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a b s t r a c t

Following the recent discovery of new Brucella strains from different animal species and
from the environment, ten Brucella species are nowadays included in the genus Brucella.
Although the intracellular trafficking of Brucella is well described, the strategies developed
by Brucella to survive and multiply in phagocytic and non-phagocytic cells, particularly to
access nutriments during its intracellular journey, are still largely unknown. Metabolism
and virulence of Brucella are now considered to be two sides of the same coin. Mechanisms
presiding to the colonization of the pregnant uterus in different animal species are not
known. Vaccination is the cornerstone of control programs in livestock and although the
S19, RB51 (both in cattle) and Rev 1 (in sheep and goats) vaccines have been successfully
used worldwide, they have drawbacks and thus the ideal brucellosis vaccine is still very
much awaited. There is no vaccine available for pigs and wildlife. Animal brucellosis con-
trol strategies differ in the developed and the developing world. Most emphasis is put on
eradication and on risk analysis to avoid the re-introduction of Brucella in the developed
world. Information related to the prevalence of brucellosis is still scarce in the developing
world and control programs are rarely implemented. Since there is no vaccine available
for humans, prevention of human brucellosis relies on its control in the animal reservoir.
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

Brucella is also considered to be an agent to be used in bio- and agroterrorism attacks. At
the animal/ecosystem/hu n interface it is critical to reduce opportunities for Brucella to
jump host species as alrea
for the future in terms of
and will need a “One Heal
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1. Introduction

Brucellosis is an economically important disease in
production animals worldwide (Corbel, 1997). Brucella
melitensis, Brucella abortus and Brucella suis cause abor-
tion and infertility in their natural hosts, goats and sheep,
cattle and swine, respectively. Albeit their respective host
preferences, Brucella spp. have also been isolated from a
great variety of wildlife species. As a consequence, different
wildlife species may act merely as spill-over hosts (victims)
or as reservoir hosts (vectors) of Brucella spp. for other ani-
mal species and humans. Indeed, brucellosis is a zoonosis
and humans can acquire a debilitating febrile illness known
as ‘Mediterranean or undulant fever’, as the result of con-
tact with infected animals or consumption of their products
(Pappas et al., 2006b). The source of naturally acquired bru-
cellosis in humans is almost always to be found in the
animal reservoirs, although very few cases of human to
human transmission have been reported (Godfroid et al.,
2005).

The ability of Brucella spp. to successfully survive
and replicate within different host cells explains their
pathogenicity. Extensive replication of Brucella spp. in pla-
cental trophoblasts is associated with abortion in their
animal preferential hosts, and persistence in macrophages
leads to chronic infections that are a hallmark of brucel-
losis in both natural animal hosts and humans (Roop et al.,
2009).

2. Taxonomy and taxonomical controversies

The genus Brucella belongs to the family Brucellaceae
within the order Rhizobiales of the class Alphaproteobac-
teria. The closest phylogenetic neighbour of the genus
Brucella is the genus Ochrobactrum, a saprophyte that occa-
sionally infects humans. Until 1985, the genus Brucella
consisted of 6 species, B. melitensis, B. abortus, B. suis, Bru-
cella ovis, Brucella neotomae and B. ovis, known as the six
classical species. All these Brucella species are genetically
highly related. In 1985, it was proposed combining the six
species into a single species, B. melitensis, with the other
species to be recognised as biovars (e.g., B. melitensis bio-
var Abortus 1) (Verger et al., 1985). In 2003, however,
the Subcommittee on the Taxonomy of Brucella unani-
mously agreed on a return to the pre-1986 taxonomic
treatment of the genus Brucella, implying re-approval of the
six classical Brucella nomenspecies with their correspond-
ing biovars (Osterman and Moriyon, 2006). Since 2007,
Brucella ceti and Brucella pinnipedialis (infecting preferen-
tially cetaceans and pinnipeds, respectively) are recognized
as new Brucella species (Foster et al., 2007). In 2008, another
new Brucella species, i.e., Brucella microti was first isolated
in the common vole (Microtus arvalis) (Scholz et al., 2008b)
and lastly, Brucella inopinata was recently isolated from a
breast implant infection in an elderly woman with clini-
cal signs of brucellosis (Scholz et al., 2010). This species
is the only one that has not been isolated from any ani-
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

mal reservoir. To date the genus Brucella consists thus of
10 species. Prospective Brucella species have also been iso-
lated from three native rat species in Australia, but not yet
been included in the genus (Tiller et al., 2010) as well as
 PRESS
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in association with two cases of stillbirth in non-human
primates (Schlabritz-Loutsevitch et al., 2009). The prefer-
ential hosts and the pathogenicity for humans of the 10
recognized Brucella species are depicted in Table 1.

3. Brucella life style—surviving immune system of
the host

Within mammalian hosts, Brucella spp. have an
intracellular lifestyle and infect both professional and
non-professional phagocytes. The VirB operon, a type IV
secretion pathway that is induced on phagosomal acid-
ification, plays a key role in intracellular parasitism and
is essential for pathogenicity (Boschiroli et al., 2002;
O’Callaghan et al., 1999; Ugalde, 1999). Brucella spp. will
resist different environmental stresses in these phagocytic
cells, modify their intracellular trafficking and eventually
reach their replicative niche (Kohler et al., 2002). Brucella
spp. survive and multiplie in dendritic cells, interfere with
their maturation, impair the antigen processing and thus
compromises host immune responses (Roop et al., 2009).
Brucella spp. prevent apoptosis within the macrophage and
their long-term survival in the reticuloendothelial system
of spleen, liver, and bone marrow will sustain chronic infec-
tion (Gorvel and Moreno, 2002). During gestation, Brucella
spp. replicate in large numbers in placental trophoblasts.
The integrity of the placenta may be disrupted and abortion
induced. The pregnant uterus is an immunological priv-
ileged site, which prevents the rejection of the fetus by
modulating local immune responses which in turn may
allow Brucella spp. to replicate extensively (Neta et al.,
2010). The Brucella lipopolysaccharide (LPS) is a weak
inducer of the host inflammatory cytokines IL-1�, IL-6 or
TNF-�. (Roop et al., 2009) compared to LPS molecules from
many other Gram-negative bacterial pathogens. Although
Brucella LPS stimulates TLR4, it has lower immunostimu-
latory activity compared to other Gram-negative bacteria
such as Salmonella enterica serotype Typhimurium (Rittig
et al., 2003). IFN-� is a key cytokine controlling Brucella
infection. One of its major functions is the stimulation
of Brucella-killing effector mechanisms in phagocytic cells
(Baldwin and Parent, 2002).

