Amer J of Potato Res (2007) 84:229-235

229

Verticillium dahliae Interactions with V. albo-atrum ‘Group 2’
and V. tricorpus and Their Effects on Verticillium Wilt Disease
Development in Potato

Natasha Robinson'?, H. W. (Bud) Platt'* and Lawrence R. Hale?

lAgriculture and Agri-Food Canada-Crops and Livestock Research Centre, 440 University Ave., Charlottetown, PE C1A 4N6, Canada
*Department of Biology, University of Prince Edward Island, 550 University Ave., Charlottetown, PE C1A 4P3, Canada
*Corresponding author: Tel: 902-566-6839; Fax: 902-566-6821; Email: platth@agr.gc.ca

ABSTRACT

Verticillium dahliae is a strong soil-borne pathogen
that causes early dying of potato plants. Pathogen popu-
lation dynamics were studied during disease develop-
ment following combined inoculations of potato with V.
dahliae and various other Verticillium species. In green-
house and field studies, three Verticillium species were
examined: V. dahliae, V. albo-atrum ‘group 2’ and V. tri-
corpus. Potato plants were inoculated with two out of
the three species in various combinations of an aggres-
sive (V. dahliae) and weak (V. albo-atrum ‘group 2’ or V.
tricorpus) pathogen either on the same date or with a
weak species followed by an aggressive species four days
later. Plant and soil samples were collected and relative
population levels {RPLs) of each pathogen were deter-
mined using polymerase chain reaction (PCR) tech-
niques. In combinations where pathogens were
inoculated at the same time, RPLs of the weaker species
did not exceed those of the aggressive species. In com-
binations where the weaker species were inoculated
first, followed by V. dahliae four days later, the two
weaker species were still not able to exceed RPLs of V.
dahliae. Visual wilt symptoms, however, were signifi-
cantly lower than co-inoculations at the same time and
the single inoculation studies. Implications of these
findings on epidemiological aspects of these host-
pathogen interactions are discussed.
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RESUMEN

Verticillium dahliae es un poderoso patégeno habi-
tante del suelo que causa muerte prematura de plantas
de papa. La dinamica poblacional del patégeno ha sido
estudiada durante el desarrollo de la enfermedad
después de inoculaciones combinadas de papa con V.
dahliae y varias otras especies de Verticillium. En estu-
dios de invernadero y campo, se examinaron tres
especies de Verticillium: V. dahliae, V. albo-atrum
‘grupo 2’ y V. tricorpus. Plantas de papa fueron inocu-
ladas con dos de las tres especies en diferentes combi-
naciones de un patégeno agresivo (V. dahliae) y uno
débil (V. albo-atrum ‘grupo 2' o V. tricorpus) en la
misma fecha o con una especie débil seguida de una
agresiva cuatro dias después. Se colectaron muestras de
planta y de suelo y se determinaron los niveles de
poblacidn relativa (RPLs) utilizando técnicas de reac-
cién en cadena de la polimerasa (PCR). En las combina-
ciones donde los patégenos fueron inoculados al mismo
tiempo, los RPLs de las especies débiles no excedieron a
aquellas de las especies agresivas. En combinaciones en
las que las especies débiles fueron inoculadas primero,
seguidas de V. dahliae cuatro dias después, las especies
mas débiles no fueron capaces de exceder los RPLs de V.
dahliae. Los sintomas visuales, sin embargo fueron sig-
nificativamente menores que las co-inoculaciones sim-
ples de un mismo tiempo. Se discuten las implicancias de
estos hallazgos sobre aspectos epidemioldgicos de las
interacciones huésped-patégeno.

ABBREVIATIONS: VD, Verticillium dahliae; VT, Verticillium tricorpus;
VA2, Verticillium albo-atrum ‘group 2’; RPL, relative population level
Contribution: AAFC-CLRC # 1057
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INTRODUCTION

