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PHYLOGENY OF STEINERNEMA TRAVASSOS, 1927 (CEPHALOBINA:
STEINERNEMATIDAE) INFERRED FROM RIBOSOMAL DNA SEQUENCES AND
MORPHOLOGICAL CHARACTERS

S. Patricia Stock, James F. Campbell,* and Steven A. Nadler
Department of Nematology, University of California, Davis, California 95616-8668

ABSTRACT: Entomopathogenic nematodes in Steinernema, together with their symbiont bacteria Xenorhabdus, are obligate and
lethal parasites of insects that can provide effective biological control of some important lepidopteran, dipteran, and coleopteran
pests of commercial crops. Phylogenetic relationships among 21 Steinernema species were estimated using 28S ribosomal DNA
(rDNA) sequences and morphological characters. Sequences of the rDNA internal transcribed spacers were obtained to provide
additional molecular characters to resolve relationships among Steinernema carpocapsae, Steinernema scapterisci, Steinernema
siamkayai, and Steinernema monticolum. Four equally parsimonious trees resulted from combined analysis of 28S sequences and
22 morphological characters. Clades inferred from analyses of molecular sequences and combined datasets were primarily reliably
supported as assessed by bootstrap resampling, whereas those inferred from morphological data alone were not. Although partially
consistent with some traditional expectations and previous phylogenetic studies, the hypotheses inferred from molecular evidence,
and those from combined analysis of morphological and molecular data, provide a new and comprehensive framework for
evaluating character evolution of steinernematids. Interpretation of morphological character evolution on 6 trees inferred from
sequence data and combined evidence suggests that many structural features of these nematodes are highly homoplastic, and that
some structures previously used to hypothesize relationships represent ancestral character states.

Nematodes in Steinernema Travassos, 1927 (Steinernemati-
dae) are obligate and lethal parasites of insects. Steinernematids
harbor bacterial symbionts, Xenorhabdus spp., that kill the in-
sect host and digest tissues, thereby providing nutrients suitable
for nematode growth and development within the insect cadaver
(Boemare et al., 1993; Forst and Nealson, 1996). Steinernema
species are distributed worldwide, having been reported from
all continents except Antarctica (Griffin et al., 1990). Steiner-
nema species and isolates exhibit differences in behavior, host
range, infectivity, and environmental tolerances, and this vari-
ability has stimulated interest in finding new strains and species
that are potentially useful for biological control, including com-
mercial applications (Simoes and Sosa, 1996; Brown and Gaug-
ler, 1997; Campbell and Gaugler, 1997; de Doucet et al., 1999).

Currently, Steinernema comprises 25 described species.
However, many additional isolates from diverse geographic lo-
calities have yet to be fully characterized. Steinernema spp.
have been described through the implicit application of several
different species concepts, with morphological or morphometric
data and cross-breeding tests most frequently used for differ-
ential diagnosis and identification (Poinar, 1990; Dix et al.,
1994; Hominick et al., 1997; Kaya and Stock, 1997; Nguyen
and Smart, 1997). Applying the biological species concept via
cross-breeding tests is labor and time intensive, and interpre-
tation of morphological features for identification requires sub-
stantial expertise and experience to ensure accuracy. In attempts
to overcome these difficulties, approaches using molecular ev-
idence, e.g., random amplified polymorphic DNA (RAPD), re-
striction fragment length polymorphism (RFLP), or molecular
and morphological evidence have been used to characterize
steinernematids (Reid and Hominick, 1993; Joyce et al., 1994;
Liu and Berry, 1995; Grenier et al., 1996; Stock et al., 1998).
Although nucleotide sequence data have been used to delimit
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nematode species and infer their evolutionary history (Nadler,
1992; Adams, 1998; Adams et al., 1998; Blaxter et al., 1998;
Kampfer et al., 1998; Nadler and Hudspeth, 1998, 2000; Nadler,
Adams et al., 2000), sequence-based studies of steinernematids
have been limited (Liu, Berry, and Moldenke, 1997).

The first explicit evolutionary hypothesis for the Steinerne-
matidae was proposed by Poinar (1993) based on his interpre-
tation and weighting of morphological, biological, physiologi-
cal, and distributional evidence. Poinar (1993) concluded that
Steinernema species evolved from a proto-Rhabditonema an-
cestor in a terrestrial environment about 375 million yr ago.
Explicit hypotheses for relationships among Steinernema spp.
were first proposed by Reid (1994) and were based on phenetic
analysis of genetic distances calculated from ribosomal DNA
(rDNA) restriction sites for 12 species. Additional investiga-
tions have been based on rDNA RFLP patterns (Reid et al.,
1997), combined analyses of morphological data and RAPD
markers (Liu and Berry, 1996), or partial sequences of 18S
rDNA (Liu, Berry, and Moldenke, 1997). Unfortunately, the
evolutionary hypotheses obtained from these studies are of lim-
ited utility due to several factors, including an insufficient num-
ber of phylogenetically informative characters, and in certain
cases, the use of data, e.g., RAPD markers, or tree-building
methods, e.g., UPGMA phenograms, that are inappropriate for
inferring evolutionary history. In addition, although different
isolates of individual species were included in some of these
studies, less than half of the described Steinernema spp. have
been studied.

In the present investigation, phylogenetic relationships
among 21 Steinernema species, including representatives of all
recognized species that were available as living isolates at the
time this study was initiated, were estimated using nuclear
large-subunit (LSU) rDNA sequences and morphological char-
acters. The phylogenetic trees resulting from combined analysis
of molecular and morphological data, and those from analysis
of sequence data alone, were used to delimit species and de-
velop hypotheses for the evolution of morphological features
by parsimony mapping.
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MATERIALS AND METHODS
Source and propagation of taxa

Twenty-two Steinernema isolates representing 21 described species
were studied (Table I). Three taxa, Cervidellus alutus (Cephalobidae),
Pseudacrobeles variabilis (Cephalobidae), and Panagrellus redivivus
(Panagrolaimidae), were selected as outgroups based on results from
analyses of small subunit (SSU, 18S) rDNA (Blaxter et al., 2000; Félix
et al., 2000) and preliminary analysis of Cephalobina LSU (28S) ri-
bosomal sequences (S. A. Nadler, pers. comm.). Steinernema isolates
were reared in vivo using last-instar Galleria mellonella (L.) larvae as
hosts (Kaya and Stock, 1997), except for Steinernema scapterisci that
was reared in adults of Acheta domestica (L.), and Steinernema kushidai
that was reared in larvae of Cyclocephala hirta Leconte. Cervidellus
alutus, P. variabilis, and P. redivivus (Table I) were reared on baby-
food agar (1% agar and 0.5% Beech-Nut Stages mixed cereal with
calcium and iron [Beech-Nut Nutrition Corporation, Canajoharie, New
York]) maintained at 15 C in Parafilm-sealed plastic petri plates.

DNA amplification and sequencing

With the exception of 2 species, nucleic acid preparations used for
polymerase chain reaction (PCR) amplifications of Steinernema spp.
were extracted from 1 first-generation female. For S. scapterisci and
Steinernema abbasi, pooled samples of several thousand infective ju-
veniles reared from A. domestica or G. mellonella, respectively, were
washed 3 times with Ringer’s solution (Woodring and Kaya, 1988) and
used for nucleic acid extraction. For each outgroup species, 10–100
adults were pooled and used for nucleic acid extraction. For Steiner-
nema adults, P. variabilis, and P. redivivus, nucleic acids were extracted
using a DNA binding (glass milk) method employing isothiocyanate
and guanidinium (ID Pure Genomic DNA Kit, ID Labs Biotechnology;
London, Ontario, Canada). Nucleic acids obtained using this method
were not quantified prior to use in PCR amplifications. Instead, the
elution containing nucleic acids was concentrated by vacuum evapora-
tion and standardized to 12 ml using TE buffer (pH 7.0), and 2 ml of
this preparation was used for each PCR reaction. For C. alutus, S. scap-
terisci, and S. abbasi, nematodes were incubated at 50 C in pH 8.0 TE
buffer (Ausubel et al., 1989) containing proteinase K (1 mg/ml final
concentration; Sigma, St. Louis, Missouri) and digested until only cu-
ticle remained. Nucleic acids were extracted from the digestion super-
natant using phenol–chloroform enrichment, ethanol/ammonium acetate
precipitation (Ausubel et al., 1989). The resulting pellet was washed
with 70% ethanol, resuspended in TE buffer (pH 8.0), treated with 50
mg of RNAse A (1 hr at 37 C), and DNA recovered following repre-
cipitation with ethanol. DNA from phenol–chloroform extracts was
quantified by spectrophotometry, and 100–200 ng used per PCR reac-
tion.

