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New insights into the pathogenesis and transmission of Brucella
pinnipedialis: systemic infection in two bottlenose dolphins
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ABSTRACT The emergence of Brucella infections in marine mammals is a growing
concern. The present study reports two cases of systemic Brucella pinnipedialis infec-
tion detected in bottlenose dolphins (Tursiops truncatus) pair stranded together in the
Cantabrian coast of Spain. Both animals showed systemic lesions associated with the
Brucella infection, more severe in the younger dolphin, considered the likely offspring
of the other individual. Real-time PCR, bacterial culture, and whole-genome sequencing
were used to detect and characterize the Brucella strains involved in both dolphins.
The phylogenetic analysis performed on the Brucella genomes retrieved revealed that
the species involved was B. pinnipedialis (ST25). Both animals resulted seropositive in a
commercial multispecies blocking ELISA but tested negative in the standard Rose Bengal
test. To the best of our knowledge, this is the first report of a systemic infection resulting
in various lesions associated with Brucella pinnipedialis (ST25) in two bottlenose dolphins.
It is also the initial isolation of Brucella in the milk of a non-pregnant or non-aborting
female cetacean likely stranded with its offspring. These findings provide new insights
into the epidemiology and clinical impact of B. pinnipedialis infection in cetaceans
and underscore the importance of continued diagnostic surveillance to gain better
understanding of brucellosis effects and transmission in marine mammal populations.

IMPORTANCE  Brucella spp. are zoonotic pathogens that can affect both terrestrial and
marine mammals. Brucella ceti has been identified in various cetacean species, but
only one sequence type (ST27) has been reported in humans. However, it is important
to conduct surveillance studies to better understand the impact of marine Brucella
species on marine mammals, a typically understudied host group. Here, we describe
a systemic infection by two related strains of Brucella pinnipedialis (ST25) in a couple
of live-stranded bottlenose dolphins, with more severe lesions in the younger animal.  Egitor Max Maurin, CHU Grenoble, Grenoble, France
Furthermore, B. pinnipedialis was first detected in milk from a female cetacean that
stranded with its offspring. Our study reveals novel insights into the epidemiology and
pathological consequences of B. pinnipedialis infections in cetaceans, emphasizing the
crucial importance of ongoing surveillance and accurate diagnosis to understand the
impact of this pathogen on marine mammal populations. See the funding table on p. 12
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mammals (1). Brucella infections in marine mammals were first described in 1994, and
since then, brucellosis has been reported in different species of cetaceans and
pinnipeds (2, 3). In 2007, these Brucella species were splitted into two species: Brucella
ceti and Brucella pinnipedialis, associated to cetacean and pinniped preferential hosts,
respectively (4).

Brucellosis in cetaceans has been associated mainly to meningitis or meningoence-
phalitis (2, 5-16); placentitis, placental abscesses, abortions, and stillbirths (2, 8, 11-
13, 17-19); epididymitis and orchitis (11, 20, 21); osteoarthritis, discospondylitis, and
vertebral osteomyelitis (8, 11, 17, 22, 23); pneumonia and lung abscesses (14, 15, 17,
24); hepato-, spleno-, and lymphadenomegaly with necrotic foci and inflammation
(14, 17), and blubber and sub-blubber abscesses (11, 25). In spite of this, it is very
common that marine mammals diagnosed with B. ceti or B. pinnipedialis infection do
not present pathological changes associated with brucellosis (26-28), which highlights
the difficulties in the assessment of the clinical significance of B. ceti and B. pinnipedialis
isolations from marine mammals. Laboratory diagnosis and bacteriological culture, in
particular, are essential to confirm any Brucella infection (29). No serological test has been
validated for the specific diagnosis of brucellosis in marine mammals, so those used for
terrestrial animals are often applied to marine mammals (25, 30-33).

Direct detection of brucellosis has been reported in at least 16 species of cetaceans
(34-38) throughout the world, while more than 50 species of marine mammals have
shown serological suspicions of brucellosis (38). Brucella isolates from marine mammals
have been clustered into five distinct sequence types (5T23, ST24, ST25, ST26, and ST27).
Among them, the closely related ST24 and ST25 belong to B. pinnipedialis species and are
primarily associated with seal isolates. The remaining three STs (ST23, ST26, and ST27) are
linked to B. ceti and porpoise isolates (ST23), dolphin isolates (ST26), and both bottlenose
dolphin and human isolates (ST27) (26, 39-42).

Brucellosis surveillance in marine mammals and further studies are needed to gain
understanding in the impact of marine Brucella not only on public health but also on the
monitoring programs of marine mammal populations.

To the best of our knowledge, the present paper describes for the first time two
cases of systemic infection with lesions associated with B. pinnipedialis in two bottlenose
dolphins and the first isolation of this bacteria in cetacean milk. Detection was done
through the infectious disease surveillance program in the stranding network of the
Cantabrian coast (Spain).

RESULTS
Macroscopic exam

The total length of dolphin Tt1 was 309 cm, whereas that of dolphin Tt2 was 197 cm.
Main macroscopic findings included: Tt1 in good body condition, free blood in the
thorax cavity, bloody lung parenchyma on section, heavy presence of gastric nemato-
des (Anisakis sp.), and seven recreational fishing hooks in the first gastric chamber. It
presented milk on mammary glands on section. Tt2 had a good body condition, white
foam and bloody lung parenchyma in section, milk content in the first gastric chamber,
and severe brain congestion.

Age estimation

The estimated age of Tt2 was 2.324-3.595 years with 95% confidence, so it was
considered juvenile.

Since in the model used for this study, the predicted asymptotic length for females
was 246 cm, and Tt1 measured 309 cm, her age could not be determined, but it was
assumed that she was an adult due to her length and to the fact that she was lactating.
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Relatedness analysis

Allele sizes for the microsatellites are indicated in Table 1. Both individuals share one
allele at every locus, with the second allele not being shared for most locus.

The Queller and Goodnight index and the Lynch and Ritland index were 0.575 and
0.426, respectively.

Histopathology

The main histopathological lesions observed in Tt1 were mild multifocal lymphoplas-
macytic and suppurative hepatitis (Fig. 1A) with diffuse congestion, and fibrosing
and lymphoplasmacytic multifocal mild-to-moderate cholangiohepatitis with biliary
hyperplasia; mild multifocal lymphoplasmacytic and suppurative cystitis (Fig. 1B);
minimal multifocal lymphoplasmacytic and histiocytic meningitis; mild confluent
multifocal pyogranulomatous bronchopneumonia with intralesional metastrongyles;
mild diffuse sinus histiocytic lymphadenitis in the lung pulmonary node; moderate
confluent multifocal lymphonodular fibrosis in the mesenteric lymph node; and mild
diffuse histiocytic and suppurative sinus lymphadenitis in the pre-scapular lymph node.

The main histopathological lesions observed in Tt2 were severe confluent multifocal
pyogranulomatous meningoencephalitis (Fig. 1C and D); moderate multifocal pyogranu-
lomatous pneumonia with severe edema and congestion; moderate-to-severe multifocal
pyogranulomatous hepatitis (Fig. 1E and F); mild-to-moderate diffuse histiocytic and
suppurative splenitis and extramedullary hematopoiesis (Fig. 1G and H); mild multifocal
pyogranulomatous cystitis; mild-to-moderate multifocal pyogranulomatous pyeloneph-
ritis (Fig. 11); moderate diffuse suppurative tonsillitis; mild-to-moderate diffuse histiocytic
and suppurative lymphadenitis.

The histological descriptions of the Brucella-positive tissues in the molecular diagno-
sis are specified in more detail in Supplementary Material S2.

Molecular diagnosis

Positive PCR results were obtained in milk, spleen, and urinary bladder samples from Tt1,
and in central nervous system (CNS; brain, cerebellum, and spinal cord), cerebrospinal
fluid (CSF), lymph nodes (mesenteric and pulmonary), lung, testis, and urinary bladder
samples from Tt2 (Supplementary Material S2). BLAST analysis of the amplified DNA
fragments confirmed the presence of DNA from Brucella spp. Due to the short length of
the amplified fragment, after excluding the primers, the sequences obtained were not
deposited in GenBank.
All samples analyzed were negative in the molecular diagnosis of CeMV infection.

