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Abstract

Background: Since 1994, Brucella strains have been isolated from a wide range of marine
mammals. They are currently recognized as two new Brucella species, B. pinnipedialis for the
pinniped isolates and B. ceti for the cetacean isolates in agreement with host preference and specific
phenotypic and molecular markers. In order to investigate the genetic relationships within the
marine mammal Brucella isolates and with reference to terrestrial mammal Brucella isolates, we
applied in this study the Multiple Loci VNTR (Variable Number of Tandem Repeats) Analysis
(MLVA) approach. A previously published assay comprising 16 loci (MLVA-16) that has been shown
to be highly relevant and efficient for typing and clustering Brucella strains from animal and human
origin was used.

Results: 294 marine mammal Brucella strains collected in European waters from 173 animals and
a human isolate from New Zealand presumably from marine origin were investigated by MLVA-16.
Marine mammal Brucella isolates were shown to be different from the recognized terrestrial
mammal Brucella species and biovars and corresponded to 3 major related groups, one specific of
the B. ceti strains, one of the B. pinnipedialis strains and the last composed of the human isolate. In
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the B. ceti group, 3 subclusters were identified, distinguishing a cluster of dolphin, minke whale and
porpoise isolates and two clusters mostly composed of dolphin isolates. These results were in
accordance with published analyses using other phenotypic or molecular approaches, or different
panels of VNTR loci. The B. pinnipedialis group could be similarly subdivided in 3 subclusters, one
composed exclusively of isolates from hooded seals (Cystophora cristata) and the two others
comprising other seal species isolates.

Conclusion: The clustering analysis of a large collection of marine mammal Brucella isolates from
European waters significantly strengthens the current view of the population structure of these two
species, and their relative position with respect to the rest of the Brucella genus. MLVA-16 is
confirmed as being a rapid, highly discriminatory and reproducible method to classify Brucella strains
including the marine mammal isolates. The Brucella2009 MLVA-16 genotyping database available at
http://mlva.u-psud.fr/ is providing a detailed coverage of all 9 currently recognized Brucella species.

http://www.biomedcentral.com/1471-2180/9/145

Background

Brucellae are Gram-negative, facultative, intracellular bac-
teria that can infect many species of animals and man. Six
species were classically recognized within the genus Bru-
cella: B. abortus, B. melitensis, B. suis, B. ovis, B. canis, and B.
neotomae [1,2]. This classification is mainly based on dif-
ferences in pathogenicity, host preference, and pheno-
typic characteristics [1-3]. Three additional species have
been recently included in the genus Brucella, i.e. B. ceti and
B. pinnipedialis isolated from marine mammals, with ceta-
ceans (dolphin, porpoise, and whale species) and pinni-
peds (various seal species) as preferred hosts respectively
[4], and B. microti isolated from the common vole [5].
From a phenotypic point of view, B. ceti and B. pinnipedi-
alis can be distinguished by their growth requirement for
CO, and their oxidative metabolism [6,7].

The phylogenetic significance of this separation is sup-
ported by molecular analyses. At the molecular level, evi-
dence for two distinct marine mammal Brucella
subpopulations subsequently given species rank and des-
ignated B. ceti and B. pinnipedialis has been initially pro-
vided by study of DNA polymorphism at the porin-
encoding omp2 locus [8]. This was further confirmed by
an infrequent restriction site-PCR (IRS-PCR) method,
reflecting the higher number of IS711 elements in the
genome of marine mammal isolates compared to terres-
trial mammal Brucella species [9-11]. IRS-PCR revealed six
specific DNA fragments useful for the detection and iden-
tification of marine mammal Brucella isolates and the
presence of a putative genomic island only in seal isolates
except for hooded seal isolates [11,12]. Interestingly to
date three human cases, one from New Zealand and two
from Peru, with Brucella infections presumably of marine
origin, have been described according to the specific
molecular markers cited above, and may point towards a
zoonotic potential of these marine mammal Brucella spe-
cies [13,14]. One human case with laboratory acquired
infection has also been reported [15].

In the past few years, polymorphic tandem repeat loci
have been identified by analysing published genome
sequences of B. melitensis 16 M, B. suis 1330, and B. abortus
9-941 [16-18]. Hundreds of Brucella strains have been
typed to allow the development of an assay, called MLVA-
16 assay (Multiple Locus VNTR Analysis) [5,17-23]. The
sixteen loci have been grouped in 3 panels, called panel 1
(8 minisatellite loci), panel 2A (3 microsatellite loci) and
panel 2B (5 microsatellite loci) [17,20]. Panel 1 has
shown to be useful for species identification. Panel 2A and
panel 2B increased the discriminatory power. Panel 2B
was selected to contain the more highly variable markers,
which is why this panel is often given a lower weight in
clustering analysis [20,21]. Three of the five octamers in
panel 2B have been initially evaluated by Bricker et al.
[16]. The MLVA-16 assay provides a clustering of strains
that is in accordance with the currently recognized Brucella
species and biovars isolated from terrestrial mammals.

The aim of this study was to evaluate the MLVA-16 assay
for the classification of marine mammal Brucella isolates,
using 294 marine mammal Brucella strains obtained from
173 animals representing a wide range of marine mam-
mal species from different European geographic origins
(excluding the Mediterranean sea). This study also
included the strain, presumably of marine origin, isolated
from a patient in New Zealand [14]. A tentative overview
of the global Brucella population structure was produced
by comparison with published typing data.