PCR was used to amplify a region within the 59-end of the nuclear
LSU rDNA that included the D2 and D3 domains. Design of the for-
ward PCR primer (no. 391, 59-AGCGGAGGAAAAGAAACTAA, po-
sitions 3,745–3,764 in Caenorhabditis elegans GenBank X03680) was
described in Nadler and Hudspeth (1998). The reverse primer (no. 501,
59-TCGGAAGGAACCAGCTACTA, positions 4,681–4,700) was de-
signed by Thomas et al. (1997). PCR conditions, e.g., annealing tem-
perature and MgCl2 concentration, were adjusted empirically to opti-
mize reaction specificity for individual species. Proofreading polymer-
ase (ID Proof, ID Labs Biotechnology, or Finnzymes DyNAzyme EXT,
MJ Research, Watertown, Massachusetts) was used for PCR amplifi-
cation. Typical PCR reactions included 0.5 mM of each primer, 200 mM
deoxynucleoside triphosphates, and a MgCl2 concentration of 2 mM in
a total reaction volume of 25 ml. PCR cycling parameters typically
included denaturation at 94 C for 3 min, followed by 33 cycles of 94
C for 30 sec, 52 C for 30 sec, and 72 C for 1 min, followed by a
postamplification extension at 72 C for 7 min.

A region of nuclear rDNA, including the 18S 39-terminus, internal
transcribed spacers (ITS-1, ITS-2), 5.8S subunit, and 28S 59-terminus,
was amplified by PCR in 6 Steinernema species (Steinernema affine,
Steinernema carpocapsae, Steinernema intermedium, Steinernema mon-
ticolum, S. scapterisci, and Steinernema siamkayai). The strategy for
design of these ITS primers was described previously (Nadler, Hoberg
et al., 2000). The forward primer anneals to the 39-terminus of the SSU
rDNA (primer no. 93, 2,635–2,653 59-TTGAACCGGGTAAAAGTCG),
and the reverse primer anneals to the 59-terminus of the LSU rDNA

(no. 94, 3,745–3,764 59-TTAGTTTCTTTTCCTCCGCT). The PCR re-
action mix was the same as described previously for the LSU reactions.
PCR cycling parameters included denaturation at 94 C for 4 min, fol-
lowed by 33 cycles of 94 C for 30 sec, 60 C for 30 sec, and 72 C for
50 sec, followed by a postamplification extension at 72 C for 7 min.

One microliter of each PCR amplification was used for agarose gel
electrophoresis (1.3% agarose in 13 TBE buffer) to confirm product
size and yield. PCR products were prepared for direct sequencing using
spin-filtration or enzymatic treatment with exonuclease I and shrimp
alkaline phosphatase (PCR product Presequencing Kit, Amersham Cor-
poration, Piscataway, New Jersey). For spin-filtration, excess PCR prim-
ers and dNTPs were removed by washing the product 3 times with 0.13
TE buffer (pH 8.0) using a Millipore filter (Ultrafree-MC 30,000
NMWL; Millipore Corporation, Bedford, Massachusetts). Sequencing
reactions were performed using BigDye (Perkin-Elmer, Norwalk, Con-
necticut) terminator cycle sequencing chemistry, and reaction products
were separated and detected using an ABI 377 automated DNA se-
quencer. Sequences for each species were completely double-stranded
for accuracy using the PCR primers and internal sequencing primers as
required. For LSU sequences of Steinernema spp., forward internal se-
quencing primers included no. 502 (59-CAAGTACCGTGAGGGAAA-
GTTGC) and no. 539 (59-GGATTTCCTTAGTAACTGCGAGTG); re-
verse internal sequencing primers were no. 503 (59-CCTTGGTCCGT-
GTTTCAAGACG) or no. 390 (59-ATCCGTGTTTCAAGACGGG). To
obtain LSU sequences for outgroup species, the forward internal primer
no. 504 (59-CAAGTACCGTGAGGGAAAGTTG) was used; reverse
primers no. 390, no. 503, no. 535 (59-TAGTCTTTCGCCCCTATAC),
and no. 536 (59-CAGCTATCCTGAGGGAAAC) were used as required.
ITS and 5.8S sequences of Steinernema species were double-stranded
using the internal forward sequencing primer no. 533 (59-CAAGTCT-
TATCGGTGGATCAC) and the reverse internal primer no. 534 (59-
GCAATTCACGCCAAATAACGG). LSU and ITS sequences are de-
posited in GenBank (AF143368, AF331888–AF331917) (Table I).

Sequence analysis

Contig assembly and sequence ambiguity resolution was performed
with the aid of Sequencher version 3.0 (Gene Codes, Ann Arbor, Mich-
igan). Sequences corresponding to the PCR amplification primers were
removed prior to multiple sequence alignment and phylogenetic anal-
ysis, because primer incorporation during amplification masks potential
mismatches (substitutions) that may occur in priming sites. Sequences
were aligned initially using CLUSTAL X version 1.53b (Thompson et
al., 1997), and the resulting output was adjusted manually to improve
homology statements. For the LSU region of Steinernema spp. and out-
groups, this yielded an alignment of 1,072 characters (the full align-
ment, LSU FA). The effect of alignment ambiguity on phylogenetic
analysis of these LSU data was explored by producing a second data
matrix (minus uncertainty, LSU MUNC) from the LSU FA that exclud-
ed 293 characters of the FA for which inferences of positional homology
were considered potentially ambiguous. A third dataset (gap recoded,
LSU GR) was produced from the LSU MUNC dataset by recoding each
unambiguous contiguous gap (indel) as 1 character, with nucleotide pre-
sent or absent as the alternative character states (Swofford, 1993; Cran-
dall and Fitzpatrick, 1996). This recoding yielded 14 additional char-
acters, of which 9 were parsimony-informative.

The multiple alignment of 6 Steinernema ITS sequences (859 char-
acters) included several long regions with substantial alignment ambi-
guity; therefore, only the alignment with ambiguous regions removed
(ITS MUNC, 538 characters) or a gap-recoded dataset derived from ITS
MUNC dataset (ITS GR, 549 characters) was used for phylogenetic
analysis. The gap-recoded ITS dataset had 6 additional parsimony-in-
formative characters.

Sequence data were analyzed by unweighted maximum parsimony
(MP) using PAUP* version 4.0b3a (Swofford, 1998). Unrecoded gaps
were treated as missing data. Tree searches of the LSU datasets were
performed using heuristic methods with TBR (tree-bisection reconnec-
tion) branch swapping, and a minimum of 500 replicates of random
stepwise addition. For the ITS datasets, MP searches were performed
using the branch-and-bound method. Reported consistency indices (C.I.)
do not include uninformative characters. Bootstrap parsimony analyses
were performed using heuristic searches (simple stepwise addition, TBR
branch-swapping, MULPARS) and 2,000 replicates. Datasets and tree-
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TABLE I. Specimen, source, voucher, and GenBank accession information for taxa used in phylogenetic analyses; taxon numbers are used in parenthetical tree descriptions.

