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Abstract

This study evaluated entomopathogenic nematodes (EPNs) isolated from a cacao agro-
forestry system in the Peruvian Amazon, focusing on their molecular characterization
and efficacy against Spodoptera frugiperda (Lepidoptera: Noctuidae) larvae. Thirteen EPN
isolates were obtained from 50 soil samples using the Galleria mellonella baiting technique.
Mortality assays revealed significant differences among isolates at 24, 48, and 72 h, with
isolates 11N-A4 and 8N-B1 being the most virulent, achieving maximum mortalities of
100% and 96.3% at 72 h, respectively. Median lethal time (LT50) values indicated rapid
action of these isolates on G. mellonella larvae, with 33.3 h for 11N-A4 and 32.4 h for 8N-B1.
Molecular identification using ITS, D2–D3 (LSU), and COI markers confirmed the isolates
as Heterorhabditis sp. (11N-A4) and Heterorhabditis amazonensis (8N-B1). In bioassays with S.
frugiperda larvae, both EPNs exhibited dose- and time-dependent mortality. H. amazonensis
showed rapid action, reaching 100% mortality at the highest dose (60 IJs/larvae) within
48 h, whereas Heterorhabditis sp. displayed a gradual, sustained increase, attaining 91%
mortality at 72 h. Median lethal dose (LD50) and LT50 values reflected the efficiency of both
isolates, with Heterorhabditis sp. achieving lower LD50 at later stages and shorter LT50 at
low-to-intermediate doses. These findings highlight the potential of Heterorhabditis sp. and
H. amazonensis as effective biocontrol agents adapted to local conditions and represent the
first report of H. amazonensis in Peru. Further studies under field conditions are required to
confirm their suitability for incorporation into integrated pest management strategies in
the Peruvian Amazon.

Keywords: median lethal dose LD50; median lethal time LT50; Heterorhabditis amazonensis;
fall armyworm; Peruvian Amazon

Int. J. Mol. Sci. 2026, 27, 2502 https://doi.org/10.3390/ijms27052502



Int. J. Mol. Sci. 2026, 27, 2502 2 of 21

1. Introduction
Maize (Zea mays L.) is one of the most important food crops worldwide, both for

its nutritional value and its economic and social impact. It constitutes a fundamental
source of food and income for millions of small- and medium-scale farmers in tropical
and subtropical regions of the Americas and Asia [1,2]. However, its productivity faces
several limitations, with insect pests being among the most significant. Among these pests,
Spodoptera frugiperda [3] (Lepidoptera: Noctuidae), commonly known as the fall armyworm,
is considered the most economically important [1]. This insect attacks maize from the early
stages of crop development, feeding on foliage, stems, and ears, which results in severe
yield losses [4–8]. Control of S. frugiperda has historically relied on chemical insecticides.
However, intensive application has led to several problems, such as the evolution of
resistant populations, a reduction in natural enemies, and adverse effects on human health
and the environment [9,10]. These limitations highlight the urgent need for sustainable and
environmentally friendly pest management alternatives.

Entomopathogenic nematodes (EPNs), mainly belonging to the genera Steinernema and
Heterorhabditis, have emerged as effective biological control agents against a wide range of
insect pests [11]. These nematodes possess a mutualistic association with symbiotic bacteria
(Xenorhabdus spp. and Photorhabdus spp.), which are released into the host hemocoel after
infection, causing rapid insect mortality through septicemia [11,12]. EPNs are particularly
effective against soil-dwelling or cryptic insect stages, making them suitable candidates
for integrated pest management programs [13]. Several species, including Heterorhabditis
bacteriophora, H. indica, and H. amazonensis, have demonstrated high virulence against
S. frugiperda larvae under laboratory and field conditions, supporting their potential as
biological control agents in tropical agroecosystems [14–18].

Accurate identification of EPN species is essential for their effective application in
biological control, as virulence, environmental adaptation, and ecological performance
may vary significantly among species and even among isolates [19]. Traditionally, species
identification relied on morphological and morphometric traits; however, these charac-
teristics are often insufficient due to overlapping features and the presence of cryptic
species. Consequently, molecular approaches have become fundamental for nematode
taxonomy and systematics. Ribosomal DNA markers, such as the internal transcribed
spacer (ITS) region and the D2–D3 expansion segments of the 28S rRNA gene, have been
widely used for species identification and phylogenetic inference in the genus Heterorhab-
ditis [20,21]. These markers provide valuable taxonomic information, but their resolution
may be limited when distinguishing closely related or recently diverged species due to low
sequence divergence [22].

To overcome these limitations, mitochondrial markers, particularly the cytochrome
c oxidase subunit I (COI) gene, have been increasingly used as complementary tools for
species delimitation [19,23]. The COI gene evolves faster than ribosomal markers and
provides higher resolution for distinguishing closely related taxa. Advances in integrative
taxonomy, combining morphological, molecular, phylogenetic, and reproductive data, have
significantly improved the understanding of species boundaries within entomopathogenic
nematodes. Recent studies using multilocus analyses and genomic approaches have
revealed previously unrecognized diversity and clarified phylogenetic relationships within
the genus Heterorhabditis, highlighting the importance of using multiple genetic markers
for accurate species identification and evolutionary inference [19,23].

Despite these advances, the diversity and biocontrol potential of native EPNs in tropi-
cal agroforestry systems remain insufficiently explored, particularly in the Amazon region
of Peru, where unique environmental conditions may harbor locally adapted and highly
virulent isolates. Native isolates are especially valuable because they are better adapted to
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local climatic and ecological conditions, increasing their persistence and effectiveness in
the field.

Therefore, the objectives of this study were to isolate entomopathogenic nematodes
from a cacao agroforestry system in the Peruvian Amazon, to identify them using molecular
markers (ITS, D2–D3, and COI), and to evaluate their virulence against Spodoptera frugiperda
larvae by determining their median lethal dose (LD50) and median lethal time (LT50).
This integrative approach provides essential information on the taxonomy, phylogenetic
placement, and biocontrol potential of native EPN isolates, contributing to the development
of sustainable pest management strategies adapted to tropical agroecosystems.

