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Brucella ceti causes disease in Odontoceti. The absence of control serum collections and the diversity of
cetaceans have hampered the standardization of serological tests for the diagnosis of cetacean brucellosis.
Without a “gold” standard for sensitivity and specificity determination, an alternative approach was followed.
We designed an indirect enzyme-linked immunosorbent assay (iELISA) that recognizes immunoglobulins G
(IgGs) from 17 odontocete species as a single group. For the standardization, we used Brucella melitensis and
Brucella abortus lipopolysaccharides, serum samples from seven resident odontocetes with no history of
infectious disease displaying negative rose bengal test (RBT) reactions, and serum samples from seven
dolphins infected with B. ceti. We compared the performance of the iELISA with those of the protein G ELISA
(gELISA), the competitive ELISA (cELISA), and the immunofluorescence (IF) and dot blot (DB) tests, using
179 odontocete serum samples and RBT as the reference. The diagnostic potential based on sensitivity and
specificity of the iELISA was superior to that of gELISA and cELISA. The correlation and agreement between
the iELISA and the gELISA were relatively good (Ri,g2 = 0.65 and k;, = 0.66, respectively), while the
correlation and agreement of these two ELISAs with cELISA were low (R;,.> = 0.46, Rg/c2 = 0.37 and ;. = 0.62,
K, = 0.42). In spite of using the same anti-odontocete IgG antibody, the iELISA was more specific than were
the IF and DB tests. An association between high antibody titers and the presence of neurological symptoms
in dolphins was observed. The prediction is that iELISA based on broadly cross-reacting anti-dolphin IgG
antibody would be a reliable test for the diagnosis of brucellosis in odontocetes, including families not covered

in this study.

Brucellosis is a disease of terrestrial and marine mammals
and a relevant zoonosis caused by intracellular bacteria of the
genus Brucella (34). In the last 2 decades, several strains of
Brucella have been isolated from marine mammals, primarily
from dolphins, porpoises, and seals (6, 11, 13-16, 18, 28, 42, 43,
49). For these marine strains, species names were proposed,
first as a single cluster called “Brucella maris” (27) and, there-
after, divided into “Brucella cetaceae” and “Brucella pinnipe-
diae” (7). Recently, the proposal of incorporating these marine
strains as two new species was accepted; however, their names
were corrected to Brucella ceti and Brucella pinnipedialis (15).
The former Brucella species is predominant in dolphins and
whales, while the latter is mainly isolated from seals and sea
lions. These two new marine Brucella species can be further
divided into several strains according to molecular biotyping
(20), indicating that the species group is heterogeneous. The
marine species display phenotypic resemblance with smooth
Brucella abortus and Brucella melitensis, possessing the same
relevant surface antigens that are commonly used for the se-
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rological diagnosis of brucellosis in bovines, caprines, and
ovines (4).

Most of the confirmed cases of brucellosis in cetaceans have
been in odontocetes stranded on the shoreline, mainly animals
displaying swimming and orientation problems (25). Com-
monly, the arrival of dolphins and whales on the shore attracts
attention and brings people into close contact with these ani-
mals, potentially serving as a source of Brucella infections to
humans (5, 32, 45). Moreover, some of these stranded marine
mammals, after treatment and recovering from various ill-
nesses, are maintained in aquariums for exhibition, research
purposes, or facilitated therapies (2). The status of Brucella
infection and shedding of the bacteria in these retained ani-
mals are not regularly monitored, either because the disease is
ignored as a cause of stranding or, more likely, due to the
absence of screening tests validated for odontocetes.

The difficulty in validating serological tests for cetacean bru-
cellosis lies in the fact that a significant number of adequate
serum samples from animals with proven infections are re-
quired, as well as negative controls from Brucella-free animals.
As expected, this is very difficult to accomplish with wildlife
species, especially those living in open populations, such as
dolphins and whales. In addition, there are two different ceta-
cean orders with many families and their corresponding spe-
cies. For instance, the order Odontoceti, which includes dol-
phins, toothed whales, and porpoises, contains nine families,
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not all of them monophyletic, and approximately 73 different
species (31). In spite of these difficulties, significant efforts to
test cetaceans for brucellosis have been carried out using com-
petitive enzyme-linked immunosorbent assay (cELISA), indi-
rect protein G ELISA (gELISA), and other serological tests
originally developed for bovine or caprine brucellosis (28, 36,
46, 48, 49). However, none of the serological tests assayed with
cetaceans have been validated. In this study, the performances
of six serological tests have been standardized and compared
for the presumptive diagnosis of brucellosis in 179 serum sam-
ples from 17 different species of odontocetes, mainly from the
Atlantic coast of the United States and the Pacific coast of
Costa Rica.

