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There are only two reports in the literature demonstrating the presence of Campylobacter spp. in marine
mammals. One report describes the isolation of a new species, Campylobacter insulaenigrae sp. nov., from
three harbor seals (Phoca vitulina) and a harbor porpoise (Phocoena phocoena) in Scotland, and the other
describes the isolation of Campylobacter jejuni, Campylobacter lari, and an unknown Campylobacter species
from northern elephant seals (Mirounga angustirostris) in California. In this study, 72 presumptive C. lari
and unknown Campylobacter species strains were characterized using standard phenotypic methods, 16S
rRNA PCR, and multilocus sequence typing (MLST). Phenotypic characterization of these isolates showed
them to be variable in their ability to grow either at 42°C or on agar containing 1% glycine and in their
sensitivity to nalidixic acid and cephalothin. Based on both 16S rRNA PCR and MLST, all but 1 of the 72
isolates were C. insulaenigrae, with one isolate being similar to but distinct from both Campylobacter
upsaliensis and Campylobacter helveticus. Phylogenetic analysis identified two C. insulaenigrae clades: the
primary clade, containing exclusively California strains, and a secondary clade, containing some Califor-
nia strains and all of the original Scottish strains. This study demonstrates the inability of phenotypic
characterization to correctly identify all Campylobacter species and emphasizes the importance of molec-
ular characterization via 16S rRNA sequence analysis or MLST for the identification of Campylobacter

isolates from marine mammals.

Campylobacter spp. are gram-negative, motile spiral rods
that can be zoonotic pathogens (15). Many species of Campy-
lobacter, such as C. jejuni and C. lari, are oxidase and catalase
positive and grow in thermophilic, microaerophilic conditions
(15). Campylobacter spp. can cause gastroenteritis in humans,
primates, birds, dogs, cats, cattle, and swine, with symptoms
including fever, abdominal cramping, and mild to bloody diar-
rhea (5, 15, 16). The presence of Campylobacter in saltwater
typically indicates recent fecal contamination, because these
bacteria are not able to replicate or survive for prolonged
periods in surface water (10, 18, 19). Sources of Campylobacter
spp. in the environment are sewage treatment plants, agricul-
tural runoff, freshwater outflow, and wildlife (17, 18).

Reports of Campylobacter species isolated from marine
mammals are rare: to date, there have been only two reports in
the literature. Campylobacter insulaenigrae sp. nov. (hereafter
termed C. insulaenigrae) was isolated from three harbor seals
(Phoca vitulina) and a harbor porpoise (Phocoena phocoena) in
Scotland; the role of this bacterium in disease is not known (3).
The isolation of C. jejuni, C. lari, and an unknown Campy-
lobacter species from juvenile northern elephant seals (Mir-
ounga angustirostris) in California was also reported (23).
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The northern elephant seal is a large pinniped that spends
most of the year in the Pacific Ocean, ranging as far as Alaska
and Hawaii, with two periods spent annually on beaches and
off-shore islands along the California and Mexican coast (12).
Dense seal rookeries form during breeding and pupping
(December-February) and molting (March-May) periods (12).
Juvenile northern elephant seals are born on the rookeries and
are weaned by their mothers after about a month. After fasting
for a month, the juvenile seals begin venturing into the ocean
in order to forage for food (12). Once juvenile seals must rely
on their own abilities for food, they may become stressed
and/or sick, making them potentially more susceptible to
pathogens present in the environment. Sick juveniles are often
found stranded along the California coastline and are then
transported to marine mammal rehabilitation centers, such as
The Marine Mammal Center (TMMC) in Sausalito, CA, for
treatment.

Campylobacter-like organisms were isolated at TMMC from
the feces of emaciated and dehydrated juvenile northern ele-
phant seals stranded on nine beaches in northern California,
between Bodega Bay and Monterey, during the months of
March through May in 2000, 2001, and 2002 (unpublished
data). This prompted a two-year study to investigate the prev-
alence of Campylobacter in both free-ranging and stranded
northern elephant seals in northern California (23). C. jejuni,
C. lari, and a novel Campylobacter sp. that was distinct from C.
insulaenigrae when analyzed using biochemical techniques
were identified. The purpose of this study was to provide phe-
notypic and molecular characterization of the C. lari and novel
Campylobacter sp. isolates from free-ranging seals presented in
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TABLE 1. Campylobacter insulaenigrae MLST primer sets