2. Results
2.1. Mortality of EPNs on Galleria mellonella

Mortality of third-instar G. mellonella larvae caused by 13 different EPN isolates was
compared at three evaluation times (24, 48, and 72 h) (Figure 1). Mortality differed signifi-
cantly among isolates at each evaluation time (p < 0.05). At 24 h, isolate 11N-A4 produced
the highest mortality (53.33%), followed by 8N-B1 (39.26%), both significantly higher than
the other isolates, whose mortality ranged from 10.17% to 21.11%. At 48 h, mortality in-
creased to 93.33% for 11N-A4 and 88.80% for 8N-B1, while the remaining isolates exhibited
intermediate mortality levels ranging from 28.61% to 59.35%. By 72 h, isolate 11N-A4
achieved 100% mortality, and 8N-B1 reached 96.30%, whereas other isolates ranged be-
tween 37.96% and 78.52%. At all evaluation times, the control treatment exhibited the
lowest mortality (<15%).

2.2. Median Lethal Time (LT50) of EPNs on G. mellonella

LT50 values for EPN isolates against third-instar G. mellonella larvae are presented
in Table 1. Mortality caused by isolates 11N-B6, 14N-A4, and 2N-B7 and the control was
<50% within 72 h post-treatment; therefore, LT50 values were not calculated for these
treatments. Among the evaluated isolates, 11N-A4 and 8N-B1 showed the fastest killing
activity, requiring 33.3 h and 32.4 h, respectively, to reach 50% mortality. In contrast, isolates
8N-A6 (82.5 h) and 4N-A1 (86.6 h) exhibited the longest times to reach LT50. Based on LT50

values and high mortality levels, isolates 11N-A4 and 8N-B1 were selected as the most
effective for subsequent stages of the study.

Table 1. Comparison of median lethal times (LT50) in G. mellonella larvae for different ento-
mopathogenic nematode (EPN) isolates.

Isolate LT50 (h) 95% LC (h) χ2 p

11N-A3 38.5 23.7–53.3 93.1 0.0001
11N-A4 33.3 24.1–42.6 111.0 <0.0001
11N-B2 38.8 31.8–45.8 94.3 <0.0001
11N-B5 69.7 15.4–72.0 151.0 0.0578
2N-B1 51.0 31.0–71.0 92.2 0.0008

2N-B10 40.8 10.8–70.9 90.4 0.0062
4N-A1 86.6 NE 209.0 0.1660
8N-A6 82.5 NE 244.0 0.0066
8N-B1 32.4 22.2–42.7 111.0 <0.0001
8N-B3 65.4 15.9–72.0 122.0 0.0390

Note: Isolates 11N-B6, 14N-A4, and 2N-B7 and control were excluded from the table due to mortality rates below
50%. NE: Not estimated. Values in bold indicate isolates with the lowest LT50 values, representing the highest
virulence against Galleria mellonella larvae.
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Figure 1. Mean mortality (±SE) of third-instar G. mellonella larvae exposed to 13 isolates of ento-
mopathogenic nematodes (EPNs) at a concentration of 5 infective juveniles (IJ)/larva, evaluated at 24,
48, and 72 h post-infection. Different lowercase letters above the bars indicate significant differences
among isolates at each evaluation time according to Tukey’s HSD test (p < 0.05). The control treatment
(no EPNs) is included for comparison. The red dashed line represents the 50% mortality threshold
used as a reference.

https://doi.org/10.3390/ijms27052502



Int. J. Mol. Sci. 2026, 27, 2502 5 of 21

2.3. Molecular Identification of EPNs

The two isolates 11N-A4 and 8N-B1 were molecularly characterized using two nuclear
markers (ITS and D2–D3) and one mitochondrial marker (COI). Edited sequences were de-
posited in GenBank (Supplementary Table S1). Both isolates exhibited consistent sequences
across replicates, with no evidence of intraspecific variability in any of the analyzed genetic
regions, indicating genomic stability in each evaluated population.

Isolate 8N-B1 showed high sequence identity with H. amazonensis for the ITS
(99.52–99.88%) and LSU (100%) genes. Conversely, isolate 11N-A4 showed similarly high
identity with H. indica for ITS (99.26%) and LSU (100%). For the COI gene, 11N-A4
showed 97.07% identity with H. indica, whereas 8N-B1 exhibited 98.40% identity with
H. amazonensis (Figures 2–4).

 
Figure 2. Phylogenetic tree obtained by analysis of ITS gene showing the relationship between the
entomopathogenic nematodes isolated (in bold) and their similarity to those from GenBank. Support
values (from top) are from Bayesian inference (BI) and maximum likelihood (ML). Thick branches
represent clades with more than 90% support in all analyses (1000 bootstraps).

For the ITS gene (Figure 2), the dataset comprised 46 sequences from 22 previously
validated species [24]. The alignment length was 800 bp, and the selected substitution
model was HKY + G. Nucleotide frequencies were A = 0.252, C = 0.198, G = 0.256, and
T = 0.294. The log-likelihood value was −ln = 3475.00. The phylogenetic tree grouped
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our isolates into two distinct clades: one corresponding to H. amazonensis (DQ665222,
KU870321, KM211575, MT372499) and another to H. indica (AY321483).

Figure 3. Phylogenetic tree obtained by analysis of D2-D3 gene showing the relationship between the
entomopathogenic nematodes isolated (in bold) and their similarity to those from GenBank. Support
values (from top) are from Bayesian inference (BI) and maximum likelihood (ML). Thick branches
represent clades with more than 90% support in all analyses (1000 bootstraps).

For the D2–D3 LSU rRNA gene (Figure 3), the dataset included 40 sequences from
19 species, with an alignment length of 554 bp. The selected substitution model was
TVMef + G, with equal nucleotide frequencies (A = 0.250, C = 0.250, G = 0.250, T = 0.250).
The log-likelihood value was −ln = 1317.86. The phylogenetic analysis again grouped the
sequences into two clades: one corresponding to H. amazonensis (MT372502, EU099036)
and the other to H. indica (MK421439, MF621006, MF621007, EU100415, MH299851).

For the COI mitochondrial gene (Figure 4), the dataset consisted of 30 sequences
from 19 species, with an alignment length of 376 bp. The selected substitution model was
TIM + I + G, with nucleotide frequencies A = 0.228, C = 0.089, G = 0.187, and T = 0.496. The
log-likelihood value was −ln = 1915.68. The resulting phylogenetic tree placed one clade
within H. amazonensis (MT373738) and another as a distinct branch closely related to H.
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indica (AB355853). Across all gene analyses, bootstrap and BI support values confirmed the
robustness of the inferred phylogenetic relationships.

 

Figure 4. Phylogenetic tree obtained by analysis of COI gene showing the relationship between the
entomopathogenic nematodes isolated (in bold) and their similarity to those from GenBank. Support
values (from top) are from Bayesian inference (BI) and maximum likelihood (ML). Thick branches
represent clades with more than 90% support in all analyses (1000 bootstraps).

