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Abstract

Background: Entomopathogenic nematodes (EPNs) of the families Heterorhabditidae and Steinernematidae are
used as biological control agents of several insect pests in lieu of synthetic pesticides.

Results: Using an insect-baiting technique, naturally occurring EPN isolates were collected from banana and rice
fields in the municipality of Hagonoy, the Philippines. A total of 4 isolates were recovered from all the sites namely,
HBP1, HBP2, HR3 and HR4. By combining morphometrical and ITS rDNA data, all the isolates were identified as
Heterorhabditis indica. To initially assess their infectivity, virulence tests were conducted on the last instar larvae of
the super worm, Zophobas morio Fabricius (Coleoptera: Tenebrionidae), the model insect. HR3 isolate had the
highest percentage mortality (56%), followed by HBP1 and HBP2 (33%), which were comparable to the available
nematode in the market, Heterorhabditis bacteriophora (44%), whereas the lowest was obtained in HR4 isolate (11%).

Conclusions: This study accounted 4 more H. indica isolates in addition to pre-existing isolates in the country,
expanding its habitat range and geographic distribution. This also provides baseline information on the potential
biocontrol utilization of native EPNs against soil-dwelling insect pests of agricultural crops. Further investigations are
required to assess their efficacy against several other insect pests of economic importance for the integrated pest
management (IPM) programmes in the country.
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Background
Entomopathogenic nematodes (EPNs) of the genera Het-
erorhabditis (Strongyloidea: Heterorhabditidae) and Stei-
nernema (Strongyloidoidea: Steinernematidae) are used
as biological control agents (BCA) of several insect pests
(Lacey et al. 2015). Together with their respective symbi-
otic bacteria Photorhabdus and Xenorhabdus (Proteo-
bacteria: Morganellaceae), these associations are
considered as pathogenic and lethal (Kaya et al. 2006).
EPNs are specific to insects, safe to non-target organ-
isms including humans and other vertebrates and do not
pollute the environment (Ehlers and Shapiro-Ilan 2005).
The infective juvenile (IJ), also known as Dauer juvenile,
is the only free-living stage present and surviving in the
soil until it locates and penetrates its hosts. IJs enter the
host via natural body openings or by directly penetrating
the cuticle until it reaches the haemocoel (Dowds and
Peters 2002). Once inside, bacterial cells stored in the IJ
gut are released and then proliferate which in turn rap-
idly kill the insects within 48–72 h (Boemare 2002) or
may take longer time for larger insects (Dillman et al.
2012). The nematodes subsequently recover, start feed-
ing on the bacteria-rich cadavers and develop into sev-
eral generations until the food source is entirely
exploited.
EPNs have been documented to occur naturally in dif-

ferent soils, ranging from natural and managed ecosys-
tems of all continents except Antarctica. Several surveys
in agricultural areas were done to collect and identify
native EPNs for the control of local target pests. To date,
around 100 Steinernema and 16 Heterorhabditis have
been described worldwide (Bhat et al. 2020a).
Heterorhabditis is a widely distributed genus with sev-

eral successful stories as BCA of insect pests (Abate
et al. 2017). The species H. indica has a global distribu-
tion (Bhat et al. 2020a) and with products being formu-
lated and marketed for pest control (Kaya et al. 2006;
Guo et al. 2017). In the Philippines, although considered
as a megadiverse country, only very few EPNs have been
described and reported. The first documented H. indica
species was isolated in central Philippines (Cebu, Visayas
island) from different vegetable growing areas using
morphological characterization (Pascual et al. 2017),
whereas in northern Philippines (Batangas, Luzon is-
land), the lone H. indica isolate was described using mo-
lecular (ITS rDNA) data (Caoili et al. 2018). Recently, H.
indica was also recovered in southern Philippines (Iligan,
Mindanao island) by employing the combination of
morphology and molecular tools (Leonar and Sumaya
2019). These findings may present useful information in
the expanded use of EPNs as BCA in agriculture.
In Philippines, most of local farmers still opt to use

synthetic chemicals to control pest infestations. EPNs
may offer promising contributions for pest control

