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Abstract 

Brucella melitensis and Brucella ovis are gram‑negative pathogens of sheep that cause severe economic losses and, 
although B. ovis is non‑zoonotic, B. melitensis is the main cause of human brucellosis. B. melitensis carries a smooth (S) 
lipopolysaccharide (LPS) with an N‑formyl‑perosamine O‑polysaccharide (O‑PS) that is absent in the rough LPS of B. 
ovis. Their control and eradication require vaccination, but B. melitensis Rev 1, the only vaccine available, triggers anti‑
O‑PS antibodies that interfere in the S‑brucellae serodiagnosis. Since eradication and serological surveillance of the 
zoonotic species are priorities, Rev 1 is banned once B. melitensis is eradicated or where it never existed, hampering 
B. ovis control and eradication. To develop a B. ovis specific vaccine, we investigated three Brucella live vaccine can‑
didates lacking N‑formyl‑perosamine O‑PS: Bov::CAΔwadB  (CO2‑independent B. ovis with truncated LPS core oligo‑
saccharide); Rev1::wbdRΔwbkC (carrying N‑acetylated O‑PS); and H38ΔwbkF (B. melitensis rough mutant with intact 
LPS core). After confirming their attenuation and protection against B. ovis in mice, were tested in rams for efficacy. 
H38ΔwbkF yielded similar protection to Rev 1 against B. ovis but Bov::CAΔwadB and Rev1::wbdRΔwbkC conferred no 
or poor protection, respectively. All H38ΔwbkF vaccinated rams developed a protracted antibody response in ELISA 
and immunoprecipitation B. ovis diagnostic tests. In contrast, all remained negative in Rose Bengal and complement 
fixation tests used routinely for B. melitensis diagnosis, though some became positive in S‑LPS ELISA owing to LPS core 
epitope reactivity. Thus, H38ΔwbkF is an interesting candidate for the immunoprophylaxis of B. ovis in B. melitensis‑free 
areas.
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Introduction
Brucellosis is a worldwide extended disease caused by 
gram-negative bacteria of the genus Brucella that has 
a severe impact on animal and human health [1]. The 
genus includes several species among which B. meliten-
sis primarily produces brucellosis in sheep and goats and 
is the major cause of human brucellosis [2]. B. melitensis 
cells have a surface smooth (S)-type lipopolysaccharide 

(LPS) made of a lipid A-core oligosaccharide linked to 
an N-formylperosamine O-polysaccharide (O-PS) that 
carries the epitopes relevant in S Brucella serodiagnostic 
tests [3]. Sheep can also be infected by B. ovis, a species 
that displays a rough (R) LPS because it lacks a com-
plete set of functional O-PS genes [4, 5]. Although non-
zoonotic, B. ovis causes a serious disease manifested by 
genital lesions in rams and placentitis and abortions in 
ewes that result in important economic losses [6].

While some countries have eradicated B. meliten-
sis through the combined use of vaccination and test 
and slaughter programs [7, 8], none has eradicated B. 
ovis. Attempts to eradicate B. ovis infection, sometimes 
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misnamed ovine epididymitis, have often been focused 
exclusively on ram testing and culling, a strategy that has 
failed consistently because it overlooks the important 
epidemiological role of ewes [9–11]. Moreover, testing 
and culling becomes economically unfeasible when prev-
alence is moderate or high, making vaccination against 
B. ovis indispensable [11, 12]. Nevertheless, the only vac-
cine available for the immunoprophylaxis of B. meliten-
sis and B. ovis is B. melitensis Rev 1, a live-attenuated S 
strain that elicits antibodies to the O-PS that interfere in 
B. melitensis serodiagnostic tests. Since these vaccinal 
antibodies encumber B. melitensis eradication and sur-
veillance and this zoonotic species is a priority, Rev 1 is 
banned after B. melitensis eradication, and the same rea-
sons make Rev 1 unsuitable for use in B. melitensis-free 
countries but yet affected by B. ovis. Hence, the develop-
ment of B. ovis-specific vaccines is of great interest, as 
proven by the dramatic increase in B. ovis prevalence in 
European Union countries shortly after Rev 1 withdrawal 
[6, 13].

Altering the antigenic structure of S Brucella has been 
the preferred strategy to develop vaccines that circum-
vent the interference in S serological tests. Logically, 
O-PS removal was the first choice and some R mutants 
have been investigated as B. ovis vaccines. The empiri-
cally developed B. abortus RB51 (the only R vaccine cur-
rently marketed) does not confer adequate protection 
against either B. melitensis or B. ovis [14, 15]. However, 
experiments in mice show that genetically well-defined 
R vaccines are superior to RB51 and could be effectual 
against B. ovis [16]. An antigen removal strategy was also 
followed to obtain a B. melitensis Rev 1 lacking protein 
BP26 but, although effective against B. ovis, this Rev 1 
derivative obviously triggers anti-O-PS antibodies and 
the associated BP26-iELISA is not sensitive enough to 
be used as differential test [17]. Following a positive tag-
ging strategy, a Rev 1 vaccine carrying the green fluo-
rescent protein (GFP) gene and its ancillary GFP-ELISA 
were investigated in sheep [18]. Yet, co-inoculation of 
the GFP-tagged vaccine with soluble GFP plus a GFP 
booster in Freund’s adjuvant ten weeks later are neces-
sary to trigger GFP antibodies matching the persistence 
of O-PS antibodies, a protocol of no practical use. Finally, 
Rev1::wbdRΔwbkC, a construct carrying wbdR (an E. coli 
LPS acetyl-transferase gene) instead of wbkC (the Bru-
cella LPS formyl-transferase gene) conferred protection 
against B. ovis in mice and displayed a N-acetyl-perosa-
mine O-PS structure triggering antibodies that could be 
differentiated from those induced by B. melitensis in this 
laboratory model [19].

