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Efficacy of Fluensulfone in a Tomato–Cucumber Double Cropping System
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Abstract: Vegetable crops in the southeastern United States are commonly grown on plastic mulch with two crop cycles produced on
a single mulch application. Field trials were conducted in 2013 and 2014 in two locations to evaluate the efficacy of fluensulfone for
controlling Meloidogyne spp. when applied through drip irrigation to cucumber in a tomato–cucumber double-cropping system. In
the spring tomato crop, 1,3-dichloropropene (1,3-D), fluensulfone, and a resistant cultivar significantly decreased root galling by
91%, 73%, and 97%, respectively, compared to the untreated control. Tomato plots from the spring were divided into split plots for
the fall where themain plots were the spring treatment and the subplots were cucumber either treated with fluensulfone (3.0 kg a.i./ha.
via drip irrigation) or left untreated. The fall application of fluensulfone improved cucumber vigor and reduced gall ratings compared
to untreated subplots. Fluensulfone reduced damage from root-knot nematodes when applied to the first crop as well as provided
additional protection to the second crop when it was applied through a drip system.
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Vegetable crops in the southeastern United States are
commonly grown on plastic mulch. In addition to
helping to retain moisture and fertilizer, plastic mulch
also increases soil temperature earlier in the season,
which allows for earlier planting dates compared to
bare-ground systems (Lament, 1993). Soil fumigants
are usually applied prior to plastic mulch application
for control of soilborne diseases, nematodes, and
weeds. Once a fumigant has been applied, plastic
mulch is laid over the treated area to help retain the
fumigant in the soil which may provide greater efficacy
and application safety. Because of the expense associ-
ated with applying new plastic each time a crop is grown
and removing the old plastic from the field, growers
commonly produce multiple crops on one application
of plastic mulch. This practice is known as double
cropping. A common double-crop sequence in the
southeast United States is a tomato–cucurbit rotation.
Tomatoes (Solanum lycopersicum L.) are planted on new
plastic in the spring and then followed by a cucurbit
crop in the fall. Several pests affect both tomato and
cucurbit crops, including the root-knot nematode
(Meloidogyne spp.). Infection of roots byMeloidogyne spp.
leads to root galls and yield reduction (Karssen et al.,
2013), and may predispose plants to secondary invaders
(Back et al., 2002).

Controlling Meloidogyne spp. on the second crop has
been an area of interest, with several studies evaluating
different control options in double-cropping systems.
Desaeger and Csinos (2006) evaluated different fumi-
gant nematicides for control of Meloidogyne spp. on
a first crop of tomato or eggplant followed by a second

crop of melon or squash. They found that galling and
yield loss were low in the first crop, but that galling and
yield loss increased substantially in the second crop,
particularly in the untreated control, and that fumi-
gants applied through drip irrigation prior to planting
the second crop reduced galling compared to the
control. Meloidogyne spp. can also be managed with re-
sistant crops. Tomato and pepper cultivars with re-
sistance to Meloidogyne spp. are available and some
studies have demonstrated the ability of these cultivars
to reduce root galling and yield loss in a double-crop-
ping system (Hanna, 2000; Thies et al, 2004). The re-
sistance to Meloidogyne spp. in tomato is controlled by
the Mi gene (Smith, 1944), which has been bred into
many tomato cultivars available today. However, this
resistance has been documented to be broken at soil
temperatures .288C (Dropkin, 1969) and by highly
virulent populations of nematodes (Roberts et al., 1990;
Castagnon-Serono, 1996; Kaloshian et al., 1996).

Until recently, methyl bromide (MeBr) was the pri-
mary fumigant used on the first crop. Methyl bromide
has broad-spectrum activity against a wide variety of
pests, including nematodes. However, use of MeBr has
been banned via the Montreal Protocol as it has been
identified as an ozone-depleting substance (U.S. Envi-
ronmental Protection Agency, 2000). With the use of
MeBr being phased out, efforts have been made to
discover alternatives for nematode management. Other
fumigant nematicides are still available, including 1,3-D,
chloropicrin, and dimethyl disulfide. These fumigants
are still the primary nematicide choice for the first crop,
although they are costly, difficult to apply, require buffer
zones and long intervals between treatment and plant-
ing (plant back), and pose worker safety concerns. In
addition, the future use of these products is unclear
since they are heavily regulated by the EPA.

