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ABSTRACT 

Nematodes in the genus Steinernema (Nematoda: Steinernematidae) and their associated bacteria 

Xenorhabdus spp. (γ-Proteobacteria) are an emergent model of terrestrial animal-microbe symbiosis. 

Although interest in this association initially arose out of their potential as biocontrol agents against 

insect pests (Tanada and Kaya, 1993), this mutualistic partnership is currently viewed more broadly 

under the umbrella of basic sciences to inform ecology, evolution, biochemistry, molecular, among other 

disciplines (Burnell and Stock, 2000; Forst and Clarke, 2002). 

 

Despite advances in the discovery and field application of this nematode-bacterium partnership, and the 

growing popularity of this model system, relatively little has been published to uncover the evolutionary 

facets of their association. This study adds to the body of knowledge regarding nematode-bacteria 

symbiosis by 1) producing novel, multi-gene phylogenies for Steinernema and Xenorhabdus; 2) 

proposing a possible scenario for historical association in the form of a cophylogenetic hypothesis; 3) 

describing a newly discovered Steinernema species from France. 
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GENERAL INTRODUCTION 

Members of the phylum Nematoda (from the greek nema, for “thread” and eidos, “form”) are 

pseudocoelomate roundworms distributed ubiquitously in freshwater, marine and terrestrial 

environments. Despite the relative simplicity of their body plan, they have diversified to fill almost 

every trophic niche, from free-living forms to human, animal and plant parasites. Nematode evolution 

has been so successful that in many cases they are not only the most numerous inhabitants in a given 

environment, but also the most speciose. As Nathan A. Cobb once asserted in the book Nematodes and 

Their Relationships (1915):  

 

“If all the matter in the universe except the nematodes were swept away, our world would still be dimly recognizable, 

and if, as disembodied spirits, we could then investigate it, we should find its mountains, hills, vales, rivers, lakes and 

oceans represented by a film of nematodes. The location of towns would be decipherable, since for every massing of 

human beings there would be a corresponding massing of certain nematodes.” 

 

At present, more than 25,000 species have been described, with estimates of total species within the 

phyla ranging from 45,000 to 1 million (Lambshead, 1993). Of these, a relatively small number (over 30 

families) are known to be insect associates and/or parasites, either killing or seriously debilitating their 

arthropod hosts (Stock and Hunt, 2005). Of them, only two families are considered to be 

entomopathogenic nematodes (EPNs) because of the fast killing of their hosts, Heterorhabditidae Poinar 

1975 and Steinernematidae Travassos, 1927. These two nematode families are remarkably convergent in 

their life history, although they are evolutionarily distant. This separation was suggested by Poinar based 

on morphology and behavior, and later reinforced by Blaxter using nucleotide data (Blaxter, 1998).  
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Both families have one free-living stage known as the third-stage infective juvenile which harbors 

bacterial symbionts (gram-negative Enterobacteriaceae) in their intestine. The third-stage infective 

juvenile vectors the bacterial symbiont from one insect host to another and the bacterial symbiont, once 

released in the insect’s hemocoel, kills the host insect and allows the nematodes to grow and multiply. 

Members of the family Heterorhabditidae harbor bacterial symbionts of the genus Photorhabdus 

Boemare, Akhurst and Mourant, 1993.  Steinernematidae nematodes are mutualistically associated with 

bacteria in the genus Xenorhabdus Thomas and Poinar, 1979. Further details on the life history of 

Steinernematid nematodes are provided below (see Natural History section)  

 

The Heterorhabditidae comprise one genus Heterorhabditis Poinar, 1975, which currently contains 14 

species (Stock et al., 2009).  The Steinernematidae, currently encompass two genera:  Steinernema 

Travassos, 1927 and Neosteinernema Nguyen and Smart, 1994.  The genus Neosteinernema is 

monotypic, comprised of one species, N. longicurvicauda, but Steinernema comprises more than 60 

species.  This study focuses on the relationships between Steinernema spp. and their bacterial symbionts 

Xenorhabdus spp. 

 

The Genus Steinernema 

The first described species of Steinernema, S. kraussei (= Aplectana kraussei), was isolated from 

sawflies and described in 1923 by Gotthold Steiner. Later on, R.W. Glaser discovered S. glaseri (= 

Neoaplectana glaseri) from Japanese beetles, Popilla japonica, in the United States (1932). Glaser was 

able to successfully culture these nematodes in the laboratory using in vivo methods. Over the course of 

a decade, Glaser demonstrated their ability to significantly reduce and control beetle populations in the 

field (Glaser, 1932; Glaser and Farrell, 1935). Interest in the use of Steinernema spp. as biological 
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control agents grew steadily throughout the middle part of the 20th century due to their ease of culture 

and application, ability to control insects in the difficult soil environment, and lack of non-target effects, 

among others. Pioneering work by an international array of scientists such as George Poinar (USA), L. 

Travassos (Brazil) and Filipjev (Russia) also contributed to popularizing the nematode/bacteria complex 

around the world. For a more thorough overview of this history, see Nickle (1984).  

 

The Genus Xenorhabdus 

The first Xenorhabdus symbiont was isolated from S. carpocapsae strain DD136 by Poinar and Thomas 

(1965), who described it as a new species, Achromobacter nematophilus. When the genus 

Achromobacter was rejected (Hendrie et. al., 1974), a new genus, Xenorhabdus, was erected to 

accommodate symbiotic bacteria of both Steinernema and Heterorhabditis. The symbiont of 

Heterorhabditis was later transferred to a new genus, Photorhabdus (Boemare et al., 1993), based on 

differences found in DNA composition.  

 

The genus Xenorhabdus currently comprises more than 20 species (Koppenhöfer, 2007), with many 

isolates from described Steinernema hosts yet to be described. X. nematophila is the type species of this 

genus. 

 

Both Xenorhabdus and Photorhabdus belong to the family Enterobacteriaceae Ewing, Farmer and 

Brenner, 1980, within the gamma subdivision of Proteobacteria. They are gram-negative rods, motile or 

non-motile with peritrichous flagella, facultatively anaerobic, negative for oxidase, asporogenous, 

nonacid fast, chemoorganic heterotrophs with respiratory and fermentative metabolism (Brenner, 1990; 

Brenner and Farmer, 2005). Both form two distinct colony phenotypes (phase I and phase II). The 
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primary colony form, phase I, are found naturually associated with Steinernema while phase II colonies 

may appear in vitro or in within a host cadaver during the final stages of colonization (Akhurst, 1980). 

Among the differences between Photorhabdus and Xenorhabdus are variability in 16s rRNA sequences 

(especially between positions 208-211 in E. coli) (Szallas et al., 1997), and that Photorhabus are 

distinctly bioluminescent and catalase positive while Xenorhabdus are not (Forst et al., 1997). A deeper 

review of taxonomic history can be found in Koppenhöfer, 2007. 

 

As hundreds of laboratories worldwide focus on the biology of Steinenema and Xenorhabdus, it has 

quickly become apparent that these nematodes and their symbiotic bacteria are not only useful in the 

realm of agriculture, but serve as a tractable model system for exploring concepts in ecology, molecular 

genetics, biochemistry, and the fields of symbiosis and evolution. 

 

Steinernema-Xenorhabdus Natural History  

As briefly stated above, third-stage infective juvenile Steinernema spp. harbor gram-negative 

Enterobacteria of the genus Xenorhabdus in a specialized intestinal “receptacle” located in the anterior 

portion of the intestine. This infective juvenile (IJ) stage is a non-feeding, non-reproductive form also 

known as the “dauer juvenile” because it is capable of withstanding harsh environmental conditions such 

as temperature changes and dehydration, among other abiotic factors. Together, nematode and bacteria 

form a “potent insecticidal complex” effective against a wide array of arthropod hosts (Gaugler and 

Kaya, 1990; Kaya and Gaugler, 1993). When IJs locate and infect a suitable host, Xenorhabdus cells are 

released into the host’s hemocoel, where they multiply and kill the host (by septicemia) within 24-48 

hours. In this mutualistic relationship, the nematode provides protection and nutrition for the bacterial 

symbionts as they disseminate between suitable hosts. Once Steinernema has entered an insect through a 
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natural opening (mouth, anus, spiracles etc.), the bacteria not only aid in killing the host insect, but also 

create a near-exclusive environment for both their specific nematode and themselves by production of 

bacteriocins, antibiotics and antimicrobials (Akhurst, 1982; Chen et al., 1994). As the bacteria 

proliferate inside the infected cadaver, they act both as a direct food source for Steinernema, and 

actively degrade the host carcass to form secondary metabolites that also nourish the nematodes (Vivas 

and Goodrich Blair, 2001; Forst and Clarke, 2002). At this time, additional nematodes of the same 

species enter the cadaver. Most Steinernema spp. are amphimictic, requiring both males and females for 

reproduction.  However, one species, S. hermaphroditum, has the first adult generation represented only 

by hermaphrodites, therefore not requiring the presence of males for reproduction (Griffin et al., 2001; 

Stock et al. 2004). Nematode and bacteria reproduce separately for several generations inside the host 

cadaver until resources are depleted. They then reassociate (i.e. a new IJ generation acquires the 

bacterial symbiont through feeding from the insect carcass) and emerge en masse to begin the cycle 

anew (Figure 1). Although this mutualism can be disassociated by experimental manipulation (Cowles 

and Goodrich-Blair 2004, 2008), creating viable axenic nematodes and dense bacterial cultures on 

agarose plates, the association between Steinernema nematodes and Xenorhabdus bacteria is necessary 

for the successful growth and reproduction of each partner under natural conditions (Akhurst and 

Boemare, 1990; Boemare, 2000).  

 

Previous studies indicate that though each Steinernema species is apparently associated with only one 

species of Xenorhabdus, one species of the bacteria may be hosted by several species of nematode 

(Boemare, 2002). X. bovienii Akhurst and Boemare 1988 is known to be the most promiscuous 

symbionts, being housed by nine Steinernema species. At the experimental level, different nematode-

symbiont combinations have been manipulated. However, these experimental associations have been 
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found to be detrimental as they impact nematode fitness and parasitic success. For example, Sicard et al. 

(2004, 2005) paired S. carpocapsae and S. scapterisci with an array of Xenorhabdus species and found 

that only native bacteria were transmitted successfully, essentially barring horizontal transmission within 

this system. Although nematodes could infect and reproduce at small scale under some mismatch 

conditions, success in all arenas was proportional to the level of phylogenetic relatedness between the 

attempted bacteria strain and the native one, and not on geographic origin of bacteria or nematode.  

 

 

 

 

To date, more than 60 valid species of Steinernema have been described, and several of their bacterial 

symbionts characterized (Table 1).  It is not yet known whether the specific associations between each 

partner developed in concert with one another (parallel cladogenesis) or not. In this respect, the 

following study attempts to shed light on the historical association of these closely-knit partners via 

cophylogenetic analysis of geographically matched isolates.  