2.4. Effect of EPNs on the Mortality of S. frugiperda

The mortality of third-instar (L3) larvae of S. frugiperda exposed to different con-
centrations and exposure times of two species of entomopathogenic nematodes (EPNs),
Heterorhabditis sp. and H. amazonensis, was evaluated (Figure 5). Larval mortality of S.
frugiperda was significantly influenced by the entomopathogenic nematode isolates (A),
nematode concentration (D), and exposure time (T), as revealed by the factorial ANOVA
(p < 0.05; Table 2). Among the evaluated factors, concentration and exposure time ex-
hibited the strongest effects on larval mortality, with very high F values (D: F = 2681.58;
T: F = 3457.15; p = 0.001), indicating that increases in infective juvenile concentration and
longer exposure periods were key determinants of nematode efficacy.
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Figure 5. Corrected mortality (%) of S. frugiperda larvae exposed to different concentrations (5, 10,
20, 40, and 60 infective juveniles [IJs] per larva) of Heterorhabditis sp. and H. amazonensis at 12, 24,
36, 48, 60, and 72 h post-inoculation. Mortality was corrected using Abbott’s formula relative to the
control. Uppercase letters indicate significant differences among exposure times within the same
treatment (horizontal comparisons). In contrast, lowercase letters indicate significant differences
among treatments at the same exposure time (vertical comparison), according to Tukey’s test (p < 0.05).
Error bars represent the standard error of the mean (SEM).

Table 2. Analysis of variance (ANOVA) results showing the effects of entomopathogenic nematode
species, concentration, exposure time, and their interactions on the mortality of S. frugiperda larvae.

Fuente df F Value p

Isolates (A) 1 6.48 0.01 *
Dose (D) 5 2681.58 0.001 ***
Time (T) 5 3457.15 0.001 ***
A × D 5 26.52 0.001 ***
A × T 5 118.02 0.001 ***
D × T 25 163.93 0.001 ***

A × D × T 25 18.19 0.001 ***
Error 288

Signif. codes: * p < 0.05; *** p < 0.001.

The effect of nematode isolate was also significant (F = 6.48; p = 0.01), demonstrating
differences in virulence between the two isolates. Furthermore, all interaction effects
(A × D, A × T, D × T, and A × D × T) were highly significant (p = 0.001), indicating
that larval mortality depended on the specific combination of isolate, concentration, and
exposure time. These results highlight a complex interaction among the evaluated factors
and support the existence of differential pathogenicity patterns and infection dynamics
between the entomopathogenic nematode isolates.

For H. amazonensis (Figure 5), mortality remained low across all concentrations during
the first 12 h post-inoculation. However, between 24 and 48 h, a sharp increase in mortality
was observed at all evaluated doses. At 72 h, statistical analysis showed significant differ-
ences among treatments (60, 40, 20, 10, 5, and 0 IJs/larvae), revealing a clear dose–response
relationship. Temporal comparison between 48 h and 72 h indicated that, for doses of
10, 20, 40, and 60 IJs/larvae, mortality reached its peak at 48 h and remained statistically
unchanged until 72 h (capital letters). For example, the 60 IJs/larvae dose achieved 100%
mortality at 48 h, while the 5 IJs/larvae dose showed a significant increase from ≈50% at
48 h to ≈65% at 72 h. This pattern indicates that H. amazonensis has a rapid mode of action,
achieving high efficacy in the early stages of infection.

In the case of Heterorhabditis sp. (Figure 5), larval mortality showed a steady increase
with both higher concentrations (IJs/larvae) and longer exposure times. During the first
12 h post-inoculation, mortality was low across all doses, reaching only 10% at the highest

https://doi.org/10.3390/ijms27052502



Int. J. Mol. Sci. 2026, 27, 2502 9 of 21

dose (60 IJs/larvae). However, the mortality curve maintained an upward trend throughout
the entire evaluation period, without an early plateau as seen with H. amazonensis. Statistical
analysis at 72 h revealed significant differences among treatments (60, 40, 20, 10, 5, and
0 IJs/larvae), confirming a clear dose–response relationship. At this point, the 60 IJs/larvae
dose reached approximately 91% mortality, whereas the lowest dose (5 IJs/larvae) achieved
around 69%. This pattern suggests that Heterorhabditis sp. exhibits a more gradual mode of
action, with a sustained increase in mortality over time.

At 72 h post-inoculation, the estimated median lethal dose (LD50) values indi-
cated moderate differences in virulence between the two isolates evaluated against S.
frugiperda larvae (Table 3). Heterorhabditis sp. presented an LD50 of 13.77 IJs/larvae
(95% CI: 6.48–21.06), whereas H. amazonensis showed an LD50 of 16.58 IJs/larvae (95%
CI: 9.20–23.95). Although Heterorhabditis sp. required fewer infective juveniles to reach 50%
mortality under these conditions, the substantial overlap of confidence intervals indicates
that the differences between isolates should be interpreted with caution and do not suggest
a marked divergence in virulence. The low χ2 values (0.15 for Heterorhabditis sp. and
0.02 for H. amazonensis), together with the associated probabilities (p = 0.58 and p = 0.99,
respectively), indicate an adequate fit of the probit model to the data. Overall, at 72 h
post-inoculation, both isolates exhibited strong pathogenic activity against S. frugiperda,
with comparable levels of virulence within the uncertainty range of the estimates.

Table 3. Median lethal dose (LD50) of Heterorhabditis sp. and H. amazonensis at 72 h of exposure
against S. frugiperda larvae.

Isolates DL50 (IJs/Larvae) 95% LC χ2 p

Heterorhabditis
sp. 13.77 6.48–21.06 0.15 0.58

H. amazonensis 16.58 9.20–23.95 0.02 0.99

Median lethal time (LT50) values obtained for Heterorhabditis sp. and H. amazonensis
revealed a clear inverse relationship between the applied dose and the time required to
achieve 50% larval mortality (Table 4). In both species, increasing the dose resulted in a
significant reduction in TL50, indicating faster action.

Table 4. Median lethal time (LT50; hours) of Heterorhabditis sp. and H. amazonensis at different doses
(5, 10, 20, 40, and 60 IJs/larvae) against S. frugiperda larvae.

