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Protection efficacy of the Brucella abortus ghost vaccine candidate lysed by the 
N-terminal 24-amino acid fragment (GI24) of the 36-amino acid peptide PMAP-36 
(porcine myeloid antimicrobial peptide 36) in murine models
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ABSTRACT. Brucella abortus cells were lysed by the N-terminal 24-amino acid fragment (GI24) of the 36-amino acid peptide PMAP-36 
(porcine myeloid antimicrobial peptide 36). Next, the protection efficacy of the lysed fragment as a vaccine candidate was evaluated. Group 
A mice were immunized with sterile PBS, group B mice were intraperitoneally (ip) immunized with 3 × 108 colony-forming units (CFUs) 
of B. abortus strain RB51, group C mice were immunized ip with 3 × 108 cells of the B. abortus vaccine candidate, and group D mice were 
orally immunized with 3 × 109 cells of the B. abortus vaccine candidate. Brucella lipopolysaccharide (LPS)-specific serum IgG titers were 
considerably higher in groups C and D than in group A. The levels of interleukin (IL)-4, IL-10, tumor necrosis factor alpha (TNF-α) and 
interferon gamma (IFN-γ) were significantly higher in groups B–D than in group A. After an ip challenge with B. abortus 544, only group 
C mice showed a significant level of protection as compared to group A. Overall, these results show that ip immunization with a vaccine 
candidate lysed by GI24 can effectively protect mice from systemic infection with virulent B. abortus.
KEY WORDS: antimicrobial peptide, Brucella abortus, brucellosis, vaccination

doi: 10.1292/jvms.16-0036; J. Vet. Med. Sci. 78(10): 1541–1548, 2016

Bovine brucellosis, caused by a gram-negative facultative 
intracellular pathogen, Brucella abortus, is an important 
zoonotic disease worldwide [2, 26, 34]. Brucellosis in cattle 
causes infertility, abortion, and production of contagious 
milk, thus resulting in major economic losses [5, 15]. It 
also affects humans and causes headache, fever, arthritis, 
and chronic fatigue; however, this infection does not spread 
among humans [16, 17, 50].

A number of strategies, including promotion of awareness, 
improvement of hygiene standards and the use of vaccines, 
have been implemented to prevent the spread of bovine 
brucellosis, because of its high socioeconomic impact [2, 
34]. Currently, only live attenuated vaccines are available 
for prevention of brucellosis in livestock. Among them, B. 
abortus strain S19 and B. abortus strain RB51 (strain RB51) 
are widely used [2, 34]. B. abortus strain 19 has been ef-
fective in preventing abortion and controlling brucellosis in 
adult cattle. It also helped to decrease the prevalence of the 
disease in a herd [2, 35]. However, B. abortus strain 19 does 
not discriminate between infected and vaccinated animals. 
In addition, there is a low risk of abortion in livestock [2, 34, 
35]. The live attenuated strain RB51 is an alternative to the 

B. abortus strain 19 vaccine. The strain RB51 vaccine is less 
abortifacient and virulent. Furthermore, it does not induce 
an antibody response in the standard serological diagnostic 
tests. It is also safe to use in calves elder than 3 months [2, 
34, 35]. Nevertheless, vaccination of pregnant cows with 
strain RB51 carries a low risk of abortion or premature birth. 
Thus, it is recommended to be used with caution in pregnant 
cattle [2, 26, 29, 34, 35]. Although a live attenuated vac-
cine is a common practice for prevention of brucellosis, it 
also poses high risks due to the potential ability to revert to 
virulence and to cause abortion and because of shedding in 
milk, urine, semen or fecal matter, thus infecting the humans 
coming into contact with the animals. Hence, many differ-
ent approaches, such as killed vaccines, subunit vaccines, 
recombinant proteins and vector vaccines, have been tried 
against brucellosis with varying degrees of success [2, 29].

In the past few years, bacterial lysates have emerged as 
an effective inactivated nonliving vaccine against a wide 
variety of gram-negative bacteria. Bacterial cell lysates con-
stitute empty, nonliving bacterial envelops of gram-negative 
bacteria with intact cellular morphology, including cell sur-
face structures, but lacking cytoplasmic content [27]. Host 
defense peptides (HDPs) or antimicrobial peptides (AMPs) 
are a part of the innate immune system [8, 9]. These peptides 
have a diverse range of activities against gram-positive as 
well as gram-negative bacteria [45], parasites [19], and en-
veloped viruses [12]. The mechanism of action of HDPs is 
disruption of membrane barrier function by pore formation 
or induction of membrane permeabilization, without disturb-
ing integrity of the membrane [18, 20, 46, 47]. Until now, 
11 porcine AMPs have been reported [40]. Porcine myeloid 
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antimicrobial peptide 36 (PMAP-36) has the highest posi-
tive charge among all the porcine cathelicidins. It may be 
advantageous, because PMAP-36’s binding to the bacterial 
cell membrane is mediated by the positive charge of the 
peptide and the negatively charged molecules at the surface 
of the bacterial cell membrane through electrostatic interac-
tions [3]. In particular, in the 36-amino acid (aa) sequence of 
PMAP-36, the N-terminal α-helical domain consists of 24 
aa (GI24), and GI24 can also penetrate the bacterial mem-
brane like PMAP-36 can [3, 12, 19]. The aim of the present 
study was to compare the ability of bacteria lysed by GI24 
to induce a cellular immune response and a humoral immune 
response between mice immunized orally and mice immu-
nized intraperitoneally (ip). Another objective of this study 
was to compare the protection efficacy of the B. abortus 
vaccine candidate constructed via lysis of B. abortus biotype 
1 isolate from Korean cattle by means of GI24 with that of 
Brucella abortus strain RB51 vaccine in a mouse model.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and the peptide: B. 
abortus biotype 1 isolate from Korean cattle was used for 
the construction of a vaccine by means of GI24. B. abortus 
strain RB51 served as the comparative vaccine (versus the 
vaccine candidate). B. abortus strain 544 (ATCC 23448)—
smooth, virulent bacteria of the B. abortus biovar 1 strain—
served as the virulent challenge strain (Table 1) [28]. These 
strains were grown in Brucella broth and on Brucella agar 
(Becton Dickinson, Sparks, MD, U.S.A.) at 37°C. The GI24 
(GRFRRLRKKTRKRLKKIGKVLKWI-NH2) peptide was 
chemically synthesized by Peptron (Daejeon, South Korea). 
The B. abortus biotype 1 isolate was kindly supplied by 
the National Veterinary Research and Quarantine Service 
(NVRQS), Anyang, Korea, after identification of the phe-
notypic characteristics of the B. abortus biotype 1 isolate 
by typical biochemical tests and Brucella biotyping using 
the CO2 requirement for primary isolation, H2S production, 
urease activity, growth in the presence of dyes, agglutination 
with monospecific sera, phage typing and oxidative meta-
bolic rates.

