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Abstract
Verticillium dahliae is a widely distributed soilborne pathogen that causes vascular wilt in
more than 200 plant species. Defoliating and nondefoliating symptoms caused by the disease
that result in either the loss or retention of leaves in infected plants, respectively, in hosts such
as cotton, olive, and okra, divide the causal agent into defoliating and nondefoliating
pathotypes. Our goal in this current work was to generate genome resources for the defo-
liating strain XJ592 and the nondefoliating strain XJ511 of V. dahliae isolated from cotton in
China.

Verticillium dahliae Kleb. can infect more than 200 plant species including many high-
value annual and perennial crops and landscape, fruit, and ornamental trees and shrubs
(Bhat and Subbarao 1999; Inderbitzin and Subbarao 2014; Klosterman et al. 2009; Pegg and
Brady 2002). Verticillium wilt results in billions of dollars in annual losses worldwide
(Klosterman et al. 2009). Typical symptoms include wilting and vascular discoloration that
typically appear only near the end of the disease cycle and often coincide with host maturity
(Inderbitzin and Subbarao 2014). V. dahliae can survive in soil without hosts in the form of
microsclerotia for more than 14 years. Control of Verticillium wilt is difficult and costly in all
economically important crops, including cotton (Inderbitzin et al. 2011; Klosterman et al. 2009;
Subbarao et al. 2007). Several V. dahliae genome sequences (approximately 35 Mb) have
been publicly released (National Center for Biotechnology Information [NCBI] website).
Detailed structural and comparative analyses of some of these V. dahliae genomes sug-
gested eight chromosomes (Chen et al. 2018; de Jonge et al. 2012; Faino et al. 2015;
Klosterman et al. 2011).
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Verticillium wilt caused by V. dahliae is a major impediment to cotton production. Based
on the symptoms caused by V. dahliae on cotton, strains can be classified as defoliating or
nondefoliating (Hu et al. 2015). While defoliating strains cause total defoliation in infected
plants, leaves on plants infected by nondefoliating strains remain intact (Hu et al. 2015).

To generate genome resources for defoliating and nondefoliating strains of V. dahliae,
we sequenced and assembled genomes of two V. dahliae strains (XJ592 and XJ511),
isolated from diseased cotton plants in Xinjiang, China. Koch’s postulates conducted pre-
viously demonstrated that both were pathogens on cotton, and the strains showed typical
defoliating and nondefoliation symptoms, respectively (Hu et al. 2015).

Both strains were cultivated on PDA (potato dextrose agar) medium at 25°C in the dark
for 7 days. DNA was extracted with the CTAB method (Möller et al. 1992). DNA for se-
quencing was sheared, using a Covaris g-TUBE (Covaris, Woburn, MA, U.S.A.). The DNA
template prep kit 3.0, DNA/polymerase binding kit, and DNA sequencing reagent 4.0 were
used for library construction and sequencing on a PacBio RS II platform. To ensure high-
quality reads for use in assembling the genome, the adapter sequence, low-quality reads, and
N bases were initially filtered out from sequences before genome assembling. Sequence
filtering and de novo assembling were carried out with MECAT v1.0. To improve PacBio
assemblies, further sequences were obtained on the Illumina HiSeq platform, following
manufacturer protocols (Illumina, San Diego, CA, U.S.A.). Illumina HiSeq results were used to
correct errors in the assembled PacBio sequences with BCFtools v1.9 (23,520 loci from
PacBio-assembled genome of XJ592 were corrected, and 30,142 loci from PacBio-
assembled genome of XJ511 were corrected).

The completeness of assembly was verified with BUSCO v3.1.0, based on lineage-
specific profile library fungi_obd9 (Simão et al. 2015), which is based on a set of 1,438
common fungal genes as benchmark universal single-copy orthologs. Results showed that
the genome assembly completeness of XJ592 and XJ511 were predicted as 98.90 and
98.96%, respectively (Table 1). The final genome assemblies of XJ592 and XJ511 consist of
12 contigs (N50 length of 3,716,643 bp) and 11 contigs (N50 length of 3,584,248 bp), re-
spectively. Total length of the eight longest contigs was about 32.41 Mb (90.85% of genome
size) for XJ592 and about 31.03 Mb (88.92% of genome size) for XJ511. These results
suggest the assembly for both XJ592 and XJ511 is close to the chromosome level. Repetitive
sequences of both strains were analyzed by de novo-based and homology-based methods.
To detect de novo repeats, the RepeatModeler open-1.0.11 pipeline was used with default
settings (Saha et al. 2008). After filtering the RepeatModeler repeat library by removal of
repetitive gene sequences, the filtered RepeatModeler repeat library was used for repeat
sequence prediction and categorization with RepeatMasker open-4.0.6. In parallel, tandem
repeat sequences were predicted de novo with Tandem Repeats Finder. A homology-based
repeat element search was conducted by RepeatMasker and RepeatProteinMask based on