Species Isolate name
Geographic

origin
Voucher

specimens
GenBank

accession no. Source

1. Steinernema abbasi Elawad, Ahmad, and Reid, 1997 Sultanate of Oman UCDNC 3742–3744 AF331890* B. R. Briscoe
2. Steinernema affine (Bovien, 1937) B1 England UCDNC 3745–3747 AF331899*

AF331912†
B. R. Briscoe

3. Steinernema arenarium (Artyukhovsky, 1967) Voronezh, Central Russia UCDNC 3748–3750 AF331892* H. K. Kaya
4. Steinernema bicornutum Tallosi, Peters, and Ehlers, 1995 Vojvodina, Yugoslavia UCDNC 3751–3753 AF331904* R. U. Ehlers
5. Steinernema carpocapsae (Weiser, 1955) All Georgia, USA UCDNC 3754–3757 AF331900*

AF331913†
H. K. Kaya

6. Steinernema ceratophorum Jian, Reid, and Hunt, 1997 Jining, China UCDNC 3807–3810 AF331888* B. R. Briscoe
7. Steinernema cubanum Mracek, Hernandez, and Boemare, 1994 Pinar del Rio, Cuba UCDNC 3758–3760 AF331889* Z. Mracek
8. Steinernema feltiae (Filipjev, 1934) Bodega Bay California, USA UCDNC 3761–3763 AF331906* S. P. Stock
9. Steinernema glaseri (Steiner, 1929) NC North Carolina, USA UCDNC 3764–3766 AF331908* H. K. Kaya

10. Steinernema intermedium (Poinar, 1985) SC South Carolina, USA UCDNC 3767–3769 AF331909*
AF331916†

H. K. Kaya

11. Steinernema karii Waturu, Hunt, and Reid, 1997 Kirinyaga, Kenya UCDNC 3770–3772 AF331902* B. R. Briscoe
12. Steinernema kraussei (Steiner, 1923) Westphalia Westphalia, Germany UCDNC 3773–3775 AF331896* Z. Mracek
13. Steinernema kushidai Mamiya, 1988 Shizouka, Japan UCDNC 3776–3778 AF331897* H. K. Kaya
14. Steinernema longicaudum Shen and Wang, 1992 CF1 VII Lake Tahoe, California,

USA
UCDNC 3779–3781 AF331901* S. P. Stock

15. S. longicaudum Shandong, China UCDNC 3782–3784 AF331894* B. R. Briscoe
16. Steinernema monticolum Stock, Choo, and Kaya, 1997 Mt. Chiri Gyeongnam, Korea UCDNC 3785–3787 AF331895*

AF331914†
S. P. Stock

17. Steinernema oregonense Liu and Berry, 1996 OS-10 Oregon, USA UCDNC 3788–3791 AF331891* J. Liu
18. Steinernema puertoricense Román and Figueroa, 1994 Loiza, Puerto Rico UCDNC 3792–3794 AF331903* J. Román
19. Steinernema rarum (de Doucet, 1986) Sargento Cabral Córdoba, Argentina UCDNC 3795–3797 AF331905* M. M. de Doucet
20. Steinernema riobrave Cabanillas, Poinar, and Raulston, 1994 TX Texas, USA UCDNC 3798–3800 AF331893* H. K. Kaya
21. Steinernema scapterisci Nguyen and Smart, 1992 Colón Buenos Aires, Argentina UCDNC 3801–3803 AF331898*

AF331915†
S. P. Stock

22. Steinernema siamkayai Stock, Somsook, and Kaya, 1998 T9 Petchabun, Thailand UCDNC 3804–3807 AF331907*
AF331917†

S. P. Stock

23. Cervidellus alutus (Siddiqi, 1993) PDL 004 Senegal AF331911* P. De Ley
24. Pseudacrobeles variabilis (Steiner, 1936) JB-056 Santa Anita, California,

USA
AF143368* J. Baldwin

25. Panagrellus redivivus (Linnaeus, 1767) JB-129 Riverside, California,
USA

AF331910* J. Baldwin

* LSU sequences.
† ITS sequences.
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files from analyses have been deposited in TreeBASE (Sanderson et al.,
1994) as study S555.

Templeton’s modified parsimony test (Templeton, 1983) and the
Kishino–Hasegawa test (Kishino and Hasegawa, 1989) were used to
compare alternative phylogenetic hypotheses to the combined evidence
trees. Because previous investigations of Steinernema relationships in-
cluded fewer species, alternative phylogenetic hypotheses were repre-
sented as the most parsimonious tree(s) including all 22 taxa consistent
with the alternative topology.

Morphological data

Sixty specimens (20 first-generation males, 20 first-generation fe-
males, and 20 third-stage infective juveniles [IJ]) of each Steinernema
isolate were used for characterization of morphological features. Spec-
imens used for these morphological analyses were deposited in the Uni-
versity of California Davis Nematode Collection (Table I). A total of
22 morphological characteristics (14 qualitative and 8 quantitative), in-
cluding those typically used for diagnosis of species (Hominick et al.,
1997), were evaluated. Range, mean, and standard deviation were de-
termined for 8 quantitative characteristics (Table II). For cladistic anal-
ysis, continuous traits were coded as discrete states employing Simon’s
(1983) homogenous subset coding method. One-way analysis of vari-
ance (ANOVA) was conducted for character values across the taxa us-
ing MSTAT-C version 2.0 (Freed et al., 1991). For all characters, groups
were defined that were significantly different at P , 0.05. This method
confirmed the statistical distinctiveness of the groups within the sample,
which is required for the application of subset gap coding. Finally, an
a posteriori multiple comparisons test (Student–Newman–Keul’s mul-
tiple-range test) was performed to establish the subsets (character states)
within each character.

Morphological character states were based on our observations and
measurements, except for IJ lateral-field pattern (Mrácek and Bednarek,
1991; Tallosi et al., 1994; Elawad et al., 1997; Nguyen and Smart, 1997;
Stock, 1997; Waturu et al., 1997; Stock et al., 1998) and morphology
of the gubernaculum cuneus (Hominick et al., 1997; Nguyen and Smart,
1997; Stock et al., 1998). Of 22 morphological characters, 7 were binary
and 15 were multistate (Table III); 4 missing values were coded as ?.
Outgroup taxa were excluded from the morphological analysis because
divergence precluded reliable assessments of homology for many of the
characters used for Steinernema species. Trees inferred from morpho-
logical data or combined analysis of molecular and morphological data
were rooted based on results of the molecular analyses.

Maximum parsimony analysis of morphological data was performed
using PAUP* with all characters unordered and weighted equally.
Searches for the most parsimonious trees were performed using a heu-
ristic search strategy (2,000 replicates of random taxon addition, TBR
branch swapping, MULPARS). Bootstrap parsimony analyses were per-
formed using heuristic searches (simple stepwise addition, TBR branch-
swapping, maxtrees of 100 per replicate) with 2,000 replicates.

RESULTS

Molecular phylogenetic analyses

MP analysis of the LSU FA dataset (424 parsimony-infor-
mative characters) yielded 4 fully dichotomous trees (Fig. 1) of
1,372 steps (C.I. 0.61); there is minimal conflict among these
trees as revealed by strict consensus (Fig. 1). Bootstrap MP
analysis of the LSU FA dataset (Fig. 1) revealed moderate
($75%, ,90%) to high ($90%) support for most clades recov-
ered in the strict consensus of most parsimonious trees. MP
analysis of the LSU MUNC dataset (327 parsimony-informative
characters) yielded 2 most parsimonious trees of 902 steps (C.I.
0.63). One of these trees was identical in topology to tree 3
from the LSU FA dataset (Fig. 1). The second tree differed from
trees of the LSU FA analysis only in depicting relationships
within 1 clade differently (((Steinernema ceratophorum, Stei-
nernema bicornutum), S. abbasi), Steinernema riobrave). Boot-
strap MP analysis of the LSU MUNC dataset (Fig. 1) yielded