Forward (5'-3")

Reverse (5'-3")

L Amplicon
ocus .
Primer Sequence Primer Sequence size (bp)

aspA  aspAF2 GAAGCWAAAGCWAAAGAATAYAAAGAT  aspAR2 GAGTTTTTTGCAWGCTTCWGGATT 690
atpA  atpAF GWCAAGGDGTTATYTGTATWTATGTTGC atpAR TTTAADAVYTCAACCATTCTTTGTCC 700
ginA  gInAF TGATAGGMACTTGGCAYCATATYAC glnAR ARRCTCATATGMACATGCATACCA 751
glyA insglyF1 GCTTTTTAATTGTMYTTTTGCTAATGT insglyR1 GCTARATCTGCATCTTTRCCRCTAAA 750
pgi inspgiF GTTTTAGTAGGTATGGGTGGATCAAGC inspgiR TATTTGGAATCAAAGGAGCTTTATAGC 760
pgm  inspgmF2  AATTCTTTCCCTAAAAATTTAACTCTT inspgmR2  AGTAAGCGAATTAAATTTTYAGTTCCT 764
tkt tktF1 GCAAAYTCAGGMCAYCCAGGTGC instktR1 TTTACATCTTCAGGAATTTCAAAAGTT 791

our previous study, along with Campylobacter spp. isolated
from seals during rehabilitation at TMMC. A novel multilocus
sequence typing (MLST) method, similar to methods de-
scribed for related Campylobacter species (2, 14), was devel-
oped to type the pinniped Campylobacter isolates.

MATERIALS AND METHODS

Bacterial isolates and phenotypic characterization. A majority of the bacterial
isolates used in the study were previously described in the work of Stoddard et al.
(23). In this study, free-ranging seals were apparently healthy and stranded seals
were compromised due to various conditions, with the top cause of stranding
being emaciation with lung worm infection and bacterial infections being less-
likely causes. All animals range between the ages of 2 and 7 months, but the exact
ages cannot be known. There were 165 free-ranging seals and 196 stranded seals
that were rectally swabbed. Swabs were placed in Cary-Blair transport medium
(BD Diagnostics, Franklin Lakes, NJ) and held at 4°C until processed within 48 h
of collection. Rectal swabs were streaked on a Brucella agar base with 5% sheep
blood and vancomycin, amphotericin B, and cefoperazone (Campy-CVA agar)
(Hardy Diagnostics, Santa Maria, CA) and incubated at 37°C for 48 to 96 h in
5.5-liter AnaeroPack containers (Mitsubishi Gas Chemical America, Inc., New
York, NY) using CampyGen sachets (Oxoid, Inc., Ogdensburg, NY) to produce
a microaerophilic environment. Three to five colonies were identified using
standard procedures (15) and stored at —80°C in Microbank bead vials (Pro-Lab
Diagnostics, Austin, TX).

This study included 5 presumptive C. lari strains and 2 unknown Campy-
lobacter strains isolated from free-ranging seals, as well as 22 C. lari strains
and 19 unknown Campylobacter strains isolated from stranded juvenile north-
ern elephants that were brought to TMMC (23). In addition to the strains that
were originally described by Stoddard et al. (23), this study included 18 C. lari
strains and 6 unknown Campylobacter strains that were isolated from seals
involved in the original study during rehabilitation at TMMC. Culture and
identification of these isolates was the same as discussed above. Some of the
isolates from the 2003-2004 study were not included due to contamination of
or inability to resuscitate the original frozen stock. The C. lari strains were
identified originally by phenotypic characterization; these strains were all
gram-negative, curved rods that were oxidase positive, catalase positive, and
urease negative, did not hydrolyze hippurate, reduce hydrogen sulfide (H,S),
or reduce nitrate, were resistant to both 30 ug cephalothin and 30 pg nalidixic
acid, and grew at 42°C.

Original Campylobacter sp. identification was done by Gram staining and
determination of oxidase and catalase activity, nitrate reduction, hippurate hy-
drolysis, urease activity, H,S production on triple sugar iron (TSI) slants, growth
at 42°C, and sensitivity to nalidixic acid and cephalothin. In addition to the
parameters described above, each phenotype was confirmed for this study by
measuring growth at 25°C and growth in the presence of 1% glycine or 3.5%
NaCl, using procedures previously described (15).