Fumigant nematicides applied to a first crop provide
adequate nematode control; however, their efficacy may
not persist long enough to provide satisfactory nema-
tode control on the second crop (Lembright, 1990;
Giannakou et al., 2002). The use of chisel-injected
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fumigants on the second crop is not an option because
the plastic mulch would be destroyed during applica-
tion. Therefore, drip-applied nematicides are used for
control of Meloidogyne spp. on the second crop. Drip-
applied fumigants, such as 1,3-D and metam sodium,
may be applied through the drip irrigation system
prior to planting the second crop. However, the soil
distribution of drip-applied fumigant nematicides can
be limited since they have to move through the irri-
gation water before volatilizing (Csinos et al., 2002).
The carbamate oxamyl is commonly applied as both
a foliar and drip application for control of Meloidogyne
spp. on a second crop. While commonly considered
a nematicide, oxamyl is actually a nematistat which
temporarily paralyzes nematodes until concentrations
of the active ingredient fall below a toxic level (Wright,
1981; Rich et al., 2004); therefore, multiple applica-
tions of oxamyl may be needed throughout the grow-
ing season to achieve adequate control.

Fluensulfone is a new nonfumigant fluoroalkenyl
nematicide, which received EPA registration in 2014 on
cucurbit and fruiting vegetables crops under the trade
name Nimitz (Adama USA, Raleigh, NC). Fluensulfone
may be applied with preplant incorporation (PPI) or
through drip irrigation. There are little published data
on the efficacy of fluensulfone against Meloidogyne spp.,
but preliminary data suggest that fluensulfone can be
an effective nematicide (Csinos et al., 2010; Oka et al.,
2012). Our objective was to evaluate the efficacy of
fluensulfone for reducing Meloidogyne spp. populations
and root galling in a tomato–cucumber (Cucumis sativus
L.) double-cropping system.

MATERIALS AND METHODS

Site description and general management: Four field trials
were conducted in the spring and fall of 2013 and 2014.
Two trials were conducted each year at two separate
locations: the University of Georgia Hort Hill Farm in
Tifton, GA, on a Tifton loamy sand (90% sand, 6% silt,
4% clay; pH 5.6; 1% organic matter; fine, loamy, kao-
linitic thermic Plinthic Kandiudults) and the University
of Florida Plant Science Research and Education Unit
in Citra, FL, on an Arredondo sand (97% sand, 2% silt,
1% clay; pH 6.4; 0.45% organic matter; loamy, siliceous,
semiactive, hyperthermic, Grossarenic Paleudults).
Trials consisted of a spring tomato crop followed by
a fall cucumber crop. Tomato plots were arranged in
a randomized complete block design with six replica-
tions. Cucumber plots utilized a split-plot design with
six replications where the treatments on tomato in the
spring were the main plot and the treatments on cu-
cumber were the subplots. Each location had a history
of vegetable crops and was infested with Meloidogyne
spp. The Tifton field was infested with M. incognita and
the Citra field was infested with a mixture of M. in-
cognita, M. arenaria, and M. javanica.

In 2013, land was harrowed and rototilled on
25 February and 4March in Citra and Tifton, respectively.
In 2014, land was harrowed and rototilled on 12 March
and 11 March for Citra and Tifton, respectively. Tomato
plots were 10.7 m long and 0.8 m wide with a 2-m alley
between plots.
A single 10-mm drip line with 30.5-cm emitter

spacing was placed 5 cm below the soil line at the same
time as plastic was laid. Preplant fertilizer and sub-
sequent drip fertilizer applications were made accord-
ing to University of Georgia and University of Florida
Extension recommendations. All herbicide, in-
secticide, and fungicide applications followed the
University of Georgia and University of Florida Ex-
tension recommendations.
Treatments: Treatments on the first crop of tomato

