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ABSTRACT

Objective: To evaluate the effect of three Heterorhabditis nematode isolates obtained from different
agroecosystems on adults of Sphenophorus incurrens, a phytosanitary problem in sugarcane (Saccharum spp.)
cultivation.

Design/Methodology/Approach: Adult weevils were collected from the field using bait traps and transported
to the laboratory. To assess LC5,, LT, and the efficacy of these native nematodes, bioassays were conducted
using doses of 0, 10, 50, 100, 200, 500, 1000, and 5000 infective juveniles (IJs)/adult weevil in 12-well cell
culture plates over a period of 10 days.

Results: All three isolates exhibited pathogenicity against sugarcane weevils at all tested doses, except the
control. The most virulent strain was Heterorhabditis bacteriophora (C-23), isolated from cattle-grazed soils, with
an LG5, of 2,626 IJs/weevil (P<0.0001) and an LT, of 17.7 days (P<0.0001).

Limitations/Implications: This is the first known study evaluating EPNs against adult S. incurrens under
laboratory conditions. Future studies should include field evaluations of these nematodes and their target pest.
Findings/Conclusions: The observed variation in weevil mortality likely relates to the ecological niche, host
interaction, and life history of each nematode isolate. These findings support the potential of entomopathogenic
nematodes as a viable biological control option for managing S. incurrens in sugarcane cultivation.

Keywords: Biological control, bioassays, Heterorhabditidae, pathogenicity, pest.

INTRODUCTION
Sugarcane (Saccharum spp.) is considered a crop of significant importance due to the
wide range of products derived from it (Santiago-Zarate et al., 2022). In Mexico, the states

of Veracruz and Jalisco are the primary contributors, accounting for approximately 50.6%
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of the country’s sugar production (CONADESUCA, 2024). Like any crop, sugarcane
is subject to various phytosanitary issues, including diseases and pests, which negatively
impact yield. The main harmful agents include insects, rodents, bacteria, and viruses
(Ferrer and Salas, 2024; Rodriguez del Bosque et al., 2014).

Among the insect pest problems affecting sugarcane are termites (Heterotermes spp.;
Isoptera: Rhinotermitidae), stalk borers (Diatraea spp.; Lepidoptera: Crambidae), spittlebugs
(Aeneolamia and Prosapia spp.; Hemiptera: Cercopidae), the white grub complex (Phyllophaga
spp.; Coleoptera: Scarabaeidae) (Salgado-Garcia e al., 2019), and the sugarcane weevil
(Sphenophorus incurrens Gyllenhal; Coleoptera: Curculionidae) (Dominguez-Monge et al.,
2017; Grifaldo-Alcantara et al., 2023).

In Mexico, the most frequently reported and economically significant weevil species in
this agroecosystem is Sphenophorus incurrens (Segura-Ledn et al., 2013), a pest responsible
for losses of up to 20-30 t ha™! (Barreto-Triana et al., 2014). It has been reported in the
states of Veracruz, Oaxaca, Puebla, Michoacan, San Luis Potosi, and Morelos (Sanchez-
Bolén, 2017), as well as in Jalisco, where its presence was first detected in 2020 (Grifaldo-
Alcantara et al., 2023). This pest damages sugarcane stands by creating patchy areas
in the crop. However, the larvae are the primary agents of injury, developing in the
underground portion of the stalk, penetrating the base, and creating galleries in various
directions. Their feeding facilitates the entry of phytopathogenic bacteria, leading to root
rot and wilting of both primary and secondary roots (Grifaldo-Alcantara et al., 2023),
including Colletotrichum falcatum, Fusarium spp., and Nigrospora spp. (Joyce et al., 2016).
These pathogens reduce sugar quality and can result in yield losses of 20-30 t ha™!
(Barreto-Triana et al., 2014).

