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Brucellosis is a zoonotic infectious disease caused by bacteria of the genus Brucella. Brucella melitensis, Brucella abortus, and
Brucella suis are the most pathogenic species of this genus causing the majority of human and domestic animal brucellosis.
There is a need to develop a safe and potent subunit vaccine to overcome the serious drawbacks of the live attenuated Brucella
vaccines. The aim of this work was to discover antigen candidates conserved among the three pathogenic species. In this study,
we employed a reverse vaccinology strategy to compute the core proteome of 90 completed genomes: 55 B. melitensis, 17 B.
abortus, and 18 B. suis. The core proteome was analyzed by a metasubcellular localization prediction pipeline to identify surface-
associated proteins. The identified proteins were thoroughly analyzed using various in silico tools to obtain the most potential
protective antigens. The number of core proteins obtained from analyzing the 90 proteomes was 1939 proteins. The surface-
associated proteins were 177. The number of potential antigens was 87; those with adhesion score≥ 0.5 were considered antigen
with “high potential,” while those with a score of 0.4–0.5 were considered antigens with “intermediate potential.” According to
a cumulative score derived from protein antigenicity, density of MHC-I and MHC-II epitopes, MHC allele coverage, and B-cell
epitope density scores, a final list of 34 potential antigens was obtained. Remarkably, most of the 34 proteins are associated with
bacterial adhesion, invasion, evasion, and adaptation to the hostile intracellular environment of macrophages which is adjusted
to deprive Brucella of required nutrients. Our results provide a manageable list of potential protective antigens for developing a
potent vaccine against brucellosis. Moreover, our elaborated analysis can provide further insights into novel Brucella virulence
factors. Our next step is to test some of these antigens using an appropriate antigen delivery system.

1. Introduction

Brucellosis is a global zoonotic infectious disease caused by
bacteria of the genus Brucella. The disease is a serious public
health threat worldwide, particularly in the developing
countries of Central Asia, Africa, South America, and the
Mediterranean region [1]. Brucellosis affects mammals,
causing abortion and infertility in affected animals. Infection
can spread from animals to humans mainly via ingestion of
unpasteurized milk or dairy products and, to a lesser extent,
via direct contact with infected animals [2]. In humans, bru-
cellosis can cause a severe febrile disease with various clini-
cal complications ranging from mild to severe symptoms

including undulant fever, joint pain arthritis, endocarditis,
and meningitis [3–5]. Brucella is a genus of Gram-negative
facultative intracellular bacteria that belongs to the class
Alphaproteobacteria. Currently, the genus consists of 10
species that are classified based on their host preferences
[6]. Although several Brucella species are potentially zoo-
notic agents, Brucella melitensis (B. melitensis), Brucella
abortus (B. abortus), and Brucella suis (B. suis) are consid-
ered the most pathogenic Brucella species that have a serious
impact on public health and the livestock industry [7, 8].

The strategy used to control brucellosis depends mainly
on the massive vaccination of domestic animals to prevent
disease spread to healthy animals and to humans. Typically,
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after achieving a very low prevalence rate in domestic ani-
mals (below 1%), a strict surveillance strategy can be applied
to get rid of infected animals [9, 10]. Currently, there are only
a few vaccines that are used to control brucellosis in animals
such as B. abortus strains S19 and RB51, B. melitensis strains
Rev.1 and M5, and B. suis strain S2 [11]. Almost all these vac-
cines are live attenuated strains derived by in vitro serial pas-
sages from field strains. Despite their extensive global use,
these live attenuated vaccines suffer from various drawbacks,
such as pathogenicity to humans and residual virulence in
animals, which can cause abortion, orchitis, and infertility
[12, 13]. Moreover, it is difficult to differentiate infected ani-
mals from vaccinated animals by serological tests. These
drawbacks have prompted several research groups to attempt
the development of safer subunit vaccines. Two conditions
are essential to design a good subunit vaccine: first is the
selection of appropriate protective antigens, and second is
the selection of a safe and efficient vehicle to deliver these
antigens to evoke a protective immune response.

