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Abstract I
Verticillium dahliae is an important soilborne pathogen causing Verticillium wilt. It is also the
primary causal agent of potato early dying, a disease complex involving the root-lesion nema-
tode. Here, we report the whole-genome sequencing of 192 isolates of V. dahliae originating
from the major potato production areas across Canada. Our results yielded a resource of
277,010 genetic variations that will be useful for genetic analyses and revealed the pres-
ence of two major lineages, both present in all provinces but exhibiting differences in regional
prevalence.

Genomic Resource Announcement

Verticilliumis a genus of fungi from the Ascomycota, of which several species are known
to cause diseases on a wide diversity of cultivated plants. The most notorious pathogenic
species are V. dahliae and V. albo-atrum, together responsible for billions of dollars of crop
losses worldwide as a result of the disease Verticillium wilt (Pegg and Brady 2002). V. dahliae
is also the primary causal agent of potato early dying (PED), a major yield-limiting factor in all
potato production areas (Rowe et al. 1987). PED results in premature vine senescence and
can limit potato tuber yield by as much as 50%. This disease is often observed as a complex of
pathogens/pests with other pathogenic fungi (e.g., V. albo-atrum, Colletotrichum coccodes)
and the root-lesion nematode (Pratylenchus penetrans) (Powelson and Rowe 1993). The
Verticillium species have clonal lineages or vegetative compatibility groups (VCGs) that ex-
hibit different levels of aggressiveness and adaptation to host species (Puhalla and Hummel
1983). In North America, VCG2 and 4 (divided into 4A and 4B) are predominant in potato
fields, and strains from the VCG4A were shown to be more virulent (Joaquim and Rowe
1991). Early work using AFLP markers has established that isolates from a VCG subgroup
were genetically similar (Collado-Romero et al. 2006). It was also possible to differentiate
strains from the subgroup 4A and 4B isolated from potatoes using RFLP markers (Dobinson
et al. 2000). The publication of a reference genome for V. dahliae (Klosterman et al. 2011)
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has opened up new possibilities for population genetics and virulence studies. Genotyping-
by-sequencing confirmed that isolates could be assigned to a clonal lineage using single-
nucleotide polymorphisms (SNPs) (Milgroom et al. 2014; Rafiei et al. 2018). Comparative
genomics with related species and functional genomics of genes encoding virulence factors
have deepened our understanding of plant-pathogen interactions and responses to nutrient
stress (Klimes et al. 2015). Still, many questions remain open on the genetic basis of host
range, symptomatology, and sexual reproduction, as well as on the population structure and
evolution of Verticillium species (Chen et al. 2021). In Canada, V. dahliae is present in all
potato growing regions, but its diversity, and lineage composition, as well as the identity of
interacting partners in PED, are still unknown. In this study, we sequenced the genome of
192 isolates of V. dahliae originating from the major potato production areas across Canada.

