfamily Pertyoideae and the broader family 
Asteraceae. In this study, A high-quality nuclear genome 
of A. gracilis was sequenced and assembled using PacBio 
HiFi sequencing and Hi-C scaffolding. We successfully 
provided the first chromosome-level genome assembly 
and complete annotations of A. gracilis in the subfamily 
Pertyoideae. The objectives of this study are to: (i) fill the 
current gap in nuclear genomic resources for the subfam-
ily Pertyoideae by sequencing A. gracilis and producing 
a high-quality chromosome-level genome assembly, (ii) 
establish the first functional genomic database for Perty-
oideae through comprehensive annotation of repetitive 
elements, gene structures, gene functions, and ncRNAs, 
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and (iii) conduct the comparative and phylogenomic 
analyses within Asteraceae using 12 published genomes 
from three other subfamilies (Table S1).

Results
High-quality genome assembly of A. gracilis
After quality control of raw data (100.97 Gb), 96.70 Gb of 
clean data was obtained for the genome survey. The align-
ment rates of clean data to plant genomes were 8.64% 
for Cynara cardunculus var. scolymus (L.) Benth., 3.44% 
for Lactuca sativa L., and 3.29% for Zabelia corymbosa 
(Regel & Schmalh.) Makino, and others (Table S2). This 
indicated no significant contamination from other spe-
cies. Based on the histogram of 17 k-mer frequency (Fig. 
S1), the genome size was estimated to be 1,248.94  Mb, 
with 0.40% heterozygosity and 71.80% repeat sequences. 
Two sequencing platforms, PacBio HiFi and Illumina 
Hi-C, were employed to sequence HiFi CCS reads and 
Hi-C paired-end reads, respectively. The CCS clean reads 
comprised 1,922,139 sequences, yielding 33.43  Gb with 
an estimated average coverage depth of 28 ×. The N50 
length of reads was 17.38  kb. The distributions of read 
counts and base counts across read lengths were plot-
ted (Fig. S2). The Illumina Hi-C clean data consisted of 
698,879,178 paired-end reads, totaling 209.66  Gb with 
average coverage depth of 180 ×. The sequencing quality 
was high, with average Q20 = 96.375% and Q30 = 90.46%. 
The average GC content was evenly distributed at 39.98%.

The HiFi reads were firstly used to de novo assemble 
the genome of A. gracilis. It yielded a draft assembly con-
sisting of 465 contigs with a total length of 1,172.93 Mb 
(Table S3), representing 93.91% of the estimated genome 
size. Contigs longer than 1 Mb totaled 675.00 Mb, indi-
cating high assembly continuity. The contig N50 was 
60.20 Mb (Table S3). The GC content was 38.81% (Table 
S3). However, some contigs exhibited extremely low 

coverage depth or an average GC content above 50% (Fig. 
S3), suggesting chimeric sequences. To obtain the final 
contig assembly, contigs with an average coverage depth 
of less than 5 × and a GC content over 50% were excluded. 
The final draft assembly of the genome resulted in a total 
size of 1,160.95 Mb, comprising 262 contigs, with a con-
tig N50 of 60.20 Mb and a GC content of 38.70% (Table 
S4).

Hi-C paired-end reads were used to assist the assembly, 
upgrading the draft assembly to the chromosome-level 
and producing the final genome assembly. Firstly, the 
Hi-C sequencing data were aligned to the draft assem-
bly. After removing unmapped and multiple-mapped 
paired-end reads, a total of 421,802,108 valid read pairs 
(60.35%) were obtained for subsequent scaffolding. 
Assisted scaffolding assembly was performed based on 
the valid reads (Table S5). A total of 177 scaffolds were 
generated, with a combined length of 1,160,997,962  bp. 
The scaffold N50 was 92,53 Mb. The GC content distri-
bution was normal (38.70%). Among them, 15 scaffolds 
exceeded 1 Mb in length. Thirteen scaffolds were longer 
than 5 Mb. These 13 largest scaffolds were considered as 
the 13 pseudochromosomes of the genome. After renam-
ing the scaffolds in descending order of length, detailed 
information of 13 pseudochromosomes was provided in 
Table 1. A total of 25 contigs, with a combined length of 
1,151.04 Mb, were anchored onto the 13 pseudochromo-
somes, achieving an anchor rate of 99.14%. The lengths 
of the pseudochromosomes ranged from 53.41  Mb to 
112.50  Mb. Pseudochromosome 13 was composed of 
four contigs. The remaining 12 pseudochromosomes 
were assembled from three or fewer contigs. Finally, the 
Hi-C interaction heatmap (Fig. 1A) also revealed 13 dis-
tinct pseudochromosome groups. Intra-chromosomal 
interactions were much stronger than inter-chromo-
somal interactions. Interactions were stronger for pseu-
dochromosomes at closer physical locations than at more 
distant physical locations.

The mapping rate of HiFi reads to the final genome 
assembly reached 98.86%, while RNA-Seq reads achieved 
a maximum mapping rate of 96.25%. The assembly was 
divided into 10 kb non-overlapping windows to calculate 
the GC content and average sequencing depth within 
each window. The highest GC content was 39%, and the 
sequencing depth peaked at 27 × (Fig. S4). Moreover, no 
distinct scatter clusters were observed in the plot (Fig. 
S4), suggesting that the sequencing data was free from 
contamination by other species. BUSCO assessment 
of final assembly indicated a complete BUSCO score 
of 97.70%, with a single-copy BUSCO score of 91.90% 
(Table 2). The genome exhibited a LTR Assembly Index 
(LAI) score of 22.75, surpassing the high-quality assem-
bly threshold of 20 (Fig. S5). The result of LAI further 
confirmed the high-quality chromosome-level assembly. 

Table 1  The detailed information of 13 pseudochromosomes in 
the genome of A. gracilis
Chromosome Contig number Chromosome length (bp)
Chr01 3 112,495,595

Chr02 1 107,077,711

Chr03 2 105,780,419

Chr04 1 105,435,098

Chr05 2 101,834,533

Chr06 1 92,531,016

Chr07 1 88,092,348

Chr08 2 87,632,738

Chr09 3 86,970,281

Chr10 2 73,476,384

Chr11 1 68,637,822

Chr12 2 67,670,192

Chr13 4 53,406,665

Total 25 1,151,040,802
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These results all confirmed the high quality of the final 
genome assembly (Table  2). Finally, the genomic and 
morphological characteristics of A. gracilis were illus-
trated (Fig.  1), including a Hi-C interaction heatmap 
(Fig. 1A), a circos plot (Fig. 1B), and field photographs of 
the species (Fig. 1C-F).

High-resolution genome annotations of A. gracilis
A total of 872,155 repetitive sequences were identified, 
representing 838.20 Mb and accounting for 72.20% of the 
genome (Table 3). Long terminal repeat (LTR) retrotrans-
posons were the most abundant class of repeats, with 
452,816 elements detected. These accounted for a total 
of 593.44 Mb, representing 51.11% of the genome. Gypsy 
and Copia were the two primarily LTR families, account-
ing for 26.81% and 23.68% of the genome, respectively. 
DNA transposons, long interspersed nuclear elements 
(LINE), and short interspersed nuclear elements (SINE) 
comprised 4.74%, 1.61%, and 0.07% of the genome, 
respectively. For tandem repeats, the most abundant 
category was simple sequence repeats (SSR), with 8,386 
elements totaling 4.26  Mb (0.37%), followed by satellite 
DNA, with 3,112 elements spanning 2.87 Mb (0.25%).

