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Objective
Verticillium albo-atrum is a considered as a quarantine 
pathogen which is a soil-borne pathogen that can infect a 
great number of important dicotyledonous plant species, 
such as potato, tomato and cotton [1]. The most typical 
characteristic of infected plants is the appearance of the 
change of the color of plant vascular bundles, leading 
to symptoms such as discoloration, wilting, plant stunt-
ing and eventual mortality [2]. It is widely distributed in 
the world, including the United States, Canada, Slovenia, 
The United Kingdom, Germany, Poland, Japan and other 
countries [3].
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Abstract
Objectives  Verticillium albo-atrum is one of the most dangerous quarantine pathogen, which is a soil-borne 
pathogen known for causing verticillium wilt, a disease that affects a wide range of plants, including many 
economically important crops. However, the lack of high-quality genome resource has greatly limited the research of 
molecular and evolutionary mechanisms of Verticillium albo-atrum. The highly-quality genome of Verticillium albo-
atrum provides a valuable resource for better understanding of the biological characteristics.

Data description  We sequenced and assembled the genome of Verticillium albo-atrum using ONT long reads 
combined with DNBSEQ-T7 paired-end short reads and anchored 11 contigs into 8 chromosomes using Hi-C 
chromatin contact information, yielding a 35.95 Mb chromosome-level genome assembly with a N50 of 4.20 Mb. 
In addition, transcript-based annotation identified 9967 protein-coding genes, of which 84.17% were functionally 
annotated. BUSCO analysis demonstrated that this genome assembly has a high-level completeness of 96.47% gene 
coverage.
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Previous studies have indicated that Verticillium albo-
atrum poses a serious threat to local agricultural pro-
duction in many regions. For example, the production 
of hop has been caused by outbreaks of a highly virulent 
strain of Verticillium albo-atrum, which induces lethal 
wilt symptoms, with rapid plant withering [4]. In order 
to facilitate the pathogenic mechanism of Verticillium 
albo-atrum, the high-quality genome resource is of great 
importance. However, the genome information of Ver-
ticillium albo-atrum is still limited. Although genome 
assemblies of Verticillium albo-atrum have been reported 
(Genbank: GCA_024085555.1, GCA_050229555.1 and 
GCA_002851705.1), all of them are scaffold-level, which 
are sequenced employing the short reads of IIIumina 
sequencing technology. In this study, we successfully 
assembled the Verticillium albo-atrum chromosome-
level genome using ONT long reads combined with 
DNBSEQ-T7 paired-end short reads and Hi-C chromatin 
contact information. The high-quality genome of Verticil-
lium albo-atrum would provide a valuable resource into 
the molecular and evolutionary mechanisms of Verticil-
lium albo-atrum.

Data description
The strain of Verticillium albo-atrum (DSM12231) was 
provided by Deutsche Sammlung von Mikroorganismen 
und Zellkulturen and was routinely grown on potato dex-
trose agar (PDA) medium at 25 °C. To process the data, 
the collected strain was harvested from Czapek-Dox 
medium set at 180 rpm and immediately frozen in liquid 
nitrogen. High-molecular-weight genomic DNA extrac-
tion was used CTAB method [5], followed by purification 
using a QIAGEN Genomic kit. RNA extraction was per-
formed using a RNeasy Mini Kit (Qiagen) to obtain RNA-
seq data [6]. A total of 19.0 Gb DNBSEQ-T7 paired-end 
short reads,10.3 Gb ONT long reads, 8.1 Gb Hi-C reads 
and 7.9 Gb paired-end Illumina reads were generated for 
the genome survey, assembly and annotation (Table 1, 
Data file 1 [7], Data set 1–4 [8]).

