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Chromosome-level genome 
assembly of agar-producing red 
seaweed Gracilaria vermiculophylla
Jianbo Jian1, Yuhang Luo1, Jialong Xu1, Ningyin Zhong1, Yajuan Peng2, Zhangyan Wu2, 
Qun Liu3, Bei Luo3, Xin Yang2, Jing Chen1, Shuqi Wang1 & Hong Du1 ✉

As an agar-producing red seaweed, Gracilaria vermiculophylla plays a significant role in the food 
industry as well as in multiple fields, including evolutionary studies, genetic diversity analysis, and 
ecological research. However, a high-quality chromosome-level genome of G. vermiculophylla is 
not currently available. In this study, we report a high-quality chromosome-level genome for G. 
vermiculophylla combining short-read, Nanopore long-read, and Hi-C data. The finally assembled 
genome size is 77.5 Mb, with Contig N50 of 2.61 Mb and Scaffold N50 of 3.16 Mb, comprising 22 
pseudochromosomes. The transposable elements (TEs) constituted 45.93 Mb of the G. vermiculophylla 
genome, with long terminal repeats (LTRs) accounting for 55.03% of the predominant retrotransposons. 
The G. vermiculophylla genome contains a total of 10,689 protein-coding genes, of which 86.14% have 
been functionally annotated. The BUSCO evaluation, GC content and sequencing depth assessment 
demonstrated the high quality of the assembly and the success of the decontamination process. The 
high-quality genomic information provides an invaluable resource for agar development, evolution 
studies, comparative genomics, genetic diversity analysis, and ecological research.

Background & Summary
Red macroalgae (Rhodophyta), a key group with global distribution in coastal ecosystems, are economically 
valuable for both food and industrial applications1. Red macroalgae, comprising approximately 7000 species, 
represent the earliest diverging eukaryotic lineage exhibiting complex multicellularity1,2. Gracilaria vermiculo-
phylla, a member of the genus Gracilaria within the family Gracilariaceae and class Florideophyceae, is native 
to Southeast Asia and Northwest Pacific, and has become an invasive species in numerous estuaries across 
North America and Europe3. The high diversity of Gracilariaceae was clearly illustrated based on the analysis 
of rbcL and 170 COI-5P sequences analysis4. The most extensively studied aspect of G. vermiculophylla is its 
application in the production of agar and other bioactive compounds, which have significant pharmacologi-
cal and industrial implications5–8. The extraction of agars was tested under various MAE (microwave-assisted 
extracted) conditions, and their physicochemical properties were characterized in G. vermiculophylla7. G. ver-
miculophylla contains biologically active compounds that have potential applications in dietary supplementation 
against oxidative stress9. Including 5% G. vermiculophylla in the diet doubled the iodine content in rainbow 
trout flesh, suggesting that this seaweed is a natural and effective way to improve fish nutrition10. As an inva-
sive species, G. vermiculophylla has been utilized to investigate rapid adaptation in the invaded range through 
gene expression11 and haplo-diplontic life cycles11,12. G. vermiculophylla serves as a model for investigating 
ocean warming13 and the identification of multiple genetic lineages in its native range through the analysis of 
genome-scale microsatellite variation14. Despite its commercial and ecological importance, as well as its sig-
nificance in evolutionary studies, the understanding of G. vermiculophylla has remained limited, particularly 
at the genomic level. The complete chloroplast genome of G. vermiculophylla was reported, with a genome size 
of 180,262 bp and containing 191 protein-coding genes15. Several draft nuclear genomes had been availability 
for Gracilaria genus including Gracilaria domingensis (77.7 Mb)16, Gracilaria chilensis (76.07 Mb)17, Gracilaria 
caudata (30.28 Mb)17, Gracilari gracilis (72.49 Mb)17 and Gracilariopsis genus including Gracilariopsis chorda 
(92.1 Mb)18 and Gracilariopsis lemaneiformis (88.98 Mb)19. A draft genome of G. vermiculophylla was assembled 
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to be 44.95 Mb a combination of Illumina short reads and Hi-C reads17,20. The assembled genome exhibited 
incompleteness, as evidenced by BUSCO analysis that showed only 57.6% and 65.9% of complete genes based 
on the Eukaryota_odb10 database17,20. Due to the absence of a high-quality reference genome, molecular and 
genomic research in G. vermiculophylla has been limited, particularly in research on agar and other industrial 
applications.

