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SUMMARY. Allyl isothiocyanate (AITC) is a glucosinolate produced in cruciferous
plant species. AITC is known to act as a pesticide on microorganisms, insects, and
weeds. Synthetic AITC is registered as a biopesticide for agricultural soil treatment
use in the United States and elsewhere in the world. Although a potent pesticide,
reports on the weed and pathogen control efficacy of synthetic AITC applied as soil
disinfectant are highly variable. Due to the low vapor pressure of AITC, questions
remain as to whether pest and weed control efficacy can be improved by combining
it with other chemicals. The objective of this study was to assess the control efficacy
of AITC stand-alone applications vs. applications, in which AITC was combined
with the standard-fumigants chloropicrin, 1,3-dichloropicrin, and methyl iso-
thiocyanate. Two shank-applied on-farm field trials were conducted in cut flower
[delphinium (Delphinium elatum), ranunculus (Ranunculus asiaticus)] fields, and
two drip tape applied field trials in strawberry (Fragaria ·ananassa) fields in Cal-
ifornia. Weed pressure, weed seed viability, nematode survival, and pathogen sur-
vival of Pythium ultimum, fusarium wilt (Fusarium oxysporum), and verticillium
wilt (Verticillium dahliae) were assessed. Cumulative yearly yield of marketable
fruit was assessed in the strawberry field trials. The results of this study show that
the use of AITC as a stand-alone treatment provided no consistent weed or path-
ogen control efficacy.However, our results also indicate that shank and drip applied
multitactic fumigation approaches with AITC can efficiently control soil-borne
diseases and weeds. These findings have potential implications, especially in those
areas where certain fumigants are restricted due to regulations and/or availability.

I
ntensive fruit, ornamental, and
vegetable production systems in
theUnited States and elsewhere in

the world rely on preplant soil fumi-
gation to control soil-borne patho-
gens, pests, and weeds. These include
strawberry (Fragaria ·ananassa) and
cut flower production systems. For
decades, methyl bromide (MB) was
the prevalent soil fumigant in the
United States. Although MB is still
used for quarantine purposes and to
treat perishable goods, the use of MB
as a preplant soil fumigant is restricted
to use in strawberry nurseries. As of
May 2019, 1,3-dichloropicrin (1,3-
D), chloropicrin (Pic), dimethyl disul-
fide (DMDS), dazomet, and methyl
isothiocyanate (MITC) have been the
prevalent fumigants used for cropping
systems in the United States (Atwood
and Paisley-Jones, 2017). Those fumi-
gants are heavily restricted due to
regulations and availability (U.S. En-
vironmental Protection Agency,
2010), which leads frequently to situ-
ations in which fields remain non-
treated and often are not planted,

due to the expected substantial yield
losses (Xu et al., 2017).

Several tools are being developed
with the aim to expand the spectrum
of reliable soil disinfestation methods.
Nonchemical alternatives such as steam
(Fennimore et al., 2014; Hoffmann
et al., 2016), anaerobic soil disinfesta-
tion (Shennan et al., 2018), or soil
solarization (Daugovish et al., 2016)
are among those investigated.Chemical
and biological alternatives such as plant

residues and antimicrobial metabolites
are active areas of research (Mazzola
et al., 2017). Among the natural anti-
microbial metabolites, several glucosi-
nates have shown the potential to act as
potent pesticides. Glucosinates are sec-
ondary plant metabolites that are
mainly found in seeds of plants of the
mustard (Brassicaceae) and caper (Cap-
paraceae) families (Fahey et al., 2001;
Maldonado et al., 2015).

Breakdown products of glucosino-
lates are known to contribute to plant
defenses against pests and pathogens
(Grubb and Abel, 2006). Allyl isothio-
cyanate (AITC) is a glucosinolate break-
down product with well-documented
pesticide activity (Lin et al., 2000; Wu
et al., 2009); it is used for postharvest
pest and pathogen control on processed
food and fresh produce (Maldonado
et al., 2015). AITC is also shown to
have proven activity against soil-borne
nematodes (Wood et al., 2017), soil-
borne fungal pathogens (Neubauer
et al., 2015), and insects (de Souza
et al., 2018), and it reduces the viability
of weed seeds and weed seed germina-
tion at high application rates (Bangarwa
and Norsworthy, 2014). AITC can be
used for preplant soil disinfestation by
the incorporation of plant residues con-
taining AITC, the planting of AITC-
producing plants such as mustards of
the genus Brassica, and the application
of commercially available synthetic
AITC (Dominus; Isagro USA, Morris-
ville, NC) via shank or drip application
(Isagro USA, 2015).