The global picture emerging from what is known
about Brucella virulence is an extremely efficient adapta-
tion to shield itself from the immune recognition and to
manipulate key aspects of host cell physiology (apoptosis,
vacuolar trafficking) (Gorvel, 2008; Gorvel and Moreno,
2002; Letesson et al., 2002). It also becomes more and
more evident, though still poorly studied, that one of
the in vivo adaptation keystones is the ability to finely
tune the metabolism according to the various nutrients
encountered during the infectious cycle (Brown et al., 2008;
Lamontagne et al., 2010). Quorum sensing (QS) is also
known to be involved in the regulation of Brucella virulence
determinants mostly linked to the cell surface (type IV
secretion system, flagellum, Omps and exopolysaccharide)
(Letesson et al., 2002; Weeks et al., 2010). When intracel-
the animal/ecosystem/human interface at the beginning
11.04.007

lular, in the vacuole, sensing ‘Quorum’ for Brucella could
mean sensing limited diffusion due to space limitation.
That corresponds to ‘starvation sensing’. It can be suggested
that QS is directly or indirectly involved in adjusting the

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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Table 1
Brucella species, preferred host and pathogenicity for humans.

Brucella species Biovars Preferential host(s) Pathogenicity for humans

B. melitensis 1–3 Sheep, goat High
B. abortus 1–6, 9 Cattle High
B. suis 1, 3 Pig High

2 Wild boar, hare Noa

4 Reindeer, caribou High
5 Rodents No

B. neotomae – Desert wood rat No
B. ovis – Ram No
B. canis – Dog Moderate
B. ceti – Cetaceans Unknownb

B. pinnipedialis – Pinnipeds Unknownb

B. microti – Soil, vole, fox Unknown
B. inopinata – Unkown High

a One case of B. suis biovar 2 infection in an immuno-compromised hunter has been described in France.
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b One human laboratory contamination has been described in the UK. Tw
ould not be traced back to marine mammals.

etabolism of Brucella. Indeed, by slowing down the basic
etabolism of Brucella, QS would prevent multiplication

ntil the replicative compartment is reached. A similar pro-
osal was made for the BvrR/BvrS two component system
TCS) (Lamontagne et al., 2010; Viadas et al., 2010). Both the
vrR/BvrS TCS and the QS system could contribute to the
daptation of the metabolic network during the nutrient
hift faced by Brucella all along its intracellular trafficking.
lso the phosphoenolpyruvate phosphotransferase system

PTS) of B. melitensis senses the metabolic state of the cell
eading to a coordinated regulation of C and N metabolisms
nd as well as some key virulence genes, e.g., the virB
peron (Dozot et al., 2010), flagellar genes (Fretin et al.,
005).

. Molecular detection and identification

Classically, detection and identification of Brucella spp.
as been based on cultural and phenotypic analysis (bio-
yping). Although undoubtedly providing valuable infor-

ation, biotyping was, and remains, a highly specialised
nd time-consuming approach requiring experienced staff
nd well-optimised non-commercial reagents ideally used
nder secured biological containment. Initial PCR meth-
ds were based on the 16S rRNA and bcsp31 genes (Baily
t al., 1992; Herman and Deridder, 1992). PCR methods
ased on the 16S rRNA amplify a DNA fragment com-
on to all Brucella species but cross-react with members

f the closely related genus Ochrobactrum (Scholz et al.,
008a; Velasco et al., 1998). The IS711 element became
he preferred target for general identification purposes due
o its restricted occurrence in Brucella and the presence
f multiple copies, allowing for unparalleled sensitivity
nd direct testing on clinical samples (Halling et al., 1993;
uahrani et al., 1993). Other molecular markers such as

ecA (Scholz et al., 2008a), omp2 (Leal-Klevezas et al., 1995)
r the 16S–23S intergenic transcribed sequence (Rijpens
t al., 1996) were described to correctly identify members
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

f the genus Brucella. Up until a few years ago, the most
opular PCR assay developed for differentiating Brucella
t species level was the so-called AMOS PCR (Bricker and
alling, 1994). This test is based on the insertion site of
rally acquired cases have been described, although the source of infection

the IS711 element which is species-specific and results in
a unique PCR profile for Brucella strains belonging to each
of the B. abortus, B. melitensis, B. ovis and B. suis species
(hence the name AMOS). However, B. canis, B. neotomae,
some biovars of B. abortus and B. suis and the Brucella
species isolated from marine mammals described later on,
could not be detected by AMOS PCR. Novel IS711 chro-
mosomal locations specific to marine mammal Brucella
isolates have been identified allowing their identification
and classification based on the same principle as AMOS
PCR (Cloeckaert et al., 2003; Maquart et al., 2008; Zygmunt
et al., 2010). Real-time PCR assays based on some of the
genetic markers described above were later developed for
Brucella species identification (Al Dahouk et al., 2007c)
but these tests have the same limitations regarding B. suis
and B. abortus detection. AMOS-PCR provided the basis for
other multiplex PCR assays, such as the Bruce-ladder-PCR,
able to successfully discriminate isolates of all six classi-
cal species and the marine mammal brucellae (Lopez-Goni
et al., 2008; Mayer-Scholl et al., 2010). These tests, which
are remarkably robust and require no expensive laboratory
equipment, display the expected specificity at species level,
except for some strains belonging to the closely related B.
canis and B. suis species (Koylass et al., 2010). For many
years, most epidemiological data was based on the divi-
sion of the three most significant species, B. melitensis, B.
abortus and B. suis, into a number of biovars. The reader is
referred to a number of reviews which describe in detail
how molecular techniques such as PFGE, IS711 fingerprint-
ing, omp typing, IRS-PCR and AFLP were used to divide
isolates into molecular groups that corresponded remark-
ably well with the classical species divisions (Moreno et al.,
2002; Vizcaino et al., 2000; Whatmore, 2009). While the
above tools are undoubtedly valuable, none has significant
resolution at the subspecies level. The use of multilocus
sequence analysis (MLSA) opens the way to detailed char-
acterization of the global population structure of Brucella
(Whatmore et al., 2007). These analyses confirmed the
the animal/ecosystem/human interface at the beginning
11.04.007

status of the classical species as distinct genetic entities,
began to index intra-species diversity and relate this to
historical biovar designations, and provided a framework
for the placement of atypical or emerging Brucella isolates

