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Isolation and Identification of Photobacterium phosphoreum
from an Unexpected Niche: Migrating Salmon
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Six luminous bacteria were isolated from migrating salmon in the Yukon River, Alaska. All isolates were
identified as Photobacterium phosphoreum. Previous studies suggest that P. phosphoreum is an exclusively
marine bacterium, while our Alaskan isolates are from salmon which migrated up to 1,228 km from the marine
environment.

Luminous bacteria have been extensively studied and are
well described phylogenetically and ecologically. Compared to
the broad distribution and high abundance in the marine en-
vironment (17), only one luminous species has been isolated
from fresh water (17, 29, 30) and another has been isolated
from soil (19). Luminous bacteria have been observed living in
many ecological niches including planktonic (23, 25, 26, 30,
32), saprophytic (16), symbiotic (6, 7, 12, 13, 22–24), and par-
asitic (16) niches. Some species inhabit more than one niche
(10). Despite several studies describing the distribution and
abundance of luminous bacteria, details regarding population
dynamics, ecological function, and especially niche relation-
ships remain poorly understood.

Photobacterium phosphoreum has been well described rela-
tive to their light organ symbioses with several families of
marine fish inhabiting cold and deep ocean waters (11). Free-
living P. phosphoreum also has been isolated by direct plating
of seawater (20). Aside from the free-living forms and symbi-
oses formed with marine fish, P. phosphoreum has been de-
scribed as living saprophytically and parasitically (16). Recent
reports implicate P. phosphoreum as an important factor in
spoilage of cold-cured salmon and cod from the north Atlantic
Ocean (2, 3). P. phosphoreum is considered an exclusively ma-
rine bacterium because of its specific requirement for sodium
in growth medium (20).

Identification of luminous environmental isolates tradition-
ally has relied on a set of nutritional versatility tests to quickly
and reliably distinguish among luminous bacterial groups (20).
More recently, PCR primers which are suitable for the ampli-
fication and sequencing of luxA have been used. The gene
product of luxA, �-luciferase, is necessary for the light-emitting
reaction of all known luminous bacteria (14, 31).

We tested whether P. phosphoreum was responsible for bi-
oluminescence from migrating salmon harvested up to 1,228
km from the marine environment. The identification of the
luminous isolates as P. phosphoreum was accomplished by the
use of three complementary methods: tests to assess nutri-

tional versatility and DNA sequence analysis of luxA and of the
16S rRNA gene.

Luminous bacterial strains were isolated from whole chum
salmon, Oncorhynchus kisutch, harvested from the Yukon
River near the village of Rampart, Alaska (Fig. 1; Table 1).
Whole chum salmon were transported to Fairbanks, Alaska,
within 6 h of harvest and partially submerged in artificial sea-
water (0.4 M NaCl, 0.1 M MgSO4 � 7H2O, 0.02 M KCl, 0.02 M
CaCl2 � 2H2O) as previously described (15). The partially sub-
merged salmon were stored at 10°C for 10 days and inspected
visually for the presence of luminous areas daily. Luminous
areas were swabbed and transferred to seawater complete
(SWC) broth and later purified into pure culture. One addi-
tional isolate (AK-8) was received in pure culture from the
Pathology Laboratory of the Alaska Department of Fish and
Game from a partially smoked chum salmon caught near Holy
Cross, Alaska (Fig. 1; Table 1).

The Yukon River flows at a rate of approximately 6 to 12
km/h (9). Due to the glacial origin of some of its tributaries, the
Yukon River is silty in summer and clear in winter. The climate
of the Yukon River watershed is characterized by long, cold
winters and brief, warm summers. Air temperatures below
freezing are common in September, and the Yukon River is
generally frozen from late October until May (9).

Holy Cross and Rampart are located 449 and 1,228 km from
the mouth of the Yukon River, respectively (Fig. 1). Migration
of chum salmon in the Yukon River averages 35 to 40 km/day
(R. Brown, personal communication); consequently, the mi-
gration times are approximately 11 days to Holy Cross and 30
days to Rampart.

All isolates of luminous bacteria were grown in SWC me-
dium (0.38 M NaCl, 0.02 M MgCl2 � 6H2O, 0.25 M MgSO4 �
7H2O, 8 mM KCl, 0.5% peptone, 0.3% yeast extract, 0.3%
glycerol). All Alaskan luminous isolates were grown at 15°C.
The reference strain, P. phosphoreum strain NZ-11-D (pro-
vided by one of us [C.F.W.]) (24) was grown and maintained
under the same conditions as Alaskan isolates. Long-term stor-
age of strains was at �80°C in SWC medium containing 15%
glycerol. Luminous isolates of Alaskan origin are designated
AK strains.

