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Chromosome-level genome 
assembly of the tetraploid 
medicinal and natural dye plant 
Persicaria tinctoria
Qing Li   1,2,3, Hui Huang   1, Ruyan Fan1, Qiannan Ye2,3, Yanting Hu2, Zhenzhen Wu2,3, 
Chengjun Zhang2,4 ✉ & Yuhua Wang1 ✉

Persicaria tinctoria (2n = 40) is an important traditional medicinal plant and natural dye source within 
the genus Persicaria. P. tinctoria has been utilized for its antibacterial, antiviral, anti-inflammatory, 
and tumor treatment properties. Additionally, it has served as a natural blue dye for thousands of 
years worldwide, and continues to be used in countries such as China and Japan. Here, we assembled 
a tetraploid chromosome-scale genome of P. tinctoria, organized into two subgenomes: subgenome 
A, which contains 10 pseudochromosomes with a genome size of 888.67 Mb and a scaffold N50 of 
90.56 Mb, and subgenome B, which also comprises 10 pseudochromosomes with a genome size of 
771.58 Mb and a scaffold N50 of 76.84 Mb. Repeat sequences constitute 77.9% of the genome. A total 
of 76,742 high-confidence protein-coding genes were annotated, with 94.28% of these genes assigned 
functional annotations. This high-quality genome assembly of P. tinctoria will provide valuable genomic 
resources for studying the biosynthesis and evolution of indigoids in indigo plants, as well as for further 
research on the Polygonaceae family.

Background & Summary
Persicaria tinctoria (Aiton) Spach (Polygonum tinctorium Aiton), a species in the Persicaria genus and the 
Polygonaceae family, is a valuable natural blue dye and medicinal herb. It has been used and cultivated world-
wide as a dye plant for thousands of years. In China, the earliest literature record of P. tinctoria is the ancient 
Chinese agricultural Book of Da Dai Liji volume of Xia XiaoZheng in the Xia Dynasty 4000 years ago1. In Japan, 
P. tinctoria became the dominant source of indigo when it was introduced in the 4th century, and its leaf fermen-
tation product, called sukumo, was used extensively in the textile industry2,3. At the same time, P. tinctoria also 
has a very long history as a medicinal plant. In the Chinese Pharmacopoeia, its dried leaves are called folium 
isatidis, the extract of its stems and leaves is called indigo naturalis, both of them have functions including clear-
ing heat and detoxifying, cooling blood and eliminating spots4. In addition, previous pharmacological studies 
have shown that P. tinctoria has antibacterial5,6, anti-HIV7, anti-inflammatory8–10, antioxidant11,12 and anticancer 
functions13–15, and indigo naturalis is used for treating ulcerative colitis16,17 and as an antipsoriatic18,19, antileu-
kemic20–22, and anti-inflammatory23 agent.

P. tinctoria is a crop with important value as a dye and as a medicine, and many previous studies have shown 
that indigo and indirubin are the main dyeing and medicinal components24,25, but the lack of genomic infor-
mation and insufficient research on the molecular biosynthesis mechanisms of indigo and indirubin severely 
restricts the application of natural indigo plants. In addition, plants in the Polygonaceae are widely distributed 
and well adapted, which makes this family a good target for studying plant adaptability to extreme climates. 
Many gene resources from Polygonaceae that are resistant to adverse environments can be used to improve the 
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germplasm of rice, wheat and other crops. Moreover, polyploidy following hybridization (allopolyploidy) has 
long been recognized as a significant factor in plant evolution26. The ploidy diversity within the Polygonaceae 
makes it an excellent subject for study. Kim predicted the formation of allopolyploid species in several 
Polygonaceae species by analyzing a low-copy nuclear gene region, suggesting that approximately fifteen species 
may be allopolyploids, including P. tinctoria27. Our genomic data validated the reliability of his methodology 
and conclusions at the genomic level. And acquiring additional genomic data on Polygonaceae will enhance 
our understanding of the origins and evolution of plant polyploidy. However, genome resources in the family 
are scarce, and reference genomes are available for only a few plants, such as Polygonum cuspidatum28, Rumex 
hastatulu29, rhubarb30 and buckwheat31. The analysis of genomic information from P. tinctoria offers a potential 
foundational resource for further research on the biosynthesis mechanisms of indigo and indirubin, the breed-
ing of new cultivars with highly effective components, and the in-depth study of Polygonaceae.

