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Summary

Substantial ambiguity exists regarding the phyloge-
netic status of facultatively psychrophilic luminous
bacteria identified as Photobacterium phosphoreum,
a species thought to be widely distributed in the
world’s oceans and believed to be the specific biolu-
minescent light-organ symbiont of several deep-sea
fishes. Members of the P.phosphoreum species
group include luminous and non-luminous strains
identified phenotypically from a variety of different
habitats as well as phylogenetically defined lineages
that appear to be evolutionarily distinct. To resolve
this ambiguity and to begin developing a meaningful
knowledge of the geographic distributions, habitats
and symbiotic relationships of bacteria in the
P. phosphoreum species group, we carried out a
multilocus, fine-scale phylogenetic analysis based on
sequences of the 16S rRNA, gyrB and IluxABFE
genes of many newly isolated luminous strains from
symbiotic and saprophytic habitats, together with
previously isolated luminous and non-luminous
strains identified as P. phosphoreum from these and
other habitats. Parsimony analysis unambiguously
resolved three evolutionarily distinct clades, phos-
phoreum, iliopiscarium and kishitanii. The tight
phylogenetic clustering within these clades and the
distinct separation between them indicates they are
different species, P. phosphoreum, Photobacterium
iliopiscarium and the newly recognized ‘Photobacte-
rium kishitanii’. Previously reported non-luminous
strains, which had been identified phenotypically
as P.phosphoreum, resolved unambiguously as
P. iliopiscarium, and all examined deep-sea fishes
(specimens of families Chlorophthalmidae, Macrou-
ridae, Moridae, Trachichthyidae and Acropomatidae)
were found to harbour ‘P kishitanii’, not
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P. phosphoreum, in their light organs. This resolution
revealed also that ‘P. kishitanii’ is cosmopolitan in its
geographic distribution. Furthermore, the lack of phy-
logenetic variation within ‘P. kishitanii’ indicates that
this facultatively symbiotic bacterium is not cospeci-
ating with its phylogenetically divergent host fishes.
The results of this fine-scale phylogenetic analysis
support the emerging view that bacterial species
names should designate singular historical entities,
i.e. discrete lineages diagnosed by a significant diver-
gence of shared derived nucleotide characters.

Introduction

Photobacterium phosphoreum is a luminous bacterium
that appears to be widely distributed in the world’s oceans
and to occur in a variety of marine habitats. Strains of this
species, assigned various names in the past (Skerman
et al.,, 1980; Euzeby, 2005), were first isolated more than
100 years ago, by Cohn (1878), by Beijerinck (1889)
from seawater, and possibly earlier by others from the
surfaces of fish (Beijerinck, 1889). Strains identified as
P. phosphoreum have been reported also from surfaces
of other marine animals, intestinal contents of fish, coastal
and open-ocean seawater and from bioluminescent sym-
biosis with fishes (Baumann and Baumann, 1981, 1984;
Hastings and Nealson, 1981; Haygood, 1993; Dunlap and
Kita-Tsukamoto, 2001). As a bioluminescent symbiont,
P. phosphoreum is thought to colonize light organs of a
taxonomically wide array of deep-sea fishes; members of
six families of teleosts, representing four orders, i.e. Opis-
thoproctidae (Osmeriformes), Chlorophthalmidae (Aulopi-
formes), Macrouridae, Steindachneriidae and Moridae
(Gadiformes), and Trachichthyidae (Beryciformes), have
been reported to harbour symbiotic luminous bacteria
identified as or believed to be P. phosphoreum (Kishitani,
1930; Yasaki and Haneda, 1935; Haneda, 1951, 1957;
Haneda and Yoshiba, 1970; Hendrie et al., 1970; Single-
ton and Skerman, 1973; Herring, 1975; Reichelt et al.,
1976; Herring and Morin, 1978; Ruby and Morin, 1978;
Somiya, 1981; Herring, 1982; Kuwae et al., 1982; Hay-
good et al., 1992; Vydryakova et al., 1995; Ast and Dun-
lap, 2004). As a facultative psychrophile, P. phosphoreum
may be specifically adapted to symbiosis with these



1642 J. C. Ast and P V. Dunlap

fishes, which generally occur in cold meso-pelagic and
bentho-pelagic habitats (Hastings and Nealson, 1981;
Haygood, 1993; Dunlap and Kita-Tsukamoto, 2001).

Meaningful knowledge of the distribution of
P. phosphoreum in the marine environment, the habitats
it colonizes and its symbiotic relationships with deep-sea
fishes requires an unambiguous species diagnosis.
However, substantial ambiguity exists regarding the
phylogenetic status of facultatively psychrophilic luminous
bacteria identified phenotypically as P. phosphoreum; a
group of two or possibly more apparently different bacteria
currently are referred to as P. phosphoreum. Early pheno-
typic identifications and more recent studies that have
included 16S rRNA gene sequence data have noted dif-
ferences between the type strain, ATCC 11040", and other
strains placed in P. phosphoreum and have indicated the
presence of subgroups within P. phosphoreum (Hendrie
et al.,, 1970; Reichelt and Baumann, 1973; Singleton and
Skerman, 1973; Dalgaard et al.,, 1997; Budsberg et al.,
2003; Ast and Dunlap, 2004). Furthermore, an apparently
non-luminous bacterium, Photobacterium iliopiscarium,
which is similar phenotypically to P. phosphoreum, has
been described from intestines of cold-water fishes (Onar-
heim and Raa, 1990; Onarheim et al., 1994; Urakawa
etal., 1999). The similarity between P iliopiscarium and
P. phosphoreum has led the separate species status of
P, iliopiscarium to be questioned, and some authors have
placed otherwise phenotypically similar luminous and
non-luminous strains together in P. phosphoreum (Dal-
gaard et al., 1999; Flodgaard et al., 2005). Adding to this
complexity, a new clade of facultatively psychrophilic lumi-
nous bacteria, the kishitanii clade, was identified recently
as closely related to but phylogenetically distinct from
P. phosphoreum ATCC 110407 and P iliopiscarium ATCC
51760". Grouped in the kishitanii clade are certain strains
previously identified as P. phosphoreum, including some
bioluminescent symbionts of deep-sea fishes (Dunlap and
Ast, 2005); at present, ATCC 11040" apparently stands
alone as the sole confirmed representative of the
P. phosphoreum lineage. The taxonomic confusion sur-
rounding P. phosphoreum, which limits understanding of
the habitats, geographic distributions and symbiosis of
this species, exemplifies a fundamental problem in bacte-
rial systematics: how to recognize and diagnose as sep-
arate species bacteria that are phenotypically similar but
evolutionarily distinct.

