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ABSTRACT

Verticillium longisporum is an economically important fungal pathogen
of brassicaceous crops that originated from at least three hybridization events
between different Verticillium spp., leading to the hybrid lineages A1/D1, A1/D2,
and A1/D3. Isolates of lineage A1/D1 generally cause stem striping on oilseed
rape (Brassica napus), which has recently been reported for the first time to
occur in the United Kingdom. Intriguingly, the emerging U.K. population is
distinct from the north-central European stem striping population. Little is known
about the pathogenicity of the newly emerged U.K. population; hence, path-
ogenicity tests were executed to compare British isolates to previously charac-
terized reference strains. In addition to the model plant Arabidopsis thaliana,
the pathogenicity of four British isolates was assessed on four cultivars
of three Brassica crop species: oilseed rape (Quartz and Incentive), cauliflower
(Clapton), and Chinese cabbage (Hilton). To this end, vascular discoloration
of the roots, plant biomass accumulations, and fungal stem colonization upon

isolate infection were evaluated. The British isolates appeared to be re-
markably aggressive, because plant biomass was significantly affected
and severe vascular discoloration was observed. The British isolates were
successful stem colonizers and the extent of fungal colonization negatively
correlated with plant biomass of cauliflower and Quartz oilseed rape.
However, in Quartz, the fungal colonization of A1/D1 isolates was
significantly lower than that of the virulent reference isolate from lineage
A1/D3, PD589. Moreover, despite levels of stem colonization similar
to those of A1/D1 strains, PD589 did not cause significant disease on In-
centive. Thus, A1/D1 isolates, including British isolates, are aggressive
oilseed rape pathogens despite limited colonization levels in comparison
with a virulent A1/D3 isolate.

Additional keywords: Verticillium stem striping.

Verticillium fungi causewilt diseases on hundreds of plant species,
many of which are economically important crops. Verticillium
dahliae is the most notorious member of this genus and can cause
severeyield losses incrops suchasoliveandcotton (FradinandThomma
2006; Levin et al. 2003; Melero-Vara et al. 1995). Despite a wide host
range that comprises hundreds of plant species,V.dahliaegenerally does
not infect brassicaceous plants (Inderbitzin and Subbarao 2014; Zeise
and von Tiedemann 2002). In contrast, V. longisporum is specialized on
Brassicaceae family hosts, with oilseed rape as its most economi-
cally important target (Depotter et al. 2016a; Inderbitzin et al. 2011).
In contrast to all other Verticillium spp., including V. dahliae,
V. longisporum is not a haploid organism but rather an allodiploid as a
consequence of interspecific hybridization. The species V. longisporum
consists of three lineages, each representing a separate hybridization
event. Four parental lines, including twoV. dahliae isolates (D2 andD3),
contributed to the different hybridization events. The two remaining
parental lines represent two previously uncharacterizedVerticillium spp.
that have been provisionally called species A1 and species
D1 (Inderbitzin et al. 2011). Species A1 participated in all three
hybridization events and hybridized with D1, D2, and D3 to form the
lineages A1/D1, A1/D2, and A1/D3, respectively. Conceivably, the
allodiploid genome of V. longisporum contributed to the host range shift,
such that V. longisporum gained the capacity to infect species of
Brassicaceae (Depotter et al. 2016b; Inderbitzin et al. 2011). The separate

hybridization events seem to have affected the pathogenicity of
V. longisporum lineages differently. Lineages A1/D1 and A1/D3 are
found on various Brassicaceae species, whereas lineage A1/D2 is only
known fromhorseradish in theUnited States (Inderbitzin et al. 2011; Yu
et al. 2016). Furthermore, A1/D1 is the predominant lineage on oilseed
rape and is also themost pathogenic V. longisporum lineage of this crop
(Novakazi et al. 2015).
Inaddition to itsdifferentgeneticconstitution,V. longisporum isunique