Figure 1. Generalized life cycle of Steinernema nematodes 
(Hazir et al., 2004).  
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Steinernema Xenorhabdus Steinernema Xenorhabdus 

S. abbasi X. indica S. khoisanae Xenorhabdus sp. 

S. aciari Xenorhabdus sp. S. kraussei X. bovienii 

S. affine X. bovienii S. kushidai X. japonica 

S. akhursti Xenorhabdus sp. S. leizhouense Xenorhabdus sp. 

S. anatoliense X. nematophila S. litorale Xenorhabdus sp. 

S. apuliae X. kozodoii S. loci Xenorhabdus sp. 

S. arenarium X. kozodoii S. longicaudum X. beddingi 

S. ashiuense Xenorhabdus sp. S. monticolum X. hominickii 

S. asiaticum Xenorhabdus sp. S. neocurtillae Xenorhabdus sp. 

S. backanense Xenorhabdus sp. S. oregonense X. bovienii 

S. beddingi Xenorhabdus sp. S. pakistanense Xenorhabdus sp.. 

S. bicornutum X. budapestensis S. puertoricense X. romanii 

S. boemarei X. kozodoii S. puntauvense X. bovienii 

S. carpocapsae X. nematophila S. rarum X. szentirmaii 

S. caudatum Xenorhabdus sp. S. riobrave X. cabanillasii 

S. ceratophorum X. budapestensis S. ritteri Xenorhabdus sp. 

S. colombiense Xenorhabdus sp. S. robustispiculum Xenorhabdus sp. 

S. costaricense X. szentirmaii S. sangi Xenorhabdus sp. 

S. cubanum X. poinarii S. sasonense Xenorhabdus sp. 

S. cumgarense Xenorhabdus sp. S. scaptersci X. innexi 

S. diaprepesi X. doucetiae S. scarabaei X. koppenhoeferii 

S. eapokense Xenorhabdus sp. S. siamkayai X. stockiae 

S. feltiae X. bovienii S. sichuanense Xenorhabdus sp. 

S. glaseri X. poinarii S. silvaticum Xenorhabdus sp. 

S. guangdongense Xenorhabdus sp. S. tami Xenorhabdus sp. 

S. hebeiense Xenorhabdus sp. S. texanum Xenorhabdus sp. 

S. hermaphroditum X. griffiniae S. thanhi Xenorhabdus sp. 

S. intermedium X. bovienii S. websteri. X. nematophila 

S. jollieti X. bovienii S. weiseri X. bovienii 

S. karii X. hominickii S. yirgalemense Xenorhabdus sp. 

 
Table 1. Currently described Xenorhabdus species and their taxonomic correspondence with Steinernema nematodes. 
(Modified from Nguyen, Hunt and Mrácek, 2007) 
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PART I  

A MULTIGENE APPROACH TO ASSESSING COEVOLUTIONARY RELATIONSHIPS 

BETWEEN NEMATODES AND THEIR BACTERIAL SYMBIONTS  

 

Introduction 

Coevolution, Cospeciation and Cophylogenesis 

The terms coevolution and cospeciation are often used casually and interchangeably when each should 

be distinct from the other. Most would agree that coevolution means reciprocal adaptive change between 

species, and can be separate from the processes that drive speciation. This is clearly exemplified in 

Daniel Janzen’s classical work on acacia and acacia ant symbiosis (Janzen, 1966), which does not rely 

on any particular level phylogenetic association to conclude coevolution, but considers the adaptive 

function of each partner to the other within the given environment.  

 

Cospeciation, a case where the lineages of two ecologically associated species track each other, can 

occur without coevolution, and its study is centered on the comparison of phylogenetic trees. When the 

trees of mutualists track, the pattern is referred to as cophylogeny, co-cladogenesis or parallel 

cladogenesis, and is embodied in Farenholtz’s rule (Eichler, 1948) which, though written for host-

parasite associations, it can easily be applied to close mutualisms. It states that host and parasite 

phylogenies mirror one another.  Examples of such phylogenetic tracking include pocket gophers and 

their lice (Hafner, 1988), sepiolid squids and their symbiotic Vibrio fischeri bacteria (Nishiguchi et al, 

1998) as well as certain aphids and the endosymbiotic bacteria, Buchnera (Clark, 2000). It has also been 

demonstrated that associations between mutualists, especially if they are obligate, often result in 

coevolutionary scenarios, accelerated genetic change and speciation (Thompson, 2005). 
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The tight association between Steinernema nematodes and their Xenorhabdus symbionts is evidenced by 

their obligate natural history interactions, the specialized intestinal structures used for housing and 

allowing Xenorhabdus growth in the nematode intestine (Snyder et. al. 2007), and the vertical 

transmission of bacteria to nematode within a strict relationship, clearly indicate ancient specialized 

association and adaptation of each mutualistic partner. These factors suggest both a coevolutionary and 

cophylogenetic link, the latter of which is tested in this study tested through the generation of multi-gene 

phylogenies from matched host-symbiont strains. 

 

Previous Phylogenetic Studies 

If the detection of cospeciation is promulgated on the analysis of evolutionary lineages, it is expected 

that one would need reliable phylogenies on which to perform these analyses. Previous to Blaxter’s 

(1998), radical reshaping of the nematode tree of life using 18s rDNA sequence data, evolutionary 

histories of Nematoda were based on scant morphological characters and often cryptic life history. 

Blaxter’s now accepted five-clade system divides Nematoda into two classes: Enoplea and 

Chromadorea, replacing the older Adenophorean/Secernentean divisions, which were based on 

morphological, ecological and physiological traits.  

 

With special reference to Steinernematidae, the first published phylogenetic trees produced by Liu and 

Berry (1997) considered data from the 18s (SSU) rDNA sequences. Stock et. al. (2001) considered the 

28s (LSU) rDNA gene in conjunction with morphological traits to sample 21 of 25 then valid 

Steinernema species.  
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Spiridonov et. al. (2004) used the highly variable Internal Transcribed Spacer (ITS) region or rDNA to 

sample a larger taxon set of Steinernema spp. Eighty-four strains were used in this analysis, a little less 

than half of which were nominal or putative species at the time.  The problems involved with single-

locus sequencing were addressed by Nadler et al. in 2006 with the production of trees from multiple 

gene regions: the nuclear gene 28s, and two mitochondrial genes (Cytochrome Oxidase I and 12S). The 

trees produced by Nadler et. al. form the modern five clade structure for Steinernema, agreed upon by 

earlier studies (Figure 2). In this organization, clade II (including S. carpopcasae, S. siamkayai, S. 

scapterisci and S. monticolum) form a sister group to the rest of Steinernema species.  

 

Many phylogenetic studies have attempted to map key diagnostic characters and complex ecological 

traits, such as host-foraging behavior, with phylogenetic position (Reid et al. 1997; Stock et al. 2001; 

Campbell et al., 2003), but as new taxa continue to be described and added to analyses, these traits have 

proven to be extremely homoplasious (Stock et al. 2001). Despite this great plasticity, there is a general 

trend: short IJs are grouped in clade II, the longest IJs are found in clade V (Reid et al. 1997). A looser 

trend is the position of ambush foragers in clade II and active cruise foragers in clade V (Campbell et al. 

2003). Lastly, the bulk of Steinernema species housing X. bovienii, the most promiscuous species of 

symbiont, are seen in clade III. 
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The most recent phylogenetic study of Xenorhabdus spp. to date is one conducted by Tailliez et al. in 

2006. Multiple strains of all currently valid species of Xenorhabdus were sampled from an array of 

geographic locations and Steinernema hosts. Sequence data from the 16s rDNA gene were combined 

with results of phenotype profiling traits as well as with ERIC and RAPD patterns.  The resultant 

molecular tree gave evidence for 13 strongly supported (>98% bootstrap value) groups. Although 

Tailliez’s work is extensive, Steinernema hosts for many of samples are no longer available due to the 

inability to maintain nematodes in culture or their taxonomic identity is questionable. For example, the 

validity of S. serratum was called into question by Qiu et al. (2004). Bacterial lawns of Xenorhabdus, as 

well as frozen glycerol stocks are easily maintained (Vivas and Goodrich-Blair, 2001; Martens et al., 

Figure 2. 
Bayesian tree inferred from 
combined analysis of three 
Steinernema genes from 
Nadler et al. 2006. Five major 
clades are denoted by roman 
numerals. MCMC Posterior 
probabilities shown for 
internal nodes. 
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2003), so on many occasions nematode hosts have been discarded because maintenance of in vivo 

cultures of nematodes is labor and time consuming. This situation makes cophylogenetic comparisons 

difficult since strains and species are no longer available. Moreover, the use of only one single gene in 

these studies renders phylogenies of both mutualists questionable, especially when the difference 

between Xenorhabdus sequences in Tailliez’s dataset was often less than 3%, and never more than 5% 

(the taxonomic threshold for bacterial species according to Stackebrandt and Goebel, 1994).  

 

The Importance of Host-Symbiont Matching 

As mentioned above, although evolutionary hypothesis exist for both Steinernema and Xenorhabdus, 

several difficulties prevent quick cophylogenetic analysis of extant datasets. Most notably, 

host/symbiont sequence datasets have not been drawn from matching nematode-bacterium 

strains/isolates. Since Steinernema nematodes are cosmopolitan in their distribution, with species such 

as S. carpocapsae and S. feltiae found on multiple continents, geographic variation may affect the 

topologies of trees used for these comparisons. Therefore, analysis of extant, but disparate datasets 

would not be a true reflection of the evolutionary histories of each partner. Secondly, ambiguities 

generated from the consideration of a single locus makes the fidelity of subsequent evolutionary 

inferences doubtful.  This is in particular reference to Xenorhabdus phylogenetic hypotheses, for which, 

until now, only 16s rDNA has been considered. 

 

P. Stock’s lab in the Department of Entomology, University of Arizona, is home to one of the largest 

and most complete collections of Steinernema cultures worldwide, making it possible to sample multiple 

representatives of each of the five nematode clades. For this study, a total of 29 matched pairs of known 

origin were analyzed (Table 2). 
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Materials and Methods 

 

Taxon Sampling 

To establish unambiguous phylogenetic associations between Steinernema spp. and Xenorhabdus spp., 

only data obtained from bacterial strains coming from known nematode hosts, were considered. As 

mentioned above, 29 pairs with matched and verified origins were considered for this study. 

 

Steinernema sp. Xenorhabdus sp. 
Nematode 

Isolate/Origin 

Steinernema 

sp. 

Xenorhabdus 

sp. 