included 1,3-D, fluensulfone PPI, a resistant cultivar
(PS 01522935), and an untreated control. The 1,3-D
was applied as a preplant injection using a Yetter
injection rig calibrated to deliver 112 liters/ha on
5 March and 13 March in Citra in 2013 and 2014, re-
spectively, and on 8 March and 14 March in Tifton for
years 2013 and 2014, respectively. A virtually imper-
meable film plastic was laid on the 1,3-D plots imme-
diately after application using a tractor drawn bed
shaper. Fluensulfone was applied to spring tomato
crops as a PPI on 25 March and 9 April in Citra in 2013
and 2014, respectively, and on 27 March and 10 April
in Tifton in 2013 and 2014, respectively. Treatments
were applied using a CO2 powered backpack sprayer
with a four nozzle boom calibrated to deliver 187
liters/ha. Fluensulfone was immediately incorporated
into the soil using a PTO driven rototiller. Plastic
mulch (virtually impermeable film) was then applied
to the fluensulfone plots and to the resistant cultivar
and untreated plots. Tomato seedlings (‘PS 01522935’
and the susceptible ‘Tribute’) were transplanted on
9 April and 21 April in Citra in 2013 and 2014, re-
spectively, and on 8 April and 22 April in Tifton in
2013 and 2014, respectively. Both tomato varieties are
resistant to tomato yellow leaf curl virus and tomato
spotted wilt virus.
Treatments for the second crop of cucumber were

arranged in a split-plot design. Cucumber plots were
4 m long and 0.8 m wide with a 2-m alley between plots.
Plots either received a fluensulfone drip application
(3.0 kg a.i./ha) or were left untreated. Drip applica-
tions of fluensulfone were applied on 7 August and
4 August in Citra in 2013 and 2014, respectively, and
8 August and 5 August in Tifton in 2013 and 2014, re-
spectively. Beds were given a pretreatment irrigation
cycle of 1 hr to allow for adequate bed moisture at time
of application. Fluensulfone was injected and then wa-
ter was allowed to run for an additional 15 min to flush
any remaining fluensulfone from the lines. Formulated
fluensulfone was mixed in a 3-liter bottle for injections
in Tifton and was mixed in 48 liters of water for
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injections in Citra. Untreated plots were given the
same amount of water as treated plots. Thirteen cu-
cumber seedlings, ‘Impact’, were transplanted into
plots on 14 August and 18 August for Citra in 2013 and
2014, respectively, and on 15 August and 19 August for
Tifton in 2013 and 2014, respectively.

Data collection: In all trials, soil cores were collected
from the middle of plots prior to treatment application
and then again after root gall ratings to assess Meloido-
gyne spp. population densities before and after treat-
ment. Five soil cores 1.9 cm diam. and 20-cm deep were
taken from the middle of each plot. Samples were sent
to the University of Georgia Nematology Lab (Athens,
GA) and juveniles of Meloidogyne spp. were counted per
100 cm3 of soil. Nematode count data were transformed
using log10 (x + 1) to normalize the data and then were
back transformed using 10x 2 1 to represent the
number of J2 per plot.

Plant vigor was rated in all trials to evaluate treatment
effects. Vigor ratings were on a 0 to10 scale with 0 being
a dead plant and 10 being live, vigorous, healthy plant.
Tomato was evaluated for vigor at 14 and 21 d after
transplanting (DAP) in 2013 and 14, 21, and 28 DAP in
2014. A vigor rating was conducted on cucumber 14
and 28 DAP in 2013 and 21 and 28 DAP in 2014.

Each crop in each trial was harvested multiple times.
In 2013, tomato plants were harvested 65 and 76 DAP in
Citra and 70, 78, and 91 DAP in Tifton. In 2014, to-
matoes were harvested 64 and 73 DAP in Citra and 62
and 71 DAP in Tifton. Every third plant in the plot was
harvested for a total of eight plants per plot. All ripe
fruit was picked for the first harvest and plants were
stripped of all fruit for the final harvest. In 2013, cu-
cumbers were harvested from all plants in the plot 43,
47, 50, 54, and 57 DAP in Citra and 40, 47, and 54 DAP
in Tifton. In 2014, cucumbers were harvested 52 and 58
DAP in Citra and 42, 51, and 55 DAP in Tifton.