Results

All strains could be typed at all loci, with few exceptions
for panel 2B loci. At the loci bruce04, bruce09 and
brucel6, multiple bands were observed in the PCR prod-
ucts of 12, 9 and 6 strains, respectively. This may suggest
that in some occasions multiple alleles are present in the
DNA preparation. Besides, two strains were negative in
PCR either for bruce07 or bruce30. In 69 animals, strains
were initially isolated from different organs, contributing
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121 extra strains. In sixteen among these animals, more
than one genotype was observed (in one animal 5 differ-
ent genotypes were found). In most cases, these genotypes
were also observed in at least one other animal. In five
cases, at least one of the genotypes was unique in the
present collection, suggesting that the presence of multi-
ple genotypes could be the result of a mutation event that
occurred in the course of infection. Three of these new
genotypes were the result of one repeat unit changes at a
single locus. The other two were a 2 repeat units change in
bruce04 and a four repeat units change in bruce09. These
observations suggest that occasionally the most highly
mutable loci may vary in the course of infection. They also
do not exclude the possibility that animals carrying mul-
tiple variants may have been infected by multiple strains
present within the community.

The 294 investigated marine mammal Brucella isolates
which originated from 173 animals and one patient clus-
tered in 117 different genotypes using the complete
MLVA-16 assay. One representative for each genotype and
animal was used for analysis, totalling 196 strains (Figures
1, 2, 3). Three main groups were identified, the B. ceti
group, the B. pinnipedialis group and a third group com-
prising the human isolate from New Zealand. The 117
representative genotypes were compared with the 18 ter-
restrial mammal Brucella reference strains and published
data (Figure 4). The 3 clusters were clearly separated from
all the terrestrial mammal isolates.

The cetacean group composed of 102 strains presenting
74 genotypes (1-74) (Figure 1) could be separated into
three major subclusters. The first two subclusters A1 and
A2, from genotype 1 to 18 were only composed of dol-
phin isolates and one minke whale isolate (9 isolates from
striped dolphins (Stenella coeruleoalba), 11 from Atlantic
white sided dolphins (Lagenorhynchus acutus), 2 from bot-
tlenose dolphins (Tursiops truncatus) and 1 from a com-
mon dolphin (Delphinus delphis)). These two subclusters
correspond to sequence type ST26 [24], MLVA panel 1
genotype 24 (subcluster A1) and 77 (subcluster A2, Figure
1 and Figure 3), and together correspond to cluster A in
[25] (Figure 3). The third subcluster, from genotype 19 to
74 corresponds to MLST sequence type 23, MLVA-16
panel 1 genotypes 23, 69 and 70, and is cluster B in [25]
(Figure 1 and Figure 3). This subcluster was composed of
78 strains. Sixty-four were obtained from porpoises, 12
from 4 species of dolphins (9 from Atlantic white sided
dolphin (Lagenorhynchus acutus), one from a white-beaked
dolphin (Lagenorhynchus albirostris), one from a bot-
tlenose dolphin (Tursiops truncatus), one from a common
dolphin (Delphinus delphis), and one from a minke whale
(Balaenoptera acutorostrata) isolated in Norway in 1995
[10] (Figure 1). An exception was the bmarl11 (strain
number M490/95/1), with the genotype 20, isolated in
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Scotland from a harbour (or common) seal (Phoca vitu-
lina) and which belongs to the B. ceti group (Figure 1).
This is, however, in agreement with previous observa-
tions, either phenotypic [26] or molecular, including
MLVA typing [25]. This particular strain carries the two
specific IRS-PCR fragments (II and III) of the B. ceti strains
[11], and the PCR-RFLP pattern of the omp2 genes is sim-
ilar to that of Brucella strains isolated from porpoises [8].

The 93 representative B. pinnipedialis strains presented 42
different genotypes (75-116) (Figure 2) corresponding to
cluster C in [25]. This group of isolates could similarly be
further divided in three major subclusters. The first sub-
cluster (genotype 75 to 101) was composed of several seal
isolates (harbour seal and grey seal (Halichoerus grypus))
and the isolate from a European sea otter (Lutra lutra). It
corresponds to MLST sequence type 25, MLVA panel 1
genotypes 25, 72, 73, and cluster C2 in [25]. The second
subcluster (MLVA genotypes 102 to 107) corresponds to
MLST sequence type 24, MLVA panel 1 genotypes 71 and
79 and is cluster C1 in [25]. Interestingly, the hooded seal
isolates (15 strains) were exclusively clustered in 9 closely
related genotypes, forming the third subcluster of the pin-
niped isolates (genotype 108 to 116) called C3 in [25].
Most of the hooded seal isolates analysed in this study
were isolated in Norway in 2002 [27] and there were also
4 hooded seal isolates from Scotland that clustered with
the Norwegian isolates. One of the 93 strains of the B. pin-
nipedialis group was obtained from a cetacean. This strain
(M192/00/1), identified as bmarl60 with the
genotypel07 in Figure 2, was isolated from a minke whale
in Scotland in 2000. This strain was also demonstrated as
a B. pinnipedialis strain by other molecular markers, as
described by Maquart et al. [12] and Groussaud et al. [25].

The human isolate 02/611 (bmar265) from New Zealand
(genotype 117 (Figure 2)), clearly separates from the clus-
ters described above but fits in an intermediate position
within the marine mammal groups of isolates in agree-
ment with previous MLST analyses [28]. Figure 3 suggests
a position closer to the B. ceti group in agreement with the
phenotypic behaviour [14], but the typing of more strains
from Pacific waters [29-31] will be needed in order to
achieve a more conclusive cluster analysis.

