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Abstract
Background  Arctium lappa L. (A. lappa), a plant of significant economic importance, is cultivated worldwide for its 
applications in food and medicine, presenting a compelling opportunity for genetic research within the Asteraceae 
family. Despite the importance of A. lappa genetic resources, the genome of the Peixian yellow A. lappa cultivar has 
not yet been sequenced.

Results  This study presents a chromosome-level genome of the Peixian yellow A. lappa, the genome consists of 
a comprehensive 1.69 Gb reference and a scaffold N50 of 91.02 Mb. By utilizing Hi-C data, we anchored 99.12% 
of the assembled sequences onto 18 chromosomes and identified 40,665 protein-coding genes. The genome 
is predominantly composed of repetitive sequences, which constitute 68.32%, with long terminal repeats (LTRs) 
accounting for 65.66% of the total. A comparative genomic analysis with the Gansu A. lappa genome revealed 
significant genetic variations, including 2,972,809 single nucleotide polymorphisms (SNPs), 608,644 insertions/
deletions (INDELs), and 11,800 structural variations (SVs). Furthermore, transcriptomic analyses comparing Peixian 
yellow A. lappa and Liu chuan li xiang A. lappa have shed light on the molecular mechanisms underlying carotenoid 
biosynthesis in Peixian yellow A. lappa. A total of 16 differentially expressed genes (DEGs) were specifically associated 
with the carotenoid biosynthesis pathway. Among these, several genes, including PSY1, PDS, BCH2, VDE, NCED1, and 
NCED2, were downregulated in Peixian yellow A. lappa. In contrast, other genes such as DXS, IDI1, CCD8B, CCS, and 
CCD4 were upregulated. Additionally, several transcription factors linked to carotenoid biosynthesis were identified, 
including MYC2, WRK35, and HY5. Most of these transcription factors were downregulated in Peixian yellow A. lappa, 
with the exception of Arcla.08g00830, which encodes MYC2.

Conclusion  This high-quality genomic resource is poised to enhance genome-informed breeding strategies and 
improve A. lappa quality, offering valuable insights for breeding programs aimed at enhancing desirable traits in A. 
lappa.
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Introduction
Arctium lappa L. (A. lappa), known as “Niubang” in 
China, is an edible and medicinal plant belonging to the 
Asteraceae family [1]. In Europe and Japan, the fleshy 
root of A. lappa is consumed as a vegetable, while its 
fruit has long been utilized for medicinal purposes in 
China [2]. The fleshy root is rich in essential nutrients, 
including inulin, polysaccharides, lignans, carbohy-
drates, phenolic compounds, and carotene [3, 4]. Despite 
its nutritional and medicinal benefits, research into the 
molecular genetics of A. lappa lags behind that of other 
closely related Asteraceae plants, primarily due to the 
limited availability of genome assembly and annotation 
data [5–8]. Establishing a high-quality genome assembly 
is crucial for uncovering genetic variations that elucidate 
the genetic and molecular foundations of desirable plant 
traits [9]. Therefore, generating a high-quality genome 
assembly from a distinct A. lappa cultivar is essential 
for identifying genetic variations that contribute to trait 
diversity.

Genomic structural variations (SVs), including inser-
tions/deletions (InDels), single-nucleotide polymor-
phisms (SNPs), duplications, and inversions, represent 
vital sources of genetic variation that influence key 
agronomic traits in crops [10, 11]. However, techno-
logical limitations and the lack of high-quality reference 
genomes have hindered the identification of genetic 
variants, particularly SVs, among A. lappa species. To 
address this issue, it is necessary to develop additional 
reference genomes from a broader range of accessions. 
This will facilitate the identification of SVs and their 
evolutionary dynamics, clarifying their roles in shaping 
essential horticultural traits relevant to A. lappa domes-
tication and breeding.

Peixian yellow A. lappa is a cultivar specific to China, 
characterized by its golden yellow skin, which has gained 
popularity among consumers due to its high carotenoid 
content. Carotenoids not only serve as precursors to 
vitamin A but also play a crucial role in protecting vision 
and mitigating cardiovascular and cerebrovascular dis-
eases [12]. The biosynthesis of carotenoids in plants 
has been extensively studied and documented [13, 14]. 
Recent studies have examined the regulation of carot-
enoid biosynthesis pathways in fruits and vegetables by 
various transcription factors (TFs), including the bHLH, 
WRKY, and bZIP families [15–17]. These transcription 
factors play critical roles in regulating the expression of 
carotenoid-related genes, influencing carotenoid accu-
mulation during plant development and in response to 
environmental factors. For instance, the transcription 
factor SlWRKY35 in tomato fruits activates the expres-
sion of the SlDXS1 gene, promoting carotenoid accu-
mulation [17]. In citrus fruits, the transcription factor 
CsMPK6 interacts with CsMYC2, a member of the bHLH 

family, reducing its ability to bind promoter regions, 
which affects carotenoid biosynthesis. Additionally, 
WRKY proteins bind to W-box elements in promoter 
regions, regulating genes involved in carotenoid syn-
thesis [17, 18]. bZIP transcription factors, characterized 
by their conserved bZIP domains, specifically recognize 
and bind to cis-acting elements such as the G-box (CAC-
GTG) and C-box (GACGTC). Despite extensive research 
on carotenoid biosynthesis in various plant species, the 
regulatory genes involved in carotenoid biosynthesis in 
A. lappa remain largely unexplored.

This study focuses on the Chinese-specific cultivar 
Peixian yellow A. lappa, for which a high-quality chro-
mosome-scale genome assembly was developed. Com-
parative genomic analysis revealed SVs between the 
Peixian yellow A. lappa and the Gansu A. lappa genomes. 
Establishing this high-quality reference genome not only 
illuminates the genetic diversity and evolutionary history 
of A. lappa but also provides a foundation for genomic 
selection of desirable traits in A. lappa and other species 
within the Asteraceae family.

Materials and methods
Plant materials and sequencing libraries preparations
Whole-genome sequencing was performed on individual 
plants of the Peixian yellow A. lappa, a Chinese-specific 
cultivar grown in Peixian, Jiangsu Province. A single 
plant of Peixian yellow A. lappa were used for sequenc-
ing and they were clonal. For genome assembly, genomic 
DNA was extracted from the young leaves of Peixian yel-
low A. lappa using a DNAsecure Plant Kit (Tiangen Bio-
tech, Beijing, China), and DNA quality was detected by 
agarose gel electrophoresis. The A260/A280 ratio of the 
DNA was 1.81, as measured by the Qubit Fluorometer.

