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ABSTRACT

Caldeira, M., S. A. Silva, L. H. Picoli, and A. C. Z. Machado, Nematicides for control of Heterodera
glycines under in vitro and greenhouse conditions. Nematropica 56: 47-56.

The soybean cyst nematode (SCN), Heterodera glycines, is a major constraint to soybean production
in Brazil. This study evaluated the efficacy of biological and chemical nematicides on egg hatching,
second-stage juvenile (J2) mortality, and nematode reproduction under controlled in vitro and greenhouse
conditions. Four in vitro experiments were conducted using eggs and J2 as inoculum, with egg hatching
assessed at 7 and 14 days and J2 mortality at 24 and 48 hr after treatment. In greenhouse assays, biological
nematicides were applied either as seed treatments or through pre-treatment of nematode inoculum before
plant inoculation. Additional experiments assessed both chemical and biological nematicides using eggs as
inoculum. Biological nematicides increased J2 mortality in vitro, although their effect on egg hatching was
inconsistent. In greenhouse conditions, pre-treating nematode inoculum generally resulted in lower SCN
reproduction compared with seed-applied treatments. Both biological and chemical nematicides reduced
SCN reproduction, with chemical nematicides, particularly fluopyram, showing the greatest reductions.
These results demonstrate that nematicides can suppress SCN under greenhouse and in vitro conditions;
however, further field validation is needed to confirm their potential as management tools for soybean
production.
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RESUMO

Caldeira, M., S. A. Silva, L. H. Picoli, and A. C. Z. Machado. 2026. Uso de nematicidas no controle de
Heterodera glycines em estudos in vitro e em condigdes de casa de vegetacdo. Nematropica 56: 47-56.

O nematoide do cisto da soja (SCN), Heterodera glycines, ¢ um grande obstaculo a producdo de soja
no Brasil. Este estudo avaliou a eficacia de nematicidas bioldgicos e quimicos na eclosdo de ovos,
mortalidade de juvenis de segundo estagio (J2) e reproducdo de H. glycines sob condigdes controladas
in vitro e em casa de vegetagdo. Quatro experimentos in vitro foram conduzidos usando ovos € J2 como
indculo, com eclosdo de ovos avaliada em 7 e 14 dias e mortalidade de J2 em 24 e 48 horas apos o
tratamento. Nos experimentos em casa de vegetacdo, nematicidas bioldgicos foram aplicados como
tratamento de sementes ou por meio de pré-tratamento do indculo antes da inoculagdo da planta.
Experimentos adicionais avaliaram nematicidas quimicos e biologicos usando ovos como inodculo.
Nematicidas bioldgicos aumentaram a mortalidade de J2 in vitro, embora seu efeito na eclosdo de ovos
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tenha sido inconsistente. Em condi¢des de casa de vegetagdo, o pré-tratamento do indculo geralmente
resultou em menor reproducdo de SCN em comparagdo com tratamentos aplicados nas sementes. Tanto os
nematicidas biologicos quanto os quimicos reduziram a reprodu¢do do SCN, com os quimicos,
particularmente o fluopiram, apresentando as maiores reducdes. Esses resultados demonstram que os
nematicidas podem suprimir o NCS em condi¢des de casa de vegetacdo e in vitro. No entanto, mais
validagdes em campo sdo necessarias para confirmar seu potencial como ferramentas de manejo para a

producado de soja.

Palabras-clave: controle bioldgico, manejo, nematicidas quimicos, Nematoide de cisto da soja,

Trichoderma.

INTRODUCTION

Yield losses caused by plant-parasitic
nematodes are escalating in tropical and
subtropical agricultural regions, with global
damages estimated at approximately
US$ 157 billion annually (Abad et al., 2008). In
Brazil, nematodes account for annual crop losses
exceeding US$ 10 billion, with soybean alone
suffering losses over US$ 4.5 billion (Araujo et al.,
2024).

The soybean cyst nematode (SCN),
Heterodera glycines, is one of the most destructive
plant-parasitic nematodes worldwide (Wrather
etal., 1997). Since its first detection in Brazil in
1992, SCN has rapidly spread and now affects 40%
of soybean fields sampled in the Cerrado region
(Araujo etal., 2024). Depending on nematode
population density, soybean cultivar susceptibility,
soil fertility, and SCN race, yield losses can reach
up to 90% (Araujo etal., 2024; Dhingra et al.,
2009). Its aggressiveness surpasses other
nematodes, making SCN a major threat to soybean
production (Wrather et al., 2010).