Owing to the inclusion of 40 representative strains in
duplicate, the results described above could be compared
to those recently described by Groussaud et al. who stud-
ied 74 marine mammal isolates by multilocus sequence
typing, multilocus sequence analysis (MLST, MLSA) and
MLVA. Duplicate typing was useful since Groussaud et al.
used a partially different set of 21 VNTRs [25] (9 loci are
common, including three loci from panel 1 (Bruce 08, 45,
55), one from panel 2A (Brucel8) and the whole panel
2B).
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Key  genotype strain_id organ year host Host (latin) country  panelt ST
bmar1s6 1 M642/99/2  brain 1999 striped dolphin Stenella coeruleoalba Scofland 24 ST26
bmar37s 1 M105/06/8  liver 2006 AWSD Lagenorhynchus acutus Scofland 24
bmar283 2 M42/0711  liver 2007 AWSD Lagenorhynchus acutus Scofland 24
« Cl u Ste r A » bmar312 3 M57/07/1  spleen 2007 AWSD Lagenorhynchus acutus Scotland 24
bmar259 3 CITA spleen 2004 striped dolphin Stenella coeruleoalba Spain 2
bmar3g2 4 M260/03/1  brain 2003 AWSD Lagenorhynchus acutus Scotland 24
bmar167 4 M22/0211  mesenteric LN 2002 striped dolphin Stenella coeruleoalba Scotland 24
bmart13 5 M18/96/1  sub-cutaneous lesion 1996 AWSD Lagenorhynchus acutus Scofland 24
« A 1 » bmar011 6 M644/93/1  sub-cutaneous lesion 1993 common dolphin  Delphinus delphis Scofland 24 ST26
bmar166 6 M9/02/01  sub-blubber abscess 2002 striped dolphin Stenella coeruleoalba Scofland 24
_r_| bmart10 6 M40/95/1  sub-cutaneous lesion 1995 striped dolphin Stenella coeruleoalba Scotiand 24 ST26
bmar2ss 7 M13/05/1  brain 2005 striped dolphin Stenella coeruleoalba Scofland 24 ST26
S —— bmar292 8 M222/07/1  liver 2007 AWSD Lagenorhynchus acutus Scotland 24
bmar262 9 M656/99/1  brain 1999 striped dolphin Stenella coeruleoalba Scotland 24 ST26
bmar014 10 M2194/94/1 spleen 1994 striped dolphin Stenella coeruleoalba Scotland 24 ST26
bmar290 11 M158/06/1  brain 2006 AWSD Lagenorhynchus acutus Scofland 24
bmard67 12 M35008/2  kidney 2008 minke whale Balaenoptera acutorostrata  Scotland 24
bmar322 13 MS2007/1  spleen 2007 AWSD Lagenorhynchus acutus Scofland 24
bmar329 14 M66/06/1  Kidney 2006 AWSD Lagenorhynchus acutus Scofland 77
bmar284 14 M83/07/1 kidney 2007 AWSD Lagenorhynchus acutus Scotland 7
bmar363 15  M267/051 colorectal LN 2005 AWSD Lagenorhynchus acutus Scotland 77
« A 2 ) bmar153 16 M654/99/1 brain 1999 striped dolphin Stenella coeruleoalba Scolland 77 ST26
bmar368 17 M231/07/2  brain 2007 botllenose dolphin  Tursiops truncatus Scotland 77
bmar298 18 M231/07/3 kidney 2007 bottlenose dolphin  Tursiops truncatus Scofland 77
bmart03 19 M1068/91/2 sub-cutaneous lesion 1991 porpoise. Phocoena phocoena Scofland 23
bmart11 20 M490/95/1 1995 harbour seal Phoca vitulina Scofland 23 ST23
bmar187 21 MB9/05/1  spleen 2005 porpoise Phocoena phocoena Scofland 69 ST23
bmart08 22 M997/94/2 1994 AWSD Lagenorhynchus acutus Scotland 69
bmar371 23 MB85/06/3  atlanto-occipital pus 2006 porpoise Phocoena phocoena Scotland 23
bmar158 24 M2000/1 internal inguinal LN 2000 AWSD Lagenorhynchus acutus Scotland 23
bmar232 25 M130/03/2  lung 2003 porpoise Phocoena phocoena Scotland 23
bmar220 26 M120003  lung 2000 porpoise Phocoena phocoena Scotland 23
bmar1s7 27 MS75/99/4 brain 1999 porpoise Phocoena phocoena Scofland 23
bmar359 28 M311/03/5 liver abscess or uterine swab 2003 porpoise Phocoena phocoena Scofland 23
bmar117 29 M854/98/8  kidney 1998 porpoise Phocoena phocoena Scotland 23
bmar223 30 M130/02/2  lung 2002 porpoise Phocoena phocoena Scotland 23 ST23
bmar270 31 MS55/07/1 kidney 2007 porpoise Phocoena phocoena Netherlands 23
bmar338 31 M67/07/3  lung 2007 porpoise Phocoena phocoena Scofland 23
bmar52 32 MS63/99/2 lung 1999 porpoise Phocoena phocoena Scofland 23 ST23
bmart14 33 M515/96/2 spinal lesion 1996 porpoise Phocoena phocoena Scofland 23 ST23
bmar306 34 M99/07/1  spleen 2007 porpoise Phocoena phocoena Scofland 23
bmare4 34 M49/01/1  spleen 2001 porpoise Phocoena phocoena Scofland 23
bmari12 35 M2438/95/1 1995 AWSD Lagenorhynchus acutus Scofland 23
bmar185 36 M51/042  mammary gland 2004 porpoise Phocoena phocoena Scofland 23
bmar118 37 M1747/98/3 spleen or mesentericLN 1998 porpoise Phocoena phocoena Scotland 23
bmar016 38 M870/97/1 liver 1997 dolphin L bbirostris  Scotland 23