DNA purification. DNA for PCR and MLST was purified from bacterial
strains grown on sheep blood agar plates (Hardy Diagnostics) using the boiling
method (7). Briefly, a plateful of culture was suspended in 300 .l sterile distilled
water and then boiled for 15 min. After boiling, the tubes were chilled immedi-
ately on ice for 5 min, followed by centrifugation at 15,000 X g for 5 min. The
supernatant was then transferred to a new 1.5-ml tube.

16S rRNA gene PCR and sequence analysis. The forward and reverse con-
served 16S rRNA eubacterial primers used to amplify the 16S rRNA genes were
designated 8FPL (5" CTG CAG AGT TTG ATC CTG GCT CAG 3’) and
1492RPL (5" CGG GTT ACC TTG TTA CGA CTT 3’). Each 50-pl sample

amplified by PCR contained the following: 25 pl 2X FideliTaq PCR Master Mix
(USB Corporation, Cleveland, OH), giving a final concentration of 200 pM
(each) deoxynucleoside triphosphate and 1.5 mM MgCl,, 30 pmol (each) primer
(6 pl), 60 to 80 pg genomic DNA (2 wl), and 17.0 pl water. Amplification was
performed with a Mastercycler Gradient thermal cycler (Eppendorf North
America, Westbury, NY) as follows: 94°C for 10 min, followed by 35 cycles of
94°C for 1 min, 63.1°C for 1 min, and 72°C for 2 min, followed by an elongation
step at 72°C for 10 min. The 1,484-bp PCR product was separated on a 1.0%
agarose gel by electrophoresis and visualized with ethidium bromide. The PCR
products were then cleaned using the ExoSAP-IT system (USB Corporation),
following the manufacturer’s protocol by adding 8 wl of ExoSAP-IT to 20 ul of
each reaction mixture. Each mixture was then run in the Mastercycler Gradient
thermal cycler as follows: 37°C for 15 min followed by heating at 80°C for 15 min.
Forward and reverse sequencing reactions were performed by the DNA Se-
quencing Facility, Division of Biological Sciences, University of California,
Davis. The DNA sequences were corrected using Chromas (Technelysium Pty.
Ltd., Tewantin, Qld, Australia) and compared to known sequences using the
NCBI BLAST database (http://www.ncbi.nlm.nih.gov/).

MLST. Scottish C. insulaenigrae isolates were purchased from the NCTC
(London, United Kingdom). MLST primer sets are listed in Table 1. Each MLST
amplification mixture contained: 50 ng genomic DNA, 1X MasterAmp PCR
buffer (Epicentre, Madison, WI), 1X MasterAmp PCR enhancer (Epicenter),
2.5 mM MgCl,, 250 uM (each) deoxynucleoside triphosphates, 50 pmol (each)
primer, and 1 U Taq polymerase (New England Biolabs, Beverly, MA). PCRs for
MLST were performed with a Tetrad thermocycler (Bio-Rad, Hercules, CA)
with the following settings: 30 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C for
2 min. Amplicons were purified on a BioRobot 8000 workstation (QIAGEN,
Valencia, CA). Cycle sequencing reactions were performed with a Tetrad ther-
mocycler, using the ABI PRISM BigDye terminator cycle sequencing kit (version
3.1; Applied Biosystems, Foster City, CA) and standard protocols. Extension
products were purified using 96-well DyeEx plates (QIAGEN). DNA sequencing
was performed on an ABI PRISM 3130XL genetic analyzer (Applied Biosys-
tems), using POP-7 polymer and the ABI PRISM Genetic Analyzer Data Col-
lection and ABI PRISM Genetic Analyzer Sequencing Analysis software.

Assignment of allele numbers and STs and phylogenetic analysis. The Perl
program MLSTparser (14) was modified to accept the novel locus composition of
the C. insulaenigrae sequence types (STs). Allele sequences and STs were ex-
tracted from the FASTA-formatted forward and reverse reads using MLST-
parser, as described previously (14); each unique allele and ST was assigned an
arbitrary number. Each allele also was queried against the MLST databases of
the related Campylobacter species, C. lari, C. upsaliensis, and C. helveticus (http:
//pubmlst.org/); however, none of the alleles identified for C. insulaenigrae were
identified previously for these three other Campylobacter species. Allele and ST
data for C. insulaenigrae were deposited in the PubMLST database and are
available online (http:/pubmlst.org/cinsulaenigrae/).