TABLE 1 Allele sizes for the microsatellites

Tt1 Tt2

Allele 1 Allele 2 Allele 1 Allele 2
Dde84 157 145 145 145
Dde65 197 189 189 189
AAT44 86 80 86 86
Dde70 153 135 149 135
Ttr58 193 191 193 183
Dde69 207 207 207 207
Dde59 252 240 240 240
Ttr63 135 105 135 105
Ttr34 190 180 182 180
Dde66 357 357 357 357
TtrC12 125 113 125 111
KWM1b 188 184 188 184
KWM12a 178 168 178 166
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FIG 1 Main histopathological findings. Images A and B correspond to Tt1, while images C-I correspond to Tt2. (A) Perivascular and sinusoidal infiltrate

of lymphocytes, histiocytes, plasma cells, and some neutrophils in the liver parenchyma. (B) Perivascular infiltrates of lymphocytes, histiocytes, and some

neutrophils in the connective tissue between the muscular layers of the urinary bladder. (C) Markedly expanded meninges by extensive perivascular infiltrates

of macrophages, lymphocytes, fewer neutrophils, and plasma cells. (D) Perivascular infiltrates of macrophages, lymphocytes, fewer neutrophils, and plasma cells

in the neuropil, and numerous hypertrophied astrocytes. (E and F) Presence of nodular aggregates of lymphocytes, macrophages, fewer neutrophils, and plasma

cells in the portal tracts and surrounding the centrilobular veins. The sinusoids are diffusely dotted with the same cells and moderately congested. Kupffer cells

are hypertrophied. Hepatocytes contain small ill-defined colorless and eosinophilic vacuoles. (G) Diffusely, the follicles of the spleen are markedly enlarged and

contain large germinal centers. (H) In the red pulp of the spleen, there are abundant extramedullary hematopoiesis, neutrophils, and some macrophages with

hemosiderin inside. (I) Presence of foci of lymphocytes, macrophages, and neutrophils in the renal pelvis.

Bacterial culture and classification

The bacterial culture was positive for Brucella spp. in the milk of Tt1 and multiple organs
including the cerebrum, lung, pulmonary lymph node, urinary bladder, and kidney of
Tt2 (Supplementary Material S2). Bacterial typing using the method described below
showed homology with B. pinnipedialis (B2/94).

Phylogenetic analysis

Genomes from both samples were classified as multilocus sequence typing (MLST)
sequence type 25 (ST25).

The constructed phylogeny showed two major clades separating B. ceti belonging
to ST26 from a second clade that included B. ceti (ST27 and ST23) and B. pinnipedialis
(ST25 and ST24) forming two separate subclades as previously described (14). Strains Tt1
and Tt2 clustered with B. pinnipedialis isolates belonging to ST25 (Fig. 2) and differed by
90-97 single nucleotide polymorphisms (SNPs) from the genetically closest strains, two
B. pinnipedialis strains retrieved from a common seal and an otter in Scotland in 1994
(ERR471328, ERR485950). The comparison of Tt1 and Tt2 genomes revealed the presence
of 18 high-quality SNPs between them.
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FIG 2 Maximum-likelihood phylogenetic tree. Strains sequenced in the present study are named Tt1 and Tt2, based on the host ID. External sequences of

Brucella are named according to European Nucleotide Archive or Sequence Read Archive identifier. Brucella species and STs are indicated in the two bars on the

right.

Serology

Both individuals were seropositive using the blocking ELISA, presenting a high percent
inhibition (PI) (Tt1: 94.42%, Tt2: 94.62%). However, both animals were negative in the
Rose Bengal test (RBT).

DISCUSSION

Brucellosis is a bacterial zoonotic disease that affects a wide range of mammalian
species, including marine mammals. Specifically, B. pinnipedialis has been considered a
potentially zoonotic pathogen (1, 38). In this study, we report a case of Brucella infection
in two bottlenose dolphins stranded on the Cantabrian coast of Spain. The diagnosis was
confirmed by PCR and bacterial culture, identifying the species involved as B. pinnipe-
dialis ST25 based on molecular typing and whole-genome sequencing (WGS) analysis.
Furthermore, both animals had detectable Brucella spp.-specific antibodies according
to a blocking ELISA despite a negative RBT result. The histopathological study revealed
systemic lesions associated with Brucella, with particularly severe inflammation observed
in multiple Tt2 organs.

The age estimation of the two bottlenose dolphins concluded that they were a
juvenile (Tt2) and an adult (Tt1), which is consistent with the age estimation from total
length that Geraci and Lounsbury established for bottlenose dolphins (43). Both animals
stranded together, and they shared one allele at every locus, with the second allele not
being shared for most loci. Moreover, their relatedness indexes were around 0.5 (LR index
was multiplied by 2), which is consistent with a parent-offspring pairing (44, 45). Given
the collective evidence presented above, both individuals were considered as a likely
mother and offspring pair.

In both individuals, a Brucella spp. infection was revealed through molecular
detection and bacterial culture (Supplementary Material S2). Although bacterial isolation
is considered the “gold standard” for the diagnosis of Brucella infections, real-time PCR
from purified DNA directly extracted from tissues or fluids has also demonstrated its
value as an effective diagnostic tool (46, 47), and it has previously been used to diagnose
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brucellosis in cetaceans (9, 48). The phylogenetic analysis conducted on the sequenced
genomes classified both isolates as ST25 B. pinnipedialis (Fig. 2), which is consistent
with the bacterial classification analysis. However, SNP typing revealed 18 SNPs between
both strains, which suggest that the infection observed in the mother and the offspring
may have originated from different sources. In some bacteria, such as Pseudomonas
aeruginosa, isolates with up to 26 SNPs differences are considered to have epidemiologi-
cal linkage (49). On the other hand, in B. melitensis, a seven-SNP threshold is applied to
detect the clusters of closely related cases (50). To the best of the authors’ knowledge,
an SNP threshold for distinguishing marine Brucella strains has not yet been established.
Applying the same threshold used for B. melitensis to this case would suggest that the
two sequences correspond to different strains of B. pinnipedialis. However, it cannot be
ruled out that they were infected by the same strain since both animals presented a
similar course of the disease and were likely a mother/offspring pair, with the female
lactating, the pathogen isolated from her milk, and the presence of milk detected in
the first gastric chamber of the younger animal. Further information on the genetic
variability between field strains of marine Brucella (B. ceti or B. pinnipedialis) may help to
establish SNP thresholds to differentiate between epidemiologically related strains in the
future.

The pathological study revealed that Tt1 had a mild-to-moderate systemic infection,
mainly affecting the liver and urinary bladder, with vascular and perivascular tropism.
This predominant vascular distribution of inflammation and the mixed infiltrate were
consistent with a systemic Brucella spp. infection (5). In this case, the CNS was not
significantly affected. In contrast, Tt2 had a systemic inflammatory process that severely
affected the meninges and brain, liver, spleen, kidney, and lung. The fact that the lesions
were more severe in Tt2 is especially striking, since in terrestrial mammals, young animals
are usually resistant to infection compared to sexually mature animals or pregnant
females (51, 52). In cetaceans, however, several cases of Brucella-associated lesions have
been reported in young individuals, mainly juveniles or subadults (9, 14). Other factors,
such as the dose and virulence of the infecting strain, may also play an important role, as
previously suggested (52). Future studies should address the impact of the age and other
risk factors on the pathological manifestations of brucellosis in cetaceans.

Meninges and brain involvement are characteristics of cetacean brucellosis (26), and
the central nervous system is the most affected in these animals (2, 5-15). Differently,
this study outlines two systemic infections, with severe inflammation in various organs
in Tt2. The presence of inflammation, predominantly in the liver, spleen, and lung, is
consistent with the systemic phase of infection observed when this agent infected other
species (52). However, the pathogenesis and tissue and organ dissemination of this
agent in cetacean hosts are not fully understood (14). In other terrestrial animal species,
Brucella infections are initially systemic. In the acute phase, the bacteria extend quickly
to the regional lymph nodes, causing acute lymphadenitis there. The infection may be
overcome in the regional lymph nodes, or it may spread hematogenously, and bactere-
mia may persist, with consequent systemic infection (52, 53). An alternative hypothesis
that cannot be ruled out is that the infection was latent and reactivated, a phenomenon
that has been suggested to occur in marine mammals (54).

Another interesting finding was the detection of Brucella in the female’s milk
without evidence of infection in the reproductive tract. Unfortunately, samples from
the mammary glands were not available in this study, but bacterial presence in this
location cannot be ruled out. The inclusion of mammary tissue in future studies should
be encouraged. B. abortus is capable of infecting the pregnant uterus but does not
persist well in the non-pregnant uterus. However, in bacteremic episodes, the bacteria
can be localized and persist in multiple tissues, including the mammary glands (52). If B.
pinnipedialis showed similar pathogenesis, it would explain why Tt1 had a negative result
in uterus samples but positive in the milk. Nevertheless, further studies are necessary to
confirm this hypothesis. On the other hand, in other hosts such as sheep, the elimination
of B. melitensis in milk has been described at least up to 125 weeks post-infection, even in
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the absence of clinical signs (55). In cetaceans, the presence of B. ceti has been described
in fetal tissues, secretions, and milk of a pregnant striped dolphin female (12). Also,
Brucella spp. infection in milk has been described in other cetacean species, both in
generalized infections (11, 19) and cases in which the mammary gland or milk was the
sole site of infection (37, 40). Being a reproductive disease, brucellosis can have a great
impact on the population dynamics of cetaceans (26), although its real importance at
this level remains unknown (13).