among Verticillium spp. for its disease symptom display on oilseed rape.
Verticillium pathogens are xylem colonizers inducing occlusions in the
vessels, which hampers the water transport in the xylem (Fradin and
Thomma2006). In response, plantswithVerticillium infections generally
develop wilting symptoms. However, these symptoms are lacking from
V. longisporum infections onoilseed rape.Rather, black, unilateral stripes
appear on the plant stem at the end of the growing season and, in a later
stage, microsclerotia appear on the cortex under the stem epidermis
(HealeandKarapapa1999).Hence, thenewcommonname“Verticillium
stem striping” was coined to describe the V. longisporum disease on
oilseed rape (Depotter et al. 2016a). Intriguingly, Verticillium stem
striping symptoms fail to appear during pathogenicity tests when oilseed
rape plants are grown under controlled conditions and seedlings are
inoculated by dipping the roots in a spore suspension (Eynck et al. 2007;
Eynck et al. 2009; Floerl et al. 2008; Zeise and von Tiedemann 2002).
Under those conditions, plants exhibit chlorosis, vascular discoloration,
and stunting at an early stage. The reasons for these differences in
symptom development are currently unknown. Nevertheless, despite
differences indisease symptomatology, it haspreviouslybeendetermined
that root-dip pathogenicity tests in the glasshouse are a good proxy for
oilseed rapecultivar resistanceunder fieldconditions (Knüfer et al. 2017).
In the past, V. dahliae and V. longisporum were considered a single

species, andonlyat theendof the1990swasV. longisporumproposedasa
separate taxon (Karapapa et al. 1997). Hence, adequate characterization
ofV. longisporum strains inpredatingpublications ishampered.However,
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on oilseed rape, Verticillium stem striping is exclusively caused by
V. longisporum and, thus, trustworthy species assumptions can be made
on this crop (Eynck et al. 2007). Verticillium stem striping was first
reported in 1969 in the south of Sweden and became prevalent in north-
centralEurope in the followingyears (HealeandKarapapa1999;Kroeker
1970; Steventon et al. 2002; Zhou et al. 2006). Recently, the geographic
range of Verticillium stem striping has expanded because oilseed rape
production in Canada and the United Kingdom is now affected as well
(CFIA 2015; Gladders et al. 2011). In the United Kingdom, Verticillium
stem striping was reported for the first time in 2007 and is currently
widespread (Gladders et al. 2011,2013). Intriguingly,V. longisporumwas
most likely described earlier in the United Kingdom but on a different
host: Brussels sprout (Isaac 1957). In congruence with other geographic
regions, characterized V. longisporum strains from U.K. oilseed rape
belong to the A1/D1 lineage (Depotter et al. in press). However, the U.K.
population is distinct from the A1/D1 population in north-central Europe,
whereVerticillium stem striping is predominantly found (Depotter et al. in
press).According to their relativegeographicdistribution inEurope,British
isolates have been assigned to the “A1/D1 West” population, whereas
GermanandSwedishA1/D1 isolates havebeen assigned to “A1/D1East”.
The recent emergence of Verticillium stem striping means that

little is known about the pathogenicity of the BritishV. longisporum
strains. Moreover, British strains belong to a distinct population
from most other previously characterized V. longisporum strains
isolated fromoilseed rape.Hence,we performed pathogenicity tests
to compare four British V. longisporum strains with five reference
stains from different countries (Belgium, Germany, Japan, and
United States), including all hybrid lineages. Pathogenicity was
assessed thoroughly based on visual symptoms, biomass accumu-
lation, and fungal colonization in the stem.

MATERIALS AND METHODS

Pathogenicity tests. Pathogenicity tests were conducted in
order to compare the virulence of nine V. longisporum strains
(Table 1). Three different Brassica crops were used: oilseed rape
(Brassica napus var. oleifera), cauliflower (B. oleracea var.
botrytis), and Chinese cabbage (B. rapa subsp. Pekinensis). Winter
oilseed rape cultivars comprise open-pollinating and hybrid types,
of which one of each was tested: ‘Quartz’ and ‘Incentive’,
respectively. Furthermore, oneChinese cabbage cultivar (‘Hilton’), and
one cauliflower cultivar (‘Clapton’) were also included. Thus, in total,
four Brassica cultivars were tested. Importantly, because of limited
greenhouse space availability, pathogenicity tests on the different crops
were not performed all at the same time. Plants were grown in climate-
controlledglasshousesunder a cycle of 16hof light and8hofdarkness,
with temperaturesmaintained between 20 and 28�Cduring the day and
a minimum of 15�C overnight. Before sowing, seed were surface
sterilized for 1 min in 70% ethanol followed by 15 min in 1%
commercial bleach, then rinsed four times with sterile water. These
sterilized seed were then sown in trays with sterile compost and kept
in the glasshouse for 14 days. These 2-week-old seedlings were