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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(De et al., 2008; Schlabritz-Loutsevitch et al., 2009; Tiller
et al., 2010). Further, these analyses and the availability
of more robust phylogenetic histories, allowed the iden-
tification of canonical single nucleotide polymorphisms
(SNPs) that could be exploited as the basis of rapid diag-
nostic tests. A number of SNP-based assays have recently
been described that can rapidly identify Brucella isolates
to the species level (Foster et al., 2008; Gopaul et al.,
2008, 2010), identify vaccine strains (Gopaul et al., 2010)
or even identify to biovar level where biovars reflect true
genetic groups (Fretin et al., 2008). A further major recent
genome-driven advance has been the identification and
exploitation of tandem DNA repeats as typing tools. These
repeats have been exploited in many bacteria to develop
a new generation of VNTR (Variable Number of Tandem
Repeat) based typing approaches but are likely to prove
particularly valuable in Brucella which previously lacked
any epidemiological tool with adequate resolution to facil-
itate reliable epidemiological trace-back (Bricker et al.,
2003; Le Fleche et al., 2006; Whatmore et al., 2006). Both
MLSA and VNTR based analyses question the validity of
some of the biovars established by classical microbiolog-
ical typing, particularly those of B. melitensis (Al Dahouk
et al., 2007a; Whatmore et al., 2007). Such analysis applied
to local epidemiological scenarios shall allow progress in
a number of areas previously hampered by the lack of
tools with adequate discriminatory capacity. Application of
these approaches should ultimately allow rapid detection
of nationally or internationally dispersed clusters, detec-
tion of transmission chains, detection of new and emerging
strains and trace-back to sources of outbreaks. The ability
of VNTR analysis to link genotypes to background epi-
demiological data should also facilitate the identification
of risk factors and help understand differential virulence
or pathogenic properties of individual genotypes. VNTR has
recently proven highly efficient in confirming laboratory or
other professionally acquired infections (Marianelli et al.,
2008; Valdezate et al., 2010), in distinguishing relapse from
re-infection (Al Dahouk et al., 2005a; Kattar et al., 2008)
in characterizing outbreaks (Lucero et al., 2010; Valdezate
et al., 2007), in identifying associations of different geno-
types with different pathogenic profiles (Nockler et al.,
2009), and in assessing the stability of vaccine preparations
(Garcia-Yoldi et al., 2007).

5. Animal brucellosis vaccines at the beginning of
the 21st century

Successful eradication programs have always been
costly, long, and hard to carry through. The difficulties
in controlling and eradicating brucellosis reflect from a
variety of issues. Clearly, the most important one is the
animal management conditions (extensive breeding, tran-
shumance, coexistence of several livestock species, etc.).
Most often, endemic areas are in countries with marked
structural weaknesses, an aggravating circumstance since
efficient use of current vaccines requires proficient veteri-
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

nary services. This requirement relates in part to some of
the limitations of currently available brucellosis vaccines,
and it seems likely that a perfect vaccine could greatly
facilitate control and eradication. The perfect brucellosis
 PRESS
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vaccine should: (1), trigger a solid and life-lasting immu-
nity; (2), protect against infection by Brucella species other
than those typical of a given host; (3), be innocuous regard-
less of the physiological state of the animal; (4), be effective
in a single dose; (5), not interfere with serological diagnos-
tic tests; (6), not be virulent for humans or carry resistance
to antibiotics; (7), not be shed in the environment; (8), be
stable; and (9), be affordable. Indeed, some of these require-
ments have become apparent only after using the classical
brucellosis vaccines for more than half a century. Here,
we review briefly to what extent those requirements have
been met and the approaches followed to solve some of the
problems.

Researchers working on brucellosis vaccines in the
past century progressively realized that killed vaccines
were inferior to attenuated ones. Moreover, work with
streptomycin-dependent B. melitensis mutants (see below)
established that the ability to multiply in the host before
clearance was a condition necessary to trigger protective
immunity. Indeed, the two best vaccines developed in the
past century (B. abortus S19 and B. melitensis Rev 1) are both
attenuated (live) vaccines with a certain degree of resid-
ual virulence. Strain 19 is used in cattle and Rev 1 in goats
and sheep, not only against B. melitensis but also against B.
ovis in the latter ruminants. S19 is the result of accidental
attenuation caused by prolonged laboratory storage under
inadequate conditions (Nicoletti, 1990) and carries mul-
tiple genetic defects which, in most cases, are difficult to
relate to attenuation (Crasta et al., 2008). Rev 1 is a rever-
tant of a streptomycin-dependent mutant with a known
ribosomal mutation (Cloeckaert et al., 2002) and possi-
bly other genetic defects. Both vaccines carry a smooth (S)
lipopolysaccharide (S-LPS) with an O-polysaccharide sim-
ilar to that of the wild type brucellae.

In controlled experiments, a single dose of Rev 1 induces
80–100% protection against challenges infecting 100% of
unvaccinated controls (Barrio et al., 2009). It has a low cost
(5D cents per dose when applied conjunctivally). Limita-
tions of this vaccine are the abortifacient effect if applied
during pregnancy, interference in serological diagnosis, vir-
ulence for humans and resistance to streptomycin and
tendency to dissociate into ineffective rough [R] mutants.
These limitations can be partially overcome by vaccinating
animals conjunctivally when they are less than 4 months
old which reduces greatly the interference in serological
diagnosis and avoids vaccine-induced abortions; a mini-
mal personal protection makes Rev 1 vaccination safe; and
there are well-established quality control protocols. Rev 1
has been crucial wherever B. melitensis eradication has been
achieved and, moreover, vaccination with Rev 1 is econom-
ically sound (Zinsstag et al., 2007). Since cattle may become
infected by B. melitensis (and by some B. suis biovars), it
has been suggested that Rev 1 could be used in these rumi-
nants. However, the protective efficacy against B. melitensis,
innocuousness and safety of Rev 1 in cattle is not known.
B. melitensis infections in cattle can be controlled with the
help of S19 (Debagues et al., 1991) but there is a paucity of
the animal/ecosystem/human interface at the beginning
11.04.007

studies with regard to B. suis.
With the exception of a handful of countries with

favorable geographical and management conditions, all
successful programs in cattle have used S19. In controlled

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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xperiments, the rate of protection is adequate in most
ases (Nicoletti, 1990). Like Rev 1 in sheep, the choice of
he vaccination route and vaccine dose is of paramount
mportance. Subcutaneously, standard S19 doses generate
mmune responses interfering in diagnostic tests and may
nduce abortions if applied during pregnancy and genital
esions in males. Moreover, a small proportion of animals

ay develop subclinical infections and shed the vaccine.
onjunctival vaccination with reduced doses when ani-
als are less than 4 months old avoid the abortions as
ell as the serological interference and udder infections.

t is not known whether this route and doses make S19
afe in males, a point that would be worth investigating.
onjunctival vaccination is also adequate for vaccinating
dult cattle since abortions and milk shedding are reduced
o less than 1%. This vaccine is very economical (about 7D
ents per individual dose), carries no antibiotic resistance
nd, although less virulent for humans than Rev 1, also
equires a minimal individual protection. Quality control is
ecessary and there are well-established protocols for this.