Verticillium species are soil-borne and tuber-borne fun-
gal pathogens that infect the vascular system of a variety of
economically important crops, including potato, cotton and
tomato (Dobinson 1995; Heinz and Platt 2000; Jeger et al. 1996;
Mahuku and Platt 2002; Schnathorst 1981). In potato produc-
tion areas, premature plant death, declining tuber yields and
diseased tubers are major problems caused by Verticillium
wilt. Verticillium dahliae Kleb. is a strong soil-borme pathogen
found on Prince Edward Island (Platt 1986). Verticillium
dahliae (VD) favours warm temperatures of 24 to 28 C and
forms microsclerotia that can survive 10 to 30 years (Tjamos
and Fravel 1995). There are several management strategies
available, including soil fumigation, crop rotation, host resis-
tance, planting disease-free seed and soil solarization.
Although no single practice will provide complete control of
Verticillium wilt (Davis 1985; Powelson and Rowe 1993), chem-
ical treatments tend to be the most effective and most widely
used (Davis et al. 1996; Dobinson 1995). Due to high costs and
adverse environmental concerns, other efficient and less harm-
ful methods of control are needed (Keinath et al. 1991; Powel-
son and Rowe 1993). The effects of green manures as a
biological control for Verticillium wilt of
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TaBLE 1—Foliar wilt symptoms expressed following
inoculation of potato plants with various com-
binations of Verticillium species.

Study

Inoculated Foliar

Site Pathogens Wwilt
(VD/VA2) (%) FProb/LSD
Greenhouse VD+VA2 7 0.001/0.792
VD 32
VA2 0
Field VD+VA2 52 0.001/0.826
VD 94
VA2 7
VA2+4dVD 48
(VD/VT) %) FProb/LSD
Greenhouse VD+VT 7 0.001/0.686
VD 32
VT 0
Field VD+VT 50 0.001/0.853
VD 94
vT 10
VT+4dVD 45

Note: Pathogen inoculations = Verticillium dahlice (VD), V. albo-
atrum ‘group 2’ (VA2), V. tricorpus (VT), VD+VA2 at same time
(VD+VA2), VD+VT at same time (VD+VT), VA2 + 4 day delay then VD
(VA2+4dVD) and VT + 4 day delay then VD (VT+4dVD); FProb= F
probability value from ANOVA tests; LSD = least significant differ-
ence of means at P<0.05. Visual wilt symptoms were recorded for
the greenhouse and field studies at 37 and 63 days post inoculation,
respectively.

potato have been studied and showed an
ability to significantly reduce pathogen pop-
ulations (Davis et al. 1996).

It is thought that biological control
techniques may provide an economical and
environmentally safe approach to control-
ling Verticillium wilt disease (Davis 1985;
Keinath et al. 1991). Plant-pathogenic fungi
have been known to infect closely related
species, as these agents have diverse host-
pathogen relationships (Lucas 1998). Verti-
cillium  tricorpus Isaac has been
recommended as a biological control agent
against VD (Davis et al. 2000). In potato, VD
is often found in association with Verticil-
lium tricorpus (VT), which has been
described as a weak pathogen with inter-
mediate saprophytic ability (Isaac 1953;
Mahuku et al. 1999). A study by Heinz and
Platt (2000) suggests that studying the pop-

ulation dynamics of these species in combi-

TaBLE 2—Mean relative population levels (RPLs) of Verticillium dahliae
(VD) and V. albo-atrum ‘group 2’ (VA2) in soil and plant tissue
samples following inoculation with the pathogens in various

combinations.
Sample Study Pathogen Pathogen Mean
Type Site Inoculations Detected RPLs FProb/LSD
Soil Greenhouse VD+VA2 VD 1.82 0.85/NS
VD+VA2 VA2 1.96
VD VD 1.94
VA2 VA2 2.24
Field VD+VA2 vD 2.72d 0.001/0.621
VD+VA2 VA2 2.08bc
VD vD 2.68cd
VA2 VA2 1.30a
VA2+4dVD VD 2.44cd
VA2+4dVD VA2 1.58ab
Roots Greenhouse VD+VA2 vD 1.82 0.11/NS
VD+VA2 VA2 1.96
VD VD 2.96
VA2 VA2 2.56
Field VD+VA2 VD 2.72d 0.001/0.605
VD+VA2 VA2 2.08bc
VD VD 1.80b
VA2 VA2 0.80a
VA2+4dVD vD 2.44cd
VA2+4dVD VA2 1.58b
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Pathogen