Doses
(IJs/Larvae)

H. amazonensis Heterorhabditis sp.

LT50 (h) 95% LC (h) χ2 p LT50 (h) 95% LC (h) χ2 p

5 39.4 37.7–41.2 333 0.000 29.1 15.3–42.8 315 0.004
10 34.2 27.8–40.6 392 0.001 28.7 24.0–33.3 353 0.000
20 34.1 31.9–36.3 440 0.000 23.8 17.3–30.3 383 0.001
40 29.7 27.6–31.8 469 0.000 33.4 24.5–42.3 491 0.001
60 27.3 27.1–27.5 486 0.000 20.8 16.1–25.4 432 0.000

For H. amazonensis, the lowest dose (5 IJs/larvae) produced a LT50 of 39.4 h, which
progressively decreased with higher doses: 34.2 h (10 IJs/larvae), 34.1 h (20 IJs/larvae),
29.7 h (40 IJs/larvae), and 27.3 h (60 IJs/larvae), representing a total reduction of up to 12.1 h
compared to the initial value. For Heterorhabditis sp., the TL50 at 5 IJs/larvae was 29.1 h,
decreasing to 28.7 h (10 IJs/larvae) and 23.8 h (20 IJs/larvae). However, at 40 IJs/larvae,
there was a slight increase (33.4 h) followed by a marked decrease at the highest dose
(20.8 h; 60 IJs/larvae), which was the lowest LT50 recorded in the study.
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Heterorhabditis sp. showed lower LT50 values than H. amazonensis at low and inter-
mediate doses (5–20 IJs/larvae), suggesting a faster onset of action. However, at higher
doses (40 IJs/larvae), H. amazonensis was more efficient, reaching 50% mortality earlier than
Heterorhabditis sp.

3. Discussion
In the present study, 13 strains of native entomopathogenic nematodes (EPNs) were

isolated from 50 soil samples collected in a cacao agroforestry system, representing an
isolation rate of 26%. This frequency was higher than that reported in other Latin American
countries, such as Chile (7%; 97 positive samples out of 1382 [25]), Colombia (0.49%; 3 out of
612 [26]), Mexico (6.6%; 4 out of 60 [27] and 4.16%; 6 out of 144 [28]), and Brazil (8%; 16 out
of 201, de [29]). In these countries, isolations were carried out in conventional agricultural
systems, which likely influenced the low recovery frequency of EPNs. In contrast, the
isolations in our study were recovered from a cacao agroforestry system, characterized by
higher plant diversity, lower soil disturbance, and more sustainable management practices.
These conditions may favor both persistence and recovery of EPNs. Our results therefore
highlight not only the compatibility of entomopathogens with agroecological practices but
also reinforce their potential as biological control agents within integrated pest management
strategies in sustainable production systems.

The 13 EPN isolates were obtained from sandy loam soils. This soil type is character-
ized by adequate aeration and good drainage, both of which are essential for the mobility
of infective juveniles and for the development of infection processes [29–31]. These edaphic
properties, together with the biodiversity of the evaluated agroforestry system, likely
favor the survival and persistence of EPNs in the sampling area. Similar findings were
reported by the authors of [32], who observed that EPNs were present in tropical regions
with relatively high sand content, as occurred in our study (54.5% sand). Furthermore,
several studies have indicated that soil pH is a determining factor in the occurrence and
distribution of EPNs [33]. However, the ability of the genus Heterorhabditis to colonize a
wide range of environments worldwide [34,35], including both conventional and organic
agricultural systems [36,37], demonstrates its high ecological plasticity. This adaptability is
also reflected in its frequency in sandy soils with pH values below 6 [38,39], as we observed
in our study (pH 5.6).

To evaluate the pathogenicity of the 13 EPN isolates, third-instar larvae of G. mellonella
were used as a model host. All isolates caused significant mortality, with isolates 8N-B1
and 11N-A4 showing the highest virulence, reaching 96.3% and 100% mortality at 72 h post-
infection, respectively (Figure 1). Similarly, Ref. [40] reported G. mellonella mortality ranging
from 86% to 100% at 48 h post-exposure to EPNs. These results confirm the high infectivity
and virulence of the nematodes against this host, as also reported in a recent study [41].

Given their high pathogenicity, isolates 8N-B1 and 11N-A4 were selected for further
experiments to assess their potential for biological control of S. frugiperda, an important
pest of maize. Importantly, accurate taxonomic identification of highly virulent isolates
is essential before considering their application in biological control programs, as cryptic
species or divergent lineages within the same genus may differ in host range, environmental
tolerance, and symbiotic bacterial associations.

To ensure robust identification, both isolates were characterized using nuclear (ITS
and D2–D3 expansion segments of LSU rDNA) and mitochondrial (COI) markers within
the genus Heterorhabditis. While ITS and D2–D3 are widely used in phylogenetic studies
of Heterorhabditis [42], they are known to exhibit limited resolution among closely related
taxa. In contrast, the mitochondrial cytochrome c oxidase subunit I (COI) gene is recog-
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nized as a highly informative marker for species delimitation in animals due to its faster
evolutionary rate and stronger discriminatory power [19,43,44].

Phylogenetic analysis based on ITS, D2–D3, and COI sequences revealed that both
isolates (11N-A4 and 8N-B1) cluster within the Indica group, clearly separated from the
Bacteriophora and Megidis groups. The Indica group has been subdivided into two well-
supported subclades [43]: (i) the Indica subclade, including H. indica and H. noenieputensis,
and (ii) the Baujardi subclade, comprising H. amazonensis, H. baujardi, H. floridensis, H. mexi-
cana, and H. taysearae. Interestingly, our isolates were associated with different subclades:
11N-A4 positioned within the Indica subclade, while 8N-B1 grouped within the Baujardi
subclade, in agreement with previously described evolutionary relationships (Figures 2–4).

Specifically, analyses of the nuclear markers ITS and D2–D3 placed isolate 8N-B1
within the H. amazonensis clade and isolate 11N-A4 within the H. indica clade, with se-
quence identity values above 99% for both genes when compared with reference sequences
(Figures 2 and 3). However, mitochondrial COI analysis revealed distinct phylogenetic
patterns. Isolate 11N-A4 formed an independent clade closely related to H. indica (sequence
AB355853), showing 97.07% sequence identity. In contrast, isolate 8N-B1 clustered firmly
within the H. amazonensis clade (MT373738), with a sequence identity of 98.40% (Figure 4).