Since it is a naturally R species, a homologous B. ovis 
vaccine could also be an alternative to Rev 1. Classi-
cal bacterins in adjuvant are unsatisfactory as B. ovis 

vaccines [10, 12] and, although adjuvant-encapsulated 
outer membrane-rich extracts are effective [20, 21], the 
complexity of their preparation and the need for revac-
cinations make these vaccines expensive and unpractical. 
Recently, a polymeric BLSOmp31 antigen in oil adjuvant 
has been proposed as a B. ovis vaccine but the vaccine did 
not prevent infection in rams [22, 23]. An alginate-encap-
sulated B. ovis mutant in a putative ABC transporter has 
been reported to confer perfect protection in rams [24, 
25] but this claim was based on a deficient bacteriological 
search for the challenge strain as only minimal aliquots 
of diluted homogenates were cultured and some impor-
tant target organs [26] were not examined. In mice, we 
have reported that Omp25d and Omp22 mutants, a triple 
Omp10-Omp31-SP41 mutant and mutants with a trun-
cated LPS-core lateral branch are attenuated and protect 
against B. ovis [27–29]. In parallel, we have investigated 
B. ovis  CO2-dependence, a characteristic of this species 
that would encumber a practical use of homologous vac-
cines. This trait relates to mutations in carbonic anhy-
drase (CA) genes and can be abrogated by insertion of 
CA homologues of  CO2-independent brucellae without 
affecting virulence in mice [30, 31].

In this work, we pursued three of the above-summa-
rized strategies to develop B. ovis vaccines minimizing 
the interference in O-PS serological tests. For the R vac-
cine approach, we investigated a B. melitensis H38 wbkF 
mutant carrying an R-LPS with intact core oligosac-
charide. This choice was based on previous works that 
show that dysfunction of this gene in this strain, while 
not matching Rev 1, results in adequate attenuation and 
better protection against B. melitensis in sheep than that 
obtained with mutants in other LPS genes [32, 33]. In 
the Rev 1 background, we studied the above-described 
Rev1::wbdRΔwbkC. Finally, we also examined a B. ovis 
 CO2-independent construct deleted in wadB, a gene nec-
essary for full assembly of the R-LPS core oligosaccharide 
lateral branch of brucellae.

Materials and methods
Bacterial strains, conservation and growth conditions
The parental strains used for the construction of the vac-
cine candidate mutants are described below. Bov::CA is 
a B. ovis PA derivative carrying the active carbonic anhy-
drase (CAI and CAII) genes of B. abortus 2308 W in a sta-
ble Tn7 insert in chromosome II that is  CO2-independent 
and retains the virulence of the wild-type in the mouse 
model [30, 31]. B. melitensis H38 is a S virulent strain 
used previously in the analysis of LPS genes [32], and B. 
melitensis Rev 1 is the OIE recommended sheep brucel-
losis vaccine [34].

B. ovis PA (wild-type, virulent, serum and 
 CO2-dependent) and its kanamycin-resistant virulent 
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derivative (BoPA-KmR) have been respectively used as 
challenge strains in sheep and mice in previous works 
[19, 35].

All the above bacteria and the corresponding mutants 
(see below) were maintained freeze-dried or in skimmed 
milk at −80  °C in the CITA (Zaragoza, Spain) Brucella 
culture collection. To prepare the bacterial suspen-
sions for the experiments described below, the stocks 
were rehydrated or thawed and seeded onto Blood Agar 
Base (BAB no. 2, OXOID, USA) or BAB with 5% sterile 
calf serum (BAB-S, for B. ovis PA) plates, for 3–4 days at 
37 °C in air or, for B. ovis PA, in 10%  CO2 atmospheres.

Construction and characteristics of vaccine candidates
The origin and characteristics of the primers and plas-
mids used in this work are presented in Additional files 1 
and 2, respectively.

Bov::CAΔwadB was constructed using the suicide plas-
mid pJQKΔwadB (pYRI-2 in [36]), which was introduced 
into Bov::CA by conjugation with E. coli S17 λpir [37]. 
The first recombination event was selected by nalidixic 
and kanamycin resistance and the double recombination 
by nalidixic and sucrose resistance, and kanamycin sensi-
tivity. Deletion of wadB was confirmed by PCR using oli-
gonucleotides wadB-F1 and wadB-R4 (Additional file 1), 
which amplified a fragment of 570 base pairs (bp) in the 
mutant and a fragment of 1011 bp in the sibling revertant 
strain. Oligonucleotides wadB-F1 and wadB-R5 (Addi-
tional file 1), which amplify a fragment of 471 bp only in 
the wild-type strain, were used to verify the deletion.