In this report, we describe a multilocus phylogenetic
analysis based on sequences of the 16S rRNA, gyrB and
luxABFE genes of many newly isolated and previously
reported strains of the P. phosphoreum group. The fine-
scale phylogenetic resolution afforded by this analysis
distinguishes three evolutionarily distinct, robustly sup-
ported lineages: P.phosphoreum, P iliopiscarium and a
newly recognized species, ‘Photobacterium kishitanir.

Furthermore, this resolution demonstrates that
‘P, kishitanii’, not P. phosphoreum, is the specific biolumi-
nescent symbiont of many deep-sea fishes.

Results

Resolution of P. phosphoreum and ‘P. kishitanii’ as
separate species

In a recent phylogenetic analysis of luminous bacteria
thought to be P. phosphoreum, we identified only ATCC
11040" of the strains examined as a bona fide member of
this species; all other strains were identified as members
of a distinct but previously unrecognized clade, the kishi-
tanii clade (Dunlap and Ast, 2005). The apparent unique-
ness of ATCC 11040" led us to isolate several additional
strains of luminous bacteria from the skin of fish, the
P. phosphoreum type strain habitat (see Experimental
procedures), with which to test the phylogenetic status of
this species in relation to the kishitanii clade. Two possible
outcomes were anticipated, that newly isolated strains
would cluster with ATCC 110407 or with the kishitanii
clade, which would confirm the presence of two evolution-
arily distinct entities, or that a gradation of strains would
be found, which would link ATCC 11040" with the kishitanii
clade in a phylogenetic continuum.

All of the eight tested samples of fish, which repre-
sented various species and were collected from a variety
of locations in the Pacific Ocean and the Atlantic Ocean
(Table 1), yielded luminous bacteria; two or three strains
were isolated from each fish sample. Simultaneous anal-
ysis of the 16S rRNA, gyrB and luxABFE genes demon-
strated that the majority of these fish skin (FS) isolates
(14 of 18 strains) clustered with ATCC 11040" (Fig. 1)
forming a coherent clade, designated here the phospho-
reum clade. The four other FS strains were resolved to
the kishitanii clade. Previously, NCIMB 844 was the only
member of the kishitanii clade identified from the skin of
fish; all other strains of this clade had been obtained from
the light organs of deep-sea fishes (Dunlap and Ast,
2005).

To further test the apparent distinction between the
phosphoreum and kishitanii clades, we next re-evaluated
the phylogenetic status of strains recently isolated from
migrating salmon from Alaska. The Alaska (AK) strains
had been identified as P.phosphoreum by a set of
phenotypic traits that distinguishes the known species of
luminous bacteria (Budsberg et al., 2003); these traits,
however, apparently do not distinguish ATCC 11040" from
members of the kishitanii clade, e.g. NZ-11D. Phyloge-
netic analysis of combined 16S rRNA, gyrB and luxABFE
gene sequences resolved all of the tested AK strains to
the phosphoreum clade, with robust Bremer and jackknife
re-sampling support (Fig. 1).

© 2005 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 7, 1641-1654
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Fig. 1. Phylogeny of Photobacterium (insert at
upper left; numbers represent jackknife re-
sampling values) and detail of the P. phospho-
reum group (main figure), based on
simultaneous analysis of 16S rRNA, gyrB

and /luxABFE. Tree 1 of 2688 most parsimoni-
ous trees is shown (length = 3136; overall

consistency index = 0.75; overall retention

P. profundum (2 strains) égi_fz index = 0.94). The data set was also analysed
99 P: phosphoreum (21 strains) ES-22 without AK-1 and AK-9, which resulted in sub-
u . . .
36 P iliopiscarium (5 strains) 134779 ?STSCZC 11040 stantially fewer most parsimonious trees (144)
FS-3.1 with a slightly shorter length (length = 3128).
100 P. kishitanii (32 strains) 92 A% T EES L [ Numbers above branches represent the steps
50 chmees AK-3 ;l)o‘; Z;;ZI’Z" each locus (16S rRNA, gyrB and luxABFE) con-
; ¢ Fs12 phow tributed to branch length. Note that the 16S
FS-4.1 rRNA gene contributed several steps (17 steps)
0/38/- ﬁ%‘_‘é to the separation of the P. phosphoreum group
— AK-5 from the rest of Photobacterium, but contrib-
99/10 (18) oK, uted few steps (0—1 step) to the branches sep-
A§é86 ) arating P. phosphoreum and P, iliopiscarium;
FS-6.2 the sequences of ‘P, kishitanii’ strains differed
FS-6.3 slightly (5 steps) from those of P. phosphoreum
0/42/- and P, iliopiscarium. In contrast, the gyrB gene
| / ATCC 51761 ) contributed substantially and roughly equally to
: NG L340 P f;?’”?“C’f'r ium the separation of all branches. Numbers below
| 17/55/341 I NCIMB 13481 tHoptscarum branches represent jackknife re-sampling
100122 (32) ATCC 51760 values and Bremer support values. Omitting
10072 (33) strains AK-1 and AK-9 from the analysis
FS-8.1 (see Experimental procedures) substantially
japo.2.1 improved the Bremer support values (numbers
50 changes piapo-t.1 in parentheses). AK-1 and AK-9 were omitted
p;y:fzp{} 8.1 from jackknife analysis, and therefore these two
JlapoS.1 strains are not included in the insert at upper
ckamo 13 21 left. Type strains are in boldface.
canat.
16S rRNA/gyrB/luxABFE hstri L1
jackknife/Bremer support piapo.1.1
5/47/52 a[;{rosl 11 Photobacterium
ckamo O
100/52 (52) viong 3.1 kishitanii
ppros.1.1
calba.5.1
viong.1.1
ckamo.2.1
NZ-11D
LIl B-421
hstri.2.1
viong.2.1
NCIMB 844
FS-8.2
FS-7.2
ckamo.5.4
canat.2.1
NCIMB 12839
NCIMB 66
ES-7.1
ckamo.4.2