MATERIALS AND METHODS

Odontocete serum collection. From a total of 179 odontocete serum samples
corresponding to 17 species (Fig. 1 and Table 1), 145 were from stranded animals
attended at the Dolphin and Whale Hospital, Mote Marine Laboratory, Sara-
sota, FL; 14 belonged to resident animals from Six Flags Marine World, Vallejo,
CA; seven were collected from resident animals at the Gulf World, Panama City
Beach, FL; 12 were obtained from stranded dolphins on the Pacific coast of
Costa Rica; and one was obtained from a dolphin stranded on the Atlantic coast
of Spain. The negative control serum samples were chosen from seven healthy
resident odontocetes (one member of Kogia breviceps, two of Steno bredanensis,
three of Tursiops truncatus, and one of Stenella coeruleoalba) with no clinical
symptoms of infectious diseases, all displaying negative reactions in rose bengal
agglutination tests (RBT) (1). Positive samples were obtained from seven dol-
phins (six members of S. coeruleoalba and one of Tursiops truncatus), from which
B. ceti was isolated (25). Serum samples were maintained frozen at —80°C or in
50% glycerol at —20°C. From these, one serum sample from S. coeruleoalba with
an RBT agglutination titer of 1/16 and high readings (optical density at 460 nm
of >1.6) in ELISA was used as a positive serum control in the assays. Serum
samples from healthy and B. abortus-infected bovines were from Costa Rica (17).

Brucella antigens and generation of antibodies and conjugates. Lipopolysac-
charides (LPS) from B. abortus 2308 (AC epitope type) and B. melitensis 16 M
(MC epitope type) were extracted and purified as previously described (3, 35)
and stored at —20°C in aliquots of 1 mg/ml. Before use, LPS solutions were
sonicated and diluted accordingly. The isolation of immunoglobulin G (IgG)
from S. bredanensis serum was performed by standard procedures (33, 39, 40),
and the purity of the fraction was evaluated in silver-stained gels (22). The
purified dolphin immunoglobulin preparation demonstrated only two bands cor-
responding to the heavy and light chains of IgG. Antibodies against S. bredane-
nsis IgG were raised in rabbits as described elsewhere (22). Rabbit IgG was
purified and conjugated with fluorescein isothiocyanate (FITC; Sigma-Aldrich)
or horseradish peroxidase (HRP; Sigma-Aldrich) following previously described
protocols (26, 39). Recombinant protein G-HRP was purchased from Pierce
Biotechnology, Inc. Conjugates were maintained in the dark and stored in ali-
quots at —20°C in the presence of 1% lipid-free bovine serum albumin (BSA)
and 50% glycerol.

Immunochemical and serological assays. RBT was performed and evaluated
as described elsewhere (1). The cELISA for the diagnosis of brucellosis (Svanova
Biotech, Uppsala, Sweden) was performed according to the instruction manual,
using the same conditions established for testing bovine sera. In all assays,
positive and negative dolphin serum samples were included in the analysis in
parallel with the commercial controls included in the kit. The gELISA was
performed essentially as reported before for bovine sera (44), with the following
modifications. One hundred microliters of control and serum samples diluted
1/250 in phosphate-buffered saline (PBS)-Tween-BSA was added to the wells of
polystyrene Immunolon IT 96-well microplates (Nalge Nunc International), pre-
viously coated with Brucella LPS. After incubation, plates were washed, and a
100-pl volume of a solution of 250 ng/ml protein G-HRP diluted either in
PBS-Tween containing 0.1% BSA or in 0.1 M acetate buffer (pH 5), was added
to each well; then, the plates were incubated for 1 hour at 37°C in an orbital
shaker. The plates were washed with PBS-Tween containing 0.1% BSA; then,
100 wl of the ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)] substrate
chromogen (Sigma-Aldrich) was added per well. After incubation at 37°C, plates
were read at 405 nm with an ELISA reader.

Indirect ELISA (iELISA) was performed as described previously (30), with
modifications. Briefly, polystyrene Immunolon II 96-well microplates were
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FIG. 1. Determination of antibody and conjugate reactivity against
sera from different odontocete species. (A) Rabbit antiserum anti-IgG
from S. bredanensis (S) was tested by immunodiffusion against sera
from Delphinus delphis (Dd), Feresa attenuata (Fa), Grampus griseus
(Gg), Kogia breviceps (Kb), Kogia sima (Ks), Lagenodelphis hosei (Lh),
Mesoplodon europaeus (Me), Orcinus orca (Oo), Peponocephala electra
(Pe), Physeter macrocephalus (Pm), Stenella attenuata (Sa), Stenella
clymene (Scl), Stenella coeruleoalba (Sc), Stenella frontalis (Sf), Stenella
longirostris (SI), Steno bredanensis (Stb), and Tursiops truncatus (Tt).
Serum from Bos taurus (Bt) was used as an out-group control. (B) An
anti-S. bredanensis IgG-HRP conjugate was tested by WB against sera
from 17 different odontocete species and a cow, and the reactivity
against the heavy-chain IgG was measured by pixel densitometry. The
WB experiments were performed at least four times, and the density of
the IgG heavy-chain band of each serum species normalized using the
IgG-heavy chain of S. bredanensis. Notice the weaker and partial re-
action of Kogia species in immunodiffusion and the significantly
weaker reaction of these species in WBs. *, P < 0.05; »%, P < 0.005.
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TABLE 1. Distribution of positive serum samples from Odontoceti species in different diagnostic assays
) Total no. of No. of positive reactions in“:
Species
samples iELISA cELISA gELISA RBT IF DB
T. truncatus 55 13 15 7 14 20 31
L. hosei 24 5 5 2 5 7 13
K. breviceps 22 2 2 6 6 4 4
S. bredanensis 23 11 12 5 12 13 14
S. coeruleoalba 12 11 9 9 10 11 11
G. griseus 11 8 8 6 8 8 7
S. longirostris 7 6 3 7 7 6 7
K. sima 6 0 0 1 0 0 0
S. clymene 6 0 1 0 0 0 0
S. attenuata 4 0 0 0 0 0 0
F. attenuata 3 1 1 1 1 1 1
S. frontalis 1 1 1 1 0 1 1
P. electra 1 0 1 0 0 0 0
D. delphis 1 0 0 0 0 0 0
M. europaeus 1 0 0 0 0 0 0
0. orca 1 0 0 0 0 0 0
P. macrocephalus 1 0 0 0 0 0 0
Total 179 58 (32.4) 58 (32.4) 45(25.1) 63 (35.2) 71 (39.7) 89 (49.7)