For single-molecule real-time (SMRT) sequencing, 
PacBio libraries were constructed following the standard 
protocols outlined by Pacific Biosciences [19]. Briefly, 
high-quality genome DNA was sheared to ~20 kb, the 
damaged ends were repaired and ligated with a blunt-end 
adaptor, and the resulting libraries were sequenced using 
the PacBio Sequel platform.

Hi-C libraries were constructed following a modi-
fied standard protocol [20]. Leaves of Peixian yellow A. 
lappa were crosslinked with 4% formaldehyde, and chro-
matin was extracted and digested with 400U of DpnⅡ 
restriction enzyme at 37 °C. Cross-linked fragments 
were labeled with biotin-14-dCTP, followed by blunt-
end repair and DNA ligation with T4 DNA ligase (NEB). 
After reverse crosslinking and DNA purification, the 
fragments were processed by fragmentation, end repair, 
and enrichment of biotin-labeled Hi-C samples using 
streptavidin C1 magnetic beads. Finally, Illumina paired-
end sequencing adapters were ligated to the fragments. 
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Quality control of the Hi-C libraries was performed 
before sequencing on an Illumina PE150 platform.

Genome assembly and quality assessment
The genome size, heterozygosity ratio, and repeat 
sequence ratio of the Peixian yellow A. lappa genome 
were analyzed through k-mer distribution analysis (k 
= 17) using Illumina short reads which were generated 
through whole genome sequencing (WGS), following the 
method described by Marcais et al. [21].

Draft genome assembly was performed using Hifiasm 
(v0.16.1) (​h​t​t​p​​s​:​/​​/​h​i​f​​i​a​​s​m​.​​r​e​a​​d​t​h​e​​d​o​​c​s​.​​i​o​/​​e​n​/​l​​a​t​​e​s​t​/​i​n​d​e​
x​.​h​t​m​l) [22] and subsequently polished with Racon and 
Nextpolish (v1.2.4) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​N​e​x​t​​o​m​​i​c​s​/​N​e​x​t​
P​o​l​i​s​h) based on PacBio HiFi reads and Illumina ​s​h​o​r​t​-​r​e​
a​d​s using Pilon (v1.2.2) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​b​r​o​a​​d​i​​n​s​t​​i​t​u​​
t​e​/​p​​i​l​​o​n​/​​r​e​l​​e​a​s​e​​s​/​​t​a​g​/​v​1​.​2​4) [23]. Hi-C data were used to 
assemble the chromosome-level genome using ALLHiC 
(v0.9.8) software (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​a​n​g​​e​r​​z​h​a​n​g​/​A​L​L​H​
i​C).

For anchored contigs, clean read pairs were generated 
from the Hi-C library and mapped to the polished Peix-
ian yellow A. lappa genome via BWA (v0.7.17-r1188) (​h​
t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​l​h​3​/​​b​w​​a​/​r​e​l​e​a​s​e​s) [24] with the default 
parameters. Paired reads that were mapped to a differ-
ent contig were used for Hi-C associated scaffolding. The 
percentage of valid Hi-C read pairs successfully mapped 
to the genome was 16.34% and 25.51%, respectively.

To evaluate the quality of the genome assembly, several 
complementary methods were employed. First, genomic 
completeness was assessed using conserved plant genes 
from the Benchmarking Universal Single-Copy Ortho-
log (BUSCO v3.0.2) (https://busco.ezlab.org/) and Core 
Eukaryotic Genes Mapping Approach (CEGMA v2.5) 
databases (​h​t​t​p​​s​:​/​​/​b​i​o​​w​e​​b​.​p​​a​s​t​​e​u​r​.​​f​r​​/​p​a​​c​k​a​​g​e​s​/​​p​a​​c​k​@​
C​E​G​M​A​@​v​2​.​5) [25, 26]. Second, Illumina short reads 
were mapped back to the assembled genome using BWA 
(v0.7.8) [24] to calculate coverage rates and average 
sequencing depth. The quality of the genome assembly 
was further examined using the LTR Retriever package 
(v1.0.7) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​o​u​s​h​​u​j​​u​n​/​L​T​R​_​r​e​t​r​i​e​v​e​r) 
[27].

Construct circos plot
The Circos software was used to generate the circos plot 
[28]. First, prepare the input files for each track, ensur-
ing that the display style (e.g., heatmap, line, etc.) and 
color scheme for each track are specified appropriately. 
Once the files are ready, configure the plot by following 
the software’s guidelines, and then execute the command: 
circos -conf circosall. conf -outputfile niubang. circus.

Gene prediction and genome annotation
Protein-coding genes in the Peixian yellow A. lappa 
genome were identified through a combination of de 
novo gene prediction, homology-based prediction, and 
transcriptome data integration [29]. Repeat contents 
were determined using a hybrid approach of de novo and 
homology-based predictions. Repeat content identifica-
tion: initially, a de novo repeat database was constructed 
using LTR (v1.06) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​x​z​h​u​​b​/​​L​T​R​_​F​i​n​d​e​
r), RepeatScout (v1.0.5) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​D​f​a​m​​-​c​​o​n​s​​
o​r​t​​i​u​m​/​​R​e​​p​e​a​t​S​c​o​u​t), and RepeatModeler (v2.0.1) (​h​t​t​p​​
:​/​/​​w​w​w​.​​r​e​​p​e​a​​t​m​a​​s​k​e​r​​.​o​​r​g​/​R​e​p​e​a​t​M​o​d​e​l​e​r​/) [30]. Repeat 
elements were then identified using TRF (v4.09) (​h​t​t​p​​s​
:​/​​/​t​a​n​​d​e​​m​.​b​​u​.​e​​d​u​/​t​​r​f​​/​t​r​f​.​h​t​m​l) [31] based on this ​d​a​t​a​b​
a​s​e​. For homology-based identification, RepeatMasker 
(v4.1.0) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​p​e​a​t​m​a​s​k​e​r​.​o​r​g​/) [32] and ​P​r​o​t​
e​i​n​M​a​s​k (v4.1.0) [32] were utilized. The results from de 
novo and homology-based predictions were combined 
to comprehensively annotate repeat elements across the 
genome.