In this study, we generated a chromosome-level high-quality reference genome assembly for G. vermiculo-
phylla combining DNBSeq short read sequencing, Nanopore long read sequencing and Hi-C (high throughput 
chromatin conformation capture) data. This reference genome and annotation data serve as valuable resources 
for evolutionary studies, agar biosynthesis research, ecological investigations, and industrial applications.

Methods
Sample collection.  The thallus samples were collected on June 5, 2024, from the eastern coastal region of 
Shandong Province, China (36.09°N, 120.47°E). The sexual characteristics could not be determined at the time 
of thallus harvest, and thus the role of sex remained unclear just based on phenotype. We try to identify the sex 
information with published female and male-linked markers in the Krueger-Hadfield (2020) study using blast21. 
In the assembled genome, Chr07 can be aligned with scaffold_41 of G. vermiculophylla (short-read assembly) 
and corresponds to the sex-determination region reported by Lipinska et al.22. 21 of 26 were successfully mapped 
to our genome, with seven of them aligning specifically to Chr07. Some markers were not used as diagnostic 
markers. To ensure greater clarity regarding the tissue sample and considering that the sex is typically unknown 
at the sampling stage, we classified the tissues as of unknown sex. The samples were transported to the laboratory 
at Shantou University and processed with the following steps. (1) Gently cleanse the surface of the algae using 
sterilized seawater to remove impurities, followed by a thorough rinse with sterilized seawater. (2) Immerse the 
algae in sterilized seawater containing antibiotics (0.1 g kanamycin, 1.0 g streptomycin sulfate, 0.3 g penicillin) for 
6 hours. (3) Rinse the algae again with sterilized seawater. (4) After blotting the surface of the algae with absorbent 
paper and weighing the samples, immediately immerse them in liquid nitrogen and store at −80 °C. HMW (High 
molecular weight) total DNA was extracted from ~3 g fresh G. vermiculophylla samples using the phenol-chlo-
roform extraction protocol with CTAB (cetyltrimethylammonium bromide)23. The extracted DNA quality was 
evaluated by measuring the OD260/280 ratio, which was 1.93, and the OD260/230 ratio, which was 1.87.

Library construction and sequencing.  The short insert-size WGS library was constructed on a DNBSEQ 
sequencing platform. Approximately 1 μg genomic DNA was sheared into fragments ranging from 50 to 800 bp 
using a Covaris E220 ultrasonicator (Covaris, Brighton, UK), following the manufacturer’s protocol. A 300–
400 bp library was constructed and sequenced using the MGI-T7 platform with paired-end 150 bp reads. A total 
of 18.59 Gb raw short reads were generated. After low quality filtering and adaptor removing using SOAPnuke 
(v2.0)24 with parameters “-n 0.01 -l 20 -q 0.1 -i -Q 2 -G 2 -M 2 -A 0.5”, a total of 18.16 Gb of clean data were 
retained for subsequent data analysis (Table 1). The clean data of short reads exhibits high quality, with Q20 
at 97.13% and Q30 at 92.12%. (Table 1). For the long-read library construction, approximately 3 μg DNA frag-
ments were subjected to end repair using end-repair reagents, followed by the addition of deoxyadenosine (dA) 
tails. Tris-EDTA (TE) buffer was used to facilitate the formation of Y-shaped adaptors from the oligonucleotides. 
The library was constructed utilizing motor protein BCH-X (a specific motor protein for nanopore sequencing), 
Y-shaped adaptors, and input DNA. A long-read sequencing library was prepared for Nanopore CycloneSEQ 
platforms25. A total of 14.9 Gb of long-read data were generated, with an average read length of 4,799 bp (Table 1).