a 50% majority-rule consensus tree nearly identical in topology
to the bootstrap tree from the FA dataset; the only difference
was the recovery of a weakly supported clade (arguably, weakly
supported ranges from $50% to ,75%) consisting of S. scap-
terisci, S. carpocapsae, and S. siamkayai (63%) in the LSU
MUNC analysis. All 11 clades receiving high bootstrap support
in analysis of the LSU FA dataset also received high support
in analysis of the LSU MUNC dataset. Of 5 clades with mod-
erate support in the LSU FA bootstrap tree, 4 had lower support
in the LSU MUNC bootstrap analysis, and 1 had higher sup-
port. In addition, bootstrap values for the sister-taxa Steiner-
nema longicaudum US and Steinernema karii increased from
64% (LSU FA) to 85% in the LSU MUNC analysis. MP anal-
ysis of the LSU GR dataset (336 parsimony-informative char-
acters) yielded 2 most parsimonious trees of 919 steps (C.I.
0.63); these trees had the same topology as the most parsimo-
nious trees from the LSU MUNC analysis. All 11 clades re-
ceiving high bootstrap support in the LSU FA, and MUNC da-
tasets also received high support in bootstrap MP analysis of
the LSU GR dataset (Fig. 1). In the LSU GR dataset, bootstrap
values for moderately supported clades were similar to those
obtained for the LSU MUNC analysis. The strict consensus of
most parsimonious trees inferred from analysis of all individual
LSU datasets (FA, MUNC, GR) retains considerable resolution
(Fig. 2).

One clade of 4 Steinernema species (S. carpocapsae, S. mon-
ticolum, S. scapterisci, and S. siamkayai) was poorly resolved
in strict consensus trees for individual LSU datasets and in
bootstrap majority-rule consensus trees for these LSU data
(Figs. 1, 2). Species in this clade had low levels of LSU se-
quence divergence (uncorrected pairwise difference of 0.19–
2.2%) and relatively few parsimony-informative sequence sites
(16 among these 4 species). Sequences from the ITS region
provided 22 additional parsimony-informative characters
among these 4 species, and the datasets for 6 species (the 4
species and 2 Steinernema outgroups) included 131 (ITS
MUNC) or 137 (ITS GR) informative characters. MP analyses
of the ITS MUNC and ITS GR datasets each yielded 1 tree
(ITS MUNC 332 steps, ITS GR 343 steps, C.I. 0.79 and 0.80,
respectively) of identical topology ((((S. monticolum, S. scap-
terisci), S. carpocapsae), S. siamkayai), outgroups). Bootstrap
MP analysis yielded support $97% for all clades in the ITS
GR dataset, and $91% for clades in the ITS MUNC dataset. A
combined MP analysis of ITS GR and LSU GR data for these
6 Steinernema spp. (4 ingroup and 2 outgroup species, 347
parsimony-informative characters) yielded 1 tree (585 steps,
C.I. 0.89) with the same topology as inferred from analyses of
the ITS MUNC and ITS GR datasets. Bootstrap MP analysis
of these combined molecular data yielded the same tree with
nodal support: 89% (S. monticolum, S. scapterisci); 97% (S.
monticolum, S. scapterisci, S. carpocapsae). Molecular phylo-
genetic results are summarized in 2 trees (Fig. 3) that represent
the 2 most parsimonious LSU GR trees, and the topology for
S. carpocapsae, S. monticolum, S. scapterisci, and S. siamkayai
as inferred from combined analysis of the ITS GR and LSU
GR datasets. These molecular phylogenetic hypotheses that are
inferred from truncated gap-recoded datasets exclude characters
that may be confounded by alignment ambiguity yet maximize
the number of parsimony-informative characters in the remain-
ing data.
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TABLE II. Morphometric (quantitative) data (*) for males and infective juveniles; all measurements are in microns and are based on 20 individuals.

Steinernema
taxa

Males

Spicule length D%* SW*

S. abbasi
S. affine
S. arenarium
S. bicornutum
S. carpocapsae
S. ceratophorum
S. cubanum
S. feltiae
S. glaseri
S. intermedium
S. karii
S. kraussei
S. kushidai
S. longicaudum (China)
S. longicaudum (USA)
S. monticolum

65 6 6 (57–74)
70 6 3 (65–87)
76 6 6 (64–94)
65 6 5 (52–70)
65 6 2 (57–77)
71 6 11 (54–90)
58 6 5 (50–67)
70 6 3 (65–77)
77 6 9 (65–90)
93 6 5 (80–110)
83 6 4 (73–91)
65 6 4 (48–70)
64 6 5 (48–73)
91 6 10 (72–108)
84 6 8 (75–97)
70 6 5 (61–80)

60 6 5 (51–68)
61 6 2 (60–67)
62 6 22 (40–126)
55 6 3 (50–61)
41 6 9 (23–53)
51 6 11 (33–65)
75 6 3 (70–80)
62 6 2 (60–66)
70 6 7 (60–80)
75 6 4 (67–80)
66 6 4 (53–78)
58 6 6 (52–68)
51 6 5 (43–60)
75 6 8 (56–92)
75 6 10 (58–92)
55 6 4 (49–61)

1.6 6 0.2 (1.1–1.9)
1.2 6 0.03 (1.15–1.25)
1.6 6 0.2 (1.4–1.7)
2.2 6 0.1 (2.1–2.3)
1.6 6 0.2 (1.4–2.0)
1.4 6 0.2 (1.0–2.0)
1.4 6 0.1 (1.35–1.6)

1.15 6 0.1 (0.99–1.25)
2.1 6 0.3 (1.6–2.5)
1.3 6 0.2 (1.2–1.5)
1.5 6 0.2 (1.4–1.7)
3.0 6 0.1 (2.5–3.5)
1.4 6 0.1 (1.3–1.5)
1.6 6 0.3 (1.16–2.2)
1.5 6 0.2 (1.2–1.9)
1.4 6 0.1 (1.2–1.5)

S. oregonense
S. puertoricense
S. rarum
S. riobrave
S. scapterisci
S. siamkayai

70 6 2 (65–73)
78 6 5 (71–88)
47 6 3 (42–55)
67 6 4 (62–75)
83 6 6 (72–92)
77 6 2 (75–80)

70 6 3 (64–75)
77 6 8 (65–87)
50 6 3 (45–55)
71 6 6 (62–80)
38 6 4 (32–45)
42 6 5 (35–50)

1.5 6 0.1 (1.35–1.7)
1.5 6 0.1 (1.4–1.65)

0.95 6 0.1 (0.9–1.1)
1.1 6 0.1 (1.0–1.2)
2.5 6 0.2 (2.0–2.8)
1.7 6 0.2 (1.4–2.2)

Infective juveniles

TBL* D%* E%* TL*

S. abbasi
S. affine
S. arenarium
S. bicornutum
S. carpocapsae
S. ceratophorum
S. cubanum
S. feltiae
S. glaseri
S. intermedium
S. karii
S. kraussei

541 6 24 (496–579)
696 6 108 (600–880)

1,217 6 209 (930–1,580)
770 6 89 (648–873)
562 6 67 (440–651)
706 6 84 (591–800)

1,284 6 117 (1,149–1,510)
855 6 67 (736–855)

1,150 6 200 (865–1,450)
680 6 15 (610–800)
904 6 37 (832–974)
945 6 26 (790–1,200)

53 6 0.2 (51–58)
49 6 3 (43–53)
63 6 4 (53–68)
50 6 7 (40–60)
25 6 1.3 (23–28)
45 6 5 (40–56)
70 6 3 (68–75)
46 6 3 (41–51)
65 6 7 (55–70)
51 6 0.4 (48–58)
57 6 0.1 (53–61)
47 6 0.1 (44–52)

86 6 5 (79–94)
95 6 9 (75–110)

120 6 7 (105–130)
85 6 5 (80–100)
60 6 5 (50–65)
84 6 6 (74–96)

160 6 7 (150–170)
78 6 4 (68–86)

131 6 5 (122–138)
96 6 2 (90–110)

100 6 3 (91–108)
76 6 3 (70–80)