Although those treatments can
lead to the control of specific patho-
gens and nematodes, the efficacy of
organic material containing AITC
under field conditions is highly vari-
able and depends on the soil struc-
ture, quality of plant residues, and
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environmental factors (Mazzola et al.,
2017). The application of synthetic
AITC has led to inconclusive results
on weed, nematode, and pathogen
control efficacy under field conditions
(Bangarwa and Norsworthy, 2015,
2016; Vallad and Boyd, 2013).

Several chemical, physical, and
biological factors determine the effi-
cacy of a soil-applied pesticide (Mun-
necke and Van Gundy, 1979). Soil
temperature, soil moisture, microbial
activity, the ratio between mixed ma-
terials, and vapor pressure of a sub-
stance are factors that determine the
fate and efficacy of a pesticide in soil.
Soil fumigants are substances with
high vapor pressure, and this helps
them to disperse through the soil.
Vapor pressure describes the rate at
which a chemical leaves the liquid
phase at a certain temperature. The
higher the vapor pressure of a sub-
stance, the more rapid the substance
can dissolve and be re-absorbed in the
soil–air–water space. Soil water con-
tent plays an important role because
commonly used fumigants are dis-
solved into the soil–air space and later
re-absorbed by water surrounding
soil particles. Fumigants also need
a certain soil–air space to guarantee
free movement through the soil body
(Munnecke and Van Gundy, 1979).

Commonly used fumigants such
as 1,3-D [43 mm mercury (Hg) at
20 �C], MITC (21 mmHg at 20 �C),
and chloropicrin (16.9 mm Hg at
20 �C) have relatively high vapor
pressures compared with AITC. The
low vapor pressure of AITC (4 mm
Hg at 20 �C) may be the reason for
inconsistent results with soil-applied
AITC on pathogens and weeds.
Questions remain regarding whether
the combination of AITC with pesti-
cides with higher vapor pressure
could increase the reliability and effi-
cacy of AITC-based applications for
soil disinfestation. The objective of
this study was to evaluate the patho-
gen and weed control efficacy of
AITC as a stand-alone treatment and
combined with 1,3-D, Pic, and
MITC.

Materials and methods
To evaluate weed and pathogen

control efficacy of AITC alone and
multitactic fumigant approaches in
different cropping systems, four field
trials were established in cut flower
and strawberry production systems in
California. Pic and 1,3-D (Pic+1,3-D)
were applied as 56.6% Pic and 37.1%
1,3-D (v/v) (Pic-Clor 60; TriCal,
Gilroy, CA), and MITC was applied
as metam sodium (Vapam; AMVAC,
Axis, AL). Two commercial cut
flower field trials were established in
Carlsbad, CA, and Oceanside, CA
(both 2014 and 2015), and two
commercial strawberry field trials
were established in Watsonville, CA
(2013–14) and Salinas, CA (2014–
15). Weed and pathogen control data
were recorded during all field trials.

Cut flower field trials

EXPERIMENTAL SETUP. Two on-
farm cut flower fumigation field trials
were conducted in 2014 and 2015 in
Carlsbad, CA [delphinium (Delphin-
ium elatum), ranunculus (Ranuncu-
lus asiaticus)] and Oceanside, CA
(delphinium). Cut flower species were
chosen due to the regional value of the
acreage they represent. Fumigant ap-
plication rates and fumigant application
dates are shown in Table 1. All fumi-
gants were shank-applied.

FIELD TRIAL CARLSBAD (2014–
15). In Carlsbad, the following treat-
ments were broadcast shank-applied
on 2 Oct. 2014: 1) MB:Pic (29 gal/
acre); 2) Pic+1,3-D (29 gal/acre); 3)
AITC 96.3% (40 gal/acre); 4) AITC

96.3% (27 gal/acre) co-injected with
Pic (14 gal/acre); and 5) nontreated
control. Plots were 11 ft wide and
160 ft long. Each treatment was
replicated three times. Fumigants
were injected in the flat ground at
a depth of 12 inches, with shanks
spaced 30 inches apart. The total
width of one pass was 11 ft. Fumi-
gated soil was immediately covered
with clear totally impermeable film
(TIF), glued to a continuous sheet.
Fumigants and TIF were applied by
TriCal. TIF plastic was removed 21
d after fumigation and flowers were
planted within 1 week after plastic
removal. Soil samples to assess path-
ogen control were obtained after
plastic removal. Weed densities were
assessed once per month after plastic
removal until the last flower harvest.