“ Numbers within parentheses are the percentage of positive serum samples per assay.

coated with 100 pl/well of LPS solution (25 to 200 wg/ml) for 18 h at room
temperature, sealed with adherent plastic covers, and kept at —20°C until used.
After five washes with 200 wl of PBS-Tween 20 per well, controls and samples
were diluted in PBS-Tween containing 1% BSA, and 100 pl of the solution was
added to each well. Microplates were incubated for 1 hour at 37°C in an orbital
shaker and then washed again, and 100 pl of the anti-dolphin IgG-HRP diluted
in PBS-Tween containing 1% BSA was added per well. The plates were incu-
bated again for 1 hour at 37°C in an orbital shaker. After incubation, the plates
were washed in either PBS as described above, and 100 pl of the ABTS substrate
chromogen (Sigma-Aldrich) was added per well. After 1 hour incubation at 37°C,
plates were read at 405 nm with an ELISA reader.

An immunoenzymatic dot blot (DB) assay was performed in a Bio-Dot mi-
crofiltration system (Bio-Rad Laboratories, Inc.) following the manufacturer’s
instructions. Briefly, 100 wl solution of B. melitensis LPS diluted in PBS was
dispensed onto the nitrocellulose membrane (Bio-Rad) in each well and filtered
with the aid of a vacuum. After filtration, the membrane was blocked with a
solution of PBS containing 1% skim milk (Sigma-Aldrich), and the membrane
was washed three times (10 min each) with PBS-Tween 20. Then, 50 wl of the
serum samples and controls diluted 1/5,000 in PBS-Tween containing 0.1% BSA
was added to each well, and the plates were incubated for 1 hour at room
temperature in an orbital shaker. The membrane was then washed as described
above, and 50 pl anti-dolphin IgG-HRP diluted in PBS-Tween containing 1%
BSA (10 ng/ml) was added to each well. The plates were then incubated for 2
hours at room temperature and washed as described above, and the dots were
revealed on an autoradiography film (Eastman Kodak Co.) with SuperSignal
chemiluminescent substrate (Thermo Fisher Scientific, Inc.), following manual
instructions.

For indirect immunofluorescence (IF), we initially tested B. ceti whole cells as
an antigen; however, we did not observe any difference in IF sensitivity or
specificity compared to those of B. abortus S19 whole cells. For safety reasons, B.
abortus S19, which is attenuated in cattle and lowered risk for brucellosis in
humans, was used as the antigen throughout all IF experiments. Live bacteria
were dried at 37°C on a glass slide coverslip and fixed with 3.5% paraformalde-
hyde at room temperature for 15 min. Then, 50 mM NH,Cl was added, and the
coverslips were incubated for 10 min at room temperature. Coverslips were
rapidly rinsed in PBS, and then, 50 pl of the odontocete serum diluted 1/50 in
PBS containing 10% horse serum (HS) was added. After incubation for 30 min
at room temperature, coverslips were rinsed three times with PBS and once with
PBS containing 0.1% Triton X-100. Then, 50 wl of the FITC-IgG diluted 1/50 in
PBS-HS was added to each coverslip and incubated for 30 min at room temper-
ature. Finally, the coverslips were washed as described before, and 10 pl of
Mowiol (Merck) was added to the top of each coverslip and turned onto a glass
slide. The slides were left overnight at room temperature for polymerization, and
samples were evaluated the next day by fluorescence microscopy (Olympus
BH-2).

An immunodiffusion assay for the estimation of immunoglobulin cross-reac-
tivity was carried out in 1% agarose gels as described elsewhere (26). Alterna-
tively, Western blotting (WB) of purified IgG and sera was performed on poly-
vinylidene difluoride membranes (Pall Biosciences, Dreieich, Germany) as
described elsewhere (22) and results revealed with anti-dolphin IgG-HRP fol-
lowed by the SuperSignal chemiluminescent substrate on an autoradiography
film. The level of reaction of anti-dolphin IgG-HRP against the IgG of the 17
different species of odontocetes was estimated on photographs by pixel densi-
tometry of the IgG heavy chain, using the public domain ImageJ program
(http://rsb.info.nih.gov/ij/). The IgG of the homologous species S. bredanensis was
used as an internal standard (100% value), and each experimental value was
expressed as the percentage of the standard. The WB experiment was performed
at least four times, the relative values for each IgG heavy-chain species were
averaged, and the standard error was calculated.