56 6 3 (52–61)
71 6 7 (63–75)
81 6 10 (64–96)
72 6 4 (63–77)
53 6 5 (45–60)
66 6 6 (56–74)
66 6 5 (61–77)
84 6 7 (70–93)
78 6 8 (62–87)
65 6 4 (85–98)
76 6 6 (66–88)
85 6 15 (72–100)

S. kushidai
S. longicaudum (China)
S. longicaudum (USA)
S. monticolum
S. oregonense
S. puertoricense
S. rarum
S. riobrave
S. scapterisci
S. siamkayai

590 6 40 (524–662)
1,043 6 73 (929–1,170)
1,037 6 89 (931–1,194)

706 6 65 (612–821)
900 6 82 (820–1,110)

1,167 6 66 (1,050–1,245)
500 6 39 (445–563)
624 6 47 (560–715)
572 6 32 (520–610)
433 6 35 (398–495)

41 6 1.5 (38–44)
57 6 0.3 (52–62)
56 6 2 (54–59)
47 6 2 (44–50)
50 6 6 (40–60)
66 6 3 (62–74)
35 6 3 (30–40)
50 6 3 (45–55)
31 6 4 (27–40)
37 6 4 (31–43)

92 6 5 (84–95)
87 6 7 (75–104)
85 6 7 (76–98)
76 6 7 (63–86)

100 6 6 (90–110)
101 6 6 (88–110)

72 6 7 (63–80)
103 6 6 (93–111)

73 6 6 (60–80)
96 6 7 (85–112)

50 6 3 (45–60)
94 6 7 (79–105)
95 6 8 (81–110)
77 6 6 (71–95)
70 6 5 (65–79)
95 6 9 (85–110)
49 6 3 (43–55)
54 6 4 (46–60)
55 6 4 (46–60)
35 6 3 (31–41)

* D% 5 distance from anterior end to excretory pore, divided by distance from anterior end to esophagus; SW 5 spicule length divided by maximum body width;
TBL 5 total body length; E% 5 distance from anterior end to excretory pore, divided by tail length; TL 5 tail length.

Phylogenetic analysis of morphological data and
combined evidence

Phylogenetic analysis of 22 morphological characters yielded
3 most parsimonious trees of length 107 (C.I. 0.40). The strict
consensus (Fig. 4) shows there is minimal conflict among these
3 trees; however, the bootstrap 50% majority-rule consensus
tree contained only 1 clade (United States and Chinese isolates

of S. longicaudum, frequency of 84%), with the remaining taxa
collapsed in a polytomy.

MP analysis of the combined morphological and molecular
(LSU GR dataset) evidence (815 characters, 307 parsimony-
informative) for Steinernema spp. yielded 4 equally parsimo-
nious trees of 741 steps (C.I. 0.60). The strict consensus of
these trees (Fig. 5) and bootstrap values for the combined ev-
idence hypothesis (Fig. 5) show substantial similarity to results
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TABLE III. Morphological characters and character states for Steinernema species.

Characters*
Species

1 2 3 4 5 6 7 8 9 1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

S. abbasi
S. affine
S. arenarium
S. bicornutum
S. carpocapsae
S. ceratophorum
S. cubanum
S. feltiae
S. glaseri
S. intermedium
S. karii

0
1
0
0
1
0
0
1
0
0
0

1
2
1
1
0
1
0
0
2
2
2

1
0
0
0
0
0
0
0
0
1
2

0
0
0
0
0
0
0
0
0
0
0

2
2
0
0
2
2
2
0
0
2
0

1
0
0
1
2
1
1
2
0
2
0

0
1
2
0
0
1
0
1
3
1
0

2
2
0
0
0
2
0
0
0
1
?

2
1
0
1
2
1
0
0
0
2
3

1
0
1
0
1
0
1
0
1
0
0

0
1
2
0
1
2
2
1
2
1
0

1
0
0
0
0
0
0
1
0
0
1

0
0
0
1
0
1
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
1
0

2
2
1
2
2
1
3
2
1
0
1

1
1
1
1
2
2
0
1
1
0
1

2
3
2
1
2
2
2
3
1
2
2

2
1
0
1
2
1
0
1
0
0
1

2
2
1
2
3
2
0
2
1
2
1

1
1
1
1
2
1
0
1
1
1
1

2
1
1
1
2
1
1
1
1
1
1

S. kraussei
S. kushidai
S. longicaudum (China)
S. longicaudum (USA)
S. monticolum
S. oregonense
S. puertoricense
S. rarum
S. riobrave
S. scapterisci
S. siamkayai

1
0
1
1
1
0
0
1
0
1
1

2
2
2
2
1
1
2
2
1
1
1

0
1
0
0
1
2
0
1
2
0
1

0
1
0
0
0
0
0
0
0
0
0

2
0
2
2
2
0
0
2
0
1
1

2
1
1
1
0
0
0
2
1
2
2

1
1
1
1
0
0
3
0
0
0
1

0
0
0
0
0
0
0
0
0
0
0

2
2
1
1
1
3
3
1
3
2
1

0
1
1
1
0
0
0
1
0
1
0

1
1
2
2
0
2
2
2
2
1
1

0
0
0
0
0
0
1
0
0
1
1

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

1
?
0
0
1
?
0
0
?
1
1

2
2
0
1
2
2
1
3
2
1
1

1
2
0
0
1
1
0
2
1
1
2

0
2
2
2
2
2
2
3
3
1
2

1
2
0
0
1
1
0
2
2
2
3

2
3
1
1
2
2
1
3
2
3
3

1
1
1
1
1
1
1
2
1
2
1

1
2
0
0
1
1
0
2
2
2
3

* 1, Male tail mucro, (0) absent, (1) present; 2, spicule shape, (0) slightly curved, (1) moderately curved, (2) strongly curved; 3, spicule manubrium shape, (0) longer
than wide, (1) square-rounded, (2) wider than long; 4, spicule lamina notch, (0) absent, (1) present; 5, spicule velum, (0) absent, (1) present, reduced, (2) present,
well developed; 6, spicule rostrum, (0) absent, (1) present, slightly developed, (2) present, well developed; 7, spicule tip, (0) pointed, (1) blunt, not swollen, (2)
blunt and swollen, (3) hook-shaped; 8, gubernaculum cuneus, (0) short, Y or V-shaped, (1) short, needle-shaped, (2) long, needle-shaped; 9, female tail shape, (0)
blunt without mucro, (1) blunt with mucro, (2) conoid with pointy terminus, (3) conoid with mamillate terminus; 10, female postanal swelling, (0) absent, (1) present;
11, vulval lips, (0) nonprotruding, (1) protruding and symmetric, (2) protruding and asymmetric; 12, female double-flapped epiptygma, (0) absent, (1) present; 13,
IJ hornlike structures, (0) absent, (1) present; 14, IJ tail spine, (0) absent, (1) present; 15, IJ lateral field pattern, (0) 8 ridges, (1) less than 8 ridges; 16, spicule
length, (0) more than 90 mm, (1) 71–90 mm, (2) between 70 and 60 mm, (3) less than 60 mm; 17, male D%, (0) more than 75, (1) between 52 and 75, (2) less than
52; 18, male SW ratio, (0) more than 2.9, (1) between 2.0 and 2.9, (2) between 1.2 and 1.9, (3) less than 1.2; 19, IJ total body length, (0) more than 1000 mm, (1)
between 650 and 1,000 mm, (2) between 450 and 650 mm, (3) less than 450 mm; 20, IJ D%, (0) more than 70, (1) between 55 and 70, (2) between 45 and 54, (3)
less than 45; 21, IJ E%, (0) more than 150, (1) 75–150, (2) less than 75; 22, IJ tail length, (0) more than 90 mm, (1) between 61 and 90 mm, (2) between 40 and
60 mm, (3) less than 40 mm.

inferred from the LSU datasets (Fig. 1). For example, the boot-
strap MP trees inferred from combined evidence and molecular
datasets have 13 clades in common. Nine of these clades have
similar bootstrap values, 2 showed decreased support in the
combined evidence tree, and 2 showed increased support in
analysis of the combined evidence. Statistical evaluations of
trees revealed that Liu, Berry, and Moldenke’s (1997) alterna-
tive hypothesis was a significantly worse interpretation of these
data (Table IV).