For RNA-seq-based prediction, transcriptome 
sequences from six tissues-root, leaf, petiole, seed, flower, 
and hypocotyledonary axis were aligned to the genome 
using TopHat (v2.1.1) (​h​t​t​p​​s​:​/​​/​c​c​b​​.​j​​h​u​.​​e​d​u​​/​s​o​f​​t​w​​a​r​e​​/​t​o​​p​h​
a​t​​/​i​​n​d​e​x​.​s​h​t​m​l) [33]. Gene prediction was carried out by 
integrating evidence from homology-based, de novo, and 
transcript-assisted methods. Homology-based predic-
tion: tools such as BlastAll (v2.2.26), Solar (v0.9.6), and 
GeneWise (v2.4.1) were employed for protein alignment. 
De novo prediction: gene models were predicted using 
five ab initio tools-Augustus (v3.2.3) (​h​t​t​p​​s​:​/​​/​a​n​a​​c​o​​n​d​a​​.​o​r​​
g​/​b​i​​o​c​​o​n​d​a​/​a​u​g​u​s​t​u​s) [34], Geneid (v1.4) (​h​t​t​p​​s​:​/​​/​g​e​n​​o​m​​
e​.​c​​r​g​.​​c​a​t​/​​s​o​​f​t​w​​a​r​e​​/​g​e​n​​e​i​​d​/​i​n​d​e​x​.​h​t​m​l), Genescan (v1.0) (​
h​t​t​p​​:​/​/​​g​e​n​e​​s​.​​m​i​t​​.​e​d​​u​/​G​E​​N​S​​C​A​N​.​h​t​m​l), Glimmer (v3.0.4) 
(​h​t​t​p​​s​:​/​​/​c​c​b​​.​j​​h​u​.​​e​d​u​​/​s​o​f​​t​w​​a​r​e​/​g​l​i​m​m​e​r​h​m​m​/), and SNAP 
(v2013.11.29) (https://snap.stanford.edu/) [35].

Transcript-assisted prediction: transcriptome data 
supported the refinement of gene models. The identi-
fied gene models from these approaches were integrated 
using EVM (v1.1.1) (​h​t​t​p​​:​/​/​​e​v​i​d​​e​n​​c​e​m​​o​d​e​​l​e​r​.​​g​i​​t​h​u​b​.​i​o​/) 
[36] to produce a comprehensive and high-confidence 
gene set. Gene annotation: gene functions were anno-
tated by comparing predicted protein sequences against 
the SwissProt database (https://www.uniprot.org/) [37], 
TrEMBL, and NCBI non-redundant protein databases, 
selecting the best hits for functional annotation. Protein 
motifs and domains were identified using InterProScan 
(v5.35–74.0.0) (​h​t​t​p​​:​/​/​​w​w​w​.​​e​b​​i​.​a​​c​.​u​​k​/​i​n​​t​e​​r​p​r​o​/) [38] 
with reference to the InterPro (v29.0) database (​h​t​t​p​​s​:​/​​/​
w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​i​​n​t​​e​r​p​r​o​/) [39]. Functional classifications 
for genes were assigned based on Gene Ontology (GO) 
terms (http://www.geneontology.org/) [40] and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​k​e​g​g​.​j​p​/​​​​​) [41] pathways using the best-matched hits. 
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tRNAs were annotated using tRNAscan-SE (v1.4) [42]. 
rRNAs, miRNAs, and snRNAs: Predicted using INFER-
NAL (v1.1.2) (​h​t​t​p​​s​:​/​​/​a​n​a​​c​o​​n​d​a​​.​o​r​​g​/​b​i​​o​c​​o​n​d​a​/​i​n​f​e​r​n​a​l) 
[43] with the Rfam database (release 9.1) ​(​​​h​t​t​p​s​:​/​/​r​f​a​m​.​o​
r​g​/​​​​​)​.​​

Comparative genomics and genome evolution analysis
To investigate the evolutionary history of the Peix-
ian yellow A. lappa, we conducted a comparative 
genomic analysis using the genomes of 14 other plant 
species, including Helianthus annuus (GenBank: 
GCA_002127325.2) [44], Lactuca sativa (GenBank: 
GCA_002870075.4) [45], Cynara cardunculus (GenBank: 
GCA_001531365.2) [46], Cichorium intybus (GenBank: 
GCA_023525715.1) [47], Artemisia annua Linn (Gen-
Bank: GCA_003112345.1) [48], Daucus carota (Gen-
Bank: GCA_001625215.2) [49], Solanum tuberosum 
(GenBank: GCA_000226075.1) [50], Solanum lycoper-
sicum (GenBank: GCA_036512215.2) [51], Capsicum 
frutescens L. (GenBank: GCA_011745845.1) [52], Coffea 
canephora (GenBank: GCA_049114775.1) [53], Arabi-
dopsis thaliana (GenBank: GCA_000001735.2) [54], and 
Oryza sativa L.(GenBank: GCA_034140825.1) [55].

To analyze genome evolution, orthologous gene fami-
lies, including single-copy and multicopy families, were 
identified across the Peixian yellow A. lappa and other 
genomes using OrthoMCL (​h​t​t​p​​:​/​/​​o​r​t​h​​o​m​​c​l​.​o​r​g​/​o​r​t​h​o​
m​c​l​/) [56]. Single-copy gene families were aligned using 
MUSCLE (​h​t​t​p​​:​/​/​​w​w​w​.​​d​r​​i​v​e​5​.​c​o​m​/​m​u​s​c​l​e​/) [57], ​g​e​n​e​r​a​t​
i​n​g a superalignment matrix that served as the basis for 
phylogenetic tree construction.

Maximum likelihood (ML) phylogenetic trees were 
constructed using RaxML (​h​t​t​p​​:​/​/​​s​c​o​.​​h​i​​t​s​.​​o​r​g​​/​e​x​e​​l​i​​x​i​s​​/​
w​e​​b​/​s​o​​f​t​​w​a​r​​e​/​r​​a​x​m​l​​/​i​​n​d​e​x​.​h​t​m​l) [58]. Divergence times 
among species were estimated using Mcmctree (​h​t​t​p​​:​/​
/​​a​b​a​c​​u​s​​.​g​e​​n​e​.​​u​c​l​.​​a​c​​.​u​k​​/​s​o​​f​t​w​a​​r​e​​/​p​a​m​l​.​h​t​m​l) [59], with 
calibration points derived from the TimeTree database 
(http://www.timetree.org/) and a previous report [60]. 
To identify gene family expansions and contractions, 
CAFÉ (v4.2) (​h​t​t​p​​s​:​/​​/​h​a​h​​n​l​​a​b​.​​g​i​t​​h​u​b​.​​i​o​​/​C​A​F​E​/) [61] was 
employed.

