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Abstract

The southern root-knot nematode (RKN),Meloidogyne incognita, is par-
ticularly difficult to manage because of high susceptibility of all commer-
cial cucumber (Cucumis sativus) cultivars to this nematode. Growers
have conventionally relied on nematicide applications to control RKN.
Two microplot experiments were conducted in which four nonfumigant
nematicides, oxamyl, fluopyram, fluensulfone, and fluazaindolizine,
were examined for their efficacy in reducing gall severity and postharvest
soil nematode numbers in microplots inoculated with increasing inocula-
tion densities (1,000, 5,000, 10,000, and 20,000 nematodes/microplot),
and improving growth and yield of cucumber. Nematicides were applied
1 day prior to transplanting cucumber seedlings, except fluensulfone,
which was applied 7 days before transplanting. At harvest, root gall in-
dices differed significantly (P < 0.0001) among nematode inoculation
densities and nematicides. All four nematicides were effective in reducing

the root gall index when compared with the untreated control on a con-
sistent basis at allM. incognita inoculation densities. At the lowest inoc-
ulation density, no significant difference in gall index or final population
density was observed among nematicides; however, gall index increased
with increasing nematode inoculation densities in nematicide-treated
microplots. Correlations between gall index and inoculation density
clearly showed that soil treatment with fluensulfone, fluazaindolizine,
or fluopyram was more effective in reducing gall severity than treatment
with oxamyl. Regression analysis also indicated no significant effect of
nematode inoculation densities on yield of cucumber treated with these
nematicides. Results of this study will provide guidance for improving
nematicide efficiencies in soil with varying inoculation densities of RKN.
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Cucumber (Cucumis sativus L.) is the fifth most important vegeta-
ble crop grown in Georgia. The majority of cucumbers are grown in
monocrop, double-crop, or multiple-crop systems in the southern
part of the state from May through October for fresh market con-
sumption. Georgia growers produced approximately 3,311 hectares
of cucumber with the farm gate value accounting for more than
$78 million in 2017 (Wolfe and Stubbs 2018). The southern root-
knot nematode (RKN; Meloidogyne incognita (Kofoid & White)
Chitwood) is the most important yield-limiting plant-parasitic nema-
tode, affecting all vegetable crops including cucumber production in
the southeastern United States (Davis 2007; Hajihassani et al. 2018;
Johnson et al. 1981; Thies et al. 2016). Light textured (sandy) soils in
Georgia are commonly infested with RKN, and cucumber yield re-
duction can be very high even with low inoculation densities. Reduc-
ing the risk of yield losses due to Meloidogyne spp. is a year-round
concern for growers in vegetable producing systems with nematode
densities increasing at the end of the growing season (Hajihassani
et al. 2019).
Major current management methods to control RKN in vegetable

crops include soil fumigation prior to planting, application of nonfu-
migant nematicides prior to planting, at- and post-planting, and using
resistant cultivars. A source of resistance toM. incognita has not been
identified in germplasm accessions of C. sativus (Walters andWehner
2002), and no commercial cucumber cultivars with resistance to
the nematode are currently available. In this context, effective man-
agement of RKN relies greatly on individual or combined applica-
tions of fumigant and nonfumigant nematicides (Desaeger and

Csinos 2006; Morris et al. 2015). However, application of fumigant
products requires specialized injection equipment by contract opera-
tors, leading to higher production costs. In addition, fumigants are
extremely toxic to human and nontarget soil organisms (Zasada
et al. 2010).
Oxamyl (trade name: Vydate; Corteva Agriscience) has been on

the market for decades, and several new nonfumigant active ingredi-
ents have recently been registered in the United States for RKNman-
agement in vegetable crops. These new products include fluopyram
(trade name: Velum Prime; Bayer CropScience, Inc.) and fluensul-
fone (trade name: Nimitz; ADAMA Agricultural Solutions), which
have received attention due to their good nematicidal activity and
low toxicity to nontarget organisms and the environment (Hajihassani
2018; Morris et al. 2015). In addition, a nonregistered nematicide,
fluazaindolizine (trade name: Salibro; Corteva Agriscience), has
been shown to provide RKN control on some crops such as tomato
and corn (da Rocha et al. 2017; A. Hajihassani and B. H. Luke,
unpublished).
According to the manufacture’s label of registered nonfumigant