strategies in these areas. In fact, some EPN species have
been reported to be effective on banana pests such as
borer (Ping and Xizhan 1991), pseudostem weevil (Lu
and Liang 2012), root borer weevil (Mwaitulo et al.
2011) and potential rice pests (Kega et al. 2013).
The present study aimed to (1) isolate naturally occur-

ring or native EPN isolates in banana and rice fields in
Hagonoy, Davao del Sur, Philippines; (2) determine the
soil parameters which may influence EPN occurrence;
(3) identify the isolates using morphometrical data and
molecular taxonomic genes; and (4) assess their initial
virulence against the last instar larvae of super worm,
Zophobas morio Fabricius, 1776 (Coleoptera: Tenebrio-
nidae). This can be baseline information of efficient na-
tive isolates for banana and rice and for other major
commodities in the country.

Methods
Soil sampling
Soil sampling was carried out in different banana and
rice fields of Hagonoy, Davao del Sur, Philippines (6° 40′
North, 125° 19′ East and 21.8 m above sea level). Sam-
pling was conducted from June to July 2019 during the
onset of the rainy season. Soil samples were collected
at 15 cm depth and placed in plastic containers (Orozco
et al. 2014). From each area, a total of 5 subsamples
were collected at 100-m distance from each other, fol-
lowing a zigzag pattern and then homogenized to form
one composite sample of approximately 2 kg. Soil pa-
rameters such as soil temperature, moisture, pH, and
texture were also recorded. Soil temperature was deter-
mined in situ, using a thermometer; soil moisture was
measured by oven drying method for 24 h at 100 °C; and
the difference in wet and dry soils were calculated (Buzzi
et al. 2010). The soil pH was measured using standard
methods in a water suspension (soil: water ratio of 1:2.5,
w/v) (Batjes 1995). Finally, identification of soil texture
was done by sedimentation method (Taubner et al.
2009) and the percentages of sand, silt and clay in soil
samples were determined for the overall soil texture.

Insect-baiting technique and pure culturing
Following the method originally described by Bedding
and Akhurst (1975), insect-baiting technique was done
with modifications, using the last instar larvae of super
worm, Z. morio as baits. Soils were incubated at 25±2 °C
and monitored regularly until insect cadaver was evi-
dent. All cadavers collected were thoroughly washed
with distilled water, disinfected and placed in a modified
White trap (White 1927) until emergence of infective ju-
veniles (IJs). IJs were then harvested, cleaned and stored
at 10–20 °C. For pure culture and mass production, a
series of re-inoculations were carried out using the last
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instar larvae of Galleria mellonella [L.] (Lepidoptera:
Pyralidae) (Hoy et al. 2008).

Morphological identification
A stepwise transfer of IJ, male and female nematodes to
anhydrous glycerol was done according to the original
description of Seinhorst (1959) with modifications by De
Grisse (1969). Three different solutions were used: solu-
tion 1 (96% alcohol, 4% formalin and glycerol), solution
2 (4% formalin and glycerol) and solution 3 (pure gly-
cerol). Preliminary observations under the microscope
were done to all isolates on some important characters
such as the anterior part of IJs, the vulva of females, the
spicule, gubernaculum and bursal rays and patterns of
males and subsequently identified up to EPN-species
groups. Based on the morphological observations, a rep-
resentative isolate for those isolates with similar morph-
ology was processed for a comprehensive morphometric
analysis. Following the description of Nguyen and Hunt
(2007), key morphological characters were observed and
subsequently measured such as the total body length (L),
maximum body width or diameter (MBD), pharynx
length (ES), distance from anterior end to excretory pore
(EP), distance from anterior end to nerve ring (NR), anal
body diameter (ABD), tail length (T) and distance from
anterior end to vulva (V) for female nematodes. Add-
itional important characters such as spicule length (SL)
gubernaculum length (GL), testis reflexion (TR) and the
number and pattern of bursal rays were considered.
Based on these, the ratios and percentages were calcu-
lated. Using an Olympus BX41 microscope equipped
with a Nikon DP27 digital sight camera and a CellSens
imaging software, photomicrographs and measurements
of the key characters were done. All measurements were
calculated in micrometres (μm) except ratio and
percentages.

