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Abstract
Biofumigation has been proposed as an alternative to soil fumigation to manage soil-borne diseases including potato early dying 
disease complex (PED). This study examined the potential of using brown mustard (Mustard juncea) biofumigation to manage 
PED under rain-fed potato production in New Brunswick, Canada in two trials between 2017 and 2020 in comparison with chlo-
ropicrin fumigation and a conventional barley rotation. Biofumigation increased yield in one trial, but not in a second trial where 
the potato crop experienced severe drought, whereas chloropicrin fumigation increased yield in both trials. Biofumigation was 
effective in suppressing root-lesion nematode (RLN, Pratylenchus spp.) counts in both trials, but was ineffective in suppressing V. 
dahliae population density. Chloropicrin fumigation was effective in suppressing RLN counts and V. dahliae population density 
only in the hill where injected, but the effect was short-lived as the population density of V. dahliae in the hill increased to the 
level of the control in one potato growing season. Biofumigation may be an alternative to chloropicrin fumigation in managing 
PED, particularly in fields with high RLN population but relatively low Verticillium population density. However, neither bio-
fumigation nor fumigation used alone may be sustainable in the short-term potato rotations commonly used in New Brunswick, 
and additional beneficial practices are required to sustain productivity in the long-term.

Resumen
La biofumigación se ha propuesto como una alternativa a la fumigación del suelo para manejar las enfermedades transmitidas 
por el suelo, incluido el complejo de enfermedades de muerte prematura de la papa (PED). Este estudio examinó el potencial 
del uso de la biofumigación de mostaza marrón (Mustard juncea) para manejar la PED bajo la producción de papa de secano en 
New Brunswick, Canadá, en dos ensayos entre 2017 y 2020 en comparación con la fumigación con cloropicrina y una rotación de 
cebada convencional. La biofumigación aumentó el rendimiento en un ensayo, pero no en un segundo ensayo en el que el cultivo 
de papa experimentó una sequía severa, mientras que la fumigación con cloropicrina aumentó el rendimiento en ambos ensayos. 
La biofumigación fue efectiva para suprimir los conteos del nematodo lesionador de la raíz (RLN, Pratylenchus spp.) en ambos 
ensayos, pero fue ineficaz para suprimir la densidad de población de V. dahliae. La fumigación con cloropicrina fue efectiva para 
suprimir los conteos de RLN y la densidad de población de V. dahliae solo en el lomo del surco donde se inyectó, pero el efecto 
fue de corta duración ya que la densidad de población de V. dahliae en el surco aumentó al nivel del testigo en un ciclo de cultivo 
de papa. La biofumigación puede ser una alternativa a la fumigación con cloropicrina en el manejo de la PED, particularmente en 
campos con alta población de RLN pero densidad de población de Verticillium relativamente baja. Sin embargo, ni la biofumigación 
ni la fumigación utilizadas por sí solas pueden ser sustentables en las rotaciones de papa a corto plazo comúnmente utilizadas en 
New Brunswick, y se requieren prácticas benéficas adicionales para mantener la productividad a largo plazo.
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Introduction

Potato (S. tuberosum L.) is the most important vegetable 
crop grown in Canada, and Eastern Canada accounted for 
51% of national potato production in 2017 (Agriculture 
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and Agri-Food Canada, 2019). Despite technological 
advances, only limited improvements in potato yield have 
been observed in Eastern Canada in recent decades (Wil-
son et al., 2018; Zebarth et al., 2021). This lack of yield 
improvement has been attributed to declining soil organic 
matter, increasing soil-borne disease pressure and climate 
change in the rain-fed potato production systems of this 
region (Dahal et al., 2019; Nyiraneza et al., 2021; Wil-
son et al., 2018). In particular, potato early dying (PED) 
disease complex, which can cause 30 to 50% potato yield 
reduction in severely affected fields of North America 
(Davis et al., 2001; Powelson & Rowe, 1993), is believed 
to be an important yield limiting factor.

The primary pathogen of PED is Verticillium spp., and 
the presence of root-lesion nematodes (RLN, Pratylen-
chus spp.) exacerbates the disease severity and yield loss 
(Kimpinski & Thompson, 1990; Powelson & Rowe, 1993). 
V. albo-atrum was previously reported to be the main spe-
cies in Eastern Canada causing potato wilt (Easton et al., 
1972; Kimpinski et al., 1998; Robinson, 1961), however 
currently, V. dahliae has become prevalent (Borza et al., 
2018). Three RLN species were identified in Eastern Can-
ada (Yu, 2008), and two of them (Pratylenchus penetrans 
and P. crenatus) were widespread (Kimpinski et al., 1998; 
Kimpinski & Thompson, 1990). P. penetrans often inter-
acts with V. dahliae, causing severe PED, while P. crena-
tus does not (Bowers et al., 1996; Orlando et al., 2020). 
Recent surveys of potato fields in New Brunswick (NB) 
and Prince Edward Island (PEI) found high population 
densities of V. dahliae and Pratylenchus spp., and severe 
PED disease symptoms, in a majority of potato fields 
(unpublished data).

Control of PED is extremely difficult due to the character-
istics of the pathogens for their broad host ranges and long 
soil survival ability (Bélair et al., 2007; Kimpinski & Dunn, 
1985; Townshend & Davidson, 1960; Woolliams, 1966), as 
well as lack of high PED resistant potato cultivars. The most 
effective approach to control soil-borne diseases including 
PED is to use soil fumigation (e.g., chloropicrin or metam 
sodium) either alone or in combination with other strate-
gies (Ben-Yephet et al., 1983; Davis et al., 1986; Powelson 
& Rowe, 1993; Taylor et al., 2005; Tsror et al., 2005). In 
recent years, there has been more interest in soil fumiga-
tion by some potato growers in Canada, and field trials 
were conducted to examine the potential to reduce PED and 
other soil-borne diseases and to improve potato yield (Al-
Mughrabi et al., 2016; Halsall, 2016; Molina et al., 2014). 
However, concerns over potential negative effects of chemi-
cal fumigants on the environment, human health, and soil 
health (Bünemann et al., 2006; Sande et al., 2011), as well as 
the high cost of applying fumigation, has increased interest 
in identifying alternative strategies to chemical fumigation 
for PED management.

One promising alternative to chemical fumigation is bio-
fumigation. Biofumigation uses glucosinolate-containing 
cruciferous crop residues to control soil-borne diseases 
and pests by volatile compounds toxic to microorganisms 
(Kirkegaard et al., 1993; Larkin et al., 2011; Larkin & Grif-
fin, 2007; McGuire, 2003). Success of biofumigation is 
affected by many factors, including the glucosinolate content 
in plant tissues, the amount of plant biomass incorporated, 
the speed and effectiveness of biomass incorporation, and 
the environmental conditions (Mattner et al., 2008; Kruger 
et al., 2013). Mustard (Brassica spp.) as a rotation crop, or 
applied as seed-meal, has been demonstrated to reduce PED 
and other soil-borne diseases of potato (Larkin et al., 2011; 
Larkin & Griffin, 2007; Molina et al., 2014; Ngala et al., 
2015). The Caliente mustard (e.g., Caliente 119, Caliente 
199) (B. juncea and Sinapis alba blend) were bred specifi-
cally for biofumigation and green manuring, and were dem-
onstrated to reduce Verticillium wilt and other soil-borne 
diseases (Larkin et al., 2011; Larkin & Halloran, 2014; 
Wang et al., 2009), but their seeds are more costly than con-
ventional mustard varieties. The ‘Centennial Brown’ brown 
mustard (B. juncea (L.) Czern.) has a greater glucosinolate 
content than the common brown mustard (Rakow et al., 
2009) and the seed is more affordable than for the Caliente 
mustard. Limited information is available on the potential 
of using mustard as a biofumigant crop for control of PED 
under rain-fed potato production systems in Eastern Canada.