These results establish the phosphoreum and kishitanii
clades as evolutionarily distinct bacterial lineages. All the
new or previously isolated luminous strains tested here
resolved unambiguously to either the phosphoreum clade,
clustering closely with ATCC 11040, or to the kishitanii
clade. A phylogenetic continuum was not observed. The
large number of strains examined and the strong support
for the separation of these two clades (Fig. 1) indicate
that they should be considered separate species,
P. phosphoreum, represented by ATCC 110407, and
‘P, kishitanii’ respectively. The species name kishitanii
recognizes the Japanese scientist Teijiro Kishitani, who
first isolated luminous bacteria from the light organ of
the deep-sea fish, Physiculus japonicus (Gadiformes:
Moridae) (Kishitani, 1930; Dunlap and Ast, 2005). Strain

pjapo.1.1T, which was isolated from a specimen of
P, japonicus (Table 1) and which is representative of this
species, is designated as the type strain of ‘P, kishitanir.
The fish specimen from which pjapo.1.1™ was isolated, D-
AO01, has been retained for taxonomic reference. Strain
pjapo.1.1™ has been deposited at the American Type Cul-
ture Collection as ATCC BAA-1194.

Light-organ symbiosis as a habitat specific for ‘P. kishitanii’

The ability to distinguish P phosphoreum from ‘P,
kishitanii’ placed us in a position to ask if P phosphoreum
actually occurs in light-organ symbiosis with deep-sea
fishes. Previously, P phosphoreum was believed to be the
exclusive bioluminescent symbiont of many deep-sea

© 2005 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 7, 1641—-1654
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Table 2. Deep-sea fishes harbouring ‘P kishitanii’ as light-organ
symbiont.?

Order Family Species

Aulopiformes  Chlorophthalmidae  Chlorophthalmus albatrossis
Gadiformes Macrouridae Caelorinchus anatirostris
Caelorinchus hubbsi
Caelorinchus kamoharai
Hymenocephalus striatissimus
Nezumia aequalis

Ventrifossa longibarbata
Physiculus japonicus
Aulotrachichthys prosthemius®
Acropoma hanedai

Moridae
Beryciformes  Trachichthyidae
Perciformes Acropomatidae

a. The light-organ symbiont of Opisthoproctis grimaldii (Osmeri-
formes: Opisthoproctidae) and of steindachneriids (Gadiformes) and
also might be ‘P, kishitanii’ (see text).

b. Name changed from Paratrachichthys prosthemius to
Aulotrachichthys prosthemius (Shimizu, 1997).

fishes, but the validity of this belief was brought into ques-
tion by the recent identification of the symbionts of
C. albatrossis (Aulopiformes: Chloropthalmidae) and cer-
tain other fishes as members of a phylogenetically distinct
clade, the kishitanii clade (Dunlap and Ast, 2005) (i.e.
‘P, kishitanii’). We also sought to test the host range of
‘P, kishitani', by sampling a more extensive array of lumi-
nous fishes.

For this analysis, bacterial strains from the light organs
of 26 specimens of deep-sea fishes, representing 10 spe-
cies in five families of four teleost orders (Tables 1 and 2),
were examined. Included were strains isolated previously
by others from light organs of deep-sea fishes and reported
as P phosphoreum (Table 1). Phylogenetic analysis based
on the 16S rRNA, gyrB and luxABFE genes identified each
of these strains, without exception, as P, kishitanii (Fig. 1).
Despite the number of strains tested, the diversity of the
host animals examined and the various collection dates
and collection locations, no strain of P phosphoreum was
found in light-organ symbiosis. These results indicate that
‘P, kishitanii’, not P phosphoreum, is the specific biolumi-
nescent symbiont of these deep-sea fishes.

Identification of ‘non-luminous P. phosphoreum’strains as
P. iliopiscarium

The ability to resolve P.phosphoreum and ‘P kishitanii
also allowed us to examine the relationship of these two
species with the third member of this group, P, iliopiscar-
ium. The separate species status of P iliopiscarium has
been questioned (Dalgaard etal, 1999), but analysis
of the gyrB gene sequences of the type strains of
P. phosphoreum and P iliopiscarium, ATCC 11040" and
ATCC 517607, respectively, supports a species-level sep-
aration (Dunlap and Ast, 2005). However, the limited num-
ber of strains identified as P iliopiscarium has provided
little material with which to test the robustness of this

separation. To address this problem, we first examined a
second available strain of P iliopiscarium, ATCC 51761,
isolated like ATCC 51760" from the pyloric caecum of a
marine, cold-water fish (Onarheim et al., 1994). Based on
16S rRNA and gyrB gene sequence analysis, ATCC
51761 was found to be very closely related to ATCC
517607 (Fig. 1).