These results are consistent with previous studies demonstrating that the nuclear ITS
and D2–D3 regions provide limited resolution for discriminating closely related species
within the genus Heterorhabditis, due to their low levels of sequence divergence. This pattern
was corroborated by our phylogenetic analyses. In Figure 2 (ITS marker), the species
pairs H. sonorensis–H. taysearae, H. georgiana–H. americana, and H. ruandica–H. zacatecana
clustered within the same clades, indicating low interspecific differentiation with this
marker. Similarly, in Figure 3 (D2–D3 marker), clustering was observed for H. bacteriophora–
H. casmirica, H. zacatecana–H. ruandica, and H. georgiana–H. americana, further supporting the
limited discriminatory power of nuclear ribosomal markers in recently diverged lineages.
In contrast, the mitochondrial COI gene has been widely recognized as a key molecular
marker for species delimitation due to its higher evolutionary rate and, consequently,
greater resolving power. In Heterorhabditis, the interspecific differentiation threshold based
on COI has been proposed to range between 97% and 98% sequence identity [44]. This
criterion has been applied in the description of species such as H. zacatecana, H. ruandica,
and more recently H. americana, where divergences within this range were considered
sufficient to support their recognition as distinct species [19,44]. For instance, comparisons
between H. americana and H. georgiana revealed 96.7% COI sequence identity, despite
99.8% identity in ITS and no nucleotide differences in D2–D3 [19], highlighting the limited
resolving power of nuclear ribosomal markers in recently diverged taxa.

In this context, our results suggest that isolate 8N-B1 corresponds to H. amazonensis,
as it exhibits COI identity above 98% and a phylogenetic position congruent across all
three analyzed markers. In contrast, isolate 11N-A4 showed 97.07% COI identity and
formed a distinct mitochondrial clade, indicating possible evolutionary divergence from H.
indica. This divergence, which lies close to the proposed species delimitation threshold for
the genus, suggests that this isolate may represent a distinct taxonomic entity. Nevertheless,
in the absence of detailed morphological characterization, reproductive isolation studies,
and additional multilocus analyses, we conservatively refer to this isolate as Heterorhab-
ditis sp. (Unresolved taxonomic status) until further evidence allows confirmation of its
taxonomic status and, potentially, its formal description as a new species.

Furthermore, these findings underscore the importance of integrating nuclear and
mitochondrial markers in phylogenetic studies. While congruence among different ge-
nomic regions strengthens taxonomic assignments, incongruence, particularly involving
the COI gene, may reveal relevant evolutionary processes such as recent divergence, cryptic
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speciation, or population differentiation. Thus, the molecular evidence presented here not
only supports the taxonomic interpretation of the studied isolates but also provides an
essential evolutionary framework for understanding their biological differences, including
their potential as biological control agents.

The presence of H. amazonensis and Heterorhabditis sp. in this study constitutes the
first report of these species in Peru, particularly in cacao agroforestry ecosystems, thus
expanding their known distribution in South America. H. amazonensis has previously been
reported in Brazil and Venezuela [45,46], mainly in tropical and subtropical ecosystems.
On the other hand, H. indica (a species phylogenetically close to Heterorhabditis sp. reported
in this study) is widely recognized for its cosmopolitan distribution and high ecological
tolerance. According to [47], this species has been recorded across diverse biogeographical
regions: Neotropical, Nearctic, Afrotropical, Australian, Oriental, and Palearctic, with
confirmed presence in Australia, Africa, Asia, North America, and South America. Its
broad distribution and adaptability to different environmental conditions reinforce its
potential as a biological control agent across a wide variety of agroecosystems.

Once the two isolates 11N-A4 (Heterorhabditis sp.) and 8N-B1 (H. amazonensis) were
molecularly identified, their pathogenicity and virulence were tested against third-instar lar-
vae of S. frugiperda. For H. amazonensis (8N-B1), mortality also increased in a dose-dependent
manner, reaching 97% at 72 h with the highest dose (60 IJs/larvae). Comparative analysis
at 72 h showed significant differences among doses (60, 40, 20, 10, 5, and 0 IJs/larvae), with
doses ≥ 20 IJs/larvae resulting in significantly higher mortality compared to the lower
doses (10 and 5 IJs/larvae). However, temporal analysis revealed that, for most doses,
maximum mortality was reached as early as 48 h, with no significant increases thereafter
for the 60, 40, 20, and 10 IJs/larvae treatments, while only the lowest dose (5 IJs/larvae)
showed a significant increase between 48 h and 72 h. This pattern indicates that H. ama-
zonensis exhibits a rapid mode of action, achieving high mortality levels within the first
48 h, with less temporal progression compared to Heterorhabditis sp., which may be related
to differences in infection kinetics or the metabolic activity of its symbiotic bacterium.
Although there are no previous reports evaluating this species against S. frugiperda, studies
conducted in Brazil, where the species was originally described, highlight its pathogenic
capacity against other insects. For instance, H. amazonensis caused 100% mortality in G.
mellonella larvae, 85% in Alphitobius diaperinus, and 46% in adults of Dichelops (Diacereus)
melacanthus, using a dose of 100 IJs/cm2 [18,29].

In Heterorhabditis sp. (11N-A4), mortality generally followed a dose- and exposure-
dependent pattern, reaching 91% at 72 h with the highest concentration (60 IJs/larvae).
Analysis at 72 h revealed significant differences among treatments (60, 40, 20, 10, 5, and
0 IJs/larvae), supporting an overall dose-related response. Compared with H. amazonensis,
Heterorhabditis sp. exhibited a more gradual temporal progression of mortality, suggesting
a sustained mode of action rather than an abrupt lethal effect. Notably, 69% mortality
was achieved at 72 h with only 5 IJs/larvae, indicating strong pathogenic potential at low
infection pressure. However, quantitative comparisons of virulence parameters should be
interpreted cautiously, as biological variability and overlapping confidence intervals may
limit direct inference of isolate superiority. By comparison, Ref. [48] reported 100% mortality
in larvae of the same stage using a substantially higher dose (250 IJs/larvae) and a lower
LT50 (27 h) than observed in the present study (36.10 h). Similarly, Ref. [49] obtained 75%
mortality with 400 IJs/larvae of H. indica at 48 h post-inoculation, while Ref. [50] reported
96.07% mortality using 200 IJs/larvae of Heterorhabditis sp. These differences reinforce that
virulence in entomopathogenic nematodes depends not only on species identity but also
on isolate-specific traits, host physiological status, environmental conditions (temperature
and humidity), soil characteristics, and applied dose [13,17].
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At 72 h of exposure, both isolates exhibited low LD50 values, reflecting high pathogenic
activity. Although Heterorhabditis sp. required a numerically lower infective juvenile
dose to achieve 50% mortality than H. amazonensis, the overlapping confidence intervals
indicate that their virulence levels are broadly comparable. Similar inter-isolate vari-
ability has been reported in other Heterorhabditis species, where differences in LD50 may
reflect natural variation in host penetration efficiency, symbiotic bacterial virulence, and
host susceptibility [14,51].

