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Abstract. The diversity and distribution of entomopathogenic nematodes in the families Steiner-
nematidae and Heterorhabditidae were assessed throughout an extensive soil survey in Turkey during
1999 and 2000. Entomopathogenic nematodes were recovered from six out of seven regions sampled,
with 22 positive sites (2%) out of 1080 sites sampled. A single nematode isolate was recovered at each of
the positive sites, of which 15 were steinernematid isolates and seven were heterorhabditid isolates
representing a total of four species. Based on morphometric and molecular data, the nematode species
were identified as Heterorhabditis bacteriophora, Steinernema feltiae, S. affine, and Steinernema n. sp.
The most common species was S. feltiae, which was isolated from 10 sites in six regions, followed by H.
bacteriophora from seven sites in five regions, S. affine from four sites in two regions, and Steinernema
n. sp. from one site. Heterorhabditis bacteriophora and S. feltiae have been found in many parts of the
world, whereas S. affine, so far, has only been recovered in Europe until our survey. Steinernema affine
was isolated from the European (Marmara) as well as the Asiatic region (Middle Anatolia) of Turkey. A
new undescribed Steinernema sp. was isolated from the most eastern region (East Anatolia) of Turkey.
Soils of the positive sites were classified as sandy, sandy loam, or loam (68.2%) and sandy—clay—loam or
clay loam (31.8%) and the pH ranged from 5.6 to 7.9. The habitats from which the entomopathogenic
nematodes were isolated were broadly classified as disturbed (59.1%), which included agricultural fields
and poplar planted for lumber and wind breaks, and undisturbed (40.9%), which included pine forest,
grassland, marsh and reed sites. Steinernema feltiae, S. affine, and H. bacteriophora were recovered from
both disturbed and undisturbed habitats. The new Steinernema sp. was recovered from grassland. Our
survey showed that these nematodes occur widely throughout Turkey, but at a frequency below that
reported for other parts of the world.

Introduction

Entomopathogenic nematodes of the genera Steinernema Travassos and Heteror-
habditis Poinar are obligate pathogens that infect a wide range of insects in the
laboratory, but in the field they infect only soil insects and a few other soil
invertebrates (Kaya and Gaugler 1993). These nematodes are mutualistically
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associated with bacteria in the genus Photorhabdus Boemare, Akhurst and Mourant
for Heterorhabditis or Xenorhabdus Thomas and Poinar for Steinernema (Boemare
et al. 1997; Burnell and Stock 2000). The life cycle of all known entomopathogenic
nematode/bacterium complexes is similar. The only stage that survives outside of
the host is the non-feeding, third-stage infective juvenile (1J). The 1J carries cells of
the bacterial symbiont in its intestine. When the 1J finds a susceptible host, it invades
and penetrates into the host’s hemocoel through natural openings (i.e., anus, mouth,
or spiracles). The 1J then releases the symbiotic bacterium that kills the host within
48 h by septicemia. The bacterium produces antibiotics that prevent other micro-
organisms from colonizing the cadaver. In addition to serving as a food source for
the nematode, the bacterium digests the host tissues, thereby providing suitable
nutrients for nematode growth and development. Steinernema species are am-
phimictic, and a male and female IJ must enter the insect host for successful
reproduction to occur, whereas Heterorhabditis species are hermaphroditic and only
one 1J in the host is sufficient for successful reproduction. In the second generation
of both nematode genera, reproduction is amphimictic (Poinar 1990). However, a
hermaphroditic steinernematid species was recently isolated from Indonesia by
Griffin et al. (2001).

