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Abstract. Steam has long been used to disinfest greenhouse soils. However, there is
increasing interest in expanding the use of steam for in-field soil disinfestation as an
alternative to chemical fumigants. Previous studies demonstrated that allyl-isothiocyanate
(AITC) reduced viability of weed seeds and plant pathogen propagules, but AITChas a low
vapor pressure and is relatively immobile in soil. Heat has been used in the past to enhance
the mobility of soil fumigants such as methyl bromide (i.e., ‘‘hot gassing’’). The effect of
steam heat on the mobility of AITC is unknown. The objective of this study was to
investigate the potential synergistic effect of steam plus ATIC against weed seeds and a
plant pathogen. AITC alone did not reduce the viability of the four weed species and the
number of Verticillium dahliae microsclerotia. The steam + AITC treatment reduced the
viability of V. dahliae at 12.5 and 18 cm distances by 82% and 88%, respectively, and
knotweed and nettle seeds at 70 cm from injection point by 75% and 86%, respectively,
from the center of microplots compared with steam alone. The results suggest that AITC
and steam have a complementary effect on soilborne pests because steam increases the
mobility of AITC.

The majority of U.S. field-grown spe-
cialty crop production depends on a few
fumigants to control soilborne pests in the
post-methyl bromide era: 1,3-dicloropropene
(1,3-D), chloropicrin, methyl isothiocyanate
and dimethyl disulfide (Porter and Mattner,
2002). Nonchemical tools such as biofumi-
gants (e.g., mustard seed meal), physical
treatments such as solarization, and flaming
or biological control methods such as anaer-
obic soil disinfestation (ASD) have been
proven to provide at least partial control of
soilborne pests but have found only limited
success in the U.S. specialty crop industry so

far (Daugovish et al., 2016; Porter and
Mattner, 2002; Samtani et al., 2011).

Soil-applied steam controls plant pathogens
and weeds in strawberry fields (Fennimore
et al., 2014; Hoffmann and Fennimore, 2017;
Samtani et al., 2012). Although steam applica-
tions are cost-effective for soil disinfestation in
greenhouse production (Baker, 1957; Knezevic
et al., 2017; Kokalis-Burelle et al., 2016), the
operating costs of open field steam applications
are likely higher than cost of soil fumigation
(Fennimore and Goodhue, 2016). Moreover,
steam itself does not induce environmental
pollution, but the longer the operating time,
the fuel used, and more CO2 released into the
atmosphere do. The prototype steam machine
used in Fennimore et al. (2014), Hoffmann and
Fennimore (2017), and Samtani et al. (2012) is
estimated to require�24 h to treat a 1-ha field.
Fennimore et al. (2014) and Hoffmann and
Fennimore (2017) suggest the use of steam in
those areas that cannot be fumigated due to
regulatory restrictions such as fumigant buffer
zones. However, field-applied steam for soil
disinfestation has so far had a small impact on
U.S. agriculture, partly due to cost and lack of
an efficient steam applicator.

Isothiocyanates (ITCs) are a group of
phytochemicals with antimicrobial and her-

bicidal activities against soilborne pathogens
and weeds (Lambrix et al., 2001). Among the
ITCs, the antimicrobial and allelopathic ef-
fects of AITC are well documented. AITC
has documented weed control activity
(Bangarwa and Norsworthy 2014; Bangarwa
et al., 2011, 2012; Bhowmik and Inderjit,
2003; Norsworthy and Meehan, 2005) and
pathogen control activity (Fenwick et al.,
1983; Kirkegaard et al., 1996; Mari et al.,
1993; Sharma et al., 2008; Vaughn and
Boydston, 1997).

However, questions remain as to whether
the combination of steam with low vapor
pressure pesticides will improve the efficacy
of pest control under field conditions. We
tested the hypothesis that steam efficacy on
soilborne diseases and weeds could be im-
proved by coapplication with AITC. Combi-
nations of heat and pesticides have shown
potential to increase pest control efficacy
(Chamorro et al., 2014; Fennimore et al.,
2014). Therefore, we investigated the weed
and disease control of steam combined with
AITC in repeated microplot experiments.
The objective of this study was to determine
whether steam increases the mobility of
AITC in soil and efficacy against soil pests
at a greater distance from the injection point
than if applied at ambient temperatures.