Nematode 

Isolate/Origin 

S. abbasi X. indica S01/India S. khoisanae 
Xenorhabdus 

sp. 
South Africa 

S. affine X. bovienii Redding/UK S. kraussei X. bovienii Quebec, Canada 

S. apuliae X. kozodoii Type isolate/Italy 
S. 

longicaudum 
X. ehlersii B2/China 

S. anatoliense X. nematophila ‘Al-Jubiha’/Jordan 
S. 

monticolum 
X. hominickii ‘Mt. Jiri’/Korea 

S. bicornutum X. budapestensis 
Type 

isolate/Yugoslavia,  

S. 

oregonense 
X. bovienii 

‘OS-10’/ OR., 

USA 

S. boemarei X. kozodoii 
Grand 

Travers/France,  

S. 

oregonense 
X. bovienii 

‘Bubbling Ponds’ 

AZ., USA 

S. carpocapsae X. nematophila ‘ALL’/USA 
S. 

puntauvense 
X. bovienii ‘Li6’/Costa Rica 

S. costaricense X. szentirmaii CR9/Costa Rica S. rarum X. szentirmaii 
‘Sargento 

Cabral’/Argentina 

S. diaprepesi X. doucetiae Type/ FL, USA S. riobrave 
X. 

cabanillasii 
TX/ TX, USA 

S. feltiae X. bovienii  
‘Bodega Bay’/CA,  

USA 
S. sangi 

Xenorhabdus. 

sp. 
Type/Vietnam,  

S. feltiae X. bovienii  ‘SN’ France 
S. 

scapterisci 
X. innexi FL., USA Type 

S. feltiae X. bovienii  FL/ FL, , USA S. siamkayai X. stockiae ‘T9’/Thailand 

S. glaseri X. poinarii NC 1/ USA S. websteri 
X. 

nematophila 
/Peru 

S. 

hermaphroditum 
X. griffiniae T87/ Malaysia S. weiseri X. bovienii /Turkey 

S. jollieti X. bovienii ‘Monsanto’/USA    

 
Table 2. Steinernema/Xenorhabdus associations considered for this study 
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Most data generated from this study were obtained directly from the specimens listed in Table 2, with 

the exception of sequences of known origin obtained from our collaborators and drawn from NCBI 

Genbank. In particular the accessions in Table 3 were used as part of these analyses. Caenorhabditis 

elegans, a related rhabditid nematode, was used to root the host Steinernema phylogenetic tree, while the 

type species of Enterobacteria, Escherichia coli, was used to root the symbiont tree. 

 
Species 28s Accesion 12s Accession COI Accession Species 28s Accession 12s Accession COI Accession 

S. carpocapsae 

‘ALL’ 

AF331900 AY944007 AY943981 S. oregonense 

‘OS-10’ 

AF331891 AY944021 AY943995 

S. feltiae 

‘Bodega Bay’ 

AF331906 AY944011 AY943985 S. rarum 

‘Sargento Cabral’

AF331905 AY944023 AY943997 

S. glaseri ‘NC 1’ AF331908 AY944012 AY943986 S. riobrave TX AF331893 AY944024 AY943998 

S. hermaphroditum 

‘T87’ 

AY598358 AY944013 AY943987 S. scapterisci, FL. AF331898 AY944025 AY943999 

S. monticolum 

‘Mt. Jiri’ 

AF331895 AY944020 AY943994 S. siamkayai ‘T9’ AF331907 AY944026 AY944000 

 

Table 3. Genbank accessions numbers for sequence data used in the analyses. 

 

 

Culture and maintenance of nematodes 

Steinernema isolates used in this study were propagated in vivo by passage through Galleria mellonella 

larvae (obtained from Timberline Fisheries, Inc., IL) following procedures described by Kaya and Stock 

(1997). IJs were harvested on modified White Traps (Kaya and Stock, 1997) and stored in 20°C 

incubators.  

 

Culture and maintenance of bacterial symbionts 

Xenorhabdus strains were isolated from either 48hr infected G. melonella cadavers, or directly from 

freshly harvested (<2wk) cultures of IJ nematodes. Bacteria were then cultured on nutrient bromothymol 

blue agar (NBTA) (Akhurst, 1980) and incubated in the dark at 28°C for up to three days. Plates were 

supplemented with 0.1% (wt/vol) pyruvite (Xu, 1990) and with antiobiotics (Vivas and Goodrich-Blair, 

2001) as needed. Single phase I colonies (Figure 3) were isolated and grown in Luria-Bertani (LB) 

(Miller, 1972) broth for subsequent DNA extraction and production of permanent glycerol stocks (1:1 

LB:Glycerol), which were stored at -80°C.  Bacterial isolates used in this study are listed in Table 2.   
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Two extraction methods were considered for isolation of bacterial symbionts: (1) direct extraction from 

nematode hosts and (2) isolation from infected insect cadavers. These methods were used 

interchangeably when Xenorhabdus cultures failed to grow, or when an excess of contaminating bacteria 

(most commonly Proteus sp., Serratia sp. and Delftia sp.) prevented successful isolation of single 

Xenorhabdus colonies. 

 

 

Extraction of Bacteria from Infected Cadavers 

(Modified from Akhurst, 1980) 

Infected cadavers were surface-sterilized for 1 min in 70% ETOH, rinsed in sterile water and blotted dry 

on autoclaved filter paper. Sterile forceps were used to pinch the cuticle behind the head capsule and a 

roughly 50µl drop of hemolymph was gently squeezed into 1mL of LB broth. Broth was then streaked 

onto NBTA, as described above.  

 

Extraction of bacteria from IJs. 

Bacterial isolation from nematode IJs followed the sonication method previously described by Heungens 

et al. (2002). Briefly, <2wk old IJs were surface sterilized in 0.5% bleach solution, followed by three 

rinses with sterile deionized water. IJs were then recovered and added to 2ml LB broth and sonicated for 

two minutes. Sonicated suspension was then spread onto NBTA as described above. 
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Molecular Methods 

 

Nematode and Bacterial DNA Extraction and PCR Conditions 

Nematode DNA extraction and PCR amplification were performed as per protocols described by Nadler 

et al. (2006). Bacterial DNA was obtained from liquid LB cultures and extracted following a modified 

phenol-chloroform procedure (Maloy, 1990). Briefly, cells were lysed in a 54°C water bath overnight, a 

phenol-chloroform extraction was performed, DNA precipitated with molecular grade ethyl alcohol and 

3M sodium acetate, and subsequently resuspended in molecular grade water. PCR cycle conditions are 

given in Table 5. Additionally, cells from bacterial colonies and LB broth were sequenced directly after 

an initial 8 min denaturing period. PCR primers and cycle conditions were described previously (Tailliez 

et al., 2006; Sergeant et al., 2006), except that a semi-nested PCR strategy was considered to obtain 

serC sequences when the primers by Sergeant et al. did not work for the following species: X. stockiae, 

X. budapestensis, X. nematophila (S. carpocapsae), X. bovienii (S. punautvense), X. hominickii, and X. 

cabanillasii. The primers used for the semi-nested approach are unique to this work, and cycle 

conditions were the same except that reactions only ran for 25 cycles. Table 4 provides the complete list 

of primers used in this study. For the nematodes, one nuclear and two mitochondrial genes were 

sequenced: 28s rDNA (about 950 bp), cytochrome C oxidase I (700 bp), and 12s rDNA (nearly 550 bp). 

Figure 3. Typical Phase I colonies of 
Xenorhabdus bacteria on NBTA after 48hrs. 
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Bacterial genes sequenced were 16s rDNA (approximately 1500 bps), and two housekeeping genes: 

recombinase A (recA, roughly 420 bp) and phosphoserine C (serC, about 670 bp). 

 
Primer Region Orientation Genus 5’-3’ Sequence 

391* 28s External Fwd Steinernema AGCGGAGGAAAAGAAACTAA 

501* 28s External Rev Steinernema TCGGAAGGAACCGCTACTA 

502* 28s Internal Fwd Steinernema CAAGTACCGTGTGGGAAAGTTGC 

503* 28s Internal Rev Steinernema CCTTGGTCCGTGTTTCAAGACG 

507a  COI External Fwd Steinernema AGTTCTAATCATAAAGATATCGG 

507b  COI Internal Fwd Steinernema AGTTCTAATCATAAGGATATTGG 

588r  COI External Rev Steinernema TAAACTTCAGGGTGACCAAAAAATCA 

505F  12s External Fwd Steinernema GTTCCAGAATAATCGGCTAGAC 

506R  12s External Rev Steinernema TCTACTTTACTACAACTTACTCCCC 

16SP1† 16s External Fwd Xenorhabdus GAAGAGTTGATCATGGCTC 

16SP2† 16s External Rev Xenorhabdus AAGGAGGTGATCCAGCCGCA 

SP1† 16s Internal Rev Xenorhabdus ACCGCGGCTGCTGGCACG 

SP2† 16s Internal Rev Xenorhabdus CTCGTTGCGGGACTTAAC 

RecA  RecA Internal Fwd Xenorhabdus CCAATGGGCCGTATTGTTGA 

RecA-R  RecA Internal Rev Xenorhabdus TCATACGGATCTGGTTGATGAA 

SerC  SerC External Fwd Xenorhabdus CCACCAGCAACTTTGTCCTTTC 

SerC-R  SerC External Rev Xenorhabdus AAAGAAGCAGAAAAATATTGCAC 

SerC-F1 SerC Internal Fwd Xenorhabdus CGTTTGCTGATTTCYTGTAA 

SerC-F2 SerC Internal Fwd Xenorhabdus CAACRCGGTTGATATACA 

SerC-F3 SerC Internal Fwd Xenorhabdus CCCTGCTCTTTCARCCA 

SerC-R1 SerC Internal Rev Xenorhabdus CCKGATTTTGGYGAYGATAA 

SerC-R2 SerC Internal Rev Xenorhabdus TATTGYCCTAATGAAAC 

 

Table 4. Steinernema and Xenorhabdus primers used for this study. † from Tailliez et al. 2006, * from Stock et al. 2001,  

from Nadler et al. 2006,   from Sergeant et al. 2006. SerC internal primers were designed for this study (Lee et al, 
unpublished).  
 
 
 
Temp. / Time 28s COI 12s 16s SerC/RecA 

Denature 94°C / 30s 94°C / 1min 94°C / 1min 95°C / 30s63 94°C / 15s 
Anneal 52°C / 30s 50 °C / 1min 58°C / 1:15min 63°C / 30s 52°C / 30s 
Extend 72°C / 1min 72 °C / 1min 72°C / 1:30min 72°C / 1min 72°C / 45s 

# of Cycles 34x 33x 37x  35x 30x 
Table 5. Cycle conditions used in this study. All cycles include a final 5min extension period at the end. 
 
 
Sequence Editing and Alignment 

Contig assembly and sequence ambiguity resolution was performed with the aid of SeqEdit and EditSeq 

software (DNA Star Inc., Madison, WI.) Multiple sequence alignments were performed using Clustal X 
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v1.83.1 (Thompson et al. 1997) under default alignment parameters. Alignment inconsistencies were 

corrected by hand in Mesquite v2.6 (Maddison and Maddison, 2009). Sequences corresponding to the 

PCR amplification primers were removed prior to multiple sequence alignment and phylogenetic 

analysis. Finally, Steinernema 28S, COI, and 12S sequence datasets were concatenated into one matrix 

using Mesquite software package. Similarly, Xenorhabdus 16s, recA and serC sequence datasets were 

also concatenated and analysed as a single dataset. 

 

 

Phylogenetic Analysis  

Sequence data were analyzed by unweighted maximum parsimony (MP) using PAUP* v4.0b10 

(Swofford, 2002) for each concatenated dataset. In each case, tree searches were performed using 

heuristic methods consisting of 10,000 random addition replicates, saving no more than 10 most 

parsimonious trees per replicate. All most parsimonious trees were saved (data not shown). Bootstrap 

parsimony analyses were also performed using the heuristic search method (10,000 replicates with 10 

random addition pseudoreplicates each). Maximum likelihood methods were conducted in RAxML 

v.7.0.4 (Stamatakis, 2006). Five search replicates per datasets were run under the GTR+ Γ model, 

chosen by MrModeltest v2.2 (Nylander, 2004) for the concatenated dataset. 