Molecular identification
Extraction of the total genomic DNA was done using a
DNA extraction kit following the manufacturer’s proto-
col (Dongsheng Biotech, Inc.). Briefly, 5 freshly picked
IJs from each isolate were placed in 1.5-ml Eppendorf
tubes containing few drops of distilled water and were
chopped using closed-end micropipette tips. From lysis
to elution, a series of different solutions, proteinase K,
wash and TE buffers were added accordingly coupled
with vortexing and centrifugation processes. The collec-
tion tubes containing the extracted DNA were kept at −
20 °C in deep freezer. The Internal Transcribed Spacer
1-5.8S- region of the rDNA (ITS1, 5.8S, ITS2) was amp-
lified using PCR. The following primers were used:
TW81 (5-GTTTCC GTA GGT GAA CCT GC-3) as for-
ward and AB28 (5-ATA TGC TTA AGT TCA GCG
GGT-3) as reverse primers (Joyce et al. 1994). PCR

conditions were programmed as follows: initial denatur-
ation at 94 °C for 5 min, followed by 35 cycles of 94 °C
for 1 min, 55 °C for 1 min 30 s, and 72 °C for 2 min, and
a final extension at 72 °C for 7 min. Products were sent
to Macrogen, Inc. (Seoul, South Korea) for processing
purification and unidirectional Sanger sequencing. The
obtained sequences were manually curated, trimmed and
submitted to the National Center for Biotechnology In-
formation (NCBI) under accession numbers HBP1
(MT458695), HBP2 (MT457558.1), HR3 (MT458704)
and HR4 (MT458706). They were nucleotide blasted
and a cut of ≥ 97% identity was considered for the same
species (Yooyangket et al. 2018; Bhat et al. 2019).

Sequence alignment and phylogenetic analyses
The sequences were edited and compared with those
already present in GenBank, using the Basic Local Align-
ment Search Tool (BLASTN) of the National Center for
Biotechnology Information (NCBI) (Altschul et al. 1990).
The newly obtained ITS (ITS1, 5.8S, ITS2) rDNA se-
quences were manually edited using BioEdit 7.2.6 (Hall
1999) and aligned with other relevant segments of same
rDNA gene sequences available in GenBank using Clus-
tal Omega alignment. The base substitution model was
evaluated using jModeltest2.1.10 (Darriba et al. 2012).
Phylogenetic trees were elaborated, using the Bayesian
inference method as implemented in the programme
MrBayes 3.2.7 (Ronquist et al. 2012). For analysis in
jModeltest, the HKY + I + G model was selected. The
selected model was initiated with a random starting tree
and ran with the Markov chain Monte Carlo (MCMC)
for 1 × 106 generations. The Bayesian tree was ultimately
visualized using the FigTree programme 1.4.4 (Rambaut
2018). Caenorhabditis elegans (X03680.1) was used as
the out group and to root the trees.

Virulence tests
Virulence assays were carried out, following the methods
described by Sumaya et al. (2018) and Alonso et al.
(2018) with modifications. In the present study, Z. moli-
tor was used as model insect instead of the widely used
G. mellonella and Tenebrio molitor (Coleoptera: Teneb-
rionidae). Three giant last instar larvae of Z. morio were
placed into Petri dishes (60 × 15 mm size) with 20 g of
sterilized sand at 20% moisture. A total of 300 IJs (100
IJs per insect larva) in 1.3 ml saline solution were inocu-
lated and incubated at 25±2 °C. Control plates had the
same set-up but only received 1 ml saline solution. Ac-
cording to Dillman et al. (2012), it may require longer
time to kill larger insects. Therefore, mortality of Z.
morio larvae were assessed 7 days post-inoculation. In-
sect cadavers were dissected to confirm the presence of
nematodes. This experiment was replicated and repeated
3 times, using different batches of EPNs propagated
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in vivo. EPN-based products that were currently available
in the market (GardeningZone, CA, USA) such as Hetero-
rhabditis bacteriophora and Steinernema feltiae instead of
the unavailable H. indica were used for comparison.