Next, we tested the phylogenetic status of strains
reported as P, phosphoreum but isolated from spoiled
cod stored at low temperature (i.e. ‘non-luminous
P. phosphoreum’) (Dalgaard et al., 1993, 1997; Flodgaard
etal, 2005). The phenotypic similarity between
P.phosphoreum and P iliopiscarium (Dalgaard etal.,
1999) suggested to us that non-luminous strains identified
as P phosphoreum from this habitat instead might be
members of P iliopiscarium. An attempt to isolate such
bacteria from a sample of frozen vacuum-packed cod fillet
incubated in the same way as the fish samples above was
not successful; no significant bacterial growth was
detected from this sample during 6 days of incubation.
Therefore, we examined three strains previously isolated
from spoiled cod and identified as P phosphoreum,
NCIMB 13476, NCIMB 13478 and NCIMB 13481. Analy-
sis of the sequences of the 16S rRNA and gyrB genes of
these strains revealed them to be essentially identical to
ATCC 51760" and ATCC 51761. Very few nucleotide dif-
ferences were found among the five strains, which formed
a tightly clustered clade (Fig.1). Divergence of these
strains from P phosphoreum and ‘P kishitanii in the
sequence of the 16S rRNA gene, though detectable, was
slight (Fig. 1; Dunlap and Ast, 2005), whereas the diver-
gence in gyrB was distinct. The phylogenetic coherence
of the spoiled cod isolates with ATCC 51760" and
ATCC 51761 demonstrates that they are members of
P, iliopiscarium, not P. phosphoreum. Furthermore, the
jackknife re-sampling and Bremer support values indicate
strong support for the separation of P iliopiscarium from
its sister species, P phosphoreum, and from the next most
closely related species, ‘P, kishitanii’ (Fig. 1).

Inability to detect lux genes in P. iliopiscarium

We next tried to identify lux genes in P iliopiscarium,
as a basis for further defining the relationship of this
species with P. phosphoreum and ‘P, kishitanii’. Although
P, iliopiscarium is not known to be luminous, and none of
the five strains of this species examined here emitted light
that could be detected by a sensitive photometer, lack of
light production does not necessarily indicate the absence
of lux genes (Palmer and Colwell, 1991; Fidopiastis et al.,
1999). The close relationship among these three species,
strains of two of which are intensely luminescent, sug-
gested that P iliopiscarium might carry genes for
luminescence.
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ATCC 51761
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NCIMB 13478
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no DNA

Fig. 2. Test for presence of luxAin P, iliopiscarium. PCR amplification
of luxA was attempted using the general /uxA primers and protocol
of Wimpee and colleagues (1991) (Experimental procedures). Lanes:
1, ATCC 51760 7;2, ATCC 51761; 3, NCIMB 13476; 4, NCIMB 13478;
5, NCIMB 13481 (lanes 1-5, P, iliopiscarium); 6, ATCC 110407

(P, phosphoreum; luxA positive control); 7, pjapo.1.1" (‘P. kishitanir’;
luxA positive control); 8, JCM 10084" (P, profundum, a non-luminous
species; negative control); and 9, no DNA (negative control). Arrow
at left indicates the spurious, non-/uxA amplicon of the five

P, iliopiscarium strains (see text), which was excised from the gel and
sequenced for strains ATCC 51760 " and NCIMB 13476 (AY888007
and AY888008 respectively).

To test for the presence of the lux genes, we used
polymerase chain reaction (PCR) and attempted to
amplify JuxA, the gene encoding the a-subunit of
luciferase, the light-emitting enzyme. Initially, we used
primers and a permissive amplification protocol that are
effective for amplifying approximately 676 bp of the luxA
gene from all known species of luminous bacteria
(Wimpee et al., 1991; Ast and Dunlap, 2004). A weakly
abundant PCR product of length similar to that of /JuxA was
detected for each of the P iliopiscarium strains (Fig. 2),
and sufficient amounts of this product were recovered for
ATCC 51760" and NCIMB 13476 for sequencing. The
products from ATCC 51760" and NCIMB 13476 were
found to be an identical open reading frame of 556 bp (see
Experimental procedures; AY888007 and AY888008
respectively). BLAST analysis, however, revealed this
sequence to have no meaningful nucleotide or amino acid
residue sequence similarity to JuxA.

Therefore, to consider the possibility that specific prim-
ers might be more effective for amplifying luxA from
P iliopiscarium, we next tested different sets of primer
pairs designed against luxA from related species, specif-
ically, P phosphoreum (also effective with ‘P, kishitanir’),
Photobacterium leiognathi and Photobacterium fischeri
(Ast and Dunlap, 2004; Dunlap and Ast, 2005), again
using the amplification protocol of Wimpee and col-
leagues (1991). For none of the five strains of
P iliopiscarium, however, was a product of the expected
size generated. To test whether an even less stringent
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amplification protocol might be effective, we used the gen-
eral luxA primers of Wimpee and colleagues (1991), as
well as the primer pair specific for P phosphoreum and
‘P, kishitanii’, but with an extremely permissive amplifica-
tion protocol (Experimental procedures). Again, no prod-
uct of the expected size was generated. Nonetheless, in
those cases in which a discernible product of even approx-
imately appropriate size (i.e. between 0.5 and 1 kb) was
generated, we isolated the product and had it sequenced.
None of these products, however, exhibited meaningful
nucleotide or amino acid residue sequence similarity to
luxA. We conclude that the five strains of P iliopiscarium
examined here lack the /uxA gene. The absence of luxA
further distinguishes P iliopiscarium from P. phosphoreum
and ‘P, kishitanii’, and its absence is consistent with the
inability of the five P iliopiscarium strains examined here
to produce luminescence.

Discussion

The results of this study demonstrate that the
P. phosphoreum species group is composed of three
evolutionarily  distinct  lineages, P, phosphoreum,
P, iliopiscarium and ‘P, kishitanii’. Members of two of these
facultatively psychrophilic lineages, P. phosphoreum and
‘P, kishitanir’, represented by the types, ATCC 11040" and
pjapo.1.17, respectively, are luminous, whereas the third
lineage, P iliopiscarium, represented by ATCC 517607,
is non-luminous and apparently lacks the genes for
light production. Photobacterium phosphoreum and
P, iliopiscarium have been recognized for some time as
distinct (Skerman et al.,, 1980; Euzeby, 2005), and the
results presented here fully support their recognition
as valid and separate species. As sister species,
P. phosphoreum and P iliopiscarium are more closely
related to each other than either is to ‘P, kishitanii’, which
is recognized here as a new species, pending validation
of this species epithet. The strongly supported resolution
of these lineages is based on a comprehensive taxonomic
sampling, combined multilocus analysis of the 16S rRNA,
gyrB and IuxABFE genes, and examination of a large
number of new and previously reported strains isolated at
various times and from a variety of habitats and geo-
graphic locations. Divergence in the gyrB and IluxABFE
genes contributed substantially more to the resolution of
these three species than the 16S rRNA gene, which high-
lights the constraints on divergence of the 16S rRNA
gene.