According to their biology, female weevils are polyandrous and may mate multiple times
with the same or different males, which enhances reproductive success and can increase
fertility and fecundity by up to 70% (Arnqvist et al., 2004). Various developmental stages
of the weevil can be found inside sugarcane stools following field burning and harvest.
Within the stalks, pupae continue to develop and move toward the roots until reaching
adulthood (Segura-Ledn et al., 2014). As adults, they are attracted to the regrowing canes
(ratoon crops) after cutting. Females lay eggs individually near the base of the plant, and
upon hatching, the early larval stages feed on plant tissue and bore into the stalks, creating
galleries (Segura-Leodn et al., 2013).

The primary strategy for controlling this pest relies on the use of chemical products,
which are costly, environmentally harmful, and pose risks to food safety and human health
(Ramirez-Mora et al., 2018). Commonly used chemicals include Endosulfan (Counter
5G®), Bifenthrin (Brigadier 5G®), Fipronil®, and Thiamethoxam® (CICOPLAFEST,
2022). However, chemical applications have shown limited success against the weevil due
to the cryptic behavior of the larvae, which reside inside the plant’s stalks and roots (Cerda
et al., 1999).

In the search for alternative methods, biological control is widely considered a viable
strategy for reducing pests in agricultural settings. It offers multiple benefits, including
improved farmer economics, environmental protection, and safeguarding producer

health (Arredondo-Bernal and Rodriguez del Bosque, 2008). Parasitoids are among
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the most commonly used organisms in biological control, alongside predators and
entomopathogenic fungi (Zelaya-Molina et al., 2022). However, other microorganisms,
such as entomopathogenic nematodes (EPNs), also hold great potential for controlling
agricultural and livestock pests (Pacheco et al., 2019). EPNs exhibit strong adaptability
to new environments, effective mobility in soil, and active host-seeking behavior, without
harming the environment or human health (San-Blas et al., 2019).

The aim of this study was to quantify the in vitro pathogenicity of three native strains

of entomopathogenic nematodes against the sugarcane weevil Sphenophorus incurrens
Gyllenhal.

MATERIALS AND METHODS
Insect collection

In sugarcane fields with reported damage from this pest, traps were set following the
methodology implemented by the Atencingo Sugar Mill in Puebla, Mexico (personal
communication). A total of 250 traps were placed across a one hectare area. The attractant
bait consisted of ground sugarcane and molasses diluted in water at a 20% ratio (5:1),
which was allowed to ferment beforehand. The baits were placed on the soil near the base
of the sugarcane plants. After 24 hours, the traps were checked, and adult weevils were
collected using entomological forceps and stored in airtight 250 mL plastic containers. The
specimens were then transported to the laboratory, where they were kept in quarantine

prior to experimentation.

Entomopathogenic nematodes

Three native isolates from different agroecosystems in the state of Jalisco were evaluated
(Table 1). These isolates were obtained using the insect baiting technique with Galleria
mellonella L. (Lepidoptera: Pyralidae) (Sturhan and Mréacek, 2000).

Multiplication EPNs

Each isolate was individually evaluated using third and fourth instar larvae of Galleria
mellonella (Linnaeus) (Lepidoptera: Pyralidae). The larvae were placed in 60 mm plastic
Petri dishes, each containing two circles of Whatman No. 1 filter paper. In each dish,
1.5 mL of water containing infective juveniles (100 IJs per larva) was added (Stock and
Goodrich-Blair, 2012), and the dishes were immediately sealed. After 11 days, the larval
cadavers were transferred to White traps (White, 1927) to harvest infective juveniles from

each 1solate.

Table 1. Native entomopathogenic nematode isolates from the state of Jalisco, Mexico.