Exclusive reliance on resistant soybean
cultivars for SCN management is problematic due
to the emergence of diverse SCN races, which
compromise host resistance. In addition, the
nematode’s cysts act as long-term survival
structures, complicating control strategies (Silva
et al., 2020). Biological control has emerged as a
promising complementary strategy, especially with
organisms capable of parasitizing SCN eggs within
cysts and thereby reducing the number of viable
eggs in the soil. More than 60 fungi genera and
170 species, as well as several bacteria, have been
identified as natural enemies of nematode (Ferraz
& Brown, 2016).

Currently, 40 biological nematicides are
registered for SCN management in Brazil, mainly
containing Bacillus spp., in addition to Pasteuria
nishizawae, Trichoderma spp., Purpureocillium
lilacinum, and Pochonia chlamydosporia (Agrofit,
2025). Seven chemical nematicides are also
available, including abamectin, fluensulfone,
terbuphos, fluopyram, and Allium sativum extract
(Agrofit, 2025).

Given the economic impact of SCN and the
increasing availability of biological products, this
study aimed to evaluate the efficacy of fungi and
bacteria for controlling SCN under in vitro and
greenhouse conditions, and to compare their
performance with selected chemical nematicides.
While the experiments provide valuable insights
into the potential of these nematicides, further
validation will be essential to confirm their
effectiveness  under  commercial  farming
conditions.

MATERIALS AND METHODS
Extraction of eggs, juveniles, females, and cysts

Soybean plants infected with H. glycines were
grown in greenhouse conditions to maintain a pure
culture. Roots were washed free of soil and
processed as follows (Machado & Silva, 2019):

Eggs

Females were detached from roots using a
strong water jet over a 20- to 100-mesh sieve set.
The collected females were macerated in distilled
water, and eggs were recovered on a 500-mesh
sieve.
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Juveniles (J2)

Roots with cysts were ground in a blender
with water, and the suspension was transferred to a
modified Baermann funnel. After 24 hr at 27°C,
juveniles were collected and counted under a light
microscope using a Peters counting slide (Astel).

Females

Detached from roots during washing and
collected on a 100-mesh sieve.

Cysts

Extracted from soil by sieving and flotation
methods.

All nematode suspensions were standardized
to the desired concentration (eggs, J2, females, or
cysts per ml) before use.

In vitro experiments
Four independent in vitro experiments were

conducted to evaluate the effects of biological
nematicides on egg hatching (two experiments) and

juvenile mortality (two  experiments) of
H. glycines.

The biological nematicides tested were:
Clariva® (Pasteuria  nishizawae, minimum
concentration of 1 x 1010 spores/ml; 156 g/L),
Rizotec® (Pochonia chlamydosporia Pcl0,

minimum concentration of 3 x 105 UFC/g; 280
g/kg), Ecotrich® (Trichoderma harzianum 1BLF
006, minimum concentration of 1 x 1010 UFC/g;
300 g/kg), and Nemat® (Purpureocillium
lilacinum Uel Pae 10, minimum concentration of
7.5 x 109 UFC/g; 300 g/kg).

All products were diluted in sterile distilled
water to obtain a final suspension volume of 1.8 ml
per replicate. For each replicate, 1.3 ml of the
nematode suspension was mixed with 0.5 ml of the
nematode suspension. The water used in all
experiments had a pH of 6.8. Each treatment was
replicated six times at each evaluation date.
A control with only water, without nematicides,
was included as the control.

Egg assays

Eggs of H. glycines (race 3) were extracted
from soybean roots as described above and

adjusted to 100 eggs ml™'. For each replicate,
0.5 ml of egg suspension (=50 eggs) was added to
the nematicide solution in 2-ml microtubes. Egg
hatching was assessed at 7 and 14 days after
incubation in a B.O.D. chamber at 28 = 1°C with a
12-hr photoperiod.

Juvenile (J2) assays

J2s were obtained from parasitized soybean
roots (see extraction method above) and adjusted to
100 J2 ml'. For each replicate, 0.5 ml of
suspension (=50 J2) was added to the nematicide
solution. Mortality was evaluated after 24 and
48 hr of incubation under the same conditions as
described above.

Greenhouse experiments with biological
nematicides

Two greenhouse experiments were carried out
in Londrina, Parand State, Brazil (23°21°20”S;
51°09°58,2”W), using a completely randomized
design. Soybean seeds (cv. Bonus IPRO) were
sown in 945 cm? pots with sterilized sand soil (80%
sand, 15% clay, 5% silt).