Table 2  The statistics of chromosome-level genome assembly 
of A. gracilis
Assembly features Results
Genome survey Predicted genome size (bp) 1,248,943,140

Heterozygosity 0.40%

Repetitive 71.80%

Assembly statistics Assembled genome size (bp) 1,160,997,962

Average GC content 38.70%

Number of contigs 262

N50 of contigs (bp) 60,202,890

Number of scaffolds 177

N50 of scaffolds (bp) 92,531,016

Pseudochromosome number 13

Anchor rate 99.14%

Assembly quality Complete BUSCO (C) 1577 (97.7%)

Single-copy BUSCO (S) 1483 (91.9%)

Duplicated BUSCO (D) 94 (5.8%)

Fragmented BUSCO (F) 17 (1.1%)

Missing BUSCO (M) 20 (1.2%)

Total BUSCO (C) 1614 (100%)

LTR Assembly Index (LAI) 22.75

HiFi reads mapping ratio 98.86%

RNA-Seq mapping ratio 96.25%

Fig. 1  Genomic and morphological characteristics of Ainsliaea gracilis. A Hi-C interaction heatmap of the genome. The x- and y-axes represent the as-
sembled chromosomes. The colors ranging from yellow to red indicate increasing interaction strength between chromosomes B Circos plot arranged 
in a clockwise direction. The outer four tracks are organized according to the order of 13 pseudochromosomes. The outermost track displays 13 pseudo-
chromosomes, with sizes labeled at 10 Mb intervals. The color intensity of the three middle tracks from the outer to the inner represents the density of 
genes, GC content, and LTR elements, respectively. The red lines in the center indicate syntenic blocks among 13 pseudochromosomes. C Adaxial surface 
of leaves D Abaxial surface of leaves E Habit F Habitat (Guangwu Mountain)
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The de novo, homology-based alignment, and RNA-
Seq-based prediction methods were integrated to anno-
tate the gene structure of A. gracilis (Table S6). A total 
of 35,803 protein-coding genes (PCGs) were identified in 
the genome, with an average gene length of 4,452.34 bp, 
an average exon length of 214.57 bp, and an average CDS 
length of 1,210.03  bp (Table S6). The average number 
of exons per gene is 5.64. Additionally, 166,102 introns 
were detected, with an average length of 698.60  bp. 

BUSCO assessment of predicted PCGs revealed a com-
plete BUSCO score of 94.00%, with a single-copy BUSCO 
score of 87.2% (Table S7).

The CDS sequences obtained from structural annota-
tion were aligned against four major protein databases: 
InterPro, Gene Ontology (GO), Swiss-Prot, and TrEMBL. 
The annotation results were then integrated and analyzed 
using a Venn diagram (Fig.  2) to obtain the functional 
annotation results. A total of 34,026 PCGs in the genome 

Table 3  The statistics of repetitive sequences categories in the genome of A. gracilis
Category Type Count Length (bp) Proportion of the genome (%)
DNA transposons CMC-EnSpm 18,556 10,320,938 0.89

hAT 13,927 6,630,172 0.57

MULE-MuDR 14,244 12,383,245 1.07

PIF-Harbinger 6,360 3,977,064 0.34

Others 23,945 21,740,813 1.87

Retrotransposons LINE 22,420 18,680,572 1.61

SINE 2,932 801,303 0.07

LTR 452,816 593,441,690 51.11

Gypsy 259,927 311,225,150 26.81

Copia 184,288 274,874,150 23.68

Others 8,601 7,342,390 0.63

Tandem repeats Satellite 3,112 2,874,681 0.25

SSR 8,386 4,258,571 0.37

Other repeats Low complexity 3 423 0.00004

Unknown 305,454 210,695,808 18.15

Total / 872,155 838,200,762* 72.20
“*”: 4.10% of overlapping regions were excluded to avoid redundancy in the total repetitive sequence length estimation in the genome

Fig. 2  Venn diagram of the functional annotation results for PCGs in the genome of A. gracilis based on four databases: InterPro, Gene Ontology (GO), 
Swiss-Prot, and TrEMBL. The numbers in parentheses indicate the total number of genes annotated by each database. The numbers in the overlapping 
areas represent genes annotated by multiple databases simultaneously. The numbers in the non-overlapping regions indicate genes uniquely annotated 
by a single database
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of A. gracilis were successfully annotated, accounting for 
95.04% of all genes (Fig.  2 and Table S8). Among these, 
InterPro annotated the highest number of genes, with 
32,340 genes (90.33%). TrEMBL annotated 30,393 genes 
(84.89%), while GO annotated 28,496 genes (79.59%), and 
Swiss-Prot annotated 22,078 genes (61.67%) (Table S8). 
Notably, 21,571 genes were annotated by all four data-
bases simultaneously (Fig. 2). Moreover, 388 genes were 
uniquely annotated by TrEMBL, and 3,623 genes were 
uniquely annotated by InterPro (Fig. 2).

The annotation of ncRNA (Table S9) identified a total 
of 2,317 transfer RNA (tRNA) genes, with an average 
length of 80.90 bp. Ribosomal RNA (rRNA) genes num-
bered 1,332, averaging 1,112.58  bp in length. A total of 
120 microRNA (miRNA) genes were found, with an 
average length of 122.25  bp. There were also 926 small 
nuclear RNA (snRNA) genes, with an average length of 
111.95 bp. In addition, 113 pseudogenes were annotated, 
with an average length of 77.86 bp and a total length of 
8,798 bp.

Genome visualization and synteny analysis of A. gracilis
The genome of A. gracilis was visualized, and a circos plot 
was generated based on the analysis of internal genome 
synteny. From the outer to the inner tracks, the plot 
(Fig. 1B) presents 13 pseudochromosomes, gene density, 
GC content, LTR content, and internal chromosomal 

synteny in the genome of A. gracilis. Notably, genes in 
the genome were unevenly distributed, with most con-
centrated at the termini of each pseudochromosome. 
The contents of GC and LTR exhibited a relatively even 
distribution. A pronounced enrichment of interchro-
mosomal syntenic regions was also observed within the 
genome (Fig.  1B). A total of 430 homologous genomic 
blocks were identified across 13 pseudochromosomes 
in the genome, comprising 10,866 collinear gene pairs. 
These accounted for 31.93% of the predicted genes within 
the genome (filtering with p < 0.2). These syntenic regions 
of A. gracilis were primarily distributed at the termini of 
each pseudochromosome.

Gene family evolution and phylogenomic divergence time 
in Asteraceae
The results of gene family clustering (Table S10) were 
obtained based on the nuclear protein sequences of A. 
gracilis and 13 other species. The data of orthogroups 
and genes obtained were also visualized (Fig.  3A and 
S6). A total of 16,671 gene families comprising 33,256 
genes were identified in the genome of A. gracilis (Table 
S10). Among these gene families, 16,088 were shared 
homologous families, while 583 were species-specific. 
Additionally, 2,547 genes were unassigned and classi-
fied as orphan genes (Table S10). Species-specific evo-
lutionary patterns were observed in the genome of A. 