In contrast to the resolution presented here, there has
been substantial ambiguity in the species composition
and correct identification of strains in the P phosphoreum
species group. Representatives of P phosphoreum,
P iliopiscarium and ‘P kishitanif, e.g. ATCC 11040,
NCIMB 13481 and NCIMB 844, respectively, have been
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grouped together as P phosphoreum in the past, and
phenotypic similarity with P. phosphoreum has led the
species status of P iliopiscarium to be questioned (Dal-
gaard et al., 1999). This ambiguity results primarily from
reliance on phenetic analysis (i.e. chemotaxonomic traits,
morphological characters, mol% G + C ratios and DNA-
reassociation values) (e.g. Hendrie et al., 1970; Reichelt
and Baumann, 1973; Ruby and Morin, 1978; Dalgaard
et al., 1997). Phenetic comparisons, however, do not nec-
essarily inform about historical relationships, as demon-
strated here, and even when phenotypic analyses are
extensive and are combined with 16S rRNA gene
sequence data, phylogenetically erroneous conclusions
can result (e.g. Dalgaard et al., 1999; Flodgaard et al.,
2005). Earlier phylogenetic analyses of this group, based
on sequence of the 16S rRNA gene (Onarheim et al.,
1994; Urakawa et al., 1999), also failed to detect the dif-
ferences between these species, due primarily to a limited
sampling of strains (see e.g. Hillis, 1998; Graybeal, 1998).
It is apparent from the results presented here and else-
where (e.g. Fox et al., 1992; Rosell6-Mora and Amann,
2001, Thompson et al., 2004) that the constraints on
divergence of the 16S rRNA gene limit its value for spe-
cies-level resolution and identification. In contrast, we
demonstrate here that a multilocus genotypic approach is
effective for distinguishing these phenotypically similar but
evolutionarily distinct bacteria. We believe that similar
insights into species-level divergence will be revealed also
for other bacterial groups, as exemplified by a recent study
of Bradyrhizobium (Vinuesa et al., 2005), when sufficient
numbers of strains are examined in the context of a com-
prehensive taxon sampling and using multiple genetic loci
that have diverged sufficiently to provide fine-scale phylo-
genetic resolution.

The five strains of P, iliopiscarium examined here appar-
ently lack luxA. The absence of luxA in P iliopiscarium is
a major genetic difference from its sister species,
P. phosphoreum, and from the next most closely related
species, ‘P kishitanii’, the known strains of which are
strongly luminescent and therefore apparently bear an
intact /ux operon. This finding is at variance with an earlier
study in which JuxA was reported in strains of
P, iliopiscarium (called ‘non-luminous P phosphoreun;
Dalgaard et al., 1999; see also Flodgaard et al., 2005).
Because we were unable to detect /luxA from any strain
of P iliopiscarium examined, despite the use of various
primers and PCR protocols that readily amplify /uxA from
P. phosphoreum, ‘P, kishitanii’ and all other species of
luminous bacteria, the earlier study appears to be errone-
ous. Directly testing the results of the earlier study, how-
ever, was not possible; the specific strains examined were
not indicated, the primers and PCR protocol used were
not described, and the putative luxA sequences were not
reported.

We hypothesize that presence of the lux genes is an
ancestral trait in Photobacterium, given the presence of
the lux genes in several other members of this genus (e.g.
Dunlap and Kita-Tsukamoto, 2001; Dunlap and Ast,
2005). Therefore, the absence of luxA in P iliopiscarium
together with the phylogeny reconstructed in this study
suggest that, after the divergence of ‘P, kishitanii’ from the
ancestral lineage, the lux genes were lost from the lineage
that became P iliopiscarium but were retained in the lin-
eage that became P. phosphoreum. A similar loss, involv-
ing the luxF gene, has been postulated to mark the
evolutionary divergence between the Jeiognathi and
mandapamensis clades of P, leiognathi (Ast and Dunlap,
2004). We note parenthetically here that the extent of
nucleotide divergence between the leiognathi and manda-
pamensis clades in luxAB(F)E is substantially greater
than that separating P phosphoreum, P iliopiscarium
and ‘P kishitanii; the leiognathi and mandapamensis
clades therefore apparently represent separate species,
P leiognathi  and  ‘Photobacterium mandapamensis
respectively.

The ecological distributions of P phosphoreum and
P, iliopiscarium are very poorly known at this time.
Photobacterium iliopiscarium has been identified only
from the pyloric caeca of cold-dwelling fishes (Onarheim
etal, 1994) and, as reported here, from samples of
spoiled cod fish stored under modified atmosphere at low
temperature (Dalgaard et al.,, 1993, 1997). In contrast,
P. phosphoreum commonly can be isolated from the skin
of marine fish incubated at low temperature (Budsberg
et al., 2003; this study), a habitat in which ‘P, kishitanii
also occurs. Critical assessment of earlier reports of the
incidence of P phosphoreum in various habitats (e.g. Bau-
mann and Baumann, 1981; Dalgaard et al., 1997) is pre-
cluded by the previous inability to distinguish this species
from ‘P, kishitanii’ and P iliopiscarium. The phylogenetic
resolution provided here, however, will permit these spe-
cies to be distinguished in the future and the extent of their
habitat specificity to be defined.

This ecological ambiguity does not extend to the light
organ habitat. Despite a concerted effort to identify
P. phosphoreum in light organs of deep-sea fishes, we
found only strains of ‘P, kishitani’. Many newly isolated
and previously reported strains, from symbiosis with a
taxonomically broad sampling of host fishes captured at
many different locations, were examined here, and all
were found to be members of ‘P, kishitanii’. These results
indicate that ‘P, kishitanii’, not P phosphoreum, is the spe-
cific and apparently exclusive bioluminescent symbiont of
many different deep-sea fishes. A recent analysis sup-
ports this conclusion; over 100 additional strains from
other specimens of deep-sea fishes, including strains from
several host species not reported here, were examined,
and all were found to be ‘P, kishitani’ (P.V. Dunlap, J.C.
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Ast, S. Kimura, and A. Fukui, unpublished data). None-
theless, it is possible that P phosphoreum might occur as
the light-organ symbiont of some specimens or of certain
species of deep-sea fishes.