Character evolution and species delimitation

The composite trees (Fig. 3), inferred from molecular data-
sets (LSU GR and ITS GR), and the 4 most parsimonious trees
from analysis of the combined evidence were used to determine
if each terminal taxon was delimited by autapomorphies (Ad-
ams, 1998; Nadler, Adams et al., 2000). Given the combined
evidence dataset, all terminal taxa are delimited by 3 or more
autapomorphies, whereas with the LSU FA dataset, all terminal
taxa had 2 or more autapomorphies except S. carpocapsae that
had none. Using the LSU GR dataset, 4 taxa (S. carpocapsae,
Steinernema cubanum, S. longicaudum Chinese, and Steiner-
nema oregonense) lacked autapomorphies. Analysis of the ITS

GR data (6 Steinernema taxa) revealed 5 autapomorphies for S.
carpocapsae, and more than 5 autapomorphies each for S. mon-
ticolum, S. scapterisci, and S. siamkayai.

Patterns of character evolution were explored using the 2
composite molecular trees (Fig. 3) and the 4 trees inferred from
combined evidence (Fig. 5). The range of consistency indexes
for morphological characters (Table V) showed that a few char-
acters used for developing evolutionary scenarios for Steiner-
nema spp. or in producing classifications were explained by the
minimum number of required changes. However, many others
were inferred to be highly homoplastic. In addition, certain
character states considered informative by previous investiga-
tors appear to represent ancestral (plesiomorphic) states. For
instance, absence of a double-flapped epiptygma in first-gen-
eration females and presence of less than 8 ridges in the IJ
lateral field have been emphasized as indicators of relationship
among species (Mrácek and Bednarek, 1991; Hominick et al.,
1997); however, both are inferred to represent ancestral states.
Likewise, spicules of moderate size (average length: 60–70 mm)
and with a well-developed velum are also plesiomorphic states.
The presence or absence of a tail mucro, and the spicule shape
in first-generation males are also features widely used for di-
agnosis and to infer relationships between species (i.e., Hom-
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FIGURE 1. Strict consensus of 4 equally parsimonious trees inferred by maximum parsimony analysis of the full alignment dataset (LSU FA).
Bootstrap percentages of clades are shown above internal nodes for the LSU FA analysis, and below internal nodes for LSU MUNC (left) and
LSU GR (right) datasets. Topologies of the 4 individual trees (parenthetical notation) use numbers for taxa provided in Table I. Tree 1 5
(6,((((((((((7, 15),9),3),((14,11),18)),(((17 , 12) , 8) , 13)) , 19),((((16 , 5), (21 , 22)) , ((24 , 23) , 25)) , (2 , 10))) , 17) , 20) , 4)) . Tree 2 5 (6,(((((((((((7,15),
9) , 3) , (14 , 11)) , 18) , (((17 , 12) , 8) , 13)) , 19) , ((((16 , 5) , (21 , 22)) , ((24 , 23), 25)) , (2 , 10))) , 1) , 20) , 4)). Tree 3 5 (6 , ((((((((((7 ,15) , 9) ,3) , ((14 ,11),
18)), (((17 , 12) , 8) , 13)) , 19) , (((16 , ((21 , 22) , 5)) , ((24 , 23) , 25)) , (2 , 10))) , 1) , 20) , 4)). Tree 4 5 (6,(((((((((((7,15),9),3),(14,11)),18),(((17,12),8),
13)),19),(((16,((21,22),5)),((24,23),25)),(2,10))),1),20),4)).

inick et al., 1997); however, mapping suggests these characters
are highly homoplasious. For the IJ, features considered useful
for species diagnosis, including total body length, tail length,
D%, and E% (Nguyen and Smart, 1996; Hominick et al., 1997;
Kaya and Stock, 1997), are also highly homoplasious.

Parsimony mapping suggested that certain character states
are shared derived characters for clades in the 6 trees that were
analyzed. For example, the presence of hornlike structures in
the IJ is a synapomorphy for S. ceratophorum and S. bicornu-
tum. Additionally, certain features that have been described as
informative for discrimination of taxa, such as the presence of

a lamina notch in first-generation males and the presence of a
tail spine in the IJ, are autapomorphic states in S. kushidai and
S. affine, respectively. With respect to the lineage represented
by S. scapterisci, S. siamkayai, S. carpocapsae, and S. monti-
colum, interpretation of the evolution of some character states
differed between the molecular trees (Fig. 3) and the 4 com-
bined evidence trees. For instance, the presence of a double-
flapped epiptygma in first-generation females and the presence
of a thin (slightly developed) velum in S. scapterisci and S.
siamkayai, was homoplastic in the molecular trees but syna-
pomorphic in the combined trees.
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FIGURE 2. Strict consensus of all most-parsimonious trees inferred by
maximumparsimonyanalysisofeach individualLSUdataset (FA,MUNC,
GR).

FIGURE 4. Strict consensus of 3 equally parsimonious trees inferred by
maximumparsimonyanalysisofmorphologicaldata.

FIGURE3. Summaryofmolecularphylogeneticresultsshowing2most-parsimonioustreesinferredfromtheLSUGRdatasetwiththetopologyforSteiner-
nemacarpocapsae,Steinernemamonticolum,Steinernemascapterisci,andSteinernemasiamkayaiinferredfromcombinedanalysisofLSUGRandITSGR
datasets.
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FIGURE 5. Strict consensus of 4 equally parsimonious trees inferred by
maximum parsimony analysis of the combined evidence dataset (LSUGR
andmorphology).Topologiesoftheindividualtrees(parentheticalnotation)
use numbers for taxa provided in Table I. Tree 1 5 (1,(((((((2, 10),((5,(21,
22)),16)),19),((3,((7,15),9)),((11,14),18))),((8,(1217)),13)),20),(4,6))).
Tree 2 5 (1, (((((((2, 10), ((5, (21, 22)), 16)), 19), ((3, ((7, 15), 9)), ((11, 14),
18))), ((8, (12,17)),13)), (4,6)),20)).Tree35 (1, (((((((2,10), ((5, (21,22)),
16)), 19), (((3 ((7, 15), 9)), (11, 14)), 18)), ((8, (12, 17)), 13)), 20), (4, 6))).
Tree 4 5 (1, (((((((2, 10), ((5, (21, 22)), 16)), 19), (((3, ((7, 15), 9)), (11,14)),
18)),((8,(12,17)),13)),(4,6)),20)).

TABLE IV. Statistical comparison of alternative trees using Templeton’s
and Kishino–Hasegawa tests.

Topology
P* Templeton’s

test
P* Kishino-Hasegawa

test

Tree 1†
Tree 2†
Tree 3†
Tree 4†
Tree 5‡

1.0000
1.0000
1.0000
1.0000

,0.0001

1.0000
1.0000
1.0000
1.0000

,0.0001

* Probability of obtaining a more extreme test statistic under the null hypothesis
of no difference between the 2 trees (2-tailed test).

† Maximum parsimony trees of 741 steps from analysis of combined evidence.
Tree topologies described in Figure 5.

‡ Single most parsimonious tree of 1,100 steps (taxon abbreviations from Table 1)
inferred from combined evidence dataset and consistent with a constraint to-
pology imposed from the 18S tree of Liu et al. (1997: fig. 3D): (1,((((2,(16,(21,
22))),(((((3,(5,8)),9),17),20),10)),((((7,15),((11,14),18)),(12,13)),19)),(4,6))).

TABLE V. Consistency index range for morphological characters as in-
ferred by parsimony mapping on 6 trees, including the 4 trees from
analysis of combined evidence and 2 composite trees from molecular
data.