Roots were rated for galling on the final harvest date
for each crop to determine Meloidogyne spp. damage.
Gall ratings were on a 0 to 10 scale with 0 being no
visible galls and 10 being 100% of the root system gal-
led. In the tomato plots, five tomato plants were ex-
humed from a 2-m section in the middle of the plot
rated for galling. This area then served as the alley be-
tween the split-plot cucumber plots. For cucumber,
seven plants per plot were exhumed for gall ratings.

Statistical analysis: Data were analyzed using mixed
model analysis of variance (GLIMMIX PROC, SAS In-
stitute, Cary NC) to test for interactions between treat-
ments and locations. Tomato data were analyzed as
a randomized complete block design and cucumber
data were analyzed as a split-plot design. All data were
combined across years and, when possible, across lo-
cations when no treatment 3 location interaction
existed (P . 0.05). Year was considered a random var-
iable. All mean differences are reported according to
Student’s t tests a = 0.05 using the PDIFF operation.

RESULTS

Spring treatments in tomato: The population densities
of Meloidogyne spp. before treatments were applied in
the spring were very low for both locations in 2013 and
for Citra in 2014 (,1/100 cm3 of soil). Although pop-
ulation densities of the nematode were greater in Tif-
ton in 2014 (22/100 cm3), there were no differences
among the plots prior to treatment. There were also no
significant treatment 3 location interactions for plant
vigor, fruit weight, or galling; therefore, the data were
combined between locations (Table 1). Spring treat-
ments did not have an effect (P = 0.65) on plant vigor at
14 d after treatment compared to an untreated control.
Vigor data were similar for other rating dates (data not
shown). Likewise, the treatments did not have an effect
(P = 0.17) on plant yield. Gall ratings were lower (P ,
0.0001) among treated plots compared to the un-
treated controls (Table 1). The resistant cultivar had
the lowest gall ratings but was not significantly lower
than the 1,3-D treatment. Plants in the fluensulfone
treatment had more galling than the resistant cultivar,
but there was no difference between root galling in the
fluensulfone and 1,3-D treatments. There was a treat-
ment3 location interaction (P = 0.0004) for nematode
numbers in soil (Table 2). In both locations, the nem-
aticide treatments and the resistant cultivar significantly
reduced the number of J2 in the soil at harvest com-
pared to the untreated control; however, there were no
differences among these treatments.

Fall treatments in cucumber: There were no significant
treatment 3 location interactions for plant vigor, root
galling, or nematode population densities; therefore,
the data were combined between locations (Table 3).
Moreover, there were no interactions between main
plot (spring) and subplot (fall) treatments for any of
the variables. Cucumber vigor was influenced by both
the main plot (P = 0.0066) and subplot (P = 0.0060)
treatments. The application of fluensulfone to

TABLE 1. Effect of nematicide treatment on tomato vigor, fruit
yield, and root-knot galling by Meloidogyne spp. in Citra, FL, and
Tifton, GA, in 2013 and 2014.

Treatment Vigora Yield (kg/plot) Gallingb

1,3-Dichloropropene 6.71 ac 19.05 a 0.35 bc
Fluensulfone 7.41 a 22.03 a 1.10 b
Resistant cultivar 6.67 a 17.77 a 0.11 c
Untreated 7.16 a 19.60 a 4.11 a

P value P value P value
Treatment 0.6537 0.1728 ,0.0001
Location*treatment 0.7833 0.4467 0.1882

a Plant vigor was recorded 14 d after planting on a 0 to 10 scale with 0 being
a dead plant and 10 being a completely healthy plant.

b Gall ratings were conducted on a 0 to 10 scale with 0 being no visible galls
and 10 being 100% of root system galled.

c Data are the means of two years, two locations, and six replications (N = 24).
Means with same letter within a column are not significantly different (P ,
0.05).
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cucumber significantly improved plant vigor 14 d after
treatment when compared to untreated control when
means were averaged across main plot treatments. The
untreated spring plot followed by an untreated fall plot
had the lowest numerical vigor ratings. Plants in the
1,3-D treatment had increased vigor compared to
plants in the untreated control regardless of whether
a subplot treatment of fluensulfone was applied or
not. Vigor was improved over the untreated when
fluensulfone or the resistant cultivar was the main plot
treatment only if fluensulfone was applied again to the
second crop.