FIELD TRIAL OCEANSIDE (2014–
15). In Oceanside, the following
treatments were applied on 14 Nov.
2014: 1) Pic+1,3-D (29 gal/acre); 2)
AITC (14 gal/acre) co-injected with
Pic (27 gal/acre); and 3) nontreated
control. Plots were 11 ft wide and 120
ft long. Each treatment was replicated
three times. Fumigants were injected
and TIF was applied as described for
Carlsbad. TIF plastic was removed 21
d after fumigation and flowers were
planted within 1 week after plastic
removal. Soil samples to assess patho-
gen control efficacy were taken after
plastic removal. Weed densities were
assessed once per month after plastic
removal until final flower harvest.

WEED CONTROL. During all field
trials, the weed densities were fre-
quently assessed until crop growth
did not allow subsequent weed
counts. Weed densities were counted
in four 5 · 5-ft sample areas per
replicate at monthly intervals. Weed
densities are reported as number per
acre of flower field.

PATHOGEN CONTROL. To evalu-
ate the fumigant efficacy for Pythium
ultimum and fusarium wilt (Fusarium
oxysporum), mixed soils samples
(depth, 6 inches) were obtained post-
treatment. Five samples were com-
bined to create one mixed sample
taken from a 5 · 5-ft sample area. Four
mixed soil samples were taken per
treatment. The survival of P. ultimum
was assessed using the wet plating
method on semi-selective medium
(Klose et al., 2007). Corn meal agar
[17 g�L–1 (Sigma-Aldrich, St. Louis,
MO)] was prepared and sterilized.
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After sterilization, 1 mL�L–1 nonionic
detergent (Tween 20; Thermo Fisher
Scientific, Waltham, MA) was added;
25 mg�mL–1 rose bengal (Thermo
Fisher Scientific), 10 mg�mL–1 rifampicin
(Thermo Fisher Scientific), 25
mg�mL–1 ampicillin (Sigma-Aldrich),
5 mg�mL–1 pimaricin (Sigma-Aldrich),
and 40 mg�mL–1 benomyl (Sigma-
Aldrich) were added to the agar at
50 �C. After cooling, 0.5 to 1 g of wet
inoculum was spread (same dilution)
on a total of five plates in three
replicates. Plates were incubated at
room temperature in the dark. P.
ultimum colonies were counted during
the first 2 d after plating. The mean
propagules per gram of soil were calcu-
lated for all three replicates (Klose et al.,
2007).

The effect of soil disinfestation
on the survival of fusarium wilt was
assessed according to Klose et al.
(2007). In brief, air-dried soil samples
were mixed and pulverized (mortar
and pestle). The number of F. oxispo-
rum propagules were determined by
plating four replicates on modified
Komada’s medium (Komada, 1975).
Propagule counts were combined and

the colony-forming units (cfu) per
gram of soil were calculated.

Strawberry field trials

EXPERIMENTAL SETUP. Two
strawberry fumigation field trials were
conducted: one in Watsonville, CA
(2013–14) and one in Salinas, CA
(2014–15). Fumigant application
rates and fumigant application dates
are shown in Table 1. All fumigants
were drip-applied using two drip lines
per bed (10-inch emitter space, with
each drip line 2 inches under the bed
surface and 2 inches from the bed
center). The total bed width was 52
inches (furrow to furrow). Beds were
8 inches high and 28 inches wide at
the top. Beds were covered with black
TIF plastic. The strawberry planting
conformation comprised two rows
per bed. Weed densities per planting
hole were assessed in Salinas (2014–
15) on a frequent basis between trans-
planting and the start of the harvest
season. The survival of artificially in-
troduced weed seeds was assessed
during both trials. Pathogen and
nematode survival were assessed in
Salinas (2014–15).

FIELD TRIAL WATSONVILLE

(2013–14). A strawberry field trial
was established in Watsonville, CA,
with a commercial grower. The fol-
lowing treatments were installed: 1)
Pic+1,3-D (29 gal/acre); 2) AITC
(40 gal/acre); 3) Pic+1,3-D (10
gal/acre) followed by AITC [low
(20 gal/acre)]; 4) Pic+1,3-D (14
gal/acre) followed by AITC [high
(27 gal/acre)]; and 5) nontreated
control. All treatments were estab-
lished in four replicates each using
a randomized complete block design.
Each replicate covered a bed length of
10 ft, with 24 in buffer zones between
replicates. ‘Albion’ strawberry plants
were transplanted on 30 Nov. 2013.
Treatments, application days and
rates are shown in Table 1. Yield was
assessed in a sample area of 40 straw-
berry plants per replicate.