Data analyses
Normality tests were first done before carrying out fur-
ther analysis. Treatment differences amongst 4 H. indica
isolates and the commercial strains were analysed using
one-way ANOVA. Differences between treatments were
compared using post hoc Tukey’s HSD at P ≤ 0.05. All
analyses were performed using XLSTAT statistical soft-
ware 2019.3.1.

Results
Nematode recovery from soil samples
From a total of 10 soil samples collected from banana
and rice field soils in Hagonoy, each with 5 subsampling
points, 6 soil samples were found EPN-positive with a
recovery rate of 60%. All EPN-positive soil samples had
the following measurement range: soil temperature
(26.2–27 °C); soil moisture (21.2–25.8%); soil pH (6.5–
7.17); and soil texture (silty clay- silty loam) (Table 1).
The baited nematodes were further pure-cultured, mass
produced and maintained in G. mellonella larvae. Only 4
out of 6 EPN-positive areas were processed for morph-
ology and molecular identification. Two nematodes bai-
ted from nematode-positive areas such as banana
sampling site 4 and rice sampling site 1 were not proc-
essed for further experiments due to insufficient number
of nematodes which emerged from the cadavers.

Morphology and morphometric analyses
Morphological key characters such as the anterior part
of IJs, the vulva of females, the spicule, gubernaculum
and bursal rays and patterns of males were observed in
all 4 nematode isolates (HBP1, HBP2, HR3 and HR4).

All local isolates were observed to have a close resem-
blance in terms of morphology. These 4 isolates were pre-
liminary identified under species-group Heterorhabditis
indica. Consequently, a representative of Hagonoy isolates
was selected for comprehensive morphometric analysis of
IJs (Table 2), adult males and females (Table 3) and com-
pared with the H. indica type strain from India including
the previously described populations in Vietnam and
Philippines. The IJ body length of Hagonoy isolate had a
mean and range of 482 (403–529) μm, which was found
to be slightly smaller than the type strain (528; 479–573
μm) and H.TN48 isolate (563; 348–622 μm) from
Vietnam but similar to the F05 isolate (481; 432–560 μm)
from the Philippines. The maximum body diameter of 21
(19–23) μm, a ratio of 22 (22–23) and b ratio of 4 (3–4)
had similar sizes with the type strain, H.TN48 and F05.
Tail length (without sheath) of 48 (42–54) μm was slightly
smaller than the F05 isolate.
Concerning male measurements, male isolates of

Hagonoy were slightly smaller with the size of 557 (516–
629) μm than the type strain 721 (573–788) μm but still
within the size range. Additionally, Hagonoy males have
a comparable size with H.TN48 isolate from Vietnam
(689; 596–818 μm). The anal body diameter was 21 (20–
22) μm and found similar to the type strain (26; 22–32
μm) as well as the H.TN48 isolate from Vietnam (24;
21–29 μm). The maximum body diameter was 30 (26–
36) μm, which was similar to F05 isolate (35; 26–44 μm)
and smaller than the type strains (42; 35–46 μm). The
testis reflex (160; 116–204 μm) was bigger than the type
strain (91; 35–144 μm) but within the size range. On the
other hand, spicule (22; 19–24 μm) and gubernaculum
(11; 11–12 μm) lengths were smaller than the type
strain, but most importantly, the ratio of spicule and
gubernaculum (SP/GL) (0.52; 0.5–0.6) was similar to the
type strain (0.5; 0.4–0.6), F05 (0.47; 0.4–0.5) and
H.TN48 (0.5; 0.4–0.6) isolates.