« C | u Ste r B » bmari74 39 M230034 liver 2003 porpoise Phocoena phocoena Scofland 23
bmar257 40 M120/05/1 mesenteric LN 2005 porpoise Phocoena phocoena Scofland 23 ST23
bmar015 40 M181/97/ spleenlesion 1997 AWSD Lagenorhynchus acutus Scofland 23 ST23
bmar1g2 41 MS58/05/1  kidney 2005 porpoise Phocoena phocoena Scotiand 23 ST23
bmar346 41 M186/07/12 spleen 2007 porpoise Phocoena phocoena Scofland 23
1 bmar115 42 M452/97/2  spleen 1997 ‘common dolphin Delphinus delphis Scotland 23 ST23
bmart62 43 M187/00/ spleen 2000 AWSD Lagenorhynchus acutus Scofland 23 ST23
bmar281 44 M70/02/1 spinal lesion 2002 porpoise Phocoena phocoena Scotland 23
bmar256 45 M100/04/6 lung 2004 porpoise Phocoena phocoena Scofland 23
bmar297 45 M137/05/5 kidney 2005 porpoise Phocoena phocoena Scofland 23 ST23
bmar150 46 M610/99/1  liver 1999 porpoise Phocoena phocoena Scotland 23
bmar175 47 M89/03/5 brain 2003 porpoise Phocoena phocoena Scotland 23
- bmar176 47 M165/03/6  spleen 2003 porpoise Phocoena phocoena Scotland 23
bmar102 48 7763/2 1997 bottlenose dolphin Tursiops truncatus France 23 sT23
bmar159 48 M499/99/5 spleen 1999 porpoise Phocoena phocoena Scotland 23
bmar012 48 M1570/94/1 blood 1994 porpoise Phocoena phocoena Scofland 23 ST23
bmar280 49 M83(01/4  spleen 2001 porpoise Phocoena phocoena Scotland 23
bmar286 50 M39/06/6  lung 2006 porpoise Phocoena phocoena Scofland 23
bmar381 50  M99/07/2  kidney 2007 porpoise Phocoena phocoena Scofland 23
bmar214 50 M103/99/ thoracic fluid 1999 porpoise Phocoena phocoena Scofland 23
bmar323 51 M24/0811  lung 2008 porpoise Phocoena phocoena Scofland 23
bmar266 51 M245/05/2  testicular abscess 2005 porpoise Phocoena phocoena Scofland 23
L bmar013 51 M1661/94/2 uterus 1994 porpoise Phocoena phocoena Scotland 23 ST23
bmar51 52 M615/99/2  epididymis 1999 porpoise Phocoena phocoena Scofland 23
bmar379 52 M245/05/4 liver 2005 porpoise Phocoena phocoena Scotland 23
5 bmar230 52 M108/03/1 lung 2003 porpoise Phocoena phocoena Scofland 23
\———  bmar204 53  M181/07/7 MLN 2007 porpoise Phocoena phocoena Scofland 23
bmar231 54 M116/03/2 spleen 2003 porpoise Phocoena phocoena Scofland 23
bmari78 55  M78/052  vertebral lesion 2005 porpoise Phocoena phocoena Scofland 23 ST23
bmar311 56 M49/01/2 liver 2001 porpoise Phocoena phocoena Scotland 23
bmar233 57 M150/03/3 spleen 2003 porpoise Phocoena phocoena Scofland 23
bmar291 58 M52001/2  spleen 2001 AWSD Lagenorhynchus acutus Scofland 23
bmard65 59 M234/052 lung 2005 porpoise Phocoena phocoena Scotiand 23 ST23
bmar314 60  M12004/8 spinal abscess 2004 porpoise Phocoena phocoena Scofland 23
bmar269 60 M90/06/4 spleen 2006 porpoise Phocoena phocoena Scotland 23
bmar183 60 M291/03/2  blubber 2003 porpoise Phocoena phocoena Scotland 23
bmar147 61 M493/99/1  liver 1999 porpoise Phocoena phocoena Scotland 23
bmar360 62 M54/07/11  lung 2007 porpoise Phocoena phocoena Scotland 23
bmart63 62 M46/01/2  sub-blubber abscess 2001 porpoise Phocoena phocoena Scofland 23 ST23
bmar186 63 M93/04/3 lung 2004 porpoise Phocoena phocoena Scotland 23
—_— bmard78 63 MO7/06/1  MLN 2006 porpoise Phocoena phocoena Scofland 23
bmarl77 64 M74/052  kidney 2005 porpoise Phocoena phocoena Scofland 23 ST23
bmar332 64 M137/05/4 liver 2005 porpoise Phocoena phocoena Scofland 23 ST23
bmart95 65  B202R-F7 1992 minke whale Balaenoptera acutorostrata Norway 23 ST23
- bmar260 65  AFSSA 05-068 2005 porpoise Phocoena phocoena France 23
bmar301 66 M217/03/4 mammary gland 2003 porpoise Phocoena phocoena Scofland 23
bmari84 67  M38/04/3 thymus lesion 2004 porpoise Phocoena phocoena Scotland 23
bmart80 68 M61/051  meninges 2005 AWSD Lagenorhynchus acutus Scofland 23
bmar296 68 M147/08/2 kidney 2008 porpoise Phocoena phocoena Scofland 23
bmar374 68 M199/04/3 spinal lesion 2004 porpoise. Phocoena phocoena Scofland 23 ST23
bmar106 69 M39/94/1 mammary 1994 porpoise Phocoena phocoena Scotland 23 sT23
bmar181 70 M199/04/2 liver 2004 porpoise Phocoena phocoena Scofland 23 ST23
bmar116 ral M2788/97/1 spleen 1997 AWSD Lagenorhynchus acutus Scotland 23
bmar213 72 M2788/97/2 1997 AWSD Lagenorhynchus acutus Scofland 23
e bmar222 73 M117/011  epididymis 2001 porpoise Phocoena phocoena Scofland 23
e bmar254 74 M195/03/10 milk of left mammary gland 2003 porpoise Phocoena phocoena Scofland 70