Brucella melitensis H38ΔwbkF (R mutant in-frame 
deleted in the bactoprenol priming for O-PS polymeriza-
tion gene; henceforth H38ΔwbkF) was constructed using 
the same methodology and genetic tools described for 
the homologous B. suis Bs2ΔwbkF mutant [38]. Briefly, 
pJQKΔwbkF was transformed into competent E. coli 
S17 λpir (Additional file  2) and, after conjugation with 
B. melitensis H38, the first recombination event was 
selected by nalidixic acid and kanamycin resistance, and 
the double recombination by nalidixic and sucrose resist-
ance, and kanamycin sensitivity. Deletion of wbkF was 
confirmed by PCR using oligonucleotides wbkF-F1 and 
wbkF-R4 (Additional file 1), which amplified a fragment 
of 953 bp in the mutant and a fragment of 1796 bp in the 
sibling revertant strain. Oligonucleotides wbkF-F1 and 
wbkF-R6 (Additional file 1), which amplified a fragment 
of 680 bp only in the wild-type strain, were used to verify 
the deletion.

Rev1::wbdRΔwbkC construction and characteriza-
tion has been described in a previous work [19]. Briefly, 
Rev1::wbdR was obtained inserting wbdR in chromosome 
II of B. melitensis Rev 1 using a Tn7 strategy [39]. Then, 
wbkC (formyltransferase gene) was deleted to obtain 

Rev1::wbdRΔwbkC, which carries N-acetyl-perosamine 
instead of N-formyl-perosamine as proved by immuno-
chemical and NMR analyses [39].

All vaccine candidates were stored at −80  °C in 
skimmed milk and grown as described above.

Virulence and protection studies in mice
These experiments were carried out using seven-week-
old female BALB/c mice (ENVIGO, Harlan) that were 
maintained in a BSL-3 facility (ES/31-2010-000132) with 
water and food ad libitum for 2 weeks before and during 
the experiments in accordance with the current Euro-
pean (directive 86/609/EEC) and Spanish (RD 53/2013) 
legislations.

To obtain inocula, fresh cultures (see “Bacterial strains, 
conservation and growth conditions”) were harvested 
in buffered saline solution (BSS; 0.015  M NaCl, 7  mM 
 KH2PO4, 10  mM  K2HPO4; pH 6.85) and suspensions 
adjusted spectrophotometrically (600 nm) to the appro-
priate dose (see below). Purity, absence of S-R disso-
ciation (when appropriate) and exact doses (triplicate 
measurements) were assessed retrospectively following 
standard protocols [40].

The virulence and protection assessment in mice of 
Rev1::wbdRΔwbkC and Rev 1 parental strain have been 
published previously [19]. For virulence assessment of 
H38ΔwbkF and Bov::CAΔwadB mutants (this work), 
groups of 5 mice were inoculated intraperitoneally with 
the doses established as optimal (Figure 1) in preliminary 
experiments (not shown). The three vaccine candidates 
(Bov::CAΔwadB, Rev1::wbdRΔwbkC and H38ΔwbkF) 
were inoculated at  108  CFU/mouse, a dose considered 
optimal for immunization with R mutants in previ-
ous experiments in mice [30, 32]; BoPA and Bov::CA 
parental strains were inoculated at 5 ×  106  CFU/mouse, 
as established previously [31]. Also, the lowest dose of 
B. melitensis H38  (104  CFU/mouse) inducing a suit-
able spleen colonization was determined in preliminary 
experiments (not shown). Mice were euthanized at two 
different time points, selected for each mutant according 
previous works [19, 31, 32]: the first point corresponds to 
the expected “peak of multiplication” (week 1 and week 
3 for B. melitensis and B. ovis strains, respectively) and 
the second one, to a later stage of infection (week 5 or 8). 
The residual virulence was determined by plating spleen 
homogenates on the appropriate agar medium (see 
above) and calculating the mean  log10 CFU/spleen ± SD 
[41].

To evaluate the protective efficacy, groups of 5 mice 
were vaccinated subcutaneously with  108  CFU of each 
vaccine candidate [19, 32]. Controls were similar groups 
vaccinated with  105  CFU of Rev 1 or inoculated with 
BSS as a placebo vaccine. All mice were challenged with 
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5 ×  106  CFU of BoPA-KmR (see above) administered 
intraperitoneally 4  weeks after vaccination. The mean 
 log10 CFU/spleen ± SD of the challenge strain in each 
group was determined 2  weeks later by plating spleen 
homogenates on BAB-S supplemented with kanamycin 
(50  μg/mL) and incubation for 3–5  days in 10%  CO2. 
Results were compared statistically (one-way ANOVA 
and Fisher’s Protected Least Significant Differences –
PLSD- post-hoc tests) with those of unvaccinated (BSS) 
and Rev 1 vaccinated controls.

Ram vaccination and challenge
The experiment in rams was performed in compliance 
with the current European (86/609/EEC) and Spanish 
(RD 53/2013) legislations on the use and protection of 
experimental animals.