Construction of a B. abortus vaccine candidate: A single 
colony (round with smooth margins and approximately 2 
mm in diameter) of B. abortus biotype 1 isolate was indi-
vidually inoculated into 200 ml of Brucella broth, and the 
cultures were incubated at 37°C with slow agitation to obtain 
optical density (OD) of 0.3 at 600 nm. GI24 was added into 
the culture broth at 40 μg/ml and was incubated at 37°C to 
lyse the isolate. After 24 hr, lysis induction was determined 
by counting the number of viable cells after incubation on 
Brucella agar for 72 hr at 37°C. After the lysis process, the 
cell lysates were harvested by centrifugation at 4,000 × g 
for 10 min. Finally, the harvested cells were washed three 
times with sterile phosphate-buffered saline (PBS), then 
resuspended in PBS at the concentration of approximately 3 
× 109 cells/ml and stored at –20°C.

Preparation of a B. abortus strain RB51 formulation: 
Strain RB51 was cultured in Brucella broth for 48 hr at 37°C. 

The bacteria were washed with sterile PBS three times and 
resuspended in sterile PBS at approximately 3 × 109 colony-
forming units (CFUs)/ml. Mice were immunized with the 
live vaccine on the day of the preparation.

Transmission electron microscopy (TEM): The lysate 
samples for TEM to examine the intracellular alterations in 
the B. abortus cells before and after treatment with peptide 
GI24 were prepared in the same manner as the B. abortus 
lysates. TEM was performed according to the method de-
scribed by Lv et al. [30].

Immunization and sample collection: BALB/c mice were 
subdivided into four groups, each group containing 10 mice. 
All the mice were inoculated at 6 weeks of age [0 week post-
inoculation (WPI)]. Ten mice of group A were inoculated ip 
with sterile PBS, as the control group was. Mice of groups 
B and C were also vaccinated ip with approximately 3 × 108 
CFUs of B. abortus strain RB51 [25] and approximately 3 
× 108 cells of the Brucella vaccine candidate. Group D was 
orally immunized with approximately 3 × 109 cells of the 
vaccine candidate. Blood and vaginal washing samples were 
collected 0, 2, 4 and 6 WPI for evaluation of the immune 
response according to the method described in another study 
[49]. The animal experiments described in this study were 
conducted with approval (CBU 2015-052) of the Chonbuk 
National University Animal Ethics Committee in accordance 
with the guidelines of the Korean Council on Animal Care.

Immune responses evaluated by an enzyme-linked immu-
nosorbent assay (ELISA): A modified ELISA was performed 
to assess the Brucella lipopolysaccharide (LPS)-specific IgG 
and IgA titers in serum and vaginal washing samples, using 
the B. Brucella Ab ELISA 2.0 Kit (BioNote, Hwaseongsi, 
Gyeonggi-do, Republic of Korea). Briefly, serum samples 
and vaginal washing samples were diluted 1:50 and 1:3 with 
PBS, respectively. The plates were incubated with a horse-
radish peroxidase-conjugated goat anti-mouse IgG or IgA 
antibody (Southern Biotechnology Associates, Birmingham, 
AL, U.S.A.). Enzymatic reactions were carried out by addi-
tion of a substrate solution containing o-phenylenediamine 
(Sigma-Aldrich, St. Louis, MO, U.S.A.) and were analyzed on 
an automated ELISA spectrophotometer (Thermo Scientific 
Multiskan GO, Thermo Fisher Scientific Oy, Ratastie, Van-
taa, Finland) at 492 nm. Results of the ELISA are expressed 
as the mean optical density (OD) ± standard deviation.

Quantitation of cytokines from splenocytes: From each 
group, five mice were euthanized, and spleens were removed 
aseptically 4 WPI [39]. The splenocytes were prepared ac-
cording to the method described elsewhere [1, 38]. The 
prepared spleen cells were seeded in 24-well tissue culture 
plates at 2 × 106/well [1, 38]. The splenocytes were stimu-
lated in vitro with heat-inactivated bacteria of B. abortus 
strain 544 (108 cells/well), concanavalin A (0.5 µg/well) as 
a positive control or the medium as an unstimulated control, 
and incubated at 37°C, 5% CO2 and 95% humidity [1, 52]. 
Culture supernatants were collected after 72 hr of restimula-
tion and stored at –70°C until use for cytokine quantification 
[1, 52].

Quantification of cytokines by an ELISA: ELISA was 
used to measure the concentration of interleukin (IL)-4, 
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IL-10, interferon-gamma (IFN-γ), and tumor necrosis factor 
alpha (TNF-α) in the supernatants using the mouse cytokine 
ELISA Ready-SET-GO reagent kit (eBioscience Inc., San 
Diego, CA, U.S.A.) [6, 7, 42]. Results of the ELISA were 
expressed as the mean concentration ± standard deviation.