For second-generation sequencing, DNBSEQ library 
was constructed from the genomic DNA following the 
Plus DNA Library Prep Kit sequenced by DNBSEQ. For 
third-generation sequencing, construction of genomic 
DNA libraries was also performed using the Oxford 
Nanopore Technologies (ONT) sequencing kit (SQK-
LSK110, EXP-NBD196). “k-mer analysis” is performed 
on DNBSEQ-T7 paired-end short reads using Jellyfish 

Table 1  Overview of all figures, data files and tables
Label Name of data file/data set File types (file 

extension)
Data repository and identifier (DOI or accession 
number)

Figure1 Hi-C contact heatmap of Verticillium albo-atrum Image (.jpeg) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​6​5​6​8​1​6​6) [18]
Figure2 Genome features of Verticillium albo-atrum Image (.jpeg) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​2​5​1) [34]
Data file1 Summary of library sequencing data Word file (.docx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​4​1​5) [7]
Data file2 Genome size estimate using GenomeScope Word file (.docx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​6​6​0​6​6​8​2) [8]
Data file3 Assembly statistics of the Verticillium albo-atrum Word file (.docx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​457) [13]
Data file4 Statistics of Hi-C data Word file (.docx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​9​4​7) [17]
Data set1 ONT sequence long reads of Verticillium albo-atrum 

genomic DNA
Fastq file (.fastq.gz) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set2 DNBSEQ-T7 paired-end short reads of Verticillium 

albo-atrum genomic DNA
Fastq file (.fastq.gz) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set3 Hi-C sequence reads of Verticillium albo-atrum 

genomic DNA
Fastq file (.fastq.gz) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set4 RNA-seq reads of Verticillium albo-atrum Fastq file (. fastq.gz) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set5 Genome assembly data of Verticillium albo-atrum Fasta file (.fasta) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set6 Genome annotation of Verticillium albo-atrum GFF file (.gff ) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set7 Coding DNA Sequence of Verticillium albo-atrum Fasta file (. fasta) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set8 Noncoding RNA Sequence of Verticillium albo-atrum Fasta file (. fasta) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Data set9 Secreted Protein Sequence of Verticillium albo-atrum faa.file (.faa) NGDC(​h​t​t​p​​s​:​/​​/​n​g​d​​c​.​​c​n​c​​b​.​a​​c​.​c​n​​/​b​​i​o​p​​r​o​j​​e​c​t​/​​b​r​​o​w​s​e​/​P​R​J​

C​A​0​3​2​8​3​2) [8]
Table S1 Stastics of secretory protein Excel file (.xlsx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​7​5​8) [38]
Table S2 Stastics of secondary metabolic genes (PKSNRPS) Excel file (.xlsx) Zenodo(​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​5​7​7​0​5​6​0) [39]
Supplemen-
tary file1

Genome assembly and annotation of Verticillium 
albo-atrum and Verticillium dahliae

Excel file (.xlsx). Zenodo(​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​5​2​​​8​1​​/​z​e​n​​o​d​o​.​1​6​3​4​3​5​7​9) [40]

https://doi.org/10.5281/zenodo.16568166
https://doi.org/10.5281/zenodo.15770251
https://doi.org/10.5281/zenodo.15770415
https://doi.org/10.5281/zenodo.16606682
https://doi.org/10.5281/zenodo.157704
https://doi.org/10.5281/zenodo.15770947
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA032832
https://doi.org/10.5281/zenodo.15770758
https://doi.org/10.5281/zenodo.15770560
https://doi.org/10.5281/zenodo.16343579
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(v 2.2.3). When K value is 21, the peak of k-mer distri-
bution curve is 24. The Verticillium albo-atrum genome 
size is estimated to be 34 Mb (Table 1, Data file 2 [9]). 
The ONT long reads were assembled using Canu (v 1.5) 
[10] and NextDenovo (v 2.5.0). To improve genome com-
pleteness and accuracy, we combined the two assem-
bly results using QUICKMERGE (v 0.3) software. The 
merged genome were polished by three rounds of Racon 
using ONT long reads [11] and then were polished by 
three rounds of Pilon used by DNBSEQ-T7 short reads 
[12]. As shown in Data file 3 [13], the polished genome 
primary assembly resulted in 11 contigs, with a length of 
35.95 Mb and an N50 length of 4.20 Mb (Table 1, Data 
file 3 [13], Data set 5–9 [8]). In addition, Hi-C library was 

constructed and sequenced using DNBSEQ-T7 platform. 
Clean reads of Hi-C sequences were obtained after qual-
ity control, which were processed and mapped to contigs 
by juicer [14]. Genome error correction and assembly 
were then performed by 3D-DNA process [15], and man-
ual inspection and adjustment were finally performed by 
a juicer box [16]. By using Hi-C data, a total of 35.95 Mb 
assembly, which consists of 11 contigs, were anchored 
into 8 chromosomes (Table 1, Data file 4 [17], Fig. 1 [18]). 
We also have identified the telomeres by a python script 
TelomereSearch.py (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​j​a​m​i​​e​m​​c​g​/​T​e​l​o​m​
e​r​e​S​e​a​r​c​h). Among all eight chromosomes, we identified 
telomere sequences at both ends of four chromosomes 
(Chr1, Chr2, Chr6, and Chr7). Additionally, telomeric 

