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This study characterized the efficacy of the Brucella abortus strain RB51 vaccine in bison when delivered by single intramuscular
vaccination (hand RB51), by single pneumatic dart delivery (dart RB51), or as two vaccinations approximately 13 months apart
(booster RB51) in comparison to control bison. All bison were challenged intraconjunctivally in midgestation with 107 CFU of B.
abortus strain 2308 (S2308). Bison were necropsied and sampled within 72 h of abortion or delivery of a live calf. Compared to
nonvaccinated bison, bison in the booster RB51 treatment had a reduced (P < 0.05) incidence of abortion, uterine infection, or
infection in maternal tissues other than the mammary gland at necropsy. Bison in single-vaccination treatment groups (hand
RB51 and dart RB51) did not differ (P > 0.05) from the control group in the incidence of abortion or recovery of S2308 from
uterine, mammary, fetal, or maternal tissues at necropsy. Compared to nonvaccinated animals, all RB51 vaccination groups had
reduced (P < 0.05) mean colonization or incidence of infection in at least 2 of 4 target tissues, with the booster RB51 group hav-
ing reduced (P < 0.05) colonization and incidence of infection in all target tissues. Our data suggest that booster vaccination of
bison with RB51 enhances protective immunity against Brucella challenge compared to single vaccination with RB51 by hand or
by pneumatic dart. Our study also suggests that an initial vaccination of calves followed by booster vaccination as yearlings
should be an effective strategy for brucellosis control in bison.

The zoonotic intracellular pathogens in the genus Brucella have
plagued mankind for centuries. Osteoarticular lesions consis-

tent with brucellosis infection have been described in individuals
from the Middle Ages (7th century), Roman times (44 BC to AD
476), and the Bronze Age (3300 to 2200 BC) and from the skeletal
remains of a 2.3- to 2.5-million-year-old hominid found in South
Africa (8). Even today, brucellosis continues to be a significant
worldwide, and it is reemerging in many parts of the world.
Within the United States, billions of dollars of state and federal
funds have been invested in regulatory programs since the
1930s to reduce the prevalence of brucellosis in domestic live-
stock. Addressing the disease in natural hosts of Brucella is the
most cost-effective mechanism to prevent human infection (4,
18).

Currently, B. abortus in domestic cattle has essentially been
eradicated from the United States. However, the prevalence of
brucellosis in free-ranging bison and elk in the Greater Yellow-
stone Area (Yellowstone National Park and surrounding areas)
has led to occasional transmission of infection to cattle herds. The
bison within Yellowstone National Park, the crown jewel of the
U.S. National Park Service, are historically important because they
are direct descendants of the last free-ranging plains bison within
the United States. In 1880, 8 years after its establishment, the park
superintendent reported that three herds totaling approximately
600 wild bison remained (20). However, continued hunting and
poaching reduced the herd such that only 25 bison were counted
in the park in 1901 (13). After importation of 21 bison from cap-
tive herds in 1902 and more strenuous efforts by the park to pro-
tect the bison in the park, the bison population in Yellowstone
increased to more than 1,000 by the 1930s (13). Herd reductions
and other manipulations of the population continued from the
1920s until the 1960s (13). When the current policy of natural
regulation was instituted in 1967, the population in Yellowstone
was estimated at approximately 400 bison (13). From 1967 to the
present day, the bison population in the park has increased. Over

the last decade, bison populations within the park have ranged
between 3,000 and 5,000 animals, with a brucellosis seropreva-
lence in adult bison of approximately 50%. Interestingly, histori-
cal data suggest that the brucellosis infections in bison most likely
originated from domestic livestock (12).

Postinoculation immunologic responses of bison to vaccina-
tion with strain RB51 via single injections or pneumatic dart de-
livery or after booster vaccination were reported in a prior publi-
cation (18). Other studies have suggested that a single RB51
vaccination of bison induces protection against virulent B. abortus
when evaluated in a standardized challenge model for cattle (15,
16). However, protection induced by RB51 vaccination against
experimental challenge is reduced in bison compared to cattle
evaluated under similar conditions (6). This may partly be explained
by the observation that bison are more susceptible than cattle to abor-
tion, uterine infection, and mammary infection when experimentally
challenged using the standardized model (17).