The objective of this study was to evaluate the effect of 
biofumigation on the population density of Pratylenchus 
spp. and Verticillium spp., PED severity and potato tuber 
yield under rain-fed potato production in Eastern Canada. 
New Brunswick was selected as an experimental site to con-
duct the experiment for its geographic representation, high 
economic importance of the potato industry, and regulatory 
permission to conduct soil fumigation with chloropicrin. 
The potential of using ‘Centennial Brown’ brown mustard 
as a biofumigant crop to control PED was examined in two 
trials in commercial fields in New Brunswick, where each 
trial was conducted over a two-year rotation (2017–2018 
and 2019–2020). Biofumigation was compared with spring 
barley plus fall chloropicrin fumigation as a positive control 
and a conventional spring barley as a negative control.

Materials and Methods

Field Sites and Experimental Treatments

Two field trials were conducted in commercial fields in 
NB with a known history of PED. Both fields were owned 
and operated by the same potato grower and had the same 
standard farm practices. Trial A (2017–2018) was located in 
Jacksonville, NB and Trial B (2019–2020) in Wilmot, NB, 
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located approximately 10 and 20 km from Woodstock, NB, 
respectively. Trial A had never been fumigated prior to this 
experiment whereas Trial B had been fumigated with chloro-
picrin in 2017 for control of PED. Soils at the experimental 
sites had a loam soil texture. Soil pH (1:1 water) averaged 
5.9 and 6.0 and soil total carbon (dry combustion) averaged 
18.5 and 21.8 g  kg−1 for Trials A and B, respectively, for 
0–25 cm soil depth. Climate data was obtained from the 
Environment and Climate Change Canada weather station 
at Woodstock, NB (https:// clima te. weath er. gc. ca/ histo rical_ 
data/ search_ histo ric_ data_e. html).

The experiment used a randomized complete block 
design with three treatments and four blocks (Fig. 1). The 
experimental unit was a treatment strip (27.4 m wide by 
approximately 120 m long), and each treatment strip had 
four sampling plots (20 × 20 m in size) to capture the spatial 
variability within the field. Each trial had a two-year crop 
sequence with experimental treatments established in the 
rotation crop phase (2017 and 2019) and potatoes grown in 
the subsequent year (2018 and 2020). Treatments included: 
1) control (i.e., no fumigation or biofumigation), seeded to 
spring barley cultivar ‘Leader’ (Hordeum vulgare L.); 2) 
fumigation, seeded to spring barley cultivar ‘Leader’ fol-
lowed by a fall chloropicrin application; and 3) biofumiga-
tion, seeded to two consecutive crops during the growing 
season of a high glucosinolate brown mustard cultivar ‘Cen-
tennial Brown’ (Speare Seeds Limited, Ontario).

For the control and fumigation treatments, spring barley 
was seeded on 19 May 2017 and 2 June 2019 for trials A 
and B, respectively, at a seeding rate of 140 kg  ha−1 and 
harvested in late August. For the biofumigation treatment, 
the first crop of mustard was seeded on 16 June 2017 and 
24 June 2019 at a seeding rate of 11.2 kg  ha−1 according to 
seed company recommendation. The mustard plants were 
mowed and then immediately incorporated into the soil with 
disking on 20 July 2017 and 31 July 2019 at full flowering 

(i.e., approximately 50% flowers in main raceme open, 
older petals falling) for greatest biofumigation potential 
(Doheny-Adams et al., 2018; Saskatchewan mustard devel-
opment commission., 2021). The second crop of mustard 
was seeded on 3 August 2017 and 6 August 2019 and mowed 
and immediately incorporated into the soil on 20 September 
2017 and 14 September 2019 for additional biomass and 
biofumigation enhancement. The dry biomass of the rotation 
crops in 2017 was estimated by hand sampling all above-
ground plant tissue from a 1  m2 quadrat in each plot on 19 
July and 20 September, 2017 for mustard before incorpora-
tion and on 31 July 2017 for barley before harvest. Mustard 
produced 3.8 and 2.4 Mg  ha−1 of dry biomass for the first 
crop and the second crop, respectively. Barley produced 
9.6 Mg  ha−1 of dry biomass in the control and fumigation 
treatments, respectively, however, only the straw was incor-
porated into the soil. The entire experimental site was fall 
plowed and hills (i.e., ridges to be used for planting potatoes 
in the following growing season) were formed in late Sep-
tember. Chloropicrin (TriEst Ag Group, Inc.) was injected 
into the hills at 129 kg  ha−1 according to standard practice. 
While hills would not normally be formed at this time for 
the control and biofumigation treatments, hills were formed 
in this experiment to allow for direct comparison with the 
fumigation treatment. Potato variety ‘Russet Burbank’ was 
planted on 14 May 2018 and 18 May 2020 following stand-
ard grower practices. Potato tuber yield was determined in 
late September in both years by manually harvesting two 
3-m rows in the middle of each sampling plot. Total yield, 
marketable yield and tuber specific gravity were assessed by 
McCain Foods (Canada) Ltd. according to the processing 
contract specifications.

Potato Early Dying Severity Assessment

Disease severity of PED was assessed in Trial A in 2018. 
The percentage of foliar wilt (chlorosis and necrosis) was 
rated from 15 plants in each of two rows in each sampling 
plot four times between 3 August and 19 September (Mac-
Guidwin & Rouse, 1990). The area under disease progress 
curve (AUDPC) was calculated to determine the disease 
severity (Shaner & Finney, 1977). For Trial B in 2020, due 
to the COVID-19 travel restrictions, only one disease rating 
was made on 3 September 2020.

Soil Sampling

One composite soil sample was collected from 0 to 25 cm 
depth in each sampling plot in spring before planting rota-
tion crops (i.e., 2017 and 2019) using a Dutch augur where 
each composite soil sample consisted of five cores obtained 
using a random sampling pattern. The soil was mixed thor-
oughly and a total of approximately 2 kg soil was retained 

Fig. 1  Schematic diagram of the field plot layout in trial A showing 
the three treatments (control, biofumigation and fumigation) in four 
blocks and 48 individual plots for sampling. A similar design was 
used for trial B. Dimensions are not to scale
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for each composite soil sample. In fall of the rotation crop 
phase, one composite sample was collected separately in 
the hill and in the furrow (i.e., space between the hills) from 
each sampling plot in October, approximately two weeks 
after soil fumigation, as described above. In the potato phase 
(i.e., 2018 and 2020), one composite soil sample was col-
lected separately in the hill and in the furrow in each sam-
pling plot in spring after planting, and in fall at harvest in 
2018, whereas one composite soil sample was collected in 
the hill only in each sampling plot at harvest in 2020 due to 
COVID-19 travel restriction and labor shortage.

The soil was kept cool during sampling and transporta-
tion before being stored at 4 °C. Approximately 500 g each 
soil sample was sent to a commercial laboratory for RLN 
counts within one week after sampling. The remainder of 
the soil was air-dried and sent to a commercial laboratory 
for Verticillium DNA quantification.

Root‑Lesion Nematodes and Verticillium dahliae 
Quantification

Root-lesion nematodes (Pratylenchus spp.) in all composite 
soil samples were quantified at Agriculture & Food Labo-
ratory Services in University of Guelph based on the Bae-
rmann pan method for extraction of nematodes from soil 
(Townshend, 1963), except for the samples from the furrow 
in fall 2018 which were stored too long before a reliable 
quantification could be obtained.