Entomopathogenic nematodes can provide effective biological control of some
important soil insect pests and pests that occur in cryptic habitats (Georgis and
Manweiler 1994; Koppenhofer 2000). Accordingly, there is an intense interest to
isolate these nematodes from different regions of the world that are climatically
adapted and have the potential for biological control of pests in that area. In
addition, many countries are concerned about the introduction of exotic en-
tomopathogenic nematodes, because they may have a negative impact on non-target
organisms (Bathon 1996). Hence, surveys have been conducted in many parts of the
world demonstrating their wide spread occurrence and providing an indication of
which species are indigenous for a given area. Hominick et al. (1996) summarized
the results of these surveys conducted prior to 1996. Since then a number of other
surveys have been conducted and new species and strains of entomopathogenic
nematodes have been isolated. Surveys in Europe include those by Steiner (1996),
Midituri et al. (1997), Constant et al. (1998), Shishiniova et al. (1998), Mracek et al.
(1999), Sturhan and Liskova (1999), Mracek and Becévar (2000), and Rosa et al.
(2000). In other parts of the world, surveys were conducted in Asia by Mason et al.
(1996), Josephrajkumar and Sivakumar (1997), Tangchitsomkid and Sontirat
(1998), Yoshida et al. (1998), Vyas et al. (1999), Griffin et al. (2000), Iraki et al.
(2000), Luc et al. (2000) and Liao et al. (2001), in North America by Stock et al.
(1999), and in South America by Rosales and Suarez (1998).

In Turkey, Ozer et al. (1995) conducted a preliminary survey and found five
positive isolates out of 106 soil samples. Out of the five isolates, only one was
identified to species as S. carpocapsae (Weiser) from the Black Sea region, but
subsequently, this isolate was re-identified as S. feltiae (Filipjev) by A.P. Reid
(Hominick et al. 1996). The other four Steinernema isolates were only identified to
the generic level. There is still a paucity of information on the diversity of
entomopathogenic nematode species in Turkey and a need to find biological control
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agents for soil pests. Accordingly, we conducted an intensive survey throughout
Turkey for entomopathogenic nematodes and identified the isolates using a combi-
nation of classical and molecular taxonomic approaches.

Materials and methods

Geography and collection of soil samples

Turkey is located at a latitude of 36° north and a longitude of 26° east, is 1660 km
long and 550 km wide, and occupies an area of 814578 kmz, of which 790200 km?
are located in Asia and 24378 km” in Europe (http:// www.turkey.org/start.html). It
is divided into seven regions, i.e. Black Sea, Marmara, Aegean, Mediterranean,
Middle Anatolia, East Anatolia, and Southeast Anatolia. Its climate varies from
Mediterranean to temperate.

Soil samples were collected from the seven regions in 1999 and 2000. The
sampling sites were within 150 m along passable roads and were selected based on
accessibility and habitat (see Table 1) with at least 10 km distance between sites.
Within a given site, a sample of ca. 1 kg made up of a composite from three
subsamples was taken. Each subsample was obtained using a hand trowel from the
upper 15-20 cm within an area of 10 m”. Samples were placed in a polyethylene
bag to minimize dehydration and transported in a cooler to the laboratory. At each
site, the soil temperature was taken and notation about the habitat (vegetation) was
recorded. The hand trowel was sterilized with 70% ethanol before leaving the
sampling site.

Isolation of nematodes

The soil samples were stored at 15 °C in the laboratory and processed within 1 week
of collection. The 1 kg soil sample was thoroughly mixed, ca. 240 cc of subsample
was placed into a 250-cc plastic container, five last instar larvae of the wax moth
Galleria mellonella (L.) were placed on the soil, and the container was covered with
a lid and inverted (Bedding and Akhurst 1975; Kaya and Stock 1997). The
containers were held at room temperature (22—-25 °C) for a period of 15 days. Dead
larvae were collected at 3-day intervals for 15 days after set-up and transferred to
White traps to collect the emerging IJs (Kaya and Stock 1997). The 1Js were pooled
from each sample and were used to infect fresh G. mellonella larvae to verify their
pathogenicity and allow for progeny production for identification (Kaya and Stock
1997).

