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Entomopathogenic nematodes (EPNs) in the genus Heterorhabditis are widely used to control many
soil-borne insects. Thus, studies on the biodiversity of the local EPNs are needed to develop their
suitable use in insect pest management programs. The phylogeny, base difference and haplotype
network of the EPNs were investigated using morphology and a molecular technique to compare
the genetic information on EPNs among regions in Thailand. In total, 27 isolates of EPNs were

Keywords: recovered from 221 soil samples collected from six regions of Thailand. All isolates of EPNs were
i‘;;olr;(;iith"genic nematode, identified as Heterorhabditis indica based on internal transcription spacer regions (98% identity)
Heterorh a;) ditis, and morphological data. Within the 27 sequences, 28 polymorphic sites were defined to 13 distinct
Thailand haplotypes of H. indica in Thailand and the percentage sequence divergence was in the range
0.12-2.12% (1-24 bp). The comparison of migration rate at 0—oo nematodes per generation could
distinguish among provinces from different regions of Thailand. The demographic history and the
dispersal of the nematode population had a low frequency of mutation. The phylogenetic tree of nematode
haplotype was monophyletic and separated into three clades. These results suggested that using the internal
transcription spacer region would be successful in describing these EPNs in detail at the species level.
Introduction Two families of the EPNs (Steinernematidae and Heterorhabditidae)

Nematodes belonging to the Phylum Nematoda and can be found
around the world in various habitats, including freshwater, marine and
soil environments (Andrassy, 1976; Shaw et al., 2016). They are either
free-living or parasitic, acting as parasites to plants, invertebrates
and vertebrates (Andrassy, 1976; De Ley and Blaxter, 2004). One
important group is the entomopathogenic nematodes (EPNs) that
cause lethal parasitism to various soil-dwelling insects such as
caterpillars and immature beetles (Andrassy, 1976; Boemare et al.,
1993; Forst and Nealson, 1996; Reid et al., 1997; Hominick, 2002).
Beside Antarctica, EPNs exist in different climatic and environmental
conditions on all continents of the world (Hominick, 2002; Nguyen
and Hunt, 2007; Maneesakorn et al., 2010; Noosidum et al., 2010).
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have proved to be effective biological control agents for controlling
many insect pests worldwide (Kaya and Gaugler, 1993, Grewal et
al., 2005; Griffin et al., 2005). EPNs killed the insect hosts with their
own mutualistic bacteria in the genus Xenorhabdus and Photorhabdus
for Steinernematid and Heterorhabditid nematodes, respectively
(Boemare et al., 1993; Kaya and Gaugler, 1993; Forst and Nealson,
1996; Reid et al., 1997). After the nematode had entered the insect’s
hemocoel, septicemia toxin produced by mutualistic bacteria can later
digest the insect tissues to provide food for the nematode (Griffin
et al., 2005).

Numerous species of EPNs in the families Steinernematidae
(over 100 species) and Heterorhabditidae (16 species) have been
described in many places around the world (Andrassy, 1976; Shaw et al.,
2016; Shapiro-Ilan et al., 2017; Al-Zaidawi et al., 2019). However, more
information is still required on the diversity of EPNs in Thailand.
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Many novel techniques have been used to identify nematodes
to the species level (Stock and Goodrich-Blair, 2012; Nguyen and
Hunt, 2007). Since the 19" century, techniques for morphological
characterization have been used to describe a nematode species
(Porazinska et al., 2009; Griffiths et al., 2018). However, a superficial
analysis of the morphological characterization can occur and result
in inaccurate conclusions in the case of two related nematode species
(De Ley and Blaxter, 2004; Porazinska et al., 2009; Griffiths et al.,
2018). Molecular techniques are a conventional method that is a very
effective tool for discrimination between close species of nematodes,
providing specific information such as gene pattern, protein pattern,
phylogeny, genetic distance and haplotype network of the nematode
(Adams et al., 2006; Stock, 2009). Various molecular techniques such
as random amplification of polymorphic DNA, restriction fragment
length polymorphism and DNA sequencing have been applied and
have shown that the internal transcribed spacer (ITS) region and DNA
sequences from the nucleus (18S and 28S rDNA) can be effectively
used to identify nematode species (Reid et al., 1997; Stock, 2009).

