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a b s t r a c t
Photorhabdus spp., the only known bioluminescent terrestrial bacteria are well known for their symbiotic
association with heterorhabditid nematodes. This association, along with their ability to kill insects, has
aroused interest in the evolutionary relationships within this bacterial group. Currently, three species are
recognized within the genus Photorhabdus; P. temperata and P. luminescens, which are endosymbionts of
Heterorhabditis spp., and P. asymbiotica, which has been isolated from human wounds and has recently
been shown to also have a heterorhabditid nematode vector. To examine phylogenetic relationships
among these taxa, we utilize total evidence Bayesian, likelihood, and parsimony based analyses of three
genetic loci (16S rRNA gene, gyrB, and glnA) to construct a robust evolutionary hypothesis for the genus
Photorhabdus. Here we use this phylogeny to evaluate existing speciﬁc and sub-speciﬁc taxonomic statements within the genus, identify previously undescribed Photorhabdus strains, test the utility of 16S rRNA
gene, gyrB, and glnA in resolving various levels of relationships within the genus, and, ﬁnally, to investigate the evolution of bioluminescence. The genes examined produced the most robust phylogenetic
hypothesis to date for the genus Photorhabdus, as indicated by strong bootstrap and posterior probability
values at previously unresolved or poorly resolved nodes. We show that glnA is particularly useful in
resolving speciﬁc and intra-speciﬁc relationships poorly resolved in other studies. We conclude that P.
asymbiotica is the sister group to P. luminescens and that the new strains HIT and JUN should be given
a new group designation within P. asymbiotica. Furthermore, we reveal a pattern of decline in bioluminescent intensity through the evolution of Photorhabdus, suggesting that this may be a trait acquired and
maintained under previous ecological (aquatic) selection pressures that is now gradually being lost in
its terrestrial environment.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Photorhabdus spp., the only terrestrial bacteria known to exhibit
bioluminescence (Gerrard et al., 2003) are motile, gram negative
bacteria which are gut endosymbionts in juveniles of entomopathogenic nematodes from the genus Heterorhabditis. The close symbiotic relationship between Photorhabdus and Heterorhabditis has
gained much attention due to their ability to work together to kill
their insect host. Upon locating a suitable insect host, Heterorhabd⇑ Corresponding author. Fax: +1 801 422 0090.
E-mail addresses: speat@byu.net (S.M. Peat), rf222@exeter.ac.uk (R.H. ffrenchConstant), bssnw@bath.ac.uk (N.R. Waterﬁeld), juttka@gmail.com (J. Marokházi),
fodorandras@yahoo.com (A. Fodor), byron_adams@byu.edu (B.J. Adams).
1055-7903/$ - see front matter Ó 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2010.08.012