Challenge experiments: For challenge experiments, the 
challenge strain, strain 544 was prepared. Briefly, the strain 
was grown in Brucella broth at 37°C for 24 hr and was 
resuspended at approximately 105 CFUs/ml. All mice were 
challenged ip 6 WPI with 100 μl of the challenge strain. Two 
weeks after the challenge, the spleen weights of all mice 
were measured, and each spleen was diluted 1:100 using 
Brucella broth. A total of 100 μl of the diluted media was 
spread on blood agar to count the number of viable strain 
544 cells from the spleens at 2 weeks after the challenge. If 
no colony was detected on the blood agar, then the number of 
viable cells of challenge strains from the spleen of the mice 
corresponded to <103 CFUs. Briefly, blended spleen samples 
were plated on Brucella agar with or without rifampicin (50 
μg/ml), because strain RB51 is resistant to rifampicin [41]. 
The vaccine and challenge strains were confirmed by PCR 
using a B. abortus-specific primer (5′-GAC GAA CGG AAT 
TTT TCC AAT CCC), RB51/2308 primer (5′-CCC CGG 
AAG ATA TGC TTC GAT CC) and IS711-specific primer 
(5′-TGC CGA TCA CTT AAG GGC CTT CAT) with en-
hanced Brucella AMOS PCR primers [10, 11].

Statistical analysis: To evaluate the differences among 
various vaccinated groups, absorbance data from ELISAs 
were subjected to analysis of variance with post hoc Tukey’s 
test for pairwise comparison in the SPSS software, version 
16.0 (SPSS Inc., Chicago, IL, U.S.A.). The Kruskal-Wallis 
test followed by Dunn’s procedure for multiple comparisons 
between groups was carried out to compare the log-trans-
formed CFU values in organs obtained from each vaccinated 
group of mice with the values in the respective control group 
in the bacterial challenge experiments. Statistical signifi-
cance was assumed at P<0.05.

RESULTS

TEM: As shown in Fig. 1, in the untreated B. abortus cells, 
full intracellular contents and an intact cell membrane were 
observed (Fig. 1A). On the other hand (Fig. 1B), the bacteria 
treated with GI24 showed clear cytoplasmic spaces, and a 
disrupted membrane of B. abortus (with visible pores) was 
observed.

The humoral immune response in immunized mice: Se-
rum IgG titers against B. abortus LPS in groups C and D 

were 0.07 ± 0.009 and 0.08 ± 0.025 before immunization 
and increased gradually to 1.78 ± 0.484 and 1.66 ± 0.407 at 
6 WPI (Fig. 2; P<0.01). In addition, the vaginal IgA titers 
against the B. abortus LPS in groups B, C and D were 0.13 
± 0.037, 0.14 ± 0.033 and 0.11 ± 0.025, respectively, before 
immunization and 0.2 ± 0.061, 0.7 ± 0.239 and 0.36 ± 0.185, 
respectively, 2 WPI. Four WPI, the IgA titers of groups B, 
C and D were 0.44 ± 0.093, 0.66 ± 0.195 and 0.45 ± 0.108, 
respectively (P<0.01). The IgA titers of groups B, C and D 
were 0.23 ± 0.036, 0.87 ± 0.089 and 0.36 ± 0.103, respec-
tively, 6 WPI (Fig. 2; P<0.01).

Cytokine analysis: The mean concentrations of IL-4 in re-
sponse to heat-inactivated B. abortus cells from splenocytes 
of mice from groups A, B, C and D were 25 ± 8.477 pg/ml, 
112.1 ± 21.129 pg/ml, 168.7 ± 36.53 pg/ml and 199 ± 63.116 
pg/ml, respectively (P<0.05) (Fig. 3). The IL-10 concentra-
tions of the mice from groups A, B, C and D were 17.4 ± 
10.644 pg/ml, 72.1 ± 21.829 pg/ml, 101.5 ± 39.049 pg/ml 
and 92.5 ± 48.855 pg/ml, respectively (P<0.05). The TNF-α 
concentration of mouse groups A, B, C and D were 162.5 ± 
18.208 pg/ml, 375.8 ± 76.996 pg/ml, 276.3 ± 61.266 pg/ml 
and 316 ± 87.429 pg/ml, respectively (P<0.05). In addition, 
the levels of IFN-γ in groups A, B, C and D were 1 ± 0.385 
ng/ml, 3.7 ± 1.29 ng/ml, 2.4 ± 0.274 ng/ml and 1.6 ± 0.091 
ng/ml, respectively (P<0.01).

Protection of mice against a virulent challenge: All mice 
were challenged ip 6 WPI with approximately 4 × 104 CFUs 
of the challenge strain. Among the five mice of group A, the 
challenge strain was isolated from all mice, and the number 
of isolates was 115,296 ± 15,446 CFUs/spleen. The chal-
lenge strain was isolated from all mice of group B, and the 
number was 19,243 ± 9,229 CFUs/spleen. In contrast, in 
group C, the challenge strain was isolated from three out of 
five mice, and the number was only 4,267 ± 2,512 CFUs/
spleen. Among four of five mice in group D, the wild-type 
B. abortus strain was isolated, and the number was 13,118 ± 
1,005 CFUs/spleen (Fig. 4).

DISCUSSION

A novel method for production of an inactivated B. abor-
tus vaccine candidate is based on B. abortus lysis using one 
of the AMPs leading to formation of empty cell envelops, 
termed “Brucella lysate vaccine”. The peptides bearing a 
net positive charge get attached to the negatively charged 
phospholipids in the cell membranes of gram-negative and 
gram-positive bacteria [23, 48], followed by insertion of the 
peptide into to the bacterial cell membrane [20], resulting 

Table 1. Bacterial strains and plasmids used in this study

Strain/plasmid Description Source or reference
Strains

 B. abortus
Biotype 1 Isolate from Korean cattle Lab stock
Strain RB51 Commercial vaccine strain Lab stock
Strain 544 ATCC23448, a smooth virulent B. abortus biovar 1 strain [29]
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in formation of a transmembrane “pore” [20, 37]. As soon 
as pores form, they disrupt and destabilize the bacterial 
cell membrane, and then all cytoplasmic content comes out 
leading to bacterial lysis [20, 37], with intact natural outer 
membrane LPS structures that have highly immunogenic 
properties.