Table 1 Occurrence of entomopathogenic nematodes from banana and rice fields in Hagonoy, Davao del Sur, Philippines, with
different soil parameters

Habitat Sampling site Coordinates Soil texture Soil temperature (°C) Soil pH Soil moisture (%) EPN occurrence

Banana 1 N 6.8011°, E 125.3033° Silty loam 26.7 6.7 23.5 +

2 N 6.8011°, E 125.3033° Silty loam 27 6.5 23.6 +

3 N 6.68034°, E 125.32146° Silty loam 26.3 6.7 24.8 −

4 N 6.68077°, E 125.32141° Silty loam 26.8 6.5 22.3 +

5 N 6.6804°, E 125.3214° Silty loam 26.5 6.5 22.6 −

Rice 1 N 6.68817°, E 125.30798° Silty clay 27 6.7 21.2 +

2 N 6.6881°, E 125.30846° Silty clay 25.7 6.7 24.2 −

3 N 6.6881°, E 125.30816° Silty clay 26.3 7 23.0 +

4 N 6.68821°, E 125.3084° Silty clay 26.7 7.2 25.8 +

5 N 6.68792°, E 125.30825° Silty clay 26.8 7 23.9 −

+, presence; −, absence
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Adult females were compared to the type strain only.
Protruding vulval lips with transverse slit located in the
middle of the body with a percentage (%) 57 (51–75)
were observed. The body length was again smaller than
the type strain with a size of 1148 (1127–1185) μm,
however still within the range (1600; 1200–1800 μm).
The anal body diameter and pharynx length have the
size and range of 34 (24–40) μm and 123 (105–147) μm,
respectively, with comparable sizes in relation to the
type strain (26; 22–32 μm) and (131; 120–139 μm). Al-
though some characters had different sizes, however in
general IJs, males and females of the representative
Hagonoy isolate resemble and were within the size range
with the type strain and other H. indica species from
Philippines and Vietnam.

Molecular characterization and phylogenetic analyses
In the present study, HBP1, HBP2, HR3 and HR4 iso-
lates yielded approximately 700 bp ITS rDNA sequences
and were nucleotide BLASTed with all sequences related
to the species available in the NCBI GenBank database.
Based on sequence homology, these 4 isolates closely
matched with H. indica from India and Heterorhabditis
sp. from Thailand, having the following sequence iden-
tity similarities: HBP1 (100%), HBP2 (99.85%), HR3
(98.26%) and HR4 (100%). Their respective accession
numbers were deposited in the NCBI GenBank. The
characterization was further confirmed by phylogenetic
analysis, using ITS rDNA sequences of all described type

populations of Heterorhabditis species, including present
isolates and H. indica populations from India (Fig. 1).

Virulence against Zophobas morio larvae
Virulence of the 4 native H. indica isolates was prelimin-
ary assessed against the last instar larvae of the super-
worm, Z. morio, as a model insect under laboratory
conditions. A colouration of red to purple indicated Het-
erorhabditis infection and cadaver dissection was per-
formed to confirm successful infection. Significant
differences among treatments was observed (p = 0.01).
The highest percentage mortality was obtained in HR3
isolate (56%). This isolate had a mean mortality compar-
able to the available commercial strain H. bacteriophora
(44%). In case of HBP1 and HBP2, similar percentage
mortality was observed (33%) that was comparable to
the other commercial species, Steinernema feltiae (22%);
however, HR4 isolate (11%) showed the lowest mortality
(Fig. 2). For the control set-up, which received only
water, insect mortality was not observed.

Discussion
In various global surveys on EPN prevalence, varying re-
sults have been recorded ranging from low to high re-
covery or detection. Although in the present study, only
few samples were collected (10 soils), mainly focused on
banana and rice soils as major crops in Hagonoy, still 6
soil samples harboured EPNs. Such a high recovery can
be attributed to several factors, as agreed with Ma et al.