FIELD TRIAL SALINAS (2014–
15). A strawberry field trial was
established in Salinas, CA. Eight
treatments were established in four
replicates each, using a randomized
complete block design: 1) MITC
[low (31 gal/acre)]; 2) MITC [high
(62 gal/acre)]; 3) AITC [low (20

Table 1. Fumigation treatments, methods of fumigant injection, application rates, and the date of application for all field
trials in cut flower and strawberry cropping systems.

Crop Location Treatmentz Methody Rate (gal/acre)x Date of applicationz

Cut flowers Carlsbad, CA Nontreated control — — —
MB:Pic 50:50 Shank 29 2 Oct. 2014
Pic+1,3-D Shank 29 2 Oct. 2014
AITC Shank 40 2 Oct. 2014
AITC: Pic 66:34 Shank 27 + 14 2 Oct. 2014

Oceanside, CA Nontreated control — — —
Pic+1,3-D Shank 29 14 Nov. 2014
AITC: Pic 34:66 Shank 14 + 27 14 Nov. 2014

Strawberry Watsonville, CA Nontreated control — — —
Pic+1,3-D Drip 29 11 Nov. 2013
AITC Drip 40 11 Nov. 2013
Pic+1,3-D f.b. AITC (low) Drip 10 f.b. 20 11 Nov. 2013
Pic+1,3-D f.b. AITC (high) Drip 14 f.b. 27 11 Nov. 2013

Salinas, CA Nontreated control — — —
MITC (low) Drip 31 15 Oct. 2014
MITC (high) Drip 62 15 Oct. 2014
AITC (low) Drip 20 15 Oct. 2014
AITC (high) Drip 40 11 Oct. 2014
Pic+1,3-D f.b. AITC Drip 20 f.b. 20 15 Oct. 2014 (AITC)

11 Oct. 2014 (Pic+1,3-D)
MITC f.b. AITC Drip 31 f.b. 20 15 Oct. 2014 (AITC)

15 Oct. 2014 (metam)
Pic+1,3-D f.b. MITC Drip 20 f.b. 31 11 Oct. 2014 (Pic+1,3-D)

15 Oct. 2014 (metam)
zMB = methyl bromide; Pic = chloropicrin; 1,3-D = 1,3-dichloropropene; AITC = allyl isothiocyanate; MITC = methyl isothiocyanate; f.b. = followed by; metam = metam
sodium.
yShank = preplant shank application; drip = preplant application through drip line.
x1 gal/acre = 9.3540 L�ha–1.
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gal/acre)]; 4) AITC [high (40 gal/
acre)]; 5) Pic+1,3-D (20 gal/acre)
followed by AITC (20 gal/acre); 6)
MITC (31 gal/acre) followed by
AITC (20 gal/acre); 7) Pic+1,3-D
(20 gal/acre) followed by MITC
(31 gal/acre); and 8) nontreated
control. All treatments were estab-
lished in four replicates each using
a randomized complete block design.
Each replicate covered a bed length of
10 ft with 24-inch buffer zones be-
tween replicates. ‘Monterey’ straw-
berry plants were transplanted on 17
Nov. 2014. Treatments, application
days and rates are shown in Table 1.
Yield was assessed in a sample plot of
40 plants per replicate.

WEED CONTROL (WATSONVILLE

AND SALINAS). To evaluate the weed
control efficacy of the treatments, the
viability of artificially introduced
weed seeds and tubers as well as the
natural weed spectrum was assessed
after treatments. Weed seeds of burn-
ing nettle (Urtica urens), common
purslane [Portulaca oleracea (Salinas
only)], common knotweed [Polygo-
num arenastrum (Salinas only)],
shepherds purse [Capsella bursa-
pastoris (Watsonville only)], annual
bluegrass [Poa annua (Watsonville
only)], and tubers of yellow nutsedge
(Cyperus esculentus) were enclosed in
seedbags (DelnetDelstarTechnologies,
Middletown,DE) and placed 6 inches
deep in the center of the plots before
treatment. Seed bags were produced
as described by Hoffmann and Fenni-
more (2017). Fifty seeds of burning
nettle, common knotweed, shepherds
purse, and annual bluegrass and 25
yellow nutsedge tubers were place in
a seed bag. Two bags per plot were
placed 6 inches deep. All seed bags
were recovered 2 weeks after treat-
ment. The survival of the seeds was
assessed by the tetrazolium test using
1 g�L–1 (0.1% v/v) tetrazolium tetra-
chloride (Sigma-Aldrich), as de-
scribed by Baalbaki et al. (2009) and
Cottrell (1947). Recovered yellow
nutsedge tubers were placed in sand
and grown under greenhouse condi-
tions (14/10 h light/dark, 18 �C) for
4 weeks, and the number of sprouting
tubers was counted. Seed viability is
given as an average number of viable
seeds per 25 seeds. Tuber sprouting
rates are given as an average number
of sprouted tubers per 10 tubers. In
Salinas, the weed spectrum was
assessed in the nonmulch-covered

planting holes. Weeds were counted
in monthly hand-weeding events for
all treatments, including the non-
treated control. The weeding areas
per replicate were 4 ft long and 27
inches wide (width of one strawberry
bed).