Agroecosystem Municipality State Latitud | Longitude Alt(l;:;de Species

Cucumber crop | Autldn de Navarro | Jalisco, Méx. 104° 29° 19°77 885 Heterorhabditis bacteriophora (AUME-20)
Cattle corrals El Limén Jalisco, Méx. 104° 03’ 19° 47 804 Heterorhabditis bacteriophora (C-23)
Sugarcane crop | Autldn de Navarro | Jalisco, Méx. 19° 45 104° 19 901 Heterorhabditis bacteriophora (JAAN-19)
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Bioassays

Experiments were conducted under laboratory conditions to quantify the pathogenicity
of three EPN strains and determine the median lethal concentration (LCj;) and median
lethal time (LT )) against adult sugarcane weevils (Sphenophorus incurrens). Each experiment
used 12 well cell culture plates (Biologix®), with each well containing two circles of Whatman
No. 1 filter paper, one randomly selected adult weevil, and a piece of sugarcane as food.
Treatments consisted of 10, 50, 100, 200, 500, 1000, and 5000 infective juveniles (IJs),
plus a control (water=0 IJs), with three replicates conducted at different times. Volumetric
counts were performed for each dose applied (Stock and Goodrich-Blair, 2012).

The boxes containing each treatment and nematode strain were maintained at a
temperature of 25+ 2 °Cwith a 12:12 h light/dark photoperiod. Evaluations were conducted
every 24 hours for 10 days after the experiments began. A Probit regression model was used

for the experimental design, and data were analyzed using the SAS statistical software.

RESULTS AND DISCUSSION

Based on the results obtained from the evaluation of three Heterorhabditis EPN
isolates against adult sugarcane weevils (Sphenophorus incurrens), all isolates demonstrated
pathogenic effects on the pest. However, S. incurrens adults were most susceptible to the
Heterorhabditis bacteriophora (C-23) isolate, which was the most virulent, with an LCs, of
2,626 IJs/weevil (lower limit: 1,084 IJs/weevil; upper limit: 15,288 IJs/weevil; P<0.0001).
This was followed by H. bacteriophora (AUME-20) with an LC;; of 69,167 IJs/weevil (lower
limit: 7,394; upper limit: 122,675; P<0.001), and H. bacteriophora (JAAN-19) with an LC5,
of 11,558 IJs/weevil (lower limit: 3,540; upper limit: 192,990; P<0.0001) (Table 2).

According to the estimated mortality curves for Sphenophorus incurrens (Figure 1) and the
corresponding lower and upper confidence limits across different EPN IJ concentrations,
pathogenicity varied among isolates. The most effective isolate was Heterorhabditis
bacteriophora (C-23), which caused 50% mortality at 2,626 IJs/weevil. This was followed by
H. bacteriophora (JAAN-19), with 50% mortality at 11,558 IJs/weevil, and H. bacteriophora
(AUME-20), which required 69,167 IJs/weevil to reach the same mortality rate. As shown
in Figure 1, increasing the IJ concentration of all three native isolates led to a corresponding
increase in adult S. incurrens mortality.

Regarding the median lethal time (LT;y; 95% CI) of the three EPN isolates against
Sphenophorus incurrens based on Probit analysis, the most effective isolate was H. bacteriophora
(C-23), with an LT, of 17.8 days (P<0.0001), a lower limit of 14.8 days, and an upper limit
of 22.8 days. This was followed by H. bacteriophora (AUME-20), with an LT, of 26 days

Table 2. Median lethal concentration (LCj) of three native EPN isolates.

LC TCprso 9% Intercept Logl0
EPN Isolate s/ wi(:evil) (EPN IJs) + EE (Dose) + EE P value
Lower Upper
H. bacteriophora (AUME-20) 69167 7394 122675 -3.1%+0.6 0.63x0.2 <0.001
H. bacteriophora (C-23) 2626 1084 15288 -3.0%0.5 0.87+0.2 <0.0001
H. bacteriophora (JAAN-19) 11558 3540 192990 -3.9%0.6 0.96x0.22 <0.0001
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Figure 1. LC;, of three Heterorhabditis bacteriophora strains (C-23, JAAN-19, and AUME-20) with 95%
confidence intervals (CI).

(P<0.0001; CI: 20.1-38.1 days), and H. bacteriophora (JAAN-19), with an LT of 28.2 days
(P<0.0001; CI: 22.3-43.0 days) (Table 3).