Fig. 3  Plot of gene family composition and a divergence time-calibrated maximum likelihood (ML) phylogenetic tree based on 98 single-copy orthologs 
from the genomes of A. gracilis, Asteraceae species, and one outgroup. A Bar chart of the number of single-copy, multiple-copy, other, and unassigned 
genes in orthogroups for each species B ML Phylogenetic tree with estimated divergence times (Mya) and the numbers of gene family expansions and 
contractions annotated along each branch or node. Blue bars represent the 95% confidential intervals for divergence time. Blue circles indicate calibration 
points assigned to common ancestors. The red star marks the newly sequenced species. The numbers on each branch denote the gene family expan-
sion and contraction events. The numbers below each blue node indicate the estimated divergence times (Mya). The total numbers of gene families and 
genes for each species are shown next to the species names. The species of Asteraceae are color-coded to their respective tribes and subfamilies
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gracilis. Neither phylogenetic affinity was detected in 
cross-species homologous comparisons, nor homolo-
gous sequence extension was found within the genome of 
this species. Among these 14 species, 98 single-copy and 
10,909–26,786 multiple-copy orthologs were identified 
(Fig. 3A). A total of 6,438 conserved gene families were 
shared (Fig. S6). The number of species-specific gene 
families varied from 46 (Cynara cardunculus L.) to 2,775 
(Smallanthus sonchifolius (Poeppig) H. Rob.) (Fig. S6).

Based on 98 single-copy orthologs identified from the 
genomes of 14 species, a phylogenetic tree (Fig.  3B and 
S7) was reconstructed using the Maximum Likelihood 
(ML) method, with Solanum lycopersicum L. (Solana-
ceae) as the outgroup. Most nodes showed strong boot-
strap (BS) support (Fig. S7). In the resulting topology 
(Fig. 3B and S7), A. gracilis was resolved as a basal lineage 
within Asteraceae with high support (BS = 99). It formed 
a distinct clade separate from the other 12 Asteraceae 
species. Moreover, 13 Asteraceae species were clearly 
divided into two clades with strong support (BS = 100). 
Pertyoideae (A. gracilis) clustered together with Carduoi-
deae (Arctium lappa L., Carthamus tinctorius L., Centau-
rea solstitialis L., and Cynara cardunculus) to form one 
clade (Fig. S7). Cichorioideae (Cichorium intybus L. and 
L. sativa) and Asteroideae (Artemisia annua L., Erigeron 
canadensis, H. annuus, etc.) formed another one (Fig. 3B 
and S7). As a result, the four subfamilies in Asteraceae 
could be well distinguished. To further explore the evo-
lutionary history of gene families, gene family expansions 
and contractions at each evolutionary node of 14 species 
were quantitatively analyzed based on the phylogenetic 
topology. The number of gene family contraction events 
(12,116) was substantially higher than expansion events 
(2,267) in the genome of A. gracilis (Fig. 3B). This imbal-
ance pattern was consistently observed across the most 
species, except for Arctium lappa and Smallanthus son-
chifolius. In Arctium lappa, the numbers of expansion 
(2,422) and contraction (2,458) events were nearly equal. 
In Smallanthus sonchifolius, expansion events (14,252) 
were much higher than contraction events (3,145). Nota-
bly, a clade consisted of four species (H. annuus, Mikania 
micrantha Kunth, Smallanthus sonchifolius, and Tagetes 
erecta L.) in the subfamily Asteroideae exhibited a higher 
number of expansion events (3,759) than contraction 
events (1,113) (Fig. 3B).

The molecular clock hypothesis suggests that, across 
different phylogenetic lineages meeting the neutral evo-
lution time threshold, nucleotide substitution rates (dN/
dS) in homologous genes accumulate linearly over time. 
Based on the phylogenetic topology (Fig. S7), the diver-
gence times among 14 species were further estimated 
(Fig. 3B). The results indicated that the common ances-
tor of Solanaceae and Asteraceae diverged as early as 
111.00 Mya (Cretaceous). The two major clades within 

sampled Asteraceae separated 43.98 Mya (Paleogene). 
Subsequently, Pertyoideae and Carduoideae diverged 
40.79 Mya (Paleogene) (Fig. 3B). It suggests that among 
the sampled 13 Asteraceae species, Pertyoideae (A. 
gracilis) was the earliest lineage to diverge, further form-
ing the basal group of the family. Within Carduoideae, 
the most recent divergence event occurred 10.03 Mya 
(Neogene) between the common ancestor of Cartha-
mus tinctorius and Centaurea solstitialis. The divergence 
between Asteroideae and Cichorioideae occurred 40.62 
Mya (Fig. 3B). The latest divergence happened 19.95 Mya 
(Neogene) between the common ancestor of H. annuus 
and T. erecta within Asteroideae.

The history of selective pressure and whole genome 
duplication (WGD) events
Both self-alignment and interspecific alignment were 
performed for A. gracilis and five Carduoideae species. 
The alignment results were used to calculate Ka/Ks, Ks, 
and 4dTv values (Fig. 4). The results of Ka/Ks density dis-
tributions showed that most paralogs gene pairs within 
five species exhibited Ka/Ks values well below 1 (Fig. 4A). 
A single major peak of paralogs was observed at Ka/Ks 
values ranging from 0.11 (Arctium lappa) to 0.15 (A. 
gracilis) (Fig. 4A). This indicated that these genes of five 
species have predominantly undergone purifying selec-
tion during evolution. The encoded proteins have thus 
retained functional conservation. Similarly, it revealed 
that most orthologous gene pairs between A. gracilis and 
Carduoideae species displayed Ka/Ks values well below 
1, with a primary peak ranging from 0.14 (A. gracilis 
vs Centaurea solstitialis) to 0.16 (A. gracilis vs Arctium 
lappa) (Fig.  4A). This suggested that most genes of A. 
gracilis have been subject to purifying selection since its 
divergence from Carduoideae species.

To further investigate the WGD events in the evolu-
tionary history of A. gracilis and four Carduoideae spe-
cies, Ks and 4dTv density distribution analyses were 
conducted (Fig.  4B-C). Based on the analysis of Ks and 
4dTv distribution, a single, most recent WGD event 
might occur in the genome of A. gracilis (Fig. 4B-C). This 
lineage-specific event occurred relatively late in its evo-
lutionary history after the origin of angiosperms. This is 
evidenced by a single dominant density peak in both the 
Ks distribution (Fig. 4B, Ks = 0.50) and the 4dTv distribu-
tion (Fig.  4C, 4dTv = 0.17). Statistical analysis revealed 
that 56.56% of paralogous gene pairs exhibit a strict 1:1 
collinear depth, indicating that A. gracilis retains clear 
signatures of lineage-specific WGD event.

Similarly, each of four Carduoideae species may experi-
ence a single, most recent WGD event (Fig. 4B-C). How-
ever, these events occurred considerably earlier than that 
of A. gracilis and were relatively concentrated in time. 
Among them, the earliest two WGD events likely took 
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place in Carthamus tinctorius and Centaurea solstitialis 
(Fig.  4B-C). Moreover, the speciation of A. gracilis and 
four Carduoideae species occurred after the WGD event 
in A. gracilis (Fig. 4B-C).