Soil that was not used for baiting for nematodes was maintained at room
temperature. Soil samples that were positive for entomopathogenic nematodes were
analyzed by the Soil and Fertilizer Research Institute of Turkey for soil type,
organic matter, and pH (Table 1).
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Taxonomic studies

Morphological characterization

For morphological studies, nematodes were examined live or heat-killed in 60 °C
Ringer’s solution. The heat-killed nematodes were placed in triethanolamine—for-
malin (TAF) fixative (Kaya and Stock 1997) and processed to anhydrous glycerine
for mounting (Seinhorst 1959). Observations were made from live and mounted
specimens using a Nikon Eclipse E600 microscope equipped with differential
interference contrast optics. Specimen measurements were made using Scion Image
software v. 1.62c (Frederick, Maryland, USA) that was calibrated with a stage
micrometer. For morphometric characterization of the isolates, 25 first-generation
males and 25 IJs were randomly selected from different G. mellonella cadavers.

The following morphometric characters were analyzed: total body length, greatest
body width, distance from anterior end to excretory pore, distance from anterior end
to nerve ring, distance from anterior end to base of esophagus, tail length, width at
anus/cloaca, and values of ratio a, b, ¢, d (expressed as D%) and e (expressed as
E%). Additionally, the length of the spicules, length of the gubernaculum, and
number and arrangement of genital papillae were considered.

According to their morphological characteristics, all isolates were placed into
similar species-groups using taxonomic criteria suggested by Stock and Kaya
(1996) and Hominick et al. (1997). Additionally, morphological features of males
and IJs of representative isolates of each species-group were examined using
scanning electron microscopy. For this purpose specimens were processed follow-
ing protocols described by Kaya and Stock (1997).

Molecular characterization

In addition to morphological studies, all isolates were characterized molecularly by
analysis of the LSU (large subunit) for steinernematids and ITS (internal transcribed
spacer) for heterorhabditids of rDNA sequences according to Stock et al. (2001).
The resulting sequences were compared to a library of 21 Steinernema species
(Stock et al. 2001).

To further confirm the identity of the Steinernema isolates recovered, cross-
breeding tests were conducted according to Kaya and Stock (1997). At least one
representative isolate of each species-group was cross-bred with known isolates of
the species-group they were assigned to. The following species were used to confirm
their identity: S. feltiae (SN strain), S. carpocapsae (All strain) and S. affine (UK
strain). In all cases, controls consisted of crosses between the same species/isolate.

Results

Entomopathogenic nematodes were recovered from 22 of the 1080 soil samples
(2%) collected in 1999 and 2000 (Figure 1). Out of the 22 positive samples, 15
steinernematid (68.2%) and seven heterorhabditid (31.8%) isolates were recovered
from six of the seven regions.
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Figure 1. Map of Turkey showing the positive sites where entomopathogenic nematodes were recovered.
The names in capital letters represent the seven regions in Turkey and the n number below the name of
each region shows the total number of soil samples taken within the region. The total number of soil
samples that were taken for all regions was 1080.

Morphological and molecular identification demonstrated that two of the isolates
recovered were Steinernema feltiae and S. affine (data not shown). These identifica-
tions were confirmed by cross-breeding experiments. Four isolates from Middle
Anatolia, two isolates each from Black Sea and East Anatolia, and one isolate each
from Mediterranean and Marmara (45.5% of the total positive samples) cross-bred
with the known S. feltiae (SN strain). Three isolates from Marmara and one isolate
from Middle Anatolia (18.2%) cross-bred with the known S. affine strain. An
undescribed Steinernema species (4.5%) from East Anatolia, similar to S. carpocap-
sae in size but with some morphological differences and no successful cross-
breeding with known S. carpocapsae, S. affine, or S. feltiae strains, was molecularly
distinct from other steinernematid species and is considered to be a new species.
Morphological and molecular identification of all heterorhabditid isolates showed
that they were H. bacteriophora (Poinar) and were found in the regions Middle
Anatolia, Mediterranean, Southeast Anatolia, and Black Sea.