The LT50 patterns generally reflected the dose-related dynamics typical of ento-
mopathogenic nematodes. Increasing IJ density tended to reduce the time required to reach
50% mortality, although the relationship was not strictly monotonic across all treatments. In
particular, the fluctuation observed at intermediate doses may be associated with biological
processes such as intraspecific competition among infective juveniles, interference during
host penetration, or variability in host immune responses. Similar non-linear responses
have been documented in other EPN–host systems [52–54]. At low-to-intermediate doses,
Heterorhabditis sp. tended to produce lower LT50 values than H. amazonensis, suggesting a
relatively faster onset of pathogenic activity under those conditions. At higher doses, differ-
ences between isolates were less consistent, indicating that isolate performance may vary
depending on infection pressure rather than reflecting fixed superiority. Density-dependent
synergistic processes, including enhanced bacterial proliferation or cooperative penetration
effects, may contribute to such patterns [55,56].

Both isolates demonstrated strong pathogenic activity at the highest tested dose, con-
sistent with previous reports identifying Heterorhabditis spp. as highly effective agents
against lepidopteran pests, including S. frugiperda [16]. The ability to induce substantial
mortality even at low doses supports their potential integration into IPM programs, par-
ticularly given the ecological compatibility of EPNs with other biological and cultural
control strategies.

Overall, the combined LD50 and LT50 analyses suggest that both isolates are promising
candidates for biological control applications. Rather than indicating strict superiority
of one isolate over the other, the results point to complementary virulence patterns that
may become advantageous under different operational conditions. Future studies assess-
ing environmental persistence, host-seeking behavior, reproductive capacity, and field
performance will be essential to determine their practical deployment potential.

Despite the promising results obtained under laboratory conditions, several limita-
tions must be acknowledged before considering field implementation. The experiments
were conducted under controlled conditions that do not fully represent the environmental
variability of natural agroecosystems. Factors such as soil properties, temperature fluctua-
tions, and ecological interactions may affect nematode survival and infectivity. Therefore,
greenhouse and field evaluations are necessary to confirm their effectiveness, persistence,
and suitability for integrated pest management programs.

Consistent with previous studies [57], the high pathogenic activity observed against
third-instar larvae of S. frugiperda supports the relevance of entomopathogenic nematodes
as biological control agents under diverse agricultural conditions. This study represents
the first record of H. amazonensis in Peru and provides evidence of the biocontrol potential
of both isolates against an economically important pest in the Peruvian Amazon.

4. Materials and Methods
Climatic Conditions and Soil Analysis
The cacao agroforestry system was located in a tropical dry forest (bs-T) zone, with

an average annual temperature of 25.62 ◦C, mean relative humidity of 84.06%, and a
cumulative annual precipitation of 1720 mm. Soil analysis revealed a sandy loam texture,
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acidic Ph (5.78), organic matter content of 2.02%, and a bulk density of 1.45 t/m3 (Table 5).
The surrounding vegetation was dominated by grasses of the genus Brachiaria spp.

Table 5. Physical and chemical characteristics of soil at the sampling site.

Mechanical Soil Analysis

Textural Class pH EC (dS/m) OM
%

N
%

P
ppm

K
ppm CECSand

%
Clay

%
Silt
%

54.5 18.5 27 Sandy Loam 5.78 36.6 2.02 0.1 5.12 96.36 7.4

Culture of insects
Galleria mellonella larvae [L.] (Lepidoptera: Pyralidae) were provided by the Biomil

Solutions Laboratory (Trujillo, La Libertad, Peru). Rearing was carried out in the insect
rearing laboratory of the Universidad Nacional de San Martín using an artificial diet
composed of wheat bran (800 g), corn flour (600 g), baker’s yeast (300 g), sugar honey
(1600 mL), and pollen (5 g), at 27 ± 1 ◦C with 70% relative humidity [58]. Last-instar G.
mellonella larvae were used as bait insects to isolate entomopathogenic nematodes (EPNs)
from soil samples and for pathogenicity assays.

S. frugiperda larvae (Lepidoptera: Noctuidae) were collected from a maize (Zea mays)
field at the Fundo Agroforestal Aucaloma of the Universidad Nacional de San Martín,
Lamas Province, San Martín, Peru (S 6◦26′19.07′′; W 76◦25′29.76′′; 720 m a.s.l.). Larvae
were reared in 30 mL polypropylene cups (0.45 × 0.35 cm) containing a standard artificial
diet [58] and incubated at 28 ± 1 ◦C with 75 ± 5% relative humidity and a 12:12 h light:dark
photoperiod until the larval stage was completed. Pupae were then removed from the cups
using entomological forceps and sexed under a stereomicroscope based on the morphology
of the terminal abdominal segments. Virgin adults (10 males and 10 females) were placed in
rearing boxes (50 × 35 × 30 cm) containing a pot with rice (Oryza sativa) seedlings, serving
as an oviposition substrate and refuge. Egg masses were collected daily and transferred to
Petri dishes; emerging larvae were fed an artificial diet [58]. When larvae reached the third
instar, they were individualized in cups containing the same diet to prevent cannibalism.
These F1-generation larvae were used for subsequent experiments.

Collection of soil samples
Soil samples were collected between 6:00 and 8:00 a.m. from a 1-ha Theobroma ca-

cao field located in the district of Tabalosos, Lamas Province, San Martín Region, Peru
(S 6◦23′4.06′′; W 76◦38′26.60′′; 641 m a.s.l.), between January and December 2021. The cacao
plantation was part of an agroforestry system with Simarouba amara, Swietenia mahagoni, Ce-
drela odorata, Citrus sp., and Byrsonima crassifolia, with cacao (CCN51, Forastero and Criollo
varieties) as the main crop. No chemical products were applied during crop management.

From each randomly selected cacao plant (separated by at least 5 m), three subsamples
(15–20 cm depth) were collected at equidistant points around the main stem (1–2 m distance).
The subsamples were combined to obtain approximately 2 kg of composite soil per plant. In
total, 50 soil samples were collected, labeled, placed in polystyrene boxes, and transported
to the Insect Rearing Laboratory of the Universidad Nacional de San Martín. In the
laboratory, samples were processed immediately by removing stones, leaves, and roots.
A portion of each sample was used for physicochemical analysis, while the remainder
was used for EPN isolation. Climatic data for the field were obtained from the National
Meteorology and Hydrology Service of Peru (SENAMHI–Peru) (https://www.gob.pe/
senamhi, accessed on 4 October 2025). Surrounding vegetation at each sampling site was
also recorded.