Hi-C library preparation, sequencing.  To anchor the assembled contigs to chromosomes, a Hi-C library 
was performed for G. vermiculophylla. In this study, approximately 3 μg fresh G. vermiculophylla thalli were fixed 
in 1% formaldehyde (Sigma) for cross-linking. The G. vermiculophylla thalli were resuspended in lysis buffer, 
and chromatin was fragmented using MboI and DpnII restriction endonucleases (NEB). Following biotin labe-
ling, crosslink DNA fragments of algae using T4 DNA Ligase (Enzymatics) and subsequently captured with 
Streptavidin-coated magnetic beads (Thermo Fisher Scientific). Then, an “A” base was added to the 3′-end of each 
strand using the KAPA HYPER PREP KIT (KAPA). Finally, the Hi-C library was sequenced using DNBSEQ-T7 
(PE150). A total of 22.15 Gb of raw data were sequenced, and after applying the same filtering parameters for 
short reads, 21.86 Gb of clean data were obtained (Table 1). The clean data of Hi-C reads exhibits high quality, 
with Q20 at 97.42% and Q30 at 92.5%. (Table 1).

Genome assembly and decontamination.  The primary contigs of the G. vermiculophylla genome were 
initially assembled from nanopore reads using NextDenovo v2.5.2 with parameters “-a 1, -x ava-ont -k17 -w17 
”26. The assembled steps comprised correcting sequencing errors using the NextCorrect module and conducting 

Sequencing Strategies Reads Passed Failed Passed Rate (%)

Nanopore sequencing
Reads 3,105,367 297,775 91.25%

Bases (Mb) 14,904.10 839.59 94.67%

DNBSEQ Raw data Clean data Clean Q20 Clean Q30

Short reads (PE 150) 18.59 Gb 18.16 Gb 97.13% 92.21%

Hi-C (PE 150) 22.15 Gb 21.86 Gb 97.42% 92.50%

Table 1.  Sequencing data statistics of Gracilaria vermiculophylla with Nanopore and DNBSEQ sequencing 
platform.
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preliminary assembly with the NextGraph module. The preliminary assembled contigs were polished using 
three rounds of racon version 1.3.3 with the Nanopore long reads27. The polished contigs were further corrected 
through two rounds error-correction using Pilon-1.24 with short reads28. Then, the contigs were anchored to 
chromosomes using Hi-C data (Fig. 1a and b).

Firstly, the G. vermiculophylla clean Hi-C reads were mapped onto the assembled contigs using BWA 
v 0.7.1229. The overall mapping rate of G. vermiculophylla was 70.2%. Excluding chimeric ambiguous and 
unmapped, the aligned map rate was 57.74%. After deduplication, the number of Hi-C contact reads was 
22,323,461, representing 30.64% of the total reads. Then, the Hi-C contact data were processed using the Juicer 
pipeline v1.5, after which the G. vermiculophylla assembled contigs were anchored to chromosomes using 
3D-DNA pipeline v18092230. Contaminants, primarily bacteria, in algal samples is a common and signifi-
cant challenge for algal genome assembly31. Interactions within a single chromosome are stronger than those 
between different chromosomes, enabling the differentiation of host genome sequences from microbial genome 
sequences and the Hi-C data can be used for decontamination32. A similar strategy was previously applied in 
marine seaweed studies33, where metagenome-Hi-C (Meta-Hi-C) was effectively utilized to remove microbial 
contamination from assemblies.