Pathogen

Sample Study
Type Site Inoculations Detected RPLs FProb/LSD
Lower Greenhouse VD+VA2 VD 1.60 0.13/NS
stem VD+VA2 VA2 1.00
VD VD 1.60
VA2 VA2 0.82
Field VD+VA2 VD 2.14 0.28/NS
VD+VA2 VA2 1.22
VD VD 2.34
VA2 VA2 2.12
VA2+4dVD vD 1.16
VAZ2+4dVD VA2 1.62
Mid Greenhouse VD+VA2 VD 0.94b 0.001/0.494
stem VD+VA2 VA2 0.182
VD VD 1.30b
VA2 VA2 0.44a
Field VD+VA2 VD 1.70 0.38/NS
VD+VA2 VA2 1.04
VD VD 1.70
VA2 VA2 1.24
VA2+4dVD VD 0.88
VAZ2+4dVD VA2 0.84
Top Greenhouse VD+VA2 VD 0.68bc 0.001/0.436
stem VD+VA2 VA2 0.08a
VD VD 1.08¢
VA2 VA2 0.36ab
Field VD+VA2 VD 1.50 0.09/NS
VD+VA2 VA2 0.94
VD VD 1.4
VA2 VA2 0.66
VA2+4dVD VD 0.60
VA2+4dVD VA2 0.60
Tuber Greenhouse VD+VA2 VD 0.25ab 0.001/0.331
stem-end VD+VA2 VA2 0.50b
VD VD 0.00a
VA2 VA2 0.20ab
Field VD+VA2 VD 0.90b 0.001/0.349
VD+VA2 VA2 0.35a
VD VD 1.30c
VA2 VA2 0.35a
VA2+4dVD VD 1.25¢
VA2+4dVD VA2 0.10a
Tuber Greenhouse VD+VA2 VD 0.00 NA
eye-end VD+VA2 VA2 0.00
VD VD 0.00
VA2 VA2 0.00
Field VD+VA2 vD 0.65b 0.001/0.206
VD+VA2 VA2 0.00a
VD VD 0.75b
VA2 VA2 0.00a
VA2+4dVD VD 0.00a
VAZ2+4dVD VA2 0.00a

Note: Pathogen inoculations = Verticillium dahliae (VD), V. albo-atrum ‘group 2’ (VA2),

VD + VA2 at the same time (VD+VA2), VA2 + 4 day delay then VD (VA2+4dVD); Mean
RPLs = mean of four replicates from all five sampling dates; FProb = F probability value
from ANOVA tests; LSD = least significant difference of means at P<0.05; NS = not
significant; NA= not available.

nation may reveal more information about
the competitiveness and possible moderat-
ing effects of VT on more aggressive species
such as VD. A new Verticillium isolate, V.
albo-atrum ‘group 2' (VA2) described by
Robb et al. (1993), is thought to be similar to
VT in that it is also a weak potato pathogen
(Mahuku et al. 1999). It is may be possible
that VA2 may also have some moderating
effects on more aggressive VD.

As part of a MSc. degree thesis, green-
house and field experiments were con-
ducted. Potato plants were inoculated with
various combinations of an aggressive
pathogen and a weaker pathogen. Poly-
merase chain reaction (PCR) techniques
were used to assess relative population lev-
els (RPLs) within plant tissue and soil sam-
ples to determine if the weaker pathogens
had any effects on populations of aggressive
pathogens. Additional plants were inocu-
lated with a single species for comparison.

MATERIALS AND
METHODS

A greenhouse experiment conducted
in 2003 at the Agriculture and Agri-Food
Canada Crops and Livestock Research Cen-
tre in Charlottetown, Prince Edward Island,
was arranged and conducted in the same
manner as a previous greenhouse experi-
ment by Robinson et al. (2007). Approxi-
mately 30 days after planting, all pots in a
randomly selected plot were inoculated
with a single species (VD, VA2 or VT) or a
(VD+VT  or
VD+VA2). The control group was inocu-
lated with water. Each of the six treatments
was replicated four times. One plant per

pathogen combination

plot was destructively sampled at 1, 3, 10,
20 and 37 days post-inoculation.

In 2003, a field experiment was con-
ducted at the Agriculture and Agri-Food
Canada Harrington Research Farm in
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Prince Edward Island. It was identical in
design to that of a previous field experiment
by Robinson et al. (2007). Approximately 30
days after planting, randomly chosen plots

TaBLE 3—Mean relative population levels of Verticillium dahliae (VD) and
V. tricorpus (VT) in soil and plant tissue samples following
inoculation with the pathogens in various combinations.