Variable sites and calculation of the d,/d; ratios were performed using
START?2 (http://pubmlst.org/software/analysis/). Allele sequences for each strain
were concatenated in the order aspA-atpA-glnA-glyA-pgi-pgm-tkt for a final com-
posite length of 3,363 bp. The concatenated sequences were aligned using
CLUSTALX, and a dendrogram was constructed using the neighbor-joining
method with the Kimura two-parameter distance estimation method. Phyloge-
netic analyses were performed using MEGA version 2.1 (11).

RESULTS

Phenotypic characterization. As described above, 45 pre-
sumptive C. lari strains and 27 unknown Campylobacter strains
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TABLE 2. Differential biochemical and phenotypic characteristics of Campylobacter insulaenigrae isolates from seals in California

Presence of:

Growth at/in:

Presence of: Sensitivity to®:

No. of .
Pattern'n(‘)l. or isolates with Hippurate —
species pattern Catalase  Oxidase 25°C  42°C ;ZZ‘; Gll.}?c(iyrole Nitrate irfl%SSI Urease ~ Ddrolysis Cephalothin NaAhcdiZ“C
1 22 + + -+ -+ - - R R
2 6 + + — — — + + — — _ R R
3 13 + + -+ - - + - - - R R
4 2 + + - - - - + - - - R R
5 11 + + - + - + + — _ _ S R
6 3 + + — — - + + — — — S R
7 12 + + - + - - + — _ _ S R
8 2 + + — — - - + — — — S R
9 1 - + - - - + + — — - S S
C. insulaenigrae 4 + + - - - + + — - _ R R
C. lari + + —b + — + + — +/— _ R R¢
C. upsaliensis - + - +¢ - + + - — _ S S
C. helveticus - + - + — +/— + _ _ _ S S

¢ Patterns 1 to 8 represent C. insulaenigrae, and pattern 9 represents a C. upsaliensis/C. helveticus-like strain. Biochemical and phenotypic characteristics of the related
Campylobacter species C. lari, C. upsaliensis, and C. helveticus are provided for comparison. C. lari, C. upsaliensis, and C. helveticus characteristics are taken from the
work of Lastovica and Skirrow (11a) and On (20). C. insulaenigrae characteristics are taken from the work of Foster et al. (3).

> Some strains positive/resistant.
¢ Some strains negative/sensitive.
48, sensitive; R, resistant.

from both free-ranging and stranded northern elephant seals
from California were characterized. All Campylobacter spp.
had the following phenotypic characteristics: they were oxidase
positive with the ability to reduce nitrate but not hydrolyze
hippurate, urease negative, did not produce H,S on TSI slants,
did not grow at 25°C, and were not able to grow in the presence
of 3.5% sodium chloride (Table 2). All but one isolate was
catalase positive (strain 3413).

There was variability in the results for growth at 42°C or in
the presence of 1% glycine and in the sensitivity to nalidixic
acid and cephalothin (Table 2). The most common phenotypic
and biochemical pattern that was observed was pattern number
1 (n = 22), which is consistent with C. lari (Table 2). The
second-most-common phenotypic and biochemical pattern was
pattern number 3 (n = 13) (Table 2). There were six isolates
with pattern 2, which is consistent with the originally described
C. insulaenigrae phenotype. Pattern number 9 was found with
only one isolate, and this pattern could be compatible with
several different Campylobacter spp., including C. upsaliensis
and C. helveticus.

16S rRNA gene PCR analysis. All strains except strain 3413,
which was found to have phenotype pattern 9, were identified
as C. insulaenigrae based on both forward and reverse sequence
analysis of the 1,484 base pairs of the 16S rRNA gene (Fig. 1).
Strain number 3413 was identified as being closely related to C.
upsaliensis after both forward and reverse 16S sequence anal-
ysis (Fig. 1).

