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ABSTRACT

The effects of removing or flaming potato vines and
soil fumigation on population density of Verticillium
dahliae in soil, severity of Verticillium wilt, and tuber
yield were studied in a field near Alliston, Ontario,
between 1993 and 1996. Vines were physically removed or
flamed using a propane flamer in September just before
harvest and soil was fumigated with metam-sodium
(Vapam) at 550 L/ha in October after harvest. Vine
removal had no effect on soil populations of V. dahliae,
area under the disease progress curve (AUDPC), or tuber
yield. Flaming once (1993), twice (1993 and 1994), or
three (1993, 1994, and 1995) times reduced the soil pop-
ulation density of V. dahliae, and flaming twice (1993 and
1994) reduced AUDPC compared to the nontreated con-
trol, but had no effect on tuber yield. Fumigation once
(1993) or twice (1993 and 1994) reduced pathogen den-
sity in soil and AUDPC, but did not increase tuber yield.
Fumigation once (1993) or twice (1993 and 1994), in com-
bination with flaming twice (1993 and 1994), was equally
and significantly effective in reducing both population
density of V. dahliae in soil and AUDPC values and in
increasing tuber yield in 1995. Annual flaming of vines in
combination with soil fumigation once (1993) or twice
(1993 and 1994) in the fall improved the control of Verti-
cillium wilt of potato and realised the greatest profits.
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INTRODUCTION

Verticillium wilt of potato in Ontario, Canada, is caused pri-
marily by Verticillium dahliae Kleb (McKeen and Thorpe 1973,
1981). This disease continues to have a considerable impact on
the potato industry, worth about $44 million annually (Parker
1994). In the area near Alliston, which accounts for 25% of the
total potato acreage in Ontario, V. dahliae was recovered from
80% or more of the plants in 17 of 36 potato fields (Lazarovits
1988) and was estimated to cause a 13% yield loss (Busch 1972).

In view of the economic impact of the disease, considerable
effort has been devoted to developing control measures (Rowe
et al. 1987). Most control measures are either inadequate or have
undesirable effects on the environment. The most common rota-
tion in Ontario is potato, rye/corn, potato. Such short rotations
of two to three years have not reduced the population of
V. dahliae in soil adequately (Joaquim et al. 1988; Mol et al. 1996)
because of the long-term survival of microsclerotia in soil (Davis
1985; Wilhelm 1955) and because of the wide host range of the
pathogen including some common weeds (Busch et al. 1978;
McKeen and Thorpe 1981). Most widely grown potato cultivars
are susceptible or moderately resistant to this disease. Soil fumni-
gation can lower the population density of V. dahliae in soil,
reduce disease incidence, and increase tuber yield (Ben-Yephet
et al. 1983; Easton 1970; Easton et al. 1972, 1975; Kunkel and
Weller 1965; Powelson and Carter 1973; Young 1956); however,
the tactic is expensive and raises concerns related to human and
environmental health (Munnecke 1972; Munnecke and Van
Gundy 1979; Powelson and Rowe 1993; Rodriguez-Kabana and
Curl 1980).

Microsclerotia are formed within dying infected plant tis-
sues (Rowe 1985). When the dying plant tissues are plowed back
into the soil the microsclerotia are slowly released into the soil
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as the crop residue is decayed. Control efforts, therefore, have
focus on reducing the microsclerotia in stems and in soil.

Flaming kills the microsclerotia in stems. Over 95% of
V. dahliae propagules were killed in mint and potato stems
treated with a propane flamer (Homer and Dooley 1965; Mcln-
tyre and Horner 1973; Powelson and Gross 1962), and those that
did survive did not persist long in soil (McIntyre and Horner
1973). Easton et al. (1972) examined the effect of vine flaming on
V. dahliae populations in soil, Verticillium wilt incidence and
tuber yield. In the first five years of the study (Easton et al. 1972),
six different combinations of vine flaming and soil fumigation
were tested in an unvarying annual sequence in which a given
plot received the same treatment in each of the five years. Flam-
ing of vines for two successive years increased tuber yield and
after the third annual flaming, soil populations of V. dahliae
were reduced. When soil fumigation was applied together with
flaming of vines tuber yield was increased by 2% to 12% and soil
populations of the pathogen were reduced by 14% to 100% com-
pared to soil fumigation alone.