Sixty-nine 4-month-old brucellosis-free Rasa Aragon-
esa rams of similar weight and body condition were 
randomly allotted and maintained in five separate pens 
throughout the experiment. To prepare the inocula, 
suspensions of bacteria (grown and harvested in BSS as 
described above) were adjusted spectrophotometrically 
(600  nm) to the appropriate concentration  (109  CFU/
mL for Rev 1,  1010  CFU/mL for the mutant candidates 
and  1011 CFU/mL for B. ovis PA challenge strain). Purity, 
absence of S-R dissociation (when appropriate) and exact 
doses (triplicate measurements) were assessed retrospec-
tively [40]. In the same day, three groups of 14 rams each 
were immunized subcutaneously in the left elbow with 
4  mL of each vaccine candidate. As controls, a fourth 
group (n = 14) was vaccinated with 2 mL of Rev 1 and a 
fifth group (n = 13) was kept unvaccinated. Retrospective 
assessment showed that each ram received 9.6 ×  109 CFU 
of Bov::CAΔwadB, 2.5 ×  1010 CFU of Rev1::wbdRΔwbkC, 
2.5 ×  1010  CFU of H38ΔwbkF and 1.6 ×  109  CFU of Rev 
1. In the next two weeks, all rams were inspected for rec-
tal temperature and local reactions at the inoculation site 
every two days.

Eight months after vaccination (when Rev 1 and the 
vaccine candidates had been cleared [33]), rams were 
challenged with 2.5 ×  109  CFU in 100 µL (determined 
by retrospective assessment) of B. ovis PA given by both 
conjunctival (50 µL) and preputial (50 µL) routes, and 
then clinically examined at weekly intervals. Eight weeks 
after challenge, they were euthanatized for bacteriologi-
cal examination. For this, large portions of spleen and 
epididymides, the whole vesicular glands and ampul-
lae, and the whole cranial (submaxillary, parotid and 
retropharyngeal), iliac, scrotal, prefemoral and superfi-
cial cervical lymph nodes were collected and submitted 
to culture on a suitable selective medium (see below). 
Briefly, each organ sample was degreased, superficially 
sterilized by gentle burning and homogenized in minimal 

amount of BSS (1  mL per 10  g of tissue, approx.) using 
a stomacher. Each tissue homogenate was cultured by 
plating 1 mL in each of duplicate plates of CITA medium 
[42]. Cultures were examined under a stereomicroscope 
after 5–7 days of incubation at 37 °C in a 10%  CO2 atmos-
phere, and suspicious colonies streaked on BAB-S plates 
for identification by both standard procedures [40] and 
Bruce-ladder multiplex PCR [43]. A ram was classified as 
infected if at least one B. ovis PA CFU was isolated from 
any of the organs or lymph nodes sampled. The infection 
level of each sample was semi-quantitatively scored as 
follows: level 1, 1–5 CFU/plate; level 2, 6–25 CFU/plate; 
level 3, 26–125  CFU/plate; level 4, 126–250  CFU/plate; 
and level 5, > 250 CFU/plate (samples with level equal or 
higher than 3 were considered as severely infected, and 
rams showing at least one severely infected organ were 
counted as severely infected animals). Statistical com-
parisons of numbers of B. ovis infected (and severely 
infected) animals were made by Chi-square test (Fisher-
Yates correction was applied when required). Numbers of 
infected (and severely infected) organs per animal were 
compared by STEPBOOT MULTTEST (5.0, SAS Insti-
tute Inc. Copyright©).

For serological studies, blood samples were taken 
before vaccination, one week after vaccination and every 
two or three weeks (including one week after challenge) 
until the end of the experiment.

Serological tests
The Rose Bengal (RBT) and the complement fixation 
(CFT) tests for S Brucella were performed according to 
standard methods [34], and the S-LPS iELISA was per-
formed as described before [44] using gold standard sera 
(from 46 B. melitensis culture positive and 78 brucello-
sis-free sheep) to determine the appropriate cut-off. The 
agar gel immunodiffusion (AGID) test for the serodiag-
nosis of B. ovis [45] was performed in 3 mm thick gels of 
1% Noble Agar (Difco, USA) in borate buffer (0.1 M, pH 
8.3)-10% NaCl using the recommended B. ovis REO 198 
hot saline (HS) extract (rich in outer membrane proteins 
and R-LPS [46]) as antigen, and presence of precipitation 
bands was examined after 48  h of incubation at room 
temperature in a humid chamber. In addition, depend-
ing on the vaccine candidate (see “Results”), the antibody 
response was also examined by indirect ELISA (iELISA) 
using the appropriate antigen as described below.

The iELISA with HS extract of either B. ovis PA or 
Bov::CAΔwadB was performed on standard 96-well pol-
ystyrene plates (Costar ®, USA). Optimal coating condi-
tions (antigen at 2.5 µg/mL in carbonate buffer [0.06 M, 
pH 9.6] at 37  °C overnight), serum dilution (1/100) and 
conjugate (recombinant Protein G-HRPO, Thermo 
Fisher Scientific, USA at 0.2  μg/mL) were determined 
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by previous titration with gold-standard sera from 46 
B. ovis culture-positive and 78 brucellosis-free sheep. A 
0.1% solution of 2, 2-azinobis, 3-ethyl-benzothiazoline 
sulfonic acid diammonium salt (ABTS; Sigma Chemical 
Co., USA) with 0.004%  H2O2 in citrate buffer (0.05  M, 
pH 4) was used as the substrate, and optical density read-
ings  (OD405nm, Labsystems Multiskan RC) obtained after 
15 min of incubation at room temperature. Results were 
expressed as the percentage of  OD405nm with respect to 
a positive control serum. Under these conditions, sera 
showing %  OD405nm above 40% (cut-off resulting in 100% 
specificity and maximum [98%] sensitivity with the gold 
standard sera) were considered positive.