In this study, we evaluated the efficacy of RB51 vaccine deliv-
ered by single injection, by pneumatic dart delivery, or with
booster vaccination. Because correlates for protective immunity
against brucellosis in domestic livestock are currently not ade-
quately identified, characterization of vaccine-induced protection
in ruminants requires evaluation using a standardized experimen-
tal challenge model.
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MATERIALS AND METHODS
Brucella abortus cultures. For experimental challenges, Brucella abortus
strain 2308 (S2308) was isolated from infected bovine cotyledon tissue
and grown on tryptose agar for 48 h at 37°C. After one passage, the bac-
teria were harvested from the agar by aspiration using saline. Suspensions
of S2308 were adjusted by use of a spectrophotometer, and concentrations
of viable bacteria were determined by standard plate counts.

Vaccination and experimental Brucella challenge. Bison heifers were
obtained from a brucellosis-free herd. Bison heifers in the single-inocula-
tion (hand RB51) treatment group received 2.2 � 1010 CFU of a commer-
cial B. abortus strain RB51 vaccine at between 8 and 10 months of age in
the musculature of the cervical region by hand injection. Bison in the
treatment group that received two inoculations of RB51 (booster RB51)
were intramuscularly (i.m.) vaccinated by hand injection in the cervical
region at 8 to 10 and 23 to 25 months of age with inoculums containing
1.1 � 1010 and 2.2 � 1010 CFU, respectively. Bison in the dart vaccination
group (dart RB51) received 1.8 � 1010 CFU of RB51 at between 8 and 10
months of age, with delivery targeted to the cervical region. Bison heifers
in the control treatment group received 2 ml of saline administered i.m.
into the musculature of the cervical region by hand injection. Data on
immunologic responses after vaccination have been previously reported
(18).

Animals were raised to adulthood and pasture bred at approximately
30 months of age for hand RB51 and dart RB51 treatments and at 42
months of age for booster RB51 and control treatments. Breeding dates
were determined by rectal palpation at between 40 and 90 days of gesta-
tion. At approximately 5 months of gestation, pregnant bison were trans-
ferred to a biosafety level 3 containment facility, where they were individ-
ually housed for the duration of the study. At between 170 and 180 days of
gestation as determined by rectal palpation, bison were restrained in a
squeeze chute and intraconjunctivally challenged with approximately 1 �
107 CFU of S2308 (50 �l of inoculum per eye). Concentrations of viable
bacteria within each challenge inoculum were determined by serial dilu-
tion in saline and standard plate counts.

Serologic evaluation. Blood samples were collected by jugular veni-
puncture prior to experimental challenge, at 4-week intervals, and at nec-
ropsy. Blood was allowed to clot for 12 h at 4°C and centrifuged. Serum
was divided into 1-ml aliquots, frozen, and stored at �70°C. Serologic
titers to Brucella after experimental challenge were determined by the
standard tube agglutination test (STAT) (2).

Necropsy sampling. Immediately following abortion or within 72 h of
parturition, cows were euthanized with intravenous administration of
sodium pentobarbitol. Maternal samples obtained at necropsy included
blood, milk from all four quarters, lymph nodes (bronchial, hepatic, in-
ternal iliac, mandibular, mesenteric, parotid, prescapular, retropharyn-

geal, and supramammary), mammary gland tissue from all four quarters,
placentome or caruncle, spleen, liver, lung, and vaginal swab. Fetal/calf
samples obtained included spleen, lung, liver, blood, bronchial lymph
node, gastric contents, and rectal swabs. Abortion was defined as the pre-
mature birth of a Brucella-infected, nonviable fetus after S2308 challenge.
In addition to clinical assessment of viability of live calves, all calves con-
sidered viable had milk present within the abomasum at necropsy.