Unfortunately, it is not possible to determine the route of infection. In spite of
the genetic similarity found between strains, the differences between their sequences
do not allow to conclude if they were infected by the same strain (which would be
likely transmitted from mother to offspring) or if they were infected by two genetically
related yet different strains from two different sources. The infection could have occurred
horizontally, through maternal feeding, as described for other terrestrial species (53) and
as it has been suggested also in cetaceans (26). In fact, Tt1 and Tt2 stranded in March,
coinciding with the start of the calving season of this species in the northern hemi-
sphere, which has been associated with a peak of brucellosis prevalence in bottlenose
dolphins (56). In this context, it has been previously suggested that the transmission of
Brucella in marine mammals increases during the spring, when calves are nursing (26,
56). Although Tt2 is considered a juvenile, milk was found in its first gastric chamber. It
has been reported that the lactating period of bottlenose dolphins under human care
can last up to 37 months (57) and 3.2 + 0.6 years on average in the wild (58). The age
of Tt2 is estimated to be between 2.324 and 3.595 years old, suggesting that he may
have still been nursing. However, there is no certainty that Tt2 contracted the infection
through maternal feeding. Nevertheless, to the best of the authors’ knowledge, this is
the first reported case in which Brucella presence in milk occurs in a non-pregnant or
non-aborting female stranded along with its offspring. This suggests that the mammary
gland could be a persistent infection site also in dolphins, reinforcing the idea that
Brucella spp. also have a tropism for the udder in cetaceans, as previously proposed (26).
Consequently, milk could represent a transmission source for newborns and calves.

In B. ceti, a link between phylogeny and topographical distribution has been
suggested (14). The first description of brucellosis in a cetacean species (striped dolphin)
in Spain also occurred in the Cantabrian region, although the causative agent implicated
was identified as B. ceti (6). In this case, we describe an infection by B. pinnipedialis, ST25,
in two bottlenose dolphins stranded in the same region. Despite B. pinnipedialis being
usually associated with infections in different seal species (4), there are some reports of
infections in cetaceans, involving both Odontocetes and Mysticetes, mostly associated
with ST24 (16, 40, 42, 59) but also with ST25 (42, 60). Furthermore, B. pinnipedialis
isolates from pinnipeds are usually associated with infections in clinically healthy animals
without associated pathologies (38, 39). In cetaceans, there is only a single documented
case of pathology associated with B. pinnipedialis, which consisted of neurobrucellosis
in a common minke whale (16). In contrast, both Tt1 and Tt2 reported here presented
a systemic infection. Tt1 exhibited mild-to-moderate infection, primarily affecting the
liver and urinary bladder, while the CNS was not significantly affected. Conversely, Tt2
presented a severe systemic infection that significantly compromised multiple organs,
including the meninges, brain, liver, spleen, kidney, and lung.

The determination of antibodies against Brucella spp. was negative for RBT and
positive for blocking ELISA. Similar results (RBT—, blocking ELISA+) have been obtained
in 7 out of 10 individuals (70%) of different species of cetaceans, including a bottlenose
dolphin (31) and in different Antarctic pinniped species (61). The serum samples used in
our study were highly hemolyzed and were frozen before performing the tests, which
is not recommended when performing the RBT, according to manufacturer’s instruction.
Thus, the use of samples that are not fresh and/or that are hemolyzed may explain
the negative results obtained with the test. However, hemolyzed samples often give
false-positive results (26, 62), whereas false-negative results usually correspond to a
low overall avidity or low titers of binding antibodies (62). On the other hand, in the
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absence of a gold-standard test, the use of competitive or blocking ELISA has been
considered an appropriate option to detect antibodies against Brucella spp. in marine
mammals, not only because it is a multispecies test but also because it can be used in
low-quality samples, which is the most common scenario in these species (30-33, 61,
63-67). Therefore, in our study, we have considered positive blocking ELISA results as
an indicative of the presence of antibodies against Brucella, as previously reported (61).
These results emphasize the importance of validating different diagnostic techniques for
accurate direct or indirect detection of Brucella infections in cetaceans.

In conclusion, our findings add evidence to a growing body of literature on marine
brucellosis and open new avenues of investigation that should be explored in the
future. To the authors’ knowledge, this is the first time that a systemic infection with
different lesions associated with Brucella pinnipedialis (ST25) has been described in two
bottlenose dolphins, providing new information on the pathogenesis of this bacteria
in cetaceans. The positive isolation of Brucella in a milk sample from a non-pregnant
or non-aborting female cetacean stranded alongside its offspring is described for the
first time, suggesting that the mammary gland could be a persistent infection site in
dolphins and milk could serve as a transmission source. Furthermore, this study raises
new questions that should be explored in new research. This includes establishing an
SNP threshold to determine whether marine Brucella isolates may be epidemiologically
linked in WGS-based studies, the pathological importance of B. pinnipedialis in cetacean
populations, and the likelihood of B. pinnipedialis transmission between cetaceans and, if
epidemiologically relevant, through which routes this transmission occurs.

MATERIALS AND METHODS
Naturally infected dolphins

The bottlenose dolphins (Tursiops truncatus), Tt1 and Tt2, included in the present study
stranded alive in Oyambre Beach, Cantabria, Spain (43°23'34”N, 4°20°03” W) on 5 March
2020. The individual Tt2 was dead at the time of first response, while the individual Tt1
was alive and was subsequently humanely euthanized. Dolphin Tt1 was a female and
dolphin Tt2 was a male. Body condition was good in both animals, and the dolphin
carcasses were fresh at the time of examination.

Detailed necropsies of both animals were carried out as described previously (43,
68). During the necropsies, the following tissues were sampled for molecular diagnosis
and bacterial culture: skin, muscle, blubber, cerebrum, cerebellum, spinal cord, lymph
nodes (mesenteric, pre-scapular, and pulmonary), lung, rete mirabile, gonad, liver, kidney,
urinary bladder, heart, and spleen. Samples from the uterus and milk from Tt1 and
samples from thyroid, cerebrospinal fluid, and epididymis from Tt2 were also obtained.

For the histopathological study, samples of cerebrum, lung, pulmonary lymph node,
liver, kidney, urinary bladder, skeletal muscle, skin, and blubber were taken. Additionally,
samples were taken from mesenteric and pre-scapular lymph nodes and ovary from Tt1;
and spleen, pharyngeal tonsils, pre-scapular lymph node, myocardium, and testicle from
Tt2.

The set of samples for molecular diagnostics was stored at —80°C, while the set
of samples for conventional histopathology was preserved in 10% neutral buffered
formalin.

Serum samples with high degree of hemolysis were also obtained and kept frozen for
the serological study.

Age estimation

The age of both individuals was estimated with a 95% confidence interval following
Gompertz model (69):
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where L; = total length at age t, Ly = total length at age 0, G = initial growth rate,
and g = rate of exponential decay of growth rate, using the parameter values developed
previously for bottlenose dolphins (70).

Relatedness analysis

A total of 13 microsatellite loci were amplified through two multiplex PCR reactions
using Qiagen Type-it Microsatellite PCR Kit (Qiagen, Hilden, Germany). Each multiplex
reaction included primers that amplify microsatellite loci across cetacean species, with
the following conditions: 95°C for 15 min, 40 cycles at 52°C (primer set A)/57°C (primer
set B) for 90 s, 72°C for 1 min, and a final extension at 60°C for 30 min. Primer set A
amplified loci Dde66, TtrC12, KWM1b, and KWM12a. Primer set B amplified loci Dde59,
Dde65, Dde69, Dde70, Dde84, AAT44, Ttr19, Ttr58, and Ttr63 (71). Microsatellite allele
sizes were determined through visual inspection of capillary electrophoresis traces
(ABI 3500 genetic analyzer) in Geneious R7. The analyses were replicated twice for
each individual, and final genotypes were determined by consensus between the two
replicates.

Relatedness score between the two individuals was determined using the Queller and
Goodnight (44), and Lynch and Ritland [(45); multiplied by 2 to give a range of —1 to 1]
indexes, using GenalEx 6.5 (72).

Histology

Samples fixed in 10% neutral buffered formalin were embedded in paraffin,
sectioned at 4 + 2 pm, stained with hematoxylin and eosin, following routine
laboratory procedures, and examined through a light microscope by a certified
veterinary pathologist.