Despite their limitations, S19 and Rev 1 have been suc-
essfully used in some developed countries to eradicate
rucellosis. However, their use in eradication programs
oses the problem of distinguishing infected from vacci-
ated animals in serological tests. Although it is important
o stress that this problem is of little or no significance in
ountries unable to implement testing and slaughtering
rograms, this has been considered the major drawback
f these vaccines. Therefore, alternative vaccines devoid of
iagnostically significant epitopes or antigens have been

nvestigated in detail.
S-LPS is the most important antigen in infections by

brucellae and the serologically immunodominant epi-
opes are carried in its O-polysaccharide section. The
PS of R mutants (R-LPS) lacks the O-polysaccharide
nd carries only the core oligosaccharide-lipid A sec-
ions. Therefore, the use of R mutants as vaccines should

inimize the serological interference. Although straight-
orward, this approach has some potential problems. First,
he O-polysaccharide is critical for Brucella virulence and
mutants may be over attenuated and induce insufficient

rotection. Secondly, it is known that ruminants vaccinated
ith R vaccines develop antibodies to the O-polysaccharide
hen exposed to virulent S brucellae (Barrio et al., 2009;
oriyon et al., 2004). Thus, healthy vaccinated animals in

ndemic areas may be not so readily differentiated by S-LPS
ests from the infected ones. A third limitation of R vaccines
s due to the exposure of core epitopes (shared by the S and
-LPS) in some serological tests. In those that use S Brucella
ells (rose Bengal and complement fixation tests), these
pitopes are not exposed and antibodies of R specificity
re not detected. However, core epitopes become exposed
pon adsorption of S-LPS to plastics and are also present
nd accessible in the polysaccharides obtained by acid
ydrolysis of S-LPS. Thus, immunization with Brucella R
utants generates antibodies reacting in immunosorbent

ssays or in fluid phase assays that use S-LPS or hydrolytic
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

olysaccharides (several indirect or competitive ELISAs and
he fluorescence polarization assay) (Barrio et al., 2009).
hese limitations have been confirmed using both sponta-
eous R mutants and genetically designed R vaccines.
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B. abortus RB51 is an R mutant obtained by passage
on media with rifampin and penicillin. It carries a muta-
tion in the O-polysaccharide gene wboA but also other
and unknown genetic defects. Concerning protection, con-
trolled experiments show that RB51 is inferior to S19
(Moriyon et al., 2004). Possibly because of this, repeated
RB51 vaccination has been used by some researchers
(Herrera et al., 2008; Herrera-Lopez et al., 2010; Moriyon
et al., 2004). However, no controlled experiment has
addressed the usefulness of these protocols, and the
results of field observations are unclear (Blasco and
Moriyon, 2005). As expected, RB51 does not elicit signifi-
cant amounts of antibodies to the O-polysaccharide so that
its interference in brucellosis tests that use S Brucella sus-
pensions is minimal. However, the antibodies induced by
RB51 are detected in those tests apparently specific for
S brucellae where S-LPS core epitopes are accessible (see
above). RB51 can induce abortions and can be excreted
(Moriyon et al., 2004; Yazdi et al., 2009), and its use should
be limited to non-pregnant animals. Since RB51 is more
attenuated, it should be less dangerous than S19, and only
very few human cases have been described (Ashford et al.,
2004; Villarroel et al., 2000). However, the number of unre-
ported human cases might be higher because the absence
of anti-O-polysaccharide antibodies makes RB51 infections
undetectable in standard laboratory tests for human bru-
cellosis. Therefore, adherence to biosafety practices should
not be abandoned when using RB51. The resistance to
rifampin is an additional drawback of RB51 because this
antibiotic is often preferred over streptomycin or gentam-
icin (in all cases combined with doxycyclin) for treatment.
To the best of our knowledge, there are no internationally
accepted criteria for quality control of RB51. A typical mar-
ket price in the European Union is 1.2 D per dose, which
is exceedingly high for developing economies. Although
introduced over 12 years ago, no country using RB51 has
eradicated cattle brucellosis although success has recently
been suggested in the Azores, Portugal (Martins et al.,
2009). However, such field observations are either contra-
dictory (Moriyon et al., 2004) or controversial because of
the implementation of additional control measures and the
absence of appropriate control groups (Blasco and Moriyon,
2005, 2010; Martins et al., 2009, 2010). RB51 does not pro-
tect sheep against either B. melitensis or B. ovis (Moriyon
et al., 2004). Furthermore, it has been tested in water buf-
faloes (Fosgate et al., 2003), pigs (Stoffregen et al., 2006),
bisons (Davis and Elzer, 2002) and cervids (Cook et al.,
2002) with negative results.

Various other vaccine candidates (LPS defect mutants,
protein deploid mutants, etc.) have been tested in animal
experiments or have not gone beyond laboratory models.

Given the successful eradication of B. abortus and B.
melitensis in some developed countries, it may be asked
whether this research is necessary at all. The answer is
that the organization and favorable environmental con-
ditions found in these countries were a decisive factor in
eradication. Those conditions are unlikely to be reached
the animal/ecosystem/human interface at the beginning
11.04.007

soon or even be possible in many areas where brucellosis
is endemic and control and eradication can be facilitated
only by a perfect brucellosis vaccine. Moreover, vaccines
for reindeers, water buffaloes, yaks, camels, and swine, all

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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susceptible animals that are important in the economies
of many countries, are still missing. Last but not least, the
necessary vaccines can only be developed on the basis of
a better understanding of the pathogen and its interaction
with the immune system.

6. Epidemiology of animal brucellosis

Prevalence and epidemiology of brucellosis in livestock
production has been described in many developing coun-
tries as seen by the number of reports generated in the
past 10 years. Cattle seroprevalence estimates have been
observed to range between 3 and 15% (Ghanem et al., 2009;
Haileselassie et al., 2010; Jergefa et al., 2009; Muma et al.,
2006). Factors influencing prevalence include production
systems, agro-ecological zones, husbandry practices, con-
tact with wildlife, management factors (Matope et al.,
2010; Muma et al., 2007b; Omer et al., 2000). In cat-
tle, brucellosis continues to contribute to economic losses
associated with abortions, infertility and prolonged calving
to conception intervals. The odds of abortion in Brucella-
infected cattle have been observed to range between
3 and 4 in exposed cows compared to non-exposed
(Muma et al., 2007a; Schelling et al., 2003). Generally, in
most developed countries, test-and-slaughter programs,
together with compensation for farmers, accreditation and
financial incentives for disease-free herds, allowed the
achievement of a status close to eradication of brucellosis in
livestock and, consequently, in humans (Saegerman et al.,
2010).