Soil Physical and Chemical Properties

https://doi.org/10.3390/ijms27052502



Int. J. Mol. Sci. 2026, 27, 2502 15 of 21

Physical and chemical analyses were conducted at the Soil and Water Laboratory of
the Universidad Nacional de San Martín (Tarapoto, Peru). Determined properties included
soil texture, assessed using the hydrometer method [59]; pH (1:2.5 H2O) measured with a
pH meter; and electrical conductivity (1:2.5 H2O). Available phosphorus was determined
using the Olsen method [60] with spectrophotometric analysis and UV–visible reading.
Additionally, available potassium and exchangeable cations (meq/100 g: Ca2+, Mg2+, K+,
Na+, Al3+) were measured using 1N ammonium acetate (pH 7.0) followed by atomic ab-
sorption spectrophotometry. Exchangeable acidity (Al3+ + H+) was determined by titration
with sodium hydroxide [61], and the cation exchange capacity (CEC) was calculated as the
sum of base cations plus exchangeable acidity. Total nitrogen was determined using the
Micro-Kjeldahl method [62], from which soil organic matter content was estimated.

Isolation of EPNs from soil
Entomopathogenic nematodes (EPNs) were isolated using G. mellonella larvae follow-

ing the methodology described by [63]. Each soil sample was divided into two portions,
and approximately 500 g of soil was placed in 500 mL plastic containers. Then last-instar G.
mellonella larvae were placed on top of the soil in each container and incubated at 25 ± 2 ◦C
for 7 days. At the end of the incubation period, cadavers showing symptoms suggestive
of EPN infection were collected and placed in White traps at 25 ± 2 ◦C [63]. After 7 days,
emerging infective juveniles (IJs) were collected, labeled, and stored in 500 mL flasks
containing distilled water at 10–15 ◦C in a BOD incubator for a maximum of 6 days prior
to use.

Production and conservation of EPNs
For culturing the different EPN isolates, stored IJs were reinoculated into last-instar G.

mellonella larvae following the methodology of [63] with modifications. Ten G. mellonella lar-
vae were placed in rectangular plastic containers (34 × 24 × 10 cm; height × width × length)
lined with sterile paper towels. A suspension of approximately 1000 IJs/mL was sprayed
onto the larvae using an atomizer, and larvae were incubated for 3 days to promote infec-
tion. Subsequently, infected cadavers were collected and placed in White traps [64] for
12 days. Emerging IJs were then collected and stored in sealed Ziploc bags (40 × 25 cm)
containing a moist sponge (distilled water) at 10–15 ◦C in a BOD incubator. Only viable
infective juveniles collected within 48 h were used in subsequent experimental assays.

Preliminary test
The pathogenicity and virulence of 13 entomopathogenic nematode (EPN) isolates were

evaluated against those of G. mellonella larvae using the insect-baiting technique. Infective
juveniles (IJs) were applied at a 5:1 ratio (IJs per larva), and larval mortality was recorded at
24, 48, and 72 h post-inoculation. Pathogenicity was defined as the ability to cause larval
death, and virulence was quantified by median lethal time (LT50). Isolates causing ≥90%
mortality and exhibiting the lowest LT50 values were considered highly pathogenic and
virulent and selected for subsequent molecular analysis. All assays were conducted under
controlled laboratory conditions and repeated three times for reproducibility.

Molecular Identification
The two EPN isolates exhibiting the highest pathogenicity (≥90% mortality) and

virulence (lowest LT50 values) were selected for molecular identification. The isolates
were surface-sterilized following the methodology described by [65]. Genomic DNA was
extracted as follows: 1.5 mL Eppendorf tubes containing surface-sterilized nematodes
were supplemented with 45 µL of TE buffer (10 mM Tris-HCl; 1 mM EDTA; pH 8.0) and
5 µL of β-mercaptoethanol. Nematodes were manually homogenized using a sterile pestle.
Subsequently, 450 µL of TE buffer was added, the mixture was vortexed and centrifuged
at 13,000 rpm for 4 min at 4 ◦C, and the supernatant was discarded. The resulting pellet
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was air-dried at room temperature for 30 min and resuspended in 25 µL of ultrapure water.
Extracted genomic DNA was stored at −20 ◦C until further use.

Polymerase chain reaction (PCR) was used to amplify three target genes/regions
in the EPN isolates: the D2-D3 segment of the 28S rRNA gene (Primers: D2A-F: 5′-
ACAAGTACCGTGAGGGAAAGTTG-3′ and D3B-R: 5′-TCGGAAGGAACCAGCTACTA-
3′ [66], the ribosomal internal transcribed spacer 1 (ITS1) of the rRNA region (Primers: TW81-F:
5′-GTTTCCGTAGGTGAACCTGC-3′ and AB28-R: 5′-ATATGCTTAAGTTCAGCGGGT-3′ [67],
and the mitochondrial cytochrome c oxidase subunit I gene (COI) (Primers: HCF-F: 5′-
TTACATGATACTTATTATG-3′ and HCR-R: 5′-CTGATAACTGTGACCAAATACATA-3′ [68]).

PCR reactions consisted of 1 µL of genomic DNA, 1 µL of buffer at 10×, 0.2 µL of
dNTPs at 10 mM, 0.4 µL of MgSO4 at 50 mM, 0.04 µL of Taq DNA Polymerase High Fidelity
(Invitrogen™ Carlsbad, CA, USA) at 5 U/µL, 0.2 µL of both forward and reverse primers at
10 µM, and 10.5 µL of dH2O. PCR conditions included initial denaturation at 95 ◦C for 2 min,
followed by 35 cycles at 95 ◦C for 30 s, 61 ◦C for 50 s, and 72 ◦C for 1 min 40 s, followed
by a final extension at 72 ◦C for 5 min. PCR products were separated electrophoretically
on 1% agarose gels, stained with Diamond™ Nucleic Acid Dye (Promega, Madison, WI,
USA) and viewed by UV illumination. The bands of the expected size were excised with a
scalpel. The amplified DNA was isolated from the gel with the GFX™ PCR DNA and Gel
Band Purification Kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s
protocol, cloned into the pCR2.1 TOPO TA cloning vector (Invitrogen, Carlsbad, CA, USA)
and transformed into One Shot® TOP10 chemically competent Escherichia coli (Invitrogen,
Carlsbad, CA, USA). Four recombinant colonies of each gene/region and isolate were
selected by blue/white screening and the presence of inserts detected by PCR amplification
with KOD DNA Polymerase (Sigma-Aldrich, St. Louis, MO, USA) using universal forward
and reverse M13 vector primers. After isolation from transformed cells, plasmids were
sequenced on both strands with M13F/M13R primers using the BigDye Terminator kit 3.1v
(Applied Biosystems, Foster City, CA, USA). The products were analyzed on an automated
DNA sequencer (ABI 3730XL DNA analyzer—Macrogen Inc., Seoul, Republic of Korea).
New sequences were deposited in GenBank.