Statistical analysis. Comparative statistical analysis was performed using pub-
lic access package Win Episcope 2.0 software (47). The interpretation of the area
under the ROC (receiver operating characteristics) curves was made as described
by Hanley and McNeil (21). The parameters used to establish the cutoff values
and the interpretation of the diagnostic results of brucellosis were based on
previous works (30). Briefly, the cutoff values of cELISA, gELISA, and iELISA
were adjusted within the limits of the lower percentage of positivity obtained by
a positive serum and the higher percentage of positivity obtained by a negative
serum. Within these limits, the cutoff value for each ELISA was empirically
settled at intersecting values which excluded the minimal number of false posi-
tives and false negatives, taking RBT as the reference. This agglutination test was
used as the reference because its performance is independent of secondary
antibodies and because it is competent in discriminating antibodies in sera from
Brucella-infected and noninfected animals (1). Under these conditions, the cutoff
values for the cELISA, gELISA, and iELISA were empirically settled at 30.6%,
6.0%, and 7.5% positivity, respectively.

RESULTS

A potential drawback for the use of immunoassays that
depend upon anti-dolphin antibody conjugates for the diagno-
sis of marine brucellosis is that pathogenic Brucella infects
different species of odontocetes, hypothetically restricting the
use of the anti-S. bredanensis IgG-HRP and IgG-FITC conju-
gates. Therefore, we first tested the reactivity of the antibody
and the respective HRP conjugate against sera from 17 species
of odontocetes. As shown in Fig. 1A, a strong precipitation line
was evident in the immunodiffusion assay against antibodies of
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all 17 species. A partial identity and somewhat weaker precip-
itation lines were observed in assays against Kogia sima, K.
breviceps, and Mesoplodon europaeus, suggesting slightly lower
antibody specificity and potency for immunoglobulins of these
three species. Concomitantly, the IgG-HRP conjugate reacted
against the heavy and light chains of IgG of the 17 species in
WBs. Estimation of the cross-reactivity against heavy-chain
bands confirmed the immunodiffusion assay for Kogia spp.,
demonstrating lower values in species of this genus (Fig. 1B).
Two exceptions in the WB reactivity against the Ig-HRP con-
jugate were the IgG heavy chains of M. europaeus and Stenella
longirostris; the former displaying a good cross-reactivity in WB
and the latter reacting weaker than other species of the same
genus (Fig. 1B). Neither the purified antibody nor the corre-
sponding IgG-HRP conjugate showed cross-reactivity against
bovine (Fig. 1A and B), common seal, goat, human, or dog
immunoglobulins (not shown). Commercial anti-IgG(H+L)-
HRP from T. truncatus (Bethyl Laboratories, Inc.) also dem-
onstrated broad cross-reaction against Odontoceti sera with
iELISA (not shown).

It has been shown that the LPS of the Brucella marine strains
share the epitopes and extensively cross-react with LPS from
other smooth brucellae (4). Consequently, different concentra-
tions of Brucella AC and MC LPS types or equivalent mixtures
of both LPSs were assayed. Accordingly, it was determined
that the optimal conditions corresponded to 10 pg/ml of puri-
fied MC type LPS, a rabbit IlgG-HRP conjugate concentration
of 10 ng/ml, and a dolphin serum dilution of 1/1,000.

The gELISA has extensively been used for the diagnosis on
Brucella infections in marine mammals (28, 46, 48, 49), and the
interaction of protein G to antibodies is known to depend on
pH conditions (protein G package manual; Pierce Biotechnol-
ogy). Accordingly, we explored the binding of protein G-HRP
against odontocete immunoglobulins in the two recommended
buffers and compared it to the binding of bovine antibodies
(Fig. 2A). While the antibodies of Brucella-positive bovine
serum (dilutions from 1/250 to 1/4,000) efficiently bound pro-
tein G-HRP in gELISA using PBS-Tween (pH 7.2) or 0.1 M
acetate buffer (pH 5), the immunoglobulins of Brucella-in-
fected odontocete (serum dilution of 1/250) did not bind pro-
tein G-HRP using PBS-Tween buffer. Moreover, the kinetics
of the protein G-HRP binding to odontocete antibodies in
gELISA was slower than that of bovine antibodies. This was
not a result of reactions of bovine sera to LPS being stronger
than that of dolphin sera, since both Brucella-infected animals
showed the same RBT agglutination titer (1/16) and similar
optical density readings (~1.6) when anti-bovine IgG-HRP or
anti-dolphin IgG-HRP conjugates were used in iELISA. Con-
sequently, all gELISAs were performed using 0.1 M acetate
(pH 5) buffer conditions.