Table 2 Compendium of infective juveniles of Heterorhabditis indica Hagonoy isolate (HBP1) with the type strain and other
populations. All morphometric measurements are in micrometres (except n, ratio and percentage) and expressed as means (range)

Character H. indica
Hagonoy isolate

H. indica
Type strain

H. indica
F05

H. indica
H.TN48

Country Philippines India Philippines Vietnam

Reference Present study Poinar Jr et al. 1992 Pascual et al. 2017 Phan et al. 2003

n 15 25 10 25

Body length (L) 482 (403–529) 528 (479–573) 481 (432–560) 563 (348–622)

Max. body diam. (MBD) 21 (19–23) 20 (19–22) 19 (18–20) 20 (18–21)

a (L/MBD) 22 (22–23) 26 (25–27) 25 (23–27) 29 (27–33)

b (L/ES) 4 (3–4) 4.5 (4.3–4.8) 3.6 (3.5–3.9) 29 (27–33)

c (L/T) 10 (9–10) 5.3 (4.5–5.6) 6.3 (5.9–6.7) 5.7 (3.1–6.6)

Tail with sheath (T) 48 (42–54) − 57 (55–61) −

Tail without sheath − 101 (93–109) − 99 (88–112)

Anal body diam. (ABD) 15 (14–15) − 11 (10–12) 13 (11–14)

Nerve ring-ant. end (NR) 95 (91–100) 82 (72–85) 85 (77–88) 83 (75–89)

Excretory pore-ant. end (EP) 61 (40–77) 98 (88–107) 105 (100–108) 96 (88–103)

Pharynx length (ES) 124 (114–131) 117 (109–123) 133 (125–138) 117 (108–24)

D (EP/ES) 0.49 (0.3–0.5) 0.84 (0.79–0.9) 79 (75–84) 82 (79–85)

E (EP/T) 1.1 (0.7–1.5) 0.94 (0.83–1.03) 1.37 (1.27–144) 0.97 (0.9–1.1)

F (MBD/T) 0.4 (0.4–0.5) 0.20 (0.18–0.22) − 0.2 (0.18–0.2)
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(2010) that H. indica may have no particular habitat
preference and it could be detected in diverse natural
and agricultural habitats. Two isolates from banana sam-
pling site 4 and rice sampling site 1 were recovered, but
were not processed for further experiments and these
may likely be facultative necromenic nematodes as scav-
engers (Campos-Herrera et al. 2019).
Concerning different soil parameters, all EPN-positive

sites had soil temperature values of 26.2 to 27 °C. These
validate the very recent and first report of H. indica in
Fiji Islands, where soil temperature of positive sites
ranged from 24 to 39 °C (Kour et al. 2020). Meanwhile,
the soil moisture content of EPN-positive soils ranged
from 21.2 to 25.8%, possibly due to the onset of the
rainy season or the regular irrigation by farmers or
growers in their banana and rice fields. These results
were supported by the studies of Yadav (2012) in India
where they found EPNs in soils with moisture ranging
from 8 to 25% and by Kour et al. (2020) where moisture
levels for H. indica-positive soils ranged from 6 to 24%.
However, this contradicted the report of Yooyangket

et al. (2018) where EPN-positive samples in Thailand
had a moisture content of 1–3% only and no EPNs were
detected in moisture levels between 4.0 and 8.0%. EPNs
in general require optimal moisture to move around the
soil and seek for target insect hosts. With regard to soil
pH, a recorded range was between 6.5 and 7.17 with
findings similar to those H. indica isolated in Henan,
China, with soil pH levels of 6.7–7.8 (Ma et al. 2010)
and in Thailand where EPN-positive samples had a soil
pH of 6.2–7.0 (Yooyangket et al. 2018). A wider range of
soil pH tolerance (from 4.8 to 7) was observed for soils
with 7 isolates of H. indica collected in Nepal (Khatri-
Chhetri et al. 2010). For the soil texture of obtained
samples, it was found to be either silty clay or silty loam,
which is considered desirable for rice cultivation to con-
serve water (Weyers and Gramig 2017) and also suited
for banana production (Niranjana et al. 2011). This par-
ticular result is in agreement with the results of Kanga
et al. (2012) and Abate et al. (2017). Contrary to the
findings, most reports have indicated that EPNs, espe-
cially Heterorhabditis, were frequently found in or had

Table 3 Compendium of males and females of Heterorhabditis indica Hagonoy isolate (HBP1) with the type strain and other
populations. All morphometric measurements are in micrometres (except n, ratio and percentage) and expressed as means (range)