In cattle, the infection is predominantly caused by
B. abortus, and is usually detected in pregnant females
through abortions. The removal of sanitary barriers and the
liberalization of exchanges in accordance with the World
Trade Organization Agreement require the harmonization
of the brucellosis health status among countries in order
to eliminate the risk of contamination of a country with a
favorable health status through importation of live animals
and animal products from a country with a lower health
status. In 2008, 12 EU member states were Officially Bru-
cellosis Free (OBF) in cattle, as well as in sheep and goats. In
2008, 15 non-OBF member states reported bovine cases of
brucellosis (herd prevalence equal to 0.12%). The situation
is less favorable in Southern European countries but is still
below 1% (European Food Safety Agency, 2010b). Because
brucellosis has public health and international trade impli-
cations, all member states have an interest in obtaining and
in maintaining this officially free status.

Cases of cross-infections with B. melitensis were
observed in herds mixed with sheep and goat flocks in
southern Europe (Verger et al., 1989) and are regularly
reported in the middle east where it has become an emerg-
ing veterinary and public health problem (Samaha et al.,
2008).

Special emphasis is given here to B. suis biovars 1, 2 and
3 and B. abortus in pigs because of their propable impact on
human health in the future. B. suis biovars 1 and 3 are found
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

worldwide in most areas where pigs are kept. They affect
both sexes of swine causing infertility, abortion, orchitis
and lesions of bones and joints. The prevalence is generally
low except in parts of South America and South East Asia.
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Within the EU, the epidemiological situation of brucellosis
in pigs varies. Some countries are free from the disease,
others report sporadic outbreaks and some report infec-
tions as an emerging problem. Available epidemiological
evidence shows that B. suis biovar 2 is the most common
agent, but biovars 1 and 3 can also occur. There is also
evidence suggesting that wild boars currently remain the
main source of infection for domestic pigs because several
outbreaks of B. suis occurred in outdoor rearing farms. An
enzootic B. suis biovar 2 was described in the nineties in
Belgium (Godfroid et al., 1994) and since then brucellosis
in wild boars has been described in wild boars and in hares
(Lepus europeaus) in several member states of the Euro-
pean Union (European Food Safety Agency, 2010a). In the
south of the USA (Olsen and Tatum, 2010) and in Australia
(Irwin et al., 2010) populations of feral swine are heav-
ily infected with B. suis biovar 1. Infections with B. suis in
humans occur in people handling pigs on farms and during
slaughtering and processing, including the hunting of feral
swine. Recently, it has been shown in South Carolina, USA,
that feral pigs were infected with B. abortus wildtype, S19
and RB51 vaccine strains besides B. suis biovar 1 (Stoffregen
et al., 2007). The importance of this finding lies in that pigs
were for the first time demonstrated to act as reservoir host
of B. abortus in the absence of contact with cattle for more
than 25 years. B. suis biovar 1 has been isolated from pigs
and humans in all central American countries (Moreno,
2002). Isolation of B. suis biovar 1 has been reported in
Mexico (Luna-Martinez and Mejia-Teran, 2002), in central
Venezuela (Vargas, 2002), in Paraguay (Baumgarten, 2002)
and in Brazil, where it is the second most prevalent Brucella
infection in livestock (Poester et al., 2002). In Argentina, B.
suis biovar 1 is frequently isolated from pigs (Samartino,
2002) but has also been isolated from people and cattle
(Lucero et al., 2008). As for B. melitensis infection in cattle,
B. suis biovar 1 infection in cattle is an emerging veterinary
and public health problem, even more so considering that
the mammary gland is a preferred site for B. suis biovar 1
localization in cattle (Olsen and Hennager, 2010).

Only B. suis biovar 2 has been isolated in pigs in India
(Renukaradhya et al., 2002). Isolation of B. suis biovars 1 and
3 (never biovar 2) has been reported from pigs and humans
in 21 provinces of China (Deqiu et al., 2002). In Africa,
the disease is believed to occur sporadically. In Egypt, B.
suis biovar 1 is present, although often unrecognized and
unreported (Refai, 2002). A number of sub-Saharan African
countries officially reported porcine brucellosis to the OIE.
However, the biovars involved are not mentioned in the
available literature (McDermott and Arimi, 2002). More-
over, to the best of our knowledge, no isolation of B. suis
has been reported from sub-Saharan Africa, neither from
domestic nor from wild or feral pigs. This highlights that
the epidemiological situation of brucellosis in domestic,
feral and wild suidae in sub-Saharan Africa is virtually
unknown. In view of the essentially negative impact of
almost all “naturalized” pig populations on their environ-
ments, the Pigs and Peccaries Specialist Group of the UICN
the animal/ecosystem/human interface at the beginning
11.04.007

recommended in 1993 that: “wild pigs or peccaries of any
species or subspecies (or their domestic or feral deriva-
tives) should never be deliberately released to range freely
outside their known, recent and original distribution, and

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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hat all possible efforts should be made to prevent the acci-
ental naturalization of domestic or wild populations of
hese animals. All existing naturalized populations should
e regarded as exotic pests which should be controlled,
educed in numbers or eradicated wherever possible and
ppropriate”. It is worth to note that these recommen-
ations were formulated without reference to infectious
iseases. Given the widespread infection of suidae with
rucella spp. and in the context of the “One Health” con-
ept, we fully support these recommendations which are
iming at reducing opportunities for B. suis and possibly B.
bortus to “jump” between domestic, feral and wild suidae
n one hand and humans on the other hand.

. Epidemiology and clinical manifestations of
uman brucellosis

Currently, only three nomen species of the genus Bru-
ella have an essential impact on public health, i.e., in order
f their significance B. melitensis, B. abortus, and B. suis.

Although human brucellosis is the most common bac-
erial zoonotic infection worldwide it is still a regionally
eglected disease (Pappas et al., 2006b). Human brucel-

osis is known to be highly endemic in the Mediterranean
asin, Middle East, Western Asia, Africa, and South Amer-

ca (Pappas et al., 2006b). Although animal brucellosis has
een brought under control in several industrialized coun-
ries, human brucellosis occurs sporadically in individuals
ho acquire the infection abroad or by illegally imported

ngestion of unsafe animal products and in occupation-
lly exposed groups (Al Dahouk et al., 2005b, 2007b). In
008, a total of 619 confirmed human brucellosis cases
ere reported in the European Union (EU) (0.1 case per

00,000 inhabitants). The highest incidence was recorded
n those member states not officially free from bovine
nd ovine/caprine brucellosis (Greece, Italy, Portugal and
pain). At EU level, a statistically significant decreasing
rend was observed during the five-year period 2004–2008.
he peak of reported cases was observed in spring and
ummer (European Food Safety Agency, 2010b).