In a previous ethnobotanical study, researcher Pei Shengji conducted a preliminary investigation of the 
P. tinctoria used by the Yi people in Butuo County, Liangshan Yi Autonomous Prefecture, Sichuan Province, 
China, and collected seeds for further research. In this study, we used these previously collected P. tincto-
ria as samples and estimated the genome size through flow cytometry and K-mer analysis to determine the 
whole-genome de novo sequencing strategy. The high-quality chromosome-level genome of P. tinctoria gen-
erated using HiFi sequencing data obtained from the PacBio single-molecule real-time technique and Hi-C 
sequencing data produced from the high-throughput chromosome conformation capture technique. The final 
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Fig. 1  Overview of the genome survey, chromosome-level genome assembly and genome annotation in  
P. tinctoria. The bioinformatics tools utilized in each step were marked near the arrows.
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P. tinctoria genome of 1.66 Gb was assembled by 322 contigs with a contig N50 of 34.06 Mb, of which 84 contigs 
were assigned to 20 chromosomes with a scaffold N50 of 82.35 Mb. The final assembly genome of P. tincto-
ria contained subgenome A (888.67 Mb) and subgenome B (771.58 Mb), with scaffold N50 length of 90.56 Mb 
and 76.84 Mb, respectively. A total of 77.9% of the repeats sequence in the P. tinctoria genome was annotated 
by using homolog-based and ab initio approaches. A total of 76,742 protein-coding genes were annotated by 
homology-based, transcriptome-based and de novo prediction, and functional annotations were obtained for 
72,352 protein-coding genes by BLAST with various functional databases. An overview of the genome survey, 
chromosome-level genome assembly and genome annotation in P. tinctoria is shown in Fig. 1. Expanding the 
available P. tinctoria genome information provides significant genetic resources for elucidating the biosynthetic 
pathways and evolutionary mechanisms of indigoids. Meanwhile, the genome sequence can be used as a funda-
mental reference for further study on traditional Chinese medicine and Polygonaceae plants.

Methods
Plant materials.  P. tinctoria collected in a previous ethnobotanical investigation was tissue cultured, planted 
and preserved in Kunming City, Yunnan Province, China (24.991918°N, 102.662224°E). The leaves of a single 
fresh plant were collected for genome and Hi-C sequencing, and the inflorescence, flowers, roots, stems and 
leaves of the same plant were collected for second-generation transcriptome sequencing. The collected materials 
to be sequenced were frozen in liquid nitrogen and stored in a −80 °C freezer. The P. tinctoria plant specimen 
was identified by the Plant Resources Investigation, Evaluation and Identification Center of Kunming Institute of 
Botany, Chinese Academy of Sciences, and the voucher specimen with the specimen number 1585760 is stored in 
the Herbarium of Kunming Institute of Botany.

Estimation of genome size in P. tinctoria.  In this study, two methods, flow cytometry and K-mer anal-
ysis, were used to estimate the genome size of P. tinctoria. The genome size of a plant was estimated using the C 
value for P. tinctoria calculated using tomato (Solanum lycopersicum)32 as an internal reference. P. tinctoria seeds 
were collected and stored in a −20 °C refrigerator and planted in a greenhouse (Fig. 2a). Fresh and tender leaves 
of P. tinctoria and S. lycopersicum were collected and immediately placed in 0.8 mL of precooled MGb dissociation 
solution (45 mM MgCl2·6H2O, 20 mM MOPS, 30 mM sodium citrate, 1% (w/v) PVP 40, 0.2% (v/v) Triton X-100). 
In 10 mM Na2EDTA, pH 7.5 with 20 μL/mL β-mercaptoethanol, leaves were quickly chopped vertically with a 
sharp blade and left in the dissociation solution on ice for 10 min and then filtered with a 40 micron aperture filter 