Character H. indica Hagonoy isolate H. indica type strain H. indica F05* H. indica H.TN48*

Male Female Male Female Male Male

Country Philippines India Philippines Vietnam

Reference Present study Poinar Jr et al. 1992 Pascual et al. 2017 Phan et al. 2003

n 8 10 12 12 10 15

Body length (L) 557 (516–629) 1148 (1127–1185) 721 (573–788) 1600 (1200–1800) 872 (765–988) 689 (506–818)

Max. body diam. (MBD) 30 (26–36) 98 (86–125) 42 (35–46) 95 (76–113) 35 (26–44) 49 (38–50)

a (L/MBD) 19 (17–21) 12 (9–13) 26 (25–27) − 25 (22–29) −

b (L/ES) 5 (4–7) 9 (8–11) − − 4.2 (4.0–4.4) −

c (L/T) 14 (12–18) 12 (10–16) − − 55 (46–65) −

Tail with sheath (T) 42 (29–50) 95 (73–104) 28 (24–32) − 16 (13–18) 34 (27–41)

Tail without sheath − − − 76 (66–88) − −

Anal body diam. (ABD) 21 (20–22) 34 (24–40) 23 (19–24) 26 (22–32) 8 (7–9) 24 (21–29)

Nerve ring-ant. end (NR) 75 (48–103) 156 (147–176) − 92 (88–96) 141 (119–169) −

Excretory pore-ant. end (EP) 78 (42–99) − 123 (109–138) 127 (118–138) 174 (158–191) 71 (63–78)

Pharynx length (ES) 113 (77–133) 123 (105–147) 101 (93–109) 131 (120–139) 210 (176–242) 95 (85–103)

D (EP/ES) 0.7 (0.5–0.7) − − − 0.84 (0.73–0.98) −

E (EP/T) 1.8 (1.5–2) − − − − −

Testis reflexion 106 (93–116) − 91 (35–144) − − 97 (77–117)

Spicule length (SL) 22 (19–24) − 43 (35–48) − 38 (35–44) 39 (34–44)

Gubernaculum length (GL) 11.0 (11–12) − 21 (18–22) − 18 (15–22) 20 (17–24)

GS (GL/SL) 0.52 (0.47–0.6) − 0.5 (0.4–0.6) − 0.47 (0.4–0.5) 0.5 (0.4–0.6)

SW (SL/ABD) 1.02 (0.86–1.14) − − − 4.69 (4.2–5.4) 1.62 (1.32–1.97)

Vulva- ant. end − 639 (571–863) − − − −

V (V/L×100) − 57 (51–75) − − − −

*H. indica no reported females
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higher preferences to sandy loam and loamy soils com-
pared to clay soils (Ma et al. 2010). In fact, the H. indica
isolated from Luzon island, Philippines was from sandy
loam (Caoili et al. 2018) and another isolate from Iligan
city in Mindanao island were recovered from sandy soils
in the coastal grassland (Leonar and Sumaya 2019). This
specific preference and higher recovery of EPNs in sandy
soils may be attributed to easier movement and good
aeration (Noosidum et al. 2010).
Generally, obtained data on soil parameters suggest in-

sufficient evidence to explicitly pinpoint the specific ef-
fects of these soil parameters on EPN prevalence in the
areas. What is clear for now is that the response to soil

or environmental factors differs with EPN species in
these areas. One can likewise argue that preference or
response can vary with the same EPN species yet occu-
pies different geographical regimes. Nonetheless, soil pa-
rameters such as temperature, moisture, pH and soil
texture along with other factors have been recorded to
influence the diversity, distribution, survival and infectiv-
ity of EPNs (Kanga et al. 2012; Abate et al. 2017; Kha-
shaba et al. 2020). These nematodes for sure have
optimal requirements for survival though with some
populations co-exist or tolerate extreme conditions,
which can theoretically be a form of adaptation to fluc-
tuating environmental conditions.