itis penetrates through natural openings (mouth, anus, spiracles)
(Boemare, 2002), or directly into the hemocoel of the larval insect
via the integument (Akhurst and Dunphy, 1993; Forst et al., 1997;
Poinar, 1990), subsequently releasing bacteria into the hemolymph
(Forst et al., 1997). Once in the hemolymph, Photorhabdus begins
multiplying, simultaneously releasing toxins virulent enough to kill
the insect within 24 h (Ciche and Ensign, 2003; Forst et al., 1997).
All Photorhabdus strains are considered highly entomopathogenic,
with an LD50 of <100 cells per insect (Boemare, 2002). Following
death of the insect and consumption of all available nutrients,
Photorhabdus and Heterorhabditis re-assimilate, leaving the dead insect in search of another insect host (Forst and Nealson, 1996).
One of the most unique characteristics of Photorhabdus is its
bioluminescent capabilities. Photorhabdus spp. are the only
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terrestrial natural bioluminescent bacteria, though other aquatic
bioluminescent bacteria do exist (i.e. Vibrio harveyi, Vibrio ﬁscheri,
Vibrio cholerae, Photobacterium leiognathi, Photobacterium phosphoreum, Shewanella hanedai). In Photorhabdus and other bioluminescent bacteria, lux genes are responsible for the production of
light (Baldwin et al., 1989; Friedland and Hastings, 1967; Kuwabara et al., 1965), and these lux genes are organized into an operon
that varies in the organization of genes from one bacterium to
the next (Kasai et al., 2007; Meighen and Szittner, 1992; O’Kane
and Prasher, 1992). Much speculation exists as to why Photorhabdus bioluminesces. Some hypotheses that have been proposed as to
the functional signiﬁcance of light production in Photorhabdus include a distraction mechanism, a molecular oxygen sink, an attractant, and a signal that synchronizes symbiosis (Waterﬁeld et al.,
2009). Alternatively, as suggested by Peat and Adams (2008), production of light in Photorhabdus may not have any real function
and instead represents a trait present in an aquatic ancestor that
is now being lost upon colonization of a terrestrial environment
via the nematode vector or is a remnant of a horizontal gene
transfer event that has not had sufﬁcient evolutionary time to disappear. Though to thoroughly evaluate hypotheses of bioluminescence evolution in Photorhabdus, a robust phylogenetic hypothesis
of the genus is required.
Initially classiﬁed as Xenorhabdus luminescens, the genus Photorhabdus would later be proposed by Boemare et al. (1993) based on
the examination of phenotypic characters and DNA relatedness
studies. Speciﬁc and sub-speciﬁc taxonomic designations within
the genus Photorhabdus are based on phenotypic data including
morphological, biochemical and physiologic characters (Akhurst
et al., 1996; Fischer-Le Saux et al., 1999), DNA–DNA hybridization
(Akhurst et al., 1996; Farmer et al., 1989), sequencing of a portion
of 16S rRNA gene (Liu et al., 1997), sequencing of the complete 16S
region of rRNA (Fischer-Le Saux et al., 1999), sequencing of the
gyrB gene (Akhurst et al., 2004), and a multilocus sequence typing
analysis of recA, gyrB, dnaN, gltX (Tailliez et al., 2009). Akhurst et al.
(1996) concluded that phenotypic data alone could only separate
two groups of Photorhabdus, the symbionts and the clinical strains.
Clinical infections with Photorhabdus have been reported in a number of humans within the United States (Farmer et al., 1989) and
Australia (Gerrard et al., 2003; Peel et al., 1999).
Liu et al. (1997) developed a phylogeny of Photorhabdus and another closely related bacterial endosymbiont of nematodes, Xenorhabdus. The study used 13 Photorhabdus isolates, most of which
had no species designation. Based upon maximum likelihood analysis of a portion of 16S rRNA gene gene, Liu et al. showed four well
supported major clades within the one recognized clade, supporting the possibility that more than one species of Photorhabdus exists. Through a polyphasic approach utilizing 16S rRNA gene
phylogenetic inference, phenotypic characterization, and DNA–
DNA hybridization data, Fischer-Le Saux et al. (1999) proposed
the existence of three separate species of Photorhabdus: P. luminescens, P. temperata, and P. asymbiotica. Furthermore, the study went
on to propose the existence of three subspecies within P. luminescens. A second polyphasic approach utilizing phenotypic characterization, DNA–DNA hybridization, and two molecular markers, gyrB
and 16S rRNA genes proposed the separation of P. asymbiotica into
two subspecies (Akhurst et al., 2004). Hazir et al. (2004) used riboprint analysis, metabolic properties, and a distance analysis of 16S
rRNA gene, to propose two new subspecies (P. luminescens ssp.
thracensis and P. luminescens ssp. kayaii). More recently, the subspecies P. temperata cinerea has been proposed based on gyrB data
(Toth and Lakatos, 2008) and Tailliez et al. (2009) used recA, gyrB,
dnaN, gltX to propose four new subspecies (P. luminescens caribbeanensis, P. luminescens hainanensis, P. temperata khanii, and P. temperata tasmaniensis) and the renaming of another (P. temperata
thracensis).
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Historically, 16S rRNA gene has been the marker of choice when
classifying/naming Photorhabdus species and subspecies. It has
been suggested that Photorhabdus species may be subjected to a
higher evolutionary rate than that of its sister taxon Xenorhabdus
(Rainey et al., 1995) based on analysis of 16S rRNA gene data. Conversely, Tailliez et al. (2009) suggest that Xenorhabdus evolves at a
faster rate than Photorhabdus based on the analysis of dN/dS ratios
for ﬁve different genes (rplB, recA, gyrB, dnaN, and gltX). While the
16S rRNA gene has been shown as useful in identifying many bacteria to the generic level (Fukushima et al., 2002; Wang et al.,
1994), evidence of potential lateral gene transfer of the 16S rRNA
gene exists in numerous bacterial genera including Photorhabdus
(Tailliez et al., 2009), giving the 16S rRNA gene the potential to
confound bacterial species relationships rather than resolving
them, especially when using 16S alone. As such, other genes, particularly protein coding genes, may provide a clearer representation of the species relationships within the genus Photorhabdus.
One such marker, gyrB, encodes the subunit B protein of DNA gyrase. DNA gyrase functions in the regulation of supercoiling of double stranded DNA. This enzyme is ubiquitous among all bacterial
species (Yamamoto and Harayama, 1995). Previous studies have
indicated that gyrB might prove to be more useful in identifying
bacteria to the species level due to its higher rates of molecular
evolution (Fukushima et al., 2002; Yamamoto and Harayama,
1995, 1998). Akhurst et al. (2004) utilized the gyrB gene to propose
the split of the species P. asymbiotica into two subspecies, as well
as conﬁrm the presence of three species within the genus. Another
gene that has shown promise in resolving relationships within the
genus Photorhabdus is glnA, a gene that codes for the glutamine
synthetase enzyme (Tullius et al., 2003). Gerrard et al. (2006) conducted a neighbor joining analysis using concatenated gyrB and
glnA datasets to successfully conﬁrm the identity of a Photorhabdus
asymbiotica strain isolated from a nematode, though support for
the most basal node and many terminal nodes in their phylogeny
were extremely low. Additionally, a similar tree was utilized by
Waterﬁeld et al. (2008) to illustrate the locations of Photorhabdus
strains of interest in their study.
To date, most single gene and all total evidence phylogenetic
analyses of molecular data for the genus Photorhabdus have utilized distance based methods of phylogenetic reconstruction (i.e.
neighbor joining). Neighbor joining and other distance based
methods are useful in that they can build a phylogenetic tree very
rapidly, though their use of overall similarity (phenetics) to build
phylogenetic trees wastes potentially informative character data
(Farris, 1981) while lacking the ability to distinguish between
homology and homoplasy (Siebert, 1992). Furthermore, observed
distances between sequences do not accurately reﬂect the evolutionary distances between them, and as such sequences may appear more closely related than they actually are (Holder and
Lewis, 2003). Analyses of single genes, while providing a good
depiction of the gene tree, often do not accurately reﬂect the species tree for a given organism (for further discussions see (Maddison, 1997; Pamilo and Nei, 1988)). To thoroughly investigate the
phylogenetic relationships within the genus Photorhabdus, we
advocate an approach whereby a combined simultaneous analysis
of multiple molecular datasets is conducted utilizing more rigorous
methods of phylogenetic reconstruction including parsimony,
Bayesian, and likelihood analyses. Using these non-phenetic based
methods to conduct simultaneous analyses of multiple molecular
datasets should provide more power in resolving issues of species
delineation within the genus Photorhabdus by allowing phylogenetic signal to emphasize itself over phylogenetic noise (De Queiroz, 1993). Additionally, when conducting model based analyses
of concatenated datasets, we also advocate the use of mixed models, as a single model is usually inadequate to account for the differing histories of multiple genes (Bull et al., 1993; Huelsenbeck
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et al., 1996). The aforementioned phylogenetic methods have the
ability to provide a more thorough analysis of the data and as such
should produce a more robust phylogenetic hypothesis than has
been produced in previous studies, which can then be used to test
fundamental hypotheses regarding the evolutionary history of
Photorhabdus. With this in mind, the aims of this study were: (1)
to construct a more robust phylogenetic hypothesis by exploring
combined Bayesian, likelihood, and parsimony analyses of multiple
molecular datasets; (2) to evaluate speciﬁc and sub-speciﬁc taxonomic statements within the genus Photorhabdus by testing the
monophyly of previously proposed groups against a more rigorous
compilation of molecular data and tree reconstruction methods;
(3) to evaluate the utility of 16S rRNA gene, gyrB, and glnA in
resolving relationships within the genus Photorhabdus; and (4) to
trace the evolution of bioluminescent intensity through the genus
Photorhabdus, to determine if an increasing or decreasing trend of
bioluminescent activity exists across the evolution of basal to the
more derived clades.
2. Materials and methods
2.1. DNA extraction
Genomic DNA was puriﬁed from Photorhabdus isolates in culture using the DNeasy tissue kit (QIAgen, Valencia, CA) as per the
manufacturer’s protocol. DNA was eluted from the column into
20 ll of TE buffer and stored at 20 °C.
2.2. PCR
Polymerase chain reaction ampliﬁcations of portions of the gyrB
and glnA genes were carried out using a standard PCR reaction mixture that included 5X Go Taq buffer, 1.25 mM of Mgcl2, 0.25 mM
dNTPs, 1 mM of each primer and 1 ll of Go Taq polymerase (Promega, Madison, WI). All ampliﬁcations were performed using a
Peltier thermal cycler (PTC) with an initial denaturation at 95 °C
for 2 min, 30 cycles of 95 °C for 45 s, 50 °C for 45 s, and 72 °C for
1 min, and a ﬁnal extension at 72 °C for 10 min. PCR products were
puriﬁed using Montage PCR centrifugal ﬁlter devices (Millipore,
Billerica, MA) in order to remove the salts, primers and unincorporated dNTPs. Each 100 ll PCR reaction was mixed with 300 ll TE
buffer, applied on the DNA capture columns and centrifuged at
1000 for 15 min. The DNA fragments were eluted with 20 ll TE
and stored at 20 °C.
2.3. Sequencing and sequence editing
Cycle sequencing was performed using BigDye Terminator v3.1
(Applied Biosystems, Foster City, CA). DNA sequences were analyzed and assembled using the SeqMan program of the DNAstar
Lasergene software. Sequence data generated for gyrB (accession
numbers
GU731081–GU731130)
and
glnA
(GU731131–
GU731180) have been deposited in GenBank.
2.4. Taxon sampling
Taxa used in this study include 55 representative strains of the
three characterized species of Photorhabdus, four subspecies of P.
luminescens, and two (possibly three) subspecies of P. asymbiotica,
three subspecies of P. temperata, and two uncharacterized Photorhabdus spp. for a total of 57 ingroup taxa. Three outgroup taxa used
in the analyses include Xenorhabdus beddingii, the sister group to
Photorhabdus (Francino et al., 2006; Koppenhofer, 2007), as well
as two more distantly related bacteria within the family Enterobacteriaceae, Salmonella enterica and Yersinia pestis. Table 1 shows