Vaccination via the mucosal route is a feasible method 
to induce acquired immune responses against infectious 
agents in humans and animals. In most animals, brucellosis 
is transmitted via mucosal routes. Therefore, an effective 
mucosal Brucella vaccine should induce a systemic immune 

response. Live attenuated Brucella strains were used as 
mucosal vaccine candidates in several studies [14, 21, 36]. 
However, the inherent safety risks, such as bacterial replica-
tion, may prevent the use of live attenuated Brucella strains 
as vaccines. Other studies showed that Salmonella Gallina-
rum cell lysates can generate protective antibody-mediated 
as well as cell-mediated immunity (CMI) when used as a 
vaccine via various routes in chickens [13, 22]. Bacterial 
lysates represent a relatively new concept for improvement 
of the vaccine technology, but this novel approach has been 
seldom tested on Brucella. As reported in this study, we 

Fig. 2. Serum IgG (μg/ml) and vaginal IgA (μg/ml) titers against Brucella abortus 1119-3 LPS in mice intraperitoneally or orally 
immunized with each vaccine candidate. Group A mice were immunized with sterile PBS; group B mice were intraperitoneally 
immunized with 3 × 108 CFUs of B. abortus strain RB51; group C mice were intraperitoneally immunized with 3 × 108 cells 
of the B. abortus lysates; group D mice were orally immunized with 3 × 109 cells of the B. abortus lysates. Data shown are the 
means of all mice in each group, and error bars show the standard deviations (SD). Asterisks indicate a significant difference 
between the values of the groups immunized with the vaccine candidate (*P≤0.05) and those of the control group.

Fig. 1. Transmission electron micrographs of Brucella abortus biotype 1 treated with GI24. (A) The untreated B. abortus 
cells. (B) The bacterial cells treated with GI24. The bacterial cells were incubated with 40 μg/ml of GI24 for 30 hr at 37°C.
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constructed a Brucella vaccine candidate using GI24, one 
of AMPs. In this study, we tested whether the Brucella vac-
cine candidate can be administered orally as well as ip to 
protect mice from a challenge infection with wild-type B. 
abortus. We investigated the efficacy of the Brucella vaccine 
candidate, constructed using GI24, for protection against 
brucellosis caused by strain RB51 in murine models. We first 
examined the effect of the Brucella vaccine candidate (con-
structed using GI24) on induction of CMI and protection. 
In line with our initial hypothesis, ip or oral immunization 
with the Brucella vaccine candidate significantly increased 
antibody titers and CMI responses in comparison with the 
unimmunized group.

In the present study, we evaluated humoral immunity as 
well as CMI induced by immunization with the Brucella vac-
cine candidate and its protective efficacy against challenge 
infection with B. abortus strain 544. The route of immuniza-
tion alters the course of the immune response being induced 
by the vaccine candidate. Therefore, we evaluated two routes 
of immunization, ip and oral, to find the optimal immuniza-
tion route required for an effective immune response. Ap-
proximately 3 × 108 and 3 × 109 cells of the Brucella vaccine 
candidate were used as the dose for immunization via ip and 
oral routes, respectively. A vaccine inducing protective im-
mune responses, such as secretory IgA, at the mucosal sur-
face would be an ideal vaccine, because it would prevent the 
entry of (and colonization by) pathogens and consequently 
would prevent the disease [24]. In the present study, im-
mune responses, such as serum IgG and mucosal IgA, were 
analyzed in mice vaccinated ip or orally with the candidate 
vaccine. The serum IgG and vaginal IgA titers in the vaccine 

Fig. 3. IL-4 (pg/ml), IL-10 (pg/ml), TNF-a (pg/ml) and IFN-γ (ng/ml) concentrations in the supernatants of 
the splenocytes stimulated with heat-inactivated Brucella abortus strain 544 at 4 WPI. Group A mice were 
immunized with sterile PBS; group B mice were intraperitoneally immunized with 3 × 108 CFUs of B. abortus 
strain RB51; group C  mice were intraperitoneally immunized with 3 × 108 cells of the B. abortus lysates; group 
D mice were orally immunized with 3 × 109 cells of the B. abortus lysates. Data are presented as the mean of 
all mice in each group; error bars show SD. Asterisks indicate a significant difference between the values of 
mouse groups B, C and D (*P<0.05) and those of the control group.

Fig. 4. Protection against B. abortus strain 544 in mice immu-
nized with B. abortus strain RB51 or B. abortus ghost cells. 
Group A mice were immunized with sterile PBS; group B 
mice were intraperitoneally immunized with 3 × 108 CFUs of 
B. abortus strain RB51; group C mice were intraperitoneally 
immunized with 3 × 108 cells of the B. abortus lysates; and 
group D mice were orally immunized with 3 × 109 cells of the 
B. abortus lysates. Six weeks postinoculation (WPI), the mice 
were challenged with B. abortus strain 544. Two weeks later, 
the number of viable Brucella cells recovered from the spleen 
was determined. Data represent the mean of all mice in each 
group; error bars show SD. Asterisks indicate a significant 
difference between the values of mouse groups B, C and D 
(*P<0.05) and those of the control group.
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candidate-inoculated groups irrespective of the immuniza-
tion route were significantly increased as compared to the 
unimmunized group. Furthermore, induction of cytokines 
in splenocytes collected from all mice—immunized with 
the vaccine candidate or strain RB51 and restimulated in 
vitro with heat-inactivated bacteria of B. abortus strain 
544—showed powerful Th2 type immunity (IL-4 levels 
represent the Th2 type of immunity). Generally, induction 
of mucosal IgA is strongly dependent on a type Th2 immune 
response. Major cytokines that enhance IgA responses are 
IL-5, IL-6 and IL-10 [33, 44]. In this study, IL-10 levels were 
significantly higher in all the mice immunized the Brucella 
vaccine candidate than in control mice. These results show 
that the production of cytokines that are associated with en-
hancement of an IgG and IgA response was also significantly 
increased by the Brucella vaccine candidate.

It is well known that Brucella is a facultative intracellular 
pathogen. For clearance of an intracellular pathogen, CMI 
is crucial [4, 51]. Therefore, in this study, we evaluated cel-
lular immune responses using ELISA kits for cytokines. The 
results revealed strong secretion of TNF-α and IFN-γ into 
the culture supernatant when splenocytes were restimulated 
in vitro, giving an indication of the Th1 type of immune re-
sponse; this result is in agreement with the previously shown 
protective response. For efficient macrophage functioning, 
such as killing and clearance of an intracellular pathogen, 
IFN-γ is an essential effector cytokine [32, 43]. In the pres-
ent study, a strong Th1 response (TNF-α and IFN-γ) was 
induced by ip immunization with strain RB51 or by ip or 
oral vaccination with the Brucella vaccine candidate. These 
results showed that immunization with the Brucella vaccine 
candidate irrespective of the immunization route effectively 
induces the cytokines that are related to CMI as well as hu-
moral immunity.