V. dahliae population densities were determined in all 
samples in Trial A and Trial B, while V. albo-atrum popula-
tion densities were determined in all 2018 samples in Trial A 
and all samples in Trial B. V. tricorpus population densities 
were determined in all samples in Trial B.

Soil (300 g) was well mixed, air-dried and passed through 
a 2-mm sieve. A subsample (50 g) of soil was ground to a 
fine powder using a grinding mill. Three 0.25 g samples of 
soil were extracted separately from each composite sample 
using EZNA® Soil DNA Kit (Omega Bio-tek; cat#D5625) 
according to the manufacturer protocol. Extraction success 
and cross-contamination control were assessed by extraction 
of known clean, sterile soil with (positive control) and with-
out (negative control) the addition of a few grains (~0.1 mg) 
of dried, powdered fungal material scraped from pure cul-
ture plates of V. dahliae and V. albo-atrum. Total soil DNA 
extracted was measured by a spectrophotometer (Eppendorf 
BioPhotometer, Germany).

Concentrations of V. dahliae, V. albo-atrum and V. tri-
corpus DNA in the samples were quantified by probe-based 
quantitative real-time PCR (qPCR) using primers and probes 
targeting the ef1α gene of each species by Agricultural Certi-
fication Services Inc. (Fredericton, NB, Canada) as detailed 
in Nyiraneza et al. (2021).

Data Treatment and Statistic Analysis

Population densities of the RLN and V. dahliae, disease 
severity and potato yield and tuber specific gravity were 
subjected to two-way ANOVA analysis. Post-hoc Tukey’s 
honest significant difference test was used to compare among 
treatment means. Log(100 + x) was used to transform the 
RLN counts and Verticillium DNA to meet the requirements 
of the ANOVA (Vrain et al., 1996). Linear regression analy-
sis was performed to examine the relationship of pathogen 
densities and PED severity with tuber yield. All statistical 
analyses were performed using SigmaPlot 14.5 (Systat Soft-
ware, Inc).

Results

Climatic Conditions

Average growing season (May to September) air temperature 
was 103, 104, 95 and 99% of the long-term (1981–2010) 
average of 15.6 °C for 2017 to 2020, respectively, and grow-
ing season total precipitation was 70, 94, 81 and 36% of the 
long-term average of 482 mm in 2017 to 2020, respectively 
(Table 1). As a result, relatively dry soil conditions were 
present in July and September of 2017 and in July of 2019 
when mustard crops were incorporated. The exceptionally 
dry conditions in 2020 resulted in poor potato crop growth.

Root‑Lesion Nematode Population Density

Root-lesion nematodes were detected in all samples. As 
would be expected, no significant differences in the RLN 
density were detected among the treatments at the initiation 
of rotation crops in spring 2017 for Trial A (Table 2) and in 
spring 2019 for Trial B (Table 3).

The RLN counts in the control treatment were generally 
stable over the growing season during the rotation phase in 
Trial A, but increased in Trial B (Tables 2 and 3). Compared 
with the control, RLN counts in the biofumigation treatment 
were significantly (37%) lower in the furrow but not the hill 
in Trial A, and significantly (42%) lower in the hill but not 
the furrow in Trial B, at the end of the growing season in 
the rotation phase. In contrast, fumigation resulted in a sub-
stantial decrease in RLN counts in the hill compared with 
the control (72 and 91% in Trials A and B, respectively), but 
did not significantly reduce RLN counts in the furrow, at the 
end of the growing season. The RLN averaged across the hill 
and furrow were significantly reduced by 25% and 38% in 
the biofumigation and fumigation treatments, respectively, 
compared to the control in fall 2017, but did not differ from 
the control in fall 2019.
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In the potato phase, RLN counts in the control treatment 
prior to planting were generally similar to RLN counts the 
previous fall in Trial A, but lower than in the previous fall 
for Trial B (Tables 2 and 3). Compared with the control, 
RLN prior to potato planting in the biofumigation treat-
ment were significantly lower in both the hill and furrow 
(55 and 41%, respectively) in Trial A, and significantly 
(56%) lower in the hill but not the furrow in Trial B. For 
the fumigation treatment at this time, RLN counts prior to 
potato planting were significantly (74%) lower compared 

with the control in the hill, but not the furrow in Trial A, 
whereas in Trial B, RLN counts for the fumigation treat-
ment were significantly (77%) lower in the hill, but sig-
nificantly (79%) greater in the furrow. The RLN averaged 
across the hill and furrow were significantly reduced by 
48% and 46% in the biofumigation and fumigation treat-
ments in spring 2018, respectively, compared to the con-
trol, but did not differ from the control in spring 2020.

The RLN counts increased over the potato growing 
season, particularly in Trial A (Tables 2 and 3). At potato 

Table 1  Average daily mean air temperature and total precipitation 
during the May to September growing season in Woodstock, New 
Brunswick between 2017 and 2020 in comparison with the long-term 
(1981–2010) average. Climate data was obtained from the Environ-

ment and Climate Change Canada weather station at Woodstock, NB 
(https:// clima te. weath er. gc. ca/ histo rical_ data/ search_ histo ric_ data_e. 
html)

Average air temperature (°C) Total precipitation (mm)

Month 2017 2018 2019 2020 1981–2010 2017 2018 2019 2020 1981–2010

May 10.9 11.9 8.9 8.3 10.9 133.4 80.0 58.2 61.8 94.2
June 16.3 14.3 15.2 16.7 16.3 68.8 107.4 111.6 28.6 91.0
July 18.7 21.1 19.9 20.3 19.0 37.8 97.2 37.2 27.1 100.2
Aug 17.8 19.8 17.7 18.6 18.4 38.0 109.6 85.6 36.0 100.6
Sept 16.4 14.0 12.3 13.5 13.2 57.2 57.6 97.0 18.9 95.7
Average or total 16.0 16.2 14.8 15.5 15.6 335.2 451.8 389.6 172.4 481.7

Table 2  Population density  (kg−1of dry soil) of root-lesion nematodes (Pratylenchus spp.) in Trial A measured on four dates: spring prior to 
planting rotation crops; in fall after treatments in 2017; right after planting potato; and at potato harvest in fall of 2018

Values followed by the same letter within a column are not significant different. NS, not significant at 5% probability level; *, *** significant at 
0.05 and 0.001 probability levels, respectively. ND: not determined

2017 spring 2017 fall 2018 spring 2018 fall

Treatment Hill Furrow Average Hill Furrow Average Hill Furrow

Control 1254 a 1146 a 1519 a 1333 a 1486 a 1430 a 1458 a 4113 a ND
Biofumigation 1385 a 1043 a 953 b 998 b 678 b 849 b 763 b 2075 b ND
Fumigation 1076 a 321 b 1344 ab 833 b 379 c 1203 ab 791 b 1426 b ND
Standard error of the mean 131 100 148 96 112 160 104 343 ND
Significance of ANOVA NS *** * * *** * *** *** ND

Table 3  Population density  (kg−1 of dry soil) of root-lesion nematodes (Pratylenchus spp.) in Trial B measured on four dates: spring prior to 
planting rotation crops; in fall after treatments in 2019; right after planting potato; and at potato harvest in fall of 2020

Values followed by the same letter within a column are not significant different. NS, not significant at 5% probability level; *, **, *** significant 
at 0.05, 0.01 and 0.001 probability levels, respectively. ND: not determined

2019 spring 2019 fall 2020 spring 2020 fall

Treatment Hill Furrow Average Hill Furrow Average Hill Furrow

Control 685 a 870 a 1573 ab 1221 a 128 a 396 b 262 ab 619 a ND
Biofumigation 491 a 509 b 1171 b 840 a 57 b 202 b 129 b 152 b ND
Fumigation 563 a 76 c 2100 a 1088 a 29 b 708 a 368 a 143 b ND
Standard error of the mean 86 87 215 120 18 85 45 72 ND
Significance of ANOVA NS *** * NS ** ** ** *** ND
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harvest, RLN counts in the hill in the biofumigation treat-
ment were significantly lower in the hill compared with 
the control in both trials (50 and 75% in Trials A and B, 
respectively). Similarly, RLN counts in the hill at harvest 
for the fumigation treatment were lower in both trials (65 
and 77% in Trials A and B, respectively) compared with 
the control, and were not significantly different than RLN 
counts for the biofumigation treatment.