Biological nematicides were applied in two
ways:

1) Seed treatment (ST): Seeds were coated with
the product before sowing. Dosages were as
follows: Clariva® (150 ml/100 kg of seeds),
Rizotec® (100 g/100 kg of seeds), Ecotrich®
(100 g/100 kg of seeds), and Nemat® (100
g/100 kg of seeds).

2) Pre-treatment of nematode inoculum (PT):
Eggs or J2 suspensions were exposed to
biological nematicides for 24 hr before
inoculation. Dosages used were the same as
described for in vitro tests.

Control treatments (without nematicide) were
included. Inoculum consisted of 3,000 eggs,
2,500 J2, 10 females, or 10 cysts (pre-treated or not
with the biological nematicides, as described
above), applied near the plant stem 10 days after
sowing. Plants were fertilized at sowing with 3 g of
Osmocote® Plus (15% N, 9% P»0s, 12% K0, 1%
Mg, 2.3% S, 0.05% Cu, 0.45% Fe, 0.06% Mn, and
0.02% Mo). Daily irrigation maintained soil at field
capacity.

At 35 days after inoculation (DAI), females
were extracted from roots and cysts from soil, as
described above. Quantification was performed
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under a stereomicroscope. Nematode counts were
expressed as the total number of females + cysts
per plant.

Greenhouse experiments with chemical and
biological nematicides

Two additional greenhouse experiments were
conducted with both chemical and biological
nematicides. Soybean seeds (cv. Bonus IPRO)
were sown under the same soil and pot conditions.
Ten days after sowing, 3,000 untreated eggs were
inoculated near the stem.

Treatments included Avicta® 500 FS
(abamectin, 125 ml/100 kg of seeds), Ilevo®
600 SC (fluopyram, 100 ml/100 kg of seeds),
Blindado® 480 SC (fluensulfone, 175 ml/100 kg of
seeds), Certeza N® (thiphanate-methyl 350 g/L+
fluazinam 52.5 g/L, 215 ml/100 kg of seeds), and
Bacillus-based products: Votivo Prime® (B. firmus
1-1582, minimum concentration of 4 10° UFC/g,
240 g/L, 100 ml/100 kg of seeds), Lumialza®
(B amyloliquefaciens ~ PTA-4838,  minimum
concentration of 6.1 x 10 UFC/ml, 270 g/L,
10 ml/100 kg of seeds), Arvatico® (B. velezensis
CNPSo, minimum concentration of 3602 3.5 x 10"
endospores/L, 150 g/L, 400 ml/100 kg of seeds),
and Presence® (B. subtilis FMCHO002 1 x 10"
UFC/g + B. licheniformis FMCHO001 1 x 10"
UFC/g, 200 g/kg, 215 ml/100 kg of seeds).
Treatment 10 included the mixture of Ilevo®
(100 ml/100 kg of seeds) and Votivo Prime®
(100 mI/100 kg of seeds). Applications were
performed as seed treatments.

Plants were fertlized at sowing with 3 g of
Osmocote® Plus per plant (15% N, 9% P>Os, 12%
K>0, 1% Mg, 2.3% S, 0.05% Cu, 0.45% Fe, 0.06%
Mn, and 0.02% Mo). Daily irrigation maintained
soil at field capacity.

At 35 DA, females and cysts were extracted
and counted and the number of eggs per female was
also determined, as described above.

Data analysis

All experiments were conducted twice and
analyzed separately. Normality was verified with
the Shapiro-Wilk test (p < 0.05) (Shapiro and Wilk,
1965) and homogeneity of variances with Bartlett’s
test (p < 0.05). After conducting ANOVA and
confirming that the assumptions of the linear model
were met, a factorial analysis was performed in

relation to the control plants, considered as an
additional treatment in experiments with the
different modes of application of the nematicides.
Specifically, the mean of the control treatment
(which did not involve the application of any
nematicide) was compared with the combined
mean of the treatments in the full factorial design,
including an analysis of interaction effects within
the factorial model.

Subsequently, the treatments were clustered
based on the Scott-Knott criteria (p < 0.05) using
R software version 4.4.0 (R Core Team, 2024) and
the packages MASS (Venables and Ripley, 2002)
and ExpDes (Ferreira et al., 2014). Data regarding
experiments with chemical and Bacillus spp.
nematicides were submitted to the Shapiro-Wilk
test at a 5% significance level to check for the
normality of residuals. The means of each variable
were grouped using the Scott-Knott test at a 5%
significance level using R software version 4.4.0
(R Core Team, 2024).