NEMATODE CONTROL (SALINAS

ONLY). To evaluate nematode control,
four bags per treatment containing
citrus nematodes (Tylenchulus semipe-
netrans) were placed at 9- and 18-inch
depths, respectively (6 Oct. 2014).
Citrus nematode samples were obtained
from a citrus orchard in Glen County,
CA. Small muslin bags (Forestry Sup-
pliers, Jackson, MS) were filled with
50 cm3 of infested soil and tied with
a plastic cord. Two bags per plot were
buried belowground and recovered 14
d after treatment. The survival of citrus
nematodes was assessed by analyzing
any living nematodes after extraction
with a modified Bearmann funnel sys-
tem (Ayoub, 1977). Samples were
kept at room temperature for 72 h.
Juvenile nematodes were counted in a
10-mL aliquot from each sample using
a microscope.

PATHOGEN CONTROL (SALINAS

ONLY). To evaluate fumigant efficacy
for P. ultimum and verticillium wilt
(Verticillium dahliae), two bags (For-
estry Suppliers) per plot containing P.
ultimum inoculum and V. dahliae in-
oculum were placed at 9- and 18-inch
depths (6 Oct. 2014) and recovered
14 d after treatment. P. ultimum- and
V. dahliae-infested soil were obtained
from strawberry fields in Monterey
County, CA. The survival of P. ulti-
mum was assessed as previously de-
scribed. The survival of V. dahliae was
assessed using a dry platingmethod on
Sorensens’ +++10 semi-selective me-
dium described by Kabir et al. (2004).
In brief, two media were prepared and
sterilized separately: 1) medium with
10 g�L–1 polygalacturonic acid [PGA
(product no. 3889, Sigma-Aldrich)]
and 2.4 g�L–1 (pH 5.68) sodium hy-
droxide (NaOH) pellets (Thermo
Fisher Scientific); 2) and Sorensens’
NP-10 semi-selective medium com-
prising 30 g�L–1 agar (Difco Bacto
Agar; Carolina Biological, Burling-
ton, NC), 2 g�L–1 potassium nitrate
(Sigma-Aldrich), 2 g�L–1 monopotas-
sium phosphate (Sigma-Aldrich), 1
g�L–1 potassium chloride (Thermo
Fisher Scientific), 1 mL�L–1 magne-
sium sulfate heptahydrate (Thermo
Fisher Scientific), and 1 mL�L–1

nonionic surfactant (Tergitol NP-10,
Sigma-Aldrich). After autoclaving, both
media were cooled to 50 �C. The fol-
lowing antibiotics were added to Soren-
sens’ NP-10 at 50 �C: 100 mg�L–1

chloramphencinol (Sigma-Aldrich), 100
mg�L–1 tetracycline (Sigma-Aldrich), and
100 mg�L–1 streptomycin (Sigma-
Aldrich). Both, Sorensens’ NP-10 me-
dium and PGA medium were mixed
after adding antibiotics and poured im-
mediately. The inoculum derived from
V. dahliae bags was dried at room
temperature for 2weekson agreenhouse
bench. Dry inoculum was ground and
0.5 g was plated on a total of six NP-10-
PGA plates using two stages of a cascade
impactor (Andersen Sampler, Atlanta,
GA). Plates were incubated in the dark
at room temperature for 3 weeks. De-
veloped colonies of V. dahliae micro-
sclerotia were counted under the
microscope andmiscrosclerotia per gram
of soil were calculated.

YIELD (WATSONVILLE AND

SALINAS). To assess the impact of
fumigation treatments on strawberry
yield, the weights of marketable fruits
were measured at every harvest event
from Apr. to Aug. 2014 (Watsonville)
and fromApr. to Sept. 2015 (Salinas).
Cumulative yields (pounds per acre)
were calculated.

Statistical analyses
All data were analyzed using

RStudio Desktop 1.1.442 with R
3.4.4. (RStudio, Boston, MA). Path-
ogen densities, weed seed viability,
tuber germination, weed density data,
and strawberry yield data were ana-
lyzed using an analysis of variance
(fixed effect model III, a = 0.05).
Adjunct Fisher’s least significant dif-
ference post hoc tests (a = 0.05) were
performed to separate groups of sig-
nificance, when appropriate. Before-
hand, each group was tested for
normal distribution [Shapiro-Wilk
(a = 0.05)].