Soil sampling was carried out in commercial potato fields across Canada in the fall of
2019 and 2020. For each location, 40 soil cores 0 to 25 cm deep were collected using a
6-cm diameter Dutch auger following a “W” pattern across the field. Verticillium spp. were
isolated using a baiting strategy by growing a Russet Burbank potato in 15-cm pots filled with
a mix of 300 ml of the sampled soil and 300 ml of pasteurized soil (2:1 black earth/sand) in
a growth chamber with a 16:8-h light/dark cycle and 23/18°C temperature. After 2 months,
the stems of these plants were surface-sterilized, sliced, and transferred onto potato dextrose
agar plates containing 0.01% of streptomycin sulfate for 2 weeks at 23°C. Then, colonies
were observed under a stereomicroscope, and those showing conidiophores with verticillate
branching were transferred to Sorenson’s NP-10 semi-selective medium and incubated at
23°C, without light for 2 weeks to promote the production of microsclerotia. All the isolates with
morphological characters compatible with V. dahliae (absence of yellow pigment, short coni-
dia, and presence of microsclerotia), as described by Inderbitzin et al. (2011), were kept. Pure
isogenic lines were obtained by plating of single conidia on potato dextrose agar. DNA was
extracted from each sample with the Qiagen DNeasy PowerSoil Pro kit using 10 mg of freeze-
dried mycelium. The extracted DNA was then sent to the Génome Québec Innovation Centre
(Montreal, Canada) for library preparation using the NEBNext Ultra || DNA Library Prep Kit
and for whole-genome sequencing on an lllumina NovaSeq 6000 S4 (PE150). Sequences
were aligned to V. dahliae reference genome VdLs.17 (GCA_000150675.2) (Klosterman
et al. 2011) with BWA v0.7.17 (Li and Durbin 2009), using default settings. Samtools v1.15
(Li et al. 2009) was then used to sort the respective sequence files. Variant calling was
done with freebayes v1.3.6 (Garrison and Marth 2012) with the following parameters: —min-
alternate-fraction 0.2, —use-best-n-alleles 4, —min-alternate-total 30, —min-alternate-count 5,
—min-coverage 500. The resulting Variant Call Format (VCF) was used for the subsequent
genetic analysis using the vcfR package (Knaus and Grinwald 2017). Phylogenetic relation-
ships were observed in a Nei’s genetic distance tree using the R packages poppr and ggtree
(Kamvar et al. 2014; Yu 2020). Haplotype clustering for subgroup delimitation was assessed
using the Bayesian information criterion to determine the best number of clusters (Jombart
et al. 2010) to be included in a discriminant analysis with the adegenet R package (Jombart
2008). A minimum spanning network was created using this clustering information in poppr
to visualize the relationships among individual isolates. We also compared our dataset with
the data from Bautista-Jalon et al. (2021) to infer VCGs associated with our main genetic
lineages. The two VCF files were merged with bcftools (Danecek et al. 2021) and filtered to
keep only those in common. This was done only on the first chromosome (CP010980.1) to
simplify the process. The resulting VCF was used to build a phylogenetic tree as above.

A total of 192 pure isogenic lines from six provinces were obtained (Fig. 1A; Supplemen-
tary Table S1). On average, 13.1 M sequencing reads were obtained per sample, correspond-
ing to a genome coverage of 90x. Alignment to the V. dahliae reference genome VdLs.17 re-
vealed a total of 277,010 genetic variations distributed at 259,497 loci and including 207,606
SNPs, 13,112 deletions, 11,857 insertions, and 28,873 complex mutations (Supplementary
Table S2). A phylogenetic tree indicated the presence of two clades containing 74 and 118
isolates (Fig. 1B). Each of these lineages was present in all provinces, but not in the same
proportions, with the first lineage dominating in Western Canada and the second lineage
more prevalent in Eastern Canada (Fig. 1C). A comparison with the SNP dataset obtained
on phenotyped (VCG) isolates by Bautista-Jalon et al. (2021) indicated that the first lineage
corresponds to the VCG4A, whereas the second lineage is VCG4B (Supplementary Fig. S1).
Among each lineage, several haplotypes were observed and clustered into three main ge-
netic groups for lineage 4A and six groups for lineage 4B according to Bayesian information
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Fig. 1. Geographical origin, phylogenetic tree and distribution of the main Verticillium dahliae lineages in Canada. A, Map of Canada showing
the sampling locations (black dots). B, Phylogenetic tree based on genetic distance (Nei’s) between isolates of V. dahliae; the tree shows the
evolutionary relationships between isolates based on the similarities in the single-nucleotide polymorphism dataset from the whole genome.
C, Proportion of the isolates from each of the main lineages in each province; “n” is the total number of isolates analyzed for each province.

criterion analysis (Supplementary Fig. S2). A minimum spanning network revealed that the
distribution of these haplotypes was spread across Canada without any regional structure
(Fig. 2). Multiple haplotypes were found in a single field (Supplementary Table S1). These
genomics resources are important to determine the genetic structure of V. dahliae popula-
tions and for comparative genomics. This will enable population genomics studies to identify
genome features that are involved in pathogenicity and the development of new diagnostics
applications to improve disease management.

Data Availability

The whole-genome sequencing project has been deposited at GenBank under the
BioProject number PRJNA890653. The accession numbers of individual isolates are
SRR21907825 to SRR21908016. Scripts and links to resources can be found at https:
//github.com/Mimee-Lab/canpednet_Vdabhliae.
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Fig. 2. Minimum spanning network of Verticillium dahliae isolates from Canada with genetic clusters delineated using the Bayesian information
criterion. A, Lineage 1 (VCG4A) with colors indicating genetic clusters; B, lineage 1 (VCG4A) with colors indicating provinces of origin;
C, lineage 2 (VCG4B) with colors indicating genetic clusters; and D, lineage 2 (VCG4B) with colors indicating provinces of origin.
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