Childhood brucellosis (B. melitensis) in the United States
s now an imported disease, primarily from Mexico. A ret-
ospective study related to 20 patients who received a
iagnosis of brucellosis over a period of 13 was performed
ears. Ninety-five percent of the patients had a recent his-
ory of either travel to Mexico or ingestion of unpasteurized

ilk products from Mexico. Fever was an initial complaint
n 80% of the patients, and 50% of the patients presented

ith arthritis (Shen, 2008).
Studies conducted in North Africa and in the Middle-

ast reported the occurrence of human brucellosis
ttributed to the presence of B. melitenis in livestock (Al-
ni et al., 2004; Jennings et al., 2007) while in sub-Saharan
frican B. abortus is mainly implicated (Hendricks et al.,
995; Swai and Schoonman, 2009). Human brucellosis is
ften misdiagnosed in developing countries (Paul et al.,
995) resulting in under reporting of cases. A study in Tan-
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

ania showed that medical professionals, especially those
n rural areas had poor knowledge of zoonotic diseases
John et al., 2008). In areas where B. abortus is a major
roblem in cattle, seroprevalence rates in humans are esti-
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mated to be in the range of 1–5% (Schelling et al., 2003;
Swai and Schoonman, 2009) but in areas where B. meliten-
sis is endemic (mainly in the middle East) higher prevalence
rates have to be expected (Pappas et al., 2006b). The coun-
tries with the highest incidence of human brucellosis are
Saudi Arabia, Iran, Palestinian Authority, Syria, Jordan and
Oman (Pappas et al., 2005). Consumption of raw milk con-
tinue to be the major mode of exposure in developing
countries (Makita et al., 2008; Pappas et al., 2006b; Swai
and Schoonman, 2009).

Although Brucella can be transmitted directly and
indirectly from its animal reservoir to humans, indirect
transmission remains the highest overall risk and mainly
occurs through the consumption of unpasteurized milk or
dairy products (Godfroid et al., 2005). B. melitensis infection
in cattle has emerged as a serious public health prob-
lem in some southern European countries and Israel as
a result of the consumption of unpasteurized milk since
B. melitensis is capable of colonizing the bovine udder
(Banai, 2002; Ashford et al., 2004; Lamontagne et al.,
2010). Moreover, in some South American countries, cat-
tle are now believed to be more important than pigs as
a source of B. suis biovar 1 infection for humans, because
B. suis biovar 1 is capable of colonizing the bovine udder
as B. melitensis does (Corbel, 1997). Consequently, human
brucellosis is mainly food-borne but can also be an occupa-
tional infection. The incubation period of the disease varies
greatly, ranging from weeks to months. The clinical onset
of human brucellosis is insidious and Brucella infections
often develop as fever of unknown origin. The acute stage
of the disease is usually accompanied by bacteremia and
spreading of the organism to various organ systems, mainly
to reticuloendothelial tissues. Hence, human brucellosis is
a systemic infectious disease of varying clinical manifes-
tations. Acute brucellosis is characterized by nonspecific
systemic signs and clinical symptoms consistent with a
flu-like or septicemic illness, i.e., fever, fatigue, malaise,
weight loss, headaches, arthralgia, myalgia, chills, and
sweats. Clinical manifestations may comprise osteoartic-
ular, dermal, gastrointestinal, respiratory, cardiovascular,
and neurologic disorders mimicking many other infectious
and non-infectious diseases. Since Brucella survives and
replicates in the mononuclear phagocytic system, chronic
courses, focal complications, and relapses frequently occur.
Life-threatening focal complications are Brucella endo-
carditis and neurobrucellosis but the overall case fatality
rate is low (less than 1%).

In general, inadequate treatment is responsible for
severe and debilitating chronic courses and long-term
sequelae. Hence, the basic therapeutic goal is not only
to control acute illness but also to prevent complications
and relapses. Use of at least two synergistic antibiotics,
including doxycycline, rifampin, streptomycin (or other
aminoglycosides) or trimethoprim-sulfamethoxazole (co-
trimoxazole), is therefore a must in prolonged chemother-
apeutic regimens. Internationally two different treatment
options are recommended. The combination of oral doxy-
the animal/ecosystem/human interface at the beginning
11.04.007

cycline 100 mg twice a day and rifampin 600–900 mg/day
(15 mg/kg/day) in a single oral dose over a 6-week course
shows fewer adverse effects than a combination includ-
ing streptomycin 1 g intramuscularly once a day for 2

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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weeks or an alternative aminoglycoside, instead of the
administration of rifampin. However, the latter treatment
is characterized by lower relapse rates (Ariza et al., 2007;
Corbel, 2006). For a successful therapy of focal complica-
tions and chronic courses triple or tetra combinations of
the antimicrobial drugs mentioned and longer treatment
courses (>45 days) are essential.

Few cases of brucellosis in humans caused by B. canis
have been described (Lucero et al., 2010; Nomura et al.,
2010). However, canine brucellosis in man might be under-
diagnosed due to a low perception of the disease and a
lack of valid serological tests. Human infections by marine
mammal strains have a severe course but are reported only
rarely (Brew et al., 1999; McDonald et al., 2006; Sohn et al.,
2003). The clinical importance of B. inopinata and the atyp-
ical Brucella strain (BO2) closely related to B. inopinata is
still unclear despite the fact that both agents have been iso-
lated from diseased humans (De et al., 2008; Scholz et al.,
2010). Little is also known about the human pathogenicity
of B. microti but in experimental cellular and murine models
of infection B. microti exhibited a significantly higher viru-
lence than other Brucella species (de Bagues et al., 2010).

8. Control of brucellosis

In the developed world, control of animal brucellosis
has been successfully achieved through the combination of
vaccination and test-and-slaughter programs and human
brucellosis through milk pasteurization (McDermott and
Arimi, 2002; Pappas et al., 2006b), coupled with effec-
tive disease surveillance and animal movement control.
In developing countries, however, control by test-and-
slaughter is hardly achievable because of limited resources
to indemnify farmers whose animals are slaughtered dur-
ing such screening programs (McDermott and Arimi, 2002).
Since animals are not often kept as business enterprises,
the off takes are often low (Muma et al., 2009). Thus ani-
mals tend to live long resulting in emotional attachment
of the farmers to their animals. It has been suggested that
any disease control strategies need to take into account
the need and perceptions of the communities (Marcotty
et al., 2009). While occupational exposure may be con-
sidered as a major mode of transmission, consumption of
infected milk products from infected animals remains a
major route of transmission even in non-endemic countries
like Germany where consumption of Brucella contami-
nated products accounted for infections acquired abroad
(Al Dahouk et al., 2005c).