The contigs with strong intra-scaffold Hi-C interactions comprised the chromosomal regions of G. vermicu-
lophylla. Contigs showing minor inter-scaffold interactions with scaffolds of G. vermiculophylla might be some 
unanchored algal contigs. These sequences were confirmed by blasting against the Gracilaria genus data down-
loaded from NCBI. The other group exhibited strong intra-scaffold Hi-C interactions, while displaying little or 
no interactions with the assembled G. vermiculophylla scaffolds, indicating these represent bacterial sequences. 
These bacterial contigs can be confirmed by blasting against the bacterial database from NCBI. The plastid 
and mitochondria also were excluded with the published organelle sequence from Gracilaria. Finally, the G. 
vermiculophylla nuclear genome was 77.5 Mb with contig N50 and scaffold N50 of 2.61 Mb and 3.16 Mb, respec-
tively (Table 2). The largest assembled contig is 4.53 Mb, and the total number of contigs is 80. The 22 scaffolds 
corresponding to the 22 chromosomes, totaling 73.78 Mb, indicated that 95.2% of the sequences were anchored 
to chromosomes (Table 2). Due to the lack of experimental karyotype data, we refer to these 22 chromosomes 
as pseudochromosomes. The GC content is 50.5%, which is significantly lower than the 70.06% observed in 
Neoporphyra haitanensis (Bangiales, Rhodophyta) (Table 2).

Repeat identification and gene annotation.  Repetitive elements and protein-coding genes were iden-
tified and annotated in the G. vermiculophylla genome. The tandem repeats were first identified using TRF (4.9) 
with default parameter34. Two strategies were applied for repeat identification. With the reference library from 
RepBase (http://www.girinst.org/repbase)35, homologous sequences of the G. vermiculophylla genome were iden-
tified through RepeatMasker (open-4.0.9)36 and RepeatProteinMask (v 4.0.7)37. The second strategy was masking 
the repeats based on a de novo generated repeat library using the G. vermiculophylla genome. The library was con-
structed using RepeatModeler. The G. vermiculophylla repetitive sequence was constructed using RepeatModeler 
open-1.0.1136 and LTR_FINDER_parallel 1.0.738 and RepeatMasker (open-4.0.9)36 was used to repeat 

Fig. 1  The genomic characteristics of G. vermiculophylla. a: The circos plot of the G. vermiculophylla genome 
assembly. From outer to inner represented chromosomes in 1 Mb (a), DNA class density (b), LINE density (c), 
LTR density (d), transposon density (e), gene density (f), and GC content (g). The size of the windows is 50 Kb 
from b to g. b: Hi-C intra-chromosomal interaction map in G. vermiculophylla with 100 kb windows. The Hi-C 
plot is based only on data from 22 chromosomes.
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identification. A total of 45.93 Mb (59.26%) of the assembled G.vermiculophylla genome were classified as trans-
posable elements (TEs) (Table 3). Long terminal repeats (LTRs) are the predominant retrotransposons, account-
ing for 55.03% of the assembled genome (Fig. 2), with Gypsy comprising 36.8% and Copia comprising 12.8%, 
respectively (Table 3). Soft-masking of the genomes were generated using a combination of both repeat identi-
fication strategies. Gene annotation was conducted using three strategies: de novo prediction, homology-based 
annotation, and transcriptome-based annotation.1) In de novo prediction, gene models of G. vermiculophylla 
were predicted using the Augustus software (version 3.2.1) with default parameters39. 2) The protein and 

scaffold contig

length(bp) number length(bp) number

Max length 6,407,114 4532714

N10 5,462,059 2 4,428,217 2

N20 4,880,448 3 3,464,153 4

N30 4,428,217 5 2,902,685 7

N40 3,775,838 7 2,764,953 9

N50 3,164,947 9 2,613,191 12

N60 2,872,638 12 2,204,283 16

N70 2,780,434 15 1,949,858 19

N80 2,764,027 17 1,165,471 24

N90 2,386,125 20 761,623 32

Total length 77,513,337 77,492,337

number > = 5000 bp 38 80

GC rate 0.505 0.505

Table 2.  The statistics of the G. vermiculophylla genome assembly.