Then, we adjusted the positive and negative odontocete se-
rum samples to the different ELISAs. The optical density val-
ues of the positive and negative serum samples did not signif-
icantly depart from the mean and maintained nonoverlapping
limits of variation during 1 month of monitoring. Taking into
account confidence levels of 99%, the upper and lower limits of
variation for the ELISAs were close to 10%. Serum samples
from odontocetes with high, middle, or low optical density
readings were selected as positive controls to be used through-
out the experiments in the different serological assays (Fig.
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FIG. 2. Performance of protein G-HRP against odontocete sera
and calibration of positive and negative controls. (A) The performance
of protein G-HRP in gELISA against sera from Brucella-infected bo-
vine (Bos taurus) and dolphin (S. coeruleoalba) was tested using two
buffer conditions: PBS-Tween (pH 7.7) and 0.1 M acetate buffer (pH
5). The standard error at all points was <5% of the values. (B) Serum
samples from dolphins with high (+++), middle (++), low (+), and
negative (—) optical density readings were selected as controls for
iELISA and cELISA. All positive serum samples were agglutinated by
RBT. The standard deviations were derived from eight independent
assays in the course of 1 month of monitoring. The DB reaction is
included as an in-set image indicating the intensity of the reactions.
Values of the three positive and one negative serum samples did not
significantly depart from the mean and maintained nonoverlapping
limits of variation during 1 month of monitoring in the three ELISAs.

2B). As expected, the intensities of the spots of the controls in
DB analysis were the same as those of the ELISAs (Fig. 2B).
When the proportionality of the three ELISAS’ reactions were
determined, it was found that negative serum samples varied
by less than 0.02 optical density unit in the corresponding serial
dilutions (not shown) and the values of five positive serum
samples tested steadily decreased in the iELISA and gELISA
(Fig. 3A and B) and increased in the cELISA (Fig. 3C). How-
ever, not all the positive serum samples followed the same
kinetics. For instance, in the iELISA and gELISA, the two
positive serum samples (both from S. coeruleoalba) displaying
higher optical densities at lower dilutions showed very different
profiles after subsequent dilutions, suggesting that significant
variations in avidity may occur in sera from infected animals.
Moreover, while the relative positions of some serum samples
remained the same in the three ELISAs, the positions of other
serum samples did not (Fig. 3).

Once the performance of the assays was optimally adjusted,
we proceeded to compare their diagnostic achievements. The
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ings. The standard deviation at all points was less than 5%. (B) gELISA
optical density readings. The standard deviation at all points was less than
5%. (C) cELISA optical density readings. The standard deviation at all
points was less than 5%.

correlation and agreement among the iELISA, gELISA, and
cELISA, with respect to RBT, were evaluated in 179 odonto-
cete serum samples from 17 different species (Fig. 4). While
the correlation between the iELISA and gELISA was relatively
high (R,;> = 0.65), the correlations between these two ELISAs
and the cELISA were significantly lower (R.;> = 0.46 and
Rc/g2 = 0.37). As expected, high RBT titers were associated
mostly with high percentages of positivity in the three ELISAs
(Fig. 5). However, one B. ceti culture-positive dolphin (S.
coeruleoalba) serum sample, with 1/2 RBT agglutination titer,
fell into the negative range of the gELISA (Fig. 5B). Never-
theless, this same sample clearly fell into the positive range of
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FIG. 4. Distribution of positive and negative RBT serum samples
in relation to ELISA values and correlation among the three different
ELISAs. A total of 179 serum samples from 17 different species of
odontocetes were tested by iELISA, gELISA, cELISA, and RBT.
(A) Correlation between iELISA and gELISA. (B) Correlation be-
tween iELISA and cELISA. (C) Correlation between gELISA and
cELISA. The cutoff values indicated by the dotted lines correspond to
7.5%, 6.0%, and 30.6% positivity for iELISA, gELISA, and cELISA,
respectively. White circles represent RBT-negative reactions, black
triangles RBT-positive reactions, stars serum samples from culture-
positive dolphins (all with positive RBT reactions), and the white “X”
the maximum value obtained by a negative control serum in the
ELISAs. The best-fit correlation line (solid line) and the respective R*
values are indicated. Notice that one B. ceti culture-positive serum
sample lies within the negative values of gELISA.

the iIELISA and cELISA, together with the remaining six other
B. ceti culture-positive serum samples. This undoubtedly indi-
cates that Brucella infection does not necessarily correlate to
high ELISA readings and suggests a lower sensitivity for the
gELISA.

The predicted specificities and sensitivities for the ELISAs
were estimated by ROC analysis, using the RBT as the refer-
ence (Fig. 6). The theoretical cutoff of 30.7% for the cELISA
and 5.9% for the gELISA, corresponding to the intersections
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FIG. 5. Relationships between ELISA values and RBT titers. A
total of 179 serum samples from 17 different species of odontocetes
were tested by iIELISA, gELISA, cELISA, and RBT. (A) Relationship
between RBT titers and iELISA. (B) Relationship between RBT titers
and gELISA. (C) Relationship between RBT titers and cELISA.
White circles correspond to RBT titles, dotted lines indicate cutoff
values, and the stars correspond to serum samples from culture-posi-
tive dolphins.