Bacterial culture. For bacterial culture, tissues were triturated in
0.15 M NaCl (saline) using a tissue grinder and placed on tryptose agar
plates containing 5% bovine serum as previously described (5, 14). Swabs
were directly plated on tryptose agar plates containing 5% bovine serum.
Following incubation at 37°C with 5% CO2 for at least 7 days, B. abortus
was identified on the basis of colony morphology and growth character-
istics (2) and confirmed by a PCR procedure using primers specific for
identification of B. abortus omp2a (9).

Colonization (CFU/g) of B. abortus in the placentome and supramam-
mary, parotid, and prescapular lymph nodes was determined by obtaining
a cross-section of the tissue, weighing the sample (approximately 1 g),
triturating the sample in a tissue grinder, preparing serial dilutions (1/10)
in saline, and placing aliquots in duplicate on tryptose agar plates contain-
ing 5% bovine serum. Initial plates received 200 �l of the 2-ml total vol-
ume of the tissue homogenate, with dilutions extending to 10�9. The
concentration in the tissue was determined by performing standard plate
counts.

Dams and calves were considered to be infected if a single colony of B.
abortus was recovered from any sample obtained at necropsy. Mammary
infection was defined as the recovery of the 2308 challenge strain from
supramammary lymph node, milk, or mammary gland tissue. Uterine
infection was defined as the recovery of the 2308 challenge strain from the
placentome or vaginal swab. Fetal infection was defined as recovery of
S2308 from any fetal sample.

Statistical analysis. Serologic and colonization data (CFU/g) were an-
alyzed as the logarithm of the value. Serologic and tissue colonization data
were compared by a general linear model procedure (SAS Institute Inc.,
Cary, NC). Means for individual treatments were separated by use of a
least-significant-difference procedure (P � 0.05). Chi-square analysis was
used to compare the incidences of abortion and S2308 infection in vacci-
nated and nonvaccinated animals following experimental challenge.

RESULTS
Challenge dosages and parturition results. Standard plate counts
indicated that the mean challenge dose was 1.5 � 107 � 0.23 � 107

CFU of S2308.
In the control treatment, 5 of 6 animals aborted (Table 1), with

a mean time between challenge and abortion of 37.8 � 2.2 days

TABLE 1 Efficacies of Brucella abortus strain RB51 vaccination strategies in protecting against experimental challenge at midgestation with 107 CFU
of B. abortus strain 2308

Vaccination
strategy

Rate (%) of abortion or infection (no. aborted or infected/total)a

Abortion

Infection

Uterineb Mammaryc Fetald Remaining maternal tissuese

Hand RB51f 67 (2/6) 66 (4/6) 83 (5/6) 100 (6/6) 83 (5/6)
Dart RB51g 57 (4/7) 57 (4/7) 100 (7/7) 100 (7/7) 94 (6/7)
Booster RB51h 0 (0/5)* 40 (2/5)* 80 (4/5) 100 (5/5) 40 (2/5)*
Control 83 (5/6) 100 (6/6) 100 (6/6) 100 (6/6) 100 (6/6)
a *, mean significantly different (P � 0.05) from that for the control treatment group.
b Placentome, vaginal swab, and/or internal iliac lymph node.
c Mammary tissues (4 quarters), milk, and/or supramammary lymph node.
d Fetal lung, liver, spleen, gastric contents, bronchial lymph node, or rectal swab.
e Any maternal tissue except mammary gland, placentome, milk, supramammary lymph node, or internal iliac lymph node.
f The vaccination dose was 1.1 � 1010 CFU.
g The vaccination dose was 2.2 � 1010 CFU.
h The initial vaccination dose was 1.1 � 1010 CFU, and the booster vaccination dose was 2.2 � 1010 CFU.
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and a mean crown-to-rump length of 82 cm. The control animal
that did not abort delivered a live calf at 63 days after challenge,
with a crown-to-rump length of 109 cm.