Analysis of WGD events and genome synteny
WGD events and synteny in the Peixian yellow A. lappa 
genome were analyzed using MCScanX (​h​t​t​p​​:​/​/​​c​h​i​b​​b​a​​.​p​g​​
m​l​.​​u​g​a​.​​e​d​​u​/​m​c​s​c​a​n​2​/). Paralogs were identified through 
pairwise analysis, and WGD events were inferred based 
on the distribution of fourfold synonymous third-codon 
transversion (4DTv) and synonymous substitution rate 
(Ks) values for each paralogous pair.

Collinearity between genomes was also analyzed using 
MCScanX [62] with default parameters. To detect syn-
tenic regions, protein sequences were first aligned in an 

all-versus-all manner using BLASTP, and collinear paral-
ogous pairs were identified through MCScanX [62].

Structural variant identification
To identify SVs, the Peixian yellow A. lappa genome was 
aligned to the Gansu A. lappa genome (GenBank num-
ber: GCA_023525745.1) [47] assembly using the MUM-
mer4 toolkit (​h​t​t​p​​s​:​/​​/​m​u​m​​m​e​​r​4​.​​g​i​t​​h​u​b​.​​i​o​​/​i​n​​s​t​a​​l​l​/​i​​n​s​​t​a​l​l​.​h​
t​m​l) [63] with the parameters --mum -c 100 -l 100. ​A​l​i​g​n​
m​e​n​t blocks were filtered using delta-filter with param-
eters -i 80 -l 100 -1 to ensure high-quality alignments.

Subsequently, SVs such as SNPs, InDels, tandem 
expansions, repeat expansions, tandem contractions, and 
repeat contractions were identified using MUMmer4. 
Functional annotations of these SVs were performed 
using the ANNOVAR package.

(​h​t​t​p​​s​:​/​​/​a​n​n​​o​v​​a​r​.​​o​p​e​​n​b​i​o​​i​n​​f​o​r​​m​a​t​​i​c​s​.​​o​r​​g​/​e​n​/​l​a​t​e​s​t​
/) [64], enabling the association of SVs with potential 
functional impacts. The criteria for filtering SNPs, small 
InDels, and SVs are as follows: SNPs, small InDels (< 50 
bp), and SVs (structural variations, ≥ 50 bp, including 
large insertions, deletions, and inversions).The SVs in 
carotenoid biosynthesis genes between Peixian yellow A. 
lappa and Gansu A. lappa were identified based on the 
carotenoid biosynthesis pathway from RNA-seq data.

Comparative transcriptome analysis of fleshy roots from 
Peixian yellow A. lappa and Liu chuan li xiang A. lappa 
species
Peixian yellow A. lappa is a cultivar specific to China, 
grown in Peixian, Jiangsu Province, and is characterized 
by its yellow epidermis. Liu chuan li xiang A. lappa is one 
of the main varieties cultivated in Japan, distinguished 
by its cylindrical root shape, smooth and straight bar-
like appearance, and black epidermis. Fleshy roots from 
two A. lappa varieties were harvested and immediately 
frozen in liquid nitrogen. Total RNA was extracted using 
the RNeasy Plant Mini Kit (Qiagen). The RNA Integrity 
Numbers (RIN) for the RNA-seq samples were 9.60, 
9.00, 10.00, 9.90, 10.00, and 9.80, respectively. Transcrip-
tome profiling was carried out as previously described 
[65]. Briefly, three biological replicates per sample were 
sequenced on the Illumina NovaSeq 6000 (Illumina, 
USA). Raw RNA reads were filtered and trimmed to 
eliminate low-quality sequences, resulting in clean reads. 
These reads were then aligned to the draft reference 
genome using HISAT2 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​D​a​e​h​​w​a​​n​K​
i​m​L​a​b​/​h​i​s​a​t​2) with default parameters. Gene-level read 
counts were obtained using FeatureCounts [66].

The Fragments Per Kilobase of transcript per Mil-
lion mapped reads (FPKM) value for each gene was 
calculated based on the gene length and the number of 
reads mapped to it, providing a normalized measure of 
gene expression. To identify DEGs, DESeq2 was used 

https://anaconda.org/bioconda/infernal
https://rfam.org/
https://rfam.org/
http://orthomcl.org/orthomcl/
http://orthomcl.org/orthomcl/
http://www.drive5.com/muscle/
http://sco.hits.org/exelixis/web/software/raxml/index.html
http://sco.hits.org/exelixis/web/software/raxml/index.html
http://abacus.gene.ucl.ac.uk/software/paml.html
http://abacus.gene.ucl.ac.uk/software/paml.html
http://www.timetree.org/
https://hahnlab.github.io/CAFE/
http://chibba.pgml.uga.edu/mcscan2/
http://chibba.pgml.uga.edu/mcscan2/
https://mummer4.github.io/install/install.html
https://mummer4.github.io/install/install.html
https://annovar.openbioinformatics.org/en/latest/
https://annovar.openbioinformatics.org/en/latest/
https://github.com/DaehwanKimLab/hisat2
https://github.com/DaehwanKimLab/hisat2
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for normalization and statistical analysis. Multiple test-
ing correction was performed using the Benjamini–
Hochberg method. Genes with an adjusted p-value 
(P-adj) < 0.05 were considered differentially expressed. To 
explore the functional significance of DEGs, GO enrich-
ment analysis was conducted using the GOseq R pack-
age, which accounts for gene length bias. GO terms with 
a corrected p-value < 0.05 were deemed significantly 
enriched. Additionally, KOBAS software.

(http://bioinfo.org/kobas) was employed to test for 
the enrichment of DEGs in KEGG pathways, with path-
ways showing a q-value < 0.05 considered significantly 
enriched.