In mouse brucellosis models, the vaccine-induced protec-
tive immune responses are analyzed by comparing a reduc-
tion in a bacterial load in the spleen, liver or both between 
the vaccinated mice and unvaccinated animals [31]. On the 
basis of that study, mice vaccinated with the vaccine candi-
date and strain RB51 showed a decrease in the splenic counts 
of Brucella after an ip challenge with wild-type B. abortus 
strain 544. Nevertheless, the notable difference between mice 
immunized with the vaccine candidate and with strain RB51 
was the number of bacterial cells isolated from the mice after 
the challenge with virulent B. abortus strain 544. Among the 
5 mice immunized ip with the Brucella vaccine candidate, 
the challenge strains were isolated from the spleens of only 
3 mice. The challenge strains were isolated from the spleens 
of only 4 mice among the 5 mice orally immunized with the 
vaccine candidate. In contrast, the strains were detected in 
spleens of all mice immunized ip with strain RB51. Fur-
thermore, in this study, mice immunized ip with the vaccine 
candidate showed the best protection against infection with 
virulent B. abortus strain 544. This observation suggests 
that ip immunization with the Brucella vaccine candidate 
involves intact LPS, which is a potent natural immunogen. 
Therefore, the Brucella vaccine candidate elicits antibod-
ies to LPS, which are effective at protecting the animals in 

mouse models of brucellosis.

CONFLICT OF INTEREST. The authors do not have com-
peting interests.

ACKNOWLEDGMENT. This work was supported by 
the National Research Foundation of Korea (NRF) grant 
funded by the Korean government (MISP; grant No. 
2013R1A4A1069486).

REFERENCES

 1. Adone, R., Francia, M., Pistoia, C., Petrucci, P., Pesciaroli, M. 
and Pasquali, P. 2012. Protective role of antibodies induced by 
Brucella melitensis B115 against B. melitensis and Brucella 
abortus infections in mice. Vaccine 30: 3992–3995. [Medline]  
[CrossRef]

 2. Avila-Calderón, E. D., Lopez-Merino, A., Sriranganathan, N., 
Boyle, S. M. and Contreras-Rodríguez, A. 2013. A history of 
the development of Brucella vaccines. Biomed. Res. Int. 2013: 
743509. [Medline]  [CrossRef]

 3. Baek, J. H. and Lee, S. H. 2010. Isolation and molecular cloning 
of venom peptides from Orancistrocerus drewseni (Hymenop-
tera: Eumenidae). Toxicon 55: 711–718. [Medline]  [CrossRef]

 4. Baldwin, C. L. and Goenka, R. 2006. Host immune responses 
to the intracellular bacteria Brucella: does the bacteria instruct 
the host to facilitate chronic infection? Crit. Rev. Immunol. 26: 
407–442. [Medline]  [CrossRef]

 5. Bernués, A., Manrique, E. and Maza, M. T. 1997. Economic 
evaluation of bovine brucellosis and tuberculosis eradication 
programmes in a mountain area of Spain. Prev. Vet. Med. 30: 
137–149. [Medline]  [CrossRef]

 6. Bhan, U., Lukacs, N. W., Osterholzer, J. J., Newstead, M. W., 
Zeng, X., Moore, T. A., McMillan, T. R., Krieg, A. M., Akira, S. 
and Standiford, T. J. 2007. TLR9 is required for protective innate 
immunity in Gram-negative bacterial pneumonia: role of den-
dritic cells. J. Immunol. 179: 3937–3946. [Medline]  [CrossRef]

 7. Billard, E., Dornand, J. and Gross, A. 2007. Brucella suis pre-
vents human dendritic cell maturation and antigen presentation 
through regulation of tumor necrosis factor alpha secretion. 
Infect. Immun. 75: 4980–4989. [Medline]  [CrossRef]

 8. Boman, H. G. 1995. Peptide antibiotics and their role in innate 
immunity. Annu. Rev. Immunol. 13: 61–92. [Medline]  [Cross-
Ref]

 9. Boman, H. G. 2003. Antibacterial peptides: basic facts and 
emerging concepts. J. Intern. Med. 254: 197–215. [Medline]  
[CrossRef]

 10. Bricker, B. J. and Halling, S. M. 1994. Differentiation of Brucel-
la abortus bv. 1, 2, and 4, Brucella melitensis, Brucella ovis, and 
Brucella suis bv. 1 by PCR. J. Clin. Microbiol. 32: 2660–2666. 
[Medline]

 11. Bricker, B. J. and Halling, S. M. 1995. Enhancement of the 
Brucella AMOS PCR assay for differentiation of Brucella 
abortus vaccine strains S19 and RB51. J. Clin. Microbiol. 33: 
1640–1642. [Medline]

 12. Carballar-Lejarazú, R., Rodríguez, M. H., de la Cruz Hernández-
Hernández, F., Ramos-Castañeda, J., Possani, L. D., Zurita-Orte-
ga, M., Reynaud-Garza, E., Hernández-Rivas, R., Loukeris, T., 
Lycett, G. and Lanz-Mendoza, H. 2008. Recombinant scorpine: 
a multifunctional antimicrobial peptide with activity against dif-
ferent pathogens. Cell. Mol. Life Sci. 65: 3081–3092. [Medline]  
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/22521283?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23862154?dopt=Abstract
http://dx.doi.org/10.1155/2013/743509
http://www.ncbi.nlm.nih.gov/pubmed/19857508?dopt=Abstract
http://dx.doi.org/10.1016/j.toxicon.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/17341186?dopt=Abstract
http://dx.doi.org/10.1615/CritRevImmunol.v26.i5.30
http://www.ncbi.nlm.nih.gov/pubmed/9234417?dopt=Abstract
http://dx.doi.org/10.1016/S0167-5877(96)01103-8
http://www.ncbi.nlm.nih.gov/pubmed/17785831?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.179.6.3937
http://www.ncbi.nlm.nih.gov/pubmed/17635859?dopt=Abstract
http://dx.doi.org/10.1128/IAI.00637-07
http://www.ncbi.nlm.nih.gov/pubmed/7612236?dopt=Abstract
http://dx.doi.org/10.1146/annurev.iy.13.040195.000425
http://dx.doi.org/10.1146/annurev.iy.13.040195.000425
http://www.ncbi.nlm.nih.gov/pubmed/12930229?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2796.2003.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/7852552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7650203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18726072?dopt=Abstract
http://dx.doi.org/10.1007/s00018-008-8250-8