During the last two decades, a number of Brucella anti-
gens have been identified, such as Omp16, Omp19, Omp25,
Omp31, SurA, Dnak, trigger factor (TF), ribosomal protein
L7L12, bacterioferritin (BFR) P39, and lumazine synthase
BLS [14–21]. These antigens were selected based on empiri-
cal screening approaches that are typically laborious and
expensive and require strict safety precautions and particular
lab facilities, as the relevant species of Brucella are classified
as biosafety level 3 microorganisms. This insufficiency of
the empirical methods represents a great need for a ratio-
nal and comprehensive approach to discover potential
antigen candidates that can be used to develop a safe
and effective anti Brucella vaccine.

In contrast to the conventional vaccine development
approaches that require cultivation and extensive empirical
screening, the reverse vaccinology (RV) approach is an inter-
esting in silico approach to identify protective antigens using
pathogen genomic data. The method was first developed by
Rappuoli and Pizza et al. to discover protective antigens of
serogroup B meningococcus [22, 23]. Since then, RV has
been implemented to identify protective antigens of numer-
ous pathogens [24, 25]. Two studies have applied RV to iden-
tify Brucella antigens [26, 27]. A major limitation of these
studies is that they performed RV analysis using only one
strain, namely, B. melitensis 16M. Moreover, they employed
inadequate antigen selection criteria. Due to the interstrain
gene content diversity, it has become crucial to analyze sev-
eral strains of a given bacterial species or genus to identify
the core genome that contains the desired universal protec-
tive antigens [28].

In this study, we aimed to discover potential antigen can-
didates that are conserved among B. melitensis, B. abortus,
and B. suis, which are the Brucella species associated with
human and domestic animal disease. Our RV approach is
an improved version based on determining the core genes
of an extensive number of genomes from the three aforemen-
tioned Brucella species, followed by a rational antigen selec-
tion strategy. To our knowledge, this is the first study to
combine pan-genome and reverse vaccinology approaches
to identify potential protective antigen that can be used to

develop a universal vaccine against the three most pathogenic
Brucella species.

2. Materials and Methods

Our in silico antigen prediction protocol is depicted in
Figure 1. In the first phase, the retrieved proteomes were ana-
lyzed to extract the core proteome (the set of homologous
proteins that are present in all analyzed strains of the three
Brucella species). The identified core proteome is subse-
quently analyzed using a subcellular localization prediction
pipeline to identify outer membrane and periplasmic pro-
teins. In the last stage, we employed various rigorous filters
to prioritize proteins based on features that are strongly asso-
ciated with protective antigenicity, including adhesion, over-
all protein antigenicity, and density of B cell and T-cell
epitopes. Unless otherwise specified, the default parameters
were used for all prediction tools.

2.1. Data Retrieval. The full multi-FASTA format protein
sequences of 55 B. melitensis, 17 B. abortus, and 18 B. suis
genomes were downloaded from the Microbial Genomes
Resources-NCBI (https://www.ncbi.nlm.nih.gov/genome)
(as of March 2018). Accession numbers, strain names, and
number of proteins are shown in Supplementary File 1.

2.2. Pan-Genome Analysis. In order to identify the core
proteins, the 90 proteomes were analyzed by the Bacterial
Pan-Genome Analysis (BPGA) tool using the default param-
eters [29]. In the input preparation for clustering step, option
number 4 (use any protein FASTA files) was chosen. To
ensure fast and accurate clustering, BPGA uses USEARCH
as a default protein clustering tool with an identity cut
off=50%.

2.3. Subcellular Localization (SCL). Next, the core proteome
was analyzed to predict outer membrane and periplasmic
proteins. In this step, a previously developed homemade
pipeline for SCL prediction was performed (Y. Ashhab,
unpublished data). The pipeline employs different SCL pre-
diction tools in three phases of positive and negative selec-
tions (Figure 2). Positive selection was performed for outer
membrane (OM) and/or periplasmic (P) proteins. Negative
selection was performed for inner membrane (IM), cytoplas-
mic (CYT), and extracellular (EX) proteins.