The strains of ‘P, kishitani’ examined here were isolated
at very different times over the past 70-80 years. Strains
NCIMB 66 and NCIMB 12839 (a.k.a. NCMB 67), which
were deposited with the NCIMB in 1958 (J. Young, pers.
comm.), were isolated by Y. Yasaki apparently during the
1920s or 1930s (e.g. Yasaki etal, 1926; Yasaki and
Haneda, 1935). Other strains were isolated more recently
but still many years ago; for example, NCIMB 844 was
isolated in 1958 (D. Georgala, pers. comm.), B-421 prior
to 1973 (Reichelt and Baumann, 1973), NZ-11D in 1976
(Ruby and Morin, 1978) and pjapo.1.1" and ppros.1.1 in
the early 1980s, whereas several strains examined here
were isolated in 2003 and 2004. Despite this span of time,
these strains exhibit very little sequence divergence. For
example, strain NCIMB 12839 is identical in gyrB and
luxABFE gene sequences to strain canat.2.1, which was
isolated in 2004. What does this lack of divergence indi-
cate? One implication is that intraspecific (within-clade)
divergence in bacteria does not necessarily occur rapidly.
The kishitanii clade appears highly stable phylogenetically
over time. A similar tight clustering consistent with phylo-
genetic stability is seen also in P. phosphoreum, the type
strain of which, ATCC 11040", was isolated in 1934, and
also for P iliopiscarium, although the existence of this
species was recognized only in the past 10 years (Onar-
heim et al., 1994; Urakawa et al., 1999). These observa-
tions suggest that bacteria, despite their potential for rapid
reproduction, do not undergo rapid phylogenetic diver-
gence in nature. Furthermore, the tight clustering of strains
within each of these three species contrasts sharply with
the divergence in inherited characters that separates
them. In other words, P. phosphoreum, P, iliopiscarium and
‘P, kishitanii are recognizable as evolutionarily discrete
entities that diverged in the distant past and that are
diagnosable as separate species through the use of an
extensive set of shared derived nucleotide characters.

The results of this multilocus, fine-scale analysis also
indicate that ‘P, kishitanii’ is cosmopolitan in its biogeo-
graphic distribution. A critical factor for defining the spe-
cies-specific geographic distributions of bacteria in nature
is the ability to unequivocally distinguish strains of one
species from those of closely related species (e.g. Staley,
1999). Previously however, this level of resolution has not
been available for members of the P. phosphoreum spe-
cies group, and the consequent phylogenetic ambiguity
has precluded an understanding of the specific geo-
graphic distributions of the members of this group. The
fine-scale, species-level resolution provided here, how-
ever, reveals that ‘P, kishitanii’ is widely distributed geo-
graphically. Strains of this species were isolated from the
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Atlantic Ocean, off the coast of West Africa, at Cape Town,
South Africa, and off the coast of Florida, as well as from
the Pacific Ocean, near Hawaii and at various locations
along the coast of Honshu, Japan. No geographic pattern
is evident, and even strains that are essentially identical
in 16S rBRNA, gyrB and luxABFE gene sequences, e.g.
FS-8.1 and pjapo.2.1, and FS-7.1 and ckamo.4.2, were
isolated from very different locations. Current-driven glo-
bal mixing of oceanic waters coupled with symbiotic asso-
ciation with many different and actively swimming deep-
sea fishes presumably account for this cosmopolitan dis-
tribution. In the fluid deep-sea environment, where phys-
ical barriers to dispersal that could lead to endemism (e.qg.
Papke et al., 2003; Whitaker et al., 2003) apparently do
not exist, a cosmopolitan distribution therefore may be
the norm for facultatively symbiotic bacteria. Similarly,
P. phosphoreum appears to be widely distributed in the
Pacific and Atlantic oceans; its wide distribution under-
scores the apparent importance of oceanic circulation and
associations with actively swimming fishes in the distribu-
tion of free-living and saprophytic marine bacteria. We
believe that multilocus, fine-scale phylogenetic analysis
holds great promise for opening up questions of the bio-
geographic distributions of bacteria in nature.

The phylogenetic resolution presented here also pro-
vides insight into the question of cospeciation between
‘P, kishitani’ and deep-sea fishes and the broader issue
of bacterial specificity in bioluminescent symbiosis.
Strains of this bacterium have been isolated from light-
organ symbiosis with 15 species of fishes, representing
five families in four teleost orders, Chlorophthalmidae
(Aulopiformes), Macrouridae and Moridae (Gadiformes),
Trachichthyidae (Beryciformes) and Acropomatidae
(Perciformes) (Table 2; P.V. Dunlap, J.C. Ast, S. Kimura,
and A. Fukui, unpublished data). The host range of
‘P, kishitanii apparently extends also to a sixth family,
Opisthoproctidae, in a fifth order, Osmeriformes, based on
the sequence identity of the 16S rRNA genes of strain
Og61, from Opisthoproctis grimaldii, with ‘P kishitanii
NZ-11D (Haygood et al., 1992; Dunlap and Ast, 2005),
and it might extend to a seventh family, Steindachneriidae
(Gadiformes). The evolutionary divergences between
these different host fish orders, members of which are
symbiotic with a single, well-resolved bacterial species, is
prima facie evidence against symbiont-host cospeciation
(Dunlap, 2004). Furthermore, ‘P, kishitanii’ exhibits little
within-species diversity, and phylogenetically very similar
strains colonize fish in different orders. Therefore, the
specificity of ‘P, kishitanir’ for these fishes does not appear
to result from parallel host—-symbiont evolutionary diver-
gence, i.e. cospeciation.