Based on the effectiveness of molecular techniques, the aims
of this study were to investigate the phylogeny, base difference and
haplotype network of the EPNs in Thailand and compare the genetic
information on EPNs among regions within the country.

Materials and Methods
Soil sampling and isolation of entomopathogenic nematodes

In total, 221 soil samples were collected from undisturbed areas
close to national parks in six regions (Northern, Central, Western,
Northeastern, Eastern and Southern) in Thailand (5° 37-20° 28’ N and
97°21°-105° 37 E) as shown in Fig. 1. About 10-20 soil samples were
taken using a hand shovel within the top 20 cm of soil in each province.
Each sample (approximately 1 kg) was placed in a polyethylene bag,
closed tightly, kept in a cooler box (15-20°C) (Noosidum et al., 2010)
and transported to the laboratory at the Department of Entomology,
Kasetsart University, Bangkok, Thailand.

In the laboratory, EPNs were recovered from soil samples using
a modified insect baiting technique (Stock and Goodrich-Blair,
2012). Four soil sub-samples (150 g each) from each soil sample
were put into a plastic container (7.5 cm x 10 cm x 5 cm) containing
20 last instar larvae of honeycomb moth, Galleria mellonella L. Each
container of soil sub-sample was covered with a lid and kept in the
darkroom at 25 + 3°C for 3-7 d.

Parasitized cadavers of G. mellonella larvae were transferred
into the modified White trap (White, 1927). The insect cadavers were
placed on a moistened or wet filter paper (Whatman® No.1 filter
paper) in a small Petri dish (5.5 cm diameter) which was placed in
a large Petri dish (9 cm diameter), filled with 0.001% formaldehyde.
The large Petri dish was covered with a lid and kept in a dark room
at 25 £ 3°C until the infective juveniles (1Js) emerged. After they
emerged and had moved from the small Petri dish to the 0.001%
formaldehyde in the large Petri dish, the 1Js of EPNs were collected.
Each 1J was cleaned with distilled water (DI) and stored at 15 + 3°C.

Entomopathogenic nematode preparation

EPNs were maintained in the laboratory by rearing on G. mellonella
larvae (Stock and Goodrich-Blair, 2012) every 4 wk. A nematode
suspension at 500 1Js/700 pL of DI water of each EPN was applied
to a 5 cm diameter Petri dish, lined with a Whatman® No.1 filter
paper. Then, six last instar larvae of G. mellonella were placed into
the Petri dish. After 3 d, the cadavers were transferred to the modified
White trap (Stock and Goodrich-Blair, 2012). The emerging 1Js were
collected and stored in a 200 mL culture flask at 15 + 3°C.

DNA amplification and DNA sequencing

For the preparation of DNA extract, G. mellonella larvae were
infected by 100 IJs of EPNs for 96 hr. To collect one couple (adult
male and amphimictic female) of the EPNs, the infected cadaver
was dissected using a platinum needle and then placed into a drop of
G. mellonella hemolymph (30 pL) on the sterilized box lid (30 % 30 mm).
Two mL of Ringer’s solution was filled in the box and the lid was
closed. This method was modified from the hanging blood drop
method of Stock and Goodrich-Blair (2012). The hanging blood case
was wrapped with paraffin and incubated at 25 + 2°C until it had 30
adult nematodes and these were used for DNA extraction.