Multilocus sequence typing. Preliminary phylogenetic anal-
ysis of C. insulaenigrae using 303 Campylobacter 16S rRNA
sequences indicated that the closest relative of C. insulaenigrae
was C. lari and that C. insulaenigrae was a member of the
thermophilic subgroup of campylobacters (data not shown). A
multilocus sequence typing method for C. lari and for thermo-
philic Campylobacter spp. in general was described by Miller
et al. (14). Since C. insulaenigrae was similar to C. lari, our
initial MLST primer sets included the C. lari aspAF2-aspAR2,
pgmF3-pgmR3, and tktF2-tktR primer sets and the thermo-

philic atpAF-atpAR, gInAF-gInAR, gltAF-gltAR, and glyAF-
glyAR primer sets (14).

PCR analysis of the 75 strains showed that, as with C. lari
(14), the gene encoding citrate synthase, glt4, is not present
and may be absent in C. insulaenigrae. Therefore, the pgi locus
was substituted for gltA. Additionally, the glyA, pgm, and tkt
loci were amplified inconsistently using the original primer
sets; therefore, new C. insulaenigrae-specific primer sets had to
be designed. Using the aligned sequences of the glyA, pgi, pgm,
and tkt loci extracted from the available Campylobacter and
Arcobacter genome sequences, degenerate primers were de-
signed for each locus 300 bp upstream and downstream of the
allelic endpoints. These primers were used to sequence the
four NCTC C. insulaenigrae strains, and the resultant se-

Cj NCTC 11168

2 Cj RM1221
97"cc RM2228
————————— C/ RM2100
3413
100E Cu RM3195
79 Ch RM3228
Cf RM2086

0.005

FIG. 1. Dendrogram of Campylobacter 16S rRNA gene sequences,
including four representative sequences from this study. The dendro-
gram was constructed using the neighbor-joining algorithm and the
Kimura two-parameter distance estimation method. Bootstrap values
of >75%, generated from 500 replicates, are shown at the nodes. The
scale bar represents substitutions per site. The remaining C. insulae-
nigrae 16S sequences were not substantially different from the 16S
sequences of the three strains (3352, 3414, and 3521) represented in
the tree. Additional 16S sequences from Campylobacter sequenced or
type strains are included for comparison. Ci, C. insulaenigrae; Cj,
C. jejuni; Cc, C. coliy Cl, C. lari; Cu, C. upsaliensis; Ch, C. helveticus; Cf,
C. fetus.
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TABLE 3. Diversity at the Campylobacter insulaenigrae MLST loci?

No. of alleles Variable sites

Locus (% of isolates®) (%)° d,/d!
aspA 9 (12.0) 7 0.110
atpA 14 (18.7) 13 0.000
glnA 9 (12.0) 12 0.015
ghA 11 (14.7) 13 0.100
pgi 13 (17.3) 10 0.066
pgm 14 (18.7) 17 0.035
tkt 10 (13.3) 14 0.011

¢ Includes results for C. insulaenigrae strains from Scotland.
? No. of alleles/strains typed.

¢ No. of polymorphic sites/allele size (nucleotides).

4 Ratio of nonsynonymous to synonymous sites.

quences were then used to design C. insulaenigrae-specific
primers. The finalized primer sets are described in Table 1.

Genetic diversity of C. insulaenigrae. Within the 75 C. insu-
laenigrae strains typed in this study, a large number of alleles
were found at each of the 7 loci, ranging from 9 at the aspA and
glnA loci to 14 at the atpA and pgm loci (Table 3). The per-
centage of variable sites was relatively consistent from locus to
locus. Analysis of the 80 alleles identified in this study, using
the Campylobacter PubMLST databases, did not identify any
alleles potentially transferred laterally from the thermophilic
Campylobacter spp. The ratio of nonsynonymous to synony-
mous base substitutions (d,,/d,) ranged from 0 (atpA) to 0.011
(aspA), indicating that the C. insulaenigrae MLST loci were not
subject to positive selection.