The effect of propane flaming in different temporal combi-
nations with soil fumigation on disease suppression and tuber
yield has not been reported. It is possible, for example, that
yields following annual flaming in combination with biennial
fumigation can equal or exceed those associated with annual
fumigation. The objective of this study was to determine the
effect of different annual sequences of removing or flaming vines
and soil fumigation on populations of V. dahliae in soil, severity
of Verticillium wilt, and tuber yield of potato.

MATERIALS AND METHODS

The experiment was conducted near Alliston, Ontario,
between 1993 and 1996, in a commercial field, which had been
cropped annually to potato for 20 years and had a history of Ver-
ticillium wilt. Each year rye was planted in the fall and plowed
down in the spring. Three disease-management tactics, flaming,
vine removal, and soil fumigation, were either applied singly or
in combination with each other within a given year. The eight
treatments for each of the three years were fallow (control),
flaming or vine removal; flaming or fumigation in the first year
and fallow for the next two years; fumigation in the first two
years and fallow for the third year; flaming and fumigation in the
first year and flaming in the next two years; flaming and fumi-
gation in the first two years and flaming in the third year (Table
1). The treatments were arranged as a randomized complete
block design with four replications. Plots were eight rows wide
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TaBLE 1—Annual sequence of tactics evaluated for control of
Verticillium wilt.

Treat- 1993 1994 1995

ment}

1 None None None

2 Flaming* Flaming Flammg

3 Fumigation’ Fumigation None

4 Flaming and Fumigation Flaming and Fumigation Flaming

5 Flaming None None

6 Fumigation None None

7 Flaming and Fumigation Flaming Flaming

8 Vine removal® Vine removal Vine removal

¢ Vines were either removed or propane flamed in September 1993, 1994, and
1995. Soil was fumigated with metam-sodium in October 1993 and 1994.
fumigated with metam-sodium (Vapam) 550 L/ha

* ~ 99% of the vines were incinerated

# ~ 95% of the vines were removed

and 6 m long. Rows were spaced 1 m apart and each plot was
separated by 3 m. Soil and plant samples and tuber yield were
collected from the middle two rows of each plot. The chipping
potato cultivar Atlantic, which is moderately resistant to Verti-
cillium wilt, was sown in late April or early May each year. Plots
were maintained by the grower. The soil was aloamy sand (sand
77.97%, clay 18%, silt 4%, and 0.03% organic matter) with a pH of
5.2. The crop was top killed in August with Reglone (diquat) (45
L/ha), except in 1995 due to early senescence. The crop was
affected by the Colorado potato beetle in 1994, but in the fol-
lowing two years the insect pest was controlled with Admire
(imadacloprid) (0.2 L/ha). Late blight (Phytophthora infestans)
occurred in the plots in 1996.

Vines (stems and attached leaves) were removed by hand
or flamed with a propane flamer (ICG Propane, Inc., Markham,
Ontario) in September, and soil was fumigated in October. The
flamer was equipped with a boom bearing 25 burners that oper-
ated under hydraulic pressures of 133-600 kPa and produced
temperatures up to 2 000 C. It passed over eight rows at 1.5
m/sec. Setting plots 3 m apart and removing vines trapped on
tiller between plots minimized movement of vines or soil from
one plot to another during cultivation. Soil and vine displace-
ment was estimated to be approximately 1 m. Metam-sodium, at
550 L/ha in 1,100 L/ha of water, was shanked to a soil depth of 15
cm. The soil surface was compacted with a cultipacker to mini-
mize escape of the fumigant into the atmosphere and facilitate
its penetration deeper into the soil.