The three tools used in the first phase were as follows:
PSORTb v3.0.2, CELLO v.2.5, and SOSUI-GramN [30–32].
In this stage, the positive selection was implemented for
proteins that were predicted as OM or P by at least two
of the three tools and were therefore included. Negative
selection was implemented for proteins that were predicted
as IM, EX, or CYT by at least two of the three tools and
were therefore excluded. Proteins that were predicted with
“unknown” subcellular location by at least one of the three
tools and OM and/or P by one of the three tools were con-
sidered uncertain proteins and were subjected to the second
phase of selection. The two tools used in the second phase
of selection were as follows: ClubSub-P and ngLoc [33, 34].
Again, resulting proteins were divided into three categories.
Positive selection was implemented for proteins that were
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predicted as OM or P by at least one of the two tools and
were therefore included. Negative selection was imple-
mented for proteins that were predicted as IM, EX, or
CYT by at least one of the two tools and were therefore
excluded. Proteins predicted with “unknown” subcellular
location by one of the two tools were defined as uncertain.
These uncertain proteins were subjected to a third phase of
selection with the metaprediction tool, MetaLoc [35]. Pro-
teins in this final step were divided into two categories:
included for OM and P or excluded for the other sites.
Included proteins from the three phases were collected for
further analysis.

2.4. Adhesion Probability.Adhesion probability of the surface-
associated proteins that summed up from the SCL prediction
was predicted by Vaxign tool [36]. Proteins with an adhesion
score higher than 0.5 were selected for further analysis.

2.5. Protein Antigenicity. Antigenicity of surface-associated
proteins was predicted using two tools: AntigenPro which
computed antigenicity based on amino acid sequence fea-
tures [37] and VaxiJen which computed antigenicity based
on physicochemical properties of amino acid sequence [38].

2.6. T-Cell Epitope Prediction. Surface-associated proteins
were also subjected to sequential epitope mapping in order
to indicate their ability to bind to immune cells. T-cell epi-
topes were predicted for major histocompatibility complex
(MHC) class I and class II, and the number of potential bind-
ing alleles for each protein was determined. ProPred1, and
ProPred were used for MHC class I and MHC class II epi-
topes, respectively [39, 40]. The epitope density in a given
protein was calculated for each class of MHC by dividing
the number of predicted epitopes over the length of that
given protein. In addition, epitope coverage was calculated
by dividing the number of alleles with positive predictions
over the total number of analyzed alleles.
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Figure 1: A schematic flow diagram of the reverse vaccinology
protocol applied in this study to select potential vaccine candidates
of the three Brucella species.
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Figure 2: General workflow of our subcellular localization
prediction pipeline. A total of 6 tools were applied to the core
proteins (1939 proteins) that resulted from pan-genome analysis.
The process starts with first group of tools consisting of PSORTb,
CELLO, and SOSUI. The proteins with uncertain prediction have
to move to the second phase to be analyzed by another two tools,
namely, ClubSub-P and ngLoc. The uncertain proteins resulting
from the second phase are subjected to the final prediction tool
MetaLoc.
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2.7. B-Cell Epitope Prediction. BCPred and AAPred were used
for B-cell epitope prediction [41, 42]. Using the default
parameters, epitopes with a score≥ 0.8 were accepted. The
density of the B-cell epitope for a given protein was calcu-
lated by dividing the number of predicted B-cell epitopes
over the protein length.

2.8. Prioritization of Protective Antigens. In this step, a cumu-
lative score for the proteins with adhesion score≥ 0.5 was cal-
culated using the prediction scores of protein antigenicity,
MHC-I and MHC-II epitope densities, allele coverage for
both classes of MHC, and B-cell epitope density. The score
for each feature was normalized to “1” as the highest possible
value and “0” as the lowest possible value. The protein antige-
nicity score was the average of the two tools: VaxiJen score
and AntigenPro score. The B-cell epitope density score was
the average density of the two tools: AAPred and BCPred.