The habitats from which entomopathogenic nematodes were isolated can be
classified broadly as disturbed (59.1%, n = 13) and undisturbed (40.9%; n = 9).
The disturbed habitats include the poplar trees that have been planted as wind breaks
and/or lumber sources, agricultural fields (i.e., sunflower, clover, orchard, fallow,
and poplar/clover) and the roadside edge (Table 1). Three species of nematodes, S.
feltiae, S. affine, and H. bacteriophora, were isolated from the diverse agricultural
fields and represented 31.8% of the positive isolates. Similarly, the same three
nematode species were isolated from the poplar habitat (including the poplar/
clover) and represented 27.4% of the positive isolates. The same three nematode
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species and Steinernema n. sp. were recovered from undisturbed habitats (i.e., pine
forest, grassland, marsh, reed).

Generally, the entomopathogenic nematodes were isolated from the ‘lighter’
sandy loam and loam soils (Table 1). Soils of the positive sites were classified as
sandy, sandy loam, or loam (68.2%) and sandy—clay—loam or clay loam (31.8%).
There were no obvious trends associated with soil temperature at the time of
sampling, pH or organic matter (Table 1).

Discussion

Our study has documented the occurrence and natural distribution of en-
tomopathogenic nematodes in Turkey. These nematodes were recovered from six
out of the seven regions in Turkey with the Aegean region having no positive
entomopathogenic nematode sites. However, in conjunction with another study, two
steinernematid isolates were recovered from the Aegean region in 2001, demon-
strating that these nematodes are widespread throughout Turkey (S. Hazir, un-
published data).

Rosa et al. (2000) have summarized the rate of recovery of entomopathogenic
nematodes from various soil surveys conducted throughout the world. Our recovery
rate of 2% is one of the lowest, but is in line with the preliminary survey conducted
by Ozer et al. (1995) in Turkey who reported a recovery rate of 4.7%. Other surveys
with 5% or less recovery include Northern Ireland by Blackshaw (1988) at 3.8%, the
Azorean archipelago, Portugal by Rosa et al. (2000) at 3.9%, Korea by Choo et al.
(1995) at 4.6%, and Italy by Ehlers et al. (1991) at 5%. The highest recovery rate for
entomopathogenic nematodes was in England by Hominick and Briscoe (1990) at
48.6%. Most surveys show a recovery rate from soils between 6 and 35% (Rosa et
al. 2000). In more recent surveys not cited by Rosa et al. (2000), the recovery rate of
entomopathogenic nematodes was generally between 8 and 30% (Midituri et al.
1997; Griffin et al. 1999, 2000; Stock et al. 1999).

In Turkey, the most common entomopathogenic nematode species isolated was S.
feltiae, followed by H. bacteriophora. Both of these entomopathogenic nematode
species are widely distributed throughout the world (Hominick et al. 1996).
Steinernema feltiae, for example, has been found in tropical Hawaii (USA) as well
as in the temperate regions of Europe (Hominick et al. 1996). Even though it has
been isolated from the tropics, it is a species that is adapted to cold temperatures
(Wright 1992; Hazir et al. 2001). As indicated by Hominick et al. (1996), the global
distribution of S. feltiae suggests that it is either an efficient disperser and/or an
ancient species that was present before continental drift occurred. Once it disperses,
it is an effective colonizer, probably adapting to local insect hosts in the habitat.
Although not as widely distributed as S. feltiae, H. bacteriophora has been found
from the tropics (Constant et al. 1998) to temperate regions of the world (Hominick
et al. 1996). In Turkey, with the exception of an H. bacteriophora isolate from
Middle Anatolia, six of the seven isolates were found in the warmer climatic areas.
H. bacteriophora, based on developmental temperatures, appears to be a species
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more adapted to tropical and subtropical areas (Grewal et al. 1994), but it has been
recovered from Hungary and Germany, two countries that are considered to be
temperate (Mracek and Jenser 1988; Glare et al. 1993; Griffin et al. 1999). A
comparison of H. bacteriophora geographic isolates, as has been done for S. feltiae
(Hazir et al. 2001), may provide insights into its ecological niche.