Discussion
Genome survey, assembly, and annotations of A. gracilis
The final genome assembly accounted for 92.96% of the 
genome size estimated by 17  k-mer frequency analysis. 
Similar discrepancies have been frequently reported in 
the genomes of Asteraceae, as evidenced by large-scale 
evaluations of genome assemblies in public databases 
[53]. A substantial proportion of these assemblies exhibit 

Fig. 4  Density distributions of substitution rates for orthologs and paralogs in the genomes of A. gracilis and four Carduoideae species. Solid curves 
indicate paralog distributions. Dashed curves denote ortholog distributions. A Distribution of Ka/Ks values B Distribution of Ks values C Distribution of 
4dTv values
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deviations around 10% from estimated genome sizes [53]. 
These discrepancies are largely attributed to the presence 
of highly repetitive, non-coding, and structural DNA ele-
ments [41, 53]. These sequences pose challenges for accu-
rate resolution by current assembly algorithms. Notably, 
larger genomes tend to exhibit greater deviations due to 
the higher abundance of repetitive elements [41, 53]. A 
de novo genome assembly of A. gracilis was performed 
using HiFi CCS reads, generating a draft assembly of 
1,160.95 Mb comprising 262 contigs, with a contig N50 
of 60.20 Mb. The contig N50 is a key metric for evaluat-
ing genome assembly quality, reflecting the continuity of 
the assembly [54]. Generally, a higher N50 value indicates 
a greater number of longer contigs, suggesting better 
assembly quality and continuity.

Hi-C technology was used to cluster contigs and scaf-
folds by chromatin contact frequency. Given that adja-
cent genomic regions on the same chromosome interact 
more frequently than distant ones, Hi-C data enable pre-
cise ordering and orientation of sequences along pseu-
dochromosomes [55]. By integrating Hi-C sequencing 
data, we successfully obtained the high-quality chromo-
some-level genome assembly of the medicinal plant A. 
gracilis, totaling 1,160,997,962  bp. This genome size is 
notably larger than those of other Asteraceae species, 
e.g., Carthamus tinctorius (1,032.34 Mb) [44], Centaurea 
solstitialis (756.58  Mb) [46], and Erigeron canadensis L. 
(421.64 Mb) [56]. This genome not only lays the ground-
work for downstream annotations and analyses, but 
also acts as a practical pattern for assembling complex 
genomes of Pertyoideae relatives.

Genome annotation is a critical step in genomics 
research, involving the structural and functional inter-
pretation of sequences. Repetitive sequences are closely 
associated with species evolution, genetics, and varia-
tion. They are widely distributed in eukaryotic genomes 
[57]. A total of 872,155 repetitive elements were identi-
fied, accounting for 72.20% of the genome. This propor-
tion is not particularly higher than in some Asteraceae 
species, such as Arctium lappa (89.9%) [45], Artemisia 
argyi H.Lév. & Vaniot (81.03%) [58], and Cichorium inty-
bus (77.11%) [45]. However, it remains greater than that 
of Artemisia annua (61.57%) [51] and Senecio squalidus 
(62%) [50]. The expansion of transposable elements (TE) 
in plant genomes could profoundly influence genome 
size and promote adaptation to diverse environments 
[59, 60]. Accordingly, most of the repeats in the genome 
were TE, including DNA transposons and retrotranspo-
sons. Particularly, LTR retrotransposons were dominant, 
accounted for 88.84% of TE. To ensure accurate and com-
prehensive protein-coding genes (PCGs) annotation, we 
integrated the methods of de novo prediction, homol-
ogy-based alignment, and RNA-Seq data. As a result, 
35,803 PCGs were identified, with 95.04% successfully 

annotated. These detailed gene structural and functional 
annotation data provide a valuable foundation for future 
functional genomics research of medicinal secondary 
metabolite in this species.

The genome of A. gracilis obtained in this study was the 
first chromosome-level high-quality reference genome 
in the subfamily Pertyoideae of Asteraceae. It provides 
a valuable reference for investigating the evolutionary 
history and patterns of plants within this subfamily. We 
identified the intragenomic synteny of A. gracilis and 
visualized large-scale collinear blocks, ultimately pro-
ducing a comprehensive synteny map. Notably, these 
syntenic regions were predominantly enriched at the 
termini of pseudochromosomes. These telomere-proxi-
mal regions, where genes synteny are concentrated, may 
exhibit high transcriptional activity and serve as impor-
tant hotspots for gene clustering and rapid evolution, 
facilitating species adaptation to environmental changes.

Phylogenomic insights into Asteraceae evolution
The phylogeny indicated that the relationships among the 
four subfamilies were consistent with the APG IV system 
[38] and latest classification framework of Asteraceae 
[39]. In the phylogenetic tree, Pertyoideae was identi-
fied as the basal group of Asteraceae, also in agreement 
with Chase et al. [38] and Susanna et al. [39]. Molecular 
clock estimation indicated that the divergence of four 
subfamilies occurred 43.98 million years ago, coinciding 
closely with the early accelerated uplift phase of the Qin-
ghai-Tibet Plateau [61]. This suggests that the early evo-
lutionary radiation of Asteraceae may have been driven 
by ancient geological events. Moreover, with increasing 
genome sequencing efforts, gene family losses and gains 
have been recognized as common phenomena [62–64]. 
We analyzed gene family expansions and contractions 
across these 14 species and found that all species expe-
rienced both gene family losses and gains, with losses 
generally outnumbering gains. The expansion of gene 
families is often accompanied by functional innovation 
and is associated with specific functional demands under 
environmental pressures. For example, the aphid’s diet, 
characterized by high sugar and limited proteins and lip-
ids (plant phloem sap), may have driven the expansion 
of cysteine protease genes of the family cathepsin B [65]. 
Similarly, during the domestication process of brewing 
yeast for beer production, artificial selection likely pro-
moted the expansion of the flocculin gene family [63]. 
In contrast to the rapid expansion of gene families often 
driven by positive selection, the evolutionary pressures 
leading to gene family contraction remain poorly under-
stood. Both neutral and adaptive hypotheses have been 
proposed, yet direct evidence for adaptive gene loss is 
limited. In most cases, the possibility that such contrac-
tions result from neutral mutations cannot be excluded 
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[62, 66]. Therefore, the expansion and contraction of 
gene families represent core driving forces in genome 
evolution. Studying these dynamics could not only elu-
cidate the molecular mechanisms underlying organismal 
adaptation to environmental changes, but also offer criti-
cal insights into species diversity, metabolic innovation, 
and evolutionary history.

Whole genome duplication (WGD), also known as 
polyploidization, is the large-scale duplication of an 
entire genome, leading to a rapid expansion of both gene 
content and genome size. It provides a continuous source 
of genetic variation, enabling plants to better adapt to 
complex and dynamic environments. It is also widely 
regarded as one of the primary mechanisms driving plant 
evolution and biodiversity [67–69]. Many studies have 
demonstrated that WGD has played a pivotal role in the 
radiation and diversification of angiosperms [70, 71]. It 
is estimated that around 70% of flowering plants have 
undergone polyploidization throughout their evolution-
ary history. Polyploidization is a major and essential force 
in plant evolution. It has profoundly impacted across dif-
ferent timescales, from ancient to modern, and at vari-
ous biological levels, from molecular to ecological. After 
genome polyploidization, reproductive isolation from the 
original species may develop. The duplicated genomic 
regions further accumulate various mutations over the 
course of evolution, ultimately resulting in the forma-
tion of new species. For instance, phylogenomic and 
phylotranscriptomic analyses have revealed that WGD 
events are pervasive throughout the evolutionary history 
of Asteraceae [20, 24, 42], including both ancient events 
during early Asteraceae evolution [20, 72–74] and more 
recent lineage-specific events [20, 41, 45, 49, 74]. Astera-
ceae experienced two successive ancient polyploidization 
events [20, 42]: the first one (WGD1) shared with Caly-
ceraceae, and the second one (WGD2) shared by core 
Asteraceae species (Mutisioideae/Stifftioideae-Aster-
oideae) [20, 73, 75]. Specifically, H. annuus (sunflower) 
underwent an additional recent polyploidization event 
on top of two ancient events, ultimately shaping its cur-
rent karyotype of 17 pseudochromosomes and contribut-
ing to a large genome size of 3.0 Gb [41].