We isolated DNA from 100 ml of exponentially growing
cultures with a standard genomic DNA isolation protocol (1).
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RNA was degraded by 1-h incubation at 37°C with 10 �g of
RNase A (Promega, Madison, Wis.)/ml. We determined yield,
quality, and concentration of DNA isolations by gel electro-
phoresis.

All PCRs were performed with PCR Core System II (Pro-
mega) in a GeneAmp PCR System 2400 (Perkin-Elmer, Nor-
walk, Conn.). PCRs were generally performed with 50-�l mix-
tures containing (concentrations are final) 1� PCR buffer, 1.5
mM MgCl2, 200 �M (each) deoxynucleoside triphosphate, 1
�M (each) primer, 1.25 U of Taq polymerase, and 50 to 500 ng
of genomic DNA template. PCR conditions for 16S rRNA
reactions were 1 cycle of denaturation for 5 min at 94°C; 25
amplification cycles consisting of denaturation (94°C for 30 s),
primer annealing (49°C for 30 s), and primer extension (72°C
for 90 s); and a final extension of 7 min at 72°C. PCR condi-
tions for luxA were the same except for 30 amplification cycles
and a primer annealing temperature of 45°C.

Primers used to amplify the 16S rRNA gene from genomic
DNA were 16S-11f (5� GTTTGATCCTGGCTCAG 3�) and
16S-1512r (5� ACGGYTACCTTGTTACACTT 3�) (28). All
oligonucleotide primers were synthesized by Integrated DNA
Technologies (Coralville, Iowa). 16S rRNA amplicons were gel

purified with a QIAquick gel cleanup kit (Qiagen, Valencia,
Calif.) and directly sequenced. We amplified luxA by PCR with
the primers luxA127f (5� GAICAICAITTIACIGAGTTTGG
3�) and luxA1007r (5� ATTTCITCTTCAGIICCATTIGCTTC
AAAICC 3�) (27), with genomic DNA as the template. luxA
amplicons were gel purified with Freeze �N Squeeze DNA gel
extraction spin columns (Bio-Rad, Hercules, Calif.). Following
gel purification, luxA PCR products were ligated into the
pCRII-TOPO vector and TOP10 cells were transformed
(Invitrogen, Carlsbad, Calif.). Ligations and transformations
were done by following the manufacturer’s instructions. Clones
were screened by PCR for the presence of the luxA insert. The
plasmids from one positive clone were isolated on a DNA-Pure
plasmid miniprep kit (CPG, Lincoln Park, N.J.) by following
the manufacturer’s instructions and used as the template in
cycle sequencing reactions.

Each 16S rRNA amplicon and luxA plasmid insert was bi-
directionally sequenced on an ABI 3100 automated sequencer
(Applied Biosystems, Foster City, Calif.). Cycle sequencing
conditions for all reactions involved 40 to 60 ng of template
DNA, 3.2 pmol of primer, 4 �l of Big Dye (Applied Biosys-
tems), and water to a final volume of 20 �l. 16S rRNA reac-

FIG. 1. Sample locations along the Yukon River in Alaska where salmon with bioluminescent bacteria were caught. Distances indicate
kilometers from the mouth of the Yukon River.

TABLE 1. P. phosphoreum isolates used in this study

Strain Host fish Location on fish Location Date of isolation

AK-1 Chum salmon Head Rampart August 1997
AK-5 Chum salmon (female) Gut content Rampart September 2001
AK-6 Chum salmon (male) Slime Rampart September 2001
AK-7 Chum salmon (male) Liquid around fisha Rampart September 2001
AK-8 Chum salmon Flesh Holy Cross August 2001
AK-9 Chum salmon Liquid around fisha Rampart September 2002

a Brownish discharge from fish after fish was partially submerged in artificial seawater for several days.
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tions were primed with primers 16S-11f and 16S-1512r. The
following internal primers were used to ensure overlapping
sequences for analysis of 16S rRNA sequences: 16S-515f (5�
GTGCCAGCMGCCGCGGTAA 3�), 16S-1100f (5� CAACG
AGCGCAACCCT 3�), 16S-519r (5� GWATTACCGCGGCK
GCTG 3�), and 16S-907r (5� CCGTCAAATCCTTTRAGTTT
3�) (28). Cycle sequencing reactions for luxA plasmid inserts
were primed with SP6 and T7 promoter primers (Promega).
Cycle sequencing reactions consisted of 25 amplification cycles
that included denaturation (96°C for 30 s), primer annealing
(49°C for 15 s), and primer extension (60°C for 4 min). Cycle
sequencing conditions for luxA were the same, except for a
primer annealing temperature of 45°C. Extension products
were submitted for sequencing at the University of Alaska’s
Core Facility for Nucleic Acid Analysis.

