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genetic variation among seven species of
Steinernema and three strains of S. feltiae us-
ing DNA sequencing of the nuclear rDNA
ITSl region and from five Steinernema spp.
using the mitochondrial cytochrome oxi-
dase II (COII)-l6S rDNA region.

MATERIAl.S AND METHODS

Entomopathogenic nematodes of the ge-
nus Steinernema Travossos, in conjunction
with their symbiotic bacteria, Xenorhabdus
spp., are pathogenic to many insects (Poi-
nar, 1979) and are effective biological con-
trol agents for soil insect pests (Klein, 1990).
Steinernema species have unique biological
characteristics that make accurate identifica-
tion important. However, morphological
classification is difficult (Poinar, 1990). In
addition, differentiation of released and na-
tive nematodes may be important for evalu-
ating the impact and efficacy of augmenta-
tive releases for biological control.

DNA sequencing of the nuclear ribosomal
DNA (rDNA) first internal transcribed spacer
(ITS1) region and mitochondrial DNA
(mtDNA) ND4 gene has proven useful for
studying speciation, phylogenetic relation-
ships, and molecular evolution in the Heter-
orhabditidae (Liu et aI.,1997, 1999; Adams et
aI., 1998). However, published data that com-
pare ITS1 and mtDNA sequence variation of
Steinernema species are not available. The o}:)-
jective of this study was to assess the level of

Species, strains, and sources of nematodes
used are presented in Table I, Classification
of nematode strains to species follows Poi-
nar (1990) and Nguyen and Smart (1995).
Nematodes were reared and harvested using
methods similar to Taylor et al. (1998),
Voucher specimens have been deposited in
the nematode collection of the Department
of Plant Pathology, University of Nebraska-
Lincoln.

DNA was isolated from approximately
750 infective juveniles using a phenol/
chloroform technique per Taylor et aI,
(1996), and the resulting DNA pellet was
resuspended in 100 pI of 10 mM Tris: 1
mM EDTA (pH 7.5), The ITS-1 region
was amplified with the primers rDNA2
(5'- TTGA TT ACG TCCCTGCCCTTT -3',
Vrain et al., 1992) and rDNA1.58s (5'-
ACGAGCCGAGTGATCCACCG-3', Cherry
etal., 1997). The mtDNAprimers, C2F3 (5'-
GGTCAATGTTCAGAAATTTGTGG-3') and
LRNB1R (5'-ATAATTTTCCTTTCGTACT-
3'), were described by Joyce et al. (1994),
These primers amplify a 5' portion of the
mitochondrial CO II gene, tRNA-histidine,
and the 16S RNA gene, The PCR protocol
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Abstract: DNA sequence analysis was used to characterize the nuclear ribosomal DNA ITSI region and
a portion of the COlI and 16S rDNA genes of the mitochondrial genome from Steinemema entomo-
pathogenic nematodes. Nuclear ITSI nucleotide divergence among seven Steinemema spp. ranged from
6 to 22%, and mtDNA divergence among five species ranged from 12 to 20%. No intraspecific variation
was observed among three S. feltiae strains. Phylogenetic analysis of both nuclear and mitochondrial
DNA sequences confirms the existing morphological relationships of several Steinemema species. Both
the rDNA ITSI and mtDNA sequences were useful for resolving relationships among Steinemema taxa.
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TABLE Species and strains of Steinernema spp. used in this study.

Species Strain Origin Source

Kapow
UNK-35
SN
Umea

Kapow, Poland
South Dakota, USA
France
Sweden

Jacksona
Jacksona
Jacksona
Jacksona
Pyeb
Jacksona
Jacksona
Jacksona
Cabanillasc

S. arenarium (Artyukhovshy)
S. carpocapsae (Weiser)
S. feltiae (Filipjev)
S. feltiae
S. feltiae
S. glaseri (Steiner)
S. kushidai Marniya
S. intermedium (Poinar)
S. riobrave Cabanillas, Poinar & Raulston Texas, USA

a Jackson,J.J., Northern Grain Insects Research Laboratory, USDA-ARS, Brookings, SD.
b Pye, A., BioLogic Co., Willow Hill, PA.
C Cabanillas, H. E., Crop Insects Research Laboratory, Subtropical Agricultural Research Laboratory, USDA-ARS, Weslaco, TX.