nematicides, a single rate is recommended for use across a field in
spite of varying inoculation densities of RKN present in soil. Appli-
cation of a single rate might not provide a sufficient amount of root
protection against high densities of RKN. This is due to the fact that
nematicides differ in their effectiveness depending on their activity in
soil, sensitivity of the nematode species to the product, population
density of the nematode in soil, application method (e.g., drip chem-
igation, foliar or in-furrow application), and environmental factors
(e.g., soil texture, soil temperature andmoisture) (Brodie 1971; Johnson
et al. 1981; Oka et al. 2012, 2013; Vrain et al. 1979). All these factors
might influence nematicide efficacy as well as nematode develop-
ment and reproduction.
Relationships between inoculation densities of RKN and vegeta-

ble yields have been evaluated extensively, and a direct correlation
between a population increase of the nematode and subsequent re-
duction in yield has been reported (Barker et al. 1976; Di Vito
et al. 1986; Olthof and Potter 1972). Understanding the relationship
of varying inoculation densities of RKN to nematicides could lead
to more efficient use of nematicides to maximize nematode control
with minimum cost. This information is particularly important to

†Corresponding author: A. Hajihassani; abolfazl.hajihassani@uga.edu

Funding: This research was supported by the Georgia Fruit and Vegetable
Growers Association.

The author(s) declare no conflict of interest.

Accepted for publication 28 May 2019.

© 2019 The American Phytopathological Society

Plant Disease /December 2019 3161

Plant Disease • 2019 • 103:3161-3165 • https://doi.org/10.1094/PDIS-04-19-0836-RE

mailto:abolfazl.hajihassani@uga.edu
https://doi.org/10.1094/PDIS-04-19-0836-RE


determine which nematicide(s) within treatment programs will be
most effective in soil with low, medium, or high infestation of nem-
atodes. Therefore, this study was conducted to assess the efficacy of
selected conventional and newly introduced nonfumigant nemati-
cides in microplots infested with different inoculation densities of
M. incognita on the nematode reproduction and the growth and yield
of cucumber.

Materials and Methods
Preparation of nematode inoculum. A known population ofM.

incognita race 3 (Hajihassani et al. 2019) was increased on egg-
plant (Solanum melongena) ‘Purple Shine Hybrid’ in the green-
house. Plants were inoculated with 3,000 nematodes and grown
for 100 days in 3-liter polyethylene pots filled with pasteurized
field soil. Afterward, the plants were uprooted, and the infected
roots were chopped into small fragments and placed on a screen
on top of a stainless steel collection pot. The pot was placed in a
mist chamber for 7 days, after which the collected water was passed
through nested 149- and 25-mm-pore sieves. Fresh second-stage
juveniles (J2) remaining on the 25-mm-pore sieve were enumerated
under an inverted microscope (Leica DM IL, Germany). The nem-
atode suspension was adjusted with tap water to 5,000 J2/ml water,
and then refrigerated at 5°C until use within 2 to 3 days after
recovery.
Infestation of microplots. An experiment was initiated on 24

April 2018 and repeated beginning 28 July 2018. Each treatment
(nematode inoculation density and untreated control) had five repli-
cates arranged in randomized complete block design. Experiments
were conducted in cylindrical (76 cm diameter) bottomless stainless
steel drums extending 53 cm below and 10 cm above the soil surface
filled with a sandy loam soil (86% sand, 7% clay, and 7% silt) located
at the University of Georgia, Tifton Campus, GA. Three weeks prior
to nematode inoculation, all the microplots were fumigated with
metam sodium (trade name: Vapam; AMVAC Chemical Corpora-
tion) to disinfest the soil. Each microplot was soil drenched with
100 ml a.i. of metam sodium mixed with 30 liters of water in a
bucket. The microplots were then left uncovered for 3 weeks, allow-
ing the toxic active ingredient residues to dissipate. Microplots were
watered lightly and then four holes 20-cm-deep and 1-cm-wide were
made using a plastic graduated pipette spaced equidistantly and ap-
proximately 8 cm from the center and 30 cm from the edge of the
plots. Four inoculation densities of 1,000, 5,000, 10,000, or 20,000
M. incognita J2/microplot were pipetted into the holes. The soil sur-
rounding the holes in the center of each microplot was thoroughly
mixed with a garden shovel.
Application of nematicides and planting cucumber. Nonfumi-