Molecular diagnosis

The Tt1 and Tt2 cases included in the present study were diagnosed during the routine
health surveillance carried out on the stranded dolphins in Cantabria. This health
surveillance has been proposed as a good tool to increase the probability of early
detection of disease outbreaks caused by agents such as Brucella spp. and cetacean
morbillivirus (CeMV) (15). The molecular detection of Brucella was carried out because it
is a cause of mortality in these animals and because of its zoonotic potential, and CeMV
presence was analyzed due to the high mortality that this virus can produce in cetacean
populations.

All samples were diluted 1:10 with phosphate-buffered saline and homogenized
using stainless steel 4.8 mm beads (Next Advance, New York, USA). RNA and DNA from
the homogenates were extracted using the High Pure Viral Nucleic Acid Kit (Roche
Diagnostics, Mannheim, Germany), based on the manufacturer’s instructions.

For Brucella spp. molecular diagnosis, a previously described real-time PCR target-
ing the insertion sequence 1S711 was performed (73) in the following tissue samples:
cerebrum, cerebellum, spinal cord, CSF lymph nodes (pulmonary and mesenteric), lung,
kidney, urinary bladder, ovary/testicle, uterus, and milk. Brucella melitensis vaccine strain
B115 DNA was used as positive control, while ultrapure water was used as negative
control.

Nucleic acid extracts from cerebrum, cerebellum, pulmonary and pre-scapular lymph
nodes, lung, kidney, and cerebrospinal fluid were assayed for CeMV using a reverse
transcription PCR method based on the Universal Probe Library platform that ampli-
fies the fusion protein gene (74). CeMV-positive striped dolphin (Stenella coeruleoalba)
pharyngeal tonsils RNA was used as positive control, while ultrapure water was used as
negative control.

Positive PCR products were purified using the QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany), amplicons were sequenced completely by Sanger sequencing, and
sequences were compared with known GenBank sequences by using BLAST.
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Bacterial culture and classification

Different tissue samples from Tt1 (cerebrum, lung, pulmonary lymph node, milk, CSF,
uterus, kidney, and urinary bladder) and Tt2 (cerebrum, lung, pulmonary lymph node,
testicle, kidney, and urinary bladder) were processed following the protocol described
elsewhere (75). Briefly, samples were degreased, superficially sterilized by gentle burning,
and homogenized in a minimal amount of buffer using a Stomacher. Cultures of at least
0.5 mL of each homogenate or fluid (such as cerebrospinal fluid, milk, or urine) were
plated in duplicate on CITA and Farrell selective media and incubated for 5-7 days at
37°C in a 10% CO, atmosphere. Suspicious colonies were identified as Brucella using
standard procedures (76) and the Bruce-ladder multiplex PCR (77), which enables the
identification of the main Brucella species, including those that affect marine mammals.
Bacterial DNA was extracted using the Speedtools Tissue DNA Extraction Kit (Biotools,
Madrid, Spain).

To differentiate between B. ceti and B. pinnipedialis, a multiplex PCR adapted from
Lépez-Goii et al. (78) was used, employing the following two pairs of primers: T TCA
ACT GCG TGA ACA ATG CT (f)/GCG GGC TCT ATC TCA AGG TC (r), and CGT CAA CTC GCT
GGC CAA GAG (f)/GCA GGA GAA CCG CAA CCT AA (n). All isolates were also typed by
PCR-restriction fragment length polymorphism (RFLP) of the Omp2b locus (79).

Whole-genome sequencing and bioinformatics

Bacterial DNA from milk (Tt1) and kidney (Tt2) isolates was extracted and purified
using the DNeasy Blood & Tissue Kit, according to manufacturer’s instructions (protocol
“pretreatment for Gram-positive bacteria”) (Qiagen, Hilden, Germany) for WGS. Nextera
XT DNA Library Preparation Kit was used according to the manufacturer’s instructions,
and DNA was sequenced in the MiSeq lllumina platform.

Raw reads obtained were filtered out with Trimmomatic (80) for the removal of
adaptors and low-quality raw reads. Genomes were assembled with SPAdes (81) using
the reads that passed the quality control by FastQC. The quality evaluation of assem-
blies was performed using QUAST (82). MLST was performed to assign MLST profiles to
assemblies by MLST software (T. Seemann, https://github.com/tseemann/milst) and the
public PubMLST repository (https://pubmlst.org/brucella/). The raw reads generated in
this study were deposited in the European Nucleotide Archive under project PRJIEB60581
(ERR11269022 and ERR11269021).

Phylogenetic analysis

Sequence data from 14 B. pinnipedialis and B. ceti analyzed in other studies (14, 83) were
included in the phylogenetic analysis performed in order to assess the genetic related-
ness of the isolates described here relative to strains originating from other regions
(Supplementary Data Set S1). B. abortus (GenBank Accession Numbers NC_006932.1
and NC_006933.1) and B. melitensis (GenBank Accession Numbers NC_003317.1 and
NC_003318.1) were included in the analysis as outgroups. All sequences were map-
ped against the reference genome of B. pinnipedialis (GenBank Accession Numbers
CP007743.1 and CP007742.1) using BWA (84) with default parameters. SAMtools (85)
was used for sorting and compression of the obtained SAM files into BAM files. The
variant calling was performed applying “mpileup” and “call” options with BCFtools (86).
The resulting SNPs were filtered by removing those with a base quality <30 and a
mapping quality <30. Consensus sequences were then created from the corresponding
VCF (variant call format) file using BCFtools for each strain. Concatenated consensus
sequences were used to generate a maximum likelihood phylogenetic tree using RAXML
(87). The tree was constructed using the general time-reversible substitution evolution-
ary model with gamma correction and 1,000 bootstrap replicates. The tree was rooted
using the sequence from B. melitensis and visualized using iTOL editor (88).

The number of SNPs between Tt1 and Tt2 strains was obtained from the VCF files to
assess the differences between both strains.
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Serology

For the detection of antibodies against Brucella spp., an RBT was performed on serum
samples from both animals using a Brucella abortus S99 suspension buffered to pH 3.6
(Spinreact, Girona, Spain) and a cell concentration of 3%.

In addition, both serum samples were analyzed using the INgezim Brucella Compac
blocking ELISA (Ingenasa, Madrid, Spain), with B. abortus lipopolysaccharide (LPS) as the
antigen. This type of ELISA has previously been used for the serological study of Brucella
spp. in odontocetes (25, 30-33), and a 1/10 dilution has been recommended for the
use of this kit in cetacean samples (31). Accordingly, each serum sample was diluted
1/10, and subsequently, the manufacturer’s instructions were followed. The seropositivity
threshold was >40%, calculated according to the optical density (OD) using the following
formula:

Percent inhibition(PI) = 100 X [1 — (OD sample/OD negative control)]

ACKNOWLEDGMENTS

The authors thank Rocio Sanchez and Débora Lépez from VISAVET for their exceptional
laboratory technical assistance.

This work was supported by a collaborative agreement involving the Oceanografic
Foundation (Valencia), Ministry of Rural Affairs, Livestock, Fisheries, Food, and Environ-
ment of the Government of Cantabria, and the Center for Veterinary Health Surveillance
(VISAVET), Complutense University, Madrid. This agreement allows the collection of
samples from the carcasses of stranded cetaceans and provides funds to carry out
post-mortem studies.

Ignacio Vargas-Castro is a recipient of an FPU grant from the Spanish Ministry of
Science, Innovation and Universities.

CITA work was supported by Aragon Government (Grupo de Investigacion A21_23R).
André E. Moura was supported by the Polish National Science Centre (Sonata research
grant 2018/31/D/NZ8/02835) and the Polish National Agency for Academic Exchange
(NAWA Ulam programme PPN/ ULM/2019/1/00162).

The authors declare no competing interests.