Table 1. Genome statistics of Verticillium dahliae strains XJ592 and XJ511

Statistics XJ592 XJ511

Assembly
Depth of PacBio sequence 85× 75×
Depth of Illumina sequence 129× 133×
Assembly size 35,670,849 bp 34,896,600 bp
Number of contigs 12 11
N50 length 3,716,643 bp 3,584,248 bp
Size of top eight contigs 32,405,901 bp 31,030,758 bp
GC content 53.28% 53.98%
BUSCO completeness 98.90% 98.96%
Repeat rate 13.92% 9.36%

Annotation
Predicted protein-coding genes 10,305 10,462
Annotated proteins with the non-redundant database 10,290 10,439
Annotated proteins with Swiss-Prot 6,887 6,941
Unique proteins 417 551
Secreted proteins 793 794
Unique secreted proteins 47 44
Secreted carbohydrate active enzymes 267 267
Pathogen-host interaction (PHI) proteins 1,136 1,134
Unique PHI proteins 29 27
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the RepBase fungal library (built on January 27, 2017). After the repeat sequence analyses
were completed, the results were combined and analyzed. About 13.92% of the XJ592
sequences and about 9.36% of the XJ511 sequences were predicted as repetitive se-
quences. Lineage-specific region G-LSR2, which is diagnostic of the defoliating V. dahliae
strains (Chen et al. 2018), is also present in the genome of defoliating strain XJ592 at the
contig named tig00000126_len = 3716643_reads = 24420.

For protein-coding gene prediction, GeneMark-ES v4.46 (Ter-Hovhannisyan et al. 2008)
and Augustus v3.3.2 (Stanke and Morgenstern 2005) were trained for use with MAKER
v2.31.10 (Holt and Yandell 2011). GeneMark-ES was trained on the genomes of XJ592 and
XJ511 and the outputs were then used to train Augustus. The gene model of VdLs.17 ob-
tained fromNCBI was also used byMAKER. Total of 10,305 and 10,462 protein-coding genes
were predicted in the XJ592 and XJ511 assemblies, respectively. Functional annotation of
predicted genes was conducted based on Swiss-Prot and non-redundant proteins (NR),
Swiss-Prot annotation identified 6,887 genes in XJ592 and 6,941 genes in XJ511 with
functional information; the corresponding values were 10,290 and 10,439 for NR annotation.
For predicted protein-coding genes, there were 417 unique genes in XJ592 and 551 unique
genes in XJ511 with Blastp v2.9.0+ (pident < 50%, pcovs < 50%, e-value > 1e-7). Putative
extracellular proteins were identified as secreted proteins if they contain a signal peptide, lack
transmembrane domains, and locate at the extracellular subcellular. Secreted proteins were
predicted with SignalP v5.0, transmembrane domains with TMHMM v2.0, and subcellular
localizations with WoLF PSORT. A total of 793 and 794 genes were predicted to encode
secreted proteins in XJ592 and XJ511, respectively. BlastP with those predicted secreted
proteins was used to identify unique secreted proteins between XJ592 and XJ511, resulting in
47 unique secreted proteins in XJ592 and 44 in XJ511. The putative secreted carbohydrate
active enzymes (CAZymes) were annotated using dbCAN2 (Zhang et al. 2018), revealing a
total of 267 genes encoding CAZymes in both XJ592 and XJ511. Homologs of known
pathogen-host interaction (PHI) genes were predicted using the PHI database v4.8 (Urban
et al. 2017). A total of 1,136 genes from XJ592 and 1,134 genes from XJ511 were predicted
as PHI genes (pident > 50%, pcovs > 50%, e-value < 1e-7). BlastP with these protein sets
identified 29 unique PHI proteins in XJ592 and 27 in XJ511.

Since XJ592 and XJ511 represent the typical defoliating and nondefoliating pathotypes
of V. dahliae on cotton, respectively, the current genome assemblies together with corre-
sponding annotation information are helpful resources for research to understand the
mechanisms underlying disease symptom development due to V. dahliae infection of cotton
plants.

The Whole Genome Shotgun project of XJ592 has been deposited at DDBJ/ENA/
GenBank under accession number WJDY00000000 (BioProject PRJNA577186; BioSample
SAMN13021461); the version described here is version WJDY01000000. The Whole Ge-
nome Shotgun project of XJ511 has been deposited at DDBJ/ENA/GenBank under ac-
cession number WJDV00000000 (BioProject PRJNA577198; BioSample SAMN13021591);
the version described here is version WJDV01000000.

Author-Recommended Internet Resources
NCBI Verticillium genome assembly: https://www.ncbi.nlm.nih.gov/genome/genomes/832

PHI database v4.8: http://www.phi-base.org

SignalP v5.0 server: http://www.cbs.dtu.dk/services/SignalP

TMHMM v2.0 server: http://www.cbs.dtu.dk/services/TMHMM

WoLF PSORT prediction tool: https://wolfpsort.hgc.jp
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