Overall, the RLN population densities were numerically 
1.8 to 2.8 times greater in the spring of the rotation phase 
in Trial A compared with Trial B, and were 6.6 to 13.7 
times greater in Trial A compared to Trial B at potato 
harvest.

Verticillium spp. Population Density

In the rotation phase, V. dahliae was detected in 90 and 92% 
of the spring and fall samples, respectively, in 2017 in Trial 
A, and in 100% of the spring and fall samples in 2019 in 
Trial B. V. albo-atrum was not determined in Trial A sam-
ples, but it was detected in 44 and 29% of the spring and fall 
samples, respectively, in Trial B in 2019. V. tricorpus was 
not determined in Trial A samples, but it was not detectable 
in samples of Trial B in 2019.

In the potato phase, V. dahliae was detected in 88 and 
100% of the spring and fall samples, respectively, in 2018 in 
Trial A and in 95 and 100% of the spring and fall samples, 
respectively, in 2020 in Trial B. V. albo-atrum was detected 
in 7 and 5% of the spring and fall samples, respectively, in 
2018, and in 15 and 48% of the spring and fall samples, 
respectively, in 2020. The detection of V. albo-atrum was 
sporadic since the quantity was near zero with only 1 of 3 (in 
2018) or 1 of 6 (in 2019 and 2020) qPCR reactions showing 
positive reaction near the detection limit. No further analy-
ses were done for V. albo-atrum. The V. tricorpus was not 
detectable in any samples in 2020.

Initial population densities of V. dahliae did not vary sig-
nificantly among treatments in the spring prior to planting 
the rotation crops in 2017 (Table 4) and in 2019 (Table 5). 
In the fall of the rotation phase at two weeks after the time 
of fumigation, no significant differences in V. dahliae popu-
lation density were detected among the treatments in either 
the hill or furrow, or average across the hill and furrow, in 
2017 in Trial A (Table 4) or in the furrow in 2019 in Trial B 
(Table 5). In contrast, V. dahliae population density in the 
fall of 2019 in Trial B varied significantly among treatments, 
and followed the pattern biofumigation > control > fumiga-
tion (Table 5). When averaged across the hill and furrow, no 
difference was detected between the biofumigation and the 

Table 4  Population density (pg DNA  g−1 of dry soil) of Verticillium dahliae in Trial A measured on four dates: spring prior to planting rotation 
crops and in fall after treatments in 2017; right after planting potato and at potato harvest in fall of 2018

Values followed by the same letter within a column are not significant different. NS, not significant at 5% probability level; *** significant at 
0.001 probability level

2017 spring 2017 fall 2018 spring 2018 fall

Treatment Hill Furrow Average Hill Furrow Average Hill Furrow Average

Control 25 a 31 a 36 a 33 a 150 a 136 a 143 a 547 a 300 a 423 a
Biofumigation 22 a 29 a 42 a 35 a 95 a 137 a 116 a 321 a 241 a 281 a
Fumigation 20 a 43 a 30 a 36 a 18 b 115 a 66 b 410 a 335 a 373 a
Standard error of the mean 4 6 8 6 15 17 12 78 35 44
Significance of ANOVA NS NS NS NS *** NS *** NS NS NS

Table 5  Population density (pg DNA  g−1 of dry soil) of Verticillium dahliae in Trial B measured on four dates: spring prior to planting rotation 
crops and in fall after treatments in 2019; right after planting potato and at potato harvest in fall of 2020

Values followed by the same letter within a column are not significant different. NS, not significant at 5% probability level; *, *** significant at 
0.05 and 0.001 probability levels, respectively. ND: not determined

2019 spring 2019 fall 2020 spring 2020 fall

Treatment Hill Furrow Average Hill Furrow Average Hill Furrow

Control 47 a 87 b 54 a 71 a 86 a 35 a 60 a 428 ab ND
Biofumigation 52 a 116 a 36 a 76 a 99 a 24 a 62 a 475 a ND
Fumigation 63 a 52 c 45 a 49 b 8 b 29 a 18 b 319 b ND
Standard error of the mean 5 8 6 5 8 5 5 41 ND
Significance of ANOVA NS *** NS *** *** NS *** * ND
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control, while fumigation significantly reduced 31% V. dahl-
iae population density compared to the control, in fall 2019.

In the spring in the potato phase, the fumigation treat-
ment significantly reduced the V. dahliae population density 
compared with the control in the hill in both 2018 and 2020, 
but not in the furrow (Tables 4 and 5). In comparison, the 
V. dahliae population density for the biofumigation treat-
ment did not differ significantly from the control in either 
the hill or furrow in the spring of either year. In fall at potato 
harvest, no significant differences in V. dahliae population 
density were detected among the treatments in either the 
hill or furrow or average over the hill and furrow in 2018 
(Table 4), whereas V. dahliae population density was greater 
for biofumigation than for fumigation in the hill or average 
over the hill and furrow in 2020 (Table 5).

The increase in V. dahliae population density over the 
growing season in the rotation phase was generally small, 
ranging from 0.8- to 2.2-fold among the treatments in 2017 
and 2019, respectively, however, the increase in population 
density was greater in the potato phase, ranging from 3- to 
5-fold for the control and biofumigation and 23- to 40-fold 
for the fumigation treatment in 2018 and 2020, respectively. 
The initial population density of V. dahliae in Trial B in 
2019 was approximately 2- to 3-fold greater than in Trial 
A in 2017 in the spring of the rotation phase. However at 
potato harvest, the V. dahliae population density in Trial B 
was 0.8- to 1.5-fold greater than for Trial A.

Potato Early Dying Severity

Visual symptoms of PED appeared in mid-July in both trials. 
The PED severity did not differ significantly among treat-
ments over the monitoring period between early August and 
mid-September of 2018 in Trial A (Fig. 2A). The disease 
development based on the area under the disease progress 
curve (AUDPC) was similar among the treatments with 
the AUDPC being 1162, 1134, and 1092 for the control, 
biofumigation, and fumigation, respectively. The rating for 
foliar wilt in Trial B done on 3 September 2020 was signifi-
cantly different among the treatments, ranging from 15% for 
the fumigation treatment to 22% for the control treatment 
(Fig. 2B).

Potato Yield

Average total and marketable yield in 2018 (51.6 and 
41.8 Mg  ha−1, respectively) were much greater than in 2020 
(30.7 and 27.5 Mg  ha−1, respectively) (Table 6). In Trial A, 
the fumigation and biofumigation treatments significantly 
increased total and marketable yield by an average of 11 and 
12%, respectively, compared to the control. In Trial B, the 
fumigation treatment increased total and marketable yield 

by 14 and 19%, respectively, compared with the control, 
whereas the biofumigation treatment did not significantly 
increase yield compared with the control. There was no sig-
nificant effect of treatment on tuber specific gravity in Trial 
A, while in Trial B, the fumigation treatment significantly 
increased specific gravity compared with the control.