AUTHOR AFFILIATIONS

'VISAVET Health Surveillance Centre, Complutense University of Madrid, Madrid, Spain
2Animal Health Department, Veterinary School, Complutense University of Madrid,
Madrid, Spain

3Fundacién Oceanografic. Oceanografic. Ciudad de las Artes y las Ciencias, Valencia,
Spain

“Centro de Recuperacién de Fauna Silvestre de Cantabria, Santander, Spain

*Department of Animal Medicine and Surgery, Veterinary Faculty, Complutense
University of Madrid, Madrid, Spain

®Museum and Institute of Zoology, Polish Academy of Sciences, Warsaw, Poland
’Laboratory of Molecular Biology and Microbiology, Instituto Tecnoldgico Agrario de
Castilla y Ledn, Valladolid, Spain

®Departamento de Ciencia Animal, Centro de Investigacién y Tecnologia Agroalimenta-
ria de Aragon (CITA) - Instituto Agroalimentario de Aragén-IA2 (CITA-Universidad de
Zaragoza), Zaragoza, Espaia, Spain

AUTHOR ORCIDs

Ignacio Vargas-Castro  http://orcid.org/0000-0002-8721-3150
Sandra Barroso-Arévalo © http://orcid.org/0000-0001-6852-2487

November/December 2023 Volume 11  Issue 6

Microbiology Spectrum

10.1128/spectrum.01997-23 11

Downloaded from https://journal s.asm.org/journal/spectrum on 14 February 2024 by 155.210.59.210.


https://doi.org/10.1128/spectrum.01997-23

Research Article

Microbiology Spectrum

FUNDING
Funder Grant(s) Author(s)
Spanish Ministry of Science, Innovation ~ FPU18/01499 Ignacio Vargas-Castro

and Universities

Polish National Science Centre

2018/31/D/NZ8/02835 André E. Moura

Polish National Agency for Academy

Exchange

PPN/ULM/2019/00162 André E. Moura

DATA AVAILABILITY

The raw reads generated in this study were deposited in the European Nucleotide

Archive under project PRJEB60581 (ERR11269022 and ERR11269021).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplementary Material S2 (Spectrum01997-23-s0001.docx). Brucella spp.-positive
tissues in the molecular diagnosis and their relation with Brucella isolation and
histological lesions observed.
Supplementary data set S1 (Spectrum01997-23-s0002.xIsx). Supplementary data set
S1. Data of the sequences included in the phylogenetic study.

REFERENCES

1.

November/December 2023 Volume 11

Pappas G. 2010. The changing Brucella ecology: novel reservoirs, new
threats. Int J Antimicrob Agents 36 Suppl 1:58-11. https://doi.org/10.
1016/j.ijjantimicag.2010.06.013

Ewalt DR, Payeur JB, Martin BM, Cummins DR, Miller WG. 1994.
Characteristics of a Brucella species from a bottlenose dolphin (Tursiops
truncatus). J Vet Diagn Invest 6:448-452. https://doi.org/10.1177/
104063879400600408

Ross HM, Foster G, Reid RJ, Jahans KL, MacMillan AP. 1994. Brucella
species infection in sea-mammals. Vet Rec 134:359. https://doi.org/10.
1136/vr.134.14.359-b

Foster G, Osterman BS, Godfroid J, Jacques |, Cloeckaert A. 2007. Brucella
ceti sp. nov. and Brucella pinnipedialis sp. nov. for Brucella strains with
cetaceans and seals as their preferred hosts. Int J Syst Evol Microbiol
57:2688-2693. https://doi.org/10.1099/ijs.0.65269-0

Gonzélez L, Patterson |A, Reid RJ, Foster G, Barberan M, Blasco JM,
Kennedy S, Howie FE, Godfroid J, MacMillan AP, Schock A, Buxton D.
2002. Chronic meningoencephalitis associated with Brucella sp. infection
in live-stranded striped dolphins (Stenella coeruleoalba). J Comp Pathol
126:147-152. https://doi.org/10.1053/jcpa.2001.0535

Munoz PM, Garcia-Castrillo C, Lopez-Garcia P, Gonzalez-Cueli JC, De
Miguel MJ, Marin CM, Barberdn M, Blasco JM. 2006. Isolation of Brucella
species from a live-stranded striped dolphin (Stenella coeruleoalba) in
Spain. Vet Rec 158:450-451. https://doi.org/10.1136/vr.158.13.450
Davison NJ, Cranwell MP, Perrett LL, Dawson CE, Deaville R, Stubberfield
EJ, Jarvis DS, Jepson PD. 2009. Meningoencephalitis associated with
Brucella species in a live-stranded striped dolphin (Stenella coeruleoalba)
in South-West England. Vet Rec 165:86-89. https://doi.org/10.1136/
vetrec.165.3.86

Isidoro-Ayza M, Ruiz-Villalobos N, Pérez L, Guzman-Verri C, Muiioz PM,
Alegre F, Barberdan M, Chacén-Diaz C, Chaves-Olarte E, Gonzdlez-
Barrientos R, Moreno E, Blasco JM, Domingo M. 2014. Brucella ceti
infection in dolphins from the Western Mediterranean sea. BMC Vet Res
10:206. https://doi.org/10.1186/512917-014-0206-7

Sierra Eva, Fernandez A, Felipe-Jiménez |, Zucca D, Di Francesco G, Diaz-
Delgado J, Sacchini S, Rivero MA, Arbelo M. 2019. Neurobrucellosis in a
common bottlenose dolphin (Tursiops truncatus) stranded in the Canary
Islands. BMC Vet Res 15:353. https://doi.org/10.1186/5s12917-019-2089-0

Issue 6

10.

1.

12.

13.

14.

15.

16.

17.

18.

Sierra E, Fernandez A, Felipe-Jiménez |, Zucca D, Diaz-Delgado J, Puig-
Lozano R, Camara N, Consoli F, Diaz-Santana P, Sudrez-Santana C, Arbelo
M. 2020. Histopathological differential diagnosis of meningoencephalitis
in cetaceans: morbillivirus, herpesvirus, Toxoplasma gondii. Front Vet Sci
7:650-650. https://doi.org/10.3389/fvets.2020.00650

Foster G, MacMillan AP, Godfroid J, Howie F, Ross HM, Cloeckaert A, Reid
RJ, Brew S, Patterson IAP. 2002. A review of Brucella sp. infection of sea
mammals with particular emphasis on isolates from Scotland. Vet
Microbiol 90:563-580. https://doi.org/10.1016/50378-1135(02)00236-5
Hernandez-Mora G, Gonzalez-Barrientos R, Morales J-A, Chaves-Olarte E,
Guzman-Verri C, Barquero-Calvo E, De-Miguel M-J, Marin C-M, Blasco J-
M, Moreno E. 2008. Neurobrucellosis in stranded dolphins, Costa Rica.
Emerg Infect Dis 14:1430-1433. https://doi.org/10.3201/eid1409.071056
Mackie JT, Blyde D, Harris L, Roe WD, Keyburn AL. 2020. Brucellosis
associated with stillbirth in a bottlenose dolphin in Australia. Aust Vet J
98:92-95. https://doi.org/10.1111/avj.12903

Garofolo G, Petrella A, Lucifora G, Di Francesco G, Di Guardo G, Pautasso
A, lulini B, Varello K, Giorda F, Goria M, Dondo A, Zoppi S, Di Francesco
CE, Giglio S, Ferringo F, Serrecchia L, Ferrantino MAR, Zilli K, Janowicz A,
Tittarelli M, Mignone W, Casalone C, Grattarola C. 2020. Occurrence of
Brucella ceti in striped dolphins from Italian seas. PLoS One 15:e0240178.
https://doi.org/10.1371/journal.pone.0240178

West KL, Levine G, Jacob J, Jensen B, Sanchez S, Colegrove K, Rotstein D.
2015. Coinfection and vertical transmission of Brucella and morbillivirus
in a neonatal sperm whale (Physeter macrocephalus). J Wildl Dis 51:227-
232. https://doi.org/10.7589/2014-04-092

Davison NJ, Dagleish MP, Ten Doeschate M, Muchowski J, Perrett LL,
Rocchi M, Whatmore AM, Brownlow A. 2021. Meningoencephalitis in a
common minke whale Balaenoptera acutorostrata associated with
Brucella pinnipedialis and gamma-Herpesvirus infection. Dis Aquat
Organ 144:231-235. https://doi.org/10.3354/dao03590
Gonzélez-Barrientos R, Morales JA, Hernandez-Mora G, Barquero-Calvo
E, Guzmén-Verri C, Chaves-Olarte E, Moreno E. 2010. Pathology of
striped dolphins (Stenella coeruleoalba) infected with Brucella ceti. J
Comp Pathol 142:347-352. https://doi.org/10.1016/j.jcpa.2009.10.017
Miller WG, Adams LG, Ficht TA, Cheville NF, Payeur JP, Harley DR, House
C, Ridgway SH. 1999. Brucella-induced abortions and infection in
bottlenose dolphins (Tursiops truncatus). J Zoo Wildl Med 30:100-110.