Character No. states C. I. range

1. Male tail mucro
2. Male spicule shape
3. Male spicule manubrium
4. Male spicule lamina notch
5. Male spicule velum
6. Male spicule rostrum
7. Male spicule tip
8. Male gubernaculum cuneus
9. Female tail

2
3
3
2
3
3
4
3
4

0.14–0.17
0.29
0.22
1.0
0.22–0.29
0.25
0.30
0.50
0.25

10. Female postanal swelling
11. Female vulval lips
12. Female epiptygma
13. IJ hornlike structures
14. IJ tail spine
15. IJ lateral field pattern
16. Male spicule length
17. Male D%
18. Male SW ratio
19. IJ total body length

2
3
2
2
2
2
4
3
4
4

0.14
0.29
0.17–0.20
1.0
1.0
0.33
0.38–0.43
0.22
0.38
0.38

20. IJ D%
21. IJ E%
22. IJ tail length

4
3
4

0.50–0.60
0.50
0.33–0.38

DISCUSSION

The current study is the first comprehensive testable hypoth-
esis of phylogenetic relationships for species in Steinernema.
Previous studies have been of restricted utility due to limited
taxon sampling (Reid, 1994; Liu, Berry, and Moldenke, 1997;
Reid et al., 1997), use of sequence characters containing rela-
tively few phylogenetically informative sites (Liu, Berry, and
Moldenke, 1997), uncertainties of character homology (Liu and
Berry, 1996), and potential nonindependence of characters
(Reid et al., 1997). Reid et al.’s (1997) study, which was based
on genetic distances calculated from rDNA RFLP band-sharing,
included 10 identified species and 8 uncharacterized isolates.
There are some areas of agreement between our results and the
tree presented by Reid et al. (1997). For example, taxa with
morphological similarities like S. affine and S. intermedium
were closely related in both studies. In Reid et al. (1997), S.
carpocapsae, S. scapterisci, and 2 uncharacterized isolates, Ma-
laysia and SSL2 (likely S. siamkayai; see Stock et al., 1998)

were monophyletic, as were the same species in our study.
However, there is also much incongruence between our phy-
logenetic hypotheses and the tree presented by Reid et al.
(1997). Unfortunately, it is not possible to assess if these re-
gions of incongruence represent strongly supported alternative
hypotheses based on different datasets, as the RFLP study did
not include an evaluation of the relative reliability of clades.

Nucleotide sequences have also been used to investigate Stei-
nernema phylogeny. Liu, Berry, and Moldenke (1997) inferred
phylogenetic relationships for entomopathogens of the families
Steinernematidae and Heterorhabditidae using partial 18S
rDNA sequences. These authors concluded that although these
18S sequences were too conserved to resolve relationships
among Heterorhabditis species, these data were ‘‘well-suited’’
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for inferring phylogenetic relationships among Steinernema
species. However, reanalysis of these 18S data (using the align-
ment published by Liu, Berry, and Moldenke [1997]) revealed
that these sequences were also highly conserved among Stei-
nernema species, with only 12 parsimony-informative sites
among the 8 Steinernema species sequenced. Relative to our
results, statistical tests showed that Liu, Berry, and Moldenke’s
(1997) hypothesis is a significantly worse interpretation of our
combined evidence dataset. In contrast, given the 7 species in
common to the 2 studies, the tree topology consistent with our
combined evidence trees is not a significantly worse interpre-
tation of their 18S data than the tree presented by Liu, Berry,
and Moldenke (1997). These results suggest that the rather
marked differences between the phylogenetic relationships in-
ferred from partial 18S and the combined (28S sequences and
morphology) datasets may reflect a lack of robustness for the
partial 18S dataset.

In this investigation, parsimony analyses of 28S rDNA data
showed that the relative reliability of a small number of clades,
as assessed by bootstrap resampling, was sensitive to alignment
ambiguity. Therefore, molecular data used for combined evi-
dence analysis excluded sites where positional homology was
ambiguous. The phylogenetic hypotheses inferred from com-
bined analysis of nucleotide and morphological data maximizes
the explanatory power of available character data for these taxa
(Eernisse and Kluge, 1993; Kluge, 1998). Therefore, these trees
represent the best working hypotheses of evolutionary history
for this genus, although interpretation of this phylogenetic hy-
pothesis should be tempered by the likelihood that a substantial
fraction of Steinernema species diversity is unknown (Homin-
ick et al., 1996), and inclusion of unsampled clades may alter
the phylogenetic hypothesis. In addition, these molecular infer-
ences are based on data from a single locus. Despite these po-
tential caveats, the resulting combined evidence trees are con-
gruent with certain implicit or explicit expectations of related-
ness based on overall morphological similarity or evolutionary
interpretations of particular characters. However, trees inferred
from combined evidence and those from sequence data alone
also yielded some unexpected results when compared to tradi-
tional expectations.

The strict consensus of 4 most parsimonious trees from the
combined evidence (Fig. 5) included several clades that re-
ceived moderate-to-high support as inferred by bootstrap resam-
pling. Several of these clades included species that share mor-
phological similarities, and certain of these similarities were
hypothesized to be synapomorphies based on most parsimoni-
ous interpretations of character evolution. Steinernema carpo-
capsae, S. siamkayai, S. scapterisci, and S. monticolum consti-
tuted the sister-clade to the remaining Steinernema species in
analyses of combined evidence and in separate analyses of LSU
datasets. This result was strongly supported by bootstrap resam-
pling of these LSU data (Fig. 1). The 4 species within this clade
were observed to have low levels of LSU sequence divergence
and relatively few parsimony-informative LSU characters. This
paucity of phylogenetically informative characters was ad-
dressed by sequencing more variable regions of rDNA (ITS-1
and ITS-2) to provide additional character data relevant to evo-
lutionary relationships among the species in this clade. Phylo-
genetic relationships for these 4 species differed among infer-
ences from combined analysis of LSU and ITS data (Fig. 3),

combined analyses of LSU and morphological data (Fig. 5), and
analysis of morphological data (Fig. 4). In particular, bootstrap
MP analysis showed moderate support (89%) for a sister-taxon
relationship between S. scapterisci and S. siamkayai in com-
bined analysis of morphological and LSU data, yet an identical
value of nodal support was recovered depicting S. scapterisci
and S. monticolum as sister species in combined analysis of
LSU and ITS data. This is the only instance of conflict between
MP trees inferred from different analyses where the conflicting
relationships each appear to be supported reliably by bootstrap
resampling.

A second clade that was strongly supported in analyses of
the combined evidence and LSU datasets included S. affine and
S. intermedium as sister species. These species are extremely
similar morphologically, their only distinguishing feature being
the presence of a spine on the tail tip of infective juveniles of
S. affine. Both of these taxa were delimited by nucleotide au-
tapomorphies (sensu Adams, 1998; Nadler, Adams et al., 2000);
15 (S. affine) and 16 (S. intermedium) autapomorphies in the
LSU FA dataset, and 6 (S. affine) and 10 (S. intermedium) au-
tapomorphies in the LSU MUNC dataset, providing molecular
support for their status as species.

The remaining 16 Steinernema taxa were represented as a
strongly supported clade in the combined evidence tree (97%
bootstrap support) but received moderate support (LSU FA da-
taset) or weak (LSU MUNC, LSU GR datasets) support as in-
ferred from LSU datasets. This clade is a morphologically het-
erogeneous group of species that includes several subclades that
were strongly supported by various data partitions. The largest
subclade, which included 7 taxa (Steinernema arenarium, S.
cubanum, S. longicaudum CH, S. longicaudum US, S. glaseri,
S. karii, and Steinernema puertoricense), received strong (com-
bined evidence) or moderate (LSU datasets) bootstrap support.
Six of these species also share the characteristics of having the
largest infective juveniles and 8 ridges in the lateral field; how-
ever, neither of these characteristics were an exclusive apo-
morphy for these species. Nested within this clade of 7 taxa are
additional subclades receiving moderate-to-high support in
bootstrap MP analysis of the combined evidence and LSU da-
tasets.