inoculated by dipping the roots for 30 min in a suspension of 1 × 106

conidiospores ml_1. Conidiospores were obtained from 3-week-old
cultures grown on potato dextrose agar plates. In total, 15 plants were
inoculated for every V. longisporum strain and 15 control plants were
dipped in sterilewater instead of a conidiospore suspension. Individual
seedlings were planted in 9-cm-square pots with a 4:1:1 compost/sand/
loammixture andpotswereplacedaccording toa randomblockdesign.
The potting mixture had been autoclaved twice for 60 min, with 24 h
between each treatment. Plants were grown for 6 weeks before
harvesting. Plants were harvested by cutting the stem just above the
hypocotyls and pooled in five groups of three plants. For every pooled
sample, the abovegrounddryweightwas subsequentlydeterminedby
drying the samples at 100�C for a minimum of 12 h. Furthermore,
vascular discoloration of individual roots was scored at 6 weeks
according toTyvaert et al. (2014).A scalewas used from0 to4,where
0= novascular discoloration and 1= 1 to25, 2= 26 to50, 3= 51 to75,
and 4 = 76 to 100% vascular discoloration of the root length.
Pathogenicity tests were executed twice to confirm the virulence
responses of the different strains. In addition to root vascular discolor-
ation and dry weight, fungal stem colonization was evaluated. To
this end, stems were removed at the hypocotyl and pooled in groups
of three, and fungal colonization was assessed in the 1-cm section
adjacent to the hypocotyl. The remainders of the stems were used
for dry weight determination. During the repeat experiment, Quartz
plants were only grown until 25 days after inoculation to guarantee
sufficient plant biomass fromwhich to extract DNA because longer
growth periods could lead to complete decay of the plants. Furthermore,
in the second pathogenicity test, due to limited conidiospore availability,
Chinese cabbage plants were inoculated with a water suspension of
5 × 105 conidiospores ml_1.
Arabidopsis thaliana (Col-0) plants were grown in a different

glasshouse where the temperature was kept between 19 and 21�C
and the same regime of light and darkness (16 and 8 h, respectively)
was used. Four plants of every treatment were grown. Plant in-
oculation occurred 3 weeks after sowing and roots were dipped for
10 min in a water suspension of 106 conidiospores ml_1. Above-
ground plant material was harvested for real-time polymerase chain
reaction (PCR) analysis 3 weeks after inoculation.

Relative fungal quantification. Samples were taken for
fungal biomass quantification and ground in liquid nitrogen. Approx-
imately 200 mg of ground plant material was dissolved in 500 µl of
cetyltrimethylammonium bromide (CTAB) buffer (55 mM CTAB,
0.1MTris [pH8.0], 20mMEDTA[pH8.0], 1.25MNaCl, and0.25mM
polyvinylpyrrolidone (PVP) 40). The buffer/plant extract was incubated
for 30 min at 65�C. Samples were centrifuged, supernatant was
subsequently transferred toaclean tube, and250µl of chloroform/isoamyl
alcohol solution (24:1) was added. Samples weremixed thoroughly
by inversion and subsequently centrifuged. Next, the supernatant was
transferred into 50 µl of ammonium acetate (7.5 M) and 500 µl of
ethanol. After mixing, DNA was precipitated and the supernatant
was removed. DNA pellets were washed twice with 70% ethanol
and dissolved in DNase-free water.