BRUCELLA ABORTUS VACCINE CANDIDATE (GI24-LYSED) 1547

 13. Chaudhari, A. A., Jawale, C. V., Kim, S. W. and Lee, J. H. 2012. 
Construction of a Salmonella Gallinarum ghost as a novel inac-
tivated vaccine candidate and its protective efficacy against fowl 
typhoid in chickens. Vet. Res. (Faisalabad) 43: 44. [Medline]  
[CrossRef]

 14. Clapp, B., Skyberg, J. A., Yang, X., Thornburg, T., Walters, N. 
and Pascual, D. W. 2011. Protective live oral brucellosis vac-
cines stimulate Th1 and th17 cell responses. Infect. Immun. 79: 
4165–4174. [Medline]  [CrossRef]

 15. Corbel, M. J. 1997. Brucellosis: an overview. Emerg. Infect. Dis. 
3: 213–221. [Medline]  [CrossRef]

 16. Ferreira, P., Gama, P., Correia, J., Nunes, L., Pipa, J., Nas-
cimento, C., Alexandre, J. C., Henriques, P. and Santos, J. O. 
2008. Brucella endocarditis--case report and literature review. 
Rev. Port. Cardiol. 27: 1309–1315. [Medline]

 17. Franco, M. P., Mulder, M., Gilman, R. H. and Smits, H. L. 2007. 
Human brucellosis. Lancet Infect. Dis. 7: 775–786. [Medline]  
[CrossRef]

 18. Gazit, E., Boman, A., Boman, H. G. and Shai, Y. 1995. Interac-
tion of the mammalian antibacterial peptide cecropin P1 with 
phospholipid vesicles. Biochemistry 34: 11479–11488. [Med-
line]  [CrossRef]

 19. Haines, L. R., Thomas, J. M., Jackson, A. M., Eyford, B. A., 
Razavi, M., Watson, C. N., Gowen, B., Hancock, R. E. and 
Pearson, T. W. 2009. Killing of trypanosomatid parasites by a 
modified bovine host defense peptide, BMAP-18. PLoS Negl. 
Trop. Dis. 3: e373. [Medline]  [CrossRef]

 20. Henzler-Wildman, K. A., Martinez, G. V., Brown, M. F. and 
Ramamoorthy, A. 2004. Perturbation of the hydrophobic core 
of lipid bilayers by the human antimicrobial peptide LL-37. 
Biochemistry 43: 8459–8469. [Medline]  [CrossRef]

 21. Izadjoo, M. J., Bhattacharjee, A. K., Paranavitana, C. M., 
Hadfield, T. L. and Hoover, D. L. 2004. Oral vaccination with 
Brucella melitensis WR201 protects mice against intranasal 
challenge with virulent Brucella melitensis 16M. Infect. Immun. 
72: 4031–4039. [Medline]  [CrossRef]

 22. Jawale, C. V. and Lee, J. H. 2014. A novel approach for the gen-
eration of Salmonella Gallinarum ghosts and evaluation of their 
vaccine potential using a prime-booster immunization strategy. 
Vaccine 32: 6776–6782. [Medline]  [CrossRef]

 23. Jenssen, H., Hamill, P. and Hancock, R. E. 2006. Peptide anti-
microbial agents. Clin. Microbiol. Rev. 19: 491–511. [Medline]  
[CrossRef]

 24. Kharb, S. and Charan, S. 2011. Mucosal immunization provides 
better protection than subcutaneous immunization against Pas-
teurella multocida (B:2) in mice preimmunized with the outer 
membrane proteins. Vet. Res. Commun. 35: 457–461. [Medline]  
[CrossRef]

 25. Kim, D. H., Son, B. G., Lim, J. J., Lee, J. J., Kim, D. G., Lee, H. 
J., Min, W., Rhee, M. H., Kim, K. D., Chang, H. H. and Kim, S. 
2013. The role of a Brucella abortus lipoprotein in intracellular 
replication and pathogenicity in experimentally infected mice. 
Microb. Pathog. 54: 34–39. [Medline]  [CrossRef]

 26. Kim, H. S., Willett, J. W., Jain-Gupta, N., Fiebig, A. and Cros-
son, S. 2014. The Brucella abortus virulence regulator, LovhK, 
is a sensor kinase in the general stress response signalling path-
way. Mol. Microbiol. 94: 913–925. [Medline]  [CrossRef]

 27. Langemann, T., Koller, V. J., Muhammad, A., Kudela, P., Mayr, 
U. B. and Lubitz, W. 2010. The Bacterial Ghost platform system: 
production and applications. Bioeng. Bugs 1: 326–336. [Med-
line]  [CrossRef]

 28. Lee, J. J., Lim, J. J., Kim, D. G., Simborio, H. L., Kim, D. H., 
Reyes, A. W., Min, W., Lee, H. J., Kim, D. H., Chang, H. H. 

and Kim, S. 2014. Characterization of culture supernatant pro-
teins from Brucella abortus and its protection effects against 
murine brucellosis. Comp. Immunol. Microbiol. Infect. Dis. 37: 
221–228. [Medline]  [CrossRef]

 29. Lin, Y. and He, Y. 2012. Ontology representation and analysis of 
vaccine formulation and administration and their effects on vac-
cine immune responses. J. Biomed. Semantics 3: 17. [Medline]  
[CrossRef]