In the RB51 single-vaccination group, 2 of 6 animals aborted,
with the mean times between challenge and parturition for bison
having viable calves or aborting being 86.8 � 10.3 and 58 � 5 days,
respectively. Full-term, viable calves had mean crown-to-rump
lengths of 96 cm, compared to 69 cm for the two calves that were
aborted in this treatment.

In the dart vaccination group, 4 of 7 bison aborted, with mean
times between challenge and parturition of 91.0 � 11 and 51.5 �
5.2 days for animals delivering viable calves or aborting, respec-
tively. Mean crown-to-rump lengths were 106 cm and 78.5 cm,
respectively, for full-term calves and calves that were aborted.

In the booster vaccination group, none of the 5 bison aborted.
The mean time to parturition was 72 � 14 days, with a mean
crown-to-rump length of 100.6 cm.

There was no difference (P � 0.05) between treatments in
mean crown-to-rump lengths or mean days between challenge
and parturition for animals that delivered full-term, viable calves.
In a similar comparison for bison that aborted, the mean crown-
to-rump length and mean days between challenge and abortion
did not differ (P � 0.05) between the control, hand RB51, and dart
RB51 treatments.

Serologic responses. Prior to challenge, all animals were neg-
ative in the STAT. At 4 weeks after challenge 5 of 6, 6 of 6, 3 of 5,
and 5 of 7 bison in the control, hand RB51, booster RB51, and dart
RB51 groups, respectively, had seroconverted in the STAT. Mean
STAT titers did not differ (P � 0.05) between treatments after
challenge (Fig. 1).

Bacteriologic data. Compared to nonvaccinated bison, bison
that were booster vaccinated with RB51 had a reduced (P � 0.05)
incidence of abortion, uterine infection, or infection in maternal
tissues other than reproductive or mammary tissues after experi-
mental challenge with S2308 (Table 1). Bison in the single-vacci-
nation treatments (hand RB51 and dart RB51) did not differ (P �
0.05) from the control group in the incidence of abortion or re-
covery of S2308 from uterine, mammary, fetal, or remaining ma-
ternal tissues at necropsy.

Bison in all RB51 vaccination groups had reduced (P � 0.05)
mean colonization or incidence of infection in at least two of four
target tissues obtained at necropsy compared to nonvaccinated
bison (Table 2). Bison in the booster RB51 treatment group had
reduced (P � 0.05) mean colonization in all four tissues, including
the supramammary lymph node and placentome, and a reduced
(P � 0.05) incidence of infection (number culture positive/num-
ber in treatment group) compared to the control treatment group.
Bison in the RB51 single-vaccination treatment groups (hand
RB51 and dart RB51) had reduced (P � 0.05) mean colonization
in the parotid and prescapular lymph nodes, but not (P � 0.05) in
placentome or supramammary lymph node tissues, compared to
those in the control treatment group. The incidence of S2308 in-
fection in placentome, parotid lymph node, and prescapular
lymph node tissues at necropsy was reduced (P � 0.05) in the
hand RB51 treatment group compared to that in nonvaccinated
bison. For bison in the dart RB51 treatment group, only the pres-
capular lymph node demonstrated a reduced (P � 0.05) incidence
of recovery of S2308 compared to recovery from bison in the con-
trol treatment.

In a similar manner, the mean numbers of maternal or fetal
tissues positive for recovery of the 2308 challenge strain at nec-
ropsy were reduced (P � 0.05) in bison in the hand RB51 and
booster RB51 treatment groups compared to the control treat-
ment group (Table 3). In comparison, bison in the dart RB51
treatment group did not differ (P � 0.05) from nonvaccinated
bison in mean numbers of maternal or fetal tissues from which the
challenge strain was recovered at necropsy.

FIG 1 Standard tube agglutination responses of bison after experimental in-
traconjunctival challenge with 107 CFU of B. abortus strain 2308 in midgesta-
tion. Bison were vaccinated i.m. as calves with 1.1 � 1010 CFU (hand RB51) or
2.2 � 1010 CFU (dart RB51) RB51 or as calves and yearlings with 1.1 � 1010

and 2.2 � 1010 CFU (booster RB51). Data are reported as mean titer � stan-
dard error of the mean (SEM). All bison in the control treatment aborted or
had live calves prior to the 8-week postchallenge (PC) sampling.