Values Total Nr Swissprot KEGG KOG TrEMBL Interpro GO Overall

Number 10,689 9,124 5,529 5,387 4,912 6,521 6,695 4,221 9,207

Percentage 100% 85.36% 51.73% 50.40% 45.95% 61.01% 62.63% 39.49% 86.14%

Table 3.  Gene function annotation in G. vermiculophylla genome.
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Fig. 2  Sequences divergence rate of repeats annotated in G. vermiculophylla genome. (a) The Sequences 
divergence rate with de novo annotation. (b) The Sequences divergence rate with known database annotation.
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genome sequences of seven representative algal species, namely Porphyra umbilicalis (GCA_002049455.2)40, 
Porphyridium purpureum CCMP1328 (GCA_008690995.1)41, Gracilariopsis chorda (GCA_003194525.1)18, 
Neopyropia yezoensis (GCA_009829735.1)42, Gracilaria domingensis (GCA_022539475.1)16, Galdieria yel-
lowstonensis (GCA_026122205.1)43, Gracilariopsis lemaneiformis (GCA_003346895.1)19 were downloaded 
for homology-based prediction from the National Center for Biotechnology Information (NCBI) or available 
database. 3) The transcriptome data were downloaded from NCBI Sequence Read Archive (SRA) with fol-
lowing accessions SRR23609112, SRR23609113, SRR23609114, SRR23609115, SRR23609116, SRR23609117, 
SRR23609118, SRR23609119 and ERR2041143. All the data were mapped onto the G. vermiculophylla genome 
by using Hisat2 (v2.1.0)44 with parameters “--no-discordant --sensitive --no-mixed -I 1 -X 1000 --max-intronlen 
1000000”. The aligned reads of all the SRA were assembled using stringtie-2.2.1 with parameters “-f 0.3 -j 3 -c 
5 -g 100 -s 10000 -p 8”45. Gene Model Mapper (GeMoMa-1.9) was used to obtain the GFF annoation format46. 
Then, the coding sequences were identified using TransDecoder (v 5.5.0; https://github.com/TransDecoder/
TransDecoder) with default parameters. Finally, a total of 10,689 protein-coding genes of G. vermiculophylla were 
obtained using EVM (EVidenceModeler-v2.1.0)47 with default parameters.

Functional annotation.  The gene set of the G. vermiculophylla genome was functionally annotated with 
seven databases including NR (NCBI nonredundant protein), Swiss-Prot (http://www.gpmaw.com/html/
swiss-prot.html), KEGG version 105.0, (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/
kegg/),TrEMBL (http://www.uniprot.org), KOG, InterPro 93.0 and GO Ontology (GO) version. A total of 9,207 
(86.14%) genes can be functionally annotated within the G. vermiculophylla genome (Table 3). 51.73%, 50.4% and 
39.49% of genes could be annotated in Swiss-Prot, KEGG and GO, respectively (Table 3). A total of 4201 genes 
could be annotated in five databases including NR, InterPro, KEGG, KOG and Swiss-Prot (Fig. 3). In GO annota-
tion, the highest number (2,073) of genes was annotated to cellular process, followed by binding (2,004) (Fig. 4). 
In the KEGG database, 570 genes were annotated to carbohydrate metabolism, representing the highest number 
of annotations. Meanwhile, 129 genes were annotated to environmental adaptation (Fig. 5).

Data Records
The sequencing dataset had been deposited in the Sequence Read Archive (SRA) under SRP accession 
SRP56419448. The links to the sequencing data were provided as follows: DNA sequencing data from short insert 
size library of G. vermiculophylla was deposited in the SRA at SRR32361124. DNA sequencing data from Hi-C 
library of G. vermiculophylla was deposited in the SRA at SRR32361125. DNA sequencing data from Nanopore 
Cyclone library of G. vermiculophylla was deposited in the SRA at SRR32361123. The genome sequences are 
was deposited in GenBank under accession JBPJGC00000000049. The genome sequences and annotation were 
deposited in figshare50.