10.1128/spectrum.01997-23 12

Downloaded from https://journal s.asm.org/journal/spectrum on 14 February 2024 by 155.210.59.210.


https://www.ebi.ac.uk/ena/browser/view/PRJEB60581
https://www.ebi.ac.uk/ena/browser/view/ERR11269022
https://www.ebi.ac.uk/ena/browser/view/ERR11269021
https://doi.org/10.1128/spectrum.01997-23
https://doi.org/10.1016/j.ijantimicag.2010.06.013
https://doi.org/10.1177/104063879400600408
https://doi.org/10.1136/vr.134.14.359-b
https://doi.org/10.1099/ijs.0.65269-0
https://doi.org/10.1053/jcpa.2001.0535
https://doi.org/10.1136/vr.158.13.450
https://doi.org/10.1136/vetrec.165.3.86
https://doi.org/10.1186/s12917-014-0206-7
https://doi.org/10.1186/s12917-019-2089-0
https://doi.org/10.3389/fvets.2020.00650
https://doi.org/10.1016/s0378-1135(02)00236-5
https://doi.org/10.3201/eid1409.071056
https://doi.org/10.1111/avj.12903
https://doi.org/10.1371/journal.pone.0240178
https://doi.org/10.7589/2014-04-092
https://doi.org/10.3354/dao03590
https://doi.org/10.1016/j.jcpa.2009.10.017
https://doi.org/10.1128/spectrum.01997-23

Research Article

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

November/December 2023 Volume 11

Jauniaux TP, Brenez C, Fretin D, Godfroid J, Haelters J, Jacques T,
Kerckhof F, Mast J, Sarlet M, Coignoul FL. 2010. Brucella ceti infection in
harbor porpoise (Phocoena phocoena). Emerging infectious diseases
16:1966-1968.

Ohishi K, Zenitani R, Bando T, Goto Y, Uchida K, Maruyama T, Yamamoto
S, Miyazaki N, Fujise Y. 2003. Pathological and serological evidence of
Brucella-infection in baleen whales (Mysticeti) in the Western North
Pacific. Comp Immunol Microbiol Infect Dis 26:125-136. https://doi.org/
10.1016/5s0147-9571(02)00036-x

Dagleish MP, Barley J, Finlayson J, Reid RJ, Foster G. 2008. Brucella ceti
associated pathology in the testicle of a harbour porpoise (Phocoena
phocoena). J Comp Pathol 139:54-59. https://doi.org/10.1016/j.jcpa.
2008.03.004

Goertz CEC, Frasca S Jr, Bohach GA, Cowan DF, Buck JD, French RA, De
Guise S, Maratea J, Hinckley L, Ewalt D, Schlievert PM, Karst SM, Deobald
CF, St Aubin DJ, Dunn JL. 2011. Brucella sp. vertebral osteomyelitis with
intercurrent fatal Staphylococcus aureus toxigenic enteritis in a
bottlenose dolphin (Tursiops truncatus). J Vet Diagn Invest 23:845-851.
https://doi.org/10.1177/1040638711407683

Dagleish MP, Barley J, Howie FE, Reid RJ, Herman J, Foster G. 2007.
Isolation of Brucella species from a diseased atlanto-occipital joint of an
Atlantic white-sided dolphin (Lagenorhynchus acutus). Vet Rec 160:876-
878. https://doi.org/10.1136/vr.160.25.876

Cassle S, Johnson S, Lutmerding B, Jensen E. 2009. Pulmonary brucellosis
in an Atlantic Bottlenose dolphin (Tursiops Truncatus). laaam.

Dawson CE, Perrett LL, Young EJ, Davison NJ, Monies RJ. 2006. Isolation
of Brucella species from a bottlenosed dolphin (Tursiops truncatus). Vet
Rec 158:831-832. https://doi.org/10.1136/vr.158.24.831

Guzman-Verri C, Gonzélez-Barrientos R, Hernandez-Mora G, Morales J-A,
Baquero-Calvo E, Chaves-Olarte E, Moreno E. 2012. Brucella ceti and
brucellosis in Cetaceans. Front Cell Infect Microbiol 2:3. https://doi.org/
10.3389/fcimb.2012.00003

Tryland M, Serensen KK, Godfroid J. 2005. Prevalence of Brucella
pinnipediae in healthy hooded seals (Cystophora cristata) from the North
Atlantic ocean and ringed seals (Phoca hispida) from Svalbard. Vet
Microbiol 105:103-111. https://doi.org/10.1016/j.vetmic.2004.11.001
Maratea J, Ewalt DR, Frasca S Jr, Dunn JL, De Guise S, Szkudlarek L, St
Aubin DJ, French RA. 2003. Evidence of Brucella sp. infection in marine
mammals stranded along the coast of Southern New England. J Zoo
Wildl Med 34:256-261. https://doi.org/10.1638/02-053

OIE WOfAH. 2018. Brucellosis (infection with Brucella Abortus, B.
Melitensis and B. Suis), p 355-398. OIE Terrestrial Manual.

Van Bressem MF, Van Waerebeek K, Raga JA, Godfroid J, Brew SD,
MacMillan AP. 2001. Serological evidence of Brucella species infection in
odontocetes from the South Pacific and the Mediterranean. Vet Rec
148:657-661. https://doi.org/10.1136/vr.148.21.657

Sanchez-Sarmiento AM, Carvalho VL, Meirelles ACO, Gravena W, Marigo
J, Sacristan C, Costa-Silva S, Groch KR dos Santos Silva N, Ferreira Neto JS,
Catdo-Dias JL. 2018. Survey of Brucella spp. and Leptospira spp.
antibodies in cetaceans and manatees of the Amazon basin and Atlantic
Ocean, Brazil. Diseases of Aquatic Organisms 132:1-11.
Sanchez-Sarmiento Angélica M, Carvalho VL, Diaz-Delgado J, Ressio RA,
Fernandes NCCA, Guerra JM, Sacristan C, Groch KR, Silvestre-Perez N,
Ferreira-Machado E, Costa-Silva S, Navas-Sudrez P, Meirelles ACO, Favero
C, Marigo J, Bertozzi CP, Colosio AC, Marcondes MCC, Cremer MJ, Dos
Santos Silva N, Ferreira Neto JS, Keid LB, Soares R, Sierra E, Fernandez A,
Catdo-Dias JL. 2019. Molecular, serological, pathological, immunohisto-
chemical and microbiological investigation of Brucella spp. in marine
mammals of Brazil reveals new Cetacean hosts. Transbound Emerg Dis
66:1674-1692. https://doi.org/10.1111/tbed.13203

Dawson CE, Perrett LL, Stubberfield EJ, Stack JA, Farrelly SSJ, Cooley WA,
Davison NJ, Quinney S. 2008. Isolation and characterization of Brucella
from the lungworms of a harbor porpoise (Phocoena phocoena). J Wildl
Dis 44:237-246. https://doi.org/10.7589/0090-3558-44.2.237

Foster G, Whatmore AM, Dagleish MP, Baily JL, Deaville R, Davison NJ,
Koylass MS, Perrett LL, Stubberfield EJ, Reid RJ, Brownlow AC. 2015.
Isolation of Brucella ceti from a long-finned pilot whale (Globicephala
melas) and a Sowerby’s beaked whale (Mesoploden bidens). J Wildl Dis
51:868-871. https://doi.org/10.7589/2014-04-112

Davison NJ, Brownlow A, Doeschate MT, Dale EJ, Foster G, Muchowski J,
Perrett LL, Rocchi M, Whatmore AM, Dagleish MP. 2021. Neurobrucellosis

Issue 6

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Microbiology Spectrum

due to Brucella ceti ST26 in three sowerby’s beaked whales (Mesoplodon
bidens). J Comp Pathol 182:1-8. https://doi.org/10.1016/j.jcpa.2020.10.
005

Davison N, Dagleish M, Dale E, ten Doeschate M, Muchowski J, Perrett L,
Rocchi M, Whatmore A, Brownlow A. 2021. First confirmed reports of the
isolation of Brucella ceti from a Risso’s dolphin Grampus griseus and a
killer whale Orcinus orca. Dis. Aquat. Org. 145:191-195. https://doi.org/
10.3354/dao03612

Mauroo NF, Poon RWS, Beh PSL, Woo PCY. 2020. Detection of Brucella
ceti in two Indo-Pacific Finless porpoises (Neophocaena phocaenoides)
stranded in Hong Kong. J Wildl Dis 56:698-701. https://doi.org/10.7589/
2019-05-113

Herndndez-Mora G, Palacios-Alfaro JD, Gonzalez-Barrientos R. 2013.
Wildlife reservoirs of brucellosis: Brucella in aquatic environments. Rev
Sci Tech 32:89-103. https://doi.org/10.20506/rst.32.1.2194

Nymo IH, Tryland M, Godfroid J. 2011. A review of Brucella infection in
marine mammals, with special emphasis on Brucella pinnipedialis in the
hooded seal (Cystophora cristata). Vet Res 42:93. https://doi.org/10.1186/
1297-9716-42-93

Maquart M, Le Fleche P, Foster G, Tryland M, Ramisse F, Djgnne B, Al
Dahouk S, Jacques |, Neubauer H, Walravens K, Godfroid J, Cloeckaert A,
Vergnaud G. 2009. MLVA-16 typing of 295 marine mammal Brucella
isolates from different animal and geographic origins identifies 7 major
groups within Brucella ceti and Brucella pinnipedialis. BMC Microbiol.
9:145-145. https://doi.org/10.1186/1471-2180-9-145

Whatmore AM, Perrett LL, MacMillan AP. 2007. Characterisation of the
genetic diversity of Brucella by multilocus sequencing. BMC Microbiol.
7:34. https://doi.org/10.1186/1471-2180-7-34

Groussaud P, Shankster SJ, Koylass MS, Whatmore AM. 2007. Molecular
typing divides marine mammal strains of Brucella into at least three
groups with distinct host preferences. J Med Microbiol 56:1512-1518.
https://doi.org/10.1099/jmm.0.47330-0

Geraci J, Lounsbury V. 2005. Marine mammals ashore: a field guide for
strandings. National Aquarium in Baltimore.