What does the situation with ‘P, kishitanir’ tell us about
the broader issue of the patterns of bacterial species
specificity in bioluminescent symbiosis? One informative
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factor is the wide host range of ‘P, kishitanii’, as noted
above, which contrasts with that of other symbiotic lumi-
nous bacteria. Another informative factor is differences in
host habitat. Photobacterium leiognathi, for example, is
symbiotic with a single clade of fishes, Leiognathidae
(Perciformes), found in shallow, warmer waters, and with
some shallow-dwelling loliginid squids (Dunlap and
Kita-Tsukamoto, 2001; Dunlap et al., 2004; Sparks and
Dunlap, 2004). Noteworthy in this regard is the fish,
Acropoma hanedai (Acropomatidae). Although acro-
pomatids are, like leiognathids, members of Perciformes
and therefore are more closely related to leiognathids than
to chlorophthalmids, macrourids, morids, or trachichthy-
ids, A. hanedai is a cold, deep-dwelling fish, and it har-
bours the facultatively psychrophilic luminous bacterium
‘P, kishitanii as its light-organ symbiont. Therefore, host
phylogeny does not correlate with and apparently is not
determinative of bacterial specificity. What the symbiotic
hosts of ‘P, kishitanii have in common, despite their wide
phylogenetic divergences, is the deep sea; all are cold,
deep-dwelling fishes. We propose therefore as originally
suggested by Hastings and Nealson (1981), that environ-
mental congruence, i.e. the overlap between the temper-
atures at which the different host fishes naturally occur
and the effective growth temperature ranges of the differ-
ent species of symbiotic luminous bacteria, accounts sub-
stantially for the patterns of bacterial species specificity in
bioluminescent symbiosis.

Experimental procedures

Collection of fish specimens and isolation of bacterial
strains

Samples of fresh marine fishes were purchased from local
retail markets in Ann Arbor, MI. The kind of fish and its place
of capture, to the extent related by the retailer, are listed in
Table 1. Luminous bacteria were isolated from the skin of
these fishes by incubation of the samples at low temperature
(Beijerinck, 1889, 1916; Nealson, 1978; Baumann and Bau-
mann, 1981). Specifically, each sample of flank, head or tail,
with skin intact, was placed in a sterile tray, partially covered
with sterile artificial seawater (Nealson, 1978; Baumann and
Baumann, 1981), and incubated for 1-6 days at 6-8°C. The
samples were observed daily in a darkened room, and lumi-
nous spots appearing on the surface of the skin, indicative of
the growth of luminous bacteria, were picked and streaked
for isolated colonies on plates of LSW-70 agar (Dunlap and
Ast, 2005), which contained per litre 10 g tryptone, 5 g yeast
extract, 350 ml double-strength artificial seawater (Nealson,
1978), 650 ml de-ionized water and 15 g agar; plates were
incubated at 18—-22°C. Luminous colonies were then purified
by streaking on LSW-70 agar and stored at —75°C in cryo-
protective medium (Dunlap and Kita-Tsukamoto, 2001). Fish
skin isolates were numbered to indicate the fish sample and
strain; e.g. FS-1.2 designates strain number two from fish
skin sample number one.

Specimens of deep-sea fishes (Tables 1 and 2) were col-
lected at Owase City Fish Market, Mie Prefecture, and at
Odawara City Fish Market, Kanagawa Prefecture, Honshu,
Japan. Chlorophthalmid, macrourid and morid fishes were
captured by trawl netting at a depth of 350 m in the Kumano
Sea approximately 40 km east of Owase, Mie Prefecture,
Honshu, Japan (landed at Owase). Other morids were taken
by hand line offshore near Odawara, and at Choshi, Chiba
Prefecture (landed at Odawara). Trachichthyids were taken
by trap net at Fukuura, near Manazuru, Kanagawa Prefecture
(landed at Odawara). Fishes were identified to species by
reference to the study by Nakabo (2002), and ichthyological
nomenclature follows the study by Nelson (1994). Fish spec-
imens were kept chilled on ice until sampled. Luminous bac-
teria were isolated from the light organs of these fishes
essentially as previously described (Dunlap and Ast, 2005).
The light organ was aseptically dissected from the fish and
homogenized in 0.5 ml or 1.0 ml of sterile artificial 70% sea-
water containing 25 mM HEPES buffer (pH 7.25) (BSW-70)
in a sterile hand-held Ten Broeck tissue homogenizer (Dun-
lap, 1985). The light organ homogenate was then serially
diluted in BSW-70, and 25—-100 pl portions of one or more of
the dilutions were spread on plates of LSW-70 agar. Isolated
luminous colonies were picked at random after 24—48 h of
incubation at 18—22°C and purified and stored as described
above. Strain designations for light-organ isolates indicate
the species and specimen number of the host fish and strain
number (Dunlap etal., 2004); e.g. ckamo.1.2 designates
strain number two from specimen number one of
Caelorinchus kamoharai.

Origin of P. phosphoreum ATCC 11040"

Through assistance provided by M. Figge of the Nether-
lands Culture Collection of Bacteria (NCCB), L. Robertson
of the Kluyver Laboratory for Biotechnology at Delft Univer-
sity of Technology and staff of the American Type Culture
Collection (ATCC), we traced the origin and history of the
type strain of P.phosphoreum, ATCC 11040". Records of
the NCCB indicate that ATCC 11040" was isolated by J. C.
Hoogerheide, a student of A. J. Kluyver, in June 1934, from
a fish, and was deposited by him in the strain collection of
Kluyver’s laboratory, the Laboratorium voor Microbiologie of
the Technische Hoogeschool at Delft (LMD), as LMD 34.28.
We surmise, because specifics are lacking from the strain
record, that the fish was taken from waters of the North
Sea and that the strain was isolated from the surface of the
fish, in the manner of earlier studies of luminous bacteria at
Delft by Kluyver's predecessor, M. W. Beijerinck (1889,
1916), the method used in this study. ATCC records indi-
cate that F. H. Johnson of Princeton University deposited
this strain, received from Kluyver, with the ATCC in 1951,
and provided a replacement in 1959 from his strain stocks.
Johnson apparently received LMD 34.28 during his visit in
1939 to Kluyver's group at Delft and Utrecht (Johnson,
1939), where he worked under the supervision of van
Schouwenberg (1938). For example, Johnson cites provi-
sion to him of a strain of P. phosphoreum by Kluyver from
‘the Delft Collection’ in 1939 (Johnson et al., 1943, 1945;
Johnson and Gray, 1949). More recent information indi-
cates that LMD 34.28 was lost from the LMD but was
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replaced in 1980 by NCIMB 1282 (=ATCC 11040") from the
National Collections of Industrial, Food and Marine Bacteria
(NCIMB), which received it, as ATCC 110407, from the
ATCC; the LMD listed this replacement strain as LMD
34.28a (neotype) (= LMD 80.93). Transition of the LMD col-
lection to the NCCB in 1998 has led to a re-numbering of
strains, and this strain now carries the new number, NCCB
80093.