 

MrModeltest was used to determine the models used to analyze each gene in the concatenated dataset 

for Bayesian. The data were partitioned accordingly and executed in MrBayes (Huelsenbeck and 

Ronquist, 2001) with two runs of Markov-Chain Monte-Carlo (mcmc) each containing one cold chain 

and three hot chains, sampling trees every 1,000th generation. Runs were stopped when the convergence 

statistic (average standard deviation of split frequencies, σ) fell below 0.01, as long as those values 

following σ <0.01 were seen to stabilize, as viewed graphically in Tracer v1.3 (Rambaut and 

Drummond, 2007). Burn-in trees (defined as the first 25% of trees generated before σ stabilized at less 

than 0.01) from each run were discarded and the remaining trees combined to generate a 50% majority 

rule consensus tree in MrBayes.  

 

Comparisons of host and symbiont trees 

The program Tarzan (Merkle and Middendorf, 2005) was used to hypothesize scenarios of shared 

evolutionary history between Steinernema and Xenorhabdus (Table 6). Each scenario is associated with 



 

 

26

a “cost” to the reconstruction of host-parasite shared histories, as maximum instances of cospeciation 

with cost minimalization are considered ideal. Default values were used in the reconstructions 

(duplication = 1.0, sorting = 2.0, host switch = 3.0, extinction = 3.0). Maximum likelihood trees were 

used in these comparisons, as they presented fully resolved branches--a requirement of the program. 

Another program, Icong (de Vienne, 2007) was used to test whether or not a subset of trees were more 

congruent than by random association. A subset of the data for incidence of congruence was tested, as 

the full set of data could not be processed due to its large size. Icong produces an index of congruence, 

Icong, and a statistical p-value for evaluating the agreement between host and symbiont trees. This index 

figure is calculated from the maximum agreement subtree normalized by the mean value for totally 

random trees. For further detail, see de Vienne et al. (2007). 

 

 

 

Process Figure Definition Process Figure Definition 

Cospeciation 

 

Joint speciation of 

both host and 

symbiont, one may 

occur before or 

after the other. 

Sorting 

 

Generic term for absence of a 

symbiont lineage from that of 

the host. May be due to 

extinction, collection failure of 

the host, or absence of the 

symbiont form the host 

population (“missing the boat.”) 

Host Switch 

 

Transfer of a 

symbiont from one 

host to another 

Extinction 

 

The end of a lineage 

Duplication 

 

Independent 

speciation of a 

symbiont 

   

Table 6. Processes in host-symbiont association. Modified from Page, 2003. 
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Results 

 

Steinernema phylogenetic relationships 

Trees produced by all search methods (Figure 4) generally agree with the five-clade designation of 

Spiridonov et al. (2004) and Nadler et al. (2006).  Maximum parsimony analysis yielded three equally 

parsimonious trees of length 3236. Bootstrap support was moderate, with >50% support at most nodes, 

but the terminal division of S. abbasi and S. bicornutum showed poor (<50%) support. The concatenated 

dataset was partitioned separately for each gene for analysis with Mr. Bayes: 28s GTR+G, COI and 12s 

GTR+I+G. Bayesian posterior probabilities were high, with a majority of branches showing 90-100% 

support. It should be noted that despite repeated efforts, COI sequences from S. feltiae FL., S. feltiae SN 

strains and S. anatoliense could not be obtained. The COI data for those species was coded as missing in 

the analysis. The position of S. rarum, a nematode originally found in Argentina and later isolated in 

USA shifts positions in the trees.  However, it appears to be closely associated with the clade containg S. 

anatoliense and S. websteri in the model-based analyses. 
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A.    B.  

C.  

Figure 4. Steinernema trees inferred by 4A. MP, with bootstrap clade frequency values at the nodes, 4B. Bayesian analysis 
with posterior probability indicated at nodes, 4C. Maximum Likelihood, branches proportional to length, best score –lnL = 
16692.45 Clades indicated by roman numerals. The position of S. rarum indicated by an orange box. 

III. 

II. 
II. 

III. 

III. 

I. 

I. 

I. 

V. 

V. 

V. 

IV. 

IV. 
IV. 

II. 
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Xenorhabdus phylogenetic relationships 

Analysis of the concatenated bacterial dataset, under all three methods described above, yielded trees 

with much more disparate topologies when compared with previously published results by Tailliez et al. 

(2006). Among the trees produced in the different analyses, all X. bovienii strains consistently claded 

together, as well as the multiple isolates of X. nematophila and X. kozodoii. In contrast, monophyly for 

X. szentirmaii was not shown in the maximum likelihood analysis, and the tree generated with the 

Bayesian analysis depicts the X. szentirmaii isolate from S. rarum as phylogenetically close to the X. 

szentirmaii isolate from S. costaricense, but not as sister taxa. However, the large disparity in the 

topology of the maximum likelihood  tree may be due to the relatively few runs performed on the data, 

for which future testing will be conducted. In addition, results of serC sequencing with internal primers 

were ambiguous at multiple base pair positions. The possibility of paralogous copies of serC within 

Xenorhabdus will need to be explored. It is interesting to note that the X. bovienii isolate originating 

from the S. feltiae Bodega Bay strain consistently grouped with X. bovienii from the two strains of S. 

oregonense. This is true for the concatenated dataset phylogenies shown below (Figure 5), as well as for 

analyses of individual genes (not shown). Maximum parsimony analysis yielded one best tree of length 

2164. Bootstrap support was moderate, and Bayesian posterior probabilities were excellent (>80%). The 

concatenated dataset was partitioned separately for each gene for Bayesian analysis: 16s GTR+I+G, 

serC and recA SYM+I+G. 
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A.  B.  

C.  

Figure 5. Xenorhabdus trees. A. MP bootstrap resampling, support shown at nodes, B. Bayesian tree search with posterior 
probabilities indicated at nodes C. Maximum likelihood methods, branches proportional to length, best score –lnL = 13135.44. 
The X. boemarei clade is boxed in blue. The X. nematophila clade is boxed in green and the X. kozodoii group in purple. Red 
stars show the position of the two X. szentirmaii strains. 
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Cophylogenetic analyses 

Like most programs designed to infer cophylogenies, Tarzan reconstructs a possible evolutionary history 

of association between two organisms by attempting to maximize instances of cospeciation while 

minimizing events such as extinction, host switch, duplications and sorting. Reconstruction of the trees 

and associations shown in the tanglegram (Figure 6) yielded a total of four scenarios, each with 13 

cospeciation events, 15 host switches and 4 sorting events, for a total cost of 40. 

 

Figure 6. Tanglegram of associations between Steinernema spp. and Xenorhabdus spp. Host/Symbiont associations are 
indicated in blue. Associations that are the result of terminal host switch are indicated with magenta. 
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The program Tarzan takes into account timing information when considering reconstructions. It assumes 

cospeciation between host and symbiont does not occur simultaneously. Many host switches calculated 

in all four reconstructions occurred terminally or near terminally on the trees, suggesting relatively 

recent association without a period of species diversification after the switch. It should be noted here 

that output of multiple reconstrtuctions by Tarzan was extremely fast, and may warrant a deeper 

examination of its algorithm to determine whether all host switch possibilities are considered, and if the 

disproportionate number of terminal switches are, in fact, accurate and most parsimonious. One deep 

host switch that did result in speciation, is the switch from the Xenorhabdus lineage resulting in 

symbionts of S. scapterisci and S. siamkayai, to the lineage associating with S. bicornutum and S. 

riobrave. Additionally, and common to all four scenarios, host switching was observed as a wide-

occurring event.  For example, X. nematophila in clade IV which contains S. websteri and S. antoliense 

switched to another host, S. carpocapsae, belonging to the most basal Steinernema clade (clade II). 

Cospeciation events occurred 13 times between the 29 nematode-symbiont pairs considered in this 

study.  However, this phenomenon does not appear to be a major mechanism operating in the 

evolutionary histories of these two organisms.  

 

A rough interpretation of the tanglegram presented in Figure 6 suggests much of the similarity observed 

between mirrored trees is present in Steinernema spp. harboring host-promiscuous species, such as X. 

bovienii, X. nematophila and X. kozodoii. Therefore, a pruned dataset (Figure 7) was processed by Icong 

and Tarzan. Analysis of this dataset yielded a incidence of congruence higher than expected from 

random association, Icong = 1.6 (p < 0.001). Further analysis performed by Tarzan gave two scenarios 

with 11 maximum cospeciation events among 15 symbiont pairs harboring host-promiscuous bacteria 

(total cost of 14).  
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Figure 7. Tanglegram of pruned dataset including only Steinernema spp. that share promiscuous Xenorhabdus spp. ( X. 

bovienii, X. kozodoii and X. nematophila)  
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Discussion 

According to our analyses, all three Steinernema trees were comparable between methods of analysis, 

and to the tree topologies generated in the multi-gene analysis by Nadler et al. (2006). The three gene 

Xenorhabdus trees did not agree with the 16S rRNA phylogeny hypothesis developed by Tailliez et al. 

(2006) with respect to clade topology, although this an be expected from an analysis inclusive of 

additional gene information. Although bootstrap support and posterior probabilities for the maximum 

parsimony and Bayesian trees were good, these figures could be improved by sampling additional 

species and isolates as well as data from additional loci. Housekeeping genes such as OmpR (an 

osmoregulator) and asd (an amino acid biosynthesis gene) are proposed, as well as the xpt Xenorhabdus 

pathogenicity gene and gyrB (gyrase subunit B). Inclusion of other genes in this analysis may solidify 

the position of X. szentirmaii, the symbiont of S. rarum.  Moreover, it may help in eliminating some 

polytomies and resolve clade inconsistencies between methods of analyses. Additionally, other 

approaches to the data such as multilocus sequence typing (MLST) might be more appropriate for 

bacterial data, especially when considering strain differences within a species (Sargeant, 2006). Lastly, 

fine-tuning the trees used in cophylogenetic comparison could bring a different picture of global and/or 

local cospeciation than the ones obtained here. 

 

A major factor influencing the incidence of congruence in cophylogenetic studies is the quality and size 

of taxa under investigation.  For example, a limited number of taxa may suggest cospeciation events are 

broadly spread across representatives of organisms from both datasets. For instance, the statistic of 

congruence can be artificially inflated when analyzing multiple representatives from a given association. 

Conversely, addition of taxa to the analysis may dilute signals of cospeciation, especially if host shifts 

occur between phylogenetically distant taxa (Refregier et al., 2008), such as in the case of the jump of X. 
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nematophila from the clade containing S. weiseri and S. anatoliense, to S. carpocapsae in clade II. 

Moreover, erroneous assumptions about the model of evolution for both species can be made when 

many lineages are in consideration (Clark et al., 2000). The use of multi-gene datasets in this work is an 

attempt to improve the quality of the model trees used in the cophylogenetic analysis. Although 

representatives from the five major Steinernema clades and their bacteria were sampled in this study, 

addition of matched nematode-bacterium nucleotide data would undoubtedly expand the scope of 

cophylogenetic inferences that could be drawn. 

 

In this study, 13 cospeciation events were depicted for the 29 Steinernema-Xenorhabdus pairs sampled. 

Cospeciation events appear to be circumscribed between Steinernema-Xenorhabdus associations that 

share the same bacterial symbiont.  In this respect, analysis of the pruned dataset containing X. bovienii, 

X. nematophila, X. kozodoii and their respective hosts (Figure 7) showed high incidence of cospeciation 

between mutualistic partners, with 11 of 15 taxa reconstructed as cospeciating. The monophyletic origin 

for S. feltiae isolates and X. bovienii symbionts could have contributed to a higher statistical congruence 

than if only one pairing had been included in the analysis.  