of higher sensitivities and specificities on the ROC curves,
matched up with the empirically established values of 30.6%
and 6.0%, respectively. However, this was not the case for the
iELISA, in which the empirically established cutoff value
(7.5%) favored specificity over sensibility, barely affecting the
kappa value. Indeed, according to the estimated kappa values,
the performance of iELISA was superior to the performances
of gELISA and cELISA in all comparisons (Table 2). More-
over, the smoother transition of the ROC curve and the nar-
rower distribution of the assigned positive reactions observed
in the iELISA compared to those of the gELISA and cELISA
also indicated superior performance of the former. As ex-
pected, the highest kappa values were obtained when the three
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FIG. 6. Determination of ELISAS’ sensitivities and specificities, us-
ing RBT as the reference assay. Cutoff values expressed as percentages
of positivity were theoretically determined on ROC curves according
to values approaching the highest sensitivity and specificity with refer-
ence to predictive percentages. Kappa values (k) for each experiment
are indicated. Black bars designate negative serum samples, and white
bars designate positive serum samples. Se, sensitivity; Sp, specificity.

assays were used as the reference; however, the number of
cumulative tested serum samples (consistently positive or neg-
ative for the combined tests) was reduced from 179 to 130,
indicating that the performance of the IF and DB assays is low
compared to that of the iELISA. The fact that the same anti-
dolphin antibody was used in iELISA, IF, and DB biased the
outcome in favor of the iELISA, when the latter two assays
were included as reference tests.

On the one hand, the cELISA and gELISA do not depend
upon anti-dolphin conjugates and use either monoclonal anti-
body-HRP reacting against the Brucella LPS common epitope
to compete (cELISA) or protein G-HRP, which is a “univer-
sal” heavy-chain IgG binding protein (17, 44); on the other
hand, the HRP conjugate antibody raised against S. bredane-
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TABLE 2. Kappa values of diagnostic tests for detection of anti-Brucella antibodies in odontocetes

Kappa values with*:

Test {ELISA CELISA gELISA RBT IF DB IF + RBT IF + DB IF + DB + RBT
(n = 179) (n = 179) (n = 178) (n = 179) (n = 179) (n = 179) (n = 147) (n = 149) (n = 130)

iELISA 0.617 0.661 0.763 0.758 0.631 0.939 0.833 0.950
cELISA 0.417 0.638 0.578 0.519 0.755 0.663 0.799
gELISA 0.607 0.527 0.440 0.708 0.586 0.722
RBT 0.619 0.597 0.735
IF 0.664
DB 0.759

“ The number of samples in the columns combining assays corresponds to a cumulative value from which both samples are consistent in the result (either all positives

or all negatives).

nsis displayed lower reactivity against Kogia sp. immunoglobu-
lins (Fig. 1). Therefore, it was necessary to compare the per-
formances of the ELISAs against both types of sera. As shown
in Fig. 7, the iELISA displayed higher kappa predictive values,
whether or not the serum samples belonged to Kogia spp. or to
the homologous S. bredanensis, than those of gELISA and
cELISA. Decreasing Kogia sp. serum dilutions onefold slightly
augmented the optical densities of the assigned positives with-
out increasing the background or the optical density of the
negatives (not shown). Finally, the HRP conjugate also deliv-
ered high iELISA readings (percent positivity of >82%) with
the heterologous serum samples from six culture-positive S.
coeruleoalba and one T. truncatus (Fig. 4), supporting the
broad cross-reaction of this anti-IgG antibody against odonto-
cete immunoglobulins.

The frequency of assigned positive reactions in the different
serological assays was determined for 179 serum samples from
17 odontocete species (Table 1). The most frequent positive
serological reactions were found in members of the genera
Stenella, Steno, and Tursiops, but no clear correlation to sex or
age was observed (Table 3). The highest proportion of positive
reactions was observed with the DB test, followed by IF. Thir-
teen dolphins out of 15 diagnosed with meningoencephalitis
were considered positive in all reactions. Cases of meningoen-
cephalitis were conspicuous in S. coeruleoalba (10 out of 11
reactors), six from which Brucella was isolated from brain
fluids (25).

1 A

Bl Kogia spp.

08 - [1 S. bredanensis
ERE
©
>
©
% 0.4
©
X

0.2 1

0 ' . .

iELISA gELISA cELISA

FIG. 7. Comparative performances of iELISA, gELISA, and
cELISA with serum samples from Kogia spp. and S. bredanensis, using
RBT as the reference.

DISCUSSION

Brucellosis in cetaceans has been shown to be a significant
cause of strandings and a potential zoonosis (19, 25). There-
fore, the rapid and correct identification of infected animals
becomes a relevant practice for many marine wildlife services,
aquariums, and fisheries. Agglutination tests, cELISA, and
¢ELISA have been used for the detection of antibodies in
cetaceans and for presumptive diagnosis of Brucella infections.
One study performed on Pacific bottlenose dolphins from the
Solomon Islands (46) reported up to 70% antibody prevalence
using gELISA, while others using the same test reported be-
tween 8 and 14% prevalence in three species of mysticetes
from the North Atlantic Ocean (48). In a retrospective study of
593 North American odontocetes of five species and four mys-
ticetes of three species, the prevalence of antibodies corre-
sponded to 4.1% and 5.5%, respectively, as determined by
cELISA (36). Serum samples from 76 odontocetes of five spe-
cies collected in Peruvian fisheries and from strandings on the
Spanish coast revealed 41% prevalence, estimated by cELISA
and gELISA (49). Similarly, Jepson et al. (28) reported 35.3%
antibody prevalence in 68 serum samples from five different
species of odontocetes from northern Europe, using cELISA
and gELISA. The a priori rationale for using these assays lies
in the fact that they do not depend upon specific antibody
conjugates directed against immunoglobulins from the species
to be explored. Although these works are valuable in many
aspects, none of them have critically evaluated the perfor-
mance of these serological assays in cetaceans. As stated be-
fore, one of the problems confronted is the absence of a sig-
nificant collection of negative and positive serum samples from