Materials and Methods

Steam application. Four experiments
were conducted: two tests on V. dahliae
during March and June 2016 and two tests
on weed seed viability during June 2018 and
2019 at Salinas, CA. The experimental units
were 24 microplots (1 m2) for all four studies.
The Mar. and June 2016 and June 2018
experiments were located at the U.S. Depart-
ment of Agriculture (USDA) main research
station and the June 2019 study at the Spence
research farm 10 km south of Salinas. The
soil at the USDA research station and the
Spence research farm was a sandy loam.
Steam treatment time and sample distance
from the center was determined based on soil
temperatures after steam application from
preliminary experiments because the soil
temperature by the steam application can
vary depending on soil humidity, air temper-
ature, and soil compaction. Steam was in-
jected into the exact center of the microplots
at 50 kPa for 60 min in Mar. and June 2016
and June 2018 and at 50 kPa for 20 min in
June 2019. Steam was applied through a
single shank placed in the center of the
microplots at a 15-cm depth with steam
supplied by a SIOUX Steam-Flo SF-20
(Sioux Corp., Beresford, SD) with a boiler
horsepower of 19.7. Dominus (99.8% AITC;
Isagro USA Inc., Morrisville, NC) was ap-
plied at a rate of 18.7 mL·m–2 at the center of
the microplots just before steam injection. A
manifold with four outlets was used to apply
steam on four microplots at once. The treat-
ments are shown in Table 1. Soil temperature
at 12.5 cm below surface was measured at
12.5 cm from the micro plot center for the
Mar. and June 2016 experiments and at 10 cm
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below surface at 30, 50, and 70 cm from the
center for the June 2018 and June 2019
experiments. Soil temperatures were moni-
tored with HOBO data loggers (Onset,
Bourne, MA) for 3 d after steaming. The
microplots were covered with plastic
(0.15 mm, white) for 5 d after steam and
AITC applications. The experiments were
arranged in a randomized complete block
design with three replications.

Bioassay. Bioassays of efficacy on V.
dahliae were conducted on 20-g samples of
infected soil, and 50 seeds each of common
purslane (Portulaca oleracea), common
knotweed (Polygonum arenastrum), burning
nettle (Urtica urens), and pigweed (Amaran-
thus retroflexus) were used as bioassays. Life
stage of the V. dahliae was microsclerotia in
soil. The four weeds are common pests in
California agricultural fields. The V. dahliae–
infected soil and weed seeds were contained
in nylon bags (polyethylene, 10 · 4 cm)
attached to steel washers and colored ribbons.
The sample bags were placed at the same
locations where the temperatures were mon-
itored. The V. dahliae–infected soil samples
and weed seeds were buried 1 d before
treatment and removed 1 week after the
application. The V. dahliae samples were
air-dried and pulverized in a mortar and
pestle, and the number of microsclerotia per
gram of soil were determined using the dry
plating method on semiselective medium
according to Kabir et al. (2004). Weed seeds
at 50 per sample were tested for viability
using the tetrazolium assay according to
Cottrell (1947). A 0.1% (v/v) solution of
2,3,5-triphenyl-tetrazoilum chloride (TTC)
(Sigma, St. Louis, MO) was used to stain
the seeds from the recovered containers and
probes. The seeds were plated on germination
paper in petri dishes, cut in half, stained, and
kept in the dark at 24 �C for 24 h. The
viability of the individual seeds was evalu-
ated under microscope, according to their
staining intensity.

Statistical analyses. We assumed that the
variation in a response variable is due to both
fixed effect and random effect, so generalized
linear mixed-effects models (GLMM) were
considered. For the weed viability data (out
of 25 per experimental unit), the two main
effects (the treatments and the distance from
the center of treatment injection) were tested
using the logistic regression model which is
specified as

ln½q=ð1–qÞ� = b0 + b1D + b2S
+ b3SD + b4d;

where 0 < q < 1 denotes the proportion of
viability, D = 1 denotes AITC, S = 1 denotes
steam, SD = 1 denotes the combination of
steam and AITC, and d denotes the distance
(in centimeters) from the center of microplot
(i.e., injection point).