We used a set of tests to assess the ability of Alaskan isolates
and the reference strain, P. phosphoreum NZ-11-D, to utilize
each of 12 compounds as a sole carbon source in minimal
media. As an additional component of this analysis, we assayed
for the presence of three extracellular enzymes (15). Our P.
phosphoreum isolates required the addition of 40 �g of L-
methionine per ml of minimal medium for growth (19, 20).
Optimal growth temperature was determined by inoculating
log-phase cells into SWC medium and observing growth at 4,
10, 15, and 20°C.

Bidirectional contigs of 16S rRNA and luxA sequences were
assembled with Sequencher, version 4.0.5 (Gene Codes, Ann
Arbor, Mich.). We imported contigs into ClustalX and aligned
them with representative 16S rRNA and luxA sequences ob-
tained from GenBank. Aligned sequences were imported into
PAUP* 4.0b10 (D. Swafford, Phylogenetic analysis using par-
simony and other methods), ed. 4.0, Sinauer Associates, Suth-
erland, Mass., 2000), where maximum-likelihood analysis was

performed and phylograms were generated. Maximum-likeli-
hood analysis included 100 bootstrap replicates. Only boot-
strap support values of �50 are displayed.

GenBank accession numbers for sequences used in 16S
rRNA sequence analyses are AE000474 for Escherichia coli
K-12 strain MG1655, X82248 for Photorhabdus luminescens
DSM 3368, X82132 for Shewanella hanedai CIP 103207T,
X74706 for Vibrio harveyi ATCC 14126, Z21729 for Vibrio
fischeri MJ-1, X74686 for Photobacterium leiognathi ATCC
22551T, and X74687 for P. phosphoreum ATCC 11004T. Ac-
cession numbers chosen as representative for luxA sequence
analyses are X58791 for V. harveyi CTP5 luxB (used as the
outgroup), M57416 for Photorhabdus luminescens ATCC
29999, X58791 for V. harveyi CTP5, X08036 for P. leiognathi
554, X55458 for P. phosphoreum NCMB 844, AB058949 for S.
hanedai ATCC 33224, and AF170104 for V. fischeri MJ-1.

Isolates from Alaskan salmon used in this study were short
rods, oxidase negative and gram negative (8), and required
L-methionine for growth in minimal media. Additionally, all
isolates from Alaska grew at 4°C; however, optimal growth
occurred at 15°C and growth diminished at �20°C. Compared
to other species of luminous bacteria, all AK strains can be
assigned to the P. phosphoreum group based on published data
on nutritional versatility (Table 2). We verified our results by
including a reference strain, P. phosphoreum NZ-11-D (18), in
our test (Table 2).

Gene sequences of luxA of the seven AK isolates were
aligned with six representative sequences from other luminous
bacteria. The alignment produced a consensus sequence 554
bp in length shared by all 13 taxa. Maximum-likelihood analysis
of the alignment by PAUP* 4.0b10 revealed that all AK iso-
lates clustered closely with P. phosphoreum (Fig. 2).

16S rRNA gene sequences of the seven AK isolates were

TABLE 2. Phenotypic characteristics of Alaskan isolates

Characteristic

Result from:

Published reference datad for: This study for strain:

V. harveyia V. fischeria P. leiognathia P. phosphoreuma,b P. phosphoreum
NZ-11-Dc NZ-11-D AK-1 AK-5 AK-6 AK-7 AK-8 AK-9

Growth on:
Maltose (0.2%) � � � � � � � � � � � �
Cellobiose (0.2%) � � � � � � � � � � � �
Glucuronate (0.1%) � � � (�) (�) � � � � � � �
Mannitol (0.1%) � � � � (�) � � � � � � �
Proline (0.1%) � � � (�) (�) � � � � � � �
Lactate (0.2%) � � � (�) � � � � � � � �
Pyruvate (0.1%) � � � � � � � � � � � �
Acetate (0.05%) � � � � � � � � � � � �
Propionate (0.05%) � � � � � � � � � � � �
Heptanoate (0.05%) � � � � � � � � � � � �
D-�-Alanine (0.05%) � (�) � � � � � � � � � �
L-tyrosine (0.4%) � � � � � � � � � � � �

Production of:
Lipase � � � � � � � � � � � �
Gelatinase � � � � � � � � � � � �
Amylase � � � � � � � � � � � �

Optimal growth temp (°C) 20 22 15 15 15 15 15 15

a Data from Nealson (15).
b Data from Holt et al. (11a).
c Data from Nealson et al. (18).
d Parentheses indicate strain variability.
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aligned with six representative sequences from other luminous
bacteria. The alignment produced a consensus sequence 1,159
bp in length shared by all 13 taxa. Maximum-likelihood analysis
of the alignment by PAUP* 4.0b10 revealed that all AK iso-
lates clustered closely with P. phosphoreum (Fig. 3).

We positively identified P. phosphoreum isolated from mi-

grating salmon, collected up to 1,228 km from the mouth of
Yukon River, Alaska. Our data on nutritional versatility allow
us to confidently place our Alaskan isolates into the P. phos-
phoreum group. Molecular data, both 16S rRNA and luxA
sequence analysis, reinforce our identification by showing that
our isolates cluster closely with representative P. phosphoreum
16S rRNA and luxA sequences. Our results are significant
because of the scarcity of bioluminescent bacteria isolated out-
side of the marine environment and because all previous stud-
ies indicate that P. phosphoreum is an exclusively marine bac-
terium.

Our data indicate that P. phosphoreum is capable of remain-
ing viable on the external surfaces of anadromous migrating
salmon. Although it is possible that P. phosphoreum colonizes
salmon while in the Yukon River, we believe that it is much
more likely that the P. phosphoreum that we isolated has its
origin in the marine environment. Preliminary attempts to
cultivate P. phosphoreum from Yukon River water have been
unsuccessful (unpublished data). Despite the absence of data
on the distribution of luminous bacteria in the northern Pacific
Ocean, we predict that P. phosphoreum is the primary species
present because of increased abundance of P. phosphoreum in
cold temperatures (24) and deep water (below 200 m) (21, 25).

Previous results (4, 5) suggest that P. phosphoreum is
adapted for survival in low-salt environments, showing optimal
growth in media with a salt (NaCl) concentration approxi-
mately 50% that of seawater. Preliminary studies in our labo-
ratory suggest that Alaskan P. phosphoreum isolate AK-6 and
the reference strain, NZ-11-D, are rendered nonviable after
�1 day in river water; however, the viability of both strains is
maintained in SWC medium prepared without NaCl for up to
5 days. We therefore hypothesize that P. phosphoreum remains
viable in the freshwater environment of the Yukon River be-
cause the complex matrix of fish slime is of sufficient osmotic
strength to protect bacterial cells from the very low osmotic
conditions of freshwater. We believe that our P. phosphoreum
isolates are of marine origin, forming a saprophytic association
with migrating salmon while still in the ocean environment.
When salmon migrate into freshwater, luminous bacteria on
the salmon are protected by the slime of salmon until the fish
are caught.

The description of our Alaskan strains of P. phosphoreum
are nearly identical to other descriptions with respect to nutri-
tional versatility and luxA and 16S rRNA sequences; however,
our isolates appear to have a lower optimal growth tempera-
ture than the reference strain, P. phosphoreum NZ-11-D. Fu-
ture investigations of the osmotic requirements and tempera-
ture tolerances of Alaskan P. phosphoreum may reveal
adaptations specific to this unique niche.

Nucleotide sequence accession numbers. GenBank acces-
sion numbers for luxA sequences derived in this study are
AY345883 to AY345888; those for 16S rRNA sequences de-
rived in this study are AY345889 to AY345894.
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FIG. 2. Phylogeny of Alaskan luminous bacteria based on maxi-
mum-liklihood analysis using PAUP* 4.0b10 with luxA sequences. All
strains with the prefix AK are from salmon harvested from the Yukon
River. V. harveyi luxB was used as the outgroup in the maximum-
likelihood analysis of luxA genes. The bar represents substitutions per
site.

FIG. 3. Phylogeny of Alaskan luminous bacteria based on maxi-
mum-likelihood analysis using PAUP* 4.0b10 with 16S rRNA se-
quences from Alaskan isolates and representative sequences from
GenBank. All strains with the prefix AK are from salmon harvested
from the Yukon River. Escherichia coli was used as the outgroup in this
analysis. The bar represents substitutions per site.
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