Results

CUT FLOWER TRIALS. The AITC
(40 gal/acre) stand-alone treatment
did not control P. ultimum or the
weeds in the Carlsbad field trial.
MB:Pic and the Pic+1,3-D stand-alone
treatments had significantly reduced
pathogen levels and weed populations
in Carlsbad (Table 2). However, the
AITC (40 gal/acre) stand-alone treat-
ment and the AITC (27 gal/acre)
co-injected with Pic (14 gal/acre)
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treatment significantly reduced the F.
oxysporum cfu per gram of soil, but not
to the level of theMB:Pic and Pic+1,3-
D treatments. However, at the Ocean-
side cut flower field trial, AITC (14
gal/acre) co-injected with a higher
amount of Pic (27 gal/acre) reduced
fusarium wilt, P. ultimum, and weed
populations significantly, similar to
Pic+1,3-D (29 gal/acre) (Table 2).

WATSONVILLE STRAWBERRY

TRIAL. Weed seed viability was signif-
icantly reduced in all treatments com-
pared with the nontreated control.
However, the viability of yellow nut-
sedge tubers was significantly higher
with the AITC (40 gal/acre) and the
Pic+1,3-D followed by AITC (low)
multitactic treatment compared with
the Pic+1,3-D (29 gal/acre) and the
Pic+1,3-D followed by AITC (high)
treatment (Table 4). Although higher
rates of AITC can lead to reduced
nutsedge viability (Bangarwa and
Norsworthy, 2015), higher rates of
Pic+1,3-D led to increased weed con-
trol efficacy. The Pic+1,3-D followed
by AITC (high) treatment reduced
the viability of nutsedge tubers to the
level of the stand-alone Pic+1,3-D
(29 gal/acre) treatment (Table 4).
Cumulative marketable yields were
not significantly affected by any fumi-
gation treatments in Watsonville (Ta-
ble 5).

SALINAS STRAWBERRY TRIAL. All
treatments in the Salinas strawberry
field trial reduced pathogen, nema-
tode, and weed viability compared
with the nontreated control (Table
3). Citrus nematode populations and
P. ultimum cfu per gram of soil were
reduced significantly in both soil
depths (9 and 18 inches) after all
treatments. No significant differences

were found in the control efficacy of
P. ultimum and levels of the citrus
nematode between stand-alone and
multitactic fumigation approaches in
both depths. However, the number
of verticillium wilt microsclerotia per
gram of soil in the 9-inch depth was
significantly higher with the AITC
(40 gal/acre) treatment compared
with all other treatments (Table 3).

Each treatment also significantly
reduced the weed seed viability of
burning nettle, knotweed, and com-
mon purslane and the tuber viability
of yellow nutsedge compared with
the nontreated control (Table 4).
MITC (low and high) treatments
resulted in greater reductions in seed
viability of knotweed seed and yellow
nutsedge tubers. AITC (low) reduced
the viability of knotweed seed signif-
icantly, whereas AITC (high) and
MITC followed by AITC reduced
the sprouting activity of yellow nut-
sedge tubers (Table 4). However, the
only treatment that lowered seed and
tuber viability of all four tested species
significantly was the multitactic treat-
ment Pic+1,3-D followed by AITC.
The yields of the AITC (high) stand-
alone and MITC (low) stand-alone
treatment were similar to the yields of
the nontreated control (Table 5).

Discussion
AITC has well-documented bac-

tericidal, fungicidal, insecticidal, and
herbicidal activities and is frequently
used as a food preservative (Guo et al.,
2017; Lopes et al., 2017, 2018). It
has been introduced to the U.S. mar-
ket and elsewhere as a biofumigant
(Isagro USA, 2015), and others have
reported that preplant soil applica-
tions with AITC were effective for

several pathogens and weeds under
warm conditions in sandy soils
(Rosskopf et al., 2017). However,
several reports also indicated incon-
sistent or insufficient control efficacy
of soil-applied AITC treatments.
Bangarwa and Norsworthy (2015,
2016) found low AITC activity on
yellow nutsedge and purple nutsedge
(Cyperus rotundus). In our studies,
the pest control efficacy of stand-
alone AITC applications was investi-
gated and compared with multitactic
shank- and drip-applied applications
in which AITC was combined with
commonly used fumigants. Results
showed that stand-alone drip or shank
applications of AITC lead to inconsis-
tent or no pathogen and weed control
efficacy in strawberry and cut flower
trials on the central coast and southern
coast of California.