 

When regarding results from cophylogenetic analysis and host-symbiont tree reconstruction, it is 

reasonable to ask what the barriers to cospeciation are, and how likely certain processes in host-

symbiont evolution are to have occurred. Simple geographic separation (vicariance) cannot be the reason 

for tight host-symbiont specificity. At a global scale, entomopathogenic nematodes are ubiquitous, but 

have a patchy or local aggregative distribution in the soil environment. Although current knowledge of 
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entomopathogenic nematode geographic distribution is an artifact of sampling efforts1, species such as 

S. feltiae and S. carpocapsae have been found to have a cosmopolitan distribution and coexist in the 

same habitat, presumably interacting ecologically as well. Moreover, accidental dissemination of these 

insect pathogens in soil matter, or through infested hosts is plausible, such that Steinernema species 

from distant locations may contact one another. Moreover, the commercial availability and use of 

entomopathogenic nematodes as biocontrol pesticides in agriculture and horticulture has perhaps 

contributed to the dissemination of these organisms in many countries and regions. With these thoughts 

in mind, it can be assumed that, rarely, congeners may infect the same insect cadaver and one or both 

nematode species would successfully reproduce, perhaps having associated with a novel strain or species 

of bacteria (such a case has not yet been found in nature).  For endosymbiotic bacteria, such as those of 

aphids (Clark, 2000) and psyllids (Thao, 2000), vertical transmission has been a strong cause of high 

levels of cospeciation. These bacteria are inherited from one mother’s cytoplasm to her eggs. In the 

Steinernema-Xenorhabdus life cycle, the partners are disassociated for a period of one to three 

generations within the insect cadaver. Infective juveniles uptake their bacterial symbionts orally, and, 

since most species of Steinernema are amphimictic, there is a possibility that the cells they have 

associated with do not originated from an immediate ancestor, but a conspecific one. Since Xenorhabdus 

toxins exclude most other microbiota, including other species of Xenorhabdus, from infesting the insect 

cadaver, it has been suggested that bacterial symbiont transmission is virtually closed to horizontal 

transfer (2004). However, there are an infinite number of host-bacterium combinations yet to be tested 

under many environmental conditions, and the chance for successful novel associations would reduce 

the detection of cospeciation. Lastly, events in the reconstuction of host-symbiont pairs that are unlikely 

                                                 
1 Indeed, if one were to map global distribution of these nematodes and overlap this pattern with the geographic locations of 
laboratories interested and/or working with these organisms, matching of both distributions would agree almost 100% (Stock, 
2003). 



 

 

37

to occur due to the obligate nature of the Steinernema-Xenorhabdus partnership in nature are sortings 

and extinction events. 

 

Aside from geography and mode of inheritance, biochemical mechanisms such as membrane recognition 

factors may be responsible for specificity between Steinernema and Xenorhabdus, successfully barring 

host switch. The effects of globular lrp proteins (Cowles, 2007) and the suit of nilA, B, C, and R genes 

(Cowles, 2008; 2006) on Xenorhabdus mutualism is a research area actively being pursued at this time. 

 

Computational roadblocks 

It should be noted that programs for analyzing cophylogenetic histories are limited and difficult to 

access, in most cases. TREEMAP v2.0 (Charleston and Page, 2002) has traditionally been used to 

process cophylogenetic data, but it is crippled by memory issues and the inability to run on modern 

computers. Another major drawback when considering many of these programs is the requirement of 

fully resolved trees. Therefore, in this study only maximum likelihood trees were used to avoid 

arbitrarily altering tree topologies by hand.  This approach of using only one phylogenetic method may 

impact and/or limit the scope of cophylogenetic inference that one can be made. 

 

Moreover, most programs do not have a user-friendly graphical interface and must be compiled for use 

from the source code. Then, the user must have some knowledge of programming and/or file formatting 

to overcome these difficulties. Even still, reconstructing shared phylogenetic histories is computationally 

intense and memory problems are constantly at issue once programs have been installed on a given 

operating system. Related to the computational difficulties, most programs also require the use of fully 

resolved tree topologies to function, but are still limited to a small taxon set for analysis. This can be as 
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few as 12 taxon pairs for programs such as TreeMap which not only reconstructs evolutionary scenarios, 

but can compute p-values of randomness for the given association. The same is true for another popular 

program, Parafit (Legendre, 2002), as well as TreeFitter (Ronquist, 2000). Many key studies in 

cospeciation that considered TreeMap and Parafit have focused on associated groups with few species, 

or included a limited set of taxa to satisfy the scope of these programs. Still others, such as Nishiguchi et 

al. 1998, relied on ecological, behavioral and biochemical assays to bolster evidence of parallel 

cladogenesis, roughly matched in qualitative comparison of phylogenetic trees. Clearly, there is a gap 

between the quantity of phylogenetic data that can be gathered and the methods and programs used to 

analyze it. 

 

With these few considerations in mind, those wishing to conduct cophylogenetic inferences with the 

available software, should choose datasets or study systems with few pairings and have some knowledge 

of computer syntax and manipulation of phylogenetic file formats. The lack of user-friendly programs 

capable to analyze large datasets is a major constrain that surely limits the amount of work done in the 

realm of cophylogeny. 

 

Final Conclusions 

The present study represents the first preliminary effort in understanding the congruence between the 

evolutionary histories of Steinernema nematodes and their Xenorhabdus bacterial symbionts. Although 

overall cospeciation across all the taxa surveyed was not evident in the present study, coevolution 

between Steinernema nematodes and Xenorhabdus symbionts cannot be discounted. It is possible that 

phylogenetic matching may be incomplete for the whole of Steinernema and Xenorhabdus associations. 

However, cospeciation events were observed and clearly defined when analysis was restricted to a 
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limited dataset of taxa. According to Thompson (2005), coevolution can occur within dynamic and 

shifting scales of geography, population and time. The fact that Steinernema nematodes and 

Xenorhabdus bacteria are uniquely adapted to coexistence is clear, despite results of cospeciation 

analyses. Indeed, many classic models of coevolution fail to be classified as strictly cospeciating, and 

although the mechanisms leading to cospeciation are fascinating in themselves, cophylogenetic analysis 

is only one venue in exploring the larger question of coevolution. 

 

Future work in the arena of Steinernema-Xenorhabdus cospeciation should focus on improving and 

expanding phylogenies used in the analysis, identifying appropriate software and methodologies for 

manipulating large datasets, and exploring the root causes and limits to host-symbiont interaction 

specificitiy within this system. It is hoped that ongoing biochemical, ultrastructural and molecular 

studies on the nature of this nematode-bacterium partnership could provide background to understanding 

the evolution of these organisms and lead to more refined cost selection criteria. When aspects such as 

pathogenicity islands and cell signaling biochemistry are elucidated, we could then hypothesize how 

host shifts may have happened, how high the barriers to cospeciation are, and the extent to which 

coevolution and coadaptation has occurred.  
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PART II  
DESCRIPTION OF A NOVEL NEMATODE SPECIES:  

STEINERNEMA BOEMAREI 
 

The following article was published in Systematic Parasitology, as cited below: 

 

Lee, M-M., Sicard, M., Skeie, M. and Stock, S.P. (2009). Steinernema boemarei n. sp. (Nematoda: 

Steinernematidae), a new entomopatogenic nematode from southern France. Systematic Parasitology 

72(2): 127-141. 

 

The molecular characterization of Steinernema boemarei and its symbiont, Xenorhabdus kozodoii was 

included in the cophylogenetic analysis in Part I. 
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Steinernema boemarei n. sp. (Nematoda: Steinernematidae), a new entomopathogenic nematode 

from southern France 

 

Abstract   A new entomopathogenic nematode, Steinernema boemarei n. sp., is described from southern 

France.  Morphological, molecular (28S and ITS rDNA sequence data) and cross-hybridisation studies 

were used for diagnostics and identification purposes. Both molecular and morphological data indicate 

that the new species belongs to the ‘glaseri-group’ of Steinernema spp.  Key morphological diagnostic 

traits for S. boemarei n. sp. include the presence of prominent deirids (cervical papillae) on adult males, 

the morphology of the spicules and gubernaculum, and the arrangement of the 23 genital papillae of the 

first generation males. Additionally, morphometric traits of the third-stage infective juvenile, including 

total body length (mean 1,103µm), tail length (mean 86µm), location of the excretory pore (mean 

91µm), and D% (mean 63), E% (mean 106) and H% (mean 41) values are definitive. In addition to these 

morphological characters, analysis of both 28S and ITS rDNA sequences depict this Steinernema 

species as a distinct and unique entity.   
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Introduction 

Steinernematids occur in soil and epigeal habitats.  The successful application and 

commercialisation of these nematodes as biological control agents has stimulated research to improve 

their efficacy against insect pests and to search for new and more virulent species/isolates (Gaugler and 

Kaya, 1990; Gaugler, 2002).  The most up-to-date biogeographical accounts indicate that these 

nematodes have been isolated from all continents (except Antarctica) and almost all regions of the world 

(Hominick, 2002; Adams et al., 2006; Nguyen and Hunt, 2007).  In Europe, numerous and exhaustive 

surveys have been conducted to record the diversity of EPN in both mainland and insular regions of this 

continent. In a recent study conducted by Emelianoff et al. (2008), one Heterorhabditis species, H. 

bacteriophora Poinar, 1976, and three Steinernema species were recovered from metropolitan areas of 

southern France.  The steinernematids were identified as: S. feltiae (Filipjev, 1934), S. affine (Bovien, 

1937) and an undescribed species, which, based on preliminary morphological observation and 

molecular evidence (28S rDNA sequence data), was considered as a close relative of S. arenarium 

(Artyukhovsky, 1967). In this study, differential interference contrast optics, DNA sequence analysis 

and cross-hybridisation assays were conducted to describe and illustrate the latter new species of 

Steinernema.  

 

 

Materials and methods 

 

Isolation and nematode propagation 

Nematodes were recovered directly from the soil using a modified Galleria-trap technique consisting of 

placing one last instar larvae of Galleria mellonella Linnaeus (Lepidoptera: Pyralidae) into a 0.5 ml 

Eppendorf tube pierced with 1mm diameter holes, as described by Kehres et al. (2001). At each location, 

50 Galleria-traps were placed at three depths in the soil: 0, 10 and 20 cm; thus each site was tested with 

150 Galleria-traps. The traps were left in the soil for 72 h before removal. Once in the laboratory, each 

tube was opened and dead insects were placed into White traps at 24°C in the dark in order to collect 

emerging infective juveniles (IJs) (White, 1927). Infective juvenile nematodes were collected and stored 

in tissue culture flasks at 15°C. 
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Morphological observations 

Specimens for morphological observations were obtained from last instar G. mellonella larvae exposed 

to c.100 third-stage infective juveniles (IJs) per larva on moistened filter paper in 5cm Petri dishes 

incubated in the dark at 25°C. First and second generation adults were randomly collected from the 

dissection of infected cadavers, and third-stage infective juveniles were harvested from White traps, as 

described by Kaya and Stock (1997). Twenty-five randomly selected specimens of each nematode stage 

were examined after being heat-killed and relaxed in M9 buffer in a water bath heated to 60°C. Heat-

killed specimens were fixed in triethanolamine formalin (TAF) at 50-60°C (Courtney et al,. 1965), 

slowly dehydrated and processed to anhydrous glycerine (Seinhorst, 1959). Specimens were mounted on 

glass slides with Pliobond® industrial contact cement as a seal and to provide cover-glass support to 

avoid flattening the specimen.  Quantitative measurements of each nematode were made using an 

Olympus BX51 microscope equipped with differential interference contrast optics and Olympus 

Microsuite software (Soft Imaging System Corp., CA, USA). Illustrations were prepared from digitised 

camera lucida images.   