Fig. 2  Morphology and genome size estimation of P. tinctoria. (a) Morphology of P. tinctoria. (b) Estimation of 
genome size by flow cytometry with S. lycopersicum as the internal standard. (c) Estimation of genome size by 
17-kmer distribution. (d) The karyotype of P. tinctoria.

Data type platform Data size (Gbp) Total read number Average length(bp)

WGS short reads BGI MGISEQ-2000 176.68 1,177,842,754 150:150

HiFi PacBio Sequel II 67.76 4,206,541 16,108

Hi-C BGI MGISEQ-2000 180.39 601,293,953 150:150

RNA-seq BGI MGISEQ-2000 23.43 97,392,858 150:150

Table 1.  Statistics of the sequencing data.
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to assemble a nuclear suspension. Precooled propidium iodide (PI) (50 μg/mL) and RNase solution (50 μg/mL) 
were added to the nuclear suspension, which was placed on ice and stained for 0.5–1 h away from light. Using a 
BD FACScalibur flow cytometer to measure the fluorescence intensity of the sample, the genome size of P. tinctoria  
was estimated to be 1.62 Gb, with tomato as the internal standard (Fig. 2b).

K-mer analysis, derived from low-depth sequencing of small fragment libraries, can map essential genomic 
information for P. tinctoria, including genome size, heterozygosity, and repeat sequence ratio33. In this study, 
P. tinctoria cultivated in a greenhouse was selected as the material for DNA extraction and library construc-
tion, and paired end sequencing was performed using the BGI sequencing platform to produce the original 
data. The raw data generated by sequencing were 176.68 Gbp (Table 1), and clean data of 169.127 Gbp were 
obtained after quality control by SOAPnuke software (v2.1.0, major parameter:–lowQual = 20, –nRate = 0.005, – 
qualRate = 0.5, Other parameters default)34. The sequencing quality was evaluated by FastQC software 
(v0.11.7)35, and both the sequencing quality and the sequencing error rate were determined to be normal. A total 
of 10,000 pairs of read data were randomly selected from the filtered high-quality data and then compared with 
the NCBI nucleotide database (NT library) with BLAST software (v0.7.1)36. The results of NT library compari-
son showed that the sample libraries in P. tinctoria were most similar to the DNA of related species, which sug-
gested that the sample libraries in P. tinctoria did not have significant exogenous contamination. The library was 
constructed and sequenced successfully. Then, GCE software (v1.0.2)37 was used to analyze the K-mer counts, 
and K-mer analysis showed that the genome size of P. tinctoria was approximately 1.77 Gb, the rate of heterozy-
gosity was 0.16%, the repeat sequence ratio was 76.51%, and the genome GC content was 39.6% (Fig. 2c).

Investigation of karyotype in P. tinctoria.  The root tips of tissue cultured P. tinctoria derived from 
genome sequencing material were used for karyotypic investigations. The roots were rinsed with flowing water, 
transferred to a centrifuge tube filled with cold water, immersed in 0.002 mol/L 8-hydroxyquinoline solution and 
pretreated at 25 °C for 3 h in the dark. After pretreatment, the root tips were cleaned with ultrapure water five 
times for two minutes each and fixed with Carnoy’s solution (anhydrous ethanol:acetic acid = 3:1) for 2 h at 4 °C. 
After fixation, the root tips were washed 5 times with ultrapure water and then acid hydrolyzed with 45% acetic 
acid (v/v) and 1 mol/L HCl at a volume ratio of 1:1 in a water bath at 60 °C for 2 min. After acid hydrolysis, the 
root tips were washed with ultrapure water 5 times for 2 min each, soaked in ultrapure water for 2 h, and dyed 
with improved modified carbol-fuchsin solution for 30–45 min. After processing, clear chromosome images were 
obtained under a Leica DM1000 optical microscope objective (20×) and photographed under a 100× objective. 
Karyotype results showed that the chromosome number of P. tinctoria is 40 (Fig. 2d); consistent with literature 
reports38,39.