gant nematicides were injected into the soil using watering spikes
(13.5 × 2.7 × 2.7 cm) (Outus 8 Pieces Automatic Control Drip Plant
Watering Spikes)whichwere screwed onto 1-liter drink bottles to sim-
ulate drip application. Two drainage holes were pierced with a push-
pin 2.5 and 5 cm from the nozzle tip on opposite sides of each spike.
The bottles were filled with 1 liter of tap water to which were added:
oxamyl at 4.67 liter a.i./ha, fluopyram at 0.50 liter a.i./ha, fluensul-
fone at 5.84 liter a.i./ha, or fluazaindolizine at 4.48 liter a.i./ha. All
nematicides were applied at their maximum recommended rates
and application times as per the product label for vegetable crops.
Nematicides were applied 1 day prior to transplant, except fluensul-
fone, which was applied 7 days before transplanting.
The spikes were screwed onto the bottles and inserted into the soil

approximately 2 cm above the second hole made in the spike. Then
the soil surface around the spike was compacted by hand to make the
bottles stable. The nematicides completely drained from the bottles
within 6 to 12 h because of hydrostatic pressure. Microplots infested
with the same four inoculation densities of M. incognita and treated
with water served as untreated controls.
Seeds of cucumber ‘Mongoose’ were grown in 128-cell plug trays

(Speedling Incorporated, Ruskin, FL) filled with Promix HP Mycor-
rhizae potting mix (ProMix, Québec, Canada). A single 15-day-old
seedling was transplanted in the center of each microplot approxi-
mately 2 cm deeper than the soil surface on 24 April 2018 in the first

trial and on 28 July 2018 in the repeat trial. All microplots were irri-
gated uniformly by handwhen cucumber seedlings were transplanted
and as needed thereafter. Before planting, soil from the microplots
was tested for nutrient content and fertilized with N, P, and K accord-
ing to soil nutrient analysis. Fertilizer (Agrium, Loveland, CO) was
applied to the microplots at 16.25 kg/ha as 5-10-15 (N-P-K) post-
planting and 2 and 4 weeks after transplanting at 8.12 kg/ha as
10-10-10 (N-P-K). In the first experiment, limestone was added to
the microplots at 1,120 kg/ha. In both trials, weeds were controlled
by hand and recommended disease management practices according
to Georgia Pest Management Handbook were used across the micro-
plots. Foliar spray of the fungicide Orondis Opti A (a.i. oxathiapipro-
lin; Syngenta) at 0.29 liter a.i./ha was applied for control of downy
mildew two to four times in each experiment as needed. Two foliar
applications of the insecticide Sivanto Prime (a.i. flupyradifurone;
Bayer CropScience) at the rate of 0.76 liter a.i./ha were used for con-
trol of whiteflies.
Data collection. Maximum and minimum air temperatures were

recorded. Mean temperatures for the first and second trials were
25.1°C (range of 10.0 to 35.2°C) and 27.3°C (range of 20.2 to
35.3°C), respectively. Five days after transplanting, phytotoxicity
ratings from each microplot were collected. Plant vigor was rated
at midseason (30 days after nematicide application), and gall index
was recorded 60 days after planting. Phytotoxicity was rated using
a 0–5 scale, where 0 = no phytotoxicity, and 5 = 100% phytotoxicity.
Plant vigor was rated using a 0–5 scale, where 0 = dead plant, and 5 =
best growth. Each plant was uprooted, immersed and washed thor-
oughly in tap water, and indexed for severity of root galling. Gall in-
dex was rated using a 0–5 scale, where 0 = no galls, 1 = trace of
nematode with few galls on roots, 2 = #25% root galling, 3 = 26
to 50%, 4 = 51 to 75%, 5 = 76 to 100% galling (Hussey and Janssen
2002). At harvest, soil samples for nematode counts were obtained
by collecting three cores with a 2.5-cm-diameter soil probe at a depth
of 15 to 20 cm in the center of each microplot. Nematode J2 were
extracted from a 100-cm3 subsample of soil from each microplot
by the sugar-flotation-sieving method (Jenkins 1964) and counted.
Cucumber fruits were harvested by hand on a weekly basis during
the experiment, and total yield for each treatment was recorded at
the termination of the experiment.
Statistical analyses. Data were analyzed using PROC MIXED