 Morphological characters measured were based on the recommendations of Hominick et al. 

(1997).  The following abbreviations have been used in the text or tables: ABD, anal or cloacal body 

diam.; D, EP/ES × 100; E, EP/TL × 100; EP, distance from anterior end to excretory pore; GS, 

GuL/SpL; GuL, gubernaculum length; H, length of hyaline portion of tail; H%, H as % of TL; MBW, 

maximum body width; ML, mucro length; NR, distance from anterior end to nerve-ring; ES, distance 

from anterior end to base of pharynx; SpL, spicule length (measured along the curvature in a line along 

the centre of the spicule) StL, stoma length; StD, stoma diam.; SW, SpL/ABD; L, total body length; TL, 

tail length. 

 

Scanning electron microscopy (SEM) 

Adults dissected from G. mellonella larvae were rinsed three times in M9 buffer at 5 min. per rinse. IJs 

were collected from White traps three days after emergence and also triple-rinsed with M9 for 5 min. per 

rinse. All nematodes were relaxed and heat-killed as above, then fixed in 8% glutaraldehyde buffered in 

cacodylate at pH 7.33 overnight. Fixed nematodes were rinsed in distilled water three times, post-fixed 

in OsO4 for 1 h, rinsed again in distilled water and serially dehydrated at 15 min. intervals in ethanol 

(McCLure and Stowell, 1978). Specimens were then critical point dried in liquid CO2, mounted on SEM 
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stubs, coated twice with gold and scanned using a Philips XL series microscope at an accelerating 

voltage of 20kV. 

 

Molecular characterisation  

Total genomic DNA isolation, PCR amplification (reaction, cycling conditions and primers) and 

sequence analysis followed protocols described by Stock et al. (2001a) and Nguyen et al. (2001).  LSU 

and ITS rDNA sequences and phylogenetic relationships with other Steinernema species were compared 

using an existing library (P. Stock’s laboratory, Univ. Arizona) of more that 50 Steinernema spp. and 

available sequences deposited in GenBank. Phylogenetic analyses (maximum parsimony analysis) of 

sequence data were made using PAUP* v 4.0b10 (Swofford, 2001) following criteria described by Stock 

et al. (2001a) and Nadler et al. (2006).  Caenorhabditis elegans Maupas, 1900 was considered in both 

phylogenetic analyses as the outgroup taxon according to criteria described by Nadler et al. (2006). 

Ribosomal DNA sequences for the new Steinernema species were deposited in GenBank with accession 

numbers FJ152415 and FJ152414 for 28S and ITS rDNA sequences, respectively. Additionally, 28S 

rDNA sequences were also generated for S. ashiuense Phan, Takemoto and Futai, 2006 and S. 

costaricense Uribe-Lorio, Mora and Stock, 2007 (CR9 isolate) and sequences were deposited in 

Genbank with the accession numbers: FJ165550 (S. ashiuense) and FJ165551 (S. costaricense).  

 

Cross-hybridisation 

Reproductive compatibility of the new species was tested using the modified hanging-blood assay 

described by Kaya and Stock (1997).  Steinernema arenarium (Artyukhovsky, 1967) and S. glaseri 

(Steiner, 1929), two morphologically similar and close relatives of the new species, were considered for 

assessing reproductive compatibility of this new species. Controls consisted of crosses with male and 

single female nematodes of the same species and single females only. There were 10 replicates per cross 

and cross breeding tests were repeated twice. 
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Steinernema boemarei n. sp. 
 

Type-host and locality: The natural host is unknown, but the new species was collected from sandy soil 

beach samples in Espiguette, Grand Travers, France. 

Type-material: Holotype male, first generation (T-632t); five paratype males, first generation (T-5786p-

T-5790p); five paratype females, first generation (T-5791p-T-5792p); five paratype third-stage infective 

juveniles (T- 5796p-T-5797p ); one paratype female, second  generation (T-5793p); 4 paratypes male, 

second generation (T-5794p-T-5795p), deposited in the USDA Nematode Collection, Maryland. Five 

paratype males, first generation; five paratype females, first generation; five paratype third-stage 

infective juveniles deposited at the University of California Davis Nematode Collection, Davis, CA, 

USA. 

Etymology: This species is named for Dr Noel Boemare, one of the pioneers in the study of the bacterial 

symbionts of Steinernema spp. 

 

Description (Figs. 1-3, Tables 1,2) 

 

First generation male 

Body slender, ventrally curved posteriorly, J-shaped when heat-killed (Figs. 1A, 2A).  First generation 

male larger (mean 1,850 µm) than second generation male (mean 1,351µm). Cuticle smooth using light 

microscopy. Lateral field and phasmids inconspicuous. Head truncate to slightly round, continuous with 

body (Figs. 1A,B, 2A,B). Six lips amalgamated but tips distinct, with single labial papilla each. Four 

conspicuous cephalic papillae (Fig. 2C). Amphidial apertures small, located posterior to lateral labial 

papillae. Deirids conspicuous, located laterally in first third of body of male and posterior to excretory 

pore (Figs. 1B, 2D). Stoma reduced (cheilo-, gymno- and stegostom vestigial), short and wide, with 

inconspicuous sclerotised walls (Figs. 1B, 2B). Pharynx muscular; procorpus cylindrical; metacorpus 

slightly swollen and non-valvate; indistinct isthmus followed by pyriform basal bulb containing reduced 

valve (Fig. 1B). Nerve-ring usually surrounding isthmus or anterior part of basal bulb (Figs. 1B, 2B). 

Excretory pore circular, located anterior to nerve-ring at level of anterior third of metacorpus (Figs. 1B, 

2B). Testis single, reflexed, consists of germinal growth zone leading to seminal vesicle (Fig. 1A). Vas 

deferens with inconspicuous walls. Spicules paired, symmetrical, curved, with ochre-brown coloration 

(Figs. 1I, 2G). Manubrium rhomboidal (Fig. 2I). Calomus (shaft) distinct.  Lamina with rostrum or 
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retinaculum and 2 internal ribs. Velum present, narrow (Figs. 1I, 2G). Blade terminus blunt. 

Gubernaculum arcuate, c. 3/4 length of spicules. Manubrium of gubernaculum curved ventrally (Figs. 

1J, 2H). Tail conoidal and non-mucronate (Figs. 1H, 2F). There are 23 genital papillae (11 pairs and 1 

single) arranged as follows: 6 subventral precloacal pairs, 1 single ventral precloacal (located between 

precloacal pairs 5 and 6), 1 pair lateral (or slightly subdorsal) precloacal; 1 pair of adcloacal subventral; 

and 3 pairs postcloacal (1 pair subdorsal, 2 pairs subventral terminal) (Figs. 1A,G, 2E).  

 

Second generation male 

General morphology similar to that of first generation males, but smaller in size. Presence of deirids 

unknown. Tail with or without mucro.  Spicules with manubrium morphology similar to those of first 

generation male. Gubernaculum more slender and longer than that of first generation male. 

 

First generation female 

Cuticle, lip region, stoma and pharyngeal region as in male. Body C-shaped when heat-killed. First 

generation females larger (mean 6,394 µm) than second generation females (mean 3,273 µm). Excretory 

pore located about mid-procorpus level (Fig. 3A). No fixed specimens available to observe presence of 

deirids. Ovaries opposed, reflexed in dorsal position; oviduct well developed; glandular spermatheca and 

uterus in ventral position.  Vagina short, with muscular walls.  Vulva located near middle of body with 

protruding and slightly asymmetrical lips (posterior lip larger than anterior lip) (Figs. 1E, 3B). First 

generation female tail blunt, conoidal, lacking mucro (Figs. 1D, 3C). Postanal lips usually protruding 

and asymmetrical, anterior lip smaller than posterior lip (Figs. 1D, 3C).  

 

Second generation female 

Body open C-shaped when heat-killed. Similar to first generation female but smaller. Vulva with 

protruding, symmetrical lips. Tail conoidal, with post-anal swelling (Figs. 1F, 3D).  

 

Third-stage infective juvenile 

Body of heat-relaxed specimens almost straight, slender, gradually tapered posteriorly. Cuticle with fine 

transverse striae. Lateral field distinct with 9 distinct lines (i.e. 8 ridges) evenly spaced and developed in 

mid-body region (Fig. 3G). Head region continuous with body, slightly truncate (Figs. 1K, 3E). Six 

distinct labial papillae. Four cephalic papillae. Amphidial apertures pore-like. Lip region smooth, 
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continuous; stoma closed.  Pharynx long, narrow, with slightly expanded procorpus, narrower isthmus 

and pyriform basal bulb with valve. Cardia present. Nerve-ring located at isthmus level (Figs. 1K, 3E).  

Excretory pore located about mid-corpus (Figs. 1K, 3E). Hemizonid not observed. Deirids not observed. 

Anterior portion of intestine with small bacterial receptacle. Intestine filled with numerous fat globules; 

lumen of intestine narrow. Rectum long, straight; anus distinct (Figs. 1L, 3F). Genital primordium 

evident. Tail conoidal, with pointed terminus. Hyaline portion occupies c.41 % of tail length (Figs. 1L, 

3F). 

 

Measurements 

Holotype (male, first generation): TBL = 2,021 µm;  MBW = 105 µm; ES = 169 µm; EP = 140 µm; NR = 

123 µm; TL = 46 µm; ABD = 59 µm;  SPL = 77 µm; GuL = 48 µm;  SW = 1.5; GS = 0.6; D% = 83; E% = 

306. 

Paratypes: Dimensions for paratype specimens are provided in Table 1. 

Additional measurements: See Tables 1 and 2. 

 

Diagnosis and relationships  

 

Members of the glaseri-group are characterised by having the largest third-stage infective juveniles 

(TBL mean > 1,000 μm) and by the presence of conspicuous deirids generally situated in the region of 

the pharyngeal bulb or slightly posterior in some members of this group. The lateral field of glaseri-

group infective juveniles is characterised by nine equally developed lines (i.e. eight ridges) arranged 

evenly in the mid-body region.   S. boemarei n. sp., a member of the glaseri-group, presents several 

morphometric and morphological traits common to this group.  For example, the third-stage infective 

juveniles have a long body size (range 1,005-1,323µm; mean 1,103 µm) and nine lines in the mid-body 

region of the lateral field. Most of the morphometric traits of the third-stage infective juveniles overlap 

with other species in the glaseri-group. The presence of deirids in third-stage infective juveniles was not 

observed in the new species;  however, they are present in first generation males and constitute a key 

diagnostic trait. Additionally, first generation males can be distinguished from other related species by 

the morphology of the spicules and gubernaculum, the arrangement of the genital papillae and the values 

of ratios SW (mean 1.7, range 1.2-2.4) and GS (mean 0.7, range 0.5-0.9).  
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Phylogenetic analyses of both LSU and ITS sequences placed S. boemarei n. sp. in clade V (as 

depicted by Spiridinov et al., 2004). This clade is also known as the ‘glaseri-group’, as it includes S. 

glaseri and other Steinernema spp. whose infective juveniles have long bodies (TBL mean generally > 

1,000 μm).  Within this clade, the new species was found more closely related to four other species of 

Steinernema: S. arenarium (Artyukhovsky, 1967), S. glaseri (Steiner, 1929), S. cubanum Mráček, 

Hernández and Boemare, 1994 and S. diaprepesi Nguyen and Duncan, 2002, with which it shares some 

morphological traits. However, the new species can be differentiated from the above-mentioned taxa by 

several morphological and morphometric differences of the IJ and first generation male (Table 2).  