Genomic DNA was extracted from 27 isolates of EPNs using
a GenUP™ gDNA Kit (Biotechrabbit Company: Germany).
The ITS region was amplified using standard polymerase chain
reaction (PCR). Universal primers number 18S 5’ TT GAT TAC GTC
CCT GCC CTT T3’ (forward) and number 28S 5’TT TCA CTC GGC
CGT TAC TAA GG3’ (reverse) were used (Vrain et al., 1992; Stock,
2009). PCR amplification was performed in a reaction volume of
40 pL, containing 20 pL of 2 x Multiplex PCR Master Mix
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Fig. 1 Soil sampling locations for entomopathogenic nematodes in six
regions of Thailand
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(Biotechrabbit Company, Germany), 6.4 pL of H,0, 0.8 pL of forward
primer (10 mmol), 0.8 pL of reverse primer (10 pmol), and 12 pL of
genomic DNA (300 ng). The thermocycler profiles of the ITS region
consisted of an initial denaturation step at 94°C for 5 min followed
by 35 cycles of the denaturation step at 94°C for 1 min, annealing at
50°C for 1 min, extension at 72°C for 1.5 min and the last step of the initial
extension was at 72°C for 5 min. The amplification products were purified
using a GenUP™ PCR Cleanup Kit (Biotechrabbit Company, Germany).
Gel electrophoresis was used to confirm product quality. The purified
DNA products were sequenced by AlTbiotech (Singapore).

All EPNs sequences were blasted based on the NCBI database
and then aligned using MEGA7 (Tamura et al., 2013). DnaSp version
4.5.0.3 (Rozas et al., 2003) was used to analyze the number of
polymorphic sites (S), number of haplotypes (No), haplotype diversity
(h) (Nei and Kumar, 2000), nucleotide diversities (Pi) (Tajima, 1989)
and mean number of pairwise nucleotide differences (k). The Kakusan
4 program (Tanabe, 2007) was used to analyze the best fit model for
phylogenetic tree construction. The programs MrBayes version 3.1
(Huelsenbeck and Ronquist, 2001) and Treefinder (Jobb et al., 2004)
were used to analyze the phylogenetic tree using the methods of
maximum likelihood (ML) and Bayesian inference (BI), respectively.
All sequences were then deposited in the NCBI GenBank.

Morphological and morphometric characters

The 1Js, the first generation of hermaphroditic females, the second
of amphimictic females, and males were used for morphometric
study. Adults were obtained by dissecting G. mellonella larvae in two
different time ranges, namely days 3—4 for hermaphroditic females
and days 5-7 for amphimictic females and males. Based on the
molecular identification, a representative of each species was selected
and considered for the determination of qualitative and quantitative data.

All stages of the EPNs were killed in Ringer’s solution at 60°C
and placed in triethanolamine-formalin fixative (7 mL of 40%
formaldehyde, 2 mL of triethanolamine, and 91 mL of DI water) for 12 hr
(Stock and Goodrich-Blair, 2012). After the first fixative was applied,
the second fixative method was accomplished by these steps: 1)
transferred the specimens into Solution I (20 mL of 95% ethanol, 1 mL
of glycerine, and 79 mL of DI water) for 12 hr; 2) moved the specimens
to solution II (95 mL of 95% ethanol, 5 mL of glycerine) for 3 hr; 3)
moved the specimens to solution III (50 mL of 95% ethanol, 50 mL of
glycerine) for 3 hr; and 4) moved the specimens to solution IV (100%
glycerine). In steps 1-3, the specimen containers were kept in a 95%
ethanol desiccator at 35°C, 40°C and 40°C, respectively (Seinhorst,
1959). The fixed specimens were used for measurements with the aid
of an Olympus CH-2 camera fitted with a Dino-eye AM423X.

Results
Soil samples and entomopathogenic nematode isolation

In total, 27 EPNs (13.12%) were isolated from 221 soil samples
collected from Northern, Eastern, Western and Southern Thailand

(Fig. 1).