The carotenoid biosynthesis genes in Peixian yellow A. 
lappa were identified from the carotenoid biosynthesis 
pathway. The bioinformatics tools used are listed in Table 
S1.

RNA isolation and real-time quantitative PCR analysis
Total RNA was isolated from the fleshy roots of two A. 
lappa varieties using the TransZol Plant Kit (TRANS, 
Beijing, China) following the manufacturer’s instruc-
tions. cDNA was synthesized using the FastQuant RT 
Kit (with gDNase) (TIANGEN, Beijing, China) according 
to the manufacturer’s protocol. Relative gene expression 
was quantified by RT-qPCR using the FastStart Univer-
sal SYBR Green Master (ROX) (Roche, Mannheim, Ger-
many) on a Stratagene MX3005P Real-Time PCR System 
(Applied Biosystems, Waldbronn, Germany), following 
the manufacturer’s guidelines. Three independent bio-
logical replicates were performed for each sample, and 
relative expression levels were calculated using the 2−ΔΔCt 
method, with normalization to β-actin. Primer sequences 
are listed in Table S22.

Results
Chromosome-level high-quality genome assembly of the 
Peixian yellow A. lappa
We assembled a chromosome-level genome of A. lappa 
through de novo sequencing of Peixian yellow A. lappa, 
a prominent local cultivar from Jiangsu Province, China. 
This cultivar is distinguished by its golden-yellow skin, 
which contrasts with the brown-skinned varieties, such 
as Liu chuan li xiang A. lappa (Fig. 1a and Fig. S1).

Initially, k-mer analysis (k = 17) estimated the genome 
size to be 1.69 Giga base-pairs (Gb), with a heterozy-
gosity rate of 0.24% (Fig. S2). A total of 108 G Illumina 
reads were generated, providing a sequence coverage of 
64.09×. Repetitive sequences, accounting for 75.78% of 
the genome, are derived from k-mer analysis (Table S2). 
We then generated 161 Gb of PacBio HiFi reads (95.54× 
genome coverage) (Table S3) and assembled the contigs 
using Hifiasm [22]. The resulting assembly had a total 
contig length of 1.71 Gb, with a contig N50 of 74.25 mega 

base-pairs (Mb). To improve the assembly’s structural 
accuracy, we integrated Hi-C paired-end reads, which 
allowed us to anchor the contigs into 18 chromosomes, 
accounting for 99.12% of the assembled genome (Fig. 1b 
and c). This Hi-C-based assembly demonstrated excep-
tional quality, further supported by chromatin interac-
tion data, achieving a scaffold N50 value of 91.02 Mb 
(Table S4; Table S5).

Multiple assessments confirmed the high qual-
ity of the assembled Peixian yellow A. lappa genome. 
BUSCO analysis indicated that 98.2% of the detected 
gene models were complete, underscoring the genome’s 
exceptional completeness (Table S6 and Fig. S3). Addi-
tionally, CEGMA results revealed the presence of 243 
core eukaryotic genes, further supporting the assembly’s 
completeness (Table S7). A GC depth scatter plot con-
firmed the absence of contamination in the assembly 
(Fig. S4). The LTR Assembly Index (LAI) score of 20.14, 
derived from LTR annotation, the QV was 50.9691, met 
the standards for a reference-quality genome.

 Notably, a comparison with the genomes of two other 
A. lappa species [47, 67] (Table S8) revealed that the 
Peixian yellow A. lappa exhibits the highest BUSCO 
score, indicating superior genome completeness. Fur-
thermore, the contig N50 of the Peixian yellow A. lappa 
is 74 Mb, significantly higher than the 6.88 Mb observed 
in the Dongbei A. lappa [67]. This 10-fold increase in 
contig continuity suggests that the Peixian yellow A. 
lappa assembly is likely more accurate at both the contig 
and scaffold levels.

For genome annotation, complementary approaches 
were employed, including de novo gene prediction, pro-
tein-based homology searches, and RNA sequence-aided 
predictions. A total of 40,665 genes were predicted, with 
an average gene length of 4,355.36 bp and an average cod-
ing sequence length of 1,105.64 bp. Each gene contained 
an average of 4.50 exons, with an average exon length of 
245.74 bp. The total gene count was comparable to that 
of L. sativa (Table S9). Furthermore, the Peixian yellow 
A. lappa genome encoded 2,162 microRNAs (miRNAs), 
1,005 transfer RNAs (tRNAs), 7,684 ribosomal RNAs 
(rRNAs), and 2,860 small nuclear RNAs (snRNAs) (Table 
S10). Functional annotation assigned functions to 39,814 
genes (97.91%), with 50.80% of the genes categorized 
into Gene Ontology (GO) terms and 74.88% mapped to 
KEGG pathways (Table S11; Fig. S5).

The Peixian yellow A. lappa genome provides insights 
into its evolution history. Polyploidization, driven by 
whole-genome duplication (WGD) events and the pro-
liferation of transposable elements (TEs), was a key fac-
tor in genome size expansion, consistent with findings 
in other plants [68]. Repetitive sequences constituted 
68.32% of the genome (Table S12). Among these, LTRs 
were the most prevalent, accounting for 65.66%, followed 

http://bioinfo.org/kobas
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Fig. 1  Morphological and genomic characteristics of the A. lappa plant. a Phenotype of Liu chuan li xiang A. lappa displaying its characteristic brown skin. 
b Phenotype of the Peixian yellow A. lappa, notable for its golden yellow skin. Bar = 5 cm. c Genome-wide chromatin interaction map of the 18 chromo-
somes in the Peixian yellow A. lappa genome, illustrating the high-quality Hi-C data that supports chromosome-level assembly. d Circos plot depicting 
genomic features of the Peixian yellow A. lappa genome: (Ⅰ) The 18 chromosomes; (Ⅱ) Gene density; (Ⅲ) Transcriptional activity across the genome; 
(Ⅳ) GC content distribution; (Ⅴ) Density of repetitive sequences; (Ⅵ) Syntenic block relationships within the genome. 2n = 32
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by DNA transposable elements (0.43%) and LINEs 
(0.06%) (Table S13).

Comparative genomics, genome evolution, and WGD 
events
To explore the evolutionary history of Peixian yellow A. 
lappa, we performed a comparative genomic analysis by 
comparing its genome with those of 14 other plant spe-
cies. This analysis designated 44,294 gene families, of 
which 6,805 were common across all 15 species, and 660 
were identified as single-copy gene families (Fig. 2a).