2.9. Exclusion of Dubious Proteins. Proteins that show signif-
icant homology to host proteins or proteins that have low
molecular weight were excluded from the final list. To
remove proteins with significant homology to host protein
sequences, the selected antigens were subjected to homology
search against proteomes using BLASTp tool at https://blast
.ncbi.nlm.nih.gov with the following parameters: database:
reference proteins (refseq_protein); organisms: human,
sheep, goat, cattle, and pig; and E-value cutoff: 0.001. Anti-
gens that show ≥35% identity to any host protein were
excluded. Molecular weight of small proteins was estimated
using ExPASy tool [43]. Proteins having a molecular weight
of <10 kDa were excluded.

2.10. Protein Annotation and Domain Search. In addition to
the one-line annotation description provided by NCBI, we
performed a thorough manual annotation to determine
the most likely biological function assigned to the selected
antigens. For this purpose, we used the following protein
annotation servers: Blannotator, Pannzer, and eggNOG
[44–46]. Furthermore, the conserved domain search was
predicted using BLAST CD-search tool. BOCTOPUS 2
was used to predict the topology of transmembrane beta-
barrel proteins [47].

3. Results

Results of our reverse vaccinology analysis to identify poten-
tial antigen candidates that can be used to develop a universal
vaccine against Brucella are summarized in Figure 3.

3.1. Pan-Genome Analysis. Core proteins were initially iden-
tified for each species alone then for the three species
together. The number of core proteins for the 17 strains of
B. abortus was 2840, while for the 55 strains of B. melitensis
was 2578, and for the 18 strains of B. suiswas 2484. The num-
ber of core proteins for all 90 proteomes of the three species
was 1939. Figure 4 shows a Venn diagram of core proteins for
the three species.

3.2. Subcellular Localization (SCL). From the 1939 core pro-
teins, the surface-associated proteins were selected by our

SCL prediction pipeline as shown in Figure 2. In the first
phase, 151 proteins were included, 1639 were excluded, and
149 were labeled uncertain. These 149 proteins were sub-
jected to the second phase of analysis in the pipeline, which
excluded 104 proteins and included 16 proteins. The rest 29
uncertain proteins were subjected to the final phase of analy-
sis. Of these 29 proteins, 19 were excluded, and 10 were
included. Thus, the total number of proteins included from
the three phases was 177 proteins, making up the final list
of surface-associated proteins (see Supplementary File 2).

3.3. Prioritization of Protective Antigens. As adhesion capac-
ity was shown to be a key feature common to many experi-
mentally verified protective antigens [48], we decide to use
adhesion scores, produced by Vaxign, to scale the 177
surface-associated proteins in a descending order. The pro-
teins with an adhesion score≥ 0.5 (38 proteins) were consid-
ered antigens with “high potential,” while those with an
adhesion score between 0.4 and 0.5 are considered antigens
with “intermediate potential” (see Supplementary File 3).
The 38 proteins with high potential were ranked based on a
cumulative score that was derived from protein antigenicity,
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Figure 3: Summary of the resultant proteins in each step of our
vaccine candidate selection. The total number of analyzed proteins
was 282051, the pan-genome analysis resulted in 1939 core
proteins. Next, the SCL prediction pipeline resulted in 177
proteins. The number of potential protein candidates was 87, and
finally the antigens with the top cumulative antigenicity score
were 34.
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density of MHC-I and MHC-II epitopes, MHC allele cover-
age, and B-cell epitope density scores (Table 1). For the
detailed score calculation, see Supplementary File 4. Of these
38 high-potential proteins, cytochrome c was excluded to
avoid autoimmune response because of its homology to host
proteins. In addition, 3 proteins with low molecular weight
(6.7 kDa, 7.9 kDa, and 9.4 kDa) were excluded because pro-
teins with a molecular weight< 10 kDa are poorly immuno-
genic [49].