Queller DC, Goodnight KF. 1989. Estimating relatedness using genetic
markers. Evolution 43:258-275. https://doi.org/10.1111/j.1558-5646.
1989.tb04226.x

Lynch M, Ritland K. 1999. Estimation of pairwise relatedness with
molecular markers. Genetics 152:1753-1766. https://doi.org/10.1093/
genetics/152.4.1753

Bricker BJ. 2002. PCR as a diagnostic tool for brucellosis. Vet Microbiol
90:435-446. https://doi.org/10.1016/s0378-1135(02)00228-6

Navarro E, Casao MA, Solera J. 2004. Diagnosis of human brucellosis
using PCR. Expert Rev Mol Diagn 4:115-123. https://doi.org/10.1586/
14737159.4.1.115

Venn-Watson S, Colegrove KM, Litz J, Kinsel M, Terio K, Saliki J, Fire S,
Carmichael R, Chevis C, Hatchett W, Pitchford J, Tumlin M, Field C, Smith
S, Ewing R, Fauquier D, Lovewell G, Whitehead H, Rotstein D, McFee W,
Fougeres E, Rowles T. 2015. Adrenal gland and lung lesions in Gulf of
Mexico common bottlenose dolphins (Tursiops truncatus) found dead
following the deepwater horizon oil spill. PLoS One 10:e0126538. https:/
/doi.org/10.1371/journal.pone.0126538

Blanc DS, Magalhdes B, Koenig I, Senn L, Grandbastien B. 2020.
Comparison of whole genome (wg-) and core genome (cg-) MLST
(BioNumericsTM) versus SNP variant calling for epidemiological
investigation of Pseudomonas aeruginosa Front Microbiol 11:1729. https:
//doi.org/10.3389/fmicb.2020.01729

Janowicz A, De Massis F, Ancora M, Camma C, Patavino C, Battisti A, Prior
K, Harmsen D, Scholz H, Zilli K, Sacchini L, Di Giannatale E, Garofolo G.
2018. Core genome multilocus sequence typing and single nucleotide
polymorphism analysis in the epidemiology of Brucella melitensis
infections. J Clin Microbiol 56:€00517-18. https://doi.org/10.1128/JCM.
00517-18

CorbelMJFood, Agriculture Organization of the United N, World Health
O, World Organisation for Animal H. 2006Brucellosis in humans and
animalsWorld Health Organization, Geneva.

Schlafer DH, Foster RA. 2016. Chapter 4 - female genital System. Jubb,
Kennedy & Palmer's pathology of domestic animals: Volume 3 Volume
111:358-464.

Khurana SK, Sehrawat A, Tiwari R, Prasad M, Gulati B, Shabbir MZ,
Chhabra R, Karthik K, Patel SK, Pathak M, Igbal Yatoo M, Gupta VK,

10.1128/spectrum.01997-23 13

Downloaded from https://journal s.asm.org/journal/spectrum on 14 February 2024 by 155.210.59.210.


https://doi.org/10.1016/s0147-9571(02)00036-x
https://doi.org/10.1016/j.jcpa.2008.03.004
https://doi.org/10.1177/1040638711407683
https://doi.org/10.1136/vr.160.25.876
https://doi.org/10.1136/vr.158.24.831
https://doi.org/10.3389/fcimb.2012.00003
https://doi.org/10.1016/j.vetmic.2004.11.001
https://doi.org/10.1638/02-053
https://doi.org/10.1136/vr.148.21.657
https://doi.org/10.1111/tbed.13203
https://doi.org/10.7589/0090-3558-44.2.237
https://doi.org/10.7589/2014-04-112
https://doi.org/10.1016/j.jcpa.2020.10.005
https://doi.org/10.3354/dao03612
https://doi.org/10.7589/2019-05-113
https://doi.org/10.20506/rst.32.1.2194
https://doi.org/10.1186/1297-9716-42-93
https://doi.org/10.1186/1471-2180-9-145
https://doi.org/10.1186/1471-2180-7-34
https://doi.org/10.1099/jmm.0.47330-0
https://doi.org/10.1111/j.1558-5646.1989.tb04226.x
https://doi.org/10.1093/genetics/152.4.1753
https://doi.org/10.1016/s0378-1135(02)00228-6
https://doi.org/10.1586/14737159.4.1.115
https://doi.org/10.1371/journal.pone.0126538
https://doi.org/10.3389/fmicb.2020.01729
https://doi.org/10.1128/JCM.00517-18
https://doi.org/10.1128/spectrum.01997-23

Research Article

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

November/December 2023 Volume 11

Dhama K, Sah R, Chaicumpa W. 2021. Bovine brucellosis - a comprehen-
sive review. Vet Q 41:61-88. https://doi.org/10.1080/01652176.2020.
1868616

Venn-Watson S. 2016. Opportunistic Pathogens of Marine Mammals, p
127-143. In Hurst CJ (ed), The Rasputin Effect: When Commensals and
Symbionts Become Parasitic. Springer International Publishing, Cham.
Tittarelli M, Di Ventura M, De Massis F, Scacchia M, Giovannini A, Nannini
D, Caporale V. 2005. The persistence of Brucella melitensis in experimen-
tally infected ewes through three reproductive cycles. J Vet Med B Infect
Dis Vet Public Health 52:403-409. https://doi.org/10.1111/j.1439-0450.
2005.00885.x

McFee WE, Wu D, Colegrove K, Terio K, Balthis L, Young R. 2020.
Occurrence of Brucella ceti in stranded Bottlenose dolphins Tursiops
Truncatus coincides with calving season. Dis Aquat Organ 141:185-193.
https://doi.org/10.3354/dao03526

Kastelein RA, Vaughan N, Walton S, Wiepkema PR. 2002. Food intake and
body measurements of Atlantic bottlenose dolphins (Tursiops truncatus)
in captivity. Mar Environ Res 53:199-218. https://doi.org/10.1016/s0141-
1136(01)00123-4

Blasi MF, Bruno C, Boitani L. 2020. Female reproductive output in a
mediterranean bottlenose dolphin Tursiops truncatus population. Aquat.
Biol 29:123-136. https://doi.org/10.3354/ab00732

Whatmore AM, Dawson C, Muchowski J, Perrett LL, Stubberfield E,
Koylass M, Foster G, Davison NJ, Quance C, Sidor IF, Field CL, St Leger J.
2017. Characterisation of North American Brucella isolates from marine
mammals. PLoS One 12:e0184758. https://doi.org/10.1371/journal.pone.
0184758

Magquart M, Fardini Y, Zygmunt MS, Cloeckaert A. 2008. Identification of
novel DNA fragments and partial sequence of a genomic Island specific
of Brucella pinnipedialis. Vet Microbiol 132:181-189. https://doi.org/10.
1016/j.vetmic.2008.04.015

Sanchez-Sarmiento AM, Ruoppolo V, Muelbert MM, Ferreira Neto JS,
Catdo-Dias JL. 2020. Serological screening for Brucella spp. and
Leptospira spp. antibodies in southern elephant seals Mirounga leonina
from Elephant Island, Antarctica, in 2003 and 2004. Dis Aquat Organ
142:161-170.