In a study done in Kampala, urban residents who had
no contact with livestock were at risk of being Brucella
infected an exposure attributed to consumption of raw milk
products purchased from rural and peri-urban area (Makita
et al., 2008). Since consumption of raw milk continues to
be a major mode of exposure as demonstrated in several
studies (Almuneef et al., 2003; Makita et al., 2008), pas-
teurization or boiling of milk and milk products, is likely
to reduce human infections. A survey conducted in Kenya
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

showed that boiling of milk reduced the risk of exposure
to Brucella (Arimi et al., 2005). Other factors contributing
to exposure included ignorance of risk of Brucella infection
(Marcotty et al., 2009). In some cases, perceived enhanced
 PRESS
Medicine xxx (2011) xxx–xxx

nutritional qualities, taste, and health benefits have all been
advocated as reasons for increased interest in raw milk con-
sumption. Therefore, involvement of anthropologists and
social workers will become increasingly important in suc-
cessful control of human brucellosis (Marcotty et al., 2009).

Risk assessment is a tool that should be advocated to
the World Trade Organization in the context of trade policy
(Agreement on the application of sanitary and phytosani-
tary measures). The methodology might also be used to
assist in the choice of an appropriate national response
strategy following an incursion of a reemerging disease.
The choice of a strategy in the affected regions should be
made after an independent, scientific and collective assess-
ment where the range and magnitude of consequences of
implementing or not, measures or surveillance programs
of all susceptible domestic livestock (and possibly wildlife)
are considered (scenario analysis). Such a risk assessment
should be performed taking into account current scientific
knowledge, the particular local situation and uncertainties
about the parameters used in the model. In addition, deci-
sion trees are often used to clarify the path to appropriate
measures. Analysis includes evaluation of several param-
eters such as the probability of exposure to an infectious
agent as well as the cost and consequences of the spe-
cific measure application. Furthermore, animal movement
controls may need to be considered (Hadorn and Stark,
2008). To illustrate this section, we present two exam-
ples for bovine brucellosis. The first one is dedicated to
the development of a quantitative risk assessment for the
importation of brucellosis-infected breeding cattle into an
EU member state from other selected EU member states
(Jones et al., 2004) and the second one to the development
of a simulation model of brucellosis spread in a cattle pop-
ulation of a member state, or region of it, under several
testing regimes (England et al., 2004). The two examples
are from Great Britain (GB), declared OBF since 1993. As
required by the EU legislation, at least 20% of both beef and
dairy cattle of more than 24 months of age are to be tested.
As GB gained its OBF status, the necessity of such a high
testing level was naturally questioned. In the first example
(Jones et al., 2004), a quantitative risk-assessment model
was developed to determine the annual risk of importing
brucellosis-infected breeding cattle into GB from North-
ern Ireland and the Republic of Ireland (who exported the
largest number of cattle into GB and were not brucellosis
free during the development of the assessment in 2000).
With this assessment, the risks of importing bovine bru-
cellosis every 2.63 and 3.23 years were found, respectively
from Northern Ireland and from the Republic of Ireland.
Consequently, policy-makers introduced post-calving test-
ing for all cattle imported into GB herds. A similar decision
has been applied in Belgium since 2003 after a quali-
tative risk assessment and experts’ opinion (Saegerman
et al., 2010). The risk estimates are sensitive to the level
of uncertainty associated with the test sensitivities and to
the assumed proportion of animals originating from OBF
herds missed during routine surveillance (Saegerman et al.,
the animal/ecosystem/human interface at the beginning
11.04.007

2010). In the second example (England et al., 2004), a sim-
ulation model to determine the rate of brucellosis spread
under a variety of testing regimes was developed. If bru-
cellosis was imported, the reduction of testing level would

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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ave a major negative effect on the spread of infection
etween dairy herds. For beef herds, this reduction would
ave a lesser effect. In addition, the notification of an abor-
ion is a very important additional mean of surveillance
o reduce the disease spread. Consequently, policy-makers
ecided not to reduce the level of testing and to actively
romote abortion notification.

Most reemerging infectious diseases, like bovine bru-
ellosis, cause difficulties for veterinary authorities that are
onfronted not only with animal but also with public health
ssues. Moreover these diseases are especially challenging
ecause they are initially rare and therefore difficult to
etect. Despite the low prevalence of an emerging infec-
ious disease at the time of its incursion, the surveillance
ystem should be able to detect its presence as early as
ossible. Any delay in the detection of the disease hinders
he anticipated result of control measures. Indeed, without
arly detection, emergence can pass unperceived as long
s a factor of amplification does not reveal it. Detection is
ften too late from the risk control point of view. In partic-
lar if the disease, before expressing itself clinically, passes
hrough an incubation period, a delayed detection allows
ts diffusion into the sensitive population and outside the
ontaminated areas by means of animal sale. Improvement
f identification tools and swiftness of detection are essen-
ial (Saegerman, 2006).

The key point for early detection is the sensitivity of the
urveillance system, i.e., the ability to detect an outbreak
s soon as possible (Hadorn and Stark, 2008). A review on
he different brucellosis tests has recently been published
Godfroid et al., 2010). In addition, because of decreasing
esources for animal health surveillance, current surveil-
ance strategies need to be evaluated and optimized in
erms of surveillance performance in relation to costs. Sce-
ario trees were designed for bovine brucellosis (Martin
t al., 2007). For an OBF EU member state like Belgium,
reliminary results indicated, that a decrease of serologi-
al sampling pressure by a factor 25, do not influence the
ensitivity of the surveillance system. Scenario tree analy-
is also stressed the importance of the abortion testing and
he test at purchase (in case of importation). This study
emonstrated how useful these models can be as tools for
he implementation of a ‘risk-based’ surveillance program
ith an acceptable statistical confidence level, in response

o European and international standards.
All US states are classified Free of B. abortus in cattle.