Fig. 3  Hi-C interaction heatmap with a resolution of 500 kb. The strength of Hi-C interaction within 
chromosomes was represented by color, ranging from red (indicating high interaction strength) to yellow 
(indicating low interaction strength).
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Genome sequencing and assembly.  High-quality P. tinctoria genomic DNA was extracted using the 
CTAB method40 from young leaves of plants cultivated in a greenhouse. The quality and quantity of the extracted 
DNA were examined using a NanoDrop 2000 spectrophotometer and Qubit dsDNA HS Assay Kit on a Qubit 
3.0 Fluorometer and electrophoresis on a 0.8% agarose gel. The PacBio Sequel II sequencer developed by Pacific 
Biotechnology (http://www.pacb.com), which uses single-molecule real-time (SMRT) technology, was used to 
sequence the whole genome of P. tinctoria. The original genome data for P. tinctoria were generated by the PacBio 
Sequel II sequencing platform of Wuhan Frasergen Co., Ltd. (http://www.frasergen.cn) using 3 SMRT cells. 
Finally, a total of 67.76 Gb of raw sequencing data were generated (Table 1). Preliminary assembly results drafted 
from Hifiasm software (v0.16.1)41 show that the total length of the P. tinctoria genome was 1.68 Gb, comprising a 
total of 322 contigs with a contig N50 of 31,049,992 bp.

Chromosome-level genome assembly.  The young and tender leaves of P. tinctoria, from the same plants 
as the genome sequencing material, were treated with paraformaldehyde to fix the DNA conformation of the 
cells. After the cells were lysed, restriction endonuclease was applied to the cross-linked DNA to form sticky ends. 
Then, the sticky ends of DNA were repaired, and biotin-labeled oligonucleotide ends were added. DNA ligases 
were used to connect DNA fragments. The DNA cross-links were removed by protease digestion, and the DNA 
was purified and randomly digested to form 300–500 bp fragments. Finally, the biotin-labeled DNA was captured 
by adsorption to avidin magnetic beads, the DNA fragments were end-repaired and A-tailed, sequencing adapt-
ers were ligated, the number of PCR amplification cycles was evaluated, and the entire library was purified42,43. 
After library construction was completed, Qubit2.0 was used for preliminary quantification, and the library was 
diluted to 1 ng/μl. Then, an Agilent 2100 instrument was used to confirm that the insert size of the library was 
as expected, and Q-PCR was used to determine that the effective concentration of the library was greater than 
2 nM. BGI MGISEQ-2000 PE150 sequencing was performed to produce raw reads. Finally, a total of 180.39 Gb of 
raw sequencing data were generated (Table 1). Trimmomatic software (v0.39)44 was used to remove sequencing 
adapters and low-quality fragments from the original data. The clean data were mapped to the draft genome using 
Juicer software (v1.6.2)45, after low-quality and redundant reads were filtered out; the remaining sequences were 
used for auxiliary assembly. 3D-DNA software (v201008)46 was used to cluster the data, construct an interaction 
matrix and draw an interaction map, and Juicebox (v2.15.08)47 was then used to allow visual inspection and 
manual error correction. The sequence and direction of contigs in the assembly process or assembly errors within 
contigs that need to be corrected could be found through the interaction graph. The assembled genome was 
obtained by Hi-C technology, and the final genome assembly result was produced after dehybridization. The color 
range from light to dark indicates an increase in the intensity of the interaction, with darker indicating stronger 
interactions. The horizontal and vertical coordinates indicate the N*bin position on the genome.