 For example, infective juveniles of S. boemarei are thinner than those S. arenarium.  The 

excretory pore in the new species is generally located more anteriorly, and the tail is usually longer than 

that of S. arenarium, although, given the overlap in ranges for these features, they should not be 

considered as key diagnostic traits but only as general trends. Spicules of the first generation males of S. 

boemarei do not have swollen tips. Additionally, the number and arrangement of the genital papillae is 

also different.  Males of the new species also differ from S. arenarium by the values of SW (mean 1.7 vs 

2.1) and GS (mean 0.6 vs 0.7). First-generation females of S. boemarei are characterised by having a 

conoidal tail with rounded end and no spikes, but females of S. arenarium may have 1-2 spikes (Table 

2).  

Third-stage infective juveniles of S. boemarei can be distinguished from those of S. cubanum by 

having a longer tail (mean 86 vs 67 µm) and by the values of D% (mean 63 vs 70) and E% (mean 119 vs 

160). The spicules and gubernaculum of first-generation males of the new species are larger than those 

of S. cubanum (mean 79, range 64-96 vs mean 58, range 50-67µm). 

The new species can be distinguished from S. diaprepesi by the position of the excretory pore in 

the third-stage infective juveniles (mean 91 vs 106 µm) and the values of D% (mean 63 vs 70) E% 

(mean 106 vs 160) and H% (mean 41 vs 57).  First generation males differ from those of S. diaprepesi 

by the number and arrangement of genital papillae and the size and shape of the spicules and 

gubernaculum. The excretory pore of the males is more posteriorly located in the new species (mean 138 

vs 115 µm).  Females of S. boemarei can be differentiated from those of S. diaprepesi by the lack of 

papillae-like structures on the tail tip, which are present in S. diaprepesi, and by the lack of double-

flapped epiptygma which can be present in females of S. diaprepesi. 

Third-stage infective juveniles of S. boemarei differ from those of S. glaseri by the location of 

the excretory pore (mean 91 vs 131 µm), the value of E% (mean106 vs 131) and the tail length (mean 86 
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vs 78 µm).  Females of the new species can be differentiated from those of S. glaseri by the lack of a 

rounded projection or a fine mucro present in first generation and in second generation females of the 

latter species, respectively.  Males of S. boemarei can be separated from those of S. glaseri by the 

morphology of the spicules and gubernaculums, and the number and distribution of genital papillae.  

Moreover, first generation males of the new species differ from S. glaseri males in the value of SW 

(mean 1.7 vs 2.05)  

 

Molecular characterisation and phylogenetic analysis 

 

Maximum parsimony (MP) analysis of the 28S rDNA data-set yielded 401 parsimony informative 

characters and produced six equally parsimonious trees with a tree length of 1,195 steps.  MP analysis 

placed S. boemarei n. sp. as a member of clade V and sister to S. arenarium. This clade comprises 

Steinernema spp. known to have infective juveniles with an exceptionally large body size (mean >1,000 

µm). Placement of the new species within this clade was strongly supported by bootstrap resampling 

(98%), for which a 50% majority rule consensus tree is given (Fig. 4). Among 848 characters, S. 

boemarei differs from S. arenarium, its sister taxon, by 29 characters. 

Analysis of ITS rDNA sequences yielded four equally parsimonious trees with a tree length of 

3,683 steps.  A total of 709 parsimony informative traits were depicted for this analysis. ITS analysis 

also placed S. boemarei as a member of clade V and as sister to a group containing S. arenarium, S. 

cubanum and S. glaseri, species which all have large (>1,000 µm) infective juveniles. Bootstrap 

resampling provided strong support for this topology (94%) and the 50% majority rule consensus tree is 

given (Fig. 5). Results of these two analyses place S. boemarei in close association with S. arenarium, 

from which it differs by 135 of the 768 compared base pairs. These molecular observations provide 

further evidence for the distinctiveness of this species. 

 

Cross-hybridisation tests 

 

Cross-hybridisation assays between males and females of S. boemarei n. sp, with S.  

arenarium and S. glaseri  yielded no progeny.  In the controls, offspring was produced in all  

self-crossed species.  No progeny was observed in the single female control plates. 
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Biological observations 

 

The life-cycle of this new species is one of the shortest observed for Steinernema spp.    

Third-stage infective juveniles (J3) kill the insect host (G. mellonella larvae) 16-24h after initial 

exposure (a.i.e.). J3 become J4 at 20-30h a.i.e. and mature adult males and females develop 

approximately 24-36 h a.i.e. Gravid first generation females were observed as early as 36 h a.i.e.  

Progeny from first generation adults are encountered 48-72 hours a.i.e. A massive emergence of J3 

(mostly progeny of first generation adults) was observed at 96 hours a.i.e. Second generation  

adults also emerge at the same time infective J3 exit the cadaver (approx. 96 hours  a.i.e.), which is 

largely disintegrated at this time.  Gravid second generation females may produce progeny outside the 

insect cadaver (or on the disintegrated cadaver). We could not assess whether these second generation 

progeny become infective juveniles or not.  We assume J3 progeny of the first  

generation adults are the ones that have fully colonised bacterial receptacles and become the  

infective stage that are able to parasitise other hosts. 

 

Bacterial symbiont 

 

The bacterial symbiont of the new species was identified as Xenorhabdus kozodoii Tailliez et al., 2006 

(see Emelianoff et al., 2008).  This X. kozodoii isolate is closely related to two other strains: SaVT, 

associated with S. arenarium, and, ES01, a bacterial symbiont of an undescribed Steinernema  

species from northern Spain (Emelianoff et al., 2008). 
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Figure legends 

 

Fig.1  Line drawings of Steinernema boemarei n. sp. A. First generation male, in toto, lateral view; B. 

Anterior end of first generation male, dorsal view, showing position of deirids; C. Anterior end of first 

generation female, lateral view; D. Tail of first generation female, lateral view; E. Vulva of first 

generation female, lateral view; F. Tail of second generation female, lateral view; G. First generation 

male tail, lateral view, showing some of the genital papillae; H.  First generation male spicule, lateral 

view; I. First generation male gubernaculum, lateral view; J. First generation male gubernaculum, 

ventral view; K. Anterior end of third-stage infective juvenile, lateral view; L. Tail of third stage 

infective juvenile, lateral view. Scale-bars: A, 170 µm; B, 40 µm; C,  64 µm; D,E,G, 45µm; H,  15 µm; 

I,  17 µm; J, 19 µm; K,  37 µm; L,  33 µm. 
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Fig. 2  Light and scanning electron microscope photographs of male specimens of Steinernema 

boemarei n. sp. A. Male first generation, in toto; B. Anterior end, showing excretory pore location 

(arrow); C. SEM image of cephalic region showing cephalic papillae (arrows); D. SEM image of male, 

first generation, anterior end, showing excretory pore location (EP) and deirids (arrow and inset); E. 

SEM image of tail showing distribution of genital papillae (pr, precloacal; ad, adcloacal; po, postcloacal; 

v, ventral); F. Lateral view of first generation male tail, showing in situ spicule and gubernaculum; G. 

First generation male spicule, lateral view; H. First generation male gubernaculum, dorsal view; I. First 

generation male spicule head, showing manubrium detail from an upper lateral view.  Scale-bars: A, 

294µm; B, 33µm; C, 2.35µm; D, 29µm, E, 16µm, F, 29µm; G, 18µm; H, 13µm; I, 19.5µm. 
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Fig. 3  Light and scanning electron microscope photographs of female and third-stage infective juvenile 

specimens of Steinernema boemarei n. sp. A: Anterior end of female, lateral view, showing excretory 

pore (arrow); B. Vulva, lateral view of first generation female; C: First generation female tail, lateral 

view; D: Second generation female tail, lateral view; E-G. Third stage infective juvenile: E: Anterior 

end, lateral view, showing excretory pore (arrow); F: Posterior end, lateral view, showing position of 

anus (arrow) and hyaline portion; G: SEM image of juvenile lateral field pattern at mid-body level.  

Scale-bar (in A): A, 46µm; B, 63µm; C, 44µm; D, 33µm; E, 29µm; F, 24µm; G, 3µm.
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Fig. 4  Evidence of large subunit (LSU) ribosomal DNA lineage independence for Steinernema boemarei n. sp. 

based on maximum parsimony analysis.  Clades are in Roman numbers. Numbers in bold indicate bootstrap 

values.  Numbers after species names correspond to GenBank accession numbers. 
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Fig. 5  Evidence of internal transcribed spacer region (ITS) of ribosomal DNA lineage independence for Steinernema 

boemarei n. sp. based on maximum parsimony analysis.  Clades are in Roman numbers. Numbers in bold indicate 

bootstrap values.  Numbers after species names correspond to GenBank accession numbers. 
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Table 1  Morphometrics of Steinernema boemarei n. sp.  All measurements are in micrometres; data are 

given as the ranges, means and standard deviation.  

 
Males Females  
1st Generation 

(n=24) 
2nd Generation 

(n=24) 
1st Generation 

(n=25) 
2nd Generation 

(n=25) 

3rd-stage 
Infective 
Juveniles 
(n=25) 

TBL  1,479-2,214 
(1,850 ± 202) 

1,174-1,782  
(1,351 ± 166) 

4,553-8,612 
(6,394 ± 973) 

2,246-4,630 
(3,273 ± 606) 

1,005-1,323 
(1,103 ± 75) 

MBW 70-122 
(96 ± 16) 

55-87 
(69 ± 8) 

241-427 
(316 ± 42) 

151-259 
(205 ± 32) 

34-46 
(39 ± 3) 

ES 140-176 
(162 ± 9) 

142-202 
(173 ± 14) 

212-244 
(229 ± 10) 

223-322 
(254 ± 27) 

131-182 
(143 ± 10) 

EP 108-159 
(138 ± 15) 

104-158 
(121 ± 15) 

165-226 
(197 ± 17) 

137-202 
(165 ± 18) 

82-111 
(91 ± 6) 

NR 92-145 
(121 ± 13) 

115-164 
(139 ± 13) 

146-183 
(164 ± 10) 

151-223 
(182 ± 20) 

100-142 
(112 ± 8) 

TL 32-46  
(40 ± 4) 

26-87 
(39 ± 12) 

58-109 
(84.3 ± 13) 

93-138 
(109 ± 11) 

77-109 
(86 ± 7) 

ABD  37-56 
(46 ± 5) 

32-52 
(39 ± 5) 

64-131 
(90 ± 17) 

47-69 
(57 ± 6) 

18-24 
(21 ± 2) 

SpL 64-96 
(79 ± 8) 

54-80 
(69 ± 6) 

- - - 

GuL 43-65 
(52 ± 5) 

34-48 
(42 ± 4) 

- - - 

SW 1.2-2.4 
(1.7 ± 0.3) 

1.3-2.2 
(1.8 ± 0.3) 

- - - 

GS 0.5-0.9 
(0.7 ± 0.1) 

0.5-0.7 
(0.6 ± 0.1) 

- - - 

V - - 48-56 
(51 ± 2) 

50-58 
(55 ± 2) 

- 

a - - - - 24-33 
(28 ± 2) 

b - - - - 7-8.4 
(8 ± 0.3) 

c - - - - 12-14 
(13 ± 0.5) 

D% 68-99 
(85 ± 8) 

71-102 
(88 ± 9) 

76-101 
(86 ± ) 

56-81 
(65 ±  5) 

56-68 
(63 ± 3) 

E% 281-483 
(346 ± 42) 

142-465 
(329 ± 79) 

188-360 
(239 ± 39) 

132-183 
(153 ± 12) 

94-122 
(106 ± 6) 

H - - - - 23-52 
(35 ± 6) 

 
H% - - - - 26-49 

(41 ± 5) 
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Table 2  Comparison of morphometric traits (range and mean) of infective juveniles of Steinernema 

boemarei n. sp. with other members of clade V. All measurements are in micrometres. 