During the evolutionary history of Asteraceae, exten-
sive hybridization, polyploidization, and rapid radiation 
have greatly contributed to the remarkable species diver-
sity within the family [20, 24]. Whole genome duplica-
tions have enhanced the adaptive capacity of Asteraceae 
species to various environmental pressures, potentially 
driving both rapid species proliferation and radiative 
diversification [74]. Moreover, the gene redundancy gen-
erated by polyploidization provides raw material for the 
evolution of novel gene functions through mutation and 
natural selection, thereby promoting evolutionary inno-
vation [76]. Recent advances in plant genomics have 

provided important insights into the phylogenetic evolu-
tion and genome polyploidization processes of Astera-
ceae. However, compared to other plant families such 
as Poaceae and Fabaceae, nuclear genome sequencing 
efforts in Asteraceae are still at an early stage. High-qual-
ity chromosome-level genome assemblies are relatively 
limited. To better understand the genomic evolution of 
Asteraceae, broader sampling within unsequenced sub-
families and prioritizing genome sequencing of species 
at key phylogenetic positions are essential. Such genomic 
resources will offer valuable support for elucidating the 
phylogenetic relationships and evolutionary history of 
this diverse family.

Evolutionary implications of Pertyoideae
Based on the Angiosperm Phylogeny Group IV (APG 
IV) system [38] and the latest classification framework of 
Asteraceae [39], the species of the subfamily Carduoideae 
[43–46] are the closest sequenced relatives to A. gracilis 
(Pertyoideae). To identify WGD events in A. gracilis, we 
performed Ks and 4dTv analyses based on orthologs and 
paralogs between A. gracilis and four Carduoideae spe-
cies. The Ks or 4dTv values of gene pairs within syntenic 
blocks can reflect both related species divergence events 
and WGD events throughout evolutionary history. Each 
polyploidization event leads to a surge of homologous 
genes, resulting in a corresponding density peak in the Ks 
or 4dTv distribution. The number and position of density 
peaks in the Ks or 4dTv distributions of paralogs indicate 
the number and timing of WGD events within a species. 
Meanwhile, the position of Ks or 4dTv peaks of orthologs 
in pairwise species comparisons indicates the specia-
tion time between the two species. Generally, the larger 
Ks or 4dTv values corresponding to a density peak, the 
older the associated evolutionary event. WGD analyses 
revealed a prominent density peak at low Ks and 4dTv 
values in A. gracilis and Carduoideae species, indicating 
the possibility of a single, relatively recent WGD event. 
This pattern is consistent with H. annuus [41], Arctium 
lappa [45], and other Asteraceae species. Notably, this 
event is distinct from two ancient WGDs (WGD1 and 
WGD2) shared across Asteraceae and may represent a 
subfamily-specific polyploidization event (WGD6) [20] 
that may have promoted genomic plasticity and eco-
logical adaptation in Pertyoideae without substantially 
increasing species richness (ca. 80 species) [20, 67]. By 
contrast, the four Carduoideae species experienced their 
most recent WGD events earlier in evolutionary history, 
underscoring the asynchronous timing of polyploidiza-
tion across Asteraceae lineages.

Together with the reconstruction of ancestral mor-
phological characters of Asteraceae by Zhang et al. [20], 
these results suggest that genome duplication and sub-
sequent morphological innovation have jointly shaped 
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the evolutionary trajectory of the family. Following the 
divergence of Pertyoideae from the common ancestor of 
the three largest subfamilies, a transition from woody to 
herbaceous habit occurred within Asteraceae, postdating 
the core Asteraceae WGD but preceding the upshift in 
diversification rate observed in Asteroideae and Cicho-
rioideae [20]. Floral diversification, including shifts in 
capitulum types from discoid to radiate-like, ligulate, and 
radiate, has been linked to duplicated MADS-box and 
CYCLOIDEA2 (CYC2) genes since the origin of Astera-
ceae [77, 78]. These duplications likely contributed to 
the evolution of “flower-like” radiate head inflorescence, 
enhancing pollinator attraction and reproductive suc-
cess [20]. Notably, smaller, early-diverging clades such 
as Pertyoideae have retained discoid capitula and woody 
traits, reflecting a more conservative evolutionary path-
way. In this context, the lineage-specific WGD detected 
in Pertyoideae may have facilitated genomic flexibility 
and adaptation while preserving the ancestral woody 
habit (in most species), representing a distinct evolution-
ary strategy relative to the herbaceous lineages of core 
Asteraceae. Overall, these patterns illustrate multiple, 
lineage-specific strategies, ranging from ancestral trait 
retention in Pertyoideae to innovation-driven radiation 
in Asteroideae, Carduoideae, and Cichorioideae.

Conclusions
In this study, we sequenced, assembled, and annotated 
the nuclear genome of Ainsliaea gracilis. The first chro-
mosome-level reference genome for this species was 
provided to successfully fill the gap in nuclear genomes 
within Pertyoideae (Asteraceae). This achievement was 
made possible by integrating PacBio HiFi and Illumina 
Hi-C sequencing technologies. Based on comparative 
and phylogenomic analyses, we offer new insights into 
the evolutionary history of A. gracilis and the broader 
Asteraceae family. The resulting high-quality genome 
could serve as a valuable genomic resource. It not only 
facilitates the development of molecular markers and the 
identification of gene clusters associated with medici-
nal secondary metabolite, but also proposes a practi-
cal framework for assembling other complex genomes 
within Pertyoideae. Overall, this work establishes a criti-
cal data foundation for the future phylogenomic studies 
of Pertyoideae and Asteraceae.

Methods
Plant sampling
In the summer of 2022, Prof. Dr. Zhixi Fu conducted a 
field investigation in Guangwu Mountain, located in 
Guangwushan Town, Nanjiang County, Bazhong City, 
Sichuan Province, China. Complete healthy flower-
ing individuals of A. gracilis were collected and subse-
quently preserved as voucher specimens (no. DY159) in 

the Herbarium of Sichuan Normal University (SCNU!). 
Prof. Dr. Zhixi Fu formally identified the voucher speci-
mens. Fresh, healthy leaves, stems, and flowers were pre-
served through both liquid nitrogen snap-freezing and 
silica gel desiccation methods. The field collection was 
legally authorized and ethically approved by the local 
government.