Soil samples were taken with a 2.5-cm-diameter soil probe
from the top 15 cm in 10 sites in each plot. The 10 soil cores were
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mixed together and dried on a bench at room temperature (~ 21
C) for 2-12 wk. The soil was passed through a 2-mm mesh sieve
to remove gravel and large pieces of organic matter. Three 2.174-
g subsamples were each suspended in 10 ml of water containing
0.15% agar, which provided 2 g of soil per 10 ml of suspension.
Aliquots of 0.25 ml were dispensed on each of five petri dishes
containing soil pectate tergitol (SPT) medium (Hawke and
Lazarovits 1994). The suspension was spread over the surface
of the medium with an L-shaped metal rod with the aid of a turn-
table. Plates were incubated at room temperature (~21 C) for 2
to 12 wk and colonies of V. dahliae were counted with the aid of
a stereo-microscope. A total of 15 dishes per soil sample pro-
vided a minimmum detection level of 1.33 cfu/g of soil.

Severity of Verticillium wilt was assessed several times dur-
ing each growing season on 20 potato shoots chosen arbitrarily
from the middle two rows of each plot. Each shoot was scored
for the extent of foliar chlorosis and necrosis on a scale of 1 to
10 where 1 = no chlorosis and necrosis, 2 = 1-6%, 3 = 7-13%, 4 =
14-25%, 5 = 26-50%, 6 = 51-75%, 7 = 76-88%, 8 = 89-94%, 9 = 95-
99%, and 10 = dead shoot. Area under the disease progress curve
(AUDPC) was caleulated from the equation (1)

n-1

AUDPC = ;1 [, + )2 [t - 4]

where x = the cumulative disease severity expressed as a pro-
portion at the jth observation, n = total number of observations,
and t, = time (days) at the ith observation (Tooley and Grau
1984).

Tubers were harvested manually in the first two years and
mechanically in the third year. The weight of marketable tubers
(55 to 85 mm in diameter) was determined.

Data were analysed by one-way analysis of variance. When
the F-test was significant (P = 0.05), means were separated using
the least significant difference (LSD) test at P = 0.05 (Steel and
Torrie 1980). To assess profitability of the treatments, we used
costs of $148/ha to flame vines and $865/ha to furnigate soil and
potato market prices of $19.13, $19.53, and $18.12 per 100 kg for
1994, 1995, and 1996, respectively.

RESULTS

Based on soil assays taken two months after flaming and
one month after soil fumigation in 1993, none of the treatments
significantly reduced the population density of the pathogen in
soil (Table 2). When soils were assayed in July 1994 (nine to 10
months after treatments were applied), soil fumigation (treat-
ments 3 and 6) and vine flaming combined with soil fumigation
(treatments 4 and 7) significantly reduced soil populations of V.
dahliae. No significant treatment effects on soil populations of
V. dahliae were observed on 31 October 1994 (two months after
vine flaming and one month after soil fumigation). All treat-
ments, except treatiments 5 (flaming vines 1993) and 8 (removing
vines 1993 and 1994), significantly reduced V. dahliae popula-
tions in soil samptles taken on 10 July 1995 (nine to 10 months
after treatments were applied). Soil populations of V. dakliae at
the beginning of the growing season taken 30 May 1996 were sig-
nificantly reduced by all treatments, except vine removal. Treat-

TaBLE 2—FEffect of vine removal, flaming of vines, and fumigation of soil on population density of Verticillium dahliae irn a

potato field soil.
Treatment Year 1l Year 2 Year 3
Tactic* Fall Spring Tactic Fall Spring Tactic Fall Spring
16/11/93 22/07/94 31/10/94 10/07/95 05/09/96