Focusing specifically on gene families in Peixian yellow 
A. lappa, comparisons with closely related species such 
as H. annuus, L. sativa, C. cardunculus, C. intybus, and 
A. annua revealed 6,253 genes unique to A. lappa (Fig. 
2b). Functional enrichment analysis indicated that these 
unique genes were significantly associated with critical 
biological processes, including the nucleobase-contain-
ing compound biosynthetic process, cellular macromol-
ecule biosynthetic process, and the regulation of cellular 
biosynthetic processes (Table S14).

Based on the phylogenetic tree analysis, the diver-
gence time between Peixian yellow A. lappa and Gansu 
A. lappa was estimated to be approximately 3.5 million 
years ago (Mya) (Fig. 3a). Comparative genomic analysis 
revealed 1,251 significantly expanded gene families and 
1,978 significantly contracted gene families in the Peixian 
yellow A. lappa genome (Fig. 3b).

GO enrichment analysis of the expanded gene fami-
lies highlighted their significant involvement in key bio-
logical processes, including regulation of transcription, 
DNA-templated processes, regulation of cellular mac-
romolecule biosynthetic processes, and regulation of 
nucleobase-containing compound metabolic processes 
(Table S15). These findings suggest that the expanded 
gene families may have played a role in shaping the 
unique genomic and functional characteristics of the 
Peixian yellow A. lappa.

Previous studies have identified a whole-genome trip-
lication event (WGT-1) in Asterids II species such as C. 
cardunculus and H. annuus [44]. In this study, we per-
formed a whole-genome duplication (WGD) analysis 
of Peixian yellow A. lappa. The analysis revealed a peak 
at approximately 0.28 in the 4DTv values, indicating a 
genome duplication event in the Peixian yellow A. lappa 
genome (Fig. 4a). To further explore this event, inter-
specific synteny analysis identified 9,275 syntenic genes 
(22.81%) within Peixian yellow A. lappa, supporting the 
hypothesis that the genome duplication involved WGT-1 
and occurred prior to the diversification of Asterids II 
species (Fig. 4b).

Additionally, we conducted an analysis to identify posi-
tively selected genes by using Peixian yellow A. lappa 
as the foreground branch and H. annuus, L. sativa, C. 

cardunculus, S. tuberosum, and S. melongena. as back-
ground branches. This analysis, based on a likelihood 
ratio test (LRT), identified 496 positively selected genes 
(q-value < 0.05) (Table S16). GO enrichment of these 
genes highlighted significant associations with DNA met-
abolic processes, nucleotide-excision repair, and DNA 
repair in biological processes.

Comparison of SVs between the Peixian yellow A. lappa 
and Gansu A. lappa genomes
Using the Peixian yellow A. lappa genome as the refer-
ence, we identified a total of 2,972,809 SNPs and 608,644 
small InDels. Additionally, 11,800 SVs ranging from 50 
bp to 10,000 bp in size were detected, comprising 3,349 
insertions, 3,248 deletions, 1,096 tandem expansions, 924 
tandem contractions, 1,578 repeat expansions, and 1,605 
repeat contractions (Fig. 5a).

The genomic distribution of these SVs is shown in Fig. 
5b. The majority of SVs (73.11%) were located in inter-
genic regions, while 8.51% were found in exonic regions, 
7.02% in intronic regions, and 5.84% in upstream regions. 
The relatively low proportion of SVs in exonic regions is 
likely attributed to their potential loss-of-function effects 
and the influence of strong purifying selection during 
plant genome evolution [69].

Analysis of key genes relevant to carotenoid biosynthesis
Carotenoids are known to contribute to the yellow, 
orange, and red pigmentation in flowers, fruits, and 
fleshy roots, respectively [13]. To investigate the molecu-
lar mechanisms responsible for the epidermal yellowing 
observed in the Peixian yellow A. lappa, we conducted a 
comparative transcriptome analysis of the annual fleshy 
roots from two A. lappa varieties: Liu chuan li xiang A. 
lappa (characterized by a black epidermis) and Peixian 
yellow A. lappa (characterized by a yellow epidermis).

The analysis focused on the expression patterns of 
protein-coding genes associated with the carotenoid bio-
synthesis pathway. Differential expression of these genes 
between the two cultivars provided insights into the 
genetic and regulatory mechanisms driving carotenoid 
accumulation and the resulting yellow pigmentation in 
the epidermis of the Peixian yellow A. lappa. A total of 
6,918 DEGs were identified between the Peixian yellow 
A. lappa and the Liu chuan li xiang A. lappa. Among 
these, 3,796 genes were upregulated and 3,122 genes 
were downregulated in the Peixian yellow A. lappa (Fig. 
6a, Table S17 and Table S18). The GO analysis of DEGs is 
presented in Table S19. KEGG pathway enrichment anal-
ysis revealed that these DEGs were significantly enriched 
in pathways such as plant-pathogen interaction, fatty acid 
elongation, glycolysis, oxidative phosphorylation, and 
carotenoid biosynthesis (Fig. 6b).
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Fig. 2  Genome evolution of Peixian yellow A. lappa. a Distribution of gene families across 15 plant species, including H. annuus, L. sativa, C. cardunculus, 
Gansu A. lappa, S. tuberosum, S. lycopersicum, S. melongena, C. annuum, C. canephora, A. thaliana, O. sativa, C. intybus, D. carota, and A. annua. b Common 
and unique gene families identified among six species: A. annua, A. lappa, C. cardunculus, C. intybus, H. annuus, and L. sativa
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Fig. 3  Phylogenetic tree and gene family analysis of Peixian yellow A. lappa and related species. a Inferred phylogenetic tree constructed using single-
copy orthologous gene families from Peixian yellow A. lappa and 14 other plant species. Divergence times (in million years ago, Mya) are indicated at 
each node with 95% credibility intervals. b Analysis of gene family expansions and contractions. Numbers of expanded and contracted gene families are 
displayed as plus (+) and minus (-) signs, respectively, followed by their corresponding counts
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A total of 36 genes were found to participate in 
carotenoid biosynthesis, with their FPKM values pre-
sented in Table S20. Among these, 20 genes showed 
no significant difference, including Arcla.12g08340 