To test whether the effect of SD is stron-
ger than the effect of S at the maximally
observed distance (18 cm) from the injection
point, an interaction between treatment and
distance was considered. Under the model,

we tested for d = qSD – qS where qSD and qS
denote the proportion of viability for SD and
D, respectively, at the maximum distance in
this experiment.

To account for the mean–variance rela-
tionship in the count data of V. dahliae, the
Poisson regression model was used with
the log-link ln(q), where q > 0 denotes the
expected count of microsclerotia. When
the interaction terms were considered, the
control group was removed because the
distance was not measured in the control
group.

The weed viability data were analyzed by
species (purslane, knotweed, nettle, and pig-
weed), and the V. dahliae data were analyzed
by month (March and June). All statistical
analyses were performed in R version 3.6.1,
and the lme4 package was used for the
GLMM.

For the V. dahliae viability data, the four
treatments were subjected to multiple com-
parisons with the least significant difference
at the significance level of a = 0.05, and the
Bonferroni’s correction was used to control
type I error rate in the multiple comparisons.
For the weed seed viability data, Duncan’s
multiple range test was performed at the
significance level of a = 0.05. All statistical
analyses were performed in SPSS statistical
software version 20 (SPSS Inc., Chicago, IL)
and R version 3.6.1.

Results

V. dahliae viability test. In the Mar. 2016
experiment, the soil temperature 2 h after
steam application and the time of above
60 �C at 12.5 cm from the injection point
were 65.3 �C and 154 min, respectively
(Table 2). The minimum and maximum soil
temperatures were 20.8 and 25.6 �C in the
control microplots, respectively. In the June
2016 experiment, the soil temperature 2 h
after steam application and the time above
60 �C at 12.5 cm from the injection point
were 71.1 �C and 199 min, respectively
(Table 2). The minimum and maximum soil
temperatures were 21 and 33.5 �C in the
control microplots, respectively. The data
from both experiments indicated that steam
in the Mar. 2016 experiment cooled sooner
than that in the June 2016 experiment be-
cause air temperature in the Mar. 2016 ex-
periment (12.8 to 18.9 �C) was lower than
that in the June 2016 experiment (12.8 to
23.9 �C).

Only steam + AITC suppressed V. dahliae
at all distances in both Mar. and June 2016
experiments, whereas AITC alone did not
control V. dahliae beyond the injection point.
The control efficacy of steam + AITC was
higher than that of steam alone at 12.5 cm
from the injection point in the June 2016
experiment (Table 3). The statistical analysis

Table 1. Steam duration and AITC concentration applied in the four experiments.

Treatment

Mar. and June 2016 June 2018 June 2019

Steam
(min, kPa)

AITC
(mL·m–2)

Steam
(min, kPa)

AITC
(mL·m–2)

Steam
(min, kPa)

AITC
(mL·m–2)

Steam alone 60, 50 — 60, 50 — 20, 50 —
AITC alone — 18.7 — 18.7 — 18.7
Steam + AITC 60, 50 18.7 60, 50 18.7 20, 50 18.7

Table 2. The soil temperature 2 h after steam application and time above 60 �C in microplots.

Expt. date Distance (cm) Soil temp (�C) Time above 60 �C (min)

Mar. 2016 12.5 65.3 154
June 2016 12.5 71.1 199
June 2018 30 74.9 b 553 b

50 73.9 b 515 b
70 65.3 a 373 a

June 2019 30 68.3 c 176 c
50 61.4 b 128 b
70 60.7 a 124 a

The letters indicate group separation by Duncan’s multiple range test at the significance level of 0.05.

Table 3. The average count of Verticillium dahliae microsclerotia in each treatment and at four distances
from the injection point.