Sample Study

Pathogen Mean

Pathogen
were inoculated with a single species (VD, Type Site Inoculations Detected RPLs FProb/LSD
VA2 or VT) or a pathogen combination Soil Greenhouse VD+VT VD 1.60 0.1/NS
(VD+VT or VD+VA2). The remaining plots VDV*I')VT VVI'I; ?gﬁ
were inoculated with a weak pathogen fol- VT VT 9.94
lowed by an aggressive pathogen four days Field VD+VT VD 2.84c 0.001/0.486
later (VA2+4dVD or VT+4dVD). The control VD+VT VT 1.60a
VD vD 2.68¢c
group was inoculated with water. Each of VT VT 2.00ab
the eight treatments was replicated four VT+4dVD VD 2.86¢
. VT+4dVD vT 2.30bc
times. Three plants per plot were destruc-
: Roots Greenhouse VD+VT VD 2.82c 0.001/0.356
tively sampled at 1, 6, 15, 28 and 63 days VD+VT VT 542
post inoculation. vD VD 2.96¢
The experiments conducted for this VT VT 2.16b
. . Field VD+VT VD 2.26b 0.04/0.683
study also duplicated the materials and VD+VT VT 1.98a
methods from Robinson et al. (2007). The VD VD 1.60ab
. N vT vT 1.32a
only difference was the substitution of V. VT+4dVD vD L62ab
dahliae for V. albo-atrum ‘group 1’. Both VT+4dVD VT 1.10a
experiments were conducted in the same Lower  Greenhouse VD+VT VD 1.88b 0.001/0.589
manner, though the resuits were different. stem VD+VT VT 0.30a
. . VD VD 1.60b
' f.’olymerase chain reaction wzj\s used to VT VT 0.8%
identify the pathogens. The resulting bands Field VD+VT VD 1.46bc 0.001/0.667
were examined and ranked according to VD+VT VT 0.40a
. . . S vD VD 2.34d
visual intensity, which is related to the con- VT VT 1.04ab
centration of the pathogen’s DNA, using a VT+4dVD VD 2.02cd
series of verticillium DNA standards with VT+4dVD VT 1.52bc
known concentrations for comparison. A Mid Greenhouse VD+VT VD 1.38b 0.001/0.534
i A stem VD+VT vT 0.08a
table showing the comparison of band VD vD L10b
intensity to concentration as well as a gel VT VT 0.44a
. Field VD+VT VD 1.02b 0.02/0.603
photograph figure demonstrating the band VD4VT VT 0.508
intensities were both published earlier by vD VD 1.70¢
Robinson et al. (2007). VT VT 0.66ab
VT+4dVD VD 1.06b
VT+4dVD VT 0.90ab
RESULTS Top Greenhouse VD+VT VD 0.98b 0.001/0.467
stem VD+VT vT 0.14a
Pathogen Interactions “’g VVI; (l)-ggb
.oba
Between VD and VA2 Field VD+VT VD 0.64ab 0.02/0.539
At 37 days post-inoculation, visual wilt VD+VT vT 0.20a
R . VD VD 1.44c
symptoms of plants inoculated in the green- VT VT 0.50ab
house with VD+VA2, were at 7% (Table 1). VT+4dVD VD 0.42ab
VT+4dVD vT 0.76b

Inoculation with VD alone affected 32% of
the plants, while inoculation with VA2
affected 0%. Compared to the VD single
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TaBLE 3—Continued.