16S rRNA, gyrB and luxABFE gene amplification and
sequencing

Genomic DNA was purified from 1 ml cultures of strains
grown overnight in LSW-70 broth using the Qiagen (Valencia,
California) DNeasy tissue extraction kit. The 16S rRNA gene
(approximately 1500 nucleotides) was amplified using the
primers 27f and 1492r (Lane, 1991) and previously described
PCR methods (Ast and Dunlap, 2004; Dunlap and Ast, 2005),
and the product was sequenced using the amplification prim-
ers and the internal primers 772r and 669f (Dunlap et al.,
2004). For amplification of gyrB (approximately 1200 nucle-
totides), the 16S rRNA gene protocol was followed except
that the primers 22f and 1240r (Ast and Dunlap, 2004) were
used, and primer annealing was at 48°C. The gyrB product
was sequenced using the amplification primers. Primers and
the protocol designed for amplification of the luxABFE region
(approximately 2800 nucleotides) from P. phosphoreum
strains (Ast and Dunlap, 2004) were used for amplification of
this region from all strains. The entire region, luxABFE, was
amplified using the primers Af and FEr (Ast and Dunlap,
2004), and the luxA and luxFE fragments of this product were
sequenced using the amplification primers and the internal
primers AseqR (5-TCWGAYCCATTTGCTTCGAAACCAA
GG-3) and FseqF (5-ATGAATAATGCRTTAGAAACATTA
CGYAT) respectively. The luxAB fragment of the luxABFE
product was amplified and sequenced for strains from
morid and macrourid fishes using the primers ABseqF
(5"-AAACGTCGAGTTGACTATAGCCACGAT-3) and ABseqR
(5"-GCTCCAACGATATGTCAGTGGCAGC-3’), whereas it
was amplified and sequenced for strains from chlo-
rophthalmid fishes and from the skin of fishes using the
primer pair ABf/ABr (Ast and Dunlap, 2004). For all strains,
the luxBF fragment was amplified and sequenced using the
primer pair Bf/Fr (Ast and Dunlap, 2004). Sequencing of PCR
products was carried out by staff of the University of Michigan
Sequencing Core using dye terminator cycle sequencing on
a Perkin-Elmer ABI 3730.

Attempts to amplify /luxA from strains of P. iliopiscarium
used the general /uxA primer pair and the following protocol
of Wimpee and colleagues (1991): initial denaturing at 95°C
for 2 min; five cycles of denaturing at 94°C for 1.5 min,
annealing at 37°C for 20 s, extension at 72°C for 2 min; 25
cycles of denaturing at 94°C for 1.5 min, annealing at 55°C
for 20 s, extension at 72°C for 2 min; one cycle at 72°C for
7 min; snap cooling to 4°C. Also tested with this protocol were
the Af/Ar primer pairs specific for luxA from P. phosphoreum,
P, leiognathi and P, fischeri (Ast and Dunlap, 2004). A sec-
ond, more relaxed protocol to test for the presence of luxA
used an annealing temperature of 35°C for 35 cycles with the
general luxA primer pair and with the P phosphoreum-
specific Af/Ar primer pair.

Phylogeny of the P. phosphoreum species group 1651
Phylogenetic analysis

16S rRNA gene sequences were aligned by eye, and gyrB
and luxABFE sequences were aligned by inferred amino acid
sequence. Simultaneous parsimony analysis of the 16S
rRNA, gyrB and luxABFE gene sequences (approximately
5500 nucleotides) was performed using PAUP* portable ver-
sion (Swofford, 2002), using 1000 heuristic replicates with
TBR swapping, collapsing zero-length branches, and treating
ambiguous nucleotides as polymorphic rather than uncertain
(ambiguous nucleotides were found only in 16S rRNA gene
sequences and result from multiple copies of rrn operons in
this group). Jackknife values were calculated with PAUP*
using 455 replicates emulating Jac re-sampling (360 h of
processor time on a Macintosh PowerPC 2.5 GHz G5 pro-
cessor with 4 GB RAM running natively in OS X); AK-1 and
AK-9 were omitted from jackknife re-sampling analysis
because limited sequence data were available for them.
Bremer support values were calculated with the aid of
TreeRot (Sorenson, 1999), once with AK-1 and AK-9
included and once with them excluded (Fig. 1, values in
parentheses), which reduced the number of most parsimoni-
ous trees from 2688 to 144. Bremer support values were
substantially improved by the exclusion of these two strains.

GenBank accession

GenBank accession numbers for sequences obtained in this
study are as follows: 16S rRNA gene sequences, AY849395—
AY849433, AY888009-AY888020 and AY900628; gyrB
sequences, AY849434—-AY849481, AY8880021-AY888023
and AY900627; luxABFE sequences, AY849482—AY849528.
Non-/uxA PCR products obtained with /uxA primers for the
strains ATCC 51760 and NCIMB 13476 (Fig.2) are
AY888007 and AY888008 respectively. The accession num-
bers for the genes of the remaining 13 Photobacterium
strains used in this analysis are listed in the studies by Dun-
lap and colleagues (2004), Ast and Dunlap (2004) and Dun-
lap and Ast (2005); for lux and 16S rRNA gene sequences
of strains AK-1 and AK-9, see the study by Budsberg and
colleagues (2003).
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