Relationship between Pathogen Density, PED 
Severity and Potato Tuber Yield

The RLN and V. dahliae were present in all plots but varied 
in their densities in both trials. The incidence of the PED 
was 100% for both trials, and severity ranged from 59 to 99% 
foliar wilt of the plants at the last rating on 19 September 
2018, and 7 to 32% on 3 September 2020. Both RLN and 
V. dahliae population densities were not significantly cor-
related with the PED severity as expressed in AUDPC in 
2018 or in percent foliar wilt in 2020 (Fig. 3).

In Trial A, RLN density in the hill in spring was sig-
nificantly negatively correlated with tuber yield, explaining 
about 36% and 34% of the variance in total and marketable 
yield, respectively (Fig. 4A, C). Similarly, V. dahliae density 
in spring was significantly negatively correlated with tuber 
yield, explaining 19% and 10% of the variance in total and 

Fig. 2  The percent of foliar wilt of potato early dying disease com-
plex on potato variety ‘Russet Burbank’ rated on three dates between 
3 August and 19 September 2018 A and on 3 September 2020 B. 
Bars with the same letter are not significant different at p ≤ 0.05
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marketable yield, respectively (Fig. 4B, D). The PED sever-
ity (i.e., AUDPC) in 2018 was significantly negatively cor-
related with the tuber yield, and explained about 10% of the 
variance in total and marketable yield (Fig. 4E, F). In Trial 
B, the RLN and V. dahliae densities were not significantly 
correlated with tuber yield (Fig. 5A, B, C, D), but the PED 
severity (% foliar wilt) was significantly negatively corre-
lated with tuber yield, explaining 21% and 25% of the vari-
ance in total and marketable yield, respectively (Fig. 5E, F).

Discussion

This study examined the effect of biofumigation on popu-
lation density of Pratylenchus spp. and Verticillium spp., 
PED severity and potato tuber yield in comparison with 
chloropicrin fumigation and with conventional practice 

under rain-fed potato production in Eastern Canada. The 
trials were conducted at a field scale using grower prac-
tices on two commercial fields which the grower planned 
to fumigate due to a known PED issue. Biofumigation was 
done using ‘Centennial Brown’ brown mustard, a high 
glucosinolate content and affordable mustard cultivar, 
with two crop cycles in a growing season to maximize 
the biofumigation effect on disease suppression and yield 
improvement, and the soil health benefit from incorpora-
tion of two green manure crops. Fumigation followed what 
is standard practice in NB which is banded application in 
potato hills to target the volume of soil most critical for 
potato production, and to reduce cost of fumigant applica-
tion and environmental footprint.

There was a beneficial potato yield response to biofumga-
tion in Trial A but not Trial B. Extreme drought conditions 
in 2020 limited potato crop growth and yield, and made it 

Table 6  Effect of the treatments on potato total and marketable yields and tuber specific gravity in Trials A and B

Values followed by the same letter within a column are not significant different. NS, not significant at 5% probability level; ** and *** signifi-
cant at 0.01 and 0.001 probability levels, respectively

Trial A (2018) Trial B (2020)

Total yield Marketable yield Specific gravity Total yield Marketable yield Specific gravity

Treatment Mg  ha−1 Mg  ha−1

Control 48.2 b 37.7 b 1.089 a 29.0 b 25.7 b 1.091 b
Biofumigation 52.2 a 41.2 a 1.090 a 30.0 b 26.3 b 1.093 ab
Fumigation 54.5 a 43.4 a 1.090 a 33.1 a 30.6 a 1.095 a
Standard error of the mean 1.0 1.0 0.001 0.6 1.0 0.001
Significance of ANOVA *** ** NS *** *** **

Fig. 3  Relationship between the 
root-lesion nematode (RLN) 
density or the Verticillium 
dahliae density from samples 
taken from potato hill soon 
after planting in spring and the 
PED severity (AUDPC) A, B 
in 2018, or percent of foliar 
wilt C, D in 2020  95% 
confidence interval
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more difficult to detect any beneficial effect of biofumiga-
tion on potato yield in Trial B. Biofumigation did not sig-
nificantly reduce visual symptoms of PED in either trial. 
Although a significant negative relationship between disease 
severity and tuber yield was observed, the relationship was 
weak and therefore the severity of visual symptoms of PED 
was not necessarily a good indicator of the tuber yield in this 
study. Biofumigation significantly decreased RLN popula-
tion density in both trials, but did not significantly decrease 
V. dahliae population density in either trial. This suggests 
that any yield benefit from biofumigation was likely due 
primarily to suppression of RLN. The lack of a yield benefit 
from biofumigation in Trial B may therefore also reflect gen-
erally lower RLN population density prior to potato planting 
for Trial B than for Trial A. Dry soil conditions at the time 
of mustard incorporation in both trials in this study would 
be expected to decrease the efficacy of the biofumigation 
process (Mattner et al., 2008; Omirou et al., 2013). As a 
result, a more beneficial response to biofumigation may be 
expected under more favorable environmental conditions, or 

where irrigation can be used to wet the soil prior to mustard 
incorporation.

The response to biofumigation in this study is consist-
ent with previous studies. Significant reductions of P. 
penetrans (66–74%) were reported using B. juncea seed 
meal and bran soil amendments as biofumigant prior to 
potato, strawberry, and maize planting in a greenhouse 
trial (Yu et al., 2007). Larkin et al. (2011) using a Caliente 
119 mustard blend, and Hartz et al. (2005) using Bras-
sica napus, B. juncea, and S. alba as well as a Caliente 
blend, demonstrated that mustard crops were ineffective 
in suppressing Verticillium wilt and that yield improve-
ment was inconsistent in different trials. The efficacy of 
mustard biofumigation on population densities of soil-
borne pathogens can be affected by glucosinolate content 
of the mustard residues and the soil characteristics (e.g., 
soil moisture, temperature and pH) at the time of plant 
residue incorporation into soil (Bending & Lincoln, 2000; 
Kirkegaard et al., 1993, 1998; Wood et al., 2017). It is also 
possible that it may require a higher dose of the biocidal 

Fig. 4  Relationship between 
the spring root-lesion nematode 
(RLN) density in the hill, or 
spring V. dahliae density, or 
PED severity (AUDPC) and the 
total A, B, E, or the marketable 
tuber yield (Mg  ha−1) C, D, F in 
2018 , 95% confidence 
interval
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products to effectively suppress or kill the Verticillium spp. 
than to kill the RLN (Davis, 1985; Wood et al., 2017).

Chloropicrin fumigation significantly increased potato 
yield in both trials. Fumigation significantly decreased 
visual symptoms of PED in Trial B but not Trial A, again 
indicating that visual symptoms are not necessarily a good 

indicator of the yield potential in this study. In both trials, 
the RLN population was suppressed in the hill, where the 
fumigant was injected, but not in the furrow. Similarly, the 
V. dahliae population density in the hill, but not the furrow, 
was suppressed prior to potato planting in both trials. This 
effect of fumigation on V. dahliae population density did not 

Fig. 5  Relationship between the root-lesion nematode (RLN) density in the hill in spring, or V. dahliae density in spring, or PED severity (foliar 
wilt) and the total (A, B, E), or the marketable tuber yield (Mg  ha−1) (C, D, F) in 2020.  95% confidence interval
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persist, however, and did not differ from the control treat-
ment at potato harvest in either trial. The yield benefit from 
fumigation was therefore likely a result of suppression of 
both RLN and V. dahliae population density, as well as other 
soil-borne pathogens that were not determined in this study.