Figure 2 shows the 95% confidence intervals for the estimated mortality curves and
observed mortality values of adult Sphenophorus incurrens over time (days). The isolate
Heterorhabditis bacteriophora (C-23) showed the highest efficacy, causing 50% mortality in
17.8 days. This was followed by H. bacteriophora (JAAN-19), with 50% mortality in 26 days,
and H. bacteriophora (AUME-20), which exhibited a similar effect with 50% mortality in
28.2 days.

Table 3. Median lethal concentration (LCj5) of three native EPN isolates.

ICp; 50 95% I Log10(Dose)
ntercept 0g ose
EPN Isolate LT, (days) (EPN IJs) i = P value
Lower Upper
H. bacteriophora (AUME-20) 26 20.1 38.1 —4.3%x0.3 3.0x0.3 <.0001
H. bacteriophora (C-23) 17.8 14.8 22.8 —3.2+0.2 2.6x0.2 <.0001
H. bacteriophora (JAAN-19) 28.2 21.3 43 —4.0x0.2 2.8x0.23 <.0001
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= = = Estimated line Heterorhabditis
00 | .. g
08 | T
0.7 B Observed values
0.6 | — Estimated line Heterorhabditis
2 o | Cascor
g .
=04
0.3
02
0.1
0.0
1 10 100
Time (days)

Figure 2. LT, of three native Heterorhabditis bacteriophora isolates (C-23, JAAN-19, and AUME-20).
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At the end of each experiment, to confirm that the death of S. incurrens adults was
caused by EPNs, the cadavers were placed in new Petri dishes (100X 15 mm) containing
a circle of Whatman No. 1 filter paper and 1.5 mL of sterilized water. In all cases, EPN
emergence from each isolate was observed.

Therefore, we conclude that all three EPN isolates evaluated against adult S. incurrens
were effective. However, the isolate H. bacteriophora (C-23), collected from cattle farming
areas, showed the highest pathogenicity with an LC5, of 2,626 IJs/weevil (P<0.0001).
This variation in pathogenicity among isolates may be attributed to interactions with
different pest insects present in the environments from which each isolate was obtained.
According to Rodriguez ¢t al. (2009), although satisfactory mortality rates were observed
in Galleria mellonella and Tenebrio molitor L. (Coleoptera: Tenebrionidae) using six native
Heterorhabditis isolates, only Heterorhabditis sp. CIA-NE-07 showed higher effectiveness in
laboratory conditions, achieving 50% mortality (LC5,=625 IJs/larva in 30 days) against six
out of ten larvae of Phyllophaga elenans Saylor (Coleoptera: Melolonthidae). Similarly, in our
study, higher mortality was expected from the H. bacteriophora (JAAN-19) isolate, which
was collected from sugarcane fields. However, we believe it is possible that S. incurrens and
this 1solate may not have interacted in the field, as the main pest problem in the collection
area was the sugarcane borer Diatraca saccharalis (personal communication).

It is known that adult sugarcane weevils are sensitive to movement and remain
motionless when the soil is disturbed a behavior thought to be an escape mechanism from
predators (Segura-Leon et al., 2014). Their damage appears in patches and they exhibit
gregarious behavior within the crop, seeking dark, moist areas such as inside stalks, leaf
axils, and roots, where larvae, pupae, and adults coexist and feed in groups (Glibin et
al., 2000; Girén-Pérez et al., 2009). Based on this behavior, the use of entomopathogenic
nematodes (EPNs) 1s considered a promising strategy for managing this pest in sugarcane
agroecosystems. These nematodes can move through soil pores in search of hosts, being
attracted by insect emitted volatiles (Barbercheck and Kaya, 1991; Sdenz-Aponte and
Olivares, 2008). According to the results of this study, Heterorhabditis bacteriophora (C-23)
could effectively regulate both adult and immature stages of the pest, given their coexistence
in the same habitat. EPNs possess vertical movement capabilities up to 10 cm in soil, which
corresponds to the typical depth where these sedentary and cryptic insects can be found
(Segura-Leodn et al., 2014).