An iELISA with N-acetyl-perosamine O-PS was 
performed using a LPS rich extract of the previously 
described B. abortus 2308  W wbdRΔwbkC construct 
[19]. This wbdRΔwbkC-iELISA was optimized using 
the same panel of gold-standard sera employed in the 
standard S-LPS ELISA (see above). Costar ® plates were 
coated with 2.5 μg/mL of antigen in carbonate buffer (pH 
9.6) at 37  °C overnight. Sera were tested at 1/100 dilu-
tion and the Protein-G-HRP (0.2 μg/mL) and the ABTS-
H2O2 mixture described above were used as conjugate 
and substrate, respectively. The  OD405nm readings and 
%  OD405nm were obtained as described above and sera 
showing %OD405nm ≥ 50% (optimal cut-off) were scored 
as positive.

Results
Characterization of vaccine candidates
Table  1 summarizes the relevant characteristics of the 
vaccine candidates investigated. Analyses by SDS-PAGE 
and Western blot with monoclonal antibody A68/24G12/
A08 (which discriminates intact and truncated Brucella 
LPS core oligosaccharides [36]) and polyclonal sera of 
the appropriate specificity [39], confirmed that the three 
candidates displayed the phenotype predicted accord-
ing to previous works with homologous or heterologous 
Brucella mutants and constructs: (i) H38ΔwbkF carried 
a R-LPS with a complete core; (ii) Bov::CAΔwadB R-LPS 

showed the molecular weight shift and epitope defect 
that correspond to a truncated LPS core lateral branch; 
and (iii) Rev1::Tn7wbdRΔwbkC displayed the shorter 
O-PS and the epitopic changes associated with the pres-
ence of N-acetyl-perosamine and absence of N-formyl-
perosamine in the O-PS (Additional file 3).

Residual virulence and protection in mice
These studies showed that the three vaccine candi-
dates have attenuated virulence profiles with respect to 
their virulent counterparts (Figure  1). Bov::CAΔwadB 
(Figure  1A) showed significantly lower CFU/spleen 
numbers than B. ovis PA virulent strains at weeks 3 
(expected peak of multiplication for B. ovis) and 8 after 
inoculation. Attenuation with respect to the parental 
strain was clearly observed also for Rev1::wbdRΔwbkC 
(Figure 1B, from [19]) at post-inoculation weeks 1 (peak 
of multiplication for B. melitensis) and 5. H38ΔwbkF 
(Figure 1C) yielded similar CFU/spleen numbers to the 
parental strain at week 1, but the mutant attenuation 
was evident at later stages (week 5).

Using this model, we tested all vaccine candidates 
for protection against B. ovis in two successive experi-
ments. As can be seen in Table 2, the results obtained 
with all vaccine candidates were not statistically differ-
ent from those obtained with the Rev 1 vaccine.

Protection in rams
No relevant clinical signs were evidenced after vacci-
nation. The mean rectal temperature remained normal 
in the animals inoculated with the three vaccine can-
didates. Some Rev 1 vaccinated rams showed a slight 
increase in body temperature and an inflammatory 
reaction at the inoculation site that was resolved in a 
few weeks. Upon challenge, no vaccinated ram devel-
oped clinical testicular lesions but these were observed 
in two unvaccinated rams.

Table 1 Vaccine candidates.

Vaccine Genetic characteristics Relevant phenotype References

Rev1::wbdRΔwbkC Rev 1 wbkC (formyl‑transferase gene) deleted mutant 
carrying a mini‑Tn7 insert with E. coli O157:H7 wbdR 
(acetyl‑transferase)

S‑LPS with N‑acetyl‑perosamine O‑PS [19]

H38ΔwbkF B. melitensis H38 wbkF (bactoprenol priming for O‑PS 
polymerization gene) deleted mutant

R‑LPS with intact core oligosaccharide This work

Bov::CAΔwadB B. ovis PA wadB (core sugar glycosyl transferase gene) 
deleted mutant carrying a mini‑Tn7 insert with the 
carbonic anhydrases (CAI and CAII) genes of B. abortus 
2308 W

CO2‑independent; R‑LPS with a trun‑
cated core oligosaccharide

This work. ΔwadB and::CA 
single mutants in [27] and [30], 
respectively
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The results of the thorough bacteriological search after 
necropsy are summarized in Table 3 and Figure 2. Taken 
together, the results of control groups show that the exper-
imental conditions resulted in values suitable for statis-
tical comparisons (84.6% vs. 21.4% infected rams in the 
unvaccinated and Rev 1 vaccinated groups, respectively; 
P < 0.05). The protection conferred by Bov::CAΔwadB was 
manifestly not significant (78.6% of infections) and that of 
the Rev1::wbdRΔwbkC candidate (50% of infections) not 
statistically different from that of the unvaccinated control 
group. On the other hand, H38ΔwbkF conferred a level of 
protection (16.7% of infections) similar to that obtained 
with Rev 1 (Table  3), with slightly lower percentages of 
infected organs and no isolation from cranial, scrotal or 
prefemoral lymph nodes (Figure  2). These results were 
paralleled in the numbers of infected organs (Table  3) 
(5.4% and 10.7% for H38ΔwbkF and Rev 1, respectively) 
and of severely infected animals/organs (7.1%/1.8% and 
7.1%/0.9% for H38ΔwbkF and Rev 1, respectively).