all of the taxa and strains used in the current analyses as well as
the Genbank accession numbers for all available data.
2.5. Alignment
Three molecular markers, 16S rRNA gene, gyrB, and glnA were
used in the present study. The 16S rRNA gene dataset (1502 characters) was aligned using Muscle (Edgar, 2004), under the default
parameters and manually adjusted using MacClade 4.0.5 (Maddison and Maddison, 2002). Alignments for the gyrB (573 characters)
and glnA (493 characters) genes were conducted using their amino
acid sequences. Longest open reading frames for each protein coding dataset was determined using BioEdit (Hall, 1999). AlignmentHelper 1.2 (http://inbio.byu.edu/faculty/dam83/cdm) was used
to convert nucleotide sequences into amino acids prior to alignment using MUSCLE 3.3 (Edgar, 2004). AlignmentHelper tracks
the fate of each amino acid during the alignment process, allowing
codon conformations to remain intact following conversion back to
nucleotide data. Following alignment, sequences were back-translated by AlignmentHelper to convert the amino acid sequences
back into nucleotide sequences.
2.6. Phylogenetic analyses
Incongruence length difference (partition homogeneity) tests
(Farris et al., 1995) were conducted in PAUP (Swofford, 2002) to
check for combinability of datasets. MacClade 4.05 (Maddison
and Maddison, 2002) was utilized to remove redundant sequences
from the single gene alignments and to concatenate the three datasets into a single combined molecular dataset of 2635 bp and 49
taxa. Parsimony analyses were conducted in TNT (Goloboff et al.,
2008) under the new technology search with drift, ratchet, and
pruning and 1000 random addition sequences. A strict consensus
tree was assembled for each analysis using the multiple most parsimonious (MP) trees recovered from the heuristic searches. The
program TreeRot v3 (Sorenson and Franzosa, 2007) was used to
calculate partitioned Bremer support values which were mapped
onto the strict consensus tree to assess the contribution each dataset made to the overall topology. To evaluate the effect of missing
data on the robustness of the resulting phylogeny, one additional
combined analysis was conducted using all three datasets (gyrB,
16S, and glnA) with any taxa missing one or more of the genes removed (2,635 characters and 37 taxa).
For model based phylogenetic analyses, best ﬁt models of evolution were calculated using ModelTest 3.1 (Posada and Crandall,
1998) using the AIC model selection criterion. Mixed model
Bayesian analyses were conducted in MrBayes 3.08 (Ronquist
and Huelsenbeck, 2003). For the 49 taxa analysis, a mixed models
Bayesian analysis was employed using partitioning by gene under
the TrN + I + G model for the 16S partition, the TIM + I + G model
for the glnA partition and the SYM + G model for the gyrB partition. For the 37 taxa analysis, a mixed models Bayesian analysis
was employed using partitioning by gene under the HKY + I + G
model for the 16S partition, the SYM + G model for the glnA partition and the TrN + G model for the gyrB partition. It is likely that
model choice varied between the two datasets (49 taxa vs 37
taxa) due to differences in the amount of nucleotide data and
the amount of missing data present in each of the two datasets.
Two runs were conducted for each dataset using 20,000,000 generations sampled every 1000 generations. Stationarity was estimated using Tracer v1.4 (Rambaut and Drummond, 2007), with
the combined analysis with missing data (49 taxa) having a
burn-in value of 50,000 and the combined analysis with no missing data (37 taxa) having a burn-in of 30,000. Bremer support values were calculated by constructing a 50% majority rule
consensus tree of the remaining trees (19,950 for the combined
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Table 1
List of species/subspecies and strains of Photorhabdus used in the analyses and their GenBank accession numbers.
Species