Time Treatment

overall 2.5 cm 7.5 cm 12.5 cm 18 cm

Microsclerotia/g soil

Mar. 2016 Control 4.1 ab NA NA NA NA
AITC alone 5.5 a 6.7 a 4.5 a 4.9 a 5.7 a
Steam alone 2.3 b 0.1 b 1.2 b 3.6 a 4.1 ab
Steam + AITC 0.3 c 0.1 b 0.0 b 0.5 b 0.5 b

June 2016 Control 91.4 b NA NA NA NA
AITC alone 115.8 a 90.2 a 100.1 a 83.5 a 92.0 a
Steam alone 3.6 c 0.0 b 0.1 b 8.1 b 7.6 b
Steam + AITC 0.0 c 0.0 b 0.1 b 0.0 b 0.0 b

The letters indicate group separation by the least significant difference test at the significance level of 0.05.
NA = not analyzed.
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by GLMM also supports the results (Table 4).
The effect of AITC alone against V. dahliae
was insignificant compared with the control
group in both the Mar. and June 2016 exper-
iments, but the effects of steam alone and
steam + AITC were significantly better than
the control. Moreover, both steam alone and
steam + AITC controlled disease near the

injection point, but the efficacy of steam +
AITC was higher than that of steam alone at
the maximally observed distance in both the
Mar. and June 2016 experiments (Fig. 1). The
marginal and conditional R2 values were
0.742 and 0.969 for the March data, respec-
tively, and the respective R2 values were
0.917 and 0.969 for the June data.

Weed seed viability. In the June 2018
experiment, the soil temperature 2 h after
steam application was much lower at 70 cm
than closer to the center. The time above
60 �C at 30, 50, and 70 cm from the injection
point was 553, 515, and 373min, respectively
(Table 2). The minimum and maximum soil
temperatures were 20.3 �C at 70 cm and
30.8 �C at 30 cm from the center in the
control microplots. In the June 2019 experi-
ment, the soil temperature 2 h after steam
application decreased between 30 and 50 cm
from the injection point and the time of above
60 �C at 30, 50, and 70 cm from the injection
point were 176, 128, and 124 min (Table 2).
The minimum and maximum soil tempera-
tures were 17.9 �C at 70 cm and 31.5 �C at 30
cm from the center in the control microplots.
The data from both the experiments indicated
that the soil temperature in the June 2019
experiment cooled sooner than that in the
June 2018 experiment due to the difference in
the steam duration (Table 1).

Steam + AITC was more efficacious on
weed seed control at a greater distance from
the injection point than steam alone al-
though both steam alone and steam + AITC
reduced the weed seed viability more than
AITC alone (Table 5). At 70 cm from the
injection point, steam + AITC significantly
reduced the viability of nettle seed in the
June 2018 experiment and purslane seed in
the June 2019 experiment compared with
AITC alone and steam alone. In the June
2019 experiment, we also observed 0%
weed seed viability at all distances in the
steam +AITC treatment. The effect of AITC
alone against the weed seed viability was no
different from the control in the June 2018
and 2019 experiments, but the effects of
steam alone and steam + AITC were signif-
icant in the GLMM analysis (Table 6). In
addition, both steam alone and steam +
AITC demonstrated greater efficacy on the
four weeds near the injection point, but the
control efficacy of steam + AITC was higher
than that of steam alone at the maximally
observed distance in both June 2018 and
2019 experiments (Fig. 2). The GLMM for
each weed was useful to explain the exper-
iment outcomes (P < 0.0001), and the P
values for each model parameter are pro-
vided in Table 6. Using the estimated re-
gression parameters reported in the table,
the estimated viability percentage is graph-
ically presented with respect to the distance

Table 4. Estimated parameters, standard errors, andP values from the GLMM (Poissonmodel for the count
of V. dahliae).