TABLE 1. Verticillium longisporum isolate information

Isolate Region of origin Country of origin Original host Yeara Lineage MLGb Reference

PD639 Mecklenburg Germany Rape 1990 A1/D1 MLG6 Novakazi et al. 2015
O1 Klein Brabant Belgium Cauliflower … A1/D1 MLG23 Tyvaert et al. 2014
PD356 Illinois United States Horseradish 1997 A1/D2 … Novakazi et al. 2015
PD715 Mecklenburg-Vorpommern Germany Rape 1988 A1/D3 … Novakazi et al. 2015
PD589 Gunma Japan Cabbage … A1/D3 … Novakazi et al. 2015
VLB1 Cambridgeshire United Kingdom Rape 2014 A1/D1 MLG26 Depotter et al. in press
VLB2 Leicestershire United Kingdom Rape 2014 A1/D1 MLG15 Depotter et al. in press
VLB3 Lincolnshire United Kingdom Rape 2014 A1/D1 MLG26c Depotter et al. in press
VLB9 Suffolk United Kingdom Rape 2014 A1/D1 MLG17 Depotter et al. in press

a Collection year.
b Multilocus genotype (MLG) of the A1/D1 isolates based on 12 polymorphic simple sequence repeat loci determined by Depotter et al. (in press).
c The allele of locus SSR25 could not be determined but all other loci resembled MLG26 (Depotter et al. in press).
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The amount of V. longisporum DNA in stems was quantified
relatively to the amount of plant DNA by real-time PCR using the
QuantStudioFlexReal-TimePCRSystem (AppliedBiosystems, Foster
City, CA). FungalDNAwas amplifiedwith theV. longisporum-specific
primer pair VlTubF2/VlTubR1 (GCAAAACCCTACCGGGTTATG/
AGATATCCATCGGACTGTTCGTA) (Debode et al. 2011) and the
RuBisCOsequence targetingprimerpairRubF/RubR(TATGCCTGCT
TTGACCGAGA/AGCTACTCGGTTAGCTACGG) for plants. Real-
time PCRwas performed in reactions of 10 µl containing 500 nMevery
primerand5µlofPowerSYBRGreenMasterMix(AppliedBiosystems).
The thermal program of the real-time PCR started with an initial de-
naturation step at 95�C for 10min, followed by 40 cycles of 15 s at 95�C,
1 min at 62�C, and 30 s at 72�C. Specific amplification was verified
running a melting curve: samples were heated to 95�C for 15 s, cooled
down to 60�C for 1min, and heated again to 95�C for 15 s. Signals above
36 cycles are considered below the detection limit.
DNAof theArabidopsisplantswas isolated according toFultonet al.

(1995). RelativeV. longisporum colonization was quantified according
to Ellendorff et al. (2009) using the qPCR core kit (Eurogentec, Liège,
Belgium). Real-time PCR was executed on an ABI7300 PCR System
(Applied Biosystems) with the following thermal conditions: an initial
95�Cdenaturation step for 4min and 30 cycles of denaturation for 15 s
at 95�C, annealing for 30 s at 60�C, and extension for 30 s at 72�C.

Data analysis. Significance levels were determined with the
Mann-WhitneyU test (RCoreTeam2015).Correlationswerecalculated
with the Pearson correlation coefficient (r). Data from the vascular
discolorationconsistedof toomany ties for adequatePvalue calculation.
Hence, significant differences were calculated based on 5,000 bootstrap
replicates of the median difference between random disease scores of
two treatments.

RESULTS

The pathogenicity of four British V. longisporum isolates was
compared with that of five previously characterized isolates, including
isolates of all threeV. longisporum hybridization lineages (Table 1). The
four British isolates are adequate population representatives because
their genotypes approximate the range of diversity within the British
V. longisporum population (Table 1) (Depotter et al. in press). The
isolateswere tested on four differentBrassica cultivars: two oilseed rape
(Incentive and Quartz), one cauliflower (Clapton), and one Chinese
cabbage (Hilton). Pathogenicity tests were repeated twice and similar
pathogenicity outcomes for the different V. longisporum strains were
obtained on both occasions. Pathogenic V. longisporum isolates stunted
plant growth and leaves displayed chlorosis and necrosis (Supplemen-
tary Figs. S1, S2, S3, and S4). Moreover, the more aggressive isolates
caused complete decay of Quartz plants within 6 weeks of inoculation.
Furthermore, the pathogenicity of the British strains was also tested on
the model plant A. thaliana (Col-0): VLB1, VLB2, and VLB9 induced
leaf curling andnecrosis (SupplementaryFigs. S5). The same symptoms
were observed for VLB3 but the plants were also heavily stunted,
indicating that VLB3 ismore aggressive than the other British strains on
Arabidopsis.
The British V. longisporum isolates were pathogenic on all tested