model in SAS software (v. 9.4; SAS Institute Inc., Cary, NC), where
nematode inoculation density and nematicides were considered a
fixed effect, whereas trial number was considered a random effect.
Data for two trials were pooled since no significant difference was
observed (P < 0.791) between means of repeat trials. Least square
means (LS-means) comparisons were performed using the Tukey’s
honest significance difference test (a = 0.05), and means were por-
tioned using the slice command. Data were subjected to regression
analysis to determine the significance of the relationship of root gall
index and crop yield (dependent variables) to inoculation densities
(independent variables) of the nematode in microplots with and with-
out nematicide application. Differences in parameter estimates for
the slopes among nematicide treatments for gall index and final pop-
ulation density of the nematode (Glantz and Slinker 2001) were con-
ducted using the REG procedure in SAS.

Results
In microplots that were inoculated with 5,000 and 10,000 M. in-

cognita, phytotoxicity was slightly greater on cucumber plants treat-
ed with fluopyram compared with other nematicides, except
fluazaindolizine at the 5,000 inoculation density (Table 1). Forty-
one days after transplanting, the plants showed slight yellowing
symptoms in the microplots infested withM. incognita but not treat-
ed with nematicides, while the plants in all nematicide-treated micro-
plots were growing normally. In microplots that were inoculated with
10,000 and 20,000 nematodes, the plant vigor was (P < 0.05) in-
creased from the untreated control using fluopyram and fluazaindo-
lizine (Table 1). For the root gall index and final population density
of M. incognita, the main effects of nematicide, inoculation density,
and the interactive effect of nematicide × inoculation density were
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significant (P < 0.0001). An interaction between nematicide and in-
oculation density indicated that efficacy of the nematicides varied
among nematode inoculation densities. Thus, efficacy among the
four nematicides was compared separately for each of the inoculation
densities (Figs. 1 and 2).
At harvest, root gall index and final population of the nematode

was lower (P < 0.05) in all nematicide-treated microplots than in
the untreated control (Figs. 1 and 2). There was no significant differ-
ence among nematicides at the lowest inoculation density (1,000 J2);
however, root gall index increased with increasing inoculation den-
sities of M. incognita in microplots with and without nematicide
treatment (Fig. 1). At the inoculation densities of 5,000, 10,000,
and 20,000, the efficacy of fluopyram, fluazaindolizine, and fluen-
sulfone in reducing the gall indices was (P < 0.05) greater compared
with the oxamyl treatment (Fig. 1). At the 5,000 inoculation density,
efficacy in reducing final population density by fluopyram, fluazain-
dolizine, and fluensulfone were equal to or greater than that of
oxamyl. In microplots inoculated with 10,000 and 20,000 nematodes
and receiving fluazaindolizine or fluensulfone, final population den-
sities were significantly lower than that in microplots with oxamyl or
fluopyram treatment (Fig. 2).
The percent reduction in gall severity and final populations of the

nematode in microplots treated with nematicides are shown in
Table 2. Depending upon the inoculation density and compared with
the untreated control, the application of oxamyl, fluopyram, fluazain-
dolizine, and fluensulfone resulted in root gall index reductions of 76,
79, 81, and 83%, respectively, at the lowest inoculation density
(1,000 J2) and by 36, 60, 72, and 78%, respectively, at the greatest

inoculation density (20,000 J2) (Table 2). Similarly, final population
densities of the nematode were reduced as much as 73, 73, 78, and
91%, respectively, at the lowest inoculation density and by 64, 79,
91, and 94% at the greatest inoculation density in microplots treated
with oxamyl, fluopyram, fluazaindolizine, and fluensulfone, respec-
tively, compared with the untreated control. The regression analyses
indicated differences among nematicides across inoculation densi-
ties. There was a positive correlation between either root gall index
(r2 = 0.2) or final population density (r2 = 0.4) withM. incognita in-
oculation densities in microplots with no nematicide treatments
(Figs. 3 and 4). The regression line for fluazaindolizine and fluensul-
fone had a slope of zero. Thus, these nematicides performed similarly
at different inoculation densities in reducing gall severity and final
population density of the nematode (Figs. 3 and 4). Regression lines
for oxamyl and fluopyram had positive slopes, indicating that the ef-
ficacy of these nematicides decreased with increasing inoculation
densities of M. incognita (Figs. 3 and 4). In regression analysis,
the parameter estimates (i.e., gall index and final population density)
for fluazaindolizine, fluensulfone, and fluopyram were significantly
different from those for the regressions of oxamyl (Figs. 3 and 4).
Nematicide treatments did not have a significant influence on crop