as the starting tree. Rates were assumed to
follow a gamma distribution with shape pa-
rameter estimated via maximum likelihood
based on the general-time-reversible model
(GTR) (Yang, 1994). A total of 286 distinct
data patterns were used under this model
for the rDNA ITS1 dataset and 260 for the
mtDNA data. The starting branch lengths
were obtained using the Rogers-Swofford ap-
proximation method.

for the nuclear DNA amplification reactions
was 40 cycles of 94 °C for 45 seconds, 55 °C
for 1 minute, and 72 °C for 2 minutes. The
PCR amplification profile for the mtDNA
amplification reactions consisted of 35
cycles of 94 °C for 1 minute, 48 °C for 1
minute, and 72 °C for 1.5 minutes. Samples
were prepared for DNA sequencing follow-
ing Szalanski et al. (2000) and sent to the
DNA sequencing facility at Iowa State Uni-
versity (Ames, IA) for direct sequencing in
both directions. Consensus sequences were
derived from individual sequences in each
direction using GAP (Genetics Computer
Group, Madison, WI). Nucleotide sequences
have been deposited in GenBank with acces-
sion numbers AF192982 to AF192995.

The DNADIST program of PHYLIP
v3.57C (Felsenstein, 1993) was used to cal-
culate genetic distances according to the
Kimura 2-parameter model (Kimura, 1980)
of sequence evolution. Steinemema DNA se-
quences were aligned using Caenorhabditis el-
egans rDNA (Ellis et al., 1986) and mtDNA
sequences (Okimoo et al., 1992). Maximum
likelihood and unweighted parsimony analy-
ses on the alignments were conducted with
PAUP* 4.0b2 (Swofford, 1999). Gaps were
treated as missing characters for all analysis.
The reliability of trees was tested with a boot-
strap test (Felsenstein, 1985). Parsimony
bootstrap analysis included 1,000 resam-
plings using the Branch and Bound algo-
rithm of PAUP*. For maximum likelihood
analysis, the single most-parsimonious tree
generated in our parsimony search was used

REsULTS AND DISCUSSION

DNA sequencing of the ITS 1 PCR-
amplified product revealed that it ranged in
size from 498 to 527 bp among the seven
Steinernema species. The mtDNA PCR-
amplified product varied in size from 1,084
to 1,092 bp. The average base frequencies
were A = 0.24, C = 0.21, G = 0.25, and T =
0.30 for the entire amplified rDNA region,
andA= 0.34, C = 0.09, G= 0.14, andT = 0.43
for the amplified mtDNA locus. No nucleo-
tide variation was observed among the three
S. feltiae strains for both rDNA ITS1 and
mtDNA sequences.

The rDNA and mtDNA sequence was
aligned for all of the Steinernema species us-
ing Caenorhabditis elegans as the outgroup
taxon. The aligned rDNA data matrix in-
cluding the outgroup taxon resulted in a to-
tal of 708 characters, including gaps. Of
these characters, 315 (44%) were variable
and 120 (17%) were informative. The
aligned mtDNA data matrix including the
outgroup taxon resulted in a total of 1,107
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characters, including gaps. Of these charac-
ters, 445 (40%) were variable and 239
(22%) were infonnative.

Pairwise Tajima-Nei genetic distances
among the Steinemema taxa ranged between
6 and 22% for the rDNA ITSI sequences
and 12 to 20% for the mtDNA sequences
(Table 2). Levels of rDNA ITSI and mtDNA
genetic variation among Steinemema species
were comparable to those observed in Heter-
orhabditis. Adams et al. (1998) observed 4to
16% divergence in the ITSI region of seven
Heterorhabditisspecies, while Liu et al. (1999)
observed 14 to 23% sequence divergence in
a portion of the mtDNA ND4 gene from five
Heterorhabditis species.