During shank-applied cut flower
and in drip-applied strawberry field
trials, AITC at 40 gal/acre did not
show effective control of all soil-
borne pathogens and only marginal
weed control (Table 2–4). AITC (40
gal/acre) stand-alone treatments did
not result in higher yields than the
nontreated control in any of the
strawberry field trials (Table 5). A
66% AITC (27 gal/acre) + 34% Pic+
1,3-D (14 gal/acre) shank-applied
treatment in Carlsbad, CA, resulted
in lower weed and pathogen control
activity compared with a Pic+1,3-D
stand-alone and MB:Pic (50:50)
treatment (Table 2).

However, AITC combined with
higher rates of Pic+1,3-D or MITC
could be the best option for use of
AITC to reduce pathogen and weed
populations and boost yields. InOcean-
side, CA, shank-applied 34% AITC (14

Table 2. Weed densities and survival of pathogens in cut flower field trials.

Location Treatmentz
Weeds (1000 weeds/

acre)y
Pythium ultimum
(propagules/g)y

Fusarium oxysporum
(cfu/g)y

Carlsbad, CA Nontreated control 52.6 abx 39 b 721 a
MB:Pic 50:50 8.08 c 0 c 0 c
Pic+1,3-D 1.5 c 0 c 0 c
AITC 61.7 a 80 a 47 b
AITC: Pic 66:34 30.6 abc 36 b 38 b

Oceanside, CA Nontreated control 7.07 a 40 a 2,515 a
Pic+1,3-D 2.6 ab 0 b 286 b
AITC: Pic 34:66 0.56 b 0 b 424 b

zMB = methyl bromide: Pic = chloropicrin; 1,3-D = 1,3-dichloropropene; AITC = allyl isothiocyanate.
y1000 weeds/acre = 2471.0538 weeds/ha; 1 propagule/g = 28.3495 propagules/oz; 1 cfu/g = 28.3495 cfu/oz.
xAnalysis of variance with adjunct Fisher’s least significant difference test. Any two means within a row not followed by the same letter are statistically different at P £ 0.01.
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gal/acre) + 66% Pic+1,3-D 60 (27 gal/
acre) controlledweeds,P. ultimum, and
F. oxysporum (Table 3). Also, in a straw-
berry field trial in Salinas, Pic+1,3-D (20
gal/acre) followed by AITC (20 gal/
acre) controlled P. ultimum,V. dahliae,
as well as the citrus nematode andweeds
when applied through the drip line
system (Table 3). This treatment also
significantly reduced weed seed viability
of burning nettle, knotweed, common
purslane germination, and spouting of
yellow nutsedge tubers in Salinas (Table

4), and it led to significantly higher
strawberry yields (Table 5). MITC (31
gal/acre) followed by AITC (20 gal/
acre) applied through the drip line also
controlled soil-borne pathogens (Table
3) and reduced weed seed viability and
nutsedge tuber germination signifi-
cantly (Table 4). Our results imply that
AITC stand-alone treatments under
field conditions of the central coast
and southern coast of California are
not very efficient, while multitactic
approaches can efficiently control soil-

borne diseases and weeds. Higher dos-
ages of the commonly used fumigants
Pic+1,3-D or MITC are necessary to
effectively control pathogens and weeds
in combinationwithAITC, if applied via
shank or drip as preplant fumigant
(Bangarwa and Norsworthy 2015,
2016; Vallad and Boyd, 2013).

AITC is an oily substance with
vapor pressure of 4 mm Hg at 20 �C.
The low vapor pressure of AITC leads
to much slower diffusion through the
water and air body in the soil, and it

Table 4. Weed propagule viability in strawberry field trials. Seed viability after treatment application of burning nettle,
shepherds purse, annual bluegrass, commonknotweed, and common purslane (after tetrazolium assay) and sprouting rates of
yellow nutsedge tubers are shown.