Figure 1 Multiplication profiles in mice of the vaccine candidates Bov::CAΔwadB (A), Rev1::wbdRΔwbkC (B, taken from [19]) and 
H38ΔwbkF (C) with respect to their corresponding parental strains. Mice were inoculated intraperitoneally with the doses (CFU/mouse) 
indicated in brackets for each strain. Significant differences: ** = p < 0.01, *** = p < 00.001.

Table 2 Protection against B. ovis PA-KmR in mice.

a Units of protection: average  log10 CFU of challenge strain in the spleens of 
placebo (BSS) controls minus average of  log10 CFU of the challenge strain in the 
spleens of vaccinated mice. bSignificant differences (P < 0.01) versus the placebo 
(BSS) control group (ANOVA and Fisher’s PSLD test); cNo significant differences 
versus the Rev 1 vaccinated group (ANOVA and Fisher’s PSLD test).

Experiment Vaccine (CFU dose) B. ovis PA-KmR 
(mean ± SD of  log10 
CFU/spleen)

Units of 
 protectiona

1 Bov::CAΔwadB  (108) 2.46 ± 1.68b,c 3.6

H38ΔwbkF  (108) 3.42 ± 0.62b,c 2.6

Rev 1  (105) 2.50 ± 1.49b 3.5

Placebo (BSS) 6.04 ± 0.46 0

2 Rev1::wbdRΔwbkC 
 (108)

2.16 ± 0.95b,c 4.1

Rev 1  (105) 2.45 ± 1.35b 3.8

Placebo (BSS) 6.26 ± 0.16 0

Table 3 Protective efficacy of vaccine candidates against a B. ovis PA experimental challenge in rams.

a Statistical comparisons by Chi-square test (with Fisher-Yates correction when required). bStatistical comparisons by STEPBOOT MULTTEST (SAS); cseverely infected 
animals were those showing at least one organ sample with an infection level ≥ 3 (≥ 26 CFU/plate). dSignificant difference (P < 0.05) versus unvaccinated control; eHigh 
significant difference (P < 0.001) vs. unvaccinated control; fno significant (P > 0.05) versus Rev 1 vaccinated group.

Vaccine (CFU dose) No. infected animals/total 
(%)a

No. infected organs/total 
(%)b

No. severely infected animals 
(%)a,c/no. severely infected organs 
(%)b

Bov::CAΔwadB (1 ×  1010) 11/14 (78.6) 41/112 (36.6) 4 (28.6)d/11 (9.8)d

Rev1::wbdRΔwbkC (2.5 ×  1010) 7/14 (50.0) 30/112 (26.8)d 5 (35.7)/13 (11.6)d

H38ΔwbkF (2.5 ×  1010) 2/14 (16.7)e,f 6/112 (5.4)e,f 1 (7.1)e,f/2 (1.8)e,f

Rev 1 (2 ×  109) 3/14 (21.4)d 12/112 (10.7)e 1 (7.1)e/1 (0.9)e

Unvaccinated 11/13 (84.6) 64/104 (61.5) 9 (69.2)/30 (28.8)
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Serological responses in rams
Figure  3 presents the results of the antibody response 
to the B. ovis HS envelope antigens generated in vac-
cinated rams before and after challenge. All rams were 
positive in the AGID assay by week 1 after immuniza-
tion, with the notable exception of those vaccinated 
with Bov::CAΔwadB among which very few positive 
responses were detected before challenge (Figure  3A). 
In the Rev1::wbdRΔwbkC and Rev 1 vaccinated groups, 
AGID-positive responses decreased rapidly and all ani-
mals became negative by weeks 10 and 23, respectively 
(Figure  3A). As judged by the percentage of AGID-
positive animals, H38ΔwbkF elicited the most durable 
antibody response, with over 60% of positive animals 
until week 17 (Figure 3A). No matter the experimental 
group, all rams were AGID-negative before challenge 
(week 33). When assessed by iELISA (Figure  3B), the 
percentage of positive animals in the groups vaccinated 
with Bov::CAΔwadB and H38ΔwbkF were higher and 
more persistent than those observed in the AGID test 
and only the group vaccinated with Rev1::wbdRΔwbkC 
was totally negative by the time of challenge. Interest-
ingly, when sera from Bov::CAΔwadB vaccinated rams 
were studied in the iELISA with a homologous HS anti-
gen, 100% of them were positive from week 1 until the 
end of the experiment (not shown). Upon challenge, 

most animals became both AGID and HS iELISA-posi-
tive, as expected.

Figure  4 presents the results obtained with serodiag-
nostic tests for S brucellae. Unsurprisingly, all animals 
vaccinated with Rev 1 were positive in RBT, CFT and 
S-LPS iELISA by week 2 and a high percentage remained 
positive thereafter. Although Rev1::wbdRΔwbkC bears a 
modified O-PS, all rams vaccinated with this candidate 
were positive in both RBT and CFT during the first weeks 
but the reactions persisted less than those induced by Rev 
1. However, only very few and transient reactions were 
detected in the S-LPS iELISA in these Rev1::wbdRΔwbkC 
vaccinated rams (Figure  4C), even though these rams 
showed a more intense and persistently positive response 
in the wbdRΔwbkC iELISA (Additional file  4). In con-
trast with Rev 1 and Rev1::wbdRΔwbkC vaccinates, no 
ram immunized with H38ΔwbkF or Bov::CAΔwadB 
showed antibodies detectable in either RBT or CFT, and 
only a few of those vaccinated with H38ΔwbkF showed 
a transiently positive and relatively early response in the 
S-LPS iELISA before challenge (Figure  4). As expected, 
the proportion of RBT and CFT positive animals did not 
increase after the challenge for any of the experimental 
groups (Figures  4A and B) but 50% and less than 20%, 
respectively, of H38ΔwbkF and Bov::CAΔwadB vacci-
nated rams reacted then in the S-LPS iELISA (Figure 4C).