1 None 218a 203aY None 113a 191a None Z 115a
2 FL 7la 157a FL 73bc 45a FL - 63cd
3 FU 44a 89b FU 72bc 60a None - 73bc
4 FL+FU 29a 80b FL+FU 38c 55a FL - 41d
5 FL 602 181a None 92ab 54a None - 82bc
6 FU 30a 83b None 68bc 112a None - 78bc
7 FL+FU 37a 57b FL 47c 49a FL - 53cd
8 VR 69a 177a VR 94ab 68a VR - 98ab

X Vines were either removed (VR) or propane flamed (FL) in September 1993, 1994 and 1995. Soil was fumigated (FU) with metam-sodium in October

1993 and 1994.

¥ Within a column, means followed by the same letter are not significantly different from each other according to a protected LSD test at P = 0.05.

Z Data not collected
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TaBLE 3—Effect of removal or flaming of vines, and fumi-
gation of soil on area under the disease progress
curve (AUDPC) for Verticillium wilt of potato.

AUDPC

Treatment

Tactic’ 1994 Tactic 1995 Tactic 1996

1 None 67.4a% None 130.3a None 1385a
2 FL 59.9ab FL 1173bed  FL 136.5a
3 FU 51.5bc FU 1158bcd None 134.8a
4 FL+FU 49.4c FL+FU  112.8cd FL 131.0a
5 FL 63.4a None 130.3a None 131.3a
6 FU 51.3bc None 123.3abc  None 138.3a
7 FL+FU 51.6bc FL 105.0d FL 137.0a
8 VR 66.8a VR 126.8ab VR 136.8a

YVines were either removed (VR) or propane flamed (FL) in September
1993, 1994, and 1995. Soil was fumigated (FU) with metam-sodium in
October 1993 and 1994.

Z Within a column, means followed by the same letter are not signifi-
cantly different from each other according to a protected LSD test at P
= 0.05.

ment 4 (fumigating soil in 1993 and 1994 combined with flaming
vines in 1993, 1994, and 1995) produced the lowest soil popula-
tion density, but was not significantly different from treatment 7
(fumigating soil in 1993 combined with flaming vines in 1993 to
1995) and treatment 2 (flaming vines annually from 1993 to
1995).

Area under the disease progress curve (AUDPC) (Table 3)
was reduced in year 2 (1994) by treatments 3, 4, 6, and 7 (fumi-
gation with or without flaming in the previous year) and in year
3 (1995) by treatments 2, 3, 4, and 7 (flaming in the two previ-
ous years, fumigation in the two previous years, flaming and
fumigation in the two previous years, and flaming in years 1 and
2 coupled with fumigation in year 1).

Marketable tuber yield was significantly increased only in
1995 when plots were flamed and fumigated in the previous two
years or flamed and fumigated in year 1 and flamed in year 2
(Table 4). The greatest increases in profits compared to the check
over three crop years (1994-1996) were with flaming plus fumiga-
tion in year 1 and flaming in years 2 and 3 and with flaming plus
fumigation in years 1 and 2 and flaming in year 3 (Table 4).

DISCUSSION

Soil fumigation (Ben-Yephet et al. 1983) and flaming (Eas-
ton et al. 1972, 1975) or removal (Mol et al. 1995) of vines have
been reported to reduce populations of V. dahliae in potato-field
soil. In this study we tested the efficacy of different annual
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sequences of these treatments in lowering the population den-
sity of V. dahliae in soil, reducing the severity of Verticillium wilt
of potato, and increasing tuber yield.

Flaming vines once, in the first year, significantly reduced
soil population density of V. dahliae in the third year, but had
no significant effect on disease severity or tuber yield in any of
the three crop years. When vines were flamed in two consecu-
tive years (treatment 2), soil population density of V. dahliae
and AUDPC was significantly reduced, but this had no signifi-
cant effect on tuber yield. When vines were flamed in three con-
secutive years (treatment 2), soil population density of
V. dahliae was significantly reduced, but this had no significant
effect on AUDPC or tuber yield. This is the first report that
demonstrates a significant effect of flaming of potato vines on
population density of V. dahliae in soil in the first few years after
initiation of treatments, and the first demonstration of a residual
effect of flaming—in this case, a reduction in population density
in the second and third years after the treatment was applied.