Sequence analysis

After alignment, the DNA sequences comprising 885 base pairs
(bp) were obtained from the 27 isolates of EPNs. The alignment was
able identify 848 (95.83%) conserved sites, 10 (1.13%) singleton
informative sites, 18 (2.03%) parsimony-informative sites, four
(0.45%) insertion sites and five (0.56%) deletion sites. The ITS
nucleotide frequencies indicated a similar content for all base
groups [adenine (A) = 25.37%, thymine (T) = 29.70%, cytosine
(C) = 19.95%, guanine (G) = 24.98%]. All 27 samples of EPNs in
Thailand matched with Heterorhabditis indica DH2 (MK273195)
from the NCBI database (98% identity). In addition, the phylogenetic
relationships of ITS regions among EPNs were strongly grouped as
H. indica DH2 by 100% of BI and 1.0 of ML (Fig. 2A). In total, 13
haplotypes (Hap1-Hap13) were grouped (Table 1) and 28 polymorphic
sites were found, consisting of A/G transitions, T/C transitions, G/T
transversions and G/C transversions for 6 (21.43%), 5 (17.86%),
5 (17.86%) and 12 (42.85%) sites, respectively (Table 1).

Confirming the divergence of sequences, the pairwise distance
comparisons of the 13 haplotypes (Hap) were in the range 0.12-2.12%
(1-24 bp). The lowest sequence divergence was for the comparison
of Hap2 with Hap5, Hap2 with Hap6, Hap3 with Hap4, Hap4 with
Hap9 and Hap8 with Hapll. The maximum sequence divergence
was in Hap3 with Hap10 (Table 2).

Genetic diversity indices and a summary of the demographic
history indices of the six regions are presented in Table 3. The
results identified 13 haplotypes and 28 polymorphic sites. The
average number of nucleotide differences was 5.34 and haplotype
diversity was 0.8860 + 0.0370. The nucleotide diversity was 0.0062
+ 0.0010. The samples collected from Eastern Thailand had a greater
polymorphic site than the other regions. The number of nucleotide
differences was 7.55. The haplotype diversity was 0.9170 + 0.0920
and nucleotide diversity was 0.0087 £ 0.0019. Overall demographic
history indices of the EPNs showed that the values of Tajima’s D
(D), Fu’s Fs (Fs) and Ramos-Onsins and Rozas’ R, (R,) were -0.9686
(» =0.52), -1.8250 (p = 0.23) and 0.0883 (p = 0.12), respectively.

Pairwise comparisons of genetic distances among populations of
Thai H. indica are shown in Table 4. The pairwise genetic distance
(Fgr) was in the range 0.0000-0.7037. The Fg; between the Western
and Southern regions was significantly difference to the other pairs.
The pairwise per-generation migration rate (Nm) was low to high
values at 0.1052—co.

Monophyly was detected from 13 haplotypes of the H. indica up to
100% BI and 1.00 ML. The 13 haplotypes were classed into three clades,
most of which were strongly supported up to 100% of BI and 1.00 of ML.
On the other hand, some of the sub-clades in each clade had low
support (Fig. 2B).

The 13 haplotypes were grouped into a single connected network.
The main haplotypes were Hap2 and Hap8 which had the most
abundant sequences with six individuals. These two haplotypes were
connected with the other 11 haplotypes between one and 14 mutation
steps. The most varied haplotypes were Hap2 (in samples from Eastern,
Western and Southern Thailand) and Hap6 (in samples from Northern,
Eastern and Western Thailand) as shown in Fig. 3.
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Table 4 Genetic distance and gene flow among populations of Thai Heterorhabditis indica

Region Northern Eastern Western Southern
Northern 0.1052 s
Eastern 0.0000 1.1348 2.4762
Western 0.7037 0.1805 0.2787
Southern 0.0000 0.0917 0.4728*

* significant difference at p < 0.05

Region
[ INorthern [s=]Eastern
Western Southern

Fig. 3 Haplotype network of Thai Heterorhabditis indica based on internal
transcription spacer fragment, where the size of circles is proportional to
haplotype frequency, with the pie slices showing proportions of haplotype
frequency found in different regions of Thailand and the line connecting
two haplotypes indicates the haplotype relationship, while the number of
perpendicular lines on the connected lines indicates the number of mutation steps.