0

20

40

60

80

100

Epidydimides
Seminal vesicles

Prefemoral LN
Iliac LN

S. Cervical LN
Scrotal LN

Spleen
Cranial LN

%
 B

. o
vi

sc
ul

tu
re

 p
os

iti
ve

 o
rg

an
s

Figure 2 Percentages of B. ovis culture positive organs in each experimental group of vaccinated rams.



Page 8 of 13Muñoz et al. Veterinary Research           (2022) 53:16 

Discussion
As underlined in the Introduction, there is a need for a 
B. ovis vaccine to replace Rev 1, banned in areas where B. 
melitensis has been eradicated or has never been present. 
Following the evidence that live-attenuated vaccines are 
advantageous for triggering protective responses against 
Brucella [47], in this work we investigated three vaccine 
candidates of this kind.

It is known that Brucella behaves as a stealthy parasite 
that avoids detection by innate immunity at the onset 
of infection, thus retarding the adaptive response and 
facilitating to reach intracellular niches [48]. This furtive 
behavior is related to the absence of marked pathogen-
associated molecular patterns in envelope molecules, 
chiefly in the LPS [48]. Immunological, genetic and 
structural investigations have established that the core of 
Brucella LPS carries a pentasaccharide branch that hin-
ders recognition of the lipid A-inner core by the TLR4-
MD2 receptor system of innate immunity [27, 36, 49, 
50]. Hence, mutations preventing the assembly of this 
pentasaccharide bolster Th1 immunoresponses, thereby 
causing attenuation [27, 36, 49, 50]. Consequently, dis-
ruption of the core lateral branch was proposed as a 
strategy to develop brucellosis vaccines [51] and previous 

work with B. ovis shows that the core glycosyltransferase 
gene wadB is an appropriate target for this purpose 
[27]. Yet, we found that, when combined with CA genes 
of B. abortus to overcome the practical limitations of 
 CO2-dependence, the B. ovis wadB mutant was totally 
ineffective as vaccine in rams even though it was protec-
tive in mice. These results mean that the mouse model 
failed utterly to predict a positive vaccine result in the 
natural host, and are in line with other data that strongly 
suggest that its usefulness in the search for a brucellosis 
live vaccine is limited to screen out overattenuated or 
none protective candidates [32, 33, 52, 53].

Nevertheless, the total failure of Bov::CAΔwadB as a 
vaccine was unexpected and, although the explanation is 
far from obvious, it is worthwhile to speculate on the rea-
sons. Noteworthy, proportions of Bov::CAΔwadB vac-
cinated rams positive in AGID and iELISA with B. ovis 
HS were respectively lower than those in any other vacci-
nated group. Since all rams remained positive in the iEL-
ISA with HS of the homologous Bov::CAΔwadB, and HS 
is rich in R-LPS [46], these results evidence the impor-
tance of the epitopes of the core branch in the antibody 
response to B. ovis LPS. In mice, a role for antibodies in 
B. ovis protective immunity has been shown in passive 
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transfer assays with monoclonal antibodies to enve-
lope antigens and with sera from mice immunized with 
RB51 (reviewed in [35]). However, vaccination with HS 
in sheep does not show a correlation between protection 
and the intensity of the antibody response to these anti-
gens [20, 35]. On the other hand, experiments with the 
same antigens in several adjuvant formulations provide 
clear evidence that a strong Th1 cell-mediated immu-
noresponse is important in protection in sheep [21, 35].

Therefore, although the lack of antibodies to the full 
core may play a role, we favor the hypothesis that the 
failure of Bov::CAΔwadB to protect against B. ovis was 
caused by an inappropriate Th1 response. This may seem 
paradoxical because the LPS core defect has been shown 
to increase recognition by LPS receptors (see above), 
thereby bolstering pro-inflammatory cytokine produc-
tion and initiating the Th1 response at earlier times than 
the wild- type [49]. However, this comparatively early Th1 
response accelerates clearance of Brucella core mutants 
in mice [49] and, as discussed below, a given permanence 
in the host is necessary for a vaccine to generate protec-
tive immunity. Thus, it could be that Bov::CAΔwadB 
clearance was too rapid to generate such a response. 
Investigation of these hypotheses could help to clarify 
the virulence mechanisms of B. ovis and the immunity to 
this comparatively less studied species, knowledge with 

which it may be possible to develop an homologous B. 
ovis vaccine.