One notable and unexpected conflict between the morpho-
logical and molecular analyses involves S. longicaudum that is
represented by 2 isolates in these analyses. These 2 isolates
(Chinese and United States) are morphologically indistinguish-
able. However, despite their monophyly in analysis of morpho-
logical data (Fig. 4), these isolates showed substantial sequence
divergence (7.1%) and were polyphyletic in phylogenetic anal-
yses of combined evidence and LSU datasets. In the combined
evidence and LSU datasets, the Chinese isolate of S. longi-
caudum was always the sister species to S. cubanum, and this
result was strongly supported by bootstrap resampling. In con-
trast, the United States isolate of S. longicaudum was the sister
species to S. karii in combined evidence and LSU datasets, but
this result received low-to-moderate bootstrap support. These
results indicate that these morphologically similar isolates of S.
longicaudum are not conspecific. Additional investigations, in-
cluding determining the nucleotide sequence of topotype iso-
lates of this species are required to provide a basis for identi-
fying S. longicaudum sensu stricto and to provide data for de-
scribing what appears to be a new species. Despite this and
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other conflicts between trees inferred from molecular data ver-
sus results based only on morphology, it is notable that a clade
of 4 taxa, S. arenarium, S. cubanum, S. longicaudum Chinese,
and Steinernema glaseri, was recovered in analyses of com-
bined evidence and LSU datasets, and (along with the morpho-
logically similar S. longicaudum US) was present in all most
parsimonious trees inferred from morphological data.

Another clade receiving moderate bootstrap support (80%) in
the combined evidence analysis and strong support in analyses
of the LSU datasets (92–98%) included S. kushidai, Steiner-
nema feltiae, Steinernema kraussei, and S. oregonense. With
the exception of S. kushidai that can be readily identified by
morphological criteria, the remaining 3 species are so similar
that they are easily misidentified. Yet, each of these species was
delimited by 19–20 nucleotide autapomorphies, and S. feltiae,
S. kraussei, and S. oregonense were strongly supported as
monophyletic in analyses of the LSU datasets (Fig. 1). Steiner-
nema kraussei, S. feltiae, and S. oregonense, or species pairs
from this clade, e.g., S. feltiae and S. oregonense, have also
been suggested to be closely related based on previously pub-
lished morphological or molecular evidence (Liu and Berry,
1996). All analyses of molecular or combined evidence datasets
recovered these 3 species as a clade and represented S. kraussei
and S. oregonense as sister taxa. In contrast, MP trees from the
morphological analysis did not recover this clade and repre-
sented S. kraussei and S. feltiae as sister taxa. However, the
kraussei–feltiae clade was not reliably supported by morpho-
logical characters as assessed by bootstrap resampling.

Steinernema ceratophorum, S. bicornutum, S. abbasi, and S.
riobrave were members of a subclade within the 16-taxon group
in most-parsimonious trees from combined evidence and LSU
datasets; however, this clade was not reliably supported in boot-
strap MP analyses, except for the LSU FA dataset, where it
received moderate support. Due to topological differences
among trees, S. abbasi and S. riobrave were unresolved within
strict consensus trees for each of these datasets. However, there
was strong bootstrap support in the combined evidence and
LSU analyses for S. ceratophorum and S. bicornutum as sister
species, and these taxa were also monophyletic in all 3 MP
trees inferred from morphological data. These species share
unique hornlike structures in the cephalic region of infective
juveniles that are hypothesized to be a shared-derived character,
as inferred from analysis of morphological data and by mapping
this character on the combined evidence trees.

A general goal of this study was to explore patterns of char-
acter evolution using the best estimates of phylogeny. Although
these best estimates are trees based on combined evidence, char-
acter evolution was also explored on 2 trees (Fig. 3) representing
an hypothesis based only on molecular data (LSU and ITS se-
quences). Overall, our results suggest that most of the morpho-
logical features that have been emphasized for classification and
assessing relationships represent either plesiomorphic states or
highly homoplastic characters. For example, given the 6 trees
used to examine character evolution, only 3 characters changed
without homoplasy over these trees. Two of these characters were
autapomorphic (lamina notch presence/absence, tail spine pres-
ence/absence), and 1 character, presence of hornlike structures in
infective juveniles of S. ceratophorum and S. bicornutum, was
synapomorphic. In considering character evolution within the
clade of S. monticolum, S. scapterisci, S. siamkayai, and S. car-

pocapsae, different results were obtained for 3 characters de-
pending on whether topologies based on combined evidence ver-
sus those based on a composite of 28S and ITS data were used.
In each case, the 4 trees based on combined evidence yielded a
synapomorphic character distribution for these morphological
characters (spicule velum slightly developed, epiptygma present,
spicule length 71–90 mm), whereas the 2 composite molecular
trees (Fig. 3) required homoplasy to most parsimoniously explain
evolution of these characters. Several character states emphasized
by previous investigators as providing evidence of relatedness
among Steinernema species were inferred to be plesiomorphic
states by character mapping on all 6 trees. These character states
included absence of a lamina notch, presence of a well-developed
velum, presence of a short Y- or V-shaped cuneous in the guber-
naculum of first-generation males, absence of an epiptygma in
first-generation females, lateral field pattern with less than 8 ridges,
and absence of a tail spine in third-stage infective juveniles.

In addition to morphological characters that were included in
the combined analysis, certain other features of these species
merit consideration relative to these phylogenetic hypotheses.
For example, sister species of Steinernema show no obvious
relationship to geographical site of isolation (see Table I). How-
ever, the geographic range of most Steinernema species has not
been thoroughly documented, and it is unlikely that the geo-
graphic origins of these particular isolates necessarily reflect
centers of diversification for species. Likewise, the obligate
bacterial mutualists of Steinernema, Xenorhabdus spp., have yet
to be fully described with respect to their species diversity. Five
species of Xenorhabdus have been described based on culture
characteristics and biochemical criteria (Boemare et al., 1996).
It is notable that certain clades of Steinernema harbor the same
Xenorhabdus species. For example, S. feltiae and S. kraussei
each have Xenorhabdus bovienii (the symbiont of S. oregonense
has not been characterized). Similarly, S. cubanum and S. glas-
eri have Xenorhabdus poinarii (likewise, the symbiont of S.
longicaudum CH has not been characterized). These findings
suggest that preliminary sequenced-based investigations of Xe-
norhabdus phylogeny (Rainey et al., 1995; Liu, Berry, Poinar,
and Moldenke, 1997; Stackebrandt et al., 1997) need to be ex-
tended to test the hypothesis of nematode–symbiont cophylo-
geny and potentially to uncover additional lineages within clas-
sically described Xenorhabdus species.

Interpretation of results from apomorphy-based species de-
limitation varied depending on which dataset was used for anal-
ysis. Relying on combined evidence, all terminal taxa were de-
limited as species by autapomorphies. For molecular datasets,
only the LSU FA dataset delimited most terminal taxa unequiv-
ocally. The more conservative (with respect to multiple se-
quence alignment) LSU GR dataset lacked autapomorphies for
S. carpocapsae, S. cubanum, S. longicaudum Chinese, and S.
oregonense. However, analysis of the ITS GR dataset yielded
autapomorphies for S. carpocapsae (the 3 other species were
not sequenced for ITS regions). These results illustrate how
consideration of alignment ambiguity for molecular sequences
can affect interpretation of species using evolutionary (includ-
ing apomorphy-based) approaches. However, because the com-
bined evidence represents our most comprehensive phylogenet-
ic dataset (and it excludes 28S characters that were potentially
alignment ambiguous), it is notable that each of these terminal
taxa shows evidence of historical independence (autapomor-
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phies), consistent with their delimitation as separate species.
Clearly, confidence in the exclusive and fixed nature of these
autapomorphies needs to be increased thorough population-lev-
el sampling of these taxa.
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