The 20 squares in this image are the 20 chromosomes of P. tinctoria. In the process of assembly and error 
correction, the original 322 contigs were rearranged cording to the interaction map, and a total of 322 contigs 
were formed and sequenced. Finally, 20 chromosomes were constructed, including 84 contigs with a total length 
of 1.66 Gb and a contig N50 = 34.06 Mb, scaffold N50 = 82.35 Mb, representing 98.55% of the original genome 
length. We divided the assembled genome into two subgenomes, with subgenome A containing 10 chromo-
somes named A01 to A10, with subgenome B containing 10 chromosomes named B01 to B10 (Fig. 3). The 
genome size of subgenome A and subgenome B was 888.67 Mb and 771.58 Mb, respectively. In subgenome A, 

subgenome Chomosome Length of sequences (bp) GC content (%) Total length of sequences (bp) Scaffold N50 (bp)

subgenome A

A01 100,276,464 39.24

888,669,659 90,558,764

A02 99,303,956 39.65

A03 96,675,085 39.26

A04 91,650,524 39.34

A05 90,558,764 39.42

A06 88,736,471 39.28

A07 86,912,240 39.21

A08 82,349,204 38.98

A09 79,838,988 39.10

A10 72,367,963 39.03

subgenome B

B01 85,563,471 38.91

771,580,816 76,843,512

B02 75,392,184 39.88

B03 83,280,337 38.71

B04 80,249,284 38.83

B05 77,798,503 38.95

B06 76,185,688 39.25

B07 75,117,997 38.78

B08 73,720,991 38.65

B09 76,843,512 38.63

B10 67,428,849 38.55

Table 2.  Summary of the P. tinctoria genome assembly data.
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the longest chromosome was A01 with sequence length of 100,276,464 bp, and the shortest chromosome was 
A10 with sequence length of 72,367,963 bp. In subgenome B, the longest chromosome was B01 with sequence 
length of 85,563,471 bp, and the shortest chromosome was B10 with sequence length of 67,428,849 bp. The scaf-
fold N50 length of subgenome A and subgenome B were 90.56 Mb and 76.84 Mb, respectively (Table 2).

In the 20 chromosomes of subgenomes A and B, genes and repetitive sequences were unevenly distributed on 
the chromosomes. The gene density was higher at the terminal positions with fewer repetitive sequences, while 
the gene density was lower in the intermediate positions with a higher proportion of repetitive sequences. The 
chromosomes exhibited the highest number of transfer RNAs (tRNAs) and the lowest number of microRNAs 
(miRNAs). The GC content ranged from 29% to 57%, with an average GC content of 39.25% for the subgenome 
A and 38.91% for the subgenome B. Additionally, a large number of synteny blocks demonstrated high synteny 
between the two subgenomes of P. tinctoria (Fig. 4).
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Fig. 4  Overview of the P. tinctoria genome assembly. (a) The chromosomes of subgenome A and B (scale is 
1 M for each), the subgenome A comprised chromosomes A01 to A10, while the subgenome B encompassed 
chromosomes B01 to B10. (b) The Y-axis represents the gene density of subgenome A and B, measured in 1 Mb 
windows, with a range from 0 to 136. (c) The Y-axis represents the repeat sequence of subgenome A and B with 
1 Mb windows, with values ranging from 0% to 100%. (d) Distribution of ncRNA in subgenome A and B with 
1 Mb (ribosomal RNA: purple, small nuclear RNA: red, transfer RNA: green, microRNA: blue). (e) The Y-axis 
represents the GC content of subgenome A and B, using 1 Mb windows, and ranges from 29% to 57%.  
(f) Intersubgenome syntenic gene pairs of P. tinctoria in subgenome A and B.
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Transcriptome sequencing.  The P. tinctoria tisssue was originally collected from inflorescences, flowers, 
roots, stems and leaves. Total RNA was extracted using Trizol reagent (Invitrogen, CA, USA). Sequencing librar-
ies were generated using the VAHTS Universal V6 RNA-seq Library Kit for MGI (Vazyme, Nanjing, China) 
following the manufacturer’s recommendations. Subsequently, sequencing was performed on a MGI-SEQ. 2000 
platform by Frasergen Bioinformatics Co., Ltd. (Wuhan, China). Finally, a total of 23.43 Gb RNA-seq clean data 
were obtained for genome annotation (Table 1).