Among the 34 proteins classified as antigens with “high
potential,” 15 were annotated as hypothetical or unknown
function. To gain more insight into the biological functions
of these proteins, the 34 proteins were manually annotated
using various protein annotation and conserved domain
searching tools. The number of proteins with unknown func-
tion decreased from 15 to 4 (Table 1). Our domain analysis
showed that LomR is a frequently found domain among the
antigens with high potential. This domain is a classical
domain associated with many outer membrane proteins with
transmembrane β-barrel scaffold that belongs to Gram-
negative porin superfamily. The results of protein annotation
were analyzed to identify any biological pattern that may be
associated to the predicted antigens. Although there are little
resources to investigate gene ontology of Brucella proteins,
the 34 high-potential antigens tend to be associated with cer-
tain biological processes, including transmembrane transport
(especially ions, iron, and small organic nutrients), mem-
brane assembly, cell adhesion, and pathogenesis (Table 1).

4. Discussion

Brucellosis is a global zoonotic infection with a devastating
economic impact on livestock sector and public health in
many developing countries [50]. There is an unmet need to
develop safe and efficient vaccine to fight brucellosis. This
need was addressed in 2017 by launching a global prize
competition of 30 million US dollars for developing a
safe and efficient vaccine against Brucellosis (https://
brucellosisvaccine.org). The first step in developing such a

vaccine would be to determine the protective antigens of
these bacteria. Therefore, the aim of this study was to deter-
mine a set of universal and protective antigens that can be
used to develop a vaccine against the three most pathogenic
species of Brucella (B. melitensis, B. abortus, and B. suis) that
are responsible for most cases of brucellosis among domestic
animals and humans. We have combined a pan-genome
analysis with rational selection steps of reverse vaccinology
to determine a manageable shortlist of Brucella antigens.
We identified 34 potential cross-protective antigens from
90 complete proteomes covering the three species.

Although two recent studies have published their pan-
genome analysis results of Brucella [51, 52], we decided to
perform our own pan-genome analysis because these two
studies were performed with a relatively limited number of
genomes to study the variation and relatedness among
almost all species of Brucella, while our objective was to iden-
tify the core genome for B. melitensis, B. abortus, and B. suis.

A critical factor in applying a successful RV approach is
to have a good understanding of the natural immune
response to the pathogen of interest. In the case of Brucella
infection, immunity is achieved by triggering both cellular
and humoral mechanisms. Cell-mediated immunity plays a
critical role in protection against these intracellular bacteria,
and it is mainly mediated by Th1 response [53]. On the other
hand, passive immunization of animals with antibodies from
immunized animals provides protection against Brucella
infection [54–56]. Several studies have shown that surface-
associated antigens of Gram-negative bacteria are essen-
tial to confer not only protective humoral immunity but
also cell-mediated immunity against intracellular bacteria
[57–59]. Therefore, our first RV filter was to identify outer
membrane and periplasmic proteins of Brucella. Instead of
using a single tool to identify these surface-associated pro-
teins, we used a home-made pipeline which outperforms
the currently available SCL prediction tools (Y. Ashhab,
unpublished data). Our pipeline minimizes the possibility
of excluding proteins that are assigned with unknown SCL,
a scenario common to all SCL prediction tools.

In addition to surface-associated localization, we
endeavor to use a feature that is strongly associated to protec-
tive immune response. Ong et al. investigated a large group of
protective bacterial antigens to reveal the most prominent
biological features shared among these proteins. They found
that the twomost important features shared among protective
antigens of Gram-negative bacteria are adhesion and associa-
tion with cell surface [48]. Consequently, after predicting the
list of surface-associated proteins (177 proteins), adhesion
capability was predicted and used to rank these proteins.