Strain

gyrB

glnA

16S

Photorhabdus asymbiotica asymbiotica
P. asymbiotica asymbiotica
P. asymbiotica asymbiotica
P. asymbiotica asymbiotica
P. asymbiotica asymbiotica
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica australis
P. asymbiotica subsp. ?
P. asymbiotica subsp. ?
P. luminescens kayaii
P. luminescens kayaii
P. luminescens luminescens
P. luminescens luminescens
P. luminescens luminescens
P. luminescens ssp. akhurstii
P. luminescens ssp. akhurstii
P. luminescens ssp. akhurstii
P. luminescens ssp. akhurstii
P. luminescens ssp. akhurstii
P. luminescens ssp. akhurstii
P. luminescens ssp. laumondii
P. luminescens ssp. laumondii
P. luminescens ssp. laumondii
P. luminescens ssp. laumondii
P. luminescens ssp. laumondii
P. luminescens ssp. laumondii
P. luminescens thracensis
P. luminescens thracensis
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata
P. temperata temperata
P. temperata temperata
P. temperata temperata
P. temperata temperata
P. temperata thracensis
P. temperata thracensis
P. temperata thracensis
P. sp.
P. sp.
Salmonella enterica
Xenorhabdus nemtophila
Xenorhabdus nemtophila
Yersinia pestis

a949(ATCC43949)
a951(ATCC43951)
a952(ATCC43952)
a950(ATCC43953)
a948(ATCC43948)
GCH001
MB
9802892
H6Murw
H2BeauD
H1Gladst
H5Wang
H4Melb
HIT (EU349)
JUN
ITH-LA3
FR33
Hm
Hb
MX4A
IS5
W14
LN2
IND
EG1
EG2
HP88
ARG
AZ36
TT01
HK86
Brecon
FR32
DSM15199T
NC19
Wx12
Wx9
Wx9Hyper
Wx11
MEG1
Hepialius
OH1
Wx10
Wx6
Wx8
Pmeg
He86
Heliothidis
HSH2
K122
H4
HL81
MOL
AZ29
KOH
Wx13
X4
SC-B67
AN6
DSM3370
Pestoides F

GU731082
GU731084
GU731085
GU731083
GU731081
AY278500
AY278511
Ay278496
GU731097
GU731093
GU731092
GU731096
GU731095
GU731102
GU731110
EU930350
EU930349
GU731105
GU731098
GU731116
GU731109
GU731121
GU731113
GU731108
GU731090
GU731091
GU731106
GU731086
GU731088
GU731120
GU731103
GU731089
EU930352
Not Available
GU731117
GU731124
GU731128
GU731129
GU731123
GU731114
GU731101
GU731118
GU731122
GU731126
GU731127
GU731119
GU731099
GU731100
GU731107
GU731111
GU731094
GU731104
GU731115
GU731087
GU731112
GU731125
GU731130
NC_006905
AY322431
Not Available
NC_009381

GU731132
GU731134
GU731135
GU731133
GU731131
Not Available
Not Available
Not Available
GU731147
GU731143
GU731142
GU731146
GU731145
GU731152
GU731160
Not Available
Not Available
GU731155
GU731148
GU731166
GU731159
GU731171
GU731163
GU731158
GU731140
GU731141
GU731156
GU731136
GU731138
GU731170
GU731153
GU731139
Not Available
Not Available
GU731167
GU731174
GU731178
GU731179
GU731173
GU731164
GU731151
GU731168
GU731172
GU731176
GU731177
GU731169
GU731149
GU731150
GU731157
GU731161
GU731144
GU731154
GU731165
GU731137
GU731162
GU731175
GU731180
NC_006906
Not Available
Not Available
NC_009381