Fig. 1  Hi-C contact heatmap of Verticillium albo-atrum

 

https://github.com/jamiemcg/TelomereSearch
https://github.com/jamiemcg/TelomereSearch
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repeats were detected at the startings of three other four 
chromosomes (Chr3, Chr4, and Chr5), while telomeric 
repeats were detected at the end for Chr8.

A total of 1 µg RNA per sample was used for RNA 
sequencing library preparation. Sequencing librar-
ies were generated using NEBNext® Ultra™ Directional 
RNA Library Prep Kit for Illumina® (New England 
Bio-labs, Ipswich, ME, USA) following the manufac-
turer’s recommendations. RNA-seq data performed on 
IIumina platform was used for gene annotation. We 
employed de novo and homology methods to identify 
the repeated sequences. In the process of homology, 
we used Repbase database (v 20.05) [19]. For de novo 
method, we utilized MITE-HUNTER [20], REPEAT-
SCOUT, LTR-FINDER [21] and PILER-DF [22] to build 
the de novo repeat sequence library. We created the final 
repeat sequence from the de novo constructed database 
along with the Repbase database. Finally, we employed 
REPEATMASKER (v 4.0.9) [23] to identify and classify 
the repeats in Verticillium albo-atrum. The total size of 
the repeats was 3,537,903 bp, accounting for 9.84% of 
the Verticillium albo-atrum genome. For gene structure 
annotation, we used three methods for the prediction 

of protein-coding genes. Based on homologous genes, 
gene prediction was conducted using GEMOMA (v 1.3) 
[24]. The ab initio predictions were completed through 
the utilization of GENESCAN [25], AUGUSTUS (v 2.7) 
[26], GLIMMERHMM (v 3.0.4) [27], GENEID (v 1.4) 
[28] and SNAP [29]. The RNA-seq reads of Verticillium 
albo-atrum were subjected to assembly via HISAT (v 
2.0.4) [30] and STRINGTIE (v 1.2.3) [31], subsequently 
facilitated by PASA (v 2.0.2) [32] for elucidating unique 
i-genes, which contributed to the gene prediction pro-
cess. Finally, we amalgamated the outcomes employing 
EVIDENCEMODELER [33]. The predicted number of 
protein-encoding genes was 9967, of which 84.17% were 
functionally annotated. As illustrated in Fig. 2 (Table 1; 
Fig. 2 [34]), using 10-kb genomic windows to visualize 
repeat sequence and gene contents, our analysis revealed 
that chr4 exhibited the highest repeat content (12.84%), 
while chr1 showed the highest gene content (32.32%) and 
highest number of secret proteins (215). The BUSCO 
completeness of Verticillium albo-atrum was 96.47%. 
In addition, to annotate gene function, we submitted 
the protein sequence of Verticillium albo-atrum to egg-
nog (v2.1.12) and compared with some protein sequence 

Fig. 2  Genome features of Verticillium albo-atrum
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databases, such as KOG [35], Nr [36]and Nt [37]. We 
annotated 1,068 secretory protein-coding genes and 27 
secondary metabolic genes (PKS/NRPS), with complete 
listings in Table S1 (Table 1, Table S1 [38]), and Table S2 
(Table 1, Table S1 [39]).

Limitation
Despite the high quality of the current genome assem-
bly of Verticillium albo-atrum, there is still room for 
achieving a higher quality genome of Verticillium albo-
atrum. This can be accomplished by integrating different 
assembly outcomes from other assemblers, conducting 
fine revisions among other approaches. In addition, the 
genome annotation of Verticillium albo-atrum can also 
be further improved.
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Hi-C	� High-throughput chromosome conformation capture
RNA-seq	� RNA sequencing
BUSCO	� Benchmarking Universal Single-Copy Orthologs
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