RESULTS
In vitro experiments

In  Experiment 1, P chlamydosporia,
T harzianum, and P lilacinum significantly
increased J2 mortality compared with the control at
24 hr. At 48 hr, all biological nematicides caused
higher J2 mortality than the control (Figure 1A). In
Experiment 2, no significant differences among
treatments were observed at 24 hr. However, at
48 hr, all biological nematicides caused higher J2
mortality than the control (Figure 1B).

Regarding egg  hatching,  biological
nematicides did not significantly reduce hatching
at 7 days in Experiment 1. By 14 days, hatching
was lower in treatments with P. chlamydosporia,
T harzianum, and P. lilacinum compared with the
control (Figure 2A). In Experiment 2, only
P. chlamydosporia significantly reduced hatching
at 7 days, with no significant differences observed
at 14 days (Figure 2B).

Greenhouse experiments with biological
nematicides

In both experiments, the biological
nematicides tested did not differ significantly in
their overall effects on SCN reproduction.
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Figure 1. Percentage of mortality of second-stage juveniles of Heterodera glycines, under in vitro conditions, with the
treatment with biological nematicides, at 24 and 48 hr after treatments. A) Experiment 1; B) Experiment 2. Values are
means of six replicates. Means followed by the same lower case to evaluations at 24 hr and the same capital letter to
evaluations at 48 hr did not differ according to Scott-Knott test at a significance level of 5%.
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Figure 2. Percentage of egg hatching of second-stage juveniles of Heterodera glycines, under in vitro conditions, with
the treatment with biological nematicides, at 7 and 14 days after treatments. A) Experiment 1; B) Experiment 2. Values
are means of six replicates. Means followed by the same lower case to evaluations at 7 days and the same capital letter
to evaluations at 14 days did not differ according to Scott-Knott test at a significance level of 5%.
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Figure 3. Total number of Heterodera glycines (females + cysts) in soybean roots after the inoculation in the control
plants and in the nematicide-treated plants. Evaluation at 35 days after inoculation in Experiments 1 and 2. Means
followed by the same letter in columns (inside each experiment separately) are not significantly different according to
Scott-Knott test at a significance level of 5%.
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However, the mode of application influenced
outcomes when eggs and J2 were used as
inoculum. Pre-treatment of eggs and J2 with
nematicides before inoculation reduced SCN
densities compared with seed-applied treatments
(Table 1). For inoculum consisting of females or
cysts, no significant differences were detected
between application methods (Table 1).

Factorial analysis including the control
treatment (without nematicides) confirmed that
nematicide application — regardless of product —
reduced SCN reproduction compared with
untreated plants (Figure 3).

Greenhouse experiments with chemical and
biological nematicides

In Experiment 1, fluopyram and fluopyram +
B. firmus resulted in the lowest densities of females
and cysts (Table 2). Other effective treatments
included B. firmus, B. velezensis, B. subtilis +
B. licheniformis, and  fluensulfone, = which
significantly reduced either females or cysts.
However, the number of eggs per female was
higher in treatments with B. velezensis,
fluensulfone, and fluopyram compared with other
treatments.

In Experiment 2, fluopyram and fluopyram +
B. firmus again provided the greatest reductions in
females and cysts. Treatments with
B. amyloliquefaciens, B. firmus, B. velezensis,
B. subtilis + B. licheniformis, abamectin, and
fluensulfone also significantly reduced female
densities compared with the control (Table 2). The
lowest number of eggs per female was observed in
the treatment fluopyram + B. firmus. In contrast,
fluensulfone, B. subtilis + B. licheniformis, and
fluopyram alone had higher values for eggs per
female.

DISCUSSION

Heterodera glycines is one of the most
damaging nematode pests of soybean worldwide.
Its aggressiveness, combined with the long-term
survival of eggs inside cysts, makes management
particularly challenging (Chen, 2011). These cysts
contain hundreds of eggs that serve as the main
inoculum source in infested fields. Biological
control agents that persist in the soil have the
potential to parasitize eggs and juveniles within

cysts, thereby reducing viable propagules available
for infection (Haarith et al., 2020; Hu et al., 2018).