Cucumber gall ratings were reduced by both the
main plot (P , 0.0001) and subplot (P = 0.0023)
treatments. When means were averaged across main
plot treatments, cucumber gall ratings were lower when
fluensulfone was applied to the cucumber compared to
untreated control (Table 3). The 1,3-D and resistant
cultivar main plot treatments had lower gall ratings
compared to the untreated control. The fluensulfone
main plot treatment reduced root galling compared to
the untreated control only when a subplot treatment of
fluensulfone was applied. Neither the main plot treat-
ments nor the subplot treatments had a significant
effect on the number of J2 in the soil at harvest.

For cucumber yield, there was a subplot treatment 3
location interaction (P = 0.015). The main plot treat-
ment (P , 0.0001), but not the subplot treatment (P =
0.29) affected cucumber yield in Tifton (Table 4), while
both the main plot and subplot treatments affected
yield in Citra (P , 0.0001 and P = 0.0027, respectively).
The subplot treatment of fluensulfone significantly in-
creased cucumber yield in Citra compared to the un-
treated control when yields were combined across main
plot treatments.

DISCUSSION

Obtaining satisfactory efficacy of a drip-applied
nonfumigant nematicide can be difficult to achieve

(Noling, 2005). Our results, however, demonstrated
that a fall application of fluensulfone through a drip
system improved plant vigor and yield, and further re-
duced root galling caused by Meloidogyne spp. when
used in combination with nematode control in the
spring. In a tomato–cucumber double-cropping system,
Colyer et al. (1998) showed that a resistant tomato
cultivar as a spring treatment provided better control
of Meloidogyne spp. than a fall application of the or-
ganoposphate ethoprop that was applied through
a drip system. Our results with fluensulfone were
similar in that the nematicide applied in the fall did
not reduce galling of cucumber when compared to
the untreated control, whereas the resistant cultivar
did reduce galling of cucumber below that of the
control.
Oxamyl, a carbamate, is used with PPI, drip, and fo-

liar application for control of Meloidogyne spp. on veg-
etable crops and reduces galling and improves yield
(Giannakou and Karpouzas, 2003; Giannakou et al.,
2005; Gugino et al., 2006). However, multiple applica-
tions throughout the growing season are needed to
achieve satisfactory control. In contrast, fluensulfone
reduced Meloidogyne spp. damage to tomato with a sin-
gle application at preplant and provided additional
reduction of nematode damage to cucumber with sin-
gle drip application when used in conjunction with
nematode control options in the spring. Although not

TABLE 2. Effect of nematicide treatment on the population
densities of Meloidogyne spp. second-stage juveniles (J2) per 100 cm3

soil after tomato harvest.

Treatment
Tifton, GAa Citra, FL
J2 density J2 density

1,3-Dichloropropene 18.75 bb 13.92 b
Fluensulfone 274.42 b 48.66 b
Resistant cultivar 24.91 b 12.08 b
Untreated 869.67 a 186.92 a

P value P value
Treatment ,0.0001 0.0005

a Nematode densities have been transformed using log (x + 1) to normalize
data and then a back transformation was made using 10x 2 1. Data are not
combined because there was a treatment 3 location interaction (P = 0.0004).

b Data are the means of two years and six replications (N = 12). Means with
same letter within a column are not significantly different (P , 0.05).

TABLE 3. Effect of spring/fall treatments on cucumber vigor, root
galling caused by Meloidogyne spp., and population densities of
Meloidogyne spp. second-stage juveniles (J2) after cucumber harvest.