Figure |

MLVA-16 clustering analysis of 102 B. ceti strains defines three groups of strains. All B. ceti isolates cluster into a
first part (genotypes | to 74) of the dendogram constructed from MLVA-16 testing of 294 Brucella strains obtained from 173
marine mammals (pinnipeds, otter and cetaceans) and one human patient from New Zealand. One strain per genotype and per
animal is included (consequently some animals are represented by more than one strain), 196 entries are listed corresponding
to |17 genotypes. In the columns, the following data are presented: DNA batch (key), genotype, strain identification, organ,
year of isolation, host (AWSD: Atlantic White Sided Dolphin), host (Latin name), geographic origin, MLVA panel | genotype,
sequence type when described by Groussaud et al. [25]. The colour code reflects the host species (see Figure 3 for detailed
correspondence). No colour was used when identical genotypes were observed in different host species. The letter nomencla-
ture proposed by Groussaud et dl. is used (B. ceti, cluster A (ST26) further subdivided into Al and A2 and cluster B (ST23)).
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Key  genotype strain_id organ year host Host (latin) country  panelt sT
bmar0es 75 1267 lung 2004 harbour seal Phoca vitina Germany 2
bmaric0 75 1268 intestine 2004 harbour seal Phaca vituina Germany 2
bmar007 76 MO72041  extemalilacLNMANLN 1994 harbour seal Phoca vitina Scotiand 2
bmaroto 77 MS14964  ung 1996 harbour seal Phaca vituina Scotiand 2 st25
bmartas 77 Mads992  ung 1999 harbour seal Phoca vitina Scotland 2 st25
bmaro3s 78 8171 tounge 2000 harbour seal Phaca vituina Germany 2
bmart7s 78 M509021  mesenteric LN 2002 harbour seal Phocavitina Scotland 2
bmar09s 79 11266 intestinal conent 2003 harbour seal Phocavitina Germany 2
bmarce?7 80 1235 intestine 2002 harbour seal Phoca vitina Germany 2
bmarces 80 123 lung 2002 harbour seal Phaca vituina Germany 2
bmarc2t 81 8105 intestinal content 1998 harbour seal Phocavitina Germany 2
bmaro30 81 8152 lung 1999 harbour seal Phaca vituina Germany 2
bmar03t 81 8153 lung 1999 harbour seal Phoca vitina Germany 2
bmaroz2 81 8154 intestinalcontent 1999 harbour seal Phaca vituina Germany 2
bmar034 81 8156 lung 2000 harbour seal Phoca vitina Germany 2
bmar043 81 e236 iver 2000 harbour seal Phoca vitina Germany 2
bmar023 81 8107 lung 1998 harbour seal Phoca vitina Germany 2
bmar0s3 81 1221 spleen 2001 harbour seal Phaca vitina Germany 2
bmar0ss 81 1226 spleen 2001 harbour seal Phocavitina Germany 2
bmaro2s 81 8108 lung 1098 harbour seal Phaca vitina Germany 2
bmarcst 81 1229 pulmonary worm (Paraflaroide. 2001 harbour seal Phocavitina Germany 2
bmarce2 81 1230 lung 2002 harbour seal Phaca vituina Germany 2
bmar0e3 81 231 lung 2002 harbour seal Phoca vitina Germany 2
T bmar070 81 1238 iver 2002 harbour seal Phoca vitina Germany 2
bmar07s 81 244 ver 2002 harbour seal Phoca vitina Germany 2
bmar0e0 81 1258 idney 2002 harbour seal Phaca vitina Germany 2
bmar0ds &2 a2z puimonary secretion 2000 harbour seal Phoca vitina Germany 2
bmarc27 82 8150 ung 1908 harbour seal Phaca vitina Germany 2
bmaro2s 82 s168 lung 1998 harbour seal Phocavitina Germany 2
bmar039 83 8174 Kioney 2000 harbour seal Phoca vitina Germany 2
bmar097 83 11265 lung 2003 harbour seal Phocavitina Germany 2
bmar0s2 83 11220 lung 2001 harbour seal Phoca vitina Germany 2
bmaross 83 1223 lung 2001 harbour seal Phoca vituina Germany 2
bmar0s7 83 11225 ung 2001 harbour seal Phoca vitina Germany 2
bmarces 83 1233 lung 2002 harbour seal Phoca vituina Germany 2
bmaro72 83 11240 dney 2002 harbour seal Phaca vitina Germany 2
bmar03s 84 8173 spleen 2000 harbour seal Phocavitina Germany 2
bmari2s 84 M33694/1  intemal inguinal LN 1904 harbour seal Phoca vitina Scotland 2
bmar02s 84 a167 lung 1998 harbour seal Phocavitina Germany 2
bmar07t 84 11239 spleen 2002 harbour seal Phoca vitina Germany 2
bmar0ss 84 1251 pancreas 2002 harbour seal Phocavitina Germany 2
bmar0et 84 1259 lung 2002 harbour seal Phoca vitina Germany 2
| bmar0e2 84 1250 splean 2003 harbour seal Phaca vituina Germany 2
_| B 1999 harbour sea Phoca viina scotond 25
« C | u St e r C » bmar00g 84 M2375/0413  lung 1994 gray seal Halichoerus grypus Scotland 2 sT25
bmaro7s 85 1242 intestine 2002 harbour seal Phoca vitina Germany 2
bmart30 85 MIZ7/941  intemal inguinal LN 1004 otter Lutralutra Scotland 2 B
bmar077 85 11245 spleen 2002 harbour seal Phoca vitina Germany 2
bmarcgs 85 11254 spleen 2002 harbour seal Phaca vitina Germany 2
bmarcgs 85 112857 iver 2002 harbour seal Phaca vitina Germany 2
bmarz2t 86 MISOU1 ung 2001 harbour seal Phocavitina Scotland 2 st25
b bmartet 7 MIS4001  lung or spleen 2000 aray seal Halichoerus grypus Scotland 2
[ | bmarost 88 B244 lung 2000 harbour seal Phocavitina Germany 2
bmar0es 89 11234 iver 2002 harbour seal Phoca vitina Germany 2
bmarces 90 11256 lung 2002 harbour seal Phoca vitina Germany 2
bmarcs7 91 11255 spleen 2002 harbour seal Phoca vitina Germany 2
bmaross 92 1232 lung 2002 harbour seal Phocavitina Germany 2
bmarcss 92 1252 spleen 2002 harbour seal Phaca vitina Germany 2
bmarcss 92 11253 lung 2002 harbour seal Phocavitina Germany 2
«C2» B e comary 7
bmaro73 93 1241 lung 2002 harbour seal Phoca vitina Germany 2
bmar033 94 8155 spleen 1099 harbour seal Phoca vitina Germany 2
bmar0as 95 o241 gastic content 2000 harbour seal Phocavitina Germany 2
bmar03s 96 8170 intestine 2000 harbour seal Phoca vitina Germany 2
bmartos 97 M2466/9314  spleen 1993 harbour seal Phocavitina Scotiand 7
bmardes 98 MaT4022  spleen 2002 harbour seal Phoca vitina Scotiand 7
bmar02s 99 a169 lung 1998 harbour seal Phocavitina Germany 7
bmarfss 100 Me21e92  lung 1999 gray seal Halichoerus grypus Scotland 2 st25
—L e o e o o harse Frocavtuna soms 25
bmarfés 102 M250/023 spleenorfver 2002 harbour seal Phoca vitina Scotiand 7
« C 1 » bmar004 102 M2533931  spleen 1093 harbour seal Phaca vitina Scotiand 7 st24
bmar029 103 8151 ung 1098 aray seal Halichoerus grypus Germany 7
bmarf6s 104 M30S0211 spieen 2002 harbour seal Phocavitina Scotland 7
bmard7? 105 MG ung 2006 aray seal Halichoerus grypus Scotland 7
bmar005 105 M292194/1 sploen 1994 harbour seal Phocavitina Scotiand 7 st20
_— bmarf6d 107 M1920011  mesentericLN 2000 minke whale Balaenoptera acutorosirata Scotland 7 st2a
| I [ - et 22 natou s Procaina sootons 1
bmari72 107 M449022  lung 2002 harbour seal Phoca vitina Scotland 7
bma22s 108 25a1 spleen 2002 hooded seal Cystophora crstata Norway 3
bmer24s 108 7ct mediastinal LNN 2002 hooded seal Cystophora crstata Norway 7
bmaries 109 392 iver 2002 hooded seal Cystophora crstata Norway 7
bma22e 110 oa spleen 2002 hooded seal Cystophora crstata Norway 7
bma23s 110 17edt tiver 2002 hooded seal Gystophora cristata Norway 7
« C3» ot 7
bma2s0 110 38gt dney 2002 hooded seal Cystophora crstata Norway 7
bmar26t 110 Me03e97  spieen 1999 hooded seal Gystophora crstata Scotiand 7 B
bmares A1 2261 ung 2002 hooded seal Cystophora crstata Norway 7
bmari09 112 M200GI946  extomal ilac LN 1004 hooded seal Cystophora crstata Scotland 7 B
bma2s3 113 et mediastinal LNN 2002 hooded seal Cystophora crstata Norway 7
bmar226 114 23a spleen 2002 hooded seal Gystophora cristata Norway s
bmaz2r 114 24e2 spleen 2002 hooded seal Cystophora cristata Norway .
bmar215 115 M163/99/10  Kidney 1999 hooded seal Gystophora cristata Scotiand 7 st25
bma220 116 0at spleen 2002 hooded seal Cystophora crstata Norway u
bmar2es 117 o261 blood 2002 human NewZealand 78 str