 30. Lv, Y., Wang, J., Gao, H., Wang, Z., Dong, N., Ma, Q. and Shan, 
A. 2014. Antimicrobial properties and membrane-active mecha-
nism of a potential α-helical antimicrobial derived from catheli-
cidin PMAP-36. PLOS ONE 9: e86364. [Medline]  [CrossRef]

 31. Montaraz, J. A. and Winter, A. J. 1986. Comparison of living and 
nonliving vaccines for Brucella abortus in BALB/c mice. Infect. 
Immun. 53: 245–251. [Medline]

 32. Murphy, E. A., Sathiyaseelan, J., Parent, M. A., Zou, B. and 
Baldwin, C. L. 2001. Interferon-gamma is crucial for surviving 
a Brucella abortus infection in both resistant C57BL/6 and sus-
ceptible BALB/c mice. Immunology 103: 511–518. [Medline]  
[CrossRef]

 33. Okahashi, N., Yamamoto, M., Vancott, J. L., Chatfield, S. N., 
Roberts, M., Bluethmann, H., Hiroi, T., Kiyono, H. and Mc-
Ghee, J. R. 1996. Oral immunization of interleukin-4 (IL-4) 
knockout mice with a recombinant Salmonella strain or cholera 
toxin reveals that CD4+ Th2 cells producing IL-6 and IL-10 are 
associated with mucosal immunoglobulin A responses. Infect. 
Immun. 64: 1516–1525. [Medline]

 34. Olsen, S. C. 2013. Recent developments in livestock and wild-
life brucellosis vaccination. Rev. - Off. Int. Epizoot. 32: 207–217. 
[Medline]  [CrossRef]

 35. Olsen, S. C., Boyle, S. M., Schurig, G. G. and Sriranganathan, N. 
N. 2009. Immune responses and protection against experimen-
tal challenge after vaccination of bison with Brucella abortus 
strain RB51 or RB51 overexpressing superoxide dismutase and 
glycosyltransferase genes. Clin. Vaccine Immunol. 16: 535–540. 
[Medline]  [CrossRef]

 36. Pasquali, P., Rosanna, A., Pistoia, C., Petrucci, P. and Ciuchini, 
F. 2003. Brucella abortus RB51 induces protection in mice 
orally infected with the virulent strain B. abortus 2308. Infect. 
Immun. 71: 2326–2330. [Medline]  [CrossRef]

 37. Radek, K. and Gallo, R. 2007. Antimicrobial peptides: natural 
effectors of the innate immune system. Semin. Immunopathol. 
29: 27–43. [Medline]  [CrossRef]

 38. Riquelme-Neira, R., Retamal-Díaz, A., Acuña, F., Riquelme, P., 
Rivera, A., Sáez, D. and Oñate, A. 2013. Protective effect of a 
DNA vaccine containing an open reading frame with homology 
to an ABC-type transporter present in the genomic island 3 of 
Brucella abortus in BALB/c mice. Vaccine 31: 3663–3667. 
[Medline]  [CrossRef]

 39. Sanakkayala, N., Sokolovska, A., Gulani, J., Hogenesch, H., 
Sriranganathan, N., Boyle, S. M., Schurig, G. G. and Vemula-
palli, R. 2005. Induction of antigen-specific Th1-type immune 
responses by gamma-irradiated recombinant Brucella abortus 
RB51. Clin. Diagn. Lab. Immunol. 12: 1429–1436. [Medline]

 40. Sang, Y. and Blecha, F. 2009. Porcine host defense peptides: 
expanding repertoire and functions. Dev. Comp. Immunol. 33: 
334–343. [Medline]  [CrossRef]

 41. Schurig, G. G., Roop, R. M. 2nd., Bagchi, T., Boyle, S., 
Buhrman, D. and Sriranganathan, N. 1991. Biological properties 
of RB51; a stable rough strain of Brucella abortus. Vet. Micro-
biol. 28: 171–188. [Medline]  [CrossRef]

 42. Surendran, N., Hiltbold, E. M., Heid, B., Sriranganathan, N., 
Boyle, S. M., Zimmerman, K. L., Makris, M. R. and Witonsky, 

http://www.ncbi.nlm.nih.gov/pubmed/22620989?dopt=Abstract
http://dx.doi.org/10.1186/1297-9716-43-44
http://www.ncbi.nlm.nih.gov/pubmed/21768283?dopt=Abstract
http://dx.doi.org/10.1128/IAI.05080-11
http://www.ncbi.nlm.nih.gov/pubmed/9204307?dopt=Abstract
http://dx.doi.org/10.3201/eid0302.970219
http://www.ncbi.nlm.nih.gov/pubmed/19178031?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18045560?dopt=Abstract
http://dx.doi.org/10.1016/S1473-3099(07)70286-4
http://www.ncbi.nlm.nih.gov/pubmed/7547876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7547876?dopt=Abstract
http://dx.doi.org/10.1021/bi00036a021
http://www.ncbi.nlm.nih.gov/pubmed/19190729?dopt=Abstract
http://dx.doi.org/10.1371/journal.pntd.0000373
http://www.ncbi.nlm.nih.gov/pubmed/15222757?dopt=Abstract
http://dx.doi.org/10.1021/bi036284s
http://www.ncbi.nlm.nih.gov/pubmed/15213148?dopt=Abstract
http://dx.doi.org/10.1128/IAI.72.7.4031-4039.2004
http://www.ncbi.nlm.nih.gov/pubmed/25454861?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/16847082?dopt=Abstract
http://dx.doi.org/10.1128/CMR.00056-05
http://www.ncbi.nlm.nih.gov/pubmed/21633791?dopt=Abstract
http://dx.doi.org/10.1007/s11259-011-9484-8
http://www.ncbi.nlm.nih.gov/pubmed/23006628?dopt=Abstract
http://dx.doi.org/10.1016/j.micpath.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25257300?dopt=Abstract
http://dx.doi.org/10.1111/mmi.12809
http://www.ncbi.nlm.nih.gov/pubmed/21326832?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21326832?dopt=Abstract
http://dx.doi.org/10.4161/bbug.1.5.12540
http://www.ncbi.nlm.nih.gov/pubmed/25016407?dopt=Abstract
http://dx.doi.org/10.1016/j.cimid.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23256535?dopt=Abstract
http://dx.doi.org/10.1186/2041-1480-3-17
http://www.ncbi.nlm.nih.gov/pubmed/24466055?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0086364
http://www.ncbi.nlm.nih.gov/pubmed/3089933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11529943?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2567.2001.01258.x
http://www.ncbi.nlm.nih.gov/pubmed/8613355?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23837378?dopt=Abstract
http://dx.doi.org/10.20506/rst.32.1.2201
http://www.ncbi.nlm.nih.gov/pubmed/19176693?dopt=Abstract
http://dx.doi.org/10.1128/CVI.00419-08
http://www.ncbi.nlm.nih.gov/pubmed/12704101?dopt=Abstract
http://dx.doi.org/10.1128/IAI.71.5.2326-2330.2003
http://www.ncbi.nlm.nih.gov/pubmed/17621952?dopt=Abstract
http://dx.doi.org/10.1007/s00281-007-0064-5
http://www.ncbi.nlm.nih.gov/pubmed/23834811?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16339067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18579204?dopt=Abstract
http://dx.doi.org/10.1016/j.dci.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/1908158?dopt=Abstract
http://dx.doi.org/10.1016/0378-1135(91)90091-S