Morphological identification

Based on the molecular identification, all Thai isolates were
conspecific to H. indica Poinar, Karunakar & David. The morphological
information of a representative (H. indica EPNKUS53), all adults and
1Js presented with truncated and slightly rounded head. In males, the
testis was monarchic and reflexed anteriorly. Spicules were paired and
separated with a pointed tip. The gubernaculum was approximately
60-70% of a spicule length. The bursa contained 8 pairs of papillae,
while pair 9 was absent. The papillae formation was divided into 4
groups; the first group was the bursa (pair 1 solitary), the second group
was bursa pairs 2 and 3, the third group was bursa pairs 4, 5, and 6 and
the last group was bursa pairs 7 and 8 (Fig. 4). The hermaphoroditic
female and amphidelphic female both had a tail longer than the
anal body length diameter. In addition, the anus was swollen and
prominent. The lengths of these two females were similar. Lastly, the
body of 1Js was short and covered by a second-stage cuticle as a sheath
(Fig. 5) (Table 5).

(D)

Fig. 4 Light microscopy photographs of Heterorhabditis indica EPNKUS53
male: (A) entire worm; (B) testis reflection; (C) lateral view of posterior end
and spicule, and (D) bursal papillae

(A)
(©)
(£)

Fig. 5 Light microscopy photographs of Heterorhabditis indica EPNKUS53:
(A-B) hermaphroditic female; (A) entire worm; (B) vulva region; (C-D)
amphimictic female; (C) entire worm; (D) lateral view of posterior end and
prominent anal swelling; (E-F) infective juvenile; (E) entire worm; (F) lateral
view of posterior end and cuticle sheath
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Table 5 Morphometrics (mean + SD) of Heterorhabditis indica EPNKU53

459

Hermaphroditic females Amphimictic females Males Infective juveniles
n 20 20 10 20
L 1091.19 + 82.35 1056.55 £ 123.00 759.49 +75.38 375.90 = 23.99
(916.27 - 1275.97) (775.06 — 1189.70) (655.33 - 892.09) (306.97 — 412.23)
a - - - 23.72+1.42
(21.73 - 27.05)
b - - - 3.79 +£0.38
(3.38-5.17)
c - - - 11.58 +£1.88
(8.01—14.33)
\% 33.20 +4.79 32.07 £ 6.09 - -
(25.67 — 46.90) (17.81-41.34)
MBD 65.49 +28.34 58.80 +8.34 35.90 +6.02 15.87 £ 1.07
(5.01 — 168.74) (37.61 — 67.58) (28.16 — 48.93) (13.51-17.51)
EP 149.66 + 11.81 130.36 £ 12.10 133.25+18.81 78.52 +8.48
(130.30 - 175.77) (104.39 - 149.88) (112.82 - 162.11) (58.83-92.99)
NR 134.99 + 11.54 111.06 + 10.74 115.02 £ 17.79 69.20+£9.12
(121.32-157.72) (94.61 —139.93) (94.87 - 143.52) (52.75 - 86.57)
ES 182.01 +8.67 157.64+9.17 154.09 +24.43 99.91 +8.72
(161.57 - 194.13) (135.77 - 169.77) (102.25 - 188.02) (73.08 — 113.90)
TR - - 113.33 +34.06 -
(74.07 — 184.89)
T 106.52 + 15.19 72.43 +£9.94 35.16 £9.50 33.33+6.19
(76.17 — 133.95) (49.28 — 83.23) (26.90 — 59.52) (24.50 — 46.26)
TS - - 59.59 +16.93
(6.31-93.21)
ABD 21.36+3.13 22.32+4.45 26.26 £4.30 7.71+1.77
(15.14-26.62) (13.67 —28.35) (19.02 - 32.48) (5.53-12.17)
SL - - 38.35+9.27 -
(27.92 - 57.96)
GL - - 20.60 + 4.09 -
(16.09 —28.12)
D% 82.22 £4.98 82.63 +£4.97 87.30 £ 10.47 78.59 +£4.60
(71.32 - 94.95) (66.91 — 88.28) (78.18 — 115.52) (72.13 - 90.68)
E% - - - 242.01 +45.64
(184.18 —316.42)
SW% - - 158.43 £ 65.49 -
(89.92 -281.91)
GS% - - 13.91 +4.60 -
(7.66 — 19.38)