Genome sequencing
Genomic DNA was extracted from the leaves of A. graci-
lis using the modified CTAB method [79]. The extracted 
DNA was quantified and quality-controlled using Nano-
Drop 2000 spectrophotometer (Thermo Fisher Scientific, 
MA, USA), agarose gel electrophoresis, and Qubit Fluo-
rometer (Thermo Fisher Scientific, MA, USA). Subse-
quently, total DNA was purified using AMPure PB beads 
(PacBio Biosciences 100–265–900, CA, USA). The High-
Fidelity (HiFi) library of 15  kb was constructed using a 
SMRTbell® Express Template Prep Kit 2.0 (Pacific Biosci-
ences, CA, USA). The construction includes DNA shear-
ing, AMPure PB Bead purification, ssDNA overhangs 
removing, damage repair, end repair, hairpin adapter 
ligation, and bead purification of the library. The circu-
lar consensus sequencing (CCS) was performed using a 
single 8 M SMAT Cell on the PacBio Sequel II platform 
(Pacific Biosciences, CA, USA) by Berry Genomics Co., 
Ltd., Beijing, China (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​e​r​r​​y​g​e​​n​o​m​i​​c​s​​.​c​o​m​/). 
To obtain clean HiFi data, the PacBio SMRT Link (​h​t​t​p​​s​:​/​​
/​w​w​w​​.​p​​a​c​b​​.​c​o​​m​/​s​m​​r​t​​-​l​i​n​k​/) was used for the quality ​c​o​n​t​
r​o​l of the raw polymerase reads.

To improve the assembly at the chromosomal level, a 
Hi-C library was prepared from the same individual fol-
lowing Rao et al. [80] and Xie et al. [81], including cross-
linking cells with formaldehyde, digesting DNA with a 
suitable 4-cutter restriction enzyme (DpnII), filling ends 
and mark with biotin, ligating the resulting blunt-end 
fragments, purification and random shearing DNA into 
300–500  bp fragments. After quality control test of the 
libraries using Qubit 2.0 Fluorometer, Agilent 2100 Bio-
analyzer (Agilent Technologies, CA, USA) and q-PCR, 
150  bp pair-end (PE) next-generation sequencing of the 
Hi-C library were performed on the Novaseq 6000 plat-
form (Illumina, California, USA) by Berry Genomics 
Co., Ltd., Beijing, China (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​e​r​r​​y​g​e​​n​o​m​i​​c​s​​.​c​o​
m​/). The clean data were obtained by filtering raw data 
containing more than three unidentified nucleotides (N), 
reads aligned to adaptor sequences, and reads with ≥ 20% 
of bases having a Phred quality score ≤ 5.

To assess genome quality and predict gene struc-
ture, the total RNA from fresh leaves, stems, and flow-
ers collected from the same individual of A. gracilis 
were extracted for RNA sequencing (RNA-seq) using 
the RNeasy Plant Mini Kit (QIAGEN, NRW, Ger-
many). The integrity, quality and concentration of RNA 
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were detected by NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific, MA, USA) and Agilent 2100 
Bioanalyzer (Agilent Technologies, CA, USA). cDNA 
libraries were constructed using the NEBNext Ultra II 
RNA Library Prep Kit for Illumina (New England Bio-
labs, MA, USA). The libraries were then sequenced on 
the Illumina NovaSeq™ X Plus platform (Illumina, Cali-
fornia, USA) by Berry Genomics Co., Ltd., Beijing, China 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​e​r​r​​y​g​e​​n​o​m​i​​c​s​​.​c​o​m​/). Raw reads were ​f​i​l​t​e​
r​e​d using Trimmomatic v.0.36 [82] with default param-
eters to obtain clean reads.

Genome survey
The libraries were constructed using the Agencourt 
AMPure XP-Medium Kit (Beckman Coulter Life Sci-
ences, California, USA) and AxyPrep Mag PCR Clean-
up Kit (Corning Life Sciences, California, USA). The size 
distribution of the libraries was evaluated using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, CA, USA). 
The concentrations were quantified by real-time PCR. 
The libraries were then sequenced on the MGISEQ-2000 
platform (MGI Tech, Shenzhen, China) by Beijing Gran-
domics Biotechnology Co., Ltd., China ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​g​r​a​n​
d​o​m​i​c​s​.​c​o​m​/​​​​​)​. To ensure the reliability of the reads, fastp 
v0.23.3 [83] was used with default parameters to filter 
low-quality, repetitive, poly-N, adapter, and plastid reads. 
A total of 100,000 clean reads were randomly selected 
and aligned to the NCBI Nucleotide (NT) Database (​h​t​
t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​n​u​c​l​e​o​t​i​d​e​/) using blastn in 
BLAST + v.2.16.0 [84] to assess potential contamination 
from other species. The genome size of A. gracilis was 
estimated using the 17  k-mer frequency analysis based 
on clean sequencing data. The k-mer distribution was 
estimated using Jellyfish v.2.3.1 [85], further removing k-
mer with a depth > 50,000 and a frequency > 250,000,000. 
The genome size was then calculated using the formula: 
Genome Size = ∑ (k-mer frequency × k-mer depth)/k-
mer coverage depth at the major peak. Based on the his-
togram of 17  k-mer frequency, the heterozygosity ratio 
and repeat content of the genome were estimated using 
GenomeScope2 v.2.0.0 [86].

Genome assembly
The contig-level assembly was generated using Hifiasm 
v.0.15.2 [87] with default parameters based on CCS reads. 
Subsequently, the CCS reads were aligned to the draft 
assembly using minimap2 v.2.13 [88] with the param-
eters “-16G -ax map-pb -t 60” to assess assembly accu-
racy and filter out pseudo contigs. SAMtools v.1.17 [89] 
was used to evaluate the rate of alignment and coverage. 
A GC depth plot was generated by R script based on the 
alignment results. The RNA-Seq Illumina data were also 
aligned to the draft assembly using HISAT2 v.2.0.6 [90] 
with the parameters “-9 -dta-cufflinks” to evaluate the 

data recovery ratio. The clean Hi-C reads were mapped 
to the contig-level assembly using BWA v.0.7.17 [91], 
integrated within the Juicer v.1.6.2 [92], followed by 
manually filtering and adjustment. Hi-C-assisted genome 
scaffolding was performed using 3D-DNA v.180922 [93], 
based on uniquely mapped and valid PE reads. Juicebox 
v.1.9.8 [94] was then used to manually adjust the scaffolds 
and generate a visualized interaction map, resulting in 
the final chromosome-level assembly. To further validate 
the accuracy of the assembly, HiCExplorer v.3.3 [95] was 
employed to generate the plot of Hi-C interaction heat-
map. Finally, LTR_retriever v.2.9.0 [96, 97] was applied 
to calculate the Long Terminal Repeat (LTR) Assembly 
Index (LAI) across the genome using a 3 Mb sliding win-
dow with a 300 kb step size. According to the LAI values, 
the assembled genomes could be divided into three qual-
ity levels: Gold (LAI ≥ 20), Reference (10 ≤ LAI < 20), and 
Draft (0 ≤ LAI < 10). Finally, the completeness and quality 
of draft and final assembly were assessed using BUSCO 
v.5.2.2 [98] with the parameters “-c 60-m geno –offline”, 
against the Embryophyta odb10 database.