Treatmenta Vigorc Gallingd J2e

1,3-D/fluen. drip 5.46 ae 2.73 c 2.79 b
1,3-D/untreated 5.04 a 3.54 bc 8.59 ab
Fluen. PPI/fluen. drip 4.88 a 3.09 c 7.75 ab
Fluen. PPI/untreated 4.46 ab 5.19 ab 22.72 a
Resistant/fluen. drip 4.99 a 2.94 c 8.56 ab
Resistant/untreated 4.54 ab 3.56 bc 15.29 ab
Untreated/fluen. drip 4.69 ab 4.85 ab 15.76 ab
Untreated/untreated 3.67 b 6.01 a 20.47 ab

Fluensulfone 5.02 A 3.40 B 9.12 A
Untreated 4.43 B 4.58 A 17.22 A

P value P value P value
Main plot treatment 0.0066 ,0.0001 0.2296
Subplot treatment 0.0060 0.0023 0.0772
Main plot* subplot 0.7251 0.5809 0.8855
Location*subplot treatment 0.1622 0.4185 0.5505

a The first treatment listed was applied to the spring crop of tomato (main
plot) and the second treatment listed was applied to the fall crop of cucumber
(subplot). Treatment abbreviations: 1,3-D = 1,3-dichloropropene; fluen. =
fluensulfone.

b Plant vigor was recorded 14 d after planting on a 0 to 10 scale with 0 being
a dead plant and 10 being a healthy plant.

c Gall ratings were conducted on a 0 to 10 scale with 0 being no visible galls
and 10 being 100% of root system galled.

d Densities of J2 per 100 cm3 of soil. Densities were transformed using log
(x + 1) to normalize data and then a back transformed using 10x 2 1.

e Data for the spring/fall treatments are themeans of two years, two locations,
and six replications (N = 24). Means with the same lowercase letters within
a column are not significantly different (P , 0.05); uppercase letters indicate
differences between subplot treatments.
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directly compared in this study, fluensulfone might be
more effective than organophosphate and carbamate
nematicides because it kills nematodes rather than
causing a reversible paralysis (Oka et al., 2009; Kearn
et al., 2014).

Drip application of fluensulfone to the cucumber
crop reduced root galling by root-knot nematodes at
both locations; however, the level of suppression was
greater in Citra than in Tifton. Compared to the con-
trol, fluensulfone reduced root gall ratings by 30% in
Citra and by 15% in Tifton when averaged across all
spring treatments. This difference in the level of nem-
atode suppression may explain why the subplot treat-
ment had a significant effect on yield in Citra but not in
Tifton. The increased volume of water used to apply
fluensulfone in Citra may have improved distribution of
the product throughout the bed, resulting in increased
efficacy.

Our primary objective was to evaluate the efficacy of
fluensulfone when applied through a drip system to
a second crop; however, the efficacy obtained by the
PPI application of fluensulfone on first crop tomato is
important. Nonfumigant organophosphates and car-
bamates are often less effective than the fumigant
1,3-D (Giannakou et al., 2002). In this study, fluensulfone
provided the same reduction in galling from Meloido-
gyne spp. on tomato as a 1,3-D application. Flu-
ensulfone also reduced the number of J2 in the soil
after tomato harvest to the same level as a resistant
cultivar and the 1,3-D application. The PPI is a broad-
cast spray that is then mechanically incorporated into
the soil. It does not have to rely on irrigation water to
move it to the target zone, which is a disadvantage to

using drip-applied pesticides (Desaeger and Csinos,
2006).

In conclusion, our study demonstrated that flu-
ensulfone is an effective tool for managing Meloido-
gyne spp. in double-cropping systems. In addition, the
low worker safety concerns, ease of application, no
post-application re-entry period, and no requirement
for buffer zones associated with using fluensulfone
make it a desirable alternative to the more hazardous
fumigants.
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a The first treatment listed was applied to the spring crop of tomato (main
plot) and the second treatment listed was applied to the fall crop of cucumber
(subplot). Treatment abbreviations: 1,3-D = 1,3-dichloropropene; fluen. =
fluensulfone.

b Data for the spring/fall treatments are the means of two years and six
replications (N = 12). The locations were not combined because of a subplot
treatment 3 location interaction (P = 0.0131). Means with the same lowercase
letters within a column are not significantly different (P , 0.05); uppercase
letters indicate differences between subplot treatments.
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