A. J. KWON ET AL.1548

S. G. 2011. Live Brucella abortus rough vaccine strain RB51 
stimulates enhanced innate immune response in vitro compared 
to rough vaccine strain RB51SOD and virulent smooth strain 
2308 in murine bone marrow-derived dendritic cells. Vet. Micro-
biol. 147: 75–82. [Medline]  [CrossRef]

 43. Svetić, A., Jian, Y. C., Lu, P., Finkelman, F. D. and Gause, W. C. 
1993. Brucella abortus induces a novel cytokine gene expres-
sion pattern characterized by elevated IL-10 and IFN-gamma in 
CD4+ T cells. Int. Immunol. 5: 877–883. [Medline]  [CrossRef]

 44. VanCott, J. L., Staats, H. F., Pascual, D. W., Roberts, M., Chat-
field, S. N., Yamamoto, M., Coste, M., Carter, P. B., Kiyono, H. 
and McGhee, J. R. 1996. Regulation of mucosal and systemic 
antibody responses by T helper cell subsets, macrophages, and 
derived cytokines following oral immunization with live recom-
binant Salmonella. J. Immunol. 156: 1504–1514. [Medline]

 45. Vila-Farres, X., Garcia de la Maria, C., López-Rojas, R., 
Pachón, J., Giralt, E. and Vila, J. 2012. In vitro activity of several 
antimicrobial peptides against colistin-susceptible and colistin-
resistant Acinetobacter baumannii. Clin. Microbiol. Infect. 18: 
383–387. [Medline]  [CrossRef]

 46. Wilmes, M. and Sahl, H. G. 2014. Defensin-based anti-infective 
strategies. Int. J. Med. Microbiol. 304: 93–99. [Medline]  [Cross-
Ref]

 47. Yang, L., Harroun, T. A., Weiss, T. M., Ding, L. and Huang, H. 

W. 2001. Barrel-stave model or toroidal model? A case study on 
melittin pores. Biophys. J. 81: 1475–1485. [Medline]  [Cross-
Ref]

 48. Yeaman, M. R. and Yount, N. Y. 2003. Mechanisms of anti-
microbial peptide action and resistance. Pharmacol. Rev. 55: 
27–55. [Medline]  [CrossRef]

 49. Yoon, H. A., Aleyas, A. G., George, J. A., Park, S. O., Han, Y. 
W., Hyun, B. H., Lee, J. H., Song, H. J., Cho, J. G. and Eo, S. 
K. 2007. Correlation between the nature of immunity induced 
by different immunogens and the establishment of latent infec-
tion by wild-type pseudorabies virus. Res. Vet. Sci. 83: 73–81. 
[Medline]  [CrossRef]

 50. Young, E. J. 1995. An overview of human brucellosis. Clin. 
Infect. Dis. 21: 283–289, quiz 290. [Medline]  [CrossRef]

 51. Zhan, Y., Liu, Z. and Cheers, C. 1996. Tumor necrosis factor 
alpha and interleukin-12 contribute to resistance to the intra-
cellular bacterium Brucella abortus by different mechanisms. 
Infect. Immun. 64: 2782–2786. [Medline]

 52. Zhang, J., Yin, S., Guo, F., Meng, R., Chen, C., Zhang, H., Li, 
Z., Fu, Q., Shi, H., Hu, S., Ni, W., Li, T. and Zhang, K. 2014. 
A potent Brucella abortus 2308 Δery live vaccine allows for 
the differentiation between natural and vaccinated infection. J. 
Microbiol. 52: 681–688. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20594772?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/8104472?dopt=Abstract
http://dx.doi.org/10.1093/intimm/5.8.877
http://www.ncbi.nlm.nih.gov/pubmed/8568254?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21672084?dopt=Abstract
http://dx.doi.org/10.1111/j.1469-0691.2011.03581.x
http://www.ncbi.nlm.nih.gov/pubmed/24119539?dopt=Abstract
http://dx.doi.org/10.1016/j.ijmm.2013.08.007
http://dx.doi.org/10.1016/j.ijmm.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/11509361?dopt=Abstract
http://dx.doi.org/10.1016/S0006-3495(01)75802-X
http://dx.doi.org/10.1016/S0006-3495(01)75802-X
http://www.ncbi.nlm.nih.gov/pubmed/12615953?dopt=Abstract
http://dx.doi.org/10.1124/pr.55.1.2
http://www.ncbi.nlm.nih.gov/pubmed/17196231?dopt=Abstract
http://dx.doi.org/10.1016/j.rvsc.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/8562733?dopt=Abstract
http://dx.doi.org/10.1093/clinids/21.2.283
http://www.ncbi.nlm.nih.gov/pubmed/8698508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24994009?dopt=Abstract
http://dx.doi.org/10.1007/s12275-014-3689-9