The suppression effect of chloropicrin on RLN and V. 
dahliae population densities was in agreement with what 
was achieved with other fumigants or nematicides (Rowe 
& Powelson, 2002). Larkin et al. (2011) reported that the 
microsclerotia of V. dahliae and Verticillium wilt sever-
ity were significantly decreased after soil fumigation with 
metam sodium (Vapam) compared to the control in Maine, 
United States, and Molina et al. (2014) found that Vapam 
fumigation reduced soil propagule density of V. dahliae but 
did not reduce disease severity in Manitoba, Canada. The 
effects of fumigants or nematicides on RLN suppression 
varied with the kind and amount of fumigants or nemati-
cides, application methods, potato varieties, and growing 
conditions after fumigation (Kimpinski & Sanderson, 1989; 
Miller & Hawkins, 1969). Potato yield improvement by 
fumigation, including using chloropicrin, was inconsistent 
across studies (Ben-Yephet et al., 1983; Bittara et al., 2017; 
Davis et al., 1986; Hutchinson, 2005; Larkin et al., 2011; 
Molina et al., 2014).

In this study under the rain-fed potato production in NB, 
the yield benefit from biofumigation over a two-year rotation 
cycle was similar to or less than that from chloropicrin fumi-
gation. The less consistent performance of biofumigation 
compared with fumigation was attributed primarily to two 
factors. First, the benefit of biofumigation is more dependent 
on environmental conditions, particularly in rain-fed produc-
tion where dry soil conditions can limit the efficacy of the 
biofumigation reaction and limit retention in the root zone 
of the volatile gas produced (Mattner et al., 2008; Omirou 
et al., 2013). Environmental conditions can also influence 
the quantity and glucosinolate concentration of mustard 
biomass produced. Second, biofumigation suppressed RLN 
counts but not V. dahliae population density, whereas chlo-
ropicrin fumigation suppressed both RLN and V. dahliae 
population density. Thus, when considering potato yield 
response and pathogen suppression in the short term, biofu-
migation is beneficial but is not as effective as chloropicrin 
fumigation.

While the current study examined the response to bio-
fumigation on a two-year rotation cycle, it did not consider 
the longer-term implications of this practice. Biofumiga-
tion provides large inputs of plant biomass (approximately 
6.2 Mg  ha−1 dry biomass in two cycles of mustard crops 
in 2017 in the current study) as a green manure which can 
increase the quantity and quality of soil organic matter and 
enhance nutrient cycling, thereby improving soil health 
(Cherr et al., 2006), and can suppress a range of plant path-
ogens (Hao et al., 2003; Kirkegaard & Matthiessen, 2004; 

Morales-Rodríguez et al., 2016; Ngala et al., 2015). In an 
incubation study, there was little evidence of an adverse 
effect of biofumigation with mustard residues on nitrifier 
or denitrifier gene abundance (Sennett et al., 2021) or on 
microbial diversity (Sennett, 2022). In comparison, chloro-
picrin fumigation resulted in reduction of V. dahliae popu-
lation density in the hill prior to potato planting, but it was 
short-lived, and increased to values similar to the control 
treatment over just one potato growing season. Pathogen 
suppression by chloropicrin was observed only in the treated 
hill as the furrow was not treated, whereas the biofumiga-
tion suppressed RLN in both the hill and furrow because 
the hill and furrow were formed after biofumigation. Con-
sequently, fumigant application may be required prior to 
each potato growing season to achieve the treatment benefit 
(Davis, 1985). In addition, chloropicrin in an incubation 
study reduced nitrifier or denitrifier gene abundance (Sen-
nett et al., 2021) and resulted in a substantial and persistent 
change in the soil microbial community (Sennett, 2022). 
Fumigation with chloropicrin may, therefore, be at the risk 
of human health, have an adverse effect on soil health and 
the environment, as well as have a high operational cost 
(Bünemann et al., 2006; Sande et al., 2011).

Evidently, biofumigation provides growers with an option 
in sustainable management of soil-borne diseases, particu-
larly in organic farming and fields with high RLN population 
density, while maintaining or improving soil health (Gamliel 
& van Bruggen, 2016; Rajagopal et al., 2019). However, 
neither biofumigation nor fumigation used alone may be 
sustainable in the two-year potato rotations commonly used 
in New Brunswick, and additional beneficial practices are 
required to sustain productivity in the long-term.

The present study for the first time demonstrated at the 
commercial field scale that biofumigation was as effective as 
chloropicrin fumigation in suppressing RLN prior to potato 
planting and sustaining RLN at low levels after potato grow-
ing season relative to the control, as well as improving potato 
yield, in eastern Canada. Biofumigation was, however, inef-
fective in suppressing V. dahliae. Mustard biofumigation 
can be a promising alternative to fumigation, particularly in 
fields with a high RLN population but relatively low Verticil-
lium population density, considering its beneficial effect on 
suppressing various plant pathogens, improving soil health, 
and low risks to field operators and the environment. How-
ever, multiple years of biofumigation alone or in combina-
tion with other disease-suppressive practices may be needed 
to substantially boost biofumigation efficacy for reducing 
PED or other soil-borne diseases in heavily infested fields. 
Effective management of PED requires an integrated disease 
management strategy, and there is a need to further examine 
the compatibility of biofumigation with other components 
of an integrated disease management system, to investigate 
the long-term effect of biofumigation in potato production 
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systems, and to study the interaction between drought and 
biofumigation on PED disease severity and yield responses 
under challenging climatic conditions.

Acknowledgements The authors thank Agriculture and Agri-Food 
Canada technicians Kyle MacKinley, Ginette Decker and Mohammad 
Monirul Islam, and staff from McCains Foods (Canada) Ltd., for their 
technical support, Potatoes New Brunswick for managing the project, 
and participating growers for their contribution and field operations.

Author Contributions All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by Bernie Zebarth, Claudia Goyer, Dahu Chen, Louis-
Pierre Comeau, Tom Dixon, and Kamrun Nahar. The first draft of the 
manuscript was written by Dahu Chen and all authors commented on 
previous versions of the manuscript. All authors read and approved 
the final manuscript.

Funding Open access funding provided by Agriculture & Agri-
Food Canada. The research was funded by the Enabling Agricultural 
Research and Innovation (EARI) Program of the New Brunwick 
Department of Agriculture, Aquaculture and Fisheries (C1819–0296) 
and the AgriInnovation Program of Agriculture and Agri-Food Canada 
(AIP-P342).

Declarations 

Conflict of Interest The authors have no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Agriculture and Agri-Food Canada. 2019. Crop profile for potato in 
Canada, 2017. Prepared by Pest Management Program, Agricul-
ture and Agri-Food Canada, 4th edn. https:// publi catio ns. gc. ca/ 
colle ctions/ colle ction_ 2019/ aac- aafc/ A118- 10- 22- 2017- eng. pdf. 
Accessed Jan 2022.

Al-Mughrabi, K.I., A. Vikram, R. Poirier, K. Jayasuriya, and G. 
Moreau. 2016. Management of common scab of potato in the field 
using biopesticides, fungicides, soil additives, or soil fumigants. 
Biocontrol Science and Technology 26: 125–135.

Bélair, G., N. Dauphinais, D.L. Benoit, and Y. Fournier. 2007. Repro-
duction of Pratylenchus penetrans on 24 common weeds in potato 
fields in Québec. Journal of Nematology 39: 321–326.

Ben-Yephet, Y., E. Siti, and Z. Frank. 1983. Control by metam-sodium 
in loessial soil and effect on potato tuber yields. Plant Disease 
67: 1223–1225.

Bending, G.D., and S.D. Lincoln. 2000. Inhibition of soil nitrifying 
bacteria communities and their activities by glucosinolate hydrol-
ysis products. Soil Biology and Biochemistry 32: 1261–1269.