Previous studies have evaluated EPNs against curculionids. For instance, in Téchira,
Venezuela, three native Steinernema strains and two Heterorhabditis strains were tested against
larvae of the pineapple weevil Metamasius dimidiatipennis (Coleoptera: Curculionidae).
Steinernema sp.-075 was the most effective, achieving 95% larval mortality in 3.19 days at
a dose of 500 IJs/larva. These findings support the idea that virulence and aggressiveness
vary by strain (Garcia-Caicedo et al., 2013). This aligns with our results, suggesting that /1.
bacteriophora (C-23) may have adapted to short-cycle fly larvae and other soil organisms like
ticks and white grubs, which are prevalent in its native habitat (Cruz-Vazquez et al., 2003;
Marquez, 2002). Although white grubs are not major pests, their presence is encouraged by
high organic matter in the soil. Garcia-Caicedo et al. (2013) argue that variations in EPN

effectiveness are due to differences in pathogenicity and the susceptibility or resistance of
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target insect populations. This could be linked to the ecological niche from which each
1solate was obtained. For example, although H. bacteriophora (JAAN-19) was collected from
a sugarcane field, it may never have interacted with \S. incurrens, as this pest was primarily
found in the regions of Las Paredes and Ayuquila, not near Autlan de Navarro, Jalisco
where JAAN-19 was isolated (Grifaldo-Alcantara et al., 2023).

During the evaluations conducted in this study, a clear relationship was observed
between the number of nematodes applied and the increase in pest mortality, as well as
the duration of their interaction. Among the isolates, Heterorhabditis bacteriophora (C-23)
showed the greatest effect, achieving 50% mortality at a dose of 2,626 IJs/weevil with an
LT, of 17.8 days. In comparison, H. bacteriophora (JAAN-19) required 11,558 IJs/weevil
with an LT of 28.2 days, and H. bacteriophora (AUME-20) needed 69,167 IJs/weevil with
an LT, of 26 days. In studies conducted in Colombia, the use of H. bacteriophora against
the banana weevil Metamasius hemipterus sericeus (Coleoptera: Curculionidae) showed that a
dose of 1,000 IJs/adult achieved an LT, of 3.5 days and 80% mortality in 15 days (Jiménez
et al., 2012). The significant difference in LT, between H. bacteriophora (C-23) (17.8 days)
and the result for M. hemipterus sericeus (3.5 days) may be attributed to differences in insect
size. While the banana weevil has a body length of <2 cm (Weissling ez al., 2003), the
sugarcane weevil is smaller, measuring less than 1.3 cm.

Differences in infectivity may be attributed to host insect size, as suggested by Bastidas
et al. (2014), and supported by Amador et al. (2015). In their evaluation of Heterorhabditis
atacamensis CIA-NEO7 against the banana weevil Cosmopolites sordidus (>1.5 cm in length),
the main limiting factor was the nematodes’ difficulty in penetrating the host, given that the
mouthparts and spiracles were too narrow and the anus remained mostly closed. Jiménez
et al. (2012) also noted that infective juveniles face challenges entering through natural
openings and suggested that low mortality rates may result from limited host mobility. A
similar behavior was observed during our evaluations of sugarcane weevils, which were
active before exposure to EPNs. However, Ansari et al. (2006) argue that infection success
is less dependent on host anatomy or mobility and more on the nematodes’ ecological
interaction and coexistence with the host. We partially agree with this interpretation,
emphasizing both the host’s defensive strategies (e.g., limited openings and reduced
movement) and the ecological compatibility between EPN strains and their target insect as
key factors influencing infection outcomes.