Phylogenetic Analysis
DNA sequences were edited using MEGA X [69], and the edited sequences were

submitted to BLASTn to compare them with sequences in the NCBI database (http://
blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 4 October 2025)). From this database, highly
similar sequences (≥98% identity for the same species) and sequences from closely related
species were retrieved and included in the phylogenetic analyses (accession numbers
provided in Supplementary Table S1). Three datasets were generated, D2–D3, COI and
ITS. For phylogenetic reconstruction, each dataset was aligned using MAFFT v.7 [70] with
default parameters.

Before phylogenetic analyses, the best-fit nucleotide substitution models for each
dataset were estimated using Topali 2.5 [71]. The Transversional model with equal base
frequencies and gamma distribution (TVMef + G) was applied to the D2–D3 region of the
rRNA gene, the Transition model with a proportion of invariable sites and gamma distribu-
tion (TIM-I + G) was selected for the COI dataset, and the Hasegawa–Kishino–Yano model
with gamma distribution (HKY + G) was used for the ITS region of the rRNA gene. These
models accounted for differences in substitution rates and among-site rate heterogeneity,
ensuring robust phylogenetic inference. Phylogenetic relationships were reconstructed
using Bayesian inference (four runs of 1 × 106 generations, sampling frequency of 500,
burn-in of 25%) and maximum likelihood analysis (1000 bootstrap replicates) in MrBayes
3.1.2 [72] and PhyML [73], respectively, executed via Topali 2.5.

Experimental Infection in S. frugiperda
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The median lethal dose (LD50) and median lethal time (LT50) of two highly virulent
EPN isolates (selected from the preliminary screening) were estimated against those of
S. frugiperda larvae under controlled laboratory conditions. The experimental design
corresponded to a completely randomized factorial design with three fixed factors: isolate
(Heterorhabditis sp. and H. amazonensis), dose (0, 5, 10, 20, 40, and 60 infective juveniles
[IJs] per larva), and time (12, 24, 36, 48, 60, and 72 h post-inoculation). The experimental
unit consisted of a single healthy third-instar larva placed in a 1.5 mL Eppendorf tube
containing 1 mL of sterile fine sand moistened to field capacity. Each larva was handled
and maintained separately to ensure independence among experimental units. For each
isolate × dose combination, five larvae were evaluated. The experiment was conducted in
three independent bioassays performed at different times, each using newly prepared IJ
suspensions and independent batches of larvae under identical experimental conditions.
In each bioassay, mortality was recorded for every larva at 12, 24, 36, 48, 60, and 72 h
post-inoculation. In total, 15 larvae were evaluated per concentration (5 larvae × 3 periods).
Mortality observations at different time points were incorporated into the factorial analysis
as levels of the fixed factor “time.”

Statistical Analysis
Mortality data from G. mellonella larvae were subjected to normality (Kolmogorov–

Smirnov) and homogeneity of variance (Levene’s test) assessments. Once assumptions were
met, a one-way ANOVA (p < 0.05) was performed using mortality values corrected with
Abbott’s formula [16,48], followed by multiple comparisons using Tukey’s test (p < 0.05).
For isolates that exceeded 50% mortality, the median lethal time (LT50) was estimated
for each isolate using Kaplan–Meier survival analysis [74]. The reported χ2 statistics
correspond to the goodness-of-fit of the fitted survival model for each isolate, and the
associated p-values evaluate the significance of the estimated survival function. Because
these statistics represent model fit rather than pairwise or global comparisons among
isolates, the degrees of freedom depend on the number of observations and estimated
parameters within each model.

For mortality data from S. frugiperda larvae, the same statistical procedure was applied,
followed by estimation of the median lethal dose (LD50) using Probit analysis [28]. All
analyses were performed in RStudio v.4.5.1.

5. Conclusions
This study represents a significant contribution to the search for sustainable alterna-

tives for the control of Spodoptera frugiperda, one of the most economically important pests in
tropical agricultural systems. The molecular characterization of native entomopathogenic
nematodes (EPNs) enabled the identification of two species of the genus Heterorhabditis,
including the first record of H. amazonensis in the Peruvian Amazon. This finding expands
current knowledge of the region’s functional biodiversity and provides valuable baseline
information for future conservation, bioprospecting, and biological control initiatives.

Pathogenicity assays against third-instar larvae of S. frugiperda demonstrated the
efficacy of both isolates, with Heterorhabditis sp. standing out for its higher infectivity
and faster ability to induce mortality. These traits position it as a promising candidate
for the development of biopesticides. However, further studies evaluating environmental
tolerance, persistence, and field efficacy are required before its incorporation into integrated
pest management (IPM) programs can be fully supported. The results provide a scientific
foundation for future research aimed at integrating native EPNs into sustainable pest
management strategies.

These traits position it as a highly promising candidate for the development of biopes-
ticides. The results strengthen the scientific basis for incorporating EPNs into integrated
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pest management (IPM) programs, contributing to reduced reliance on synthetic insec-
ticides, mitigation of associated environmental impacts, and the promotion of more re-
silient, productive, and sustainable agricultural systems in the Amazon region and other
tropical contexts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27052502/s1.
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C.A.M.; et al. Description of Heterorhabditis americana n. sp. (Rhabditida, Heterorhabditidae), a new entomopathogenic nematode
species isolated in North America. Parasites Vectors 2025, 18, 101. [CrossRef]

20. Edgington, S.; Buddie, A.G.; Moore, D.; France, A.; Merino, L.; Hunt, D.J. Heterorhabditis atacamensis n. sp. (Nematoda: Heterorhabdi-
tidae), a new entomopathogenic nematode from the Atacama Desert, Chile. J. Helminthol. 2011, 85, 381–394. [CrossRef]

21. Machado, R.A.R.; Bhat, A.H.; Abolafia, J.; Shokoohi, E.; Fallet, P.; Turlings, T.C.J.; Tarasco, E.; Půža, V.; Kajuga, J.; Yan, X.; et al.
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