Bittara, F.G., G.A. Secor, and N.C. Gudmestad. 2017. Chloropicrin soil 
fumigation reduces Spongospora subterranea soil inoculum levels 
but does not control powdery scab disease on roots and tubers of 
potato. American Journal of Potato Research 94: 129–147.

Borza, T., B. Beaton, A. Govindarajan, X. Gao, Y. Liu, Z. Ganga, 
and G. Wang-Pruski. 2018. Incidence and abundance of Verti-
cillium dahliae in soil from various agricultural fields in Prince 
Edward Island,Canada. European Journal of Plant Pathology 151: 
825–830.

Bowers, J.H., S.T. Nameth, R.M. Riedel, and R.C. Rowe. 1996. 
Infection and colonization of potato roots by Verticillium dahl-
iae as affected by Pratylenchus penetrans and P. crenatus. Phy-
topathology 86: 614–621.

Bünemann, E.K., G.D. Schwenke, and L. Van Zwieten. 2006. Impact 
of agricultural inputs on soil organisms - a review. Australian 
Journal of Soil Research 44: 379–406.

Cherr, C.M., J.M.S. Scholberg, and R. McSorley. 2006. Green 
manure approaches to crop production: A synthesis. Agronomy 
Journal 98: 302–319.

Dahal, K., X.-Q. Li, H. Tai, A. Creelman, and B. Bizimungu. 2019. 
Improving potato stress tolerance and tuber yield under a cli-
mate change scenario - a current overview. Frontiers in Plant 
Science 10: 563.

Davis, J.R. 1985. Approaches to control of potato early dying 
caused by Verticillium dahliae. American Journal of Potato 
62: 177–185.

Davis, J.R., O.C. Huisman, D.O. Everson, and A.T. Schneider. 2001. 
Verticillium wilt of potato: A model of key factors related to 
disease severity and tuber yield in southeastern Idaho. American 
Journal of Potato Research 78: 291–300.

Davis, J.R., W.H. Loescher, M.W. Hammond, and R.E. Thornton. 
1986. Response of russet Burbank potatoes to soil fumigation 
and nitrogen fertilizers. American Journal of Potato 63: 71–79.

Doheny-Adams, T., C.J. Lilley, A. Barker, S. Ellis, R. Wade, H.J. 
Atkinson, P.E. Urwin, K. Redeker, and S.E. Hartley. 2018. 
Constant isothiocyanate-release potentials across biofumigant 
seeding rates. Journal of Agricultural and Food Chemistry 66: 
5108–5116.

Easton, G.G., M.E. Bagle, and D.L. Bailey. 1972. Verticillium albo-
atrum carried by seed potatoes into Washington and control by 
chemicals. American Journal of Potato 49: 397–402.

Gamliel, A., and H.C. van Bruggen. 2016. Maintaining soil health for 
crop production in organic greenhouses. Scientia Horticulturae 
208: 120–130.

Halsall, M. 2016. Soil fumigation in potatoes. https:// spuds mart. com/ 
soil- fumig ation- potat oes/. Accessed Jan 2022.

Hao, J.J., K.V. Subbarao, and S.T. Koike. 2003. Effects of broccoli 
rotation on lettuce drop caused by Sclerotinia minor and on the 
population density of sclerotia in soil. Plant Disease 87: 159–166.

Hartz, T.K., P.R. Johnstone, E.M. Miyao, and R.M. Davis. 2005. Mus-
tard cover crops are ineffective in suppressing soilborne disease or 
improving processing tomato yield. HortScience 40: 2016–2019.

Hutchinson, C.M. 2005. Evaluation of chloropicrin soil fumigation 
programs for potato (Solanum tuberosum L.) production. Proceed-
ings - Florida State Horticultural Society 118: 129–131.

Kimpinski, J., and R.A. Dunn. 1985. Effect of low temperatures in the 
field and laboratory on survival of Pratylenchus penetrans. Plant 
Disease 69: 526–527.

Kimpinski, J., H.W. Platt, S. Perley, and J.R. Walsh. 1998. Pratylen-
chus spp. and Verticillium spp. in New Brunswick potato fields. 
American Journal of Potato Research 75: 87–91.

240

http://creativecommons.org/licenses/by/4.0/
https://publications.gc.ca/collections/collection_2019/aac-aafc/A118-10-22-2017-eng.pdf
https://publications.gc.ca/collections/collection_2019/aac-aafc/A118-10-22-2017-eng.pdf
https://spudsmart.com/soil-fumigation-potatoes/
https://spudsmart.com/soil-fumigation-potatoes/


American Journal of Potato Research (2022) 99:229–242

1 3

Kimpinski, J., and J.B. Sanderson. 1989. Effect of aldicarb, aldoxycarb 
and oxamyl on potato tuber yields and root lesion nematodes. 
Canadian Journal of Plant Science 69: 611–615.

Kimpinski, J., and L.S. Thompson. 1990. Plant parasitic nematodes 
and their management in the maritime provinces of Canada. Phy-
toprotection 71: 45–54.

Kirkegaard, J.A., P.A. Gardner, J.M. Desmarchelier, and J.F. Angus. 
1993. Biofumigation – Using Brassica species to control pests and 
diseases in horticulture and agriculture. In Proceedings of the 9th 
Australian research assembly on brassicas, ed. N. Wratten and 
R.J. Mailer, 77–82. NSW. Pg http:// hdl. handle. net/ 102. 100. 100/ 
245392? index=1. Accessed Oct 2021.

Kirkegaard, J., and J. Matthiessen. 2004. Developing and refining the 
biofumigation concept. Agroindustria 3: 233–239.

Kirkegaard, J.A., M. Sarwar, and J.N. Matthiessen. 1998. Assessing 
the biofumigation potential of crucifers. Acta Horticulturae 459: 
105–111.

Kruger, D.H.M., J.C. Fourie, and A.P. Malan. 2013. Cover crops with 
biofumigation properties for the suppression of plant-parasitic 
nematodes: A review south African. Journal of Enology and 
Viticulture 34: 287–295.

Larkin, R.P., and T.S. Griffin. 2007. Control of soilborne potato 
diseases using Brassica green manures. Crop Protection 26: 
1067–1077.

Larkin, R.P., and J.M. Halloran. 2014. Management effects of disease-
suppressive rotation crops on potato yield and soilborne disease 
and their economic implications in potato production. American 
Journal of Potato Research 91: 429–439.

Larkin, R.P., C.W. Honeycutt, and O.M. Olanya. 2011. Management 
of Verticillium wilt of potato with disease-suppressive green 
manures and as affected by previous cropping history. Plant Dis-
ease 95: 568–576.

MacGuidwin, A.E., and D.I. Rouse. 1990. Role of Pratylenchus pen-
etrans in the potato early dying disease of russet Burbank potato. 
Phytopathology 80: 1077–1082.

Mattner, S.W., I.J. Porter, R.K. Gounder, A.L. Shanks, D.J. Wren, and 
D. Allen. 2008. Factors that impact on the ability of biofumigants 
to suppress fungal pathogens and weeds of strawberry. Crop Pro-
tection 27: 1165–1173.

McGuire, A.M. 2003. Mustard green manures replace fumigant and 
improve infiltration in potato cropping system. CropManage 2: 
1–6.

Miller, P.-M., and A. Hawkins. 1969. Long term effects of preplant 
fumigation of potato fields. American Journal of Potato 46: 
387–397.

Molina, O.I., M. Tenuta, A.E. Hadrami, K. Buckley, C. Cavers, and F. 
Daayf. 2014. Potato early dying and yield responses to compost, 
green manures, seed meal and chemical treatments. American 
Journal of Potato Research 91: 414–428.

