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A B S T R A C T

Brucella species are the causative agents of brucellosis, a worldwide zoonotic disease that affects a broad range of
mammals and causes great economic losses. Small regulatory RNAs (sRNAs) are post-transcriptional regulatory
molecules that participate in the stress adaptation and pathogenesis of Brucella. In this study, we characterized
the role of a novel sRNA, BSR1141, in the intracellular survival and virulence of Brucella melitensis. The results
show that BSR1141 was highly induced during host infections and under in vitro stress situations that simulated
the conditions encountered within host phagocytes. In addition, a BSR1141 mutant showed reduced survival
both under in vitro stress conditions and in mice, confirming the role of BSR1141 in Brucella intracellular sur-
vival. Bioinformatic and experimental approaches revealed that BSR1141 affects the expression of many target
genes, including the Brucella virulence component virB2. These data indicate that BSR1141 could influence the
expression of virB2, which is important for B. melitensis pathogenesis and intracellular survival. This work
provides new insight into the mechanism of adaptation to environmental stress and into the pathogenesis of
intracellular pathogens.

1. Introduction

Brucella species are facultative intracellular pathogens that cause
abortion in domestic animals and undulant fever in humans. Human
brucellosis is a debilitating febrile illness that can develop into a long-
lasting disease with the appearance of severe complications (Atluri
et al., 2011; de Figueiredo et al., 2015). Brucella infects hosts primarily
by penetrating the host mucosa and then residing within macrophages,
where they can replicate and escape host immunity. This process is
essential for the ability of these pathogens to establish chronic infec-
tions and for their virulence (Celli and Gorvel, 2004). Successful in vivo
infection is a complex procedure in which the pathogenic bacteria need
to cope with diverse stresses imposed by host defenses. Thus, this
process largely relies on the coordinated and sequential expression of

metabolic and stress-related genes. Transcription factors have been
found to play important roles in linking metabolic pathways and viru-
lence gene expression (Papenfort and Vogel, 2014). Over the last
decade, multiple Brucella metabolic and stress-related genes required
for intracellular survival have been identified, and many of these genes
are regulated by different transcription factors.

Small regulatory RNAs (sRNAs) are post-transcriptional regulatory
molecules that participate in adaptive responses by cells against en-
vironmental change, such as temperature or pH shift, nutrient stress,
osmotic shock, iron limitation, envelope stress, and metabolic im-
balance. It is becoming evident that sRNAs also regulate the expression
of virulence genes in pathogenic bacteria and affect bacterial survival in
hosts (Michaux et al., 2014). Bacterial sRNAs are generally 50–300
nucleotides (nt) in length, and this groups includes cis-encoded
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antisense RNAs, trans-encoded base-pairing sRNAs, and cis-acting reg-
ulatory regions of mRNAs (i.e., riboswitches). The trans-encoded
sRNAs, which are the most common type of sRNA, are usually encoded
within intergenic regions and regulate gene expression through im-
perfect base pairing within the 5ʹ untranslated region (UTR) of target
mRNAs, thus modulating mRNA stability and/or altering its accessi-
bility to the translational machinery (Storz, 2002; Waters and Storz,
2009).

The interaction between trans-encoded sRNAs and their targets
usually requires the RNA chaperone Hfq. Previous work reported that a
Brucella Hfq deletion mutant showed reduced stress tolerance and in-
tracellular survival in macrophages and mice, suggesting that sRNAs
may play regulatory roles in Brucella intracellular survival (Robertson
and Roop, 1999). Recently, a large number of sRNAs have been iden-
tified in different Brucella spp. (Dong et al., 2014; Saadeh et al., 2015;
Zhong et al., 2016); however, the associated functions of these sRNAs
have been determined for only a small subset. Thus, clarifying the
functions of these sRNAs and identifying virulence-associated sRNAs
may provide new insights into the pathogenesis of Brucella. In previous
work, we identified a group of trans-encoded sRNAs in B. melitensis and
found several sRNAs that may play roles in the bacteria–host interac-
tions during Brucella infection (Wang et al., 2015). Here, we elucidated
the function and associated mechanism of one of these sRNAs.