STs and clonal complexes. Using the 7 loci, a total of 40 STs
were identified among the 75 C. insulaenigrae strains typed in
this study, which also included the original C. insulaenigrae
isolates from Scotland (see Table S1 in the supplemental ma-
terial). Among the California strains, 33.8% (n = 24) had
unique STs, with the most common STs being ST-25 (n = 12)
and ST-5 (n = 8). A comparison of the biochemical and phe-
notypic patterns with the assigned STs showed no correlation,
although all of the isolates in ST-5 showed phenotypic pattern
1 (see Table S1 in the supplemental material). Campylobacter
insulaenigrae isolated from the same seals (ES2171, ES2235,
ES2275, ES2284, and ES2297) both at stranding and during
their stay at TMMC showed different STs at these two time
points and were therefore kept in the study (see Table S1 in the
supplemental material). In a comparison of free-ranging seals,
stranded seals, and seals at TMMC, there was substantial over-
lap in the STs.

Approximately half (22/40) of the STs identified in this study
could be organized into 6 clonal complexes, although none of
the clonal complexes contained a predicted founder ST (data
not shown). Four of the complexes contain only 2 members,
the fifth contains 4 members (ST-9, ST-27, ST-31, and ST-33),
and the sixth contains 10 members (ST-6, ST-7, ST-13, ST-16,
ST-18, ST-21, ST-22, ST-28, ST-36, and ST-40).

Pairwise comparisons of the 3,363-bp concatenated allele
sequences indicated that those from the C. insulaenigrae strains
isolated from northern elephant seals in California were 85%,
73%, and 73% similar to the cognate concatenated allele se-
quences from C. lari, C. upsaliensis, and C. helveticus, respec-
tively. The C. insulaenigrae strains from Scotland all possessed
unique STs (ST-1 through ST-4), which were distinct from

APPL. ENVIRON. MICROBIOL.

those of the C. insulaenigrae strains isolated from the Califor-
nia seals. Although the Scottish C. insulaenigrae strains were
found by phylogenetic analysis to be members of a secondary
clade (containing both the “Scottish” STs and STs ST-25, ST-
30, and ST-39) which was distinct from the clade containing the
majority of California C. insulaenigrae isolates (Fig. 2), pair-
wise comparisons of concatenated allele sequences indicated
=1.4% sequence divergence between members of the primary
and secondary clades. Nonetheless, it is noteworthy that 83%
(15/18) of the strains isolated at TMMC during 2004 were
members of the secondary clade, compared to 8% (2/26) of
strains isolated from free-ranging seals during the same time
period; no members (0/27) of the secondary clade were iso-
lated from California seals, free-ranging or stranded, during
2003.

DISCUSSION

In 2003 and 2004, presumptive strains of C. lari and an
unknown Campylobacter species were isolated from northern
elephant seals in California, based on phenotypic identification
techniques. In this study, the exact identities of all but one of
these strains were determined, based on 16S rRNA sequence
analysis and MLST, to be Campylobacter insulaenigrae (3).
Although the Campylobacter strains isolated from seals in Cal-
ifornia are C. insulaenigrae, they show variation from the Scot-
tish strains both phenotypically and genotypically with regard
to biochemical characteristics and MLST sequence types (3).
Identification of the Campylobacter sp. isolates from these Cal-
ifornia seals using phenotypic characterization was found often
to lead to an incorrect identification of some strains as C. lari.

The original characterization of C. insulaenigrae isolated
from marine mammals in Scotland showed this species to be a
nonthermophilic Campylobacter species that is able to grow on
medium containing 1% glycine and is resistant to both nalidixic
acid and cephalothin (Table 2) (3). In the present study of 71
California C. insulaenigrae isolates, we found variable growth
at 42°C or on medium containing 1% glycine, as well as vari-
ation in sensitivity to cephalothin. The major phenotypic pro-
file (phenotypic pattern 1) was consistent with an identification
of C. lari; the misidentification of strains as C. lari has been
reported previously (22). The ability to hydrolyze indoxyl ace-
tate was not tested in this study; however, of the 29 original
strains isolated from stranded northern elephant seals brought
to TMMC between 2000 and 2002, all were found to be neg-
ative (unpublished data). The inability to hydrolyze indoxyl
acetate is consistent with both the original C. insulaenigrae
isolates from Scotland and C. lari and therefore would not aid
in differentiating these species (3).