yield compared with the untreated control for most inoculation den-
sities of M. incognita. Among all nematicides examined, fluopyram
provided an increase in cucumber yield at all four inoculation densi-
ties compared with untreated control (Table 1). Treatments of flua-
zaindolizine and fluensulfone were more (P < 0.05) effective in
increasing cucumber yield compared with the untreated control at
10,000 and 20,000 inoculation densities (Table 1).
The percent increase in crop yield in microplots treated with nem-

aticides are shown in Table 2. The application of oxamyl, fluopyram,
Table 1. Effects of nonfumigant nematicides on phytotoxicity, vigor, and
yield of cucumber grown in outdoor microplots infested with four inoculation
densities of Meloidogyne incognita

Inoculation
density/
microplot Nematicide Phytotoxicityy

Plant
vigory

Yield (kg/
microplot)

1,000
Untreated … 3.0 az 2.6 b
Oxamyl 0.2 a 3.0 a 2.6 b
Fluopyram 0.5 a 3.4 a 3.8 a
Fluazaindolizine 0.3 a 3.1 a 3.2 ab
Fluensulfone 0.2 a 3.8 a 3.4 ab

5,000
Untreated … 3.3 a 2.4 b
Oxamyl 0.2 b 3.8 a 3.1 ab
Fluopyram 0.6 a 4.2 a 3.7 a
Fluazaindolizine 0.4 a 3.7 a 3.4 ab
Fluensulfone 0.3 b 3.6 a 3.2 ab

10,000
Untreated … 2.8 b 2.1 b
Oxamyl 0.4 a 3.6 ab 2.9 ab
Fluopyram 0.8 b 4.0 a 3.5 a
Fluazaindolizine 0.3 a 3.2 ab 3.3 a
Fluensulfone 0.2 a 3.7 ab 3.5 a

20,000
Untreated … 2.6 b 2.0 b
Oxamyl 0.3 a 3.3 ab 2.6 ab
Fluopyram 0.6 a 3.6 a 3.6 a
Fluazaindolizine 0.2 a 3.5 a 3.5 a
Fluensulfone 0.2 a 3.4 ab 3.4 a

P > F
Nematicide 0.0001 0.0057 0.0001
Inoculation density 0.8362 0.0756 0.9216
Nematicide × inoculation density 0.9063 0.7356 0.8273

y Phytotoxicity and plant vigor were rated (separately) using a 0–5 scale,
where 0 = no % phytotoxicity; very poor growth, and 5 = 100% phytotox-
icity; best growth.

z Data are the means of two trials and means (n = 10) of phytotoxicity, plant
vigor, or yield followed by the same letter within a nematode inoculation
density did not differ significantly at a = 0.05 as determined by using the
slice command in SAS.

Fig. 1. Effect of soil treatment with four nonfumigant nematicides on root gall index of
cucumber inoculated with four inoculation densities of Meloidogyne incognita in
microplots under field conditions. Bars signify the mean values of 10 replicates per
treatment combined from two trials. Bars of the same shade (inoculation density)
with the same letter do not differ at P < 0.05 using Tukey’s honest significance
difference test to separate means in SAS. Gall index was rated using a 0–5 scale,
where 0 = no galls, and 5 = 76 to 100% galling of roots.

Fig. 2. Effect of soil treatment with four nonfumigant nematicides on the number of
Meloidogyne incognita at harvest in microplots inoculated with four inoculation
densities. Bars signify the mean values of 10 replicates per treatment combined
from two trials. Bars of the same shade (inoculation density) with the same letter
do not differ at P < 0.05 using Tukey’s honest significance difference test to
separate means in SAS.
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fluazaindolizine, or fluensulfone, as compared with the untreated
control, resulted in increased yield by 0, 46, 23, and 31%, respec-
tively, at the lowest inoculation density and by 30, 80, 75, and
70%, respectively, at the greatest inoculation density (Table 2). Re-
gression analyses showed no relationship between increasing inocu-
lation densities of the nematode and yield of cucumber treated with
oxamyl (P < 0.82), fluopyram (P < 0.28), fluazaindolizine (P <
0.58), or fluensulfone (P < 0.74) (data not shown).