 

Species TBL MBW EP TL D% E% 

S. arenarium1 724-1,408 

(1,134) 

 28-77 

(46) 

 76-86 

(83) 

 64-84 

(75) 

 52-59 

(55) 

 106-130 

(119) 

S. boemarei n. sp. 1,005-1,323 

(1,101) 

 34-46 

(39) 

 82-111 

(91) 

 77-109 

(86) 

 56-68 

(63) 

 94-122 

(106) 

S. costaricense2  1600-1773 

(1,696) 

 23-45.5 

(39) 

 75-82 

(77) 

 54.5-68.5 

(63.5) 

 45-60 

(53) 

 82-91.5 

(85) 

S. cubanum3 1,149-1,508 

(1,283) 

 33-46 

(37) 

 101-114 

(106) 

 61-77 

(67) 

NA 

(70) 

NA 

(160) 

S. diaprepesi4 880-1,133 

(1,022) 

 30-42 

(34) 

66-83  

(74) 

65-91 

(83) 

84 

(30-70) 

78-114 

(90) 

S. glaseri5 864-1,448 

(1,130) 

 31-50 

(43) 

 87-110 

(102) 

62-87  

(78) 

65 

(58-71) 

122-138 

(131) 

S. guangdongense6  987-1,145 

(1,055) 

 30-48 

(42) 

 71-85 

(80) 

82-103 

(91) 

59 

(54-65) 

74-100 

(88) 

S. hermaphroditum7  700-950 

(928.5) 

 25-32.5 

(28.5) 

 62.5-82.5 

(65) 

65-82.5 

(77) 

50 

(47-55) 

76-100 

(85) 

S. karii8 876-982 

(932) 

 31-35 

(33) 

 68-80 

(74) 

64-80 

(74) 

57 

NA 

96 

NA 

S. khoisanae9 904-1,214 

(1,075) 

27-39 

(33) 

 84-100 

(93) 

69-98 

(85) 

115-147 

(138) 

95-123 

(111) 

S. longicaudum10 NA 

(1,063) 

NA 

(40) 

NA 

(81) 

NA 

(95) 

NA 

(56) 

NA 

(85) 

S. puertoricense11  1,057-1,238 

(1,171) 

47-54 

(51) 

 90-102 

(95) 

88-107 

(94) 

62-74 

(66) 

88-108 

(101) 

S. scarabaei12  890-959 

(918) 

 25-37 

(31) 

 72-81.5 

(77) 

71-80 

(76) 

50-75 

(60) 

90-110 

(100) 

1 After Artyukhovsky et al., 1997; 2 after Uribe-Lorío et al. 2007;  3 after Mráček et al. 1994; 4 after Nguyen and Duncan, 2002; 5 
after Poinar 1990; 6after Qui et al., 2004; 7 after Stock et al., 2004; 8 after Waturu et al., 1997; 9 after Nguyen et al., 2006; 10 after 
Stock et al., 2001b; 11after Román and Figueroa 1994; 12 after Stock and Koppenhöfer, 2003. 
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Table 3   Adjusted character distance matrix based on 28S rDNA sequence comparison between Steinernema spp.  

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

1. S. boemarei n. sp. -                                

2. S. arenarium 4 -                               

3. S. cubanum 20 17 -                              

4. S. glaseri 16 13 6 -                             

5. S. diaprepesi 10 11 20 18 -                            

6. S. puertoricense 13 12 19 19 9 -                           

7. S.hermaphroditum 17 16 25 23 13 16 -                          

8. S. scarabaei 19 18 27 25 13 16 0 -                         

9. S. khoisaae 13 14 23 21 7 12 11 12 -                        

10. S. karii 18 17 22 22 16 19 14 17 13 -                       

11. S. bicornutum 33 33 40 38 32 31 33 35 33 38 -                      

12. S. ceratophorum 40 42 43 43 37 40 38 41 40 41 18 -                     

13. S. abbasi 53 53 56 56 46 47 47 49 47 46 44 43 -                    

14. S. riobrave 37 39 44 42 38 39 35 37 39 36 40 45 50 -                   

15. S. kraussei 27 25 30 30 25 22 28 28 24 27 33 39 45 42 -                  

16. S. oregonense 27 25 27 27 24 21 27 27 21 24 32 39 44 41 3 -                 

17. S. feltiae 24 22 26 24 21 18 24 24 18 23 29 38 47 40 6 3 -                

18. S. weiseri 23 21 25 23 20 17 23 23 17 22 28 37 46 40 7 4 1 -               

19. S. kushidai 25 23 27 27 22 19 21 21 21 24 30 37 44 36 9 8 7 6 -              
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20. S. anatoliense 46 46 44 46 41 42 43 44 44 43 46 47 57 51 41 40 41 41 37 -             

21. S. websteri 44 44 42 44 39 40 41 42 42 41 45 46 55 51 39 38 39 39 35 2 -            

22. S. ashiuense  31 29 34 34 30 23 30 31 27 30 38 43 46 46 21 18 17 16 18 43 39 -           

23. S. costaricense 41 41 38 40 38 35 31 33 37 38 44 49 56 48 39 38 37 36 34 53 51 40 -          

24. S. rarum 34 33 34 34 30 25 33 35 31 32 40 51 44 52 25 24 27 26 24 44 42 34 34 -         

25. S. affine 60 60 65 65 57 50 55 62 60 61 75 78 67 69 59 59 58 57 57 63 61 61 61 51 -        

26. S. intermedium 62 62 65 67 61 54 61 68 64 65 79 80 67 73 61 61 60 59 61 67 65 63 67 55 6 -       

27. S. sichuanense 66 66 69 71 63 56 61 68 64 67 81 84 71 75 65 65 64 63 63 74 65 67 67 57 10 14 -      

28. S. carpocapsae 145 145 152 150 146 150 139 155 146 151 155 154 156 150 149 149 148 149 151 156 157 153 154 155 152 148 151 -     

29. S. monticolum 146 146 153 151 147 151 139 156 147 152 156 155 157 152 150 150 149 150 152 157 158 154 155 156 155 151 154 1 -    

30. S. scapterisci 145 145 152 150 146 150 139 155 146 151 155 154 156 151 149 149 148 149 151 156 157 153 154 155 154 150 153 0 1 -   

31. S. siamkayai 148 149 156 154 149 154 142 159 150 155 159 158 160 153 153 153 152 153 155 160 161 156 158 159 158 154 157 4 5 4 -  

32. C. elegans 164 162 159 161 163 164 154 165 160 161 181 176 173 173 164 162 163 162 162 165 165 163 175 169 168 170 164 107 108 107 111 - 
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Table 4   Adjusted character distance matrix based on ITS rDNA sequence comparison between Steinernema spp.  

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

1. S. rarum -                               

2. S. intermedium 43 -                              

3. S. sichuanense 42 11 -                             

4. S. beddingi 47 11 10 -                            

5. S. affine 41 6 7 9 -                           

6. S. neocurtillae 40 74 69 77 45 -                          

7. S. ceratophorum 55 81 70 78 47 25 -                         

8. S. bicornutum 54 82 72 79 48 28 13 -                        

9. S. abbasi 62 87 73 89 52 38 31 36 -                       

10. S. pakistanense 58 84 72 84 47 39 38 41 36 -                      

11. S. riobrave 23 22 19 26 19 12 11 13 17 19 -                     

12. S. monticolum 40 44 41 47 42 21 32 34 44 48 14 -                    

13. S. sangi 32 36 38 37 36 19 23 21 29 37 14 13 -                   

14. S. kraussei 45 79 71 80 48 22 26 29 35 39 13 23 11 -                  

15. S. oregonense 46 74 69 75 44 16 26 28 38 42 13 23 12 8 -                 

16. S. hebeiense 34 33 35 34 33 17 24 25 29 33 11 20 15 11 9 -                

17. S. feltiae 46 76 71 77 46 18 24 24 34 39 12 21 8 5 4 9 -               

18. S. aciari 43 74 68 75 44 21 28 30 37 41 14 22 16 16 16 18 14 -              

19. S. karii 42 73 67 74 43 22 26 28 37 40 12 24 20 20 21 24 20 10 -             
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20. S. guangdongense 44 72 65 73 41 22 21 24 33 41 14 24 14 15 13 16 13 16 10 -            

21. S. khoisanae 40 72 66 74 42 21 23 24 37 43 16 24 13 16 14 16 14 12 11 6 -           

22. S. diaprepesi  45 78 72 79 48 24 28 30 37 46 17 25 13 17 17 19 15 10 12 12 10 -          

23. S. boemarei n. sp. 34 36 37 38 37 20 23 26 34 38 13 19 18 19 18 22 18 12 13 8 6 10 -         

24. S. arenarium 41 74 68 75 44 22 30 33 40 48 19 25 17 20 18 20 18 9 13 12 7 8 6 -        

25. S. cubanum 45 79 73 80 49 25 31 33 40 50 18 28 18 22 22 24 20 10 14 17 13 11 9 5 -       

26. S. glaseri 42 76 70 77 46 24 32 32 39 48 17 28 17 23 21 23 19 12 15 17 13 11 8 5 4 -      

27. S. scapterisci 56 87 80 88 56 30 33 35 42 42 11 35 29 31 30 30 28 29 29 28 30 32 25 31 33 32 -     

28. S. carpocapsae 58 85 78 86 54 28 30 33 41 44 15 35 26 31 27 29 27 33 30 28 31 34 27 34 36 36 8 -    

29. S. siamkayai 45 41 43 43 42 28 28 31 35 36 13 28 29 31 31 34 28 30 30 27 30 31 29 29 30 29 13 9 -   

30. S. tami 48 45 46 46 46 30 30 33 37 38 15 30 31 33 33 36 30 33 32 29 31 34 31 31 32 31 15 10 3 -  

31. C. elegans 170 177 112 177 97 173 169 168 166 166 130 174 86 184 176 85 169 171 179 172 170 168 82 171 186 171 169 167 89 85 - 
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