Genome annotation.  After the assembly of the P. tinctoria genome, multiple software programs were used 
to annotate the repeat sequences throughout the whole genome. TRF software (v4.09)48 was used to annotate 
the tandem repeat sequences in P. tinctoria and explained 7.37% of the repeat sequences of the whole genome. 
RepeatMasker software (v4.1.2)49 and RepeatProteinMask software were used to predict sequences similar to 
those in the known repeat sequence database Repbase, which annotated 23.85% repeat sequences of the whole 
genome. De novo prediction of repeat sequences in P. tinctoria accounted for 74.92% of the repeats in the whole 
genome. Finally, the results obtained by above annotation methods were compared, and the redundant results 
were removed. The proportion of total repeat sequences in the genome has been conclusively determined to 
be 77.9%. In the P. tinctoria genome, the transposable element (TE) type had the highest content of repetitive 
sequences, accounting for 77.31%, and we further categorized them. A total of 5.25% of the repeats sequences 
were DNA transposons, 8.36% were long interspersed nuclear elements (LINE)(>1000 bp), and 0.02% were short 
interspersed nuclear elements (SINE)(approximately 300 bp). 64.30% repeat sequences were long terminal repeat 
sequences (LTR) (1.5 kbp-10 kbp), among which 28.33% were Copia, and 28.67% were Gypsy. 4.7% of repeat 
sequences could not be annotated (Table 3).

The gene structure of the P. tinctoria genome was annotated by three methods. The first method applied was 
to perform homologous alignment of encoded proteins with annotated proteins from related species, such as 
Fagopyrum tataricum31, Rumex hastatulus29, Beta vulgaris50 and Arabidopsis thaliana51. Second, assisted anno-
tation was carried out to predict gene structure in P. tinctoria by comparison with RNA-seq data obtained from 
inflorescences, flowers, roots, stems and leaves and performed on the MGI-SEQ. 2000 platform. The third was 
to use Augustus (v3.3)52 and GlimmerHMM software (v3.0.4)53 to make de novo predictions of coding gene 
structures. MAKER software (v3.00)54 was used to integrate the gene sets predicted by the above methods into a 
nonredundant and more complete gene set. Then, PASA (v2.4.1)55 combined with transcriptome data was used 

Class Order
Super 
family

RepeatMasker TEs Length 
(bp) (% in genome)

RepeatProteinMask TEs 
Length (bp) (% in genome)

De novo Length (bp)  
(% in genome)

Combined TEs Length 
(bp) (% in genome)

Class I

Non-LTR
LINE 28,496,857 (1.69) 32,713,763 (1.94) 120,009,541 (7.12) 140,799,803 (8.36)

SINE 368,461 (0.02) 0 (0) 0 (0) 368,461 (0.02)

LTR
Copia 87,944,582 (5.22) 110,409,663 (6.55) 278,920,979 (16.56) 477,275,224 (28.33)

Gypsy 54,684,796 (3.25) 96,132,429 (5.7) 332,188,380 (19.72) 483,005,605 (28.67)

Class II DNA 31,422,276 (1.87) 1,252,105 (0.07) 62,701,020 (3.72) 88,388,999 (5.25)

Other 21,043 (0) 0 (0) 0 (0) 21,043 (0)

Unknown 292,845(0.02) 0 (0) 78,954,360 (4.69) 79,237,325 (4.7)

Total TE 201,438,375 (11.96) 200,276,820 (11.89) 1,262,156,073 (74.92) 1,302,444,751 (77.31)

Table 3.  Classification of transposable elements in P. tinctoria genome.