Brassica cultivars.Their vascular root tissueswere discolored,whichwas
generallysignificantlydifferent fromthecontrolplantsdisplayingnosuch
symptoms(Fig.1).Severediscolorationwassimilarlyobserved in the two
A1/D1 reference strains. In contrast, the strain of lineageA1/D2, PD356,
failed to induce vascular discoloration significantly different from the
control treatment. Intriguingly, vascular discoloration varied for lineage
A1/D3dependingon the strain andhost.No significant root discoloration
was observed in Incentive (Fig. 1B), whereas roots of Quartz, Clapton,
and Hilton displayed discolorations ranging from nothing to severe (Fig.
1A, C, and D). Disease symptoms such as stunted growth and necrosis
were in correspondence with the vascular discoloration of the roots and
led to significant aboveground biomass reductions (Fig. 2). Here,
reductions in biomass accumulations were among the highest for the
BritishV. longisporum strains. Similarly, severe biomass reductionswere

observed for the twoA1/D1 representatives (PD639 andO1), illustrating
the high virulence of this lineage on Brassica hosts (Fig. 2). In contrast,
PD356was the least virulentV. longisporum strain, especially on oilseed
rape, where no significant reductions in biomass accumulation were
observed upon inoculation (Fig. 2A and B). PD356 inoculation
significantly reduced the plant biomass of Clapton and Hilton but,
nevertheless, it was one of the least aggressive isolates (Fig. 2C and D).
Disease responses of the twoA1/D3 representatives (PD715 andPD589)
were, incontrast to the twoA1/D1representatives,dissimilar (Fig.2).The
German isolate PD715 was a weak pathogen unable to cause significant
biomass reduction on Incentive (Fig. 2B) and was among the weakest
strains tested on Quartz, Clapton, and Hilton (Fig. 2A, C, and D). In
contrast, the Japanese A1/D3 isolate, PD589, strongly affected Brassica
crops because PD589 was among the most severe isolates in Quartz,
Clapton, and Hilton (Fig. 2A, C, and D). In contrast to the devastating
outcome on Quartz oilseed, no significant biomass reduction was ob-
served when Incentive was infected with PD589 (Fig. 2B).
To determine to what extent the symptomatology correlates with the

amountofV. longisporumbiomass inside theplant,V. longisporumDNA
was quantified inside the stems relative to the amount of plant DNA.
Verticillium spp. are xylem colonizers; hence, stem colonization is a
good indication of strain aggressiveness. In correspondence with the
observed disease symptoms, PD356 and PD715 were weak Brassica
colonizers, because both strains were generally not detected in the stem,
except for Hilton, where PD715was detected in four of the five samples
(Fig. 3). In contrast, all otherV. longisporum isolates could be detected in
most cases. InQuartz, PD589was clearly the best colonizer,whereas the
British and theA1/D1 strainswere approximately present in equal levels
(Fig. 3A). The colonization of the detected isolates was negatively
correlated with the aboveground biomass of Quartz plants (r = _0.6526,
P=2.148×10_5). In Incentive, significant differences in thecolonization
of the pathogenic isolates were observed, although these were not
significantly correlated with plant biomass (r = _0.2745, P = 0.1105)
(Fig. 3B). Intriguingly, although no significant biomass reduction was
observed upon infection of PD589 on Incentive (Fig. 2B), PD589 was
able to colonize the stem to a similar extent as the A1/D1 strains. In
Clapton, high differences in colonization of the same isolates were
observedbetweenbiological replicates (Fig. 3C).Similar toobservations
in Quartz, PD589 had the highest median colonization level, which
was significantly higher than that of PD639 and VLB3. The fungal
colonization of the detected isolates was also negatively correlated
with the aboveground biomass of the cauliflower plants (r = _0.4793
P = 4,127 × 10_3). Hilton was the only Brassica cultivar with detection
for PD715; however, no differences in colonization between the
isolates were observed (Fig. 3D). Similarly, PD715 was also detected
in Arabidopsis for half of the inoculated plants and no significant
differences in colonization were found between the treatments (Fig. 4).