Phenotypic testing can be problematic due to the lack of
standardization for tests that are used and the fact that variable
methodology can affect the outcome (20). Another problem is
that interpretation of tests can be subjective when they are
used for identification. Additionally, it is apparent that, similar
to the eight phenotypic patterns identified for C. insulaenigrae,
multiple phenotypic subgroups are present for each of the
three related Campylobacter species: C. lari, C. upsaliensis, and
C. helveticus (Table 2); thus, there is no one phenotypic pattern
that could be used to identify unambiguously any of these four
phenotypically variable species. Even C. jejuni strains, identi-
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ST-1
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0.001

FIG. 2. Dendrogram of Campylobacter insulaenigrae STs, including original isolates from the United Kingdom (ST-1 through ST-4). The
dendrogram was constructed using the neighbor-joining algorithm and the Kimura two-parameter distance estimation method. Bootstrap values
of >75%, generated from 500 replicates, are shown at the nodes. The scale bar represents substitutions per site. Three representative C. lari
(CI2100), C. upsaliensis (Cu3195), and C. helveticus (Ch3228) STs (using similar concatenated MLST alleles) are included for comparison. The C.
insulaenigrae portion of the tree on the left is expanded on the right (large arrow) to improve clarity, since the scale of this portion of the tree with
the related Campylobacter spp. included is too small to readily distinguish the C. insulaenigrae STs (note different scale bars).

fied typically through the use of hippuricase assays (13, 24), can
be misidentified due to the presence of a relatively uncommon
hippuricase-negative subgroup. The growing trend of resis-
tance to nalidixic acid among Campylobacter species further
confounds the identification of species using phenotypic testing
(1). Interpretation of strain sensitivity to nalidixic acid and
cephalothin has been determined to be a common mistake in
species identification (22).

Because phenotypic methodology commonly results in mis-
identification of Campylobacter species isolated from marine
mammals, it is recommended that a molecular method be
included in the identification scheme for Campylobacter. A

simple genotypic method of identification of Campylobacter
isolates is 16S rRNA amplification and sequence analysis (9,
20, 22). Although phenotypic methods were unable to speciate
unambiguously the Campylobacter strains isolated from marine
mammals in this study, 16S rRNA PCR and sequence analysis
correctly identified all 71 strains as C. insulaenigrae. Another
identification method which would be rapid and would not
require phenotypic characterization is the use of multiplex
PCR. A multiplex PCR utilizing the lipid A gene /pxA4 has been
developed to differentiate between C. coli, C. jejuni, C. lari, and
C. upsaliensis (8) and could be modified to include C. insulae-
nigrae.
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The present study helped to establish a multilocus sequence
typing method that is valid for use with C. insulaenigrae, since
the previously established methods (2, 14) were not successful
in characterizing this species. Of the previously described ther-
mophilic MLST primer sets (14), only the primer sets for three
loci (aspA, atpA, and glnA) were amplified for C. insulaenigrae
strains consistently without modification of the primers. The
glyA, pgi, pgm, and tkt primer sets also had to be redesigned de
novo, since the original primer sets, used in the MLST methods
for other thermophilic Campylobacter spp., inconsistently am-
plified DNA from the strains in this study. Although the addi-
tion of these C. insulaenigrae-specific primer pairs would make
it more difficult to obtain a complete ST from any given strain
of Campylobacter isolated from a marine mammal, the com-
mon primer sets for the atpA and glnA loci could be used at
minimum to identify such strains to the species level, since
these primer pairs will amplify DNA from all known thermo-
philic Campylobacter species. Indeed, allelic sequences at these
loci were used to identify the novel strain 3413.

The citrate synthase (glz4) gene could not be amplified for
any of the C. insulaenigrae strains, suggesting strongly that the
gltA gene is absent from this species. In a previous study de-
veloping an MLST method for multiple Campylobacter spp.,
the gltA gene of C. lari also could not be amplified (14). Anal-
ysis of the recently completed C. lari genome indicated that in
strain RM2100, the gltA gene specifically and multiple tricar-
boxylic acid cycle genes in general were absent (unpublished
data). Pairwise comparisons of the concatenated C. insulaeni-
grae allele sequences indicated that the closest relative to C.
insulaenigrae is C. lari (85% similarity). Additionally, the four
original Scottish C. insulaenigrae strains were 98.3% similar to
C. lari, based on pairwise sequence comparisons of 16S rRNA
gene sequences (3).