owever, infection remains in Greater Yellowstone Area
GYA) wildlife with occasional spill-over into livestock.
rucellosis-infected cattle herds have been detected in

daho (December 2009), Wyoming (June 2008), and Mon-
ana (May 2007 and June 2008). The most likely source
f infection in these herds is believed to be infected free-
anging elk (Van Campen and Rhyan, 2010). Control of bru-
ellosis among domestic animals in the United States faces
ontinued pressure from the presence of brucellosis in US
ildlife and also in domestic livestock (especially cattle and

oats) across the southern border in Mexico where eradi-
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

ation programs of bovine brucellosis (B. abortus infection)
ave made substantial progress whereas control of brucel-

osis among domestic goat herds (B. melitensis infection)
as proven more challenging (Glynn and Lynn, 2008).
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According to the World Organisation for Animal Health
(OIE), bovine brucellosis is a reportable zoonosis and is
of considerable socioeconomic concern. It is of major
importance in the international trade of animals and
animal products. Because brucellosis has public health
and international-trade implications, all member states
of the OIE have an obligation of reporting. This informa-
tion is available at the World Animal Health Information
Database (WAHID) Interface (http://web.oie.int/wahis/
public.php?page=home). The common concept of zoono-
sis in the modern world is changing and veterinary public
health needs to do likewise. Veterinary public health needs
to be more than a reactive response to human needs; it
also needs to have a proactive input. Control of brucel-
losis in developing nations is no longer a local problem but
should be considered as global challenge since any global
citizen can easily become exposed as they travel abroad
(Al Dahouk et al., 2005c; Godfroid et al., 2005). Other chal-
lenges to be faced in controlling brucellosis will include
the control of the expanding wildlife reservoir, the control
of the wildlife-livestock interface and the development of
control strategies that are acceptable to communities and
take into account anthropological factors (Marcotty et al.,
2009).

In the upcoming period it would be beneficial to
improve the brucellosis awareness, diagnostic capabilities
and the surveillance in livestock, wildlife and humans. It
is of primary importance to isolate strains in order to get
a deeper insight into transmission modes and if an animal
species acts as a spill over host or a true reservoir. It is worth
mentioning that there are very few reports on the isola-
tion of Brucella strains in sheep and goats in sub-Saharan
Africa. Surprisingly, only B. abortus has been isolated from
sheep in Nigeria (Ocholi et al., 2004), whereas B. melitensis
has been isolated from sheep and camel in Western Dar-
four, Soudan (Musa et al., 2008; Musa and Jahans, 1990)
Interestingly, different biovars of B. abortus were also iso-
lated from camel, suggesting multiple sources of infections
from their preferential hosts (Musa et al., 2008). It is impor-
tant to reiterate that the isolation of B. suis in sub-Saharan
Africa has never been documented in the scientific litera-
ture, although the infection is believed to be widely spread
(McDermott and Arimi, 2002).

The isolation of Brucella spp. from the animal reservoir
is not a trivial enterprise. Indeed, B. melitensis infection in
cattle and B. abortus infection in sheep were only reported
when a source of Brucella spp. was found in its preferential
host, i.e., B. melitensis in sheep and B. abortus in cattle. This
suggests that B. melitensis infection in cattle and B. abor-
tus in sheep are spill over infections and cannot establish
enzootic infections. It is important to be reminded that any
sound vaccination program in livestock should be imple-
mented in reservoir hosts, not in spill over hosts, even more
so in countries where resources are scarce. Whether B.
melitensis and B. abortus are sustained infections in camels
remains to be determined.

Further, accurate estimates of the impact of brucellosis
the animal/ecosystem/human interface at the beginning
11.04.007

on public health and animal production will attract the nec-
essary support for resources from policy makers against the
many competing needs such as malaria, HIV, and tubercu-
losis (Zinsstag et al., 2007).

dx.doi.org/10.1016/j.prevetmed.2011.04.007
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9. Bio- and agroterrorism

Brucellae are highly potent pathogens in man and ani-
mals and as such also very effective biological agents for
use in biological weapons. A low infectious dose of 10 bac-
teria and the fact that brucellae are easily transmitted to
humans via aerosols make these bacteria most attractive
for military researchers (Hoover and Friedlander, 2010).
Consequently B. suis was one of the first agents being
weaponised (Pappas et al., 2006a). International disarma-
ment efforts made it unlikely that biological weapons of
mass destruction will be used by states’ armies in modern
wars nowadays. However, fears have arisen that biological
weapons may be used against civilian targets by private
organizations, groups or even individuals in attacks of
bioterrorists. Rotz et al. (2002) made a risk assessment
for a brucellosis outbreak with special respect on its influ-
ence on public health and medical infrastructure on a large
scale using following criteria: public health impact, deliv-
ery potential to large populations, public perception, i.e.,
public fear and civil disruption, and special public health
preparedness needs (Rotz et al., 2002). Brucellosis was
ranked in the category B having only a lower medical and
public impact (Pappas et al., 2006a; Rotz et al., 2002). It
can be supposed that in countries which have successfully
eradicated brucellosis, the first responders, e.g., family doc-
tors, will not be aware of the clinical picture of the disease
and that a delay in the diagnosis of the disease will result
in a higher number of fatal courses. Consequently, public
health (i.e., medical awareness, surveillance and labora-
tory diagnostic capabilities) has to be strengthened in the
future in both developed and developing countries. In the
field of veterinary public health, the danger arising from
agroterroism (the deliberate tampering with and/or con-
tamination of the food supply with the intent of adversely
affecting the social, economic, physical, and psychological
well-being of society) is of concern (Gyles, 2010). Targets
may be farm animals (cattle, swine, sheep, horses, poultry
and fish), field crops, processed food and storage facilities
(Gyles, 2010). Countries being free from animal brucellosis
may suffer from severe economic losses by the deliberate
introduction of brucellosis into their bovine, caprine/ovine
or porcine livestock. An attack with Brucella spp. may also
be associated with severe outbreaks in the human popula-
tion (Willyard, 2007).

10. General conclusions

Brucella is a fascinating ‘stealthy’ organism which is able
to subvert the host immune system and whose strategies to
survive and multiply in phagocytic and epithelial cells are
becoming better understood. Deciphering the metabolism
of Brucella will reveal pathogenic pathways used by the
bacterium to survive dramatic stresses in its cellular envi-
ronment. Brucellosis in its animal reservoir has only been
controlled and sometimes eradicated in livestock in the
developed world. Its burden to livestock and its toll to peo-
Please cite this article in press as: Godfroid, J., et al., Brucellosis at
of the 21st century. PREVET (2011), doi:10.1016/j.prevetmed.20

ple are very important in the developing world, although
not fully recognized. It is still feared that Brucella could
be used as a weapon in bio- or agroterrorism. Prepared-
ness is an issue which needs to be addressed by both the
 PRESS
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medical and the veterinary professions. Lastly brucellosis
in wildlife is not controlled; new reservoir hosts and new
Brucella species are discovered and baseline information is
dramatically missing. It is a global responsibility to reduce
opportunities for Brucella spp. to “jump” host species at the
animal/environment/human interface and will need a “One
Health” approach to be successful.
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