Month Parameter Estimate SE estimate P value

March b0 1.1131 0.4405 0.0058
b1 –0.7898 0.6593 0.1155
b2 –2.2208 0.7301 0.0012
b3 –4.5363 0.8072 <0.0001
b4 0.1061 0.0377 0.0025
d –2.5535 0.8379 0.0012

June b0 4.7245 0.4892 <0.0001
b1 –1.0757 0.7450 0.0744
b2 –6.9941 0.8707 <0.0001
b3 –10.6679 1.3317 <0.0001
b4 0.0794 0.0452 0.0394
d –6.5475 2.5229 0.0047

The generalized linear mixed-effects models (GLMM) assumes ln(q) = b0 + b1 D + b2 S + b3 SD + b4 d for
the fixed effect, where q denotes the expected count of V. dahliae, D = 1 denotes AITC, S = 1 denotes
steam, SD = 1 denotes the combination of steam and AITC, and d denotes the distance (cm) from the center
of microplot (injection point). To test if the effects of S and SD are different at the maximum experimental
distance (18 cm), interaction termswere considered in themodel, and d denotes the difference in the effects
of S and SD at the maximum experimental distance (18 cm).

Fig. 1. The estimated expected count of V. dahliaemicrosclerotia per gram of soil with respect to distance
(d) from the injection point for steam and steam +AITC (allyl-isothiocyanate). The data were collected
Mar. (left) and June (right) 2016 (n = 18 replicated four times per experimental unit). Under the
interaction model (which generates treatment-specific regression curves), the estimated regression
equations are e–2.44 + 0.22d for steam (solid curve) and e–4.41 + 0.19d for steam + AITC (dotted curve) from
the data collected in March (marginal R2 = 0.742; conditional R2 = 0.969; P = 0.0012 for the different
effect at 180 mm). The respective estimated regression equations are e–4.88 + 0.31d for steam (solid curve)
and e–4.06–0.11d for steam + AITC (dotted curve) from the data collected in June (marginal R2 = 0.917;
conditional R2 = 0.969; P = 0.0047 for the different effect at 180 mm).

Table 5. The estimated percentage viability for each weed species (purslane, knotweed, nettle, and pigweed) at three distances from the injection point.

Time Treatment

Common purslane Common knotweed Burning nettle Pigweed

30 cm 50 cm 70 cm 30 cm 50 cm 70 cm 30 cm 50 cm 70 cm 30 cm 50 cm 70 cm

Viability (%)

June
2018

Control 84.0 a 86.7 a 72.0 a 94.7 a 84.0 a 97.3 a 74.0 b 97.3 a 89.3 a 74.7 a 97.3 a 72.0 a
AITC alone 85.3 a 82.7 a 89.3 a 85.3 a 97.3 a 92.0 a 94.7 a 76.0 a 89.3 a 80.0 a 94.3 a 66.7 a
Steam alone 0.0 b 6.7 b 5.3 b 5.3 b 17.3 b 10.7 b 0.0 c 16.0 c 56.0 a 1.7 b 9.3 b 48.0 a
Steam + AITC 0.0 b 8.0 b 0.0 b 20.0 b 4.0 b 2.7 b 5.3 c 20.0 c 8.0 b 2.7 b 8.0 b 21.0 a

June
2019

Control 98.0 a 99.0 a 98.0 a 71.0 a 77.0 a 75.0 a 91.0 a 88.0 a 95.0 a 82.0 a 78.0 a 78.0 a
AITC alone 66.0 a 99.0 a 99.0 a 55.0 b 60.0 b 67.0 a 83.0 a 84.0 a 96.0 a 65.0 b 79.0 a 66.0 a
Steam alone 2.0 b 3.0 b 37.0 b 3.0 c 2.0 c 20.0 b 0.0 b 0.0 b 21.0 b 1.0 c 0.0 b 27.0 b
Steam + AITC 0.0 b 0.0 b 0.0 c 0.0 c 0.0 c 0.0 b 0.0 b 0.0 b 0.0 b 0.0 c 0.0 b 0.0 b

The letters indicate group separation by Duncan’s multiple range test at the significance level of 0.05.
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from the center in Fig. 2. The marginal R2

values were 0.559, 0.434, 0.528, and 0.459
for purslane, knotweed, nettle, and pigweed,
respectively. The conditional R2 values were
0.597, 0.487, 0.595, and 0.514, respectively.

Discussion

van Loenen et al. (2003) reported that the
minimum lethal temperature of the steam
application for V. dahliae was 60 �C for

180 s and Melander and Jørgensen (2005)
showed that the steam application of 60 �C
for 70 s reduced seedling emergence of
weeds by at least 90%. In the experiments
reported here, soil temperatures were above
60 �C for more than 100 min (Table 2). The
observed soil temperature was therefore
probably enough to reduce V. dahliae and
weed seed viability.