TABLE 3. Distribution of positive serum samples according to sex
and age in different odontocetes

No. of positive samples

A Sex Age
ssay
Female Male Adult Juvenile Calf Unknown
m=84) (=95 (n=85) (n=48) (=24 (n=22
iELISA 37 21 35 15 7 1
cELISA 32 26 37 14 2 5
gELISA 29 16 26 13 2 4
RBT 38 25 33 21 4 5
IF 43 28 40 20 3 8
DB 51 38 48 23 4 14
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cetaceans that could serve to determine the specificity and
sensitivity of immunoassays.

The advantages of RBT as the reference test in naturally
infected populations rest in its simplicity, consistency, and
straightforward interpretation (1). The RBT false-positive re-
actions are commonly due to the use of plasma instead of sera,
heavily hemolyzed sera, or cross-reactions; and the false-neg-
ative results usually correspond to overall low avidity or re-
duced titers of agglutinating antibodies. In spite of these draw-
backs, the RBT remains robust in the absence of other
independent assays, and its use as the reference is justified (1,
29). Moreover, the fact that the seven serum samples from B.
ceti culture animals presented agglutination titers of =1/2 pro-
vided additional support for the use of RBT as the reference
assay and a starting point for understanding the serological
reactions in Brucella-infected cetaceans.

The “false-negative” reactions observed in iELISA and
gELISA, could be due to (i) the presence of small amounts of
IgM or IgA agglutinating antibodies that may escape detection
of anti-IgG-HRP and protein G-HRP, (ii) agglutinating anti-
bodies directed against non-LPS epitopes (e.g., proteins) that
are precluded in the ELISAs, or (iii) both. However, in con-
trast to protein G, which primarily binds the heavy chain of
IgGs, the anti-dolphin IgG used in the iELISA also reacts
against the light chain, increasing the probability for detecting
other immunoglobulin isotypes and, therefore, increasing the
serological sensitivity. The lower sensitivity of cELISA in re-
lation to that of iELISA has been documented (29), and it has
been connected to the displacement of low-avidity antibodies
by the competing monoclonal antibody against the C epitope
of LPS used in this test.

The “false-positive” reactions detected in iELISA and
gELISA may be due to antibodies directed against deep Bru-
cella LPS determinants not readily exposed in the RBT, but
accessible in purified LPS used for coating the plates. Indeed,
it has been demonstrated that bovines and other animals are
capable of generating antibodies against deep determinants of
LPS such as the core and lipid A moieties (41), which are
shared by other Alphaproteobacteria related to Brucella (8, 50).
Since Alphaproteobacteria, such as Bartonella species, also in-
fect odontocetes (23), cross-reactions against these deep LPS
epitopes may arise. The relatively higher specificity of cELISA
seems to be linked to the competing monoclonal antibody
which specifically recognizes the C epitope of the LPS. How-
ever, if the cutoff is adjusted, the iELISA displays specificity
comparable to or better than that of the cELISA without
reaching the low sensitivity levels of the later assay.

In spite of the relatively good correlation between the
iELISA and the gELISA (R,;> = 0.65), the former assay dis-
played a significantly higher sensitivity (Se;z; 54 = 86 versus
Segerisa = 58). It is noteworthy that one serum sample from
a B. ceti culture-positive dolphin was recorded as negative by
the gELISA and a significant number of RBT positive serum
samples that tested as positive were also marked as negatives in
the gELISA, suggesting that protein G-HRP failed to detect
lower avidity or reduced antibody titers. Moreover, caution
with the buffer system has to be taken at the time of using
protein G-HRP for the diagnosis of brucellosis in odontocetes,
since regular neutral conditions do not work. In this regard, it
may be that the use of an acidic pH buffer system contributes
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to the reduced sensitivity of the gELISA, since low-avidity
antibodies may be displaced. In small ruminants, the gELISA
has been shown to be less sensitive than ELISAs that use
anti-IgG conjugates or other serological tests for the diagnosis
of Brucella infections (9, 12). Therefore, the unrestricted use of
gELISA for odontocete brucellosis testing calls for attention,
since its sensitivity seems to be lower in these animals than in
bovines.