In our study, flaming of vines either once or for three con-
secutive years significantly reduced soil populations of the
pathogen compared to the check by the third year. However, the
treatments did not differ. Neither treatment had an effect on
AUDPC or marketable tuber yield in the third year. Easton et al.
(1972) in his study on flaming of potato vines for Verticillium
wilt control did not provide a statistical analysis of effects of
flaming on population density of V. dahliae in soil. Examination
of their Table 1 suggests that after three consecutive years of

TaBLE 4—Fffect of vine removal, flaming of vines, and
JSumigation of soil on marketable yield of potato
and profit ($/ha).

Marketable tuber yield (kg)
Treatment Tactic® 1994 Tactic 1995 Tactic 1996 Profit ($)

1 None 5.0a% None 275¢c None 28.3a -

2 FL 69a FL 29.2¢ FL 30.3a 610
3 FU 59a FU 33.5abc None 35.2a 804
4 FL+FU 6.3a FL+FU 383a FL 35.5a 1485
5 FL 53a None 285c None 32.6a 875
6 FU 63a None 32.1bc None 304a 660
7 FL+FU 6.3a FL 36.5ab FL 32.8a 1509
8 VR 54a VR 30.2¢ VR 31.5a 958

¥ Vines were either removed (VR) or propane flamed (FL) in September
1993, 1994, and 1995. Soil was fumigated (FU) with metam-sodium in
October 1993 and 1994.

Z Within a column, means followed by the same letter are not signifi-
cantly different from each other according to a protected LSD test at P
=0.05.
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flaming (1966-1968), population densities were appreciably
lower in the following spring in flamed compared to nonflamed
plots, and this effect persisted after a fourth flaming. A signifi-
cant reduction in percentage of stems infected by V. dahliae was
first seen after three consecutive years of flaming and persisted
with four consecutive years of flaming. Disease incidence was
significantly reduced, and tuber yield was significantly increased
after three and four flaming treatments. Thus, both the present
study and that of Easton et al. (1972) indicate that flaming alone
can reduce populations of V. dahliae in soil and incidence and
severity of Verticillium wilt.

Easton et al. (1972, 1975) reported a significant 16%
increase in tuber yield after two flaming treatments, and yields
continued to be higher in annually flamed plots than unflamed
plots, by 20% to 42%. Since they detected yield increases in the
first year of the study, one year before seeing either reductions
in soil population density of V. dahliae or in the incidence of
infected stems and symptomatic plants, it is possible that flam-
ing increased yield by mechanisms other than, or in addition to,
reduction of soil populations of the pathogen. Flamed vines pro-
duce ashes rich in phosphorus and potassium that can increase
tuber yield (Erich 1991).

In this study, a single fumigation in the fall (1993) signifi-
cantly reduced soil populations of V. dahliae in 1994 (treatments
3 and 6). It significantly reduced AUDPC in 1994 (treatments 3
and 6), but did not affect marketable yield. Fumigation in fall
1993 and 1994 (treatment 3) reduced soil population density of
V. dahliae in 1995 and 1996, reduced AUDPC in 1995 but did not
affect tuber yield. These results confirm other reports on the effi-
cacy of fumigation with metam-sodium on soil populations of V.
dahliae (Ben-Yephet and Frank 1984, 1989; Ben-Yephet et al.
1983, 1988; Fravel 1996; Saeed et al. 1997; Subbarao 1999) and
incidence or severity of Verticillium wilt of potato (Ben-Yephet
et al. 1983; Easton et al. 1972, 1975). A single fumigation with
metam-sodium (Powelson and Carter 1973) or with other prod-
ucts (Easton et al. 1975; Powelson and Carter 1973) has been
reported to increase tuber yield in the following two crops, but
without concomitant reductions in population densities or inci-
dence of symptomatic plants (Easton et al. 1975). Conversely,
we did not detect immediate or residual effects of fumigation
alone on tuber yield but did observe residual reductions in soil
population density of V. dahliae in treatment 3 in 1996 after
fumigating last in fall 1994 and in treatment 6 in 1995 and 1996
after fumigating last in 1993.