Numerous studies have been reported on
weed and pathogen control by steam. Nor-
berg et al. (2001) found that one steam
application controlled Calluna vulgaris for
5 years. Fennimore et al. (2014) showed that
steam reduced incidence of Macrophomina
phaseolina in strawberry by 77% compared
with the nontreated control. Steam reducedV.
dahliae and weed densities and produced
strawberry yields similar to methyl bromide
plus chloropicrin (Samtani et al., 2012). Our
results also indicated that steam alone re-
duced the viability of V. dahliae microscler-
otia in soil, as well as that of seed of four
weed species (Tables 3 and 4). However, the
use of steam for soil disinfestation is limited by
technology and economic factors (Hoffmann
and Fennimore, 2017; Katan 2000; Samtani
et al., 2012).

This research was conducted to determine
whether we can increase the efficacy and
mobility of AITC by coapplication with
steam and also reduce the cost of steam by
coapplication with AITC. Faster steam ap-
plication may allow reductions in fuel, ma-
chine, and labor costs. Multitactic treatments,
using steam in combination with other soil
disinfestation methods, were previously re-
ported to be successful. Daugovish et al.
(2013) combined mustard seed meal and
solarization with steam application in straw-
berries. The combinations increased market-
able strawberry fruit yield. Samtani et al.
(2011) showed that the combination of steam
and a liquid organic fertilizer application
(AgroThrive, 2.5–2.5–1.5 NPK) reduced the
weed density similar to steam alone and
resulted in more marketable strawberry fruit
than steam alone. The combinations, how-
ever, did not show greater efficacy on weed
and disease control than steam alone.

The antimicrobial and allelopathic activ-
ities of ITCs are induced by disruption of the
mitochondrial membrane potential (Calmes
et al., 2015) and by inhibition of redox-based
defenses and subsequent inhibition of sulf-
hydryl enzyme activities (Jacob and Anwar,
2008; Kolm et al., 1995; Tang and Tang,
1976). Olivier et al. (1999) also found that
mustard genotypes with higher AITC content
showed higher antimicrobial activity against
plant pathogens. AITC as a soil fumigant
has been reported to be effective against
soilborne pathogens (Dhingra et al., 2004;
Harvey et al., 2002; Sharma et al., 2008),
weeds (Brown and Morra, 1996; Stiehl and
Bible, 1989), nematodes (Zasada and Ferris,
2003), and insects (Noble et al., 2002; Wu
et al., 2009).Mayton et al. (1996) reported that
AITC completely suppressed radial growth of
V. dahliae in vitro test. Vaughn and Boydston
(1997) showed that AITC strongly suppressed

Table 6. Estimated parameters, standard errors, and P values from the GLMM (binomial model for the
count of weed viability).

Weed Parameter Estimate SE Estimate P value

Purslane b0 0.8177 0.2549 0.0013
b1 –0.2865 0.3104 0.3560
b2 –4.1247 0.3111 <0.0001
b3 –5.0415 0.3123 <0.0001
b4 2.0954 0.0783 <0.0001
d –1.7550 0.3279 <0.0001

Knotweed b0 0.9905 0.3900 0.0111
b1 –0.3413 0.2226 0.1252
b2 –3.3870 0.2233 <0.0001
b3 –4.0704 0.2247 <0.0001
b4 0.7506 0.0671 <0.0001
d –1.7806 0.2346 <0.0001

Nettle b0 0.4612 0.3141 0.1420
b1 –0.1387 0.3603 0.7004
b2 –3.8174 0.3612 <0.0001
b3 –4.4346 0.3616 <0.0001
b4 2.4999 0.0738 <0.0001
d –1.7346 0.4180 <0.0001

Pigweed b0 0.5037 0.3048 0.0985
b1 –0.2508 0.2860 0.3804
b2 –3.1086 0.2868 <0.0001
b3 –3.8697 0.2877 <0.0001
b4 1.3342 0.0646 <0.0001
d –1.4032 0.3289 <0.0001