It has been proven that proteins with high epitope density
have significantly greater immunogenicity [60, 61]. Accord-
ingly, proteins with high density of predicted epitopes are
more potential vaccine candidates. Despite the growing
numbers of immunobioinformatic tools that can predict
MHC class I- and class II-binding peptides, these tools are
almost exclusive to human andmouseMHC alleles. Unfortu-
nately, domestic animals, such as sheep, goats, and cows,
have limited MHC epitope data and prediction tools. How-
ever, we noticed a good agreement between the epitope

B. abortus
(# 17 proteomes)

B. suis
(# 18 proteomes)

B. melitensis

(# 55 proteomes)

2578

2484

1939

2840

Figure 4: This Venn diagram shows the results of the pan-genome
analysis of the three Brucella species. The numbers of genomes for
each species are indicated. The number of core proteins for each
species is shown in each corresponding circle, while the number of
core proteins common for all the three species is shown in the
intersection area.
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prediction results of human and cow MHC alleles using
ProPred server (see Supplementary File 3). This similar
binding behavior would support the validity of our MHC
scoring and its contribution to enhance the selection of uni-
versal antigens.

We have examined the virulence and pathogenicity of
our protein list using VirulentPred, a virulence prediction
tool [62], and MP3, a metapathogenicity prediction tool
[63], respectively. However, the results of these two tools
were not informative to rank the antigens; the majority of
the 177 surface-associated proteins gave a positive predic-
tion. Therefore, we decided to exclude these two tools.

In this study, we provide a rational reverse vaccinology
approach against the three most clinically important Brucella
species. Two previous studies have employed reverse vacci-
nology to identify antigens of B. melitensis strain 16M [26,
27]. However, these studies suffered from a number of limi-
tations. The major limitation is that they were restricted to
one genome and therefore their results cannot be extrapo-
lated either to different strains of B. melitensis or to the differ-
ent pathogenic species of Brucella. Although the two studies
were performed on the same strain of B. melitensis, they have
no overlapping in the final list of selected antigens.

In this study, 34 proteins were identified as potential pro-
tective antigens that can serve to develop a novel universal
vaccine against brucellosis. As 15 of these proteins have been
deposited in GenBank without assigned function (11 hypo-
thetical proteins and 4 proteins containing domains of
unknown function (DUF)), we decided to perform a thor-
ough in silico analysis to gain more insight on the function
of all the 34 proteins. As shown in Table 1, the potential anti-
gens tend to fall into a few categories of biological functions.
An interesting protein family under these categories is the
outer membrane proteins (OMPs) that possess 8–10 strands
of β sheet. Of the 34 proteins, 8 belong to this subfamily of
OMPs. Despite their involvement in the transport of small
solutes, it was found that small-size OMPs (8–10 β sheet
strands) tend to have a key role in adhesion, invasion, and
evasion to contribute to the tissue damage and bacterial
spread across tissue barriers [64]. Indeed, most of the short-
listed OMPs such as Omp19, Omp25, Omp31, OmpA, and
OmpW are associated with Brucella virulence and some of
them showed a significant level of immune response when
used as subunit vaccines [65–71].

A second interesting group of proteins is related to iron
acquisition, including the hypothetical protein “WP_
002966226.1,” TonB-dependent receptor “WP_0046916
50.1,” heme transporter BhuA “WP_023080793.1,” and the
iron ABC transporter substrate-binding protein “WP_
004681306.1.” The importance of iron for survival and viru-
lence of Brucella is well documented, and targeting proteins
essential for iron acquisition is a promising strategy to develop
effective bacterial vaccines [72].

A third group of proteins is the ABC transporters. This
family of transporters is essential to secure uptake of various
vital nutrients that cannot be produced by Brucella. It is
believed that the ABC transporter proteins play a role in Bru-
cella survival within the host during its infectious life cycle
[73]. Furthermore, it has been reported that the ABC proteins

are able to induce immunity, making them potential vaccine
targets [74, 75].