Fig. 1 Bayesian inference tree previously and newly sequenced Heterorhabditis indica (bold) and other type described species of Heterorhabditis
based on sequences of Internal Transcribed Spacer (ITS1-5.8S-ITS2) rDNA region. Bayesian posterior probabilities (%) are given for each clade. The
scale bar shows the number of substitutions per site. Caenorhabditis elegans was used as an outgroup taxon
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To further increase resolution and reliability on the
obtained EPN species identification, the combination of
morphology, morphometric data of a representative
strain and molecular tools, using the ITS rDNA region,
were employed (Spiridonov 2017). This ITS rDNA is
considered a versatile gene marker for nematode identi-
fication (Hsieh et al. 2009) and recently considered as an
informative marker for species identification, barcoding
and phylo-geographical studies of Heterorhabditis spe-
cies (Dhakal et al. 2020). The result of the morphological
and morphometric analysis complemented with our mo-
lecular data. The initial diagnosis based on morphology
and morphometrics was first belonging to H. indica
species-group then narrowed down to H. indica, which
was confirmed by sequence results. Although the body
length of the IJs were slightly smaller than the type
strain from India (Poinar Jr et al. 1992), but is similar to
the reported H. indica F05 isolate from Visayas island,
Philippines (Pascual et al. 2017). For the males, the
length is smaller than the type strain, it was noticed that
it was comparable with the IJs from Vietnam (Phan et al.
2003). Other key characters fall within the size range.

With the ITS sequences of the local isolates, HBP1
(100%), HBP2 (99.85%), HR3 (98.26%) and HR4 (100%)
showed a very high homology to H. indica from India
and Heterorhabditis sp. from Thailand.
Many researchers have opted to first use model insects

like the lepidopteran Galleria and coleopteran Tenebrio
to initially screen and assess the biocontrol potential of
native or local isolate collections (Khashaba et al. 2020)
before applying on the target insect pest in crop protec-
tion. Additionally, these 2 insects are widely used as
baits to recover or isolate EPN species from different
soils worldwide since they are easy to culture and highly
susceptible (Bhat et al. 2020b). Whereas other re-
searchers use these 2 models for large-scale production
and most importantly for virulence quality checks prior
to application and marketing (Ehlers and Shapiro-Ilan
2005). In this study, we used a last instar larva of a dif-
ferent tenebrionid, Z. morio, to initially assess the viru-
lence of our H. indica local isolates for further uses.
Some studies also used Z. morio to evaluate the infectiv-
ity or virulence ability of their EPN species (Alonso et al.
2018). Like those abovementioned model insects, Z.

Fig. 2 Percentage mortality of the four native Heterorhabditis indica (HBP1, HBP2, HR3, HR4) isolates and the commercial nematodes Heterorhabditis
bacteriophora and Steinernema feltiae against Zophobas morio larvae at 25±2 °C 1 week after infective juvenile (IJ) inoculation. Error bars indicate standard
deviations with three replications. Different letters above error bars indicate significant differences between strains and lines (Tukey’s HSD test; p ≤ 0.05)
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morio can be easily cultured and can be effortlessly seen
in sand assays. However, the larvae are remarkably large
in size and possess thick cuticles, which may be a chal-
lenge for EPNs’ rapid penetration and infection. Overall,
we have obtained a potential isolate to be evaluated fur-
ther against target pests under laboratory and field con-
ditions with different nematode concentrations. Further
investigations are required to assess its efficacy against
several other insect pests of economic importance for
the IPM programme in the country.

Conclusions
Initial diagnosis based on morphology and morphomet-
rics was first belonging to H. indica species-group then
narrowed down to H. indica, which was confirmed by
sequence results. A total of 4 native H. indica isolates
were documented from banana (HBP1 and HBP2) and
rice (HR3 and HR4) fields, providing additional account
of EPN species in the country and extending their habi-
tat ranges and geographical distribution. This study im-
plies that banana and rice field soils in Hagonoy are
naturally rich in H. indica with 3 native isolates inducing
a high mortality against Z. morio comparable to the
commercial strains. Therefore, these isolates could be
potentially substantial for the biocontrol of insect pests
in the area.
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