DISCUSSION

The majority of emerging diseases originate from the introduction of
pathogens in new geographic regions (Anderson et al. 2004). However,
the recent outbreak of Verticillium stem striping in the United Kingdom
originates from a previously established population (Depotter et al. in
press). Similar to other newly emerging diseases, Verticillium stem
striping it threatening for British oilseed rape, because the impact on
yield is still relatively uncertain. In this study, the pathogenicity of four
British V. longisporum isolates from four different counties was
compared with five previously characterized strains, including strains
from all V. longisporum lineages (Table 1). The British isolates were
aggressive pathogens because they caused vascular discoloration and
aerial biomass reduction, and were able to successfully colonize plant
stemtissue (Figs.1,2,3, and4).Thedisease levelbecauseBritish isolates
resembled those of the other two A1/D1 isolates (PD639 and O1)
because plant colonization caused significant vascular discoloration and
yield reductions on all Brassica crops (Figs. 1 and 2). This corresponds
with a previous V. longisporum pathogenicity test that considered A1/
D1 as the most virulent V. longisporum lineage on oilseed rape and
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cauliflower (Novakazi et al. 2015). Thus, despite the genotypic
differentiation, all A1/D1 West isolates (O1, VLB1, VLB2, VLB3,
and VLB9) induced disease responses similar to those of A1/D1 East
reference strain PD639 (Depotter et al. in press). However, further
pathogenicity studies that include more strains and host species are
needed to confirm that this is a general pattern for the two populations.

The unification of A1/D1 as a lineage of aggressive pathogens is in
sheer contrast with the disease symptoms caused by reference strains
from lineagesA1/D2 andA1/D3. LineageA1/D2has hitherto only been
found on horseradish and causes the severest disease on this crop of all
V. longisporum strains (Novakazi et al. 2015; Yu et al. 2016). Isolate
PD356 is a relatively poor colonizer of Brassica crops and caused no

Fig. 1. Vascular discoloration in the roots of various Brassica crops upon inoculation with Verticillium longisporum. The shade of the bar represents the length of
the root with vascular discoloration at 6 weeks for cultivars A, Quartz; B, Incentive; C, Clapton; and D, Hilton. In total, 15 plants were assessed for every treatment
and the data represent one of two experiments. Significance levels were calculated based on 5,000 bootstrap replicates of the median difference between random
scores of two treatments (P < 0.05). Different letter labels indicate significant differences.

Fig. 2. Aerial plant biomass accumulation of various Brassica crops upon inoculation with Verticillium longisporum. Bars indicate the median aboveground dry
weight at 6 weeks after inoculation for cultivars A, Quartz; B, Incentive; C, Clapton; and D, Hilton. The figure represents one of two experiments conducted. Every
treatment consists of five pooled samples of three plants. Significance levels were calculated with the Mann-Whitney U test (P < 0.05). Error bars represent the
standard error. Different letter labels indicate significant differences.
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to little disease symptoms (Figs. 1, 2, and 3). Thus, the lack of disease
in Brassica crops indicates that lineage A1/D2 is rather specialized
on horseradish. However, A1/D2 came out as the most virulent
V. longisporum lineage on cabbage (B. oleracea convar. capitata var.
alba, ‘Brunswijker’) duringpathogenicity tests ofNovakazi et al. (2015),
indicating that pathogenicity may vary within different varieties or
crop subspecies. Previously, lineage A1/D3 was considered non-
pathogeniconoilseed rape (ZeiseandvonTiedemann2002).However, a
recent pathogenicity study identified a highly virulent strain on oilseed
rape within lineage A1/D3: isolate PD589 (Novakazi et al. 2015).
Accordingly, in this study, lineage A1/D3 isolate PD715 was a weak
pathogen on oilseed rape, whereas PD589 caused severe disease
symptoms in Quartz (Figs. 1 and 2). Intriguingly, the biomass reduc-
tions of PD589 in Quartz were in contrast to the symptoms on Incentive
that, despite extensive stem colonization, tolerated infection by PD589
(Figs. 1, 2, and 3).