Genome annotations
Repeat sequences annotation
The combination of de novo and homology-based align-
ment method was used to predict repeat elements in 
the genome of A. gracilis. For de novo annotation, the 
software MITE-Hunter [99] was used to identify mini-
inverted repeat transposable elements (MITE). LTR 
Retrotransposons (LTR-RT) were predicted based on 
structural features using LTR_Finder v.1.1 [100] and 
LTR_harvest v.1.5.9 [101]. The main parameters were 
set as follows: minimum LTR length 100  bp, maximum 
LTR length 7,000 bp, and minimum LTR similarity 90%. 
Finally, LTR_retriever v.2.9.0 [96, 97] was used to inte-
grate the LTR prediction results and remove false posi-
tives. RepeatModeler v.2.0.4 [102] was used to de novo 
identify other repetitive sequences with repeat-masked 
genome. For homology-based annotation, RepeatMasker 
v.4.1.4 [103] was used to perform homology searches of 
repeats, based on the Viridiplantae repeat library from 
the Dfam (​h​t​t​p​​s​:​/​​/​w​w​w​​.​d​​f​a​m​​.​o​r​​g​/​r​e​​l​e​​a​s​e​​s​/​c​​u​r​r​e​​n​t​​/​f​a​m​i​
l​i​e​s​/​F​a​m​D​B​/) [104] and Repbase (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​i​r​i​​n​s​t​​.​o​
r​g​​/​r​​e​p​b​a​s​e​/) [105] databases. Finally, RepeatMasker was 
used to integrate the above prediction results, producing 
the final repeats annotation of A. gracilis.

Gene structure annotation
A multimodal annotation strategy integrating de novo, 
homology-based alignment, and RNA-Seq-based pre-
diction methods was adopted to systematically annotate 
the protein-coding genes (PCGs). For de novo method, 
AUGUSTUS v.3.5.0 [106] was employed to predict gene 
models of the genome of A. gracilis. For homology-based 
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method, protein sequences of C. tinctorius [44], H. 
annuus [40, 41], and L. sativa [47], were aligned to the 
genome of A. gracilis using tblastn in BLAST + v.2.16.0 
[84]. The alignment results were subsequently processed 
with GeneWise v.2.4.1 [107] (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​j​​d​i​​
s​p​a​​t​c​h​​e​r​/​p​​s​a​​/​g​e​n​e​w​i​s​e) to predict gene structures. For 
RNA-Seq-based method, Trinity v2.15.1 [108, 109] was 
used to de novo and reference-guided assemble tran-
scripts based on RNA-Seq reads from flowers, stems, 
and leaves. The assembled transcripts were then analyzed 
with Program to Assemble Spliced Alignments (PASA 
pipeline) v2.5.2 [108, 110] to predict PCGs. Finally, Evi-
denceModeler (EVM) v.2.0.0 [111] was used to integrate 
the results from the three prediction methods into a non-
redundant consensus gene set. The EVM results were 
further refined using PASA v2.5.2 [108, 110] by updating 
UTR annotations, validating alternative splicing mod-
els, and adjusting exons, ultimately generating the final 
genome structural annotation. The completeness and 
quality of PCGs were assessed using BUSCO v.5.2.2 [98] 
with the parameters “-c 60-m geno –offline”, against the 
Embryophyta odb10 database.

Gene function annotation
The genome of A. gracilis was aligned against several 
protein databases to annotate the predicted PCGs. The 
PCGs were annotated using InterProScan v.5.61–93.0 
[112] against the Pfam protein database (​h​t​t​p​​s​:​/​​/​f​t​p​​.​e​​b​i​.​​a​
c​.​​u​k​/​p​​u​b​​/​d​a​​t​a​b​​a​s​e​s​​/​P​​f​a​m​/​c​u​r​r​e​n​t​_​r​e​l​e​a​s​e​/) [113] to ​i​d​e​n​
t​i​f​y protein domains and motifs. DIAMOND v.2.1.6 [114] 
was used to perform homology searches of the PCGs 
against the GO (​h​t​t​p​​s​:​/​​/​g​e​n​​e​o​​n​t​o​​l​o​g​​y​.​o​r​​g​/​​d​o​c​​s​/​d​​o​w​n​l​​o​a​​
d​-​o​n​t​o​l​o​g​y​/) [115], InterPro (​h​t​t​p​​s​:​/​​/​f​t​p​​.​e​​b​i​.​​a​c​.​​u​k​/​p​​u​b​​/​d​
a​​t​a​b​​a​s​e​s​​/​i​​n​t​e​​r​p​r​​o​/​c​u​​r​r​​e​n​t​_​r​e​l​e​a​s​e​/) [116], Swiss-Prot (​h​
t​t​p​​s​:​/​​/​f​t​p​​.​u​​n​i​p​​r​o​t​​.​o​r​g​​/​p​​u​b​/​​d​a​t​​a​b​a​s​​e​s​​/​u​n​​i​p​r​​o​t​/​c​​u​r​​r​e​n​​t​_​r​​
e​l​e​a​​s​e​​/​k​n​​o​w​l​​e​d​g​e​​b​a​​s​e​/​​c​o​m​​p​l​e​t​​e​/​​u​n​i​p​r​o​t​_​s​p​r​o​t​.​f​a​s​t​a​.​g​z) 
[117], and TrEMBL (​h​t​t​p​​s​:​/​​/​f​t​p​​.​u​​n​i​p​​r​o​t​​.​o​r​g​​/​p​​u​b​/​​d​a​t​​a​b​a​s​​
e​s​​/​u​n​​i​p​r​​o​t​/​c​​u​r​​r​e​n​​t​_​r​​e​l​e​a​​s​e​​/​k​n​​o​w​l​​e​d​g​e​​b​a​​s​e​/​​c​o​m​​p​l​e​t​​e​/​​u​n​
i​p​r​o​t​_​t​r​e​m​b​l​.​f​a​s​t​a​.​g​z) [117] protein databases. The Gene 
Ontology (GO) IDs for each PCG were retrieved using 
Blast2GO v6.0 [118]. Finally, the functional annotation 
results were integrated by combining the outputs all the 
above methods. To visualize the functional annotation 
overlaps from the four protein databases, a Venn diagram 
was generated using InteractiVenn (​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​n​t​e​​r​a​c​​t​i​
v​e​​n​n​​.​n​e​t​/​i​n​d​e​x​.​h​t​m​l) [119].

Non-coding RNA (ncRNA) genes annotation
A combined strategy was employed to predict ncRNA 
genes. Specifically, tRNA genes were annotated using 
tRNAscan-SE v.2.0.12 [120]. rRNA genes was identified 
with RNAmmer v.1.2 [121]. miRNA, snRNA, and other 
ncRNA genes were predicted using Infernal v.1.1.5 [122] 

by searching against the Rfam 15.0 database (​h​t​t​p​​s​:​/​​/​f​t​p​​.​e​​
b​i​.​​a​c​.​​u​k​/​p​​u​b​​/​d​a​​t​a​b​​a​s​e​s​​/​R​​f​a​m​/​C​U​R​R​E​N​T​/) [123].

Intragenomic synteny visualization
The internal genome synteny of A. gracilis was analyzed 
using MCScanX v.1.0.0 [124]. The pseudochromosomes, 
gene density, GC content, LTR elements, and genome 
synteny were then visualized using Circos v.0.69.9 [125] 
to generate a genomic circos plot based on the annota-
tion results of the assembly.