(encoding DXS), Arcla.18g09760, Arcla.09g18310, and 
Arcla.09g18300 (encoding DXS2), Arcla.03g05740, 
Arcla.04g06880, and Arcla.15g13580 (encoding IDI1), 
Arcla.08g12100 (encoding IDI2), Arcla.15g07380, 

Fig. 5  Structural variants between the Peixian yellow A. lappa and Gansu A. lappa genomes. a Distribution of structural variants: size distributions of in-
sertions, deletions, repeat expansions, repeat contractions, tandem expansions, and tandem contractions identified between the Peixian yellow A. lappa 
and Gansu A. lappa genomes. b Genomic localization of SVs: proportions of SVs located in different genomic regions, including exonic regions, intronic 
regions, upstream regions, and intergenic regions

 

Fig. 4  Comparative genomic and evolutionary analysis of the Peixian yellow A. lappa genome. a Distribution of 4DTv values for duplicated gene pairs in 
syntenic blocks within the genomes of Peixian yellow A. lappa, C. cardunculus, C. intybus, D. carota, H. annuus, and L. sativa. b Visualization of syntenic blocks 
within the genome of Peixian yellow A. lappa.
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Arcla.18g05610, and Arcla.15g07390 (encoding GGPPS), 
Arcla.03g18220 (encoding ZDS), Arcla.14g11270, and 
Arcla.01g13440 (encoding CRTSO), Arcla.17g09320 
(encoding LCYB), Arcla.03g05390 (encoding CYP97A3), 
Arcla.10g02770 (encoding CYP97C1), Arcla.06g14560, 
Arcla.08g15360, and Arcla.05g06970 (encoding CCD1), 
and Arcla.12g01490 (encoding CCD7).

Notably, 16 DEGs were specifically associated with 
the carotenoid biosynthesis pathway. Several of these 

genes were downregulated in the Peixian yellow A. 
lappa, including Arcla.03g20210 (encoding PSY1), 
Arcla.02g00450 (encoding PDS), Arcla.02g25400 
(encoding BCH2), Arcla.17g11310 (encoding VDE), 
Arcla.01g04460 and Arcla.07g16470 (both encoding 
NCED1), and Arcla.13g04830 (encoding NCED2). In 
contrast, several genes were upregulated in the Peixian 
yellow A. lappa, including Arcla.05g23140 (encoding 
DXS), Arcla.03g05740 (encoding IDI1), Arcla.10g01830 

Fig. 6  Comparative transcriptomic and pathway analysis of carotenoid biosynthesis. a Volcano plot of DEGs between the Peixian yellow A. lappa and 
Liu chuan li xiang A. lappa. b Results of KEGG pathway enrichment for DEGs. c Key genes involved in the carotenoid biosynthesis pathway as identified 
through KEGG analysis, showcasing their differential expression between the two A. lappa varieties
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(encoding CCD8B), Arcla.08g19470 (encoding CCS), and 
Arcla.08g06620 (encoding CCD4) (Fig. 6c; Table S20).

Additionally, several transcription factors associ-
ated with carotenoid biosynthesis were identified. These 
included Arcla.08g00830 and Arcla.12g13630 (both 
encoding MYC2), Arcla.14g16000 (encoding WRK35), 
and Arcla.08g14820 (encoding HY5). Most of these tran-
scription factors were downregulated in the Peixian yel-
low A. lappa, with the exception of Arcla.08g00830 (Fig. 
6c; Table S20). The qRT-PCR results were consistent with 
the RNA-seq data (Fig. S6).

Comparative analysis of carotenoid-related genes between 
Peixian yellow A. lappa and Gansu A. lappa
We further analyzed SVs in carotenoid biosynthesis 
genes between the genomes of Peixian yellow A. lappa 
and Gansu A. lappa. The Gansu A. lappa genome con-
tains the following SVs compared to the Peixian yel-
low A. lappa: Arcla.05g23140 (encoding DXS) shows 
a deletion at positions 87,938,332 and 87,938,384. 
Arcla.18g09760 (encoding DXS2) has a deletion in the 
intergenic region between positions 33,733,084 and 
33,733,142. Arcla.03g05740 (encoding IDI1) exhibits 
a tandem expansion in the intergenic region between 
positions 18,246,329 and 18,259,800. Arcla.04g06880 
(encoding IDI1) has a repeat contraction in the intergenic 
region between positions 28,244,917 and 28,250,577. 
Arcla.08g12100 (encoding IDI2) shows an inser-
tion at position 63,304,950 in the intergenic region. 
Arcla.18g05610 (encoding GGPPS) contains a dele-
tion at positions 14,252,244 and 14,252,296 in the inter-
genic region. Arcla.10g02770 (encoding CYP97C1) 
has an insertion at positions 5,073,575 and 5,073,578. 
Arcla.08g15360 (encoding CCD1) exhibits an insertion at 
position 73,433,584. Arcla.01g04460 (encoding NCED1) 
contains an insertion at position 9,383,957 in the inter-
genic region. Arcla.13g04830 (encoding NCED2) has an 
insertion between positions 14,786,428 and 14,786,432 in 
the intergenic region.

Additionally, Arcla.08g00830 and Arcla.12g13630 
(both encoding MYC2) show the following differences: 
Arcla.08g00830 has a repeat expansion between positions 
4,041,474 and 4,069,315. Arcla.12g13630 has an inser-
tion between positions 66,832,819 and 66,832,828 in the 
intergenic region (Table S23).

Discussion
Comparison of the Peixian yellow A. lappa genome with 
other A. lappa genomes
High-quality, chromosome-level genome assemblies 
are essential for molecular breeding and for uncovering 
the molecular basis of economically important traits in 
plants [70]. In recent years, Hi-C sequencing technology, 
which utilizes long-range linkage information across tens 

of megabases, has become an efficient method for assem-
bling chromosome-scale scaffolds in many large eukary-
otic genomes [71]. A. lappa, an important fleshy root 
vegetable in the composite family, has been the subject of 
several genome assemblies at the chromosome level [47, 
67]. However, research on the molecular genetics of A. 
lappa lags behind that of other closely related Asteraceae 
plants, hindering the identification of functional genomic 
variations and the dissection of the genetic determinants 
of complex traits in A. lappa. In this study, we generated 
a high-quality, chromosome-level genome for Peixian 
yellow A. lappa, which has a genome size of 1.69 Gb and 
a scaffold N50 value of 91.02 Mb (Table S8). This assem-
bly is 10 times longer than the Dongbei A. lappa genome 
(1.79 Gb, scaffold N50 = 6.88 Mb) (Table S8).