Virulence of Verticillium isolates is generally associated with success-
fulhostcolonization(deJongeetal.2013).Forexample, in theproduction
of effector proteins that are important for virulence colonizes, V. dahliae
impaired its host plant to a lesser extent than the wild-type strain. Ac-
cordingly, V. longisporum colonizes more susceptible oilseed rape
cultivars more successfully than less susceptible cultivars (Knüfer et al.
2017). In this study, the weak pathogens PD356 and PD715 were
generally not detected in the host stem, which can explain the weak
symptom development (Figs. 1, 2, and 3). Furthermore, the extent of
colonization in the stemwas negatively correlated with the aboveground
biomass of Quartz and Clapton. The correlation for Incentive was not
significant and, inHilton, no significant differences in fungal colonization
were observed between isolates. The lack of correlation in Incentivemay
be caused by the lower biomass reduction upon infection. This can be
due to higher resistance of Incentive to V. longisporum when compared
with the other Brassica cultivars. However, the contribution of different

Fig. 3. Fungal biomass accumulation of various Verticillium longisporum strains in plant stems of cultivars A, Quartz; B, Incentive; C, Clapton; and D, Hilton. Bars
indicate the median V. longisporum biomass relatively to the stem biomass. Isolates with no bar and ND in the graph were not detected in all five biological
replicates. Significant differences were calculated with the Mann-Whitney U test (P < 0.05) and depicted by different letter labels. No significant differences in
colonization between isolates were found in Hilton Chinese cabbage. Numbers in parentheses indicate the number of samples without detection. No number is
given if the fungal colonization in all replicates was detected. Error flags represent the standard error.

Fig. 4. Fungal biomass accumulation of various Verticillium longisporum strains in Arabidopsis plants. Bars indicate the median V. longisporum biomass relatively
to plant biomass. Isolates with no bar and ND in the graph were not detected in all five biological replicates. No significant differences in colonization of the
different isolates were found (Mann-Whitney U test, P < 0.05). The number in parentheses indicates the number of samples without detection. No number is given
if the fungal colonization in all replicates was detected. Error flags represent the standard error.
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environmental conditions to the different disease responses cannot be
excluded, because pathogenicity tests were performed at different time
points. Remarkably, although A1/D1 isolates and PD589 caused similar
disease symptoms,PD589clearlycolonizedQuartzplantsbetter thanA1/
D1 isolates (Figs. 2Aand3A).Moreover, PD589colonized Incentive to a
similar extant as A1/D1 isolates but neither caused significant vascular
discoloration or plant biomass reduction (Figs. 2B and 3B). Thus, fungal
colonization may be a misleading indicator for virulence comparison,
because hosts may tolerate particular pathogen strains better than others.
Interspecific hybridization is an intrusive evolutionary mechanism be-
cause hybrid organisms experience a so-called “genomic shock” that
incites major genomic rearrangement and changes in gene expression
patterns (Doyle et al. 2008). Conceivably, hybridization may have
affected the V. longisporum lineages differently, which may have led to
different pathogenic features between lineages. However, more stud-
ies that investigate colonization patterns must be performed in order to
relate colonization patterns to specific V. longisporum lineages more
thoroughly.
Hybrid pathogens can have devastating outcomes on ecosys-

tems. For example, the hybrid pathogen Phytophthora × alni led to
an epidemic of alder decline in riparian ecosystems of Europe
beginning in the early 1990s (Brasier et al. 1995). The hybrid fungus
V. longisporum is currently gainingmomentumbecause it is causing
Verticillium stem striping in previously unaffected regions (CFIA
2015; Gladders et al. 2011). A decade since the first report of
Verticillium stem striping in the United Kingdom, the extent to
which this disease may contribute to losses in British oilseed rape is
better understood. Although tested on a limited number of isolates
(yet adequately representing the general genotypic diversity), the
British V. longisporum population consists of strong pathogens that
are as virulent as a previously characterized A1/D1 strain from
oilseed rape. Therefore, given the similar climatic constraints,
Verticillium stem striping is expected to have outcomes similar to
those in countries where the disease was previously established,
such asGermany.However, theBritishV. longisporum population is
genotypically more diverse than the ones in Germany and Sweden
(Depotter et al. in press). Conceivably, therefore, the heterogeneous
character of the British populations may hamper disease manage-
ment strategies more. Nevertheless, these recent findings should be
an incentive in oilseed rapebreedingprograms to select forVerticillium
stem striping resistance, especially because protective or curative control
by conventional fungicides is not possible for Verticillium diseases.
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