TABLE 2 Colonization in target tissues obtained at necropsy after experimental challenge at midgestation with 107 CFU of B. abortus strain 2308

Vaccination
strategy

Log CFU/g (no. culture positive/total)a in:

Parotid lymph
node

Prescapular
lymph node

Suprammamary
lymph node Placentome

Hand RB51b 0.8 � 0.4 b (3/6)* 0 � 0 b (0/6)* 0.7 � 0.5 ab (2/6) 4.0 � 1.8 ab (3/6)*
Dart RB51c 1.2 � 0.5 b (4/7) 0.3 � 0.3 b (1/7)* 0.9 � 0.4 ab (4/7) 4.5 � 1.6 ab (4/7)
Booster RB51d 0.8 � 0.6 b (2/5)* 0 � 0 b (0/5)* 0 � 0 b (0/5)* 1.7 � 1.1 b (2/5)*
Control 2.7 � 0.3 a (6/6) 1.7 � 0.4 a (5/6) 1.9 � 0.5 a (5/6) 7.6 � 0.3 a (6/6)
a Data are means � standard errors of the means. Colonization means with different letters are significantly different (P � 0.05). *, vaccination treatment group in which the
incidence of infection in a tissue is significantly different (P � 0.05) from the incidence of infection in the control treatment group.
b The vaccination dose was 1.1 � 1010 CFU.
c The vaccination dose was 2.2 � 1010 CFU.
d The initial vaccination dose was 1.1 � 1010 CFU, and the booster vaccination dose was 2.2 � 1010 CFU.
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DISCUSSION

The results of this study indicate that booster vaccination of bison
with RB51 enhances protective immunity against experimental
Brucella challenge compared to single parenteral vaccination with
RB51 by hand or by pneumatic dart. Although bison receiving
booster vaccinations with RB51 did not abort, the ability to re-
cover S2308 from mammary tissue and fetal tissues remained sur-
prisingly high, at 80% and 100%, respectively. As there were no
abortions and S2308 was recovered from uterine/placental sam-
ples at necropsy of only 40% of bison in the booster vaccination
treatment group, we hypothesize that the recovery of the 2308
challenge strain from all calves in this group may reflect vertical
infection through milk. Because all calves were determined to be
viable and found to have milk in their abomasums at necropsy, the
48 to 72 h between parturition and necropsy in which they were
allowed to nurse may have facilitated vertical transmission from
S2308 localized within milk or maternal mammary tissues.

Our data affirm the preference of Brucella for localization in
tissues associated with the mammary gland. As immunologic and
challenge data indicate that bison in the booster vaccination treat-
ment had developed adaptive immunity against brucellosis, the
possibility that adaptive immunity may have played a role in the
tissue distribution of Brucella in this group cannot be eliminated.
It should be noted that mammary tissues, compared to other ma-
ternal tissues, had the highest recovery of Brucella across treat-
ment groups in the current study. It is well known that Brucella
localizes and causes inflammatory lesions in mammary tissues of
natural hosts (7) and that unpasteurized dairy products have a
high risk for transmitting brucellosis to humans. One study found
that Brucella was isolated more frequently from milk than from
mammary tissues of cattle (22), and work with B. abortus in goats
found that milk stasis may cause the increased susceptibility of
mammary gland to infection (10, 11). In a similar manner, shed-
ding of Brucella within human breast milk (3, 23) and human
mastitis caused by brucellosis (1) have been reported.