Comparative and phylogenomic analyses
Gene family clustering analysis
Given that only chromosome-level assemblies with com-
plete annotations released are recognized as valid refer-
ence genomes, 18 genomes were qualified for this study. 
Among them, the subfamily Asteroideae contained the 
largest number of sequenced genomes (10), followed by 
Carduoideae (5) and Cichorioideae (3). However, select-
ing congeneric species and too many Asteroideae species 
was unnecessary and offered limited value for the analy-
ses. Therefore, 12 representative genomes from different 
genera, each with relatively high-quality assemblies and 
annotations, were selected from these three subfamilies. 
In total, protein sequences from 14 species, including the 
above 12 representative Asteraceae species, A. gracilis, 
and one outgroup species (Solanum lycopersicum, Sola-
naceae), were used to construct a dataset (Table S1) for 
orthologous gene clustering analysis. GffRead v.0.12.7 
[126] was used to filter redundant transcript sequences 
for each gene, retaining only the longest transcript per 
gene. Gene family clustering analysis was performed 
using OrthoFinder v.2.5.5 [127] with default parameters 
to identify single-copy, multi-copy, and species-specific 
orthologs.

Phylogenomic and divergence time analyses
A total of 98 single-copy orthologs identified from 
A. gracilis, 12 other Asteraceae species, and one out-
group (Solanum lycopersicum) (Table S1) were used 
for phylogenomic reconstruction. Protein sequences of 
each ortholog were first aligned using MAFFT v.7.526 
[128] with the “–auto” strategy, and subsequently 
trimmed with trimAl v.1.5.0 [129] to remove gaps. The 
curated alignments were concatenated by species using 
SequenceMatrix v.1.10 [130] to generate a supermatrix 
for phylogenomic analysis. The phylogenetic tree was 
inferred using the Maximum Likelihood (ML) method 
in RAxML v.8.2.12 [131], with 1000 bootstrap replicates 
under the “JTT + I + G4 + F” substitution model, as pre-
dicted by ModelTest-NG v.0.1.7 [132]. The divergence 
time estimation among the 14 species was performed 
using the MCMCtree module in PAML v.4.10.6 [133] 
based on the resulting phylogenetic tree. The fossil points 

https://www.ebi.ac.uk/jdispatcher/psa/genewise
https://www.ebi.ac.uk/jdispatcher/psa/genewise
https://ftp.ebi.ac.uk/pub/databases/Pfam/current_release/
https://ftp.ebi.ac.uk/pub/databases/Pfam/current_release/
https://geneontology.org/docs/download-ontology/
https://geneontology.org/docs/download-ontology/
https://ftp.ebi.ac.uk/pub/databases/interpro/current_release/
https://ftp.ebi.ac.uk/pub/databases/interpro/current_release/
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_sprot.fasta.gz
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_sprot.fasta.gz
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_sprot.fasta.gz
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_trembl.fasta.gz
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_trembl.fasta.gz
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_trembl.fasta.gz
https://www.interactivenn.net/index.html
https://www.interactivenn.net/index.html
https://ftp.ebi.ac.uk/pub/databases/Rfam/CURRENT/
https://ftp.ebi.ac.uk/pub/databases/Rfam/CURRENT/
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obtained from Zhang et al. [20], Zhang et al. [24], and 
TimeTree database [134] (https://timetree.org/) to ​c​a​l​i​b​
r​a​t​e divergence time of these species. Finally, the phylo-
genetic tree with divergence time was visualized and for-
matted using FigTree v.1.4.4 (​h​t​t​p​​:​/​/​​t​r​e​e​​.​b​​i​o​.​​e​d​.​​a​c​.​u​​k​/​​s​o​f​t​
w​a​r​e​/​f​i​g​t​r​e​e).

Gene family expansion and contraction analysis
The expansion and contraction of gene families were 
analyzed using CAFE5 (Computational Analysis of gene 
Family Evolution) v.1.1 [135], based on clustering results 
after excluding families with more than 100 genes. The 
results were subsequently visualized on the phylogenetic 
tree.

Selective pressure and WGD analyses
The self and all-vs-all protein sequence alignments of 
Arctium lappa, Carthamus tinctorius, Centaurea solstiti-
alis, Cynara cardunculus, and A. gracilis were performed 
using blastp in BLAST + v.2.16.0 [84] with default param-
eters. Based on these results, MCScanX v.1.0.0 [124] with 
default parameters was employed to identify inter- and 
intragenomic collinear regions among these five Astera-
ceae species. Orthologous and paralogous protein pairs 
were then extracted and aligned using MUSCLE v.5.3 
[136]. The alignment results were then converted to CDS 
sequences with GffRead v.0.12.7 [126].

Selective pressure and WGD events were inferred by 
calculating Ka/Ks, Ks, and 4dTv values. Ka represents the 
nonsynonymous substitution rate, indicating the average 
number of nonsynonymous substitutions per nonsynon-
ymous site. The Ks represents the synonymous substitu-
tion rate, indicating the average number of synonymous 
substitutions per synonymous site. 4dTv is the propor-
tion of fourfold degenerate third-codon transversion sites 
and is commonly used to estimate synonymous substitu-
tion rates between homologous genes. The Ka/Ks ratio 
reflects selective pressure on PCGs: Ka/Ks > 1 suggests 
positive selection, Ka/Ks = 1 indicates neutral selection, 
Ka/Ks < 1 suggests negative or purifying selection. In 
the absence of WGD, the distributions of Ka/Ks, Ks, and 
4dTv values among homologous genes typically follow 
exponential decay. In contrast, the occurrence of WGD 
events produce peaks resembling normal distributions in 
these values.

Ka/Ks and Ks values of orthologous and paralogous 
gene pairs among the five Asteraceae species were calcu-
lated from CDS alignments using KaKs_Calculator v.2.0 
[137] under the YN model. The values of 4dTv were cal-
culated under the HKY model using a Perl script (​h​t​t​p​​s​:​/​​
/​g​i​t​​h​u​​b​.​c​​o​m​/​​J​i​n​f​​e​n​​g​C​h​​e​n​/​​S​c​r​i​​p​t​​s​/​b​​l​o​b​​/​m​a​s​​t​e​​r​/​F​​F​g​e​​n​o​m​
e​​/​0​​3​.​e​​v​o​l​​u​t​i​o​​n​/​​d​i​s​​t​a​n​​c​e​_​k​​a​k​​s​_​4​​d​t​v​​/​b​i​n​​/​c​​a​l​c​u​l​a​t​e​_​4​D​T​V​_​
c​o​r​r​e​c​t​i​o​n​.​p​l). The distributions of Ka/Ks, Ks, and 4dTv 
for orthologous and paralogous genes were plotted using 

a Perl script (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​J​i​n​f​​e​n​​g​C​h​​e​n​/​​S​c​r​i​​p​t​​s​/​b​​l​o​
b​​/​m​a​s​​t​e​​r​/​F​​F​g​e​​n​o​m​e​​/​0​​3​.​e​​v​o​l​​u​t​i​o​​n​/​​d​i​s​​t​a​n​​c​e​_​k​​a​k​​s​_​4​​d​t​v​​/​b​i​
n​​/​d​​r​a​w​_​4​d​t​v​_​k​a​k​s​.​p​l). The Ka/Ks distribution was ​f​u​r​t​h​
e​r analyzed to infer selective pressure. The Ks and 4dTv 
distributions were used to infer WGD events. To verify 
the WGD signature, the collinear depth of paralogous 
gene pairs in A. gracilis was assessed through statistical 
analysis of the collinearity results generated by MCScanX 
v1.0.0 [124].
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