Hernandez-Mora G, Manire CA, Gonzalez-Barrientos R, Barquero-Calvo E,
Guzmén-Verri C, Staggs L, Thompson R, Chaves-Olarte E, Moreno E.
2009. Serological diagnosis of Brucella infections in odontocetes. Clin
Vaccine Immunol 16:906-915. https://doi.org/10.1128/CVI.00413-08
Matope G, Muma JB, Toft N, Gori E, Lund A, Nielsen K, Skjerve E. 2011.
Evaluation of sensitivity and specificity of RBT, c-ELISA and fluorescence
polarisation assay for diagnosis of brucellosis in cattle using latent class
analysis. Vet Immunol Immunopathol 141:58-63. https://doi.org/10.
1016/j.vetimm.2011.02.005

Nielsen O, Nielsen K, Stewart RE. 1996. Serologic evidence of Brucella spp
exposure in Atlantic walruses (Odobenus rosmarus rosmarus) and ringed
seals (Phoca hispida) of Arctic Canada. Arctic 49:383-386.

Nielsen O, Stewart RE, Nielsen K, Measures L, Duignan P. 2001. Serologic
survey of Brucella spp. antibodies in some marine mammals of North
America. J Wildl Dis 37:89-100. https://doi.org/10.7589/0090-3558-37.1.
89

Nielsen O, Nielsen K, Braun R, Kelly L. 2005. A comparison of four
serologic assays in screening for Brucella exposure in Hawaiian monk
seals. J Wildl Dis 41:126-133. https://doi.org/10.7589/0090-3558-41.1.
126

Jepson PD, Brew S, MacMillan AP, Baker JR, Barnett J, Kirkwood JK,
Kuiken T, Robinson IR, Simpson VR. 1997. Antibodies to Brucella in
marine mammals around the coast of England and Wales. Veterinary
Record 141:513-515. https://doi.org/10.1136/vr.141.20.513

Kuiken T, Hartmann MG. 1991. Cetacean dissection techniques and
tissue sampling. ECS Newsletter: Special Issue:1-39.

Laird AK. 1966. Postnatal growth of birds and mammals. Growth 30:349-
363.

Stolen MK, Odell DK, Barros NB. 2002. Growth of bottlenose dolphins
(Tursiops  truncatus) from the Indian river lagoon system. Marine
Mammal Sci 18:348-357. https://doi.org/10.1111/j.1748-7692.2002.
tb01042.x

Bourret V, Mace M, Bonhomme M, Crouau-Roy B. 2008. Microsatellites in
cetaceans: an overview. TOMBJ 2:38-42. https://doi.org/10.2174/
1874450800802010038

Issue 6

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Microbiology Spectrum

Peakall R, Smouse PE. 2006. GENALEX 6: genetic analysis in excel.
population genetic software for teaching and research. Mol Ecol Notes
6:288-295. https://doi.org/10.1111/j.1471-8286.2005.01155.x

Bounaadja L, Albert D, Chénais B, Hénault S, Zygmunt MS, Poliak S,
Garin-Bastuji B. 2009. Real-time PCR for identification of Brucella spp.: a
comparative study of IS711, bcsp31 and per target genes. Vet Microbiol
137:156-164. https://doi.org/10.1016/j.vetmic.2008.12.023

Rubio-Guerri C, Melero M, Rivera-Arroyo B, Belliére EN, Crespo JL, Garcia-
Parraga D, Esperén F, Sanchez-Vizcaino JM. 2013. Simultaneous
diagnosis of Cetacean morbillivirus infection in dolphins stranded in the
Spanish mediterranean sea in 2011 using a novel universal probe library
(UPL) RT-PCR assay. Vet Microbiol 165:109-114. https://doi.org/10.1016/
j.vetmic.2012.12.031

De Miguel MJ, Marin CM, Mufioz PM, Dieste L, Grill6 MJ, Blasco JM. 2011.
Development of a selective culture medium for primary isolation of the
main Brucella species. J Clin Microbiol 49:1458-1463. https://doi.org/10.
1128/JCM.02301-10

Alton GG, Jones LM, Angus R, Verger J. 1988. Techniques for the
brucellosis laboratory. Institut National de la recherche Agronomique
(INRA).

Lépez-Goiii |, Garcia-Yoldi D, Marin CM, de Miguel MJ, Mufioz PM, Blasco
JM, Jacques |, Grayon M, Cloeckaert A, Ferreira AC, Cardoso R, Corréa de
Sa MI, Walravens K, Albert D, Garin-Bastuji B. 2008. Evaluation of a
multiplex PCR assay (Bruce-ladder) for molecular typing of all Brucella
species, including the vaccine strains. J Clin Microbiol 46:3484-3487.
https://doi.org/10.1128/JCM.00837-08

Lépez-Goii Ignacio, Garcia-Yoldi D, Marin CM, de Miguel MJ, Barquero-
Calvo E, Guzmén-Verri C, Albert D, Garin-Bastuji B. 2011. New Bruce-
ladder multiplex PCR assay for the biovar typing of Brucella suis and the
discrimination of Brucella suis and Brucella canis. Vet Microbiol 154:152—
155. https://doi.org/10.1016/j.vetmic.2011.06.035

Cloeckaert A, Verger J-M, Grayon M, Paquet J-Y, Garin-Bastuji B, Foster G,
Godfroid J. 2001. Classification of Brucella spp. isolated from marine
mammals by DNA polymorphism at the omp2 locus. Microbes Infect.
3:729-738. https://doi.org/10.1016/51286-4579(01)01427-7

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30:2114-2120. https://doi.org/
10.1093/bioinformatics/btu170

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell
sequencing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.
2012.0021

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29:1072-1075.
https://doi.org/10.1093/bioinformatics/btt086

Sudrez-Esquivel M, Baker KS, Ruiz-Villalobos N, Hernandez-Mora G,
Barquero-Calvo E, Gonzalez-Barrientos R, Castillo-Zeleddn A, Jiménez-
Rojas C, Chacon-Diaz C, Cloeckaert A, Chaves-Olarte E, Thomson NR,
Moreno E, Guzman-Verri C. 2017. Brucella genetic variability in wildlife
marine mammals populations relates to host preference and ocean
distribution. Genome Biol Evol 9:1901-1912. https://doi.org/10.1093/
gbe/evx137

Li H, Durbin R. 2009. Fast and accurate short read alignment with
burrows-Wheeler transform. Bioinformatics 25:1754-1760. https://doi.
org/10.1093/bioinformatics/btp324

Li Heng, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
2009. The sequence alignment/map format and SAMtools. bioinformat-
ics 25:2078-2079. https://doi.org/10.1093/bioinformatics/btp352
Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO,
Whitwham A, Keane T, McCarthy SA, Davies RM, Li H. 2021. Twelve years
of SAMtools and Bcftools. Gigascience 10:giab008. https://doi.org/10.
1093/gigascience/giab008

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics 30:1312-1313.
https://doi.org/10.1093/bioinformatics/btu033

Letunic |, Bork P. 2021. Interactive tree of life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49:W293-
W296. https://doi.org/10.1093/nar/gkab301

10.1128/spectrum.01997-23 14

Downloaded from https://journal s.asm.org/journal/spectrum on 14 February 2024 by 155.210.59.210.


https://doi.org/10.1080/01652176.2020.1868616
https://doi.org/10.1111/j.1439-0450.2005.00885.x
https://doi.org/10.3354/dao03526
https://doi.org/10.1016/s0141-1136(01)00123-4
https://doi.org/10.3354/ab00732
https://doi.org/10.1371/journal.pone.0184758
https://doi.org/10.1016/j.vetmic.2008.04.015
https://doi.org/10.1128/CVI.00413-08
https://doi.org/10.1016/j.vetimm.2011.02.005
https://doi.org/10.7589/0090-3558-37.1.89
https://doi.org/10.7589/0090-3558-41.1.126
https://doi.org/10.1136/vr.141.20.513
https://doi.org/10.1111/j.1748-7692.2002.tb01042.x
https://doi.org/10.2174/1874450800802010038
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1016/j.vetmic.2008.12.023
https://doi.org/10.1016/j.vetmic.2012.12.031
https://doi.org/10.1128/JCM.02301-10
https://doi.org/10.1128/JCM.00837-08
https://doi.org/10.1016/j.vetmic.2011.06.035
https://doi.org/10.1016/s1286-4579(01)01427-7
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/gbe/evx137
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1128/spectrum.01997-23

	New insights into the pathogenesis and transmission of Brucella pinnipedialis: systemic infection in two bottlenose dolphins (Tursiops truncatus)
	RESULTS
	Macroscopic exam
	Age estimation
	Relatedness analysis
	Histopathology
	Molecular diagnosis
	Bacterial culture and classification
	Phylogenetic analysis
	Serology

	DISCUSSION
	MATERIALS AND METHODS
	Naturally infected dolphins
	Age estimation
	Relatedness analysis
	Histology
	Molecular diagnosis
	Bacterial culture and classification
	Whole-genome sequencing and bioinformatics
	Phylogenetic analysis
	Serology