Annotation Methods Number Percentage (%)

Structure annotation

de novo
Augustus 60,470 78.79

GlimmHMM 85,167 110.98

homology

F. tataricum 69,688 90.81

R. hastatulus 42,441 55.30

B. vulgaris 165,724 215.94

A. thaliana 60,127 78.35

transcriptome RNA-seq 20,641 26.90

MAKER 80,565 105.00

PASA 76,742 100

Functional annotation

SwissProt 52,103 67.89

TrEMBL 71,561 93.25

InterPro 50,190 65.40

NR 72,073 93.92

GO 52,465 68.37

KEGG 71,784 93.54

Total annotated 72,352 94.28

Table 4.  The summary of gene structure and functional annotation in P. tinctoria genome.
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to update the gene structure. A total of 76,742 protein-coding genes were annotated (Table 4). The average length 
of all predicted genes was 3,378.74 bp, each gene had an average of 4.07 exons, and the average exon length was 
316.03 bp.

The protein sequences encoded by the P. tinctoria genome were analyzed by homology searches in 
SwissProt56, TrEMBL57, InterPro58, NR59, GO60 and KEGG61 databases to obtain functional annotation informa-
tion62. Finally, 94.28% (72,352) of the 76,742 protein-coding genes obtained by gene structure annotation were 
functionally annotated in the P. tinctoria genome (Table 4).

Data Records
The sequencing raw data, final genome assembly data reported in this paper had been deposited in NCBI data-
base under BioProject number PRJNA1055428. The sequencing raw data were deposited in the SRA database 
with accession number SRR2731368963, SRR2731369064, SRR2731369165, SRR2731369266, SRR2731369367, 
SRR2731369468. And the final genome assembly has been deposited at GenBank under the accession 
JBANSL00000000069. Genome annotation data has been deposited at the figshare database70.

Technical Validation
Evaluation of the assembled genome.  First, the Hi-C interaction heatmap revealed no obvious sequence 
or contig direction errors in the P. tinctoria genome assembly and had characteristics suggesting intrachromo-
somal interaction enrichment, distance-dependent interaction decay and local interaction smoothness. The Hi-C 
results showed a high-quality P. tinctoria genome (Fig. 3).

Moreover, BUSCO (v5.2.2)71 (Benchmarking Universal Single-Copy Orthology) analysis using the 
single-copy homologous gene set in OrthoDB was used to evaluate the predicted genes and their integrity, frag-
mentation degree and possible loss rate and thus evaluate the integrity of the gene regions in the entire assembly. 
The BUSCO gene set used in this evaluation was embryophyta_odb10. The results showed that the P. tinctoria 
genome contained complete gene sequences for 97.6% of the 1614 BUSCO groups, indicating high integrity of 
the gene regions in the P. tinctoria genome assembly (Table 5).

Finally, to evaluate the integrity of the genome assembly and the uniformity of sequencing coverage in  
P. tinctoria, the second- and third-generation sequencing data were selected and compared with the assembled 
genome using the comparison tool minimap2 (v2.12), and the mapping rate, extent of genome coverage and 
depth distribution of reads were analyzed. The mapping rate and coverage between the final assembled genome 
and sequencing data are more than 99%, indicating that the P. tinctoria genome assembly has decent quality, 
integrity and full coverage. Overall, all of the above results confirmed that both the A and B subgenome assem-
blies of P. tinctoria were of high quality.

Evaluation of the gene annotation.  The annotated genes were evaluated using BUSCO with the data-
set embryophyta_odb10. The proportion of complete BUSCOs was 98.3%, Fragmented BUSCOs was 0.3% and 
Missing BUSCOs was 1.4% (Table 5). The results from the BUSCO assessment indicate that genome annotation 
of P. tinctoria genome was of high quality.

Code availability
All bioinformatics software and databases used to analyze the data were used according to the manuals and 
default protocols, and no custom code was used in this study.
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