Discussion
There are no commercially available cucumber cultivars resistant to

RKN.Without genetic resistance, all cucumber produced in the United
States is vulnerable to RKN and may require the use of nematicide ap-
plications for nematode management. Soil-application of nonfumigant
nematicides has been commonly used for the production of vegeta-
ble crops, and this approach has been shown to be economically

beneficial. Many research studies have assessed the potential of vari-
ous nonfumigant nematicides against RKN (Desaeger and Csinos
2006; Jones et al. 2017; Morris et al. 2015). However, evaluation of
nonfumigant nematicides against different population densities of
nematodes can provide additional information on the efficacy of these
products that should result in more efficient RKN management. This
information is particularly important to know which nematicide(s)
within treatment programs will be most effective in soil with low, me-
dium, or high infestation of RKN.
In this study, phytotoxicity symptoms were not observed in plants

treated with oxamyl, fluazaindolizine, or fluensulfone. In contrast,
fluopyram treatment at the recommended rate produced slight phyto-
toxicity on cucumber. The phytotoxic effect, however, did not result
in poor vigor of plants. Phytotoxicity can result in vegetable crops,
usually when the higher rates of nematicides are applied as a soil
drench or foliar application. For example, our field experiments have
shown that fluopyram as a soil drench at 0.50 liter a.i./ha on cucum-
ber had a phytotoxic effect as compared with the drip application
which had no phytotoxicity damage (A. Hajihassani and B. H. Luke,
unpublished). Growth-chamber studies have also shown that foliar
applications of fluensulfone at 12 g a.i./liter was phytotoxic to tomato
and eggplant (Morris et al. 2016).
Our results indicate that the damage caused by varying inoculation

densities of M. incognita can be managed effectively with nematicide
treatments when applied at recommended rates and times. All nemati-
cides tested significantly reduced gall severity on roots compared with
the untreated control on a consistent basis at all inoculation densities
tested. However, differences in reducing nematode damage were ob-
served among nematicides at varying inoculation densities of the nem-
atode. In microplots that did not receive nematicides, root galling
severity and final population density of the nematode were positively
related to M. incognita inoculation densities. In contrast, crop yield
was inversely related to inoculation densities demonstrating that
M. incognita negatively influenced yield of cucumber. At the lowest
inoculation density of M. incognita (1,000 J2/microplot), no signif-
icant difference in the gall index or final population densities of
the nematode was observed among nematicides. This might suggest
that all four nematicides give good control in soil with low pressure
from M. incognita.
Oxamyl has been used for decades in controlling plant-parasitic

nematodes on various crops (Gugino et al. 2006; Kimpinski et al.
2001; Miller 1971; Morris et al. 2016). In our trials, oxamyl did not
provide a high level of root protection and nematode suppression, par-
ticularly in the microplots with high nematode pressure (10,000 and
20,000 J2/microplot). The high level of gall severity in the oxamyl-
treated microplots may have been the reason why relatively small dif-
ferences in cucumber yield were observed between the oxamyl

Table 2. Percent reduction of root gall index and final nematode population,
and percent increase of cucumber yield, when compared with the untreated
control in microplots infested with different inoculation densities ofMeloido-
gyne incognita and treated with nonfumigant nematicides. Data are the means
of two trials.

Inoculation
density/
microplot Nematicide

% Reduction

Yield
(% increase)Gall index

Final
population
density

1,000
Oxamyl 76 73 0
Fluopyram 79 78 46
Fluazaindolizine 81 78 23
Fluensulfone 83 91 31

5,000
Oxamyl 43 60 29
Fluopyram 68 77 58
Fluazaindolizine 75 82 42
Fluensulfone 77 94 33

10,000
Oxamyl 33 67 38
Fluopyram 59 74 67
Fluazaindolizine 67 92 57
Fluensulfone 76 95 67

20,000
Oxamyl 36 64 30
Fluopyram 60 79 80
Fluazaindolizine 72 91 75
Fluensulfone 78 94 70

Fig. 3. Relationship between inoculation density (1,000, 5,000, 10,000, and 20,000
nematodes/microplot) of Meloidogyne incognita in soil and root gall index of cucumber
treated with oxamyl, fluopyram, fluazaindolizine, and fluensulfone. Data points are
means of all replicates (n = 10) grouped from two trials.