In this study, several biological nematicides
increased SCN J2 mortality under in vitro
conditions, although their effects on egg hatching
were less consistent. Among them, P. lilacinum is
well known for parasitizing eggs and juveniles, and
its filtrates can also reduce hatching (Khan et al.,
2006; Manhong etal., 2002). Trichoderma
harzianum is a documented antagonist of root-knot
nematodes (Meloidogyne spp.), acting through
antibiosis, parasitism, and induction of plant
resistance (Davies et al., 2018), though its effects
on SCN are less studied. Pochonia chlamydosporia
also has the ability to parasitize SCN eggs, and
some reports suggest it may improve soybean
tolerance to biotic and abiotic stresses (Barbosa,
2020; Costa, 2015). Pasteuria nishizawae is unique
in attaching its endospores to SCN J2 cuticles,
preventing root penetration and reducing female
reproduction (Atibalentja etal., 2004; Mateille
et al., 2010; Sayre et al., 1991).

Our greenhouse assays demonstrated that the
mode of application influenced the efficacy of
biological nematicides. Pre-treatment of eggs and
J2 with biological products reduced nematode
reproduction more effectively than seed-applied
treatments. This may reflect the need for prolonged
contact between nematodes and fungal propagules
for parasitism to occur, as also observed in other
pathosystems (Dallemole-Giaretta et al., 2008).
However, pre-treatment of females or cysts did not
yield significant reductions, likely because these
life stages provide greater physical protection
against parasitism (Soares, 2019).

Bacillus-based products significantly reduced
SCN reproduction in greenhouse experiments.
Their effectiveness is associated with biofilm
formation, production of nematotoxic metabolites,
and induction of plant defenses (Dias-Arieira et al.,
2022; 2023). Some Bacillus treatments performed
comparably to or better than chemical nematicides,
confirming their potential as biological tools for
SCN management.

Among chemical nematicides, fluopyram was
consistently the most effective, reducing SCN
reproduction by up to 99% in previous studies
(Silva & Machado, 2023). Abamectin and
fluensulfone also reduced SCN densities, though
results were more variable, as observed in earlier
reports (Almeida et al., 2016; Teodoro & Santos,
2015). The efficacy of abamectin and fluensulfone
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Table 2. Number of Heterodera glycines females or cysts per soybean plant and number of eggs per female, under
different treatments. Evaluation at 35 days after inoculation in Experiments 1 and 2.

Females Eggs/female Cysts

Females Eggs/female Cysts

Treatments Experiment 1 Experiment 2

Control 500 a 13b 474 a 149 a 127 b 76 a
Thiophanato-methyl + Fluazinam 453 a 20b 509 a 72b 202 b 66 a
Bacillus amyloliquefaciens 462 a 25b 497 a 56 ¢ 161b 54 a
Bacillus firmus 172b 57 a 323b 77b 198 b 135a
Bacillus velezensis 388D 27b 358D 97b 183 b 117 a
Abamectin 601 a 24b 315b 78 b 115b 102 a
Fluensulfone 269 b 62 a 303b 81b 405 a 49 a
Bacillus subtilis + B. licheniformis 246 b 28Db 691 a 74 b 278 a 110 a
Fluopyram 16 ¢ 39a 12¢ 3d 371 a 4b
Fluopyram + Bacillus firmus 21 ¢ 10b 11c 5d 96 ¢ 5b

Values are the means of seven replicates. Means followed by the same letter in columns did not differ significantly

according to Scott-Knott test at a significance level of 5%.

in controlling SCN was variable, sometimes
reducing the number of females, cysts, or eggs per
female, but with inconsistent results across
experiments (Almeida et al., 2016; Bortolini et al.,
2013; Faske & Starr, 2006; Pedrozo et al., 1999;
Santos, 2015; Steffen etal.,, 2011; Teodoro &
Santos, 2015).

Overall, these findings highlight both the
potential and limitations of nematicides for SCN
management. While biological agents
demonstrated promising activity against eggs and
juveniles, their performance against cysts and
females was limited under greenhouse conditions.
Chemical nematicides, particularly fluopyram,
were more consistent in reducing SCN densities.
However, it is important to emphasize that all
experiments in this study were conducted under
invitro or greenhouse conditions. Field
environments are more complex, and factors such
as soil microbiota, moisture, temperature, and
nematode race diversity may influence product
performance.

Therefore, further field validation is needed
before drawing firm conclusions about the practical
efficacy of these nematicides in soybean
production. Future research should focus on testing
different application methods, evaluating product
combinations, and exploring new microbiological
agents from Brazil’s diverse ecosystems
(Machado, 2022). Such efforts will be critical for
integrating biological and chemical nematicides
into sustainable SCN management strategies.
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