Z76752
Z76754
Z76753
Not Available
Not Available
AY280574
AY280573
AY280572
Not Available
Not Available
Not Available
Not Available
Not Available
AY278671
AY278670
EU930333
EU930334
AY278641
AY278640
Not Available
AY278645
AY278642
AB355866
AY278643
Not Available
AY278644
AY278648
AY278650
AY278649
NC_005126
Not Available
AY278647
EU930335
AJ560634
AY278657
AY278665
AY278661
AY278662
AY278664
AY278655
Not Available
AY278656
AY278663
AY278659
AY278660
Not Available
Not Available
AY278658
AY278652
AY278651
AY278654
AY278653
AY278669
AY278668
AY278667
Not Available
Not Available
NC_006907
Not Available
AY278674
NC_009381

with missing data and 19,970 for the combined with no missing
data) using PAUP*4.0b10 (Swofford, 2002). Log likelihood values
for each run were compared to insure that each Bayesian run converged on similar log likelihood mean values for each of the two
independent runs for each gene.
Maximum likelihood analyses were conducted on the single
gene and combined molecular datasets in RAML (Stamatakis,
2006) using the GTRGAMMA model with partitioning by gene.
Bootstrap values for the likelihood tree were calculated in RAML
using 1000 bootstrap replicates.

3. Results
3.1. Alignment
Following alignment of the 16S dataset, a region at the 3’ end of
the alignment was discovered with large insertion/deletion events
for a number of taxa followed by the presence of ﬁve to six nucleotides and then another large insertion/deletion event. This region
was aligned manually and analyses were run with and without this
region. While inclusion of this region of the 16S did not cause any
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difference in terms of the relationships recovered, it did cause a decrease in the robustness of the recovered phylogeny. As such, all
phylogenies depicted in the present paper were constructed with
this 130 bp region removed.
3.2. Phylogenetic analyses
Partitioned homogeneity test results indicated a lack of incongruence (p < 0.05) between all pairwise comparisons. Bayesian
(Fig. 1) and likelihood (Fig. 2) simultaneous analyses of all three
datasets including missing data suggests that P. luminescens is
the sister group to P. asymbiotica. This sister relationship is supported in all analyses with a likelihood bootstrap support of 94
and a Bayesian posterior probability value of 0.93. Within this
clade, the two P. asymbiotica subspecies form a monophyletic
group with two unidentiﬁed Photorhabdus spp. (HIT and JUN) with
a likelihood bootstrap value of 100 and a posterior probability value of 1.0. Photorhabdus luminescens akhurstii, P. luminescens
luminescens, P. luminescens kayaii, and P. luminescens laumondii
each form separate well supported monophyletic groupings within
the monophyletic P. luminescens clade. Photorhabdus temperata
thracensis forms a monophyletic group with two undescribed
Photorhabdus spp. (MOL and AZ29) strains. Photorhabdus temperata
is monophyletic, with P. temperata thracensis as part of a group that
forms a sister group to P. temperata temperata in both the Bayesian
(PP = 1.0) and likelihood (bootstrap <50) analyses, while P. temperata thracensis, P. temperata, and P. temperata temperata form an
unresolved polytomy in the parsimony analysis. Photorhabdus
temperata and Photorhabdus temperata temperata each form separate strongly supported monophyletic groups, though as mentioned earlier, both likelihood and Bayesian analyses indicate
that P. temperata temperata is more closely related to P. temperata
thracensis than it is to any P. temperata strains.
Bayesian (Fig. 3), likelihood (Fig. 4), and parsimony (Fig. 5)
simultaneous analysis of the three molecular datasets, with taxa
missing data for one or more genes removed, again suggests that
P. luminescens is the sister group to P. asymbiotica, though support
for this grouping is higher (likelihood bootstrap = 100; posterior
probability = 1.0) than in the 49 taxa combined analysis. Photorhabdus asymbiotica again forms a monophyletic group with two
unidentiﬁed Photorhabdus spp. (strains HIT and JUN), while the
three Photorhabdus luminescens subspecies included in this analysis
form separate well supported monophyletic groupings within the
larger P. luminescens clade. As in the 49 taxon analyses, both P.
temperata and P. temperata temperata strains form separate,
strongly supported monophyletic groups. Bayesian analysis
(Fig. 3) shows P. temperata temperata and the group containing P.
temperata thracensis and two unidentiﬁed Photorhabdus spp.
(MOL and AZ29) form a monophyletic group (PP = 0.95). Conversely, likelihood analysis (Fig. 4) shows P. temperata + the group
containing P. temperata thracensis and two unidentiﬁed Photorhabdus spp. (MOL and AZ29) as monophyletic (bootstrap = 64), while
the parsimony analysis (Fig. 5) shows P. temperata + P. temperata
temperata forming a monophyletic group (bootstrap = 51).
3.3. Partitioned bremer support (PBS)
Partitioned Bremer support (PBS) values for the 37 taxon simultaneous analysis tree are shown in Fig. 6. In total, PBS values for the
gyrB, 16S, and glnA datasets were 88.54, 173.20, and 109.26 respectively. Negative values for the 16S gene were observed at the branch
supporting the grouping of P. temperata strains MEG1 and OH as
well as the branch which grouped P. temperata + P. temperata temperata + the group that contains the strains KOH, AZ29, and MOL (all
of which formed a monophyletic group with P. temperata thracensis
in the 49 taxon analysis). Negative PBS values were observed for