Increasing evidence suggests that SVs can drive sig-
nificant phenotypic and morphological variation by 
influencing gene dosage, function, and regulation in 
crop species [72]. In our study, we analyzed SVs associ-
ated with carotenoid synthesis in Peixian yellow A. lappa 
and Gansu A. lappa (Table S23). This is the first study to 
identify SVs between these two A. lappa genomes.

Given the rapid advances in sequencing technologies, it 
is crucial to further characterize genetic variation across 
different A. lappa species, subspecies, and varieties and 
to explore how these variations impact the genetic con-
trol of key horticultural traits in Arctium. Taken together, 
the availability of this complete genome assembly for 
Peixian yellow A. lappa provides a valuable resource for 
genetic breeding, as well as for evolutionary and compar-
ative studies within the Arctium genus.

Carotenoid biosynthetic pathways in Peixian yellow A. 
lappa
Carotenoids are a group of isoprenoid metabolites that 
are vital for life. In plants, carotenoids are essential for 
photosynthesis and photoprotection, acting as light-
harvesting pigments and structural components of 
photosystems. Their accumulation in fruits and fleshy 
roots contributes to the vivid orange, yellow, or red col-
ors, which have significant ecological and agronomical 
value [13, 73]. Beyond their fundamental roles in plants, 
carotenoids are also crucial for human nutrition and 
health. As a result, substantial efforts have been made to 
increase carotenoid levels in food crops, enhancing their 
nutritional value and health benefits [74, 75]. Over the 
past few decades, significant progress has been made in 
understanding the carotenoid biosynthetic pathway and 
its regulation [76]. Several genes involved in carotenoid 
biosynthesis have been identified, including PSY, PDS, 
VDE, NCED, DXS, IDI, CCD, and CCS [77–80]. In this 
study, we performed a comparative transcriptomic analy-
sis of two A. lappa varieties with distinct skin colors and 
identified DEGs associated with carotenoid biosynthesis. 
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Key genes, such as PSY1, PDS, BCH2, VDE, NCED1, and 
NCED2, were found to be downregulated in the Peix-
ian yellow A. lappa, while DXS, IDI1, CCD8B, CCS, and 
CCD4 were upregulated.

As the first enzyme in the methylerythritol phosphate 
(MEP) pathway, DXS plays a critical role in carotenoid 
biosynthesis [81]. It has been proposed that upregulation 
of SlDXS1 in the MEP pathway can effectively increase 
carotenoid content in tomato fruit [82]. Thus, the upreg-
ulation of DXS in Peixian yellow A. lappa may contribute 
to the enhanced carotenoid content in this variety.

Transcription factors (TFs) play a central role in regu-
lating the expression of carotenogenic genes. Recent 
advances have identified and validated various transcrip-
tion factors that either activate or suppress the expression 
of carotenoid structural genes. Additionally, new caro-
tenogenic transcription factors continue to be discovered 
and characterized [83]. Among these, HY5 can bind to 
the G-box elements in the promoters of carotenoid bio-
synthesis genes like PSY, as well as chlorophyll synthesis 
genes, promoting both chlorophyll and carotenoid accu-
mulation in response to light [84]. MYC2, a member of 
the bHLH family, has also been shown to regulate carot-
enoid biosynthesis. In Citrus, CsMYC2 activates the 
expression of genes like CsPSY and CsBCH, which are 
responsible for fruit peel coloration [85]. Furthermore, 
WRKY TFs are regulated at multiple levels within various 
gene regulatory networks, including those of carotenoid 
biosynthesis. WRKY TFs can bind to W-box elements 
in the promoter regions of target genes [86]. In tomato 
fruit, SlWRKY35 directly activates the expression of the 
1-deoxy-D-xylulose 5-phosphate synthase (SlDXS1) gene 
in the MEP pathway, leading to enhanced carotenoid 
accumulation [17].

Despite extensive research on carotenoid regulation in 
other species, the transcription factors involved in carot-
enoid biosynthesis in A. lappa have not been reported. In 
our study, we found that TFs such as MYC2, WRKY35, 
and HY5, known to be involved in carotenoid regulation 
were downregulated in Peixian yellow A. lappa. This sug-
gests that WRKY35 likely activates the expression of DXS, 
HY5 activates PSY1, and MYC2 regulates the expres-
sion of both PSY and BCH2. However, the mechanisms 
by which these transcription factors regulate carotenoid 
biosynthesis in A. lappa appear to be complex and war-
rant further investigation to fully elucidate their roles.

Our findings lay the groundwork for future studies on 
carotenoid biosynthesis and regulation in A. lappa. Addi-
tionally, these results contribute to the comprehensive 
identification of genetic variants associated with key hor-
ticultural traits, providing valuable genomic resources for 
developing gene-targeted strategies aimed at enhancing 
desirable traits in A. lappa.

Conclusions
In this study, we assembled a high-quality, chromosome-
level genome of Peixian yellow A. lappa with a total 
length of 1.69 Gb using PacBio HiFi and Hi-C technolo-
gies. A total of 99.12% of the sequences were successfully 
anchored to 18 chromosomes. The scaffold N50 value 
was 91.02 Mb, and the BUSCO score was 98.2%, indicat-
ing a high-quality genome assembly. Gene annotation 
identified 40,665 genes. Among the sequences, 68.32% 
were repetitive, with LTRs representing the largest frac-
tion of the repeats (65.66%). Evolutionary analysis sug-
gested that Peixian yellow A. lappa have undergone a 
WGD event. Additionally, a combined transcriptomic 
analysis of Peixian yellow A. lappa and Liu chuan li xiang 
A. lappa identified 16 DEGs involved in carotenoid syn-
thesis. Notably, the expression of DXS, IDI1, CCD8B, 
CCS, and CCD4 genes was significantly upregulated, 
while the expression of PSY1, PDS, BCH2, VDE, NCED1, 
and NCED2 genes was significantly downregulated. 
These expression patterns of DEGs related to carotenoid 
biosynthesis may play a crucial role in the coloration of 
the epidermis in Peixian yellow A. lappa.
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