Pathogen Pathogen Mean

mean RPLs of both species in the green-
house combination VD+VA2 were not sig-

Sample Study
Type Site Inoculations Detected RPLs FProb/LSD nificantly different (Table 2). The field
Tuber  Greenhouse  VD+VT VD 0.10a 0.001/0.332 combinations VD+VA2 and VA2+4dVD had
stem-end VD+VT VT 0.00a significantly lower mean RPLs of VA2 than
VD VD 0.00 . . . -
VT VT 0'7512: VD. The VD single inoculation had signifi-
Field VD+VT VD 1.00cd 0.001/0.413 cantly lower mean RPLs than did VD in
VD+VT vr 0.102 both combinations. In the mid and top stem
vD VD 1.30d i
VT VT 0.65bc parts for the greenhouse combination, VA2
VT+4dVD VD 0.50ab mean RPLs were significantly lower than
VvT 0.70b P
_ - VT+4dVD Obe those of VD (Table 2). There were no signif-
Tuber Greenhouse VD+VT VD 0.00a 0.001/0.218 icant differences in the lower stem. The
eye-end VD+VT VT 0.25b L
vD VD 0.00a field combinations VD+VA2 and VA2+4dVD
VT VT 0.20ab had no significant differences in mean
Fiel VD+VT VD 0.25b 0.001/0.239 ' R
el o e o RPLs. In the tubers, mean RPLs of VA2 in
VD VD 0.75¢ the greenhouse combination were not sig-
vT VT 0.10a . . .
nificantly different than those of VD in the
VT+4dVD VD 0.10a y
VT+4dVD VT 0.35b tuber stem-end (Table 2). There were no

Note: Pathogen inoculations = Verticillium dahliae (VD), V. tricorpus (VT), VD + VT at
the same time (VD+VT), VT + 4 day delay then VD (VT+4dVD); Mean RPLs = mean of four
replicates from all five sampling dates; FProb = F probability value from ANOVA tests;
LSD = least significant difference of means at P<0.05; NS = not significant.

inoculations, the percentage of foliar wilt in VD+VA2 green-
house-inoculated plants was significantly lower. At 63 days
post-inoculation, visual wilt symptoms of plants inoculated in
the field with VD+VA2 were recorded at 52% (Table 1). Plants
inoculated with VD alone affected 94% of the plants, while VA2
affected 7%. These results show that the percentage of foliar
wilt was greater in the field than in the greenhouse. The results
from the field, however, were recorded after a greater number
of days post-inoculation. Compared to the VD single inocula-
tion, the percentage of foliar wilt in VD+VA2 field-inoculated
plants was significantly lower. In the field, at 63 days post inoc-
ulation, the visual wilt symptoms of VA2+4dVD were 48%.
These results were significantly less than those resulting from
the other field combination, VD+VA2,

In the greenhouse combination of VD+VAZ, mean RPLs of
both species in the soil were not significantly different (Table
2). The field combination of VD+VA2 had mean RPLs of VA2 in
the soil that were significantly lower than those of VD. Mean
RPLs of VA2 were significantly lower than those of VD in the
combination VA2+4dVD. The VD single inoculation was not
significantly different from either combination. In the roots,

results for the tuber eye-end in the green-
house. The field combinations VD+VA2 and
VA2+4dVD had significantly lower mean
RPLs of VA2 in the stem-end and eye-end.

Pathogen Interactions Between VD and VT

At 37 days post-inoculation, visual wilt symptoms of
plants inoculated in the greenhouse with VD+VT were at 7%
(Table 1). Inoculation with VD alone affected 32% of the plants,
while inoculation with VT affected 0%. Compared to the VD
single inoculations, the percentage of foliar wilt in VD+VT
greenhouse-inoculated plants was significantly lower. At 63
days post-inoculation, visual wilt symptoms of plants inocu-
lated in the field with VD+VT were recorded at 50% (Table 1).
Plants inoculated with VD alone affected 94% of the plants,
while VT affected 10%. These results are similar to those in the
greenhouse, but the percentage of foliar wilt was greater in the
field. Those results, however, were recorded after a greater
number of days post-inoculation. In the field at 63 days post-
inoculation, the visual wilt symptoms of VT+4dVD were 45%.
These results were higher than those of the greenhouse com-
bination and significantly lower than those of the other field
combination VD+VT. Compared to the VD single inoculation in
the field, the percentage of foliar wilt resulting from both com-
binations was significantly lower.