Technical Validation
In comparison to the previously published Gracilaria genome, our novel genome assembly for G. vermiculophylla 
exhibits higher contiguity metrics. Our genome represents a chromosome-level assembly for the Gracilaria 
genus and enables comparative analyses with the two previously established chromosome-level genomes within 
the Florideophyceae class, namely those of Kappaphycus striatus51 and Bostrychia moritziana52. Compared to 
the previously Gracilaria domingensis, the scaffold N50 of the G. vermiculophylla genome increased from 189.32 

Fig. 3  Venn diagram of functional annotation of the G. vermiculophylla protein-coding genes. The Venn 
diagram shows the shared and unique annotations among NR, KEGG, KOG, InterPro and SwissProt.
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Kb to 3.16 Mb, representing a more than 16.7-fold increase16. The number of contigs in the G. vermiculophylla 
genome is 80 compared to 1,160 in Gracilaria domingensis, representing an approximately 14.5-fold improve-
ment (Table 2). Compared the previously published G. vermiculophylla genome assembly17, our newly assem-
bled genome size increased from 45.9 Mb to 77.5 Mb. The contig N50 improved from 30.15 Kb to 2.61 Mb, 
indicating an 86.5-fold increase, while the number of contigs decreased from 4,039 to 80, reflecting approxi-
mately a 50.5-fold improvement. The short reads were mapped to the assembled G. vermiculophylla genome 
using BWA (Burrows-Wheeler Aligner) v 0.7.1729, and the results showed the average sequencing depth was 
62.6. The QV (Quality Value) based on short reads was also found to be 34.45, indicating an accuracy level 
exceeding 99.96% and the completeness is 95.65% using Merqury v1.353. Furthermore, the Nanopore sequenc-
ing reads were mapped to the assembled G. vermiculophylla genome using Minimap2, achieving a mapping rate 
of 70.93%. This relatively low mapping rate suggests potential bacterial contamination in the sequenced reads. 
The Nanopore mapping results showed a coverage of 99.88% with an average sequencing depth of 66.92. The GC 
content distribution derived from mapped Nanopore reads was employed to evaluate potential contamination. 
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The analysis of GC content and sequencing depth revealed that the GC values were tightly clustered around 
50.5%, with a pronounced peak, indicating successful decontamination (Fig. 6).

Both the genome and gene set of G. vermiculophylla were evaluated using Benchmarking Universal 
Single-Copy Orthologs (BUSCO, v 5.3.1)54 with the eukaryota_odb10 database, which comprises 255 genes. 
The BUSCO evaluation of the G. vermiculophylla genome revealed that 74.9% of the BUSCOs were classified as 
Complete, with 64.93% representing single-copy and complete BUSCOs, while 73.3% were identified as dupli-
cated and complete BUSCOs (Table 4). For the gene evaluation, G. vermiculophylla, exhibits 77.3% complete 
BUSCO genes, which is slightly higher than the previously reported values of 75.3% in Gracilaria chilensis and 

99

221

217

151

397

25

375

456

519

267

145

570

220

94

239

240

137

68

96

129Environmental adaptation

Metabolism of terpenoids and polyketides

Glycan biosynthesis and metabolism

Nucleotide metabolism

Metabolism of other amino acids

Biosynthesis of other secondary metabolites

Energy metabolism

Lipid metabolism

Metabolism of cofactors and vitamins

Amino acid metabolism

Carbohydrate metabolism

Information processing in viruses

Replication and repair

Folding, sorting and degradation

Transcription

Translation

Signal transduction

Membrane transport

Cell motility

Transport and catabolism

200 400 600

Number of Genes

Cellular Processes
Environmental Information Processing
Genetic Information Processing
Metabolism
Organismal Systems

Fig. 5  KEGG pathway annotation of G. vermiculophylla protein-coding genes.

0

50

100

150

200

40 50 60 70 80
GC ratio

D
ep

th

Fig. 6  GC content and depth distribution for Nanopore reads in G. vermiculophylla genome.

https://doi.org/10.1038/s41597-026-06635-3


8Scientific Data |          (2026) 13:334  | https://doi.org/10.1038/s41597-026-06635-3

www.nature.com/scientificdatawww.nature.com/scientificdata/

73% in the Gracilaria caudata, and comparable to the 77.3% observed in Gracilaria gracilis (77.3%) (Table 4). 
The comparison of gene features with six red algal species revealed that the red algae exhibited different distri-
bution pattern in terms of mRNA length, intron length, exon number, and exon length (Fig. 7).