Morales-Rodríguez, C., A.M. Vettraino, and A. Vannini. 2016. Effi-
cacy of biofumigation with Brassica carinata commercial pellets 
(BioFence) to control vegetative and reproductive structures of 
Phytophthora cinnamomi. Plant Disease 100: 324–330.

Ngala, B.M., P.P.J. Haydock, S. Woods, and M.A. Back. 2015. Bio-
fumigation with Brassica juncea, Raphanus sativus and Eruca 
sativa for the management of field populations of the potato cyst 
nematode Globodera pallida. Pest Management Science 71: 
759–769.

Nyiraneza, J., D. Chen, T. Fraser, and L.-P. Comeau. 2021. Improving 
soil quality and potato productivity with manure and high-residue 
cover crops in eastern Canada. Plants 10: 1436. https:// doi. org/ 
10. 3390/ plant s1007 1436.

Omirou, M., D.G. Karpouzas, K.K. Papadopoulou, and C. Ehaliotis. 
2013. Dissipation of pure and broccoli-released glucosinolates in 
soil under high and low moisture content. European Journal of 
Soil Biology 56: 49–55.

Orlando, V., I.G. Grove, S.G. Edwards, T. Prior, D. Roberts, R. Neil-
son, and M. Back. 2020. Root-lesion nematodes of potato: Cur-
rent status of diagnostics, pathogenicity and management. Plant 
Pathology 69: 405–417.

Powelson, M.L., and R.C. Rowe. 1993. Biology and management of 
early dying of potatoes. Annual Review of Phytopathology 31: 
111–126.

Rajagopal, G., J. Duff, and Z. Hall. 2019. Brassica biofumigants for 
improved soil health. Proceedings of the Third International 
Tropical Agriculture Conference (TROPAG 2019) 36: 77. https:// 
doi. org/ 10. 3390/ proce eding s2019 036077.

Rakow, G., J.P. Raney, D. Rode, and J. Relf-Eckstein. 2009. Centen-
nial Brown brown condiment mustard. Canadian Journal of Plant 
Science 89: 337340.

Robinson, D.B. 1961. Variability within isolates of Verticillium 
albo-atrum from potato. Canadian Journal of Plant Science 41: 
487–492.

Rowe, R.C., and M.L. Powelson. 2002. Potato early dying: Manage-
ment challenges in a changing production environment. Plant 
Disease 86: 1184–1193.

Sande, D., J. Mullen, M. Wetzstein, and J. Houston. 2011. Environmen-
tal impacts from pesticide use: A case study of soil fumigation in 
Florida tomato production. International Journal of Environmen-
tal Research and Public Health 8: 4649–4661.

Saskatchewan mustard development commission. 2021. Mustard pro-
duction manual. page 1–42. https:// saskm ustard. com/ produ ction- 
manual/ index. html

Sennett, L., D.L. Burton, C. Goyer, and B.J. Zebarth. 2021. Influence 
of chemical fumigation and biofumigation on soil nitrogen cycling 
processes and nitrifier and denitrifier abundance. Soil Biology and 
Biochemistry 162: 108421.

Sennett L. B. 2022. The effect of chemical fumigation and biofumi-
gation on the soil nitrogen cycle, soil respiration, and the soil 
microbial community. Dotoral Dissertation, Dalhousie Univertiy, 
Halifax, Nova Scotia. https:// dalsp ace. libra ry. dal. ca Accessed Jan 
2022.

Shaner, G., and R.E. Finney. 1977. The effect of nitrogen fertilization 
on the expression of slow-mildewing resistance in Knox wheat. 
Phytopathology 67: 1051–1056.

Taylor, R.J., J.S. Pasche, and N.C. Gudmestad. 2005. Influence of till-
age and method of metam sodium application on distribution and 
survival of Verticillium dahliae in the soil and the development of 
Verticillium wilt of potato. American Journal of Potato Research 
82: 451–461.

Townshend, J.L. 1963. A modification and evaluation of the apparatus 
for the Oostenbrink direct cottonwool filter extraction method. 
Nematoloqica 9: 106–110.

Townshend, J.L., and T.R. Davidson. 1960. Some weed hosts of 
Pratylenchus penetrans in premier strawberry plantations. Cana-
dian Journal of Botany 38: 267–273.

Tsror, L., E. Shlevin, and I. Peretz-Alon. 2005. Efficacy of metam 
sodium for controlling Verticillium dahliae prior to potato pro-
duction in sandy soils. American Journal of Potato Research 82: 
419–423.

Vrain, T., R. DeYoung, and J. Hall. 1996. Cover crops resistant to root 
lesion nematodes in raspberry. HortScience 31: 1195–1198.

Wang, D., C. Rosen, L. Kinke, A. Cao, N. Tharayil, and J. Gerik. 
2009. Production of methyl sulfide and dimethyl disulfide from 
soil-incorporated plant materials and implications for controlling 
soilborne pathogens. Plant and Soil 324: 185–197.

Wilson, C., B.J. Zebarth, C. Goyer, and D.L. Burton. 2018. Effect of 
diverse compost products on soilborne diseases of potato. Com-
post Science & Utilization 26: 156–164. https:// doi. org/ 10. 1080/ 
10656 57X. 2018. 14324 30.

Wood, C., D.M. Kenyon, and J.M. Cooper. 2017. Allyl isothiocyanate 
shows promise as a naturally produced suppressant of the potato 

241

http://hdl.handle.net/102.100.100/245392?index=1
http://hdl.handle.net/102.100.100/245392?index=1
https://doi.org/10.3390/plants10071436
https://doi.org/10.3390/plants10071436
https://doi.org/10.3390/proceedings2019036077
https://doi.org/10.3390/proceedings2019036077
https://saskmustard.com/production-manual/index.html
https://saskmustard.com/production-manual/index.html
https://dalspace.library.dal.ca
https://doi.org/10.1080/1065657X.2018.1432430
https://doi.org/10.1080/1065657X.2018.1432430


American Journal of Potato Research (2022) 99:229–242 

1 3

cyst nematode, Globodera pallida, in biofumigation systems. 
Nematol. 19: 389–402.

Woolliams, G.E. 1966. Host range and symptomatology of Verticillium 
dahliae in economic, weed, and native plants in interior British 
Columbia. Canadian Journal of Plant Science 46: 661–669.

Yu, Q. 2008. Species of Pratylenchus (Nematoda: Pratylenchidae) in 
Canada: Description, distribution, and identification. Canadian 
Journal of Plant Pathology 30: 477–485.

Yu, Q., R. Tsao, M. Chiba, and J. Potter. 2007. Elucidation of the 
nematicidal activity of bran and seed meal of oriental mustard 
(Brassica juncea) under controlled conditions. Journal of Food, 
Agriculture and Environment 5: 374–379.

Zebarth, B.J., S. Fillmore, S. Watts, R. Barrett, and L.-P. Comeau. 
2021. Soil factors related to within-field yield variation in com-
mercial potato fields in Prince Edward Island, Canada. American 
Journal of Potato Research 98: 139–148.

242


	Effect of Biofumigation on Population Densities of Pratylenchus spp. and Verticillium spp. and Potato Yield in Eastern Canada
	Abstract
	Resumen
	Introduction
	Materials and Methods
	Field Sites and Experimental Treatments
	Potato Early Dying Severity Assessment
	Soil Sampling
	Root-Lesion Nematodes and Verticillium dahliae Quantification
	Data Treatment and Statistic Analysis

	Results
	Climatic Conditions
	Root-Lesion Nematode Population Density
	Verticillium spp. Population Density

	Potato Early Dying Severity
	Potato Yield
	Relationship between Pathogen Density, PED Severity and Potato Tuber Yield

	Discussion
	Acknowledgements 
	References