Figure 2

MLVA-16 clustering analysis of 93 B. pinnipedialis strains defines 3 groups of strains. All B. pinnipedialis isolates clus-
ter together in the second part (genotypes 75 to | 17) of the dendogram constructed from MLVA-16 testing of 294 Brucella iso-
lates obtained from 173 marine mammals (pinnipeds, otter and cetaceans) and one human patient from New Zealand. In the
columns, the following data are presented: DNA batch (key), genotype, strain identification, organ, year of isolation, host
(AWSD: Atlantic White Sided Dolphin), host (Latin name), geographic origin, MLVA panel | genotype, sequence type when
described by Groussaud et al. [25]. The colour code reflects the host species (see Figure 3 for detailed correspondence). No
colour was used when identical genotypes were observed in different host species. The red branch (genotype |17) corre-
sponds to the human isolate (ST27). The letter nomenclature proposed by Groussaud et dl. is used (B. pinnipedialis, cluster C,
including C1 (ST24), C2 (ST25) and C3 (ST25)).
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Brucella ceti

Cluster B
ST23

[ harbour seal
Il human
[ AWSD
hooded seal
striped dolphin
I gray seal
I minke whale
Il bottlenose dolphin
[ common dolphin
white-beaked dolphin

I otter
[ porpoise

Figure 3
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A1

Cluster A

o4 ST26
7
78
ST27
C1
71
79
ST24
23
=1\, %2 5 o
4 — TR
76 3 N\

Cluster C

Brucella pinnipedialis

Maximum parsimony analysis on | |7 marine mammal Brucella genotypes. Each coloured circle corresponds to one
MLVA-16 genotype from a marine mammal species. Numbers in black (23, 24, 25, 69 to 79) indicate the MLVA the panel | gen-
otype for the colour circle below. The panel | genotype along daughter branches is indicated only when it is different from the
proposed parent node (i.e. in cluster A, all strains are panel | genotype 24 in subcluster Al or 77 in subcluster A2). The tenta-
tive MLST sequence type (ST23 to ST27) as predicted from strains shared between this study and [25] is indicated, together

with species assignment. The host species colour code indicated is the same as in Figures | and 2 (AWSD: Atlantic White Sided

Dolphin).