L = total body length; a = L/MBD; b = L/ES; ¢ = L/TL; V = vulva; MBD = maximum body diameter; EP = distance from anterior end to excretory pore;
NR = distance from anterior end to nerve-ring position; ES = distance from anterior end to base of esophagus; TR = testis-reflection length; T = tail length without
sheath; TS = tail length with sheath; ABD = anal body diameter; SL = spicule length; GL = gubernaculum length; D% = (EP/ES) x 100; E = (EP/TL) x 100;

SW =SL/ABD x 100; GS = (GL/SL) x 100

Discussion

Morphometric and molecular analysis were used to determine
that the 27 nematode samples were H. indica. This EPN species
has been recorded in various kinds of habitat throughout the world
including Thailand (Andrassy, 1976; Shaw et al., 2016). From the
morphometric study, Thai H. indica isolates were smaller in size than
the Indian isolate of H. indica (Nguyen and Hunt, 2007). This might
be explained by the influence of geological origin on morphological
characteristics of EPNs (Nguyen and Hunt, 2007; Al-Zaidawi et al.,
2019). However, a common characteristic of the spicule in males was

similarly expressed between Thai EPNs and the original isolate of
H. indica (Nguyen and Hunt, 2007).

The percentage of discovered EPNs in this study was similar
to the normal percentage of EPNs found in the soil at 2-45% but
based on the Galleria trap (Hominick, 2002). In addition to previous
study, discovery rates of 2.89-7.17% have been reported for various
new Heterorhabditis isolates in Thailand (Maneesakorn et al., 2010;
Noosidum et al., 2010). It was suggested that the current result was
remarkable since the EPNs were generally aggregated or clumped
rather than randomly dispersed in the soil (Hominick, 2002). The small
number of nematodes recovered from the soil samples in this study
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was caused by various rigid factors such as the soil sampling method,
the low population in a natural habitat and the aggregated living form
(Griffin et al., 1991).

However, repeating the Galleria baiting technique on the initially
negative soil samples did not significantly increase the number of
EPNs (Hominick and Briscoe, 1990). Likewise, in Germany, repeating
the soil collection in the same area cannot ensure that EPNs would be
discovered once again in the same area (Sturhan, 1999). In the current
study, all H. indica were mostly recovered from the Eastern and
Southern regions where were the coastal areas of Thailand, supporting
that Heterorhabditis nematodes are frequently found in the nearby sea
locations (Griffin et al, 2000; Hominick, 2002).

The G + C content (44.93%) of the EPNs was lower than of the
A + T content (55.07%). This ratio is normally in nuclear DNA in
accordance with Malan et al. (2016), who reported that the G + C content
and A + T content in nuclear DNA of Steinernema kraussei Steiner
were 39.61% and 60.39%, respectively. Therefore, the nucleotide
sequences in this study were positively extracted from nuclear
DNA supported by a small difference in percentage between G + C
and A + T content. Since the richness of the A + T content was normally
shown in mitochondrial DNA, it was high (up to 80%) in mitochondrial
DNA of Meloidogyne hapla Chitwood (Hugall et al., 1997).