Campylobacter lari is a thermophilic Campylobacter species
which was first isolated from healthy gulls and is often found in
the feces of other healthy bird species (15, 21). One could
hypothesize that C. insulaenigrae evolved from C. lari based on
the presence of both of these Campylobacter species in marine
birds and mammals. Gulls could shed the bacteria in the ma-
rine environment, and they could then have been picked up by
seals and other marine mammals with concomitant host adap-
tation. Alternatively, C. lari and C. insulaenigrae could share a
common ancestor. Other factors in support of these theories
are their genetic relatedness and the fact that both Campy-
lobacter species lack the citrate synthase gene.

For the C. insulaenigrae strains isolated from northern ele-
phant seals in California, there were a large number of alleles
but not much variation at the nucleotide level among the
alleles. Nevertheless, phylogenetic analysis identified two C.
insulaenigrae clades: the primary clade, containing exclusively
California strains, and a secondary clade, containing some Cal-
ifornia strains and all of the original Scottish strains. As de-
scribed above, the California strains present in the secondary
clade were almost entirely those isolated at TMMC during
2004 and comprised sequence types ST-25, ST-30, and ST-39.
Further analysis of strains isolated at TMMC indicates the
presence of other predominant STs, namely, ST-5 and ST-23,
during the previous year. This suggests that in each year a set
of distinct C. insulaenigrae strains was propagated laterally
through the facility, probably fairly early in the season, infect-
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ing multiple seals in rehabilitation. Further evidence for this is
provided by the five seals from which C. insulaenigrae was
isolated at the time of admission and again during rehabilita-
tion. Strains with a distinct and with one exception unique ST
were isolated from each of the five seals upon admission, but
each was infected with one of the prevailing STs during reha-
bilitation. Interestingly, the prevailing STs differed between
2003 and 2004, indicating that the source was probably an
infected seal introduced to the facility and not an endogenous
source, such as the water supply. The transmission of isolates
between seals is probably due to the fact that multiple seals (up
to five) can be housed together in one pen and the pens are
connected, allowing for contact with seals in the same pen and
neighboring pens. Also, the presence of secondary clade STs
only in 2004 may indicate a population shift among the C.
insulaenigrae strains infecting marine mammals. Typing of ad-
ditional strains, isolated during the subsequent years, will be
necessary to answer some of these questions.

The absence of substantial sequence variation among the
MLST alleles could be explained by the fact that these strains
are isolated from the same species of seal within a similar
geographic location in California. We have additional Campy-
lobacter isolates from northern elephant seals and California
sea lions (Zalophus californianus) in southern California that
will be characterized and compared to the current strains in a
future study in order to further elucidate the variability within
C. insulaenigrae. We also hope to find more strains from these
animals that are similar to the one C. upsaliensis/C. helveticus-
like organism. This isolate (strain 3413) was identified as C.
upsaliensis using 16S rRNA PCR, and preliminary MLST re-
sults indicate that this strain is similar to but distinct from
(approximately 10% sequence divergence) both C. upsaliensis
and C. helveticus. Campylobacter upsaliensis and C. helveticus
are species that are associated with healthy cats and dogs but
are sometimes isolated from animals with diarrhea (4, 21). In
addition to further characterization of C. insulaenigrae and the
C. upsaliensis-like organism, it will be important to determine
if these Campylobacter species have virulence genes, since it is
not known if they can cause disease in marine mammals.

The isolation of C. insulaenigrae from northern elephant
seals in California has helped to further shed light on this
complex and highly variable species. Campylobacter insulaeni-
grae is a phenotypically diverse species that may have evolved
from or at least shares a common ancestor with C. lari. The
identification of C. insulaenigrae by phenotypic methods often
can be misleading; therefore, it is important to develop a stan-
dardized methodology for identification of Campylobacter spe-
cies from marine mammals which does not rely entirely on
phenotypic identification but also includes a molecular char-
acterization using methods such as 16S rRNA PCR and/or
multiplex PCR. A novel multilocus sequence typing method
was developed for the identification of C. insulaenigrae and has
proven to be useful for comparison within and between
Campylobacter species. Finally, sequence data obtained by
MLST of these C. insulaenigrae strains provide further evi-
dence that C. insulaenigrae sp. nov. is a new Campylobacter
species, which may be restricted to marine mammals but is
genetically distinct from related thermophilic Campylobacter
species, such as C. lari. Sequence typing and characterization
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of additional strains will only serve to solidify its position
within the genus.
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