In the greenhouse combination VD+VT, mean RPLs of
both species in the soil were not significantly different (Table
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3). In the field combination VD+VT, mean RPLs of VT were sig-
nificantly lower than those of VD. In the field combination
VT+4dVD, mean RPLs of were not significantly different. Mean
RPLs of VD in both combinations were not significantly differ-
ent than those of the VD single inoculation. In the roots, mean
RPLs of VT in the greenhouse combination VD+VT, were sig-
nificantly lower than those of VD (Table 3). The field combi-
nation VD+VT also had significantly lower mean RPLs of VT
than those of VD, and the combination VT+4dVD did not differ
significantly. In all stem parts for the greenhouse combination,
VT mean RPLs were significantly lower than those of VD
(Table 3). In the field combination VD+VT, mean RPLs of VT
were significantly lower than those of VD in the lower and mid
stems. In the top stem differences were not significant. Com-
pared to the VD single inoculation, mean RPLs of VD in the
VD+VT combination were significantly lower. The field combi-
nation VT+4dVD had mean RPLs of VT that were not signifi-
cantly different than those of VD in all stem parts. Compared
to the VD single inoculation, VD in the VT+4dVD combination
was significantly lower in the mid and top stem. In the tubers,
mean RPLs of VT in the greenhouse combination were signifi-
cantly higher than those of VD in the tuber eye-end, and there
were no significant differences in the tuber stem-end (Table 3).
The field combination VD+VT had significantly lower mean
RPLs of VT in the stem-end and significantly higher levels of
VT in the eye-end. In the combination VT+4dVD, VT was
detected at significantly higher levels than VD in the tuber eye-
end. There were no significant differences between the
species in the tuber stem-end for the combination VT+4dVD.
In both tuber parts the VD single inoculation had higher mean
RPLs than did VD in the time-delayed combination.

DISCUSSION

The aggressive pathogen VD was able to maintain higher
mean RPLs than did VA2 and VT in both the greenhouse and
field experiment. Even though mean RPLs were higher than
the weaker pathogens, VD levels in the greenhouse stems were
generally low. This may explain the low percentage of plants
with visual wilt symptoms (7%). These results were compared
to plants that were inoculated with VD only. The mean RPLs
from the greenhouse combinations and VD single inoculation
were not significantly different from each other. However, the
percentage of foliar wilt from the single inoculation (32%) was
significantly higher than that from the combinations. This may
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indicate that although VT and VA2 did not exceed VD mean
RPLs, they appear to have some role in suppressing VD
pathbgerﬂcity. The weaker pathogens may have reduced the
pathogenicity of the aggressive species through competition
for space and nutrients within the plant, a process known as
hyphal interference (Lucus 1998). In the field combinations
VD+VA2 and VD+VT, VD mean RPLs and percentage of visual
wilt symptoms were higher than those in the greenhouse and
showed no suppression by VA2 or VT. This may have been due
to naturally occurring VD populations that have been known
to survive in the soil for more than 10 years (Easton et al 1992;
Keinath et al 1991; Tjamos and Fravel 1995). These naturally
occurring VD populations have been shown to affect uninocu-
lated plants to an extent that is similar to that of inoculated
plants, and the results obtained from the control group verified
this (unpublished data).

In combinations where plants were inoculated with a
weak pathogen followed by VD four days later, the weaker
pathogens did not colonize all sample types at mean RPLs
greater than VD. Although there were no significant differ-
ences between the levels of VA2 and VD in the stems, VD mean
RPLs were significantly higher than those of VA2 in the soil
and roots. This again may possibly be due to natural popula-
tion levels of VD in the soil. Because of naturally occurring
population levels of VD, inoculation with VA2 prior to VD
would not be as effective in suppressing the aggressive
pathogen. When present in delayed combination with VT, VD
again maintained higher mean RPLs in the soil, roots, lower
and mid stem; however, differences in all plant parts were not
significant.

It is thought that VT may be used as a biological control
agent against VD because of its weak pathogenic nature (Davis
et al. 2000; Heinz and Platt 2000). Compared to the VD single
inoculation, all combinations indeed had fewer foliar wilt
symptoms. However, visual wilt symptoms from the delayed
combinations VA2+4dVD and VT+4dVD were not significantly
different from those of the other field combinations. Therefore,
the initial soil populations of VD may not have given the weaker
species a chance to colonize the plants without interference.
Further delayed combination studies in a greenhouse environ-
ment will help to clarify the role of natural VD soil populations
and help elucidate possible moderating abilities of VA2 and VT.
Also, additional studies involving different concentration levels
of weak and aggressive species may help to clarify the potential
of using weaker species as biological control agents.
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