2. Materials and methods

2.1. Animal use

Female BALB/c mice of six-week-old were acquired from the Animal
Center of the Academy of Military Medical Sciences. All animals were
handled in strict accordance with Experimental Animal Regulation
Ordinances defined by China National Science and Technology
Commission, and the animal work was preapproved by Beijing Institute
of Disease Control and Prevention animal ethics committee (Ethical
Approval BIDCP003-2014). The mice were provided with humane care
and healthful conditions during their stay in the facility. All individuals
who use animals receive instruction in experimental methods and in the
care, maintenance and handling of mice, and are under supervision of
the committee.

2.2. Bacterial strains, plasmid, and growth conditions

B. melitensis 16M and its derivative strains were routinely cultured
on Tryptic Soy Agar (TSA) or in Tryptic Soy Broth (TSB). Escherichia coli
strains were routinely grown on Luria–Bertani (LB) medium. When
required, antibiotics were added to media at final concentrations of
100 μg/ml of ampicillin or 50 μg/ml of kanamycin. Plasmid
pBBR1MCS-4 is a broad-host-range plasmid capable of replicating in
Brucella (Elzer et al., 1995). All experiments with live Brucella cells,
including animal experiments, were performed in biosafety level 3 fa-
cilities.

2.3. Construction of sRNA mutant and overexpression B. melitensis strains

The previously described resistance gene replacement method was
used to construct the BSR1141 deletion mutant (Cui et al., 2013).
Firstly the upstream homologous arm of the BSR1141 coding region
was amplified with primers BSR1141-N-F and BSR1141-N-R, and the
downstream homologous arm was amplified with BSR1141-C-F and
BSR1141-C-R. Then, both the PCR products were digested and ligated
respectively to the upstream and downstream of the kanamycin gene of
pUC19 K as described previously (Wang et al., 2011). The resulting
suicide plasmid pUC19K-BSR1141 was electroporated into the B. meli-
tensis 16M recipient strain, and the resulting potential deletion mutants
were screened on TSA plates based on their ampS kanR phenotype.
Deletion mutant was confirmed by PCR with primers located in

kanamycin resistance gene and outside of the homologous arms. PCR
products were sequenced to confirm the sequence. The final selected
mutant strain was named 16MΔBSR1141. To construct the BSR1141-
overexpression strain, a DNA fragment containing the BSR1141 locus
was amplified from the wildtype 16M strain by PCR using primers
BSR1141-N-F and BSR1141-C-R. The resulting DNA fragment was then
ligated into the KpnI-PstI sites of pBBR1MCS-4 to create pBBR-
BSR1141. Finally, pBBR-BSR1141 was introduced into B. melitensis
strain 16M by electroporation, and resulting overexpressing strain,
named 16M-BSR1141, was selected based on its resistance to ampi-
cillin.

2.4. RNA preparation

Total RNA from different B. melitensis strains was prepared using
Trizol reagent (Invitrogen) according to the manufacturer’s re-
commendations. The total RNA concentration and purity of each
sample were assessed using a ND-1000 Spectrophotometer Nanodrop
(Technologies) and agarose gel electrophoresis, respectively.

2.5. Northern blot

Northern blot analyses were performed using a DIG Northern Starter
Kit (Roche) as previously described by Beckmann et al (Beckmann
et al., 2010). Total RNA (15–20 μg) was separated on a 10% poly-
acrylamide–7M urea gel and transferred to Hybond N+membranes
(GE) by electroblotting. The membranes were UV-cross-linked and
prehybridized in ULTRAhyb® Ultrasensitive Hybridization Buffer (Am-
bion). The membranes were then hybridized with gene-specific 3ʹ-end
digoxigenin-labeled RNA probes, and the resulting hybridization signals
were detected according to the manufacturer’s instructions.

2.6. 5ʹ and 3ʹ RACE

To determine the sequences of the BSR1141 termini, RACE was
performed as previously described by Wang et al (Wang et al., 2015).
Both 5ʹ and 3ʹ RACE were carried out using a Full RACE Core set (Ta-
kara Biochemicals) according to the manufacturer’s instructions. For
each RACE analysis, six to ten clones were sequenced, and the farthest
end was regarded as the end of the sRNA.