We compared the previous published draft G. vermiculophylla genome (44.95 Mb), which was assembled 
using Illumina short reads17,20. Our newly assembled genome had a size of 77.5 Mb, demonstrating significantly 
higher completeness compared to the genome based on short reads. This was confirmed by the BUSCO scores of 

BUSO Genome Gene

BUSO percentage C:74.9%[S:73.3%,D:1.6%],F:8.6%,M:16.5%,n:255 C:77.3%[S:76.9%,D:0.4%],F:5.5%,M:17.2%,n:255

Complete BUSCOs (C) 191 197

Complete and single-copy BUSCOs (S) 187 196

Complete and duplicated BUSCOs (D) 4 1

Fragmented BUSCOs (F) 22 14

Missing BUSCOs (M) 42 44

Total BUSCO groups searched 255 255

Table 4.  BUSCO analysis result of G. vermiculophylla with eukaryota_odb10.

Intron length (bp)

Gracilaria vermiculophylla
Gracilariopsis chorda
Gracilaria domingensis
 Porphyridium purpureum
 Neopyropia yezoensis
Chondrus crispus

Fig. 7  The gene features in G. vermiculophylla and other related species. (a) Distribution of gene length. (b) 
Distribution of CDS length. (c) Distribution of exon length. (d) Distribution of intron length.
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77.3% versus 65.9% for completeness. The sequences alignment was performed using Mummer-4.0.0 with the 
parameters “-c 2000 -l 400”55. The compared region demonstrated that our newly assembled G. vermiculophylla 
genome (using long reads) exhibited the consistency was relatively higher than that of the short-read assembly 
(Fig. 8a). However, several chromosome sequences, including Chr9, Chr12, and Chr22, were absent in the previ-
ous short-read assembly (Fig. 8a). The scaffold Sc3404 (ScGOVlb3404), which was based on short-read genome 
assembly, could be accurately mapped to Chr3 and Chr4 in our genome (Fig. 8a). The scaffold Sc41 (ScGOVlb41) 
could be precisely aligned to Chr7 and Chr16 (Fig. 8a). Additionally, the scaffold Sc1708 (ScGOVlb1708) could 
be reliably mapped to Chr6 and Chr21 (Fig. 8a). Our newly assembled chromosomes were not observed to map 
to different scaffolds, suggesting that our assembly is of high quality. The same result could also be observed in 
the gene synteny analysis conducted using JCVI with the parameter “--minspan = 10”56 (Fig. 8b).

Data availability
All data related to the genome of G. vermiculophylla are available through the following databases or links. Sequence 
Read Archive (SRA) data was uploaded in NCBI under SRP accession SRP56419448. The short reads DNA sequencing 
data of G. vermiculophylla was deposited in the SRA at SRR32361124. The Hi-C data of G. vermiculophylla was 
deposited in the SRA at SRR32361125. The long Nanopore Cyclone DNA sequencing data of G. vermiculophylla was 
deposited in the SRA at SRR32361123. The genome sequences are was deposited in GenBank https://www.ncbi.nlm.
nih.gov/nuccore/JBPJGC000000000.149. The genome sequences and annotation were deposited in figshare50, which 
included four files. The genome sequences data of G. vermiculophylla is Gv_unknow_new.fa. The annotation data of 
G. vermiculophylla is Gv_unknow_new.gff. The coding sequences data of G. vermiculophylla is Gv_unknow_new.cds.
fa. The peptide sequences data of G. vermiculophylla is Gv_unknow_pep.fa. The data are publicly accessible under the 
CC BY 4.0 license via the persistent identifier https://doi.org/10.6084/m9.figshare.28667702.v3.

Code availability
There was no specific code developed in this study. Data analyses were conducted in accordance with the 
protocols outlined in the Methods section.
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