As implementation of a vaccination program for free-ranging
wildlife will be expensive and require long-term commitment of
human and financial resources for success, the failure of the vac-
cination strategies evaluated in the current study to provide sterile
immunity may be of concern to some individuals. However, one
model for brucellosis estimated a 24 to 66% reduction in sero-
prevalence in bison over a 30-year period, using an estimation of

vaccine efficacy of 0.5 and an estimation of vaccination coverage
of 1 to 29% of the population (21). As abortions are the most
significant mechanism for horizontal transmission of B. abortus in
ruminants, it should be noted that the current study found that
booster vaccination reduced abortions by 83%, uterine infection
by 60%, and colonization in uterine placentomes by 78% after
experimental challenge in comparison to results for control bison.
Using a similar comparison, a single hand vaccination with RB51
in our study was associated with a 33% reduction in abortions, a
34% reduction in uterine infection, and a 48% reduction in pla-
centome colonization after experimental challenge compared to
those in nonvaccinated animals. Cumulative data from previous
efficacy studies in our laboratory, encompassing 67 vaccinated
animals and 50 controls experimentally challenged in a manner
similar to that in the current study, found that abortions were
reduced by 55% and uterine infections were reduced by 45% in
bison receiving a single RB51 vaccination at between 6 and 12
months of age (15, 16; S. C. Olsen, unpublished data) Recognizing
that the numbers of experimental units in the current study were
relatively small, additional studies are warranted to more accu-
rately define the efficacy of booster vaccination of bison with
RB51.

The relatively lower efficacy of pneumatic dart delivery of RB51
was unexpected. Standard plate counts indicated that the inocu-
lum was within the 1 � 1010 to 3.4 � 1010 CFU RB51 dosage as
recommended for calfhood vaccination of cattle. However, tissue
trauma associated with pneumatic impact, failure to fully deliver
the 2-ml volume of vaccine with the dart, leakage of inoculum
from the site of injection, and other, unidentified factors are all
possible explanations for the relative reduction in efficacy as ob-
served in the current study. As pneumatic darts can administer
vaccines at greater distances than ballistic systems, this delivery
system may offer an advantage for use in wildlife. Increasing the
RB51 dosage within the dart and administration of a booster vac-
cination via pneumatic dart are possibilities that could be ex-
plored for increasing the efficacy of brucellosis vaccines adminis-
tered with this delivery system.

In summary, our study suggests that an initial vaccination of
calves followed by booster vaccination as yearlings should be a
more effective strategy for brucellosis control in bison than a sin-
gle calfhood vaccination. Compared to single vaccination with
RB51, booster vaccination appears to increase protection against
abortion and infection in bison while reducing bacterial coloniza-
tion within tissues. Reductions in abortion and tissue colonization
should reduce the potential for brucellosis to be horizontally
transmitted within an infected bison herd and assist in reducing
disease prevalence. Although the most effective approach is to
combine vaccination with test and removal programs, our data
suggest that even in the absence of procedures to remove animals
infected with field strains of B. abortus, vaccination will be an
effective strategy for reducing the prevalence of brucellosis.
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TABLE 3 Recovery of B. abortus strain 2308 from tissues obtained at
necropsy after midgestational challenge from bison vaccinated with
saline, Brucella abortus strain RB51 once by hand or pneumatic dart, or
twice with RB51

Vaccination
strategy

No. of tissues (mean � SEM)a

Maternal Fetal

Positive Negative Positive Negative

Hand RB51b 9.2 � 6.4 a 11.8 � 6.4 a 4.0 � 2.3 a 3.0 � 2.3 a
Dart RB51c 11.0 � 6.6 ab 10.0 � 6.6 ab 3.4 � 1.5 ab 3.6 � 1.5 ab
Booster RB51d 5.8 � 5.1 a 15.2 � 5.1 a 3.4 � 1.5a 3.6 � 1.5 a
Control 17.4 � 2.2 b 3.6 � 2.2 b 6.6 � 0.5b 0.4 � 0.5 b
a Means with different letters are significantly different (P � 0.05).
b The vaccination dose was 1.1 � 1010 CFU.
c The vaccination dose was 2.2 � 1010 CFU.
d The initial vaccination dose was 1.1 � 1010 CFU, and the booster vaccination dose
was 2.2 � 1010 CFU.
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