Fig. 4. Relationship between inoculation density (1,000, 5,000, 10,000, and 20,000
nematodes/microplot) and final population density of Meloidogyne incognita in soil
treated with oxamyl, fluopyram, fluazaindolizine, and fluensulfone. Data points are
means of all replicates (n = 10) grouped from two trials.
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treatment and the nontreated control. Although fluopyram reduced gall
severity compared with the nontreated control, it did not give protec-
tion of cucumber roots in microplots with 10,000 or 20,000 J2/
microplot. Fluopyram provided between 46 and 80% yield increase
in cucumber, which was the highest of any nematicide evaluated in this
work; perhaps because it contains both nematicidal and fungicidal
properties, which may increase its ability to increase yields. The pres-
sure of powdery mildew, a fungal leaf disease, was high in southern
Georgia in summer 2018, and our cucumber plants were slightly in-
fected with this disease. As a result, fluopyram, an effective product
for the control of powdery mildew (Proffer et al. 2013), may have
resulted in higher yield in this study. We found that application of ei-
ther fluensulfone or fluazaindolizine provided better season-long pro-
tection of the root system and reduction in nematode galling on roots
than oxamyl or fluopyram. These results are in agreement with those of
previous research where fluensulfone gave the greatest reduction inM.
incognita gall severity and increased yields of tomato or cucumber
(Morris et al. 2015) and lima bean (Jones et al. 2017).
In this study, cucumber yields in the nematicide-treated microplots

were the same regardless of which nematicide was used, despite a
significant reduction in gall severity and nematode number in soil
treated with either fluensulfone or fluazaindolizine. This could be
due to plants being able to compensate more for RKN damage in
microplots where they had no competition from neighboring plants
for nutrients and water. RKN control and increased yields of several
vegetables such as tomato, pepper, and cucumber (Desaeger and Csi-
nos 2006; Morris et al. 2015) have been achieved when these crops
were planted in soil treated with fluensulfone. Fluazaindolizine,
which is not currently registered for use on vegetables in the United
States, has shown promise as a soil nematicide on some crops (da
Rocha et al. 2017) and would offer vegetable growers more manage-
ment options if it becomes available.
Nonfumigant nematicides currently marketed in the United States

for RKN management in vegetable systems are effective if used at
labeled rates; however, caution needs to be taken to select a proper
nematicide for use based on what level of RKN population is present
in soil and how long the crop takes to mature. Under ideal soil tem-
perature and moisture conditions, Meloidogyne spp. can complete
one generation within 21 to 24 days (Moens et al. 2009). In this
study, cucumber was grown for 60 days in outdoor conditions with
an average temperature of 25.1 and 27.3°C in the first and repeat trial,
respectively, which may have allowed the nematode to complete two
generations. RKN can complete three to four generations on fruiting
vegetables such as tomato, pepper, or eggplant, which require about
70 to 90 days to mature, resulting in higher nematode damage and
lower crop yields. Because the effect of nonfumigant nematicides
is restricted to a few weeks after planting (Colyer et al. 1997), selec-
tion of a proper nonfumigant nematicide is of great importance.
When the use of a nematicide is necessary, the application of the most
effective material will give producers the highest return on their in-
put. However, this depends on the cost per hectare of the nematicides.
If the most effective material is too expensive, then the highest return
could be from a less effective but less expensive nematicide.
Generally, our trials revealed that both fluensulfone and fluazain-

dolizine were the most effective nematicides forM. incognita control
in cucumber, and oxamyl was the least effective at the highest inoc-
ulation densities of the nematode. Although nematicides are useful in
inhibiting RKN infection, yield reductions may still occur, particu-
larly in soil with heavy RKN pressure. Results of this work give per-
ceptions that should be considered for improving the efficiency of
nonfumigant nematicides in the production of vegetable crops.
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