Removing vines for three consecutive years (treatment 8)
had no effect on soil populations of V. dahliae, AUDPC, or tuber

yield. Vine removal was ineffective compared to propane flam-
ing because it has no effect on pre-existing populations of
microsclerotia in the soil. Propane flaming can raise tempera-
ture at the soil surface, thus reducing viability of microsclerotia
in soil, and microsclerotia that survive flaming of the shoot are
less able to survive in soil (McIntyre and Horner 1973). Sanita-
tion was not complete with vine removal, and shattered portions
of stems and leaves were left behind on the soil surface (<5% of
the vines). In contrast, Mol et al. (1995) reported significant
reductions in population density of V. dahliae in soil in
microplots after removing vines, but did not specify how thor-
ough the removal was.

A combination of flaming and fumigation was the most
effective treatment in reducing both soil populations of V.
dahliae and AUDPC and in increasing tuber yield. If vine flam-
ing, vine removal, and soil fumigation reduce soil populations of
V. dahliae by different mechanisms, they may have comple-
mentary effects on inoculum density, disease severity, and tuber
yield. In the Columbia Basin of Washington the combination of
fall flaming plus spring fumigation was more effective than a
spring soil fumigation in lowering soil populations (Easton et al.
1972). This combination, however, was generally not more effec-
tive than fumigation alone in increasing tuber yield (Easton et
al. 1972, 1975). In our study, the significant effects on yield in
1995 are perhaps the clearest evidence that combinations of
fumigation and flaming can be more effective than either fumi-
gation or flaming alone in managing Verticillium wilt of potato.

This is the first study to examine the effects of different
temporal patterns of flaming and fumigation on disease,
pathogen, and tuber yield parameters associated with Verticil-
liur wilt of potato in the first three years after initiation of treat-
ments. In 1994, yields were low due to excessive defoliation
caused by the Colorado beetle and no significant effects of treat-
ments were discerned. In 1995, yields were normal and signifi-
cant treatment effects were obtained. Tuber yield of two
treatments (2 fumigations + 2 flamings, 1 fumigation + 2 flam-
ings) was significantly higher than in the control, an indication
that frequency of fumigation and flaming has a direct bearing on
final yield. Tuber yield in 1996 was normal, but treatment effects
were not significant. It is possible that fumigation in 1995 may
not have been effective due to partial degradation of crop
residues resulting in some microsclerotia not being released into
the soil. Effects of annual sequences of flaming and fumigation
on AUDPC in the two years in which significant effects were
realised (1994 and 1995) also indicated that greater effects were
produced by increasing the frequency of both fumigation and
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flaming in a treatment sequence. Similar trends were seen in
treatment effects on population density of V. dahliae in soil in
1994, 1995, and 1996. Effects of treatments over three years
show that treatments 4 (flaming plus fumigation in 1993 and
1994, and flaming in 1996) and 7 (flaming plus fumigation in 1993
followed by annual flaming) were the most effective in reducing
soil populations of V. dahliae and AUDPC and in increasing
tuber yield. However, treatment 7 was the most profitable treat-
ment. We conclude that combinations of flaming and fumigation
are more effective and more profitable than either treatment
alone. A comparison of treatments 7 and 4 shows that flaming
can reduce fumigant use without compromising management of
Verticillium wilt or profitability of the potato crop.
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