Page 6 of 11

(page number not for citation purposes)



BMC Microbiology 2009, 9:145 http://www.biomedcentral.com/1471-2180/9/145

—%wag‘/ Zeotomae suis biovar 5
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biovar 2 I e Fieche 2006
- Garcia-Yoldi 2007b, Le Fléche 2006
Le Fléche 2006
I e Fleche 2006
- Garcia-Yoldi 2007b, Le Fleche 2006
I Le Fleche 2006, this study

. Le Fléche 2006, this study
ceti .
Le Fléche 2006
- Al Dahouk 2007, Garcia-Yoldi 2007a,
Kattar 2008, Le Fleche 2006, Smits 2009

pinnipedialis

abortus biovar 3, 5,6, 7,9

abortus biovar 1, 2, 4

melitensis
« West-mediterranean »

melitensis
« East-mediterranean »
E % melitensis « Americas »
Figure 4

Current view of the global population structure of the Brucella genus. Clustering was done using the Neighbor Join-
ing (N]) algorithm. The microti/neotomae cluster was used to root the tree. The dendrogram is based upon more than 500
genotypes, observed by typing more than 750 strains [see Additional file |]. The terrestrial mammal strains data were compiled
from [5,17,19-23,37]. The colour code reflects the Brucella species (or some highly specific biovars). The publications from
which the data were derived are indicated. The long blue branch close to the B. pinnipedialis cluster represents the human iso-
late from New Zealand (MLST ST27).
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Discussion

Since 1994, marine mammal Brucella strains have been
isolated and characterized, both phenotypically and by
means of different molecular typing methods. This led to
the division of the marine mammal Brucella strains in 2
species i.e. B. ceti on one side and B. pinnipedialis on the
other side defined by oxidative metabolism patterns and
CO, requirement for growth, and a number of subclusters
defined by complementary molecular analysis methods.

This MLVA-16 study is, to date, the most important one in
terms of number of strains analysed and number of ani-
mal species from which these strains have been isolated.
These strains were isolated from animals stranded, caught
or killed for scientific purposes in the waters surrounding
Europe, from the Barents Sea, above the Arctic Circle to
the Atlantic coast of Spain. For the 295 strains analysed,
using the MLVA-16 assay, 117 genotypes were resolved
and seven clusters were identified, (i) two clusters almost
exclusively composed of dolphin isolates, (ii) the pre-
dominantly porpoise cluster of strains (which also
includes several strains isolated from dolphins), (iii) two
main seal species clusters, (iv) the hooded seal cluster,
and (v) the human isolate. The last cluster might corre-
spond to Pacific Ocean isolates [29-31], which are under-
represented in the present collection. The hooded seal
cluster of strains was composed of strains from Scotland
and Norway. The low level of genetic diversity between
the hooded seal isolates from Scotland and from Norway
could indicate that all the investigated hooded seals orig-
inated from the same population of animals. The popula-
tion that was sampled between Svalbard and Greenland
have their breeding area in the pack ice north of Jan
Mayen (West Ice), but except for the few weeks on ice dur-
ing birth, mating and moulting, the hooded seal is a typi-
cal pelagic and a migratory species with a huge
geographical range [27]. It is thus likely that the hooded
seals stranded in Scotland were originally from this area
rather than from the more western bound populations of
hooded seals that breed in the Davis Strait and at the east
coast of Canada.

Groussaud et al. [25] analysed the diversity of marine
mammal isolates by MLVA using another selection of
VNTRs, including all 8 loci defining the HOOF-prints
MLVA assay described by Bricker et al. [16] and 13 addi-
tional loci characterised by Le Fleche et al. [17] and What-
more et al. [18]. This panel of 21 VNTR loci corresponded
to a 21-locus MLVA scheme sharing 9 loci with MLVA-16
and also provides a high degree of diversity. In this previ-
ous study, multilocus sequence types (STs) were deter-
mined, allowing the clustering of marine mammal
isolates in five groups labelled ST23 to ST27. The closely
related ST24 and ST25 were composed of the pinniped
isolates, forming the cluster C. The hooded seal isolates

http://www.biomedcentral.com/1471-2180/9/145

define subcluster C3. ST26 was exclusively composed of
dolphin isolates and formed the cluster A. The other ceta-
cean isolates all clustered in the cluster B (ST23) and con-
sisted of strains isolated from porpoises and dolphins.
ST27 was represented by only one isolate from an aborted
bottlenose dolphin foetus originating from the Western
coast of the United States (strain F5/99) [28]. Our results
are thus in excellent accordance with those published by
Groussaud et al. [25] showing that the previously identi-
fied population structure of marine mammal Brucella
strains is not significantly modified by the inclusion of a
large number of strains from European waters. MLVA-16
results are also in accordance with the recently reported
genomic structures of 24 marine mammal Brucella isolates
for which three subgroups were identified [32]. In that
study, one separate group was identified for the B. pinni-
pedialis strains, another subgroup included dolphin iso-
lates and a third subgroup comprised dolphin and
porpoise isolates. The only hooded seal isolate analysed
in that study clustered in the B. pinnipedialis group but
revealed a separate pattern with a 62 kb missing fragment,
specific for this group and relevant for a distinct genetic
background [32].

MLVA-16 classification in the present report revealed
some exceptions like the M490/95/1 strain, isolated from
a common seal, which was clustered in the B. ceti group of
strains. This exception suggests that transmission from
cetaceans to pinnipeds may occur. Although the currently
recognized terrestrial mammal Brucella species also have a
preferred host, they can be isolated from different hosts in
regions where brucellosis is endemic, e.g. B. melitensis
which has been isolated from cattle in the southern part
of France [33].