Location Treatmentz

Burning
nettle

Shepherds
purse

Annual
bluegrass

Common
knotweed

Common
purslane Yellow nutsedge

Viability (no. viable/25 seeds)
Sprouting rate (no.
sprouted/10 tubers)

Watsonville,
CA

Nontreated
control

5.75 ay 1.75 a 5.5 a — — 8.6 a

Pic+1,3-D 0 b 0.5 ab 0.5 b — — 0 c
AITC 0 b 0 b 0 b — — 1 bc
Pic+1,3-D f.b.
AITC (low)

0 b 0 b 0 b — — 2.7 b

Pic+1,3-D f.b.
AITC (high)

0 b 0 b 0 b — — 0 c

Salinas, CA Nontreated
control

20.25 a — — 19.25 a 19.75 a 8.1 a

MITC (low) 4.25 c — — 0.75 c 1.5 b 0.2 c
MITC (high) 3.25 cd — — 1 c 0.75 bc 0 c
AITC (low) 4 c — — 1 c 1 bc 1.4 b
AITC (high) 2.75 cde — — 3 b 0.75 bc 0 c
Pic+1,3-D f.b.
AITC

0.75 de — — 0.25 c 0.25 c 0.1 c

MITC f.b. AITC 8 b — — 2 bc 1 bc 0.3 c
Pic+1,3-D f.b.
MITC

0.5 e — — 1.25 bc 0.75 bc 0.1 c

zPic = chloropicrin; 1,3-D = 1,3 dichloropropene; AITC = allyl isothiocyanate; MITC = methyl isothiocyanate; f.b. = followed by.
yAnalysis of variance with adjunct Fisher’s least significant difference test. Any two means within a row not followed by the same letter are statistically different at P £ 0.01.

Table 3. Weed densities and survival of pathogens and citrus nematodes in a strawberry field trial in Salinas, CA.

Treatmentz Weeds (1000 weeds/acre)y

Pythium ultimum
(propagules/g)y

Verticillium dahliae
(microsclerotium/g)y

Citrus nematodes
(no./g)y

9 inchesx 18 inches 9 inches 18 inches 9 inches 18 inches

Nontreated control 165.2 aw 1,332 a 1,146 a 39 a 55 a 1,844 a 1,767 a
MITC (low) 13 b 0 b 84 b 0 c 0 b 0.4 b 36 b
MITC (high) 17.3 b 4 b 50 b 5 bc 8 b 0.1 b 131 b
AITC (low) 13 b 100 b 199 b 1 c 0 b 155 b 203 b
AITC (high) 8.6 b 207 b 234 b 21 b 13 b 186 b 319 b
Pic+1,3-D f.b. AITC 8.6 b 0 b 0 b 0 c 1 b 0.4 b 1 b
MITC f.b. AITC 25.8 b 0 b 1 b 0 c 0 b 3 b 3 b
Pic+1,3-D f.b. MITC 25.8 b 0 b 0 b 2 bc 1 b 2 b 0.1 b
zPic = chloropicrin; 1,3-D = 1,3 dichloropropene; AITC = allyl isothiocyanate; MITC = methyl isothiocyanate; f.b. = followed by.
y1000 weeds/acre = 2471.0538 weeds/ha; 1 propagule/g = 28.3495 propagules/oz; 1 microsclerotium/g = 28.3495 microsclerotia/oz; 1 nematode/g = 28.3495
nematodes/oz.
xSoil depth of sample; 1 inch = 2.54 cm.
wAnalysis of variance with adjunct Fisher’s least significant difference test. Any two means within a row not followed by the same letter are statistically different at P £ 0.01.
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can be the main reason for the ob-
served inconsistency in pathogen and
weed control in stand-alone soil disin-
festation treatments (Tables 2–4).
However, other factors might have
a more significant role in determining
the fate and efficacy of AITC than
those determined for conventional fu-
migants (Siebering and Leistra, 1979).
Isothiocyanates are reported to have
pesticide activity and can be catabo-
lized by soil microbial processes (Di
Primo et al., 2003; Price et al., 2005;
Warton et al., 2001). Although every
fumigant can be catabolized to a cer-
tain rate, Price et al. (2005) showed
that effective AITC concentrations in
the gas and liquid phases were highly
dependent on soil microbial respira-
tion and soil texture. The degradation
of mustard tissue in different soil types
harvested three times more AITC in
sterile soil compared with nonsterile
soil. According to Price et al. (2005),
this indicated a certain amount of
metabolic catabolism in nonsterile
natural soil. Price et al. (2005) also
described 38% more recovery of AITC
in sandy soils compared with clay soils.

AITC as a stand-alone fumigant
does not have consistent efficacy under
central and southern coastal conditions
in California. However, although
AITC did not provide much additional
control when combined with other
fumigants, our results concluded that
the combination of conventional fumi-
gants with AITC led to sufficient path-
ogen and weed control efficacy.
Combinations of AITC with mixtures

of ‡50% Pic+1,3-D showed reliable
and high pathogen and weed control
efficacy in both shank- and drip-applied
systems. Such multitactic approaches
might be useful in those areas where
township caps or sensitive sites limit the
use of conventional fumigants.
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