The generalized linear mixed-effects models (GLMM) assumes ln[q / (1 – q)] = b0 + b1 D + b2 S + b3 SD +
b4 d for the fixed effect, where q denotes the probability of weed viability, D = 1 denotes AITC, S = 1
denotes steam, SD= 1 denotes the combination of steam andAITC, and d denotes the distance (m) from the
center of microplot (injection point). To test if the effects of S and SD are different at the maximum
experimental distance (0.7 m), interaction terms were considered in the model, and d denotes the
difference in the effects of S and SD at the maximum experimental distance (0.7 m).

Fig. 2. The estimated expected weed viability percentage with respect to distance from the injection point
for steam and steam + AITC (n = 25 replicated four times per experimental unit).

HORTSCIENCE VOL. 55(6) JUNE 2020 923



germination of many plant species. Ren et al.
(2018) reported that AITC is registered in 30
U.S. states as a preplant soil biofumigant. Our
results, however, found that AITC alone did
not reduce the viability of the four weed
species tested here and the number of V.
dahliae microsclerotia because the viability
and the number of the microsclerotia did not
differ from the control beyond the injection
point (Tables 3 and 5). The data indicated that
AITC did not disperse well in soil. Dhingra
et al. (2009) found that the vapor pressure of
AITC is 5 mm Hg at 25 �C, whereas in
comparison, the vapor pressure of methyl
bromide is 1600 mm Hg.

The steam + AITC application had sig-
nificant higher weed and disease control ef-
ficacy than steam alone at greater distances
from the injection point. For instance, at 12.5
and 18 cm from the injection point in theMar.
2016 experiment and at 70 cm from the
injection point in June 2018 and June 2019
experiments, the steam + AITC controlled V.
dahliae and burning nettle and common
purslane seeds, whereas steam alone did not
(Tables 3 and 4). The differences between the
steam + AITC and steam-alone treatments
against the pathogen and weed seeds indicate
that AITC was more mobile when coapplied
with steam than when applied alone (Ojaghian
et al., 2012). Shin et al. (2010) reported that
AITC vapor was more effective against Sal-
monella typhimurium and Listeria monocy-
togenes than liquid AITC. Suhr and Nielsen
(2003) showed that the minimum inhibitory
concentration of the gaseous AITC was 250
times lower than that of the liquid AITC.
Solarization, in which a transparent plastic
cover is used to increase temperature, can also
induce vaporization of liquid AITC (Kokalis-
Burelle et al., 2016).

If fuel for operation of the steamer can be
reduced by addition of AITC, the cost of the
steam application will be reduced. Schweig-
kofler et al. (2014) reported that diesel used
for running the same model as our steamer
was 11.5 L·h–1. On the basis of their report, if
diesel price is $1/L, the fuel cost is $0.05/m2

when four manifold was used. The AITC
cost in this experiment was $0.09/m2. The
calculation indicated that reducing the steamer
operating time above 2 min in the steam +
AITC application can reduce the cost for
soil disinfestation. Moreover, the fuel and
AITC costs are lower than the cost of 1,3-
dichloropropene (Pic-Clor 60) fumigant ($0.47/
m2) (Fennimore and Goodhue, 2016). This
economic analysis can be used as information
for farmers to choose the steam + AITC
application.

Conclusion

Our results indicate that the steam +AITC
application increased the pest control effi-
cacy in soil compared with AITC alone and
steam alone. Therefore, AITC can comple-
ment the effect of steam application for soil
disinfestation. To evaluate the fuel cost sav-
ings by addition of AITC, comparison of pest
control in the steam alone and steam + AITC

treatments according to steam duration
should be considered in future studies. Also,
to enhance the pesticidal activity of AITC,
combination of solarization and AITC should
be evaluated in future research. Additionally,
the logistics of coapplying steam and AITC at
field-scale were not addressed here. Likely
steam and AITC would need to be coinjected
and immediately tarped to trap the volatiles.
It is also possible that the rate of AITC
coapplied with steam could be reduced from
the currently recommended label rate of
AITC applied at ambient temperatures.
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