In the current study, the percentages of conserved sites, singleton
informative sites, parsimony-informative sites, insertion sites and
deletion sites were similar to Schenk et al. (2016) who studied the
nucleotide sequences of Plectus parientinus Gerlach, P. cirratus
Bastian and Chiloplectus andrassyi Timm in the small sub-unit
(SSU) and the large sub-unit (LSU) in nuclear DNA. They found
0.20% singleton informative sites and 0.40% parsimony-informative
sites in the SSU and 1.70% singleton informative sites and 0.60%
parsimony-informative sites in the LSU. The nucleotide sequences
in mitochondrial DNA showed 8.00% singleton informative sites
and 27.40% parsimony-informative sites. The sequence divergence
(0.12-2.12%) was normally found in nematode molecular studies since
the sequence divergences in ITS region found were at 1-5% in the
family Steinernematidae (Ali and Wharton, 2017) and Hoplolaimidae
(Palomares-Rius et al., 2018). Although the percentages of sequence
divergence in the ITS region were lower than the percentages of
sequence divergence in the mitochondrial DNA, the percentages of
sequence divergence in the ITS region were higher than the sequence
divergence in the SSU and LSU (Schenk et al., 2016). This suggested
that the nuclear DNA was more conservative than mitochondrial DNA
(Schenk et al., 2016; Ali and Wharton, 2017; Palomares-Rius et al.,
2018).

The haplotype diversity and nucleotide diversity identified in the
current study were similar to that reported by Holguin et al. (2016)
of low haplotype diversity (0.0000-0.1000) and nucleotide diversity
in the ITS region (0.0000-0.9000) of Hoplolaimus stephanus Sher.
It demonstrated that the genetic diversity in the ITS region was lower
than in the COI region (Holguin et al., 2016).

The current results detected negative values of Tajima’s D and
Fu’s Fs, but a positive value of Ramos-Onsins and Rozas’ R,. The
results were in agreement with other nematode populations, such

as Haemonchus contortus Rudolphi (D = -1.6100; Fs = -24.2000),
H. placei Place (D = -1.6600; Fs = -16.1600), Mazamastrongylus
ocoidei (D = -1.6100; Fs = -24.2900) and Teladorsaqia circumcincta
Stadelman (D = -1.8300; Fs = -24.5700) (Mes, 2003). The negative
values of Tajima’s D and Fu’s Fs in the current study indicated that
the Heterorhabditis population had a low frequency of mutation since
they had been crossing over the genetic drift (Tajima, 1989). This
might have been because of the strict selective neutrality of variants,
the constant population size, the lack of subdivisions or the lack of
gene flow (Tajima, 1989).

In addition, the highest gene flow was between the two Heterorhabditis
populations in the Eastern and Southern regions of Thailand because
that per-generation migration rate was farthest from 1.0000. It was
similar to Zhou et al. (2017) who reported that the per-generation
migration rate (2.1510) of Bursaphenlenchus xylopphilus Xu was
very high and also found the highest gene flow of B. xylopphilus
from China. On the other hand, a lower gene flow was recorded in
the population of B. mucronatus Mamya and Enda since its per-
generation migration rate (1.0910) was close to 1.0000 (Zhou et al.,
2017). Because there was more non-restricted genetic exchange
and rapid spread between districts of the nematode population, there
was a higher per-generation migration rate which was over 1.0000
(Robinet et al., 2009). Moreover, the current haplotype network
analysis result showed that all 13 haplotypes were in a completely
interconnected network supported by 1) the result of the phylogenetic
tree since all EPNs were closely grouped in H. indica and 2) the
recombination genetic or maternally inherited genetic ITS region or
nuclear DNA (Schenk et al., 2016).

In conclusion, the haplotype diversity correspondingly proved
that all 27 isolates of H. indica were the same species, exposed by
a monophyletic pattern. Although, the ITS region could be used
successfully to identify EPNs in the current study, other regions
(ex, COI, LSU and SSU) should be studied. In addition, this discovery
could be the starting point of future research into developing
a biological agent to control insect pests.
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