In contrast to S. feltiae and H. bacteriophora, S. affine, up to our survey, has been
found only in Europe. Its most eastern European distribution is in the Slovak
Republic as reported by Sturhan and Liskova (1999). In Turkey, three isolates have
been recovered from the European region (Marmara), whereas one isolate was
recovered from the Asian region (Middle Anatolia). As far as we are aware, this
would be the first report of this species outside of Europe. However, as with many
entomopathogenic nematode species that initially appear to be restricted to a given
geographical area, as more surveys are conducted and nematode species recovered
and identified, many of them have a wider distribution than previously thought.

Steinernema affine has been found in a number of different habitats, including
along riverbanks (Sturhan and Liskova 1999) and in grassland (Steiner 1996;
Midituri et al. 1997; Sturhan and Liskova 1999), apple orchard (Mracek and Becvar
2000), woodland (Midituri et al. 1997), roadside verge (Midituri et al. 1997), and
cultivated areas (Sturhan and Liskovd 1999). Originally described by Bovien
(1937), S. affine was isolated from bibionid fly larvae that inhabited barley fields
and grassland. The larvae of this fly feed on roots and decaying organic matter.
Although we did not know the natural insect host for this species in Turkey, our
findings match much of the habitats in which S. affine was found in other parts of
Europe.

The isolation of a putative new species of Steinernema was an interesting finding.
It represented one of our most eastern Turkish isolates. Although the average length
of the infective juveniles and first generation males of S. carpocapsae (547 and
1450-1890 wm, respectively; see Poinar 1979) and Steinernema n. sp. (544 and
1532 wm, respectively) were similar, cross-breeding between the two ‘isolates’ did
not occur (S. Hazir and S.P. Stock, unpublished data). Additionally, molecular data
strongly indicated that this isolate is a new undescribed species.

An important indicator determining whether entomopathogenic nematodes occur
in the environment is soil type. Generally, entomopathogenic nematodes have been
isolated from soils with high sand content and low clay content. In our survey, the
majority of samples that tested positive for entomopathogenic nematodes were sand
to sandy loam soils (Table 1). These results are similar to those reported by a
number of other researchers (e.g., Blackshaw 1988; Hominick and Briscoe 1990;
Griffin et al. 1991; Hara et al. 1991; Liu and Berry 1995; Midituri et al. 1997; Stock
et al. 1999). For pH, we isolated entomopathogenic nematodes from slightly acidic
(pH 5.6) to slightly alkaline (pH 7.9) soils. This agrees with other studies where the
pH of entomopathogenic nematode positive soil samples varied from 4.6 to 8 (e.g.,
Mracek and Becvar 1988; Hara et al. 1991; Griffin et al. 1994).

Our survey has shown that entomopathogenic nematodes occur throughout
Turkey, with the most common species being S. feltiae, followed by H. bac-
teriophora, S. affine, and a putative Steinernema n. sp. We believe that the isolation
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of S. affine is the first report for Asia. These four nematode species open the
prospect for using them in biological control programs against insect pests in
Turkey. We found that the prevalence of these nematodes in Turkish soils is low
compared with other surveys that have been conducted in other parts of the world.
The low recovery rate of these nematodes in this survey could be attributed to the
selection of sampling sites and/or use of G. mellonella as the bait insect. The
distribution of entomopathogenic nematodes can be highly aggregated; hence, our
small soil sample size would have reduced the chances for isolating the nematodes
(Hominick et al. 1996). The site we selected may reflect variation in the availability
of suitable host species (Mracek and Webster 1993), and it is difficult to find
steinernematids or heterorhabditids in the soil in the absence of susceptible hosts. To
overcome this, a greater volume of soil and more sites may have increased our
prevalence rate. The other reason may be that we were unable to detect en-
tomopathogenic nematode species that were more host specific. In using Galleria,
we isolated only those species that have a relatively broad host range or only infect
lepidopteran larvae. Inclusion of a bait insect species other than lepidopteran larvae
would have been too expensive and limit the extensiveness of our survey. In the
future, the incorporation of coleopteran and dipteran bait insects may increase our
knowledge on the diversity and distribution of these important natural control agents
of insects.
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