The human isolate from New Zealand formed a separate
seventh MLVA-16 cluster. Whatmore et al. [28] have
shown that the F5/99 strain, isolated from an aborted bot-
tlenose dolphin fetus from the Western coast of the
United States (together with three human isolates, one
from New Zealand and two from Peru) shared the same
MLST genotype (ST27). Interestingly, at the omp2 level
both strains were identical and also identical to isolates
from the North Pacific minke whales. In all these strains
the porin omp2 genes were different from those from
marine mammal strains isolated on European coasts [30].
Briefly, the omp2 genes of these isolates from the Pacific
share common features with both marine mammal (from
Europe) and terrestrial mammal strains [29]. Another
interesting observation is that all the Pacific isolates inves-
tigated so far (including the three reported human cases)
carry fragment I identified by IRS-PCR which is part of a
putative genomic island specific for B. pinnipedialis [12].
Since these cetacean isolates are quite distinct from Euro-
pean marine mammal isolates there might be a third
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marine mammal Brucella species or subspecies found in
Pacific waters. Owing to the simplicity of MLVA-16 typ-
ing, and in particular of panel 1 which can be typed on
regular agarose gels and already provides a high informa-
tivity in classifying marine mammal strains (Figure 3),
more typing information on Pacific Ocean strains (includ-
ing the strains described in [29-31]) will likely be made
available in a near future. The Brucella2009 genotyping
database available at http://mlva.u-psud.fr/ and based
upon the data provided in Additional file 1 can be used
for this purpose. Figure 4 shows the global population
structure of the nine species currently constituting the Bru-
cella genus, as can be revealed by MLVA-16 typing using
this dataset (the extended data set provided here may pro-
vide new opportunities to evaluate additional methods
for Brucella MLVA data clustering recently proposed [34]).

Conclusion

MLVA-16 proved to be useful for molecular classification
of a high number of marine mammal Brucella strains and
allows the typing of large populations, while providing a
clustering in agreement with all previously reported meth-
ods, together with a much higher discriminatory power.
From the clustering achieved, a few representative strains
can be selected for whole genome sequencing.

Methods

Brucella strains

MLVA analysis was performed on 294 isolates from 173
marine mammals and one human patient. The strains
essentially originate from the Northern Atlantic, from
three main sources, Scotland (216 isolates from 116 ani-
mals), Germany (58 isolates from 42 animals) [35] and
Norway (18 isolates from 13 animals) [27]. Six additional
strains from various geographic origins were analysed.
Two strains were obtained from France (one strain from a
bottlenose dolphin (Tursiops truncatus) and one from a
harbour porpoise (Phocoena phocoena)), one from Spain
(from a striped dolphin (Stenella coeruleoalba)) [36] and
two from The Netherlands (two strains from one harbour
porpoise (Phocoena phocoena)). The sixth strain was a
human isolate from New-Zealand (strain 02/611 geno-
type 117) [14]. Strains (one strain per genotype and ani-
mal) are listed in Figures 1 and 2 and in Additional file 1.

MLVA analysis

The method for selecting appropriate VNTRs has been
described previously by Le Fleche et al. [17], adapted by Al
Dahouk et al. (the initial MLVA-15 assay was completed
by brucel9) [20]. The results were compared with the
MLVA-16 results obtained for the 18 terrestrial mammal
Brucella reference strains published previously by Le
Fleche et al. [17] and additional published data [5,19-
23,37]. The sixteen loci have been classified in 3 panels,
called panel 1 (8 minisatellite loci), panel 2A (3 microsat-

http://www.biomedcentral.com/1471-2180/9/145

ellite loci) and panel 2B (5 microsatellite loci) [20]. Panel
1 was composed of bruce06, bruce08, brucel1, brucel2,
bruce42, bruce43, bruce45, bruce55, useful for species
identification. Panel 2, showing a higher discriminatory
power, was split into two groups, panel 2A and 2B, com-
posed of three (brucel8, brucel9, bruce21) and five
(bruce04, bruce07, bruce09, brucel6, bruce30) markers,
respectively. Panel 2B contains the more variable loci, and
this panel can be given a lower weight in clustering analy-
sis, as described by Al Dahouk et al. [20] and Kattar et al.
[21].

PCR amplification

Brucella DNA was prepared as previously described by
Cloeckaert et al. [38]. PCR amplification was performed in
a total volume of 15 pl containing 1 ng of DNA, 1x PCR
reaction buffer, 1 U of Tag DNA polymerase (QBiogen,
IlIkirch, France), 200 uM of each deoxynucleotide triphos-
phate, and 0.3 uM of each flanking primer as described by
Le Fleche et al. [17].

Amplifications were performed in a MJ Research PTC200
thermocycler. An initial denaturation step at 96°C for 5
minutes was followed by 30 cycles of denaturation at
96°C for 30 s, primer annealing at 60°C for 30 s, and
elongation at 70° C for 1 min. The final extension step was
performed at 70°C for 5 min.

Two to five microliters of the amplification product were
loaded on a 3% standard agarose gel for analyzing tandem
repeats with a unit length shorter than 10 bp (panel 2)
and on a 2% standard agarose gel for all others (panel 1),
and run under a voltage of 8 V/cm until the bromophenol
blue dye had reached the 20 c¢m position. Gels were
stained with ethidium bromide, visualized under UV
light, and photographed (Vilber Lourmat, Marnes-la-Val-
lée, France). A 100-bp and a 20-bp ladder (EZ load 100 bp
or 20 bp PCR Molecular Ruler, Biorad, Marnes-la-
Coquette, France) were used as molecular size markers
depending on the tandem repeat unit length. Gel images
were managed using the BioNumerics software package
(version 6.0, Applied-Maths, Belgium).

Data analysis

Band size estimates were converted to a number of units
within a character dataset using the BioNumerics software
and the previously published allele calling convention
[17]. Clustering analyses used the categorical coefficient
and the UPGMA (unweighted pair group method using
arithmetic averages) or Neighbor Joining algorithm. The
use of categorical parameter implies that the character
states are considered unordered. The same weight is given
to a large or a small number of differences in the number
of repeats at each locus. Maximum parsimony was done
using BioNumerics, running 200 bootstrap simulations
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treating the data as categorical and giving the same weight
to all loci.
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