Taking into account the performances of iELISA, gELISA,
and cELISA in cattle (17, 30, 44), the correlation and agree-
ment among these three tests for odontocete sera were much
lower than predicted. This result was not anticipated, and
generally, the three assays display relatively good correlation in
bovines (17, 10, 30, 44), and the RBT test commonly displays
similar agreements with the three ELISAs for the detection of
anti-Brucella antibodies (kappa values ranging between 0.70
and 0.75). In our hands, the iELISA was highly reproducible
and performed very similarly to what has been observed in
cattle using the RBT. On the contrary, our experience using
bovine sera has shown us that the cELISA results are more
variable from test to test and the assay is very sensitive to the
conditions of test sera (including storage), conjugate, and con-
trols than are the iELISA results. Although the last two vari-
ables can be controlled, the quality of sera depends upon
collection, an event that is not always controlled at the time of
bleeding stranded odontocetes (25). The variability of the
cELISA is somewhat illustrated by the irregular shape of the
ROC curve and in the broader distribution of positive and
negative odontocete serum samples in comparison to the
iELISA. Alternatively, it may also be that the overall avidity of
cetacean antibodies against Brucella LPS works differently in
the various ELISAs, accounting for these discrepancies, or
both. To some extent, this phenomenon was also illustrated by
the different relative locations of positive serum on the titra-
tion curves (Fig. 3). Finally, the interpretation of IF and DB
tests, mainly with serum samples possessing borderline reac-
tions, were less obvious than the ELISAs and RBT. This fact
may explain the higher proportion of “false-positive” reactions
observed with DB and IF tests than that observed with iELISA,
in spite of using the same anti-dolphin IgG conjugate.

In bovine, caprine, or ovine brucellosis the source of smooth
Brucella LPS seems to have little relevance for diagnostic pur-
poses (34). In the case of odontocete sera, it seems that MC
type LPS performed slightly better than did AC type LPS in
the iELISA, with respect to time of reading, optical densities,
and differences between positive and negative sera. However,
the final “positive” or “negative” results using AC type LPS
instead of MC type LPS did not significantly diverge, except in
some borderline readings (not shown). It has been demon-
strated that the density and content of the common epitopes in
B. ceti LPS vary with respect to the classical LPSs from terres-
trial smooth brucellae (4). This factor may influence the gen-
eration of antibodies in Brucella-infected odontocetes, which
may recognize more readily the common epitopes in MC than
in AC type LPSs. However, we doubt that this variable ac-
counts for the significant differences observed between the
various ELISAs. In any case, our results also illustrate the
relevance of testing the Brucella LPS antigen for the standard-
ization of immunoenzymatic assays in cetaceans.

It has been demonstrated that antibodies made against Bos
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taurus extensively cross-react with immunoglobulins of other
Bovinae and, therefore, are useful in the serological testing
and disease diagnosis (including brucellosis) of other species of
this subfamily (24). As shown here and by others (38), in
odontocetes, the cross-reactivity of immunoglobulins is exten-
sive, thereby allowing the use of a single species anti-IgG
antibody for discriminating the presence of anti-Brucella LPS
antibodies. The fact that kappa values of the iELISA were
considerably higher than those of the gELISA and cELISA
regardless of whether the serum sample tested belonged to the
homologous species (S. bredanensis) or to the heterologous
species (Kogia spp.) reinforced this concept. In spite of the fact
that the cELISA does not depend upon an anti-odontocete
IgG conjugate, the agreement with RBTs was lower with Kogia
sp. and S. bredanensis serum samples than that observed in
gELISA and iELISA. Moreover, the anti-odontocete IgG con-
jugate showed good reactivity against Physeter macrocephalus
(sperm whale), a member of the Physeteridae family, which is
phylogenetically closer to Kogiidae than to Delphinidae. Based
on this, the prediction is that this broadly cross-reacting anti-
body would detect immunoglobulins from other odontocetes,
including those of the Monodontidae (narwhals) and the fresh
water dolphins from the Iniidae, Pontoporiidae, Lipotidae, and
Platanistidae families. Indeed, all these families are phyloge-
netically closer to the family Delphinidae, of which S. bredane-
nsis is a member (37). Regarding the very low cross-reactivity
between odontocete immunoglobulins and gray whale
(Eschrichtius robustus) and humpback whale (Megaptera novae-
angliae) antibodies (38), it is unlikely that this same anti-dol-
phin IgG would work for Mysticeti (baleen whales), an order
that belongs to a different phylogenetic branch among ceta-
ceans (37). Finally, based on limited experience with commer-
cial anti-dolphin IgG(H+L) antibodies, we predict that exten-
sive cross-reactions with odontocete sera will be observed with
these reagents. Therefore, they may be practical for establish-
ing straightforward iELISAs and other diagnostic tests.

One significant observation was the correlation between the
high titers of antibodies against Brucella antigens and the pres-
ence of neurological symptoms in dolphins. Out of a total of 15
dolphins that stranded with diagnoses of neurological pathol-
ogy, 13 displayed positive RBT and iELISA values above 85%
positivity. Among these, 10 were S. coeruleoalba, three were T.
truncatus, and seven of these animals were B. cefi culture pos-
itive. In one 7. truncatus, the isolation was performed retro-
spectively from frozen tissues stored at —80C° after serological
diagnosis, sustaining the potential predictive value of iELISA
and RBT assays, mainly when they are used in concert.
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