gyrB at the branch supporting the monophyly of strains KOH + AZ29 + MOL as well as the branch supporting the monophyly
of P. luminescens laumondii + P. luminescens akhurstii. Negative PBS
values for glnA were found on all branches within the P. luminescens
akhurstii clade, the branch supporting the monophyly of undescribed strains AZ29 + MOL, the branch supporting the monophyly
of P. temperata strains Heliothidis + NC19 + Wx12 + Wx11, the
branch supporting the monophyly of P. temperata strains Heliothidis + NC19 + Wx12 + Wx11 + Wx10 + MEG1 + OH1 + Wx9, and the
branch supporting the monophyly of P. temperata + P. temperata
temperata.
GyraseB provided more support than the other two genes at the
branch supporting the monophyly of all P. temperata strains, the
branch supporting the monophyly of P. asymbiotica asymbiotica + uncharacterized Photorhabdus spp. HIT and JUN, the branch
supporting the monophyly of P. luminescens akhurstii strains
EG2 + IND + LN2 + W14, and the branch supporting the monophyly
of uncharacterized strains AZ29 + MOL. Partitioned Bremer support
for the glnA gene was higher than gyrB and 16S at the branch supporting the monophyly of P. luminescens laumondii, the branch supporting the monophyly of P. luminescens akhurstii, the branch
supporting the monophyly of P. luminescens laumondii + P. luminescens akhurstii + P. luminescens luminescens, the branch supporting
the monophyly of P. luminescens laumondii + P. luminescens akhurstii + P. luminescens luminescens, the branch supporting the monophyly of P. asymbiotica + P. luminescens, and the branch
supporting the monophyly of P. temperata temperata + P. temperata + the clade that contains the strains KOH, AZ29, and MOL (all
of which form a monophyletic group with P. temperata thracensis
in the 49 taxon analysis). Finally, PBS for 16S was higher than gyrB
and glnA at the branch supporting the monophyly of P. asymbiotica
asymbiotica, the branch supporting the monophyly of the strains
HIT + JUN, the branch supporting the monophyly of P. temperata
temperata, the branch supporting the grouping of KOH + AZ29 + MOL, the branch supporting the monophyly of P. luminescens
luminescens, and numerous branches supporting relationships
within the species P. temperata and the subspecies P. temperata
temperata, P. luminescens laumondii, and P. luminescens akhurstii.
3.4. Horizontal gene transfer
Horizontal gene transfer has been hypothesized as a factor
causing incongruence in the 16S gene tree of Photorhabdus in relation to other Photorhabdus gene trees (Tailliez et al., 2009). Additionally, disconcerted evolution among multiple copies of the 16S
gene in Photorhabdus may account for some of the observed incidences of incongruence. An examination of the genomes of Photorhabdus luminescens strain TTO1 (GenBank accession number
BX470251.1) and Photorhabdus asymbiotica strain ATCC94399
(GenBank accession number FM162591.1) show the presence of
multiple copies of the 16S gene. As such, when analyzing 16S
Photorhabdus data we may be looking at a mixture of paralogous
genes rather than a single group of orthologous genes, though further work examining the presence of 16S paralogs in other Photorhabdus species and subspecies needs to be undertaken. While 16S
alone is inadequate for evaluating speciﬁc and sub-speciﬁc designations, when combined with other loci 16S may retain some phylogenetic utility.
4. Discussion
4.1. Photorhabdus taxonomy and previously unidentiﬁed species
In the 49 taxon analyses P. asymbiotica, P. luminescens, and P.
temperata all formed consistent, well supported, monophyletic
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Fig. 1. Mixed models Bayesian tree for the 49 taxon dataset (including missing data) with posterior probability values indicated above branches. Analyses were run for
20,000,000 generations, sampling every 1000 generation, and partitioning by gene with the 16S partition run under the TrN + I + G model, the glnA partition run under the
TIM + I + G model, and the gyrB partition run under the SYM + G model.

groups in the Bayesian and likelihood analyses. The consistent
placement of P. temperata thracensis with a group of unidentiﬁed

Photorhabdus spp. (AZ29, MOL, and KOH), that form a sister group
to the P. temperata temperata (Bayesian), or the P. temperata (like-
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Fig. 2. Maximum likelihood tree for the 49 taxon dataset constructed in RA  ML using the GTRGAMMA model of nucleotide evolution with partitioning by gene. Likelihood
bootstrap (1000 replicates) values are indicated above branches.

lihood) clade indicates that this strain was indeed inaccurately
designated as P. luminescens thracensis by Hazir et al. (2004) and,

as previously suggested by Tailliez et al. (2009), should be renamed
as P. temperata thracensis. Additionally, based on the current anal-
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Fig. 3. Mixed models Bayesian analysis of the 37 taxon dataset (no missing data). Posterior probability values indicated above branches. Analyses were run for 20,000,000
generations, sampling every 1000 generation, and partitioning by gene with the 16S partition run under the HKY + I + G model, the glnA partition run under the SYM + G
model, and the gyrB partition run under the TrN + G model.
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Fig. 4. Maximum likelihood analysis for the 37 taxon dataset (no missing data) constructed in RA  ML using the GTRGAMMA model of nucleotide evolution with
partitioning by gene. Likelihood bootstrap (1000 replicates) values are indicated above branches.