Differences in infectivity, according to Bastidas ez al. (2014), may be due to the size
of the host insect. This is supported by Amador et al. (2015), who, in their evaluation
of Heterorhabditis atacamensis CIA-NEQ07 against the banana weevil Cosmopolites sordidus
(>1.5 cmin length), identified the primary barrier to infection as the nematodes’ difficulty
entering the host. The weevil’s mouthparts and spiracles were too narrow, and the anus
remained mostly closed. Similarly, Jiménez et al. (2012) reported that infective juveniles
(IJs) struggle to enter through natural openings and suggested that low mortality may also
result from the limited mobility of the host. This behavior was observed in our evaluations,
as sugarcane weevils exhibited active movement before contact with EPNs. However,
Ansari et al. (2006) argue that infection efficiency is not solely determined by host anatomy

or activity, but by the ecological interaction and coexistence between EPN strains and their
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hosts. We partially agree with this perspective, recognizing both the challenge nematodes
face in penetrating a cryptic and low mobility host and the importance of host-pathogen
ecological compatibility in determining infection success.

Although the evaluated isolates were native microorganisms from three different
ecosystems, their interactions with hosts and development through multiple life cycles
were also ecosystem specific. Therefore, as noted by Molyneux (1986), their thermal niche
and life history with various hosts along with the physical and climatic conditions of each
site likely influenced the success or failure of each isolate. Initially, it was hypothesized
that Heterorhabditis bacteriophora (JAAN-19), isolated from sugarcane fields, would be
more effective against Sphenophorus incurrens. However, H. bacteriophora (C-23), collected
from cattle corrals, showed greater pathogenicity. This outcome suggests that C-23 may
have interacted with hosts presenting more complex morphological, physiological, and
behavioral barriers such as beetles from the white grub complex (Phyllophaga, Anomala, and
Cyclocephala spp.), and coprophagous beetles (Canthon indigaceus chevrolati, Digitonthophagus
gazella, and Pseudocanthon perplexus) involved in nutrient cycling and the incorporation of
decomposing organic matter from vertebrate animals. This also includes ticks, for which
the efficacy and persistence of EPNs in such environments have been studied (Alekseev et
al., 2006). These findings align with Gaugler and Kaya (1990), who emphasized that EPNs
isolated from different geographic and climatic regions may behave differently as biological
control agents.

Therefore, we propose that Heterorhabditis bacteriophora (C-23), which exhibits a
“cruiser-forager” host-secking strategy, could regulate sugarcane weevil populations
under field conditions by locating the insect in its natural habitat. EPNs are known to
possess chemoreceptors that guide them toward their hosts through volatiles such as
CO,, lactic acid, and insect feces (Kaya and Gaugler, 1993), enhancing their potential
to effectively control different developmental stages of Sphenophorus incurrens within
sugarcane crops. In a study by Delgado-Ochica and Sdenz-Aponte (2012), six EPN isolates
were evaluated against the guava weevil, and Heterorhabditis sp. SLO708 was suggested for
future field trials due to its effective host-searching behavior and high mortality against
the pest. Similarly, we believe that the H. bacteriophora (C-23) 1solate could be effective in
controlling both larval and adult stages of S. incurrens under field conditions. Larvae may
be especially susceptible due to their softer cuticle, limited movement, and more exposed
natural openings such as the mouth, anus, and spiracles (Jiménez et al., 2012). This is
particularly relevant given that chemical applications have not effectively reduced weevil
populations (Cerda et al., 1999).

CONCLUSIONS

The insect demonstrated high resistance to EPNs, despite infective juveniles possessing
an anterior tooth that aids in penetrating the host cuticle and overcoming its protective
exoskeleton. Among the isolates, Heterorhabditis bacteriophora (C-23), collected from cattle
farming areas, showed high virulence at a dose of 2,626 IJs/weevil. This effectiveness may
be attributed to its interaction with other hosts (e.g., coleopterans, dipteran pupae, ticks)
with thick cuticles that coexist in the same bio ecosystem. However, we believe that the
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virulence of all evaluated isolates could increase after several infective interactions (host life
cycles), allowing the resulting progeny to become more adapted to the weevil host better
understanding its immune system, evasion mechanisms, and behavior.
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