An interesting identified candidate is VirB1, which is a
component of the type IV secretion system (T4SS) of Brucella
spp. This secretion system in Brucella is a well-known viru-
lence factor, which is responsible for survival, intracellular
trafficking, and replication of Brucella inside the infected host
cells [76–78]. Using our selection approach, we were able to
identify some potential antigens that are periplasmic proteins
with critical roles in outer membrane biogenesis and integ-
rity. Among these proteins are BamD and BamE, which are
critical components of the β-barrel assembly machinery
(BAM) [79]. Another interesting protein is the LPS-
assembly protein LptD that is an essential component of
the lipopolysaccharide transport (Lpt) machinery [80]. It is
plausible that targeting one of these essential outer mem-
brane biogenesis machineries would have a severe effect on
bacterial survival.

Among the list of potential antigens, two proteins belong
to the BA14K immunoreactive protein family, which is a
poorly characterized group of surface antigens. It has been
reported that this family can strongly induce both cellular
and humoral immune responses [81, 82]. Further investiga-
tion is needed to understand the functions of these two fac-
tors and their potential as protective antigens.

As our aim was to identify universal antigens conserved
among the three pathogenic species (B. melitensis, B. abortus,
and B. suis), it is possible that our approach could have
missed some interesting species-specific antigens. Although
we ranked the 177 surface-associated proteins using adhe-
sion, which is a crucial biological property strongly associ-
ated with a significant number of experimentally verified
protective antigens, we cannot exclude the possibility that
some potential antigens are missed from our “high-
potential” 34 antigens. In fact, a few interesting candidates
were ranked in the “intermediate-potential” antigens (see
Supplementary File 3). Among these interesting candidates
are Bp26 and SOD. Bp26, or immunoreactive Omp28, is an
antigen protein that is widely described as a potential vaccine
candidate [27, 70, 83, 84]. In addition, it has been found to be
immunogenic in both goats and humans and it provides a
significant protection rate in BALB/c mice [84, 85]. Superox-
ide dismutase (SOD) proteins have been reported in B. abor-
tus and found to be responsible for host macrophage bursts.
Thus, it is considered a promising antigen [86]. This antigen
has also been found in B. melitensis as an immunodominant
protein [87]. Moreover, SOD is considered a potential anti-
gen with promising protective properties [70, 88, 89]. Here,
we were able to identify two superoxide dismutases, namely,
SOD_Cu-Zn and SOD_Mn within the list of “intermediate-
potential” antigens.

It is worth to mention that our extended list of anti-
gens, either with high and/or with intermediate potential,
does not contain various cytoplasmic proteins that were
previously suggested as possible antigens [15–17]. Among
these antigens, lumazine synthase BLS is the most interest-
ing candidate because it showed a good humoral and cell-
mediated response and it induces protective immunity in
mice [15].
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5. Conclusion

Bioinformatics is a strong approach for vaccine candidate
discovery as it offers a faster, cheaper, and safer method to
identify potential vaccine targets when compared with tradi-
tional laboratory identification methods, particularly when
dealing with risk group 3 microorganisms such as Brucella.
Here, we provide a RV strategy that combines pan-genome
analysis with a meta-SCL pipeline, followed by a rational-
based selection that can rank surface-associated antigens
according to their potential protective immunogenicity.
Using our approach, we were able to identify several potential
cross-protective candidates. The majority of the top-ranked
antigens are strongly associated to bacterial virulence, and,
therefore, it is plausible to assume that some of these antigens
can form a solid base to design an efficient and safe vaccine
against animal and human brucellosis. Further experiments
are needed to test immunogenicity and protection level of
these proteins.
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Supplementary 2. This Excel file contains the 177 surface-
associated proteins resulted from our SCL prediction pipe-
line. The prediction results of 6 SCL tools used in the pipeline
are shown.

Supplementary 3. This Excel file shows the 87 proteins: the
first 38 proteins (with adhesion score≥ 0.5) that are consid-
ered antigens with “high potential” and the rest 49 proteins
(with adhesion score between 0.4 and 0.5) that are consid-
ered antigens with “intermediate potential.” The results of
overall antigenicity and T- and B-cell epitope densities
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tion of the immunogenicity cumulative score that was
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