We also examined the Rev1::wbdRΔwbkC construct. 
Based on the results in mice [19], the premises were 
that this candidate could protect sheep against B. ovis 
and elicit antibodies that, while not interfering in stand-
ard S-LPS tests, could be useful to identify vaccinated 
animals. Concerning protection, we found that it was 
insufficient, even though in this case the differences 
with the results in mice were not as dramatic as those 
of Bov::CAΔwadB. It is worth pointing out that since 
the first studies with vaccine RB51 a much larger dose 
has been found necessary to show that some R mutants 
match the protection obtained with S19 or Rev 1 (ref-
erence OIE S vaccines) in mice [16, 32, 52, 53], and this 
is also true for Rev1::wbdRΔwbkC (Table  2 and [19]). 
However, to reproduce in the natural host the 3 log 
dose increase applied in the mouse model is not feasible 
(doses over  1010 CFU are not practical in sheep). There-
fore, we used a dose equivalent to that of R vaccines 
(1–5 ×  1010, [33]). Thus, the contrasting results obtained 
with Rev1::wbdRΔwbkC in rams and in mice are likely to 
reflect the laboratory bias in dose introduced for screen-
ing purposes and the limitations of the mouse model.

Why Rev1::wbdRΔwbkC being smooth could require a 
dose larger than Rev 1 in the mouse model may reflect 
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a defect in cell entry and/or control of intracellular traf-
ficking caused by the O-PS modification because both 
are critical processes in the biology of S Brucella in 
which the wild-type O-PS plays an important role [54, 
55]. Concerning the specificity of the antibodies, our 
results show that the change in O-PS epitopic structure 
of Rev1::wbdRΔwbkC is insufficient to fully abrogate 
the interference in standard S-LPS tests (Figure 4) or to 
differentiate vaccinated and infected rams (Additional 
file 4). These results, which are reminiscent of the reac-
tivity of IgG of infected cattle with the O-PS of the E. her-
manii serotypes that carry N-acetyl-perosamine [56] set 
another difference with the mouse model [19] and dis-
courage a practical use of this vaccine epitopic tagging.

In contrast with the other candidates, H38ΔwbkF gen-
erated protection in rams similar to that obtained with 
reference Rev 1 vaccine. In previous works, we found that 
an intact LPS core is necessary for an R vaccine to pro-
vide maximal protection in at least the mouse model, and 
wbkF mutants meet this requisite [16, 32]. Also in keep-
ing with the predicted function of WbkF (Table 1), they 
are unable to synthesize internal O-PS precursors that 
would elicit anti-O-PS antibodies, an undesirable effect 
in an R vaccine that occurs in wadA (formerly wa**) and 
wzm R mutants [32, 33, 57, 58]. Moreover, as indicated 
in the Introduction, this candidate was not selected only 
by the results in mice. In a previous work [33], we found 
that a B. melitensis H38wbkF::Tn5  KmR mutant had an 
organ distribution and persistence in sheep like those 
of Rev 1, strongly suggesting similarly intense antigenic 
stimuli. All these characteristics made strain H38 and 
gene wbkF attractive for developing a B. ovis vaccine, and 
for a potential use we constructed the mutant by deletion 
(to avoid any potential reversibility) without antibiotic-
resistance markers. Thus, although we did not evaluate 
again the kinetics of infection of the H38ΔwbkF mutant 
in rams, its almost total identity with the H38wbkF::Tn5 
 KmR should result in a distribution and persistence simi-
lar to that of Rev 1 and, in fact, both elicited similarly 
persistent positive responses in the B. ovis HS-AGID.

As predicted, vaccination with H38ΔwbkF did not 
generate a serological interference in either RBT or 
CFT, tests that detect anti-O-PS antibodies [3]. How-
ever, transient reactions were observed in the S-LPS 
ELISA, and the interference in this assay (but not in the 
RBT and CFT) was evident after challenge. This was not 
unexpected since R vaccines and B. ovis induce antibod-
ies to the core epitopes shared by the R and S-LPS that, 
while not accessible in tests like RBT and CFT, become 
exposed to antibodies in ELISA and in the fluorescence 
polarization assay [3]. Therefore, if H38ΔwbkF (or any 
other R vaccine) is employed in B. melitensis-free areas 

where the latter two tests are used for surveillance, this 
cross-reactivity should be considered and the simple and 
inexpensive RBT implemented as a parallel test in doubt-
ful cases. A more difficult practical problem is posed by 
the interference of H38ΔwbkF in B. ovis serodiagnostic 
tests. Although more persistent in iELISA than in AGID, 
in which all animals were negative 27 weeks after vacci-
nation (Figure 3), this is a protracted response that may 
hamper implementation of test and slaughter combined 
with H38ΔwbkF vaccination for the eradication of B. ovis 
infection. More information is necessary to better assess 
the effects of route of vaccination, vaccine dose and the 
optimal age of sheep at vaccination on this diagnostic 
interference, as well as the efficacy of the H38ΔwbkF vac-
cine under field conditions and the potential effects that 
anamnestic responses after contacts with B. ovis field 
strains may have in vaccinated animals. Given the impor-
tance of ewes in the epidemiology of B. ovis [10], the vac-
cination of female sheep would be essential to a suitable 
control of infection. Like Rev 1, at least the B. meliten-
sis B115 spontaneous wzm R mutant is highly abortifa-
cient in pregnant sheep [58] and this and other potential 
untoward effects of the H38ΔwbkF vaccine in adult sheep 
need to be investigated. Research is in progress to further 
define the conditions of field use of H38ΔwbkF.
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