ysis, the previously unidentiﬁed strains AZ29, MOL, and KOH
should also be included in the new subspecies P. temperata
thracensis.
The previously unclassiﬁed European strains HIT and JUN consistently formed a well supported group within the P. asymbiotica
clade, though separate from P. asymbiotica australis (Australian
strains) and P. asymbiotica asymbiotica (United States strains).
The sequence divergence across all three genes between P. asymbi-

otica asymbiotica and P. asymbiotica australis is 4.2% (gyrB = 6.6%;
16S = 2.9%; glnA = 5.1%) while the sequence divergence across all
three genes between HIT/JUN and P. asymbiotica asymbiotica is
4.8% (gyrB = 5.7%; 16S = 3.7%; glnA = 6.8%), and the sequence divergence between HIT/JUN and P. asymbiotica australis is 4.7%
(gyrB = 7.1%; 16S = 3.0%; glnA = 6.5%). As such, it logically follows
that P. asymbiotica strains HIT and JUN form a novel group within
P. asymbiotica and accordingly should likely be formally renamed
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Fig. 5. Single most parsimonious tree for the 37 taxon dataset (no missing data) constructed using the new technology search in TNT with ratcheting, fusing, and drifting and
1000 random addition sequences. Partitioned Bremer support values are indicated above branches (gyrB/16S/glnA) and parsimony bootstrap values are indicated below
branches.

in the future. Unidentiﬁed strain MX4A consistently formed a
monophyletic group with P. luminescens luminescens in all of the
49 taxon analyses and as such should be included in this taxonomic grouping. Finally, unidentiﬁed strains X4 and Wx13, while
consistently falling into the P. temperata, P. temperata temperata,
P. temperata thracensis clade, did not consistently form a monophyletic group with either of these groups and as such further analyses

need to be done to conﬁrm the taxonomic afﬁnity of these Photorhabdus strains.
4.2. Usefulness of 16S, gyrB, and glnA in the present study
Though aware of the criticisms of the incongruence length difference (ILD) test (Hipp et al., 2004; Yoder et al., 2001), this test
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Fig. 6. Parsimony acestral state reconstructuion of bioluminescent intensity of ﬁve species/subspecies of Photorhabdus using a topology modiﬁed from a combined Bayesian
tree topology. The basal P. temperata clade exhibits the highest bioluminescent intensity (1698 mV), the intermediate P. asymbiotica clade exhibits the second highest
intensity (406 mV), the terminal P. luminescens clade exhibits the lowest intensities (22–188 mV), and the hypothesized most recent common ancestor of Photorhabudus
having a luminescent intensity of approximately 882 mV.

was utilized to assess the combinability of the three genetic loci
before assembling them into a single combined dataset. While
each gene tree recovered incongruent relationships, results from
the incongruence length difference (ILD) test suggested that the
datasets were not signiﬁcantly incongruent and as such were suitable for use in a combined analysis. From partitioned Bremer support values, one can see that each of these three genes, when
combined and analyzed with more rigorous phylogenetic methods
can be useful in resolving a more robust phylogeny of Photorhabdus. More speciﬁcally, 16S can be useful at resolving sub-speciﬁc
and inter-sub-speciﬁc relationships, as illustrated by the increased
amount of Bremer support, relative to glnA and gyrB, given to the
numerous sub-speciﬁc and inter-sub-speciﬁc relationships that
were noted in the partitioned Bremer support results section
above. Similarly, PBS values show that gyrB is useful in resolving
some speciﬁc and sub-speciﬁc relationships. Conversely, PBS values discussed in the PBS results section above indicate that glnA
is extremely useful in resolving many of the speciﬁc and inter-speciﬁc relationships that, in previous studies (Tailliez et al., 2009;
Toth and Lakatos, 2008), had been poorly resolved/supported.
Additionally, while the utility of the 16S gene in resolving relationships within the bacterial genus Photorhabdus has been questioned
(Koppenhofer, 2007; Tailliez et al., 2009), we have shown that in
combination with gyrB and glnA, 16S can be useful in supporting
terminal clades without confounding intra-speciﬁc and intra-subspeciﬁc relationships.
While most of the relationships within the genus Photorhabdus
were consistent and strongly supported across analyses (37 taxa
and 49 taxa) and methods of tree reconstruction (parsimony, like-