The rDNA dataset had only one most
parsimonious tree (Fig. lA) (Length = 556,
CI = 0.78, CI excluding uninformative
sites = 0.61), as documented using the Ex-
haustive search algorithm of PAUP*, which
examined all possible trees of this dataset.
Bootstrap analysis of the aligned Steinernema
species and C. elegans rDNA ITSI sequences
resulted in a consensus tree with two well-
supported branches (Fig. lA). Steinemema
arenarium fonned a distinct clade with S. gla-
seri relative to the other Steinemema taxa.
Steinemema feltiae formed a distinct clade
with S. kushidai. Regardless of whether the
starting tree was the most parsimonious tree
or was obtained via step-wise addition, the
maximum likelihood search found only one
tree. This maximum likelihood tree was
similar to the most parsimonious tree with
the exception of S. catpocapsae, S. riobrave,
and S. intermedium forming a common clade
(Fig. IB).

Parsimony analysis of the mtDNA data-

TABLE 2. Pairwise genetic divergence among seven Steinemema.

1. S. arenarium
2.' So giaseri
30 So kushidai
40 S. feltiae
50 S. ca1;/Jocapsae
6. S. riobrave7. 

So intermedium

0.134
0.139

0.007
0.214
ND
ND

0.130
0.143
0.091

0.195
0.170
ND

0.155
0.155
0.126
0.114

0.158
ND

0.199
0.219
0.164
0.159
0.170

NO

0.214
0.218
0.186
0.186
0.171
0.214

0.118
ND

0.163
0.178
0.145
ND

ND
0.166
0.186
0.166
ND

ITSI below the diagonal and mtDNA above the diagonal; ND = no data available.

set found one most parsimonious tree
(Fig. 1C) (length = 690, CI = 0.81, CI exclud-
ing uninformative sites = 0.65), as docu-
mented using the Exhaustive search algo-
rithm of PAUP*. Bootstrap analysis resulted
in a consensus tree with two well-supported
branches (Fig. 1 C). Steinernema arenarium
formed a distinct clade with S. glaseri, and S.
ca7pocapsae formed a clade with S. riobrave.
The maximum likelihood tree (-Ln likeli-
hood = 4126.74982, estimated value of the
gamma shape parameter = 0.346809) was
identical to the parsimony tree. When S.
kushidai and S. intermedium were excluded
from the rDNA ITS1 phylogenetic analysis,
results of the parsimony and maximum like-
lihood analysis were identical to those of the
mtDNA phylogenetic analysis.

A previous study by Hominick et al.
(1997) revealed S. glaseri to be most similar
morphologically to S. arenarium, and this re-
lationship is supported by our rDNA ITS1
and mtDNA phylogenies. This relationship
was not observed by a phylogenetic study us-
ing a 265-bp region of the rDNA 18S ge-
nome (Liu et al., 1997) and may be due to a
lack of phylogenetically informative charac-
ters.

The rDNA ITS1 and mtDNA 16S se-
quences revealed similar levels of genetic di-
vergence among the studies Steinernema
taxa. To our knowledge, sequences of the
mtDNA 16S-COIl region have not been em-
ployed for phylogenetic analysis of Nemata.
Joyce et al. (1994) found PCR-RFLP of the
mtDNA 16S-COIl marker to be useful for
differentiating species of Heterorhabditis. The
similarity of genetic variation in the rDNA
ITS1 and mtDNA sequences is interesting
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because the mtDNA call region in Ascari-
doids has been found to be saturated and
weakly informative at this level of divergence
(Nadler, 1995). However, another study by
Liu et al. (1999) found the mtDNA ND4 re-
gion to be useful for revealing differences
within and among species of Heterorhabditis
and for resolving phylogenetic relation-
ships. It is apparent that generalizations
about the utility of mtDNA markers for de-
termining nematode phylogenetic relation-
ships cannot be made until additional taxa
have been studied.

The combination of rDNA ITS 1 and
mtDNA 16S-CO II markers provides an in-
formative dataset for future studies on phy-
logenetic relationships and molecular diag-
nostics of Steinemema at the species level.
Also, based on the level of DNA sequence
variation of the mtDNA 16S-COIl region in
Steinemema, this region may be useful for re-
solving phylogenetic relationships of other
Nemata.
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