lihood, and Bayesian), the relationship between P. temperata, P.
temperata temperata, and the P. temperata thracensis (strains
AZ29, MOL, FR32, and KOH) clade varied. The 37 taxon likelihood
analysis (Fig. 4) shows P. temperata and P. temperata thracensis
forming a poorly supported monophyletic group, the 37 taxon
Bayesian analysis (Fig. 3) shows P. temperata temperata and P.
temperata thracensis forming a monophyletic group, and the 37
taxon parsimony analysis (Fig. 5) shows P. temperata and P. temperata temperata forming a poorly supported monophyletic group.
The 49 taxon Bayesian (Fig. 1) and likelihood (Fig. 2) analyses both
show P. temperata thracensis and P. temperata temperata forming a
monophyletic group, though the parsimony analysis failed to resolve these three clades. Much of this discrepancy is likely due to
disagreement between the 16S and glnA genes, as the PBS analysis
of the 16S supports the monophyly of P. temperata temperata and P.
temperata while glnA does not. The mixed models Bayesian analysis for the P. temperata temperata/P. temperata thracensis clade is
well supported, though further analyses with more genes needs
to be conducted to deﬁnitively determine the relationships between these three clades.
4.3. Effect of missing data
While including missing data in phylogenetic analyses can lead
to the recovery of inaccurate relationships, it should be noted that
including missing data in the present analyses did not cause incongruence. Removing taxa with missing data provided a more robust
solution (Figs. 4 and 5), yet left intact the sister relationships recovered in the larger analysis (Figs. 2 and 3). So while P. temperata
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thracensis, P. luminescens kayaii, and P. asymbiotica australis were
removed from the latter analysis, the taxa that they routinely
formed clades with in the 49 taxon analyses appear in the same
place in the 37 taxon tree. As such, it appears passable to leave
missing data in phylogenetic analyses of Photorhabdus when using
a combined analysis of 16S, gyrB, and glnA data.
Simultaneous analysis of 16S rRNA gene, gyrB, and glnA strongly
support (likelihood bootstraps of 94 and 100 and Bayesian posterior probabilities of 0.93 and 1.0 for the 49 and 37 taxon analyses,
respectively) the monophyly of Photorhabdus asymbiotica and P.
luminescens. This is in contrast to the ﬁnding of Tailliez et al.
(2009), whose four gene (recA, gyrB, dnaN, gltX) analysis supported
the monophyly of P. temperata and P. luminescens, though support
for this clade was quite low (NJ bootstrap = 63). As such, our analyses provide the strongest support for this clade to date. Regarding
relationships within the P. luminescens clade, P. luminescens laumondii is the sister taxon to P. luminescens kayaii (49 taxon Bayesian posterior probability = 1.0) and P. luminescens akhurstii is more
closely related to P. luminescens laumondii and P. luminescens kayaii
than it is to P. luminescens luminescens (49 taxon Bayesian posterior
probability = 0.99). Again, this is in contrast to the ﬁndings of Tailliez et al. (2009) who found that P. luminescens akhurstii is more
closely related to P. luminescens luminescens than it is to P. luminescens laumondii or P. luminescens kayaii, though with much lower
support (NJ bootstrap = 68). The present three gene analyses provide the most robust estimate of the evolutionary relationships
within the genus Photorhabdus to date, and as such can be used
to facilitate studies on the evolution of a variety of traits that are
present in Photorhabdus spp. We provide an example below.
4.4. Evolution of bioluminescent intensity
As mentioned earlier, one of the most unique characteristics of
Photorhabdus is its bioluminescent capabilities. To investigate the
evolution of bioluminescent intensity in the genus Photorhabdus,
we used relationships inferred from the phylogenetic hypothesis
generated in the present paper along with bioluminescent intensity data from stationary phase Photorhabdus from Hyrsl et al.
(2004), to investigate the evolution of bioluminescent intensity
across the genus Photorhabdus. Accordingly, we utilized bioluminescence (mV) measurements (from Hyrsl et al., 2004) of ﬁve type
strains of Photorhabdus to reconstruct ancestral states onto the
Photorhabdus phylogeny of these ﬁve strains to explore the evolution of bioluminescent intensity. Ancesctral character state reconstruction was conducted in Mesquite (Maddison and Maddison,
2010) using the parsimony reconstruction method. Results
(Fig. 6) suggest that the basal P. temperata clade exhibits the highest bioluminescent intensity (1698 mV), while the intermediate P.
asymbiotica clade exhibits the second highest intensity (406 mV),
the terminal P. luminescens clade exhibits the lowest intensities
(22–188 mV), and the hypothesized most recent common ancestor
of Photorhabudus having a luminescent intensity of approximately
882 mV. Because these luminescence measurements came from
luminescence readings of stationary phase Photorhabdus (the phase
with the greatest luminescence output), we believe that the luminescence data accurately reﬂect luminescence output of primary
Photorhabdus phase variants, and that the discrepancy between
luminescence values between species and subspecies is biologically relevant and not a function of a mixed analysis of primary
and secondary phase variants. Additionally, our analyses relate
only to the strains used in the analyses and we acknowledge the
potential for variation between strains within the same species
and/or subspecies. As such, our analysis indicates that bioluminescence in Photorhabdus was high early in the evolution of Photorhabdus, followed by a gradual decline to the more recently derived P.
luminescens clade, though luminescence data from additional
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strains will provide a more thorough evaluation of bioluminescent
intensity within this genus.
From these data, it remains plausible that Photorhabdus is indeed gradually evolving decreased bioluminescent intensity
through subsequent speciation events. As such, Peat and Adams
(2008) idea that bioluminescence is just a non-functional evolutionary remnant that has not had sufﬁcient time to disappear
may be plausible for some of the more derived Photorhabdus
clades, though the fact remains that some basal Photorhabdus
spp. (i.e. P. temperata) have retained relatively high bioluminescent
intensities. As such, if one subscribes to the prokaryotic mantra
‘‘use it or lose it” (Savageau, 1974), one would conclude that there
is selection for the maintenance of bioluminescence in Photorhabdus, though an explanation for Photorhabdus spp. bioluminescence
remains somewhat unsatisfying. Many of the functional hypotheses (i.e. synchronization of symbiosis, redox sink, attractant, etc.)
seem plausible and make logical sense until one examines the similar Xenorhabdus/Steinernema system. Xenorhabdus is a bacterial
endosymbiont of the entomopathogenic nematode Steinernema,
and similar to the Photorhabdus/Heterorhabditis system, both work
together to kill larval insects, though Xenorhabdus does not bioluminesce. So why do bacteria that share an almost identical niche
and are sister taxa, not have bioluminescence in common? It is
possible that a compensatory mechanism exists in Xenorhabdus
that carries out the same function that the production of light
accomplishes in Photorhabdus (Peat and Adams, 2008), though that
mechanism has yet to be discovered. Additionally, it has been suggested that the reduced operon of P. luminescens relative to other
bioluminescent bacteria (i.e. Vibrio ﬁscheri, Photobacterium phosphoreum, etc.), may indicate that the lux operon in Photorhabdus
is being utilized for an alternative function than what it originally
evolved for (Peat and Adams, 2008). The utilization of comparative
and functional genomics to identify genes not in common between
these two organisms may aid in identifying the aforementioned
compensatory mechanisms and potentially solve the conundrum
of why Photorhabdus bioluminesce.
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