2.7. qRT-PCR

For transcription analyses of BSR1141 under in vitro stress condi-
tions, total RNA was isolated from cultures of B. melitensis 16M grown
under different stress conditions. To induce acid stress, cells were re-
suspended in TSB broth adjusted to pH of 4.0 with 1M HCl at 37℃. To
starve bacteria of nutrients, cells were re-suspended in GEM medium
(MgSO4.7H2O 0.2 g/L, Citric acid ⋅H2O 2.0 g/L, K2HPO4 10.0 g/L,
NaNH4HPO4.4H2O 3.5 g/L, Glucose 20 g/L, pH 7.0) at 37℃. To induce
oxidative stress, H2O2 was added to the broth at a final concentration of
1.5 mM at 37℃. To induce heat shock, cells were re-suspended in TSB
broth at 42℃. TSB 7.0 is the standard in vitro growth condition for B.
melitensis. The resulting RNA samples were treated with DNaseI
(Promega) and reverse-transcribed (RT) into cDNA using a reverse
transcription kit (Promega) according to the manufacturer’s instruc-
tions. qRT-PCR was performed with the method previously described by
Wang et al (Wang et al., 2015). The average expression levels and SD
were calculated using data from three technical replicates of three in-
dependent experiments. The primers used for qRT-PCR are listed in
Table S1.

For transcription analysis of BSR1141 during mouse infection,
BALB/c female mice (6–8 weeks old) were challenged with 2× 106

colony-forming units (CFU) of B. melitensis strain 16M in sterile PBS. At
3, 7, 14, and 42 days post-inoculation, five infected mice were an-
esthetized by cervical dislocation. Their spleens were collected
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aseptically, and the total RNA was extracted from each spleen. Reverse
transcription and qRT-PCR analysis were then performed as described
above. The expression levels of BSR1141 are expressed here as n-fold
differences relative to the calibrator.

2.8. Growth curve, in vitro environmental stress, and in vivo mouse
virulence assays

For growth curve experiments, B. melitensis cultures grown in TSB
medium, pH 7 (TSB7.0) were diluted to an optical density at 600 nm
(OD600) of 0.05 and incubated in 125-ml Erlenmeyer flasks at 37 °C
with shaking at 250 rpm. The resulting cell density at each timepoint
was assessed at OD600.

For in vitro environmental stress assays, all the tested B. melitensis
strains were cultured at 37 °C in TSB7.0 to the stationary growth phase
(OD600= 2.5) and then exposed to different stress conditions resem-
bling those that Brucella probably encounter during infection: osmotic
stress (incubated in the presence of 1.5M NaCl for 20min), oxidative
stress (incubated in the presence of 440mM H2O2 for 40min), and acid
stress (incubated in TSB medium at pH 4.0 [TSB4.0] for 15min). The
cultures were then diluted and spread on TSA plates to measure their
CFU. Results shown represent the mean of at least three technical re-
plicates of three independent experiments.

For virulence assays, six-week-old BALB/c female mice (n=15 per
group) were infected intraperitoneally with 2×106 CFU of B. melitensis
strain 16M, 16MΔBSR1141, or 16M-BSR1141 in sterile PBS. Five in-
fected mice from each infected group were randomly selected and eu-
thanized by cervical dislocation at 1 and 6 weeks post-inoculation.
Their spleens were collected and homogenized with PBS containing
0.1% Triton X-100. The homogenized spleen samples were serially di-
luted, plated on TSA with or without kanamycin or ampicillin, and then
incubated for 3–5 days at 37 °C, after which the bacteria were counted
to determine the number of CFU. The experimental limit of detection
was determined to be 10 CFU per spleen and the results described re-
present the accumulated data from 3 independent experiments.

2.9. BSR1141 target identification

The TargetRNA and RNApredator algorithms were used against the
entire genome of wildtype B. melitensis strain 16M to predict the target
mRNAs of BSR1141 (Tjaden et al., 2006). The predicted mRNA targets
of BSR1141 were then further validated by semi-quantitative RT-PCR.
16S rRNA was chosen as an internal control because its transcription is
relatively constant in bacteria. The primers used for RT-PCR are listed
in Table S1. The PCR products were separated electrophoretically in a
1.2% agarose gel containing ethidium bromide and detected using the
Gel Doc™ XR System (Bio-Rad Laboratories).

2.10. Two-plasmid system for assessing target regulation by BSR1141

The E. coli-based system for studying sRNA gene regulation

developed by Urban and Vogel (Urban and Vogel, 2007) was used here
to assess BSR1141 target mRNAs regulation as previously described by
Wang et al (Wang et al., 2015).

2.11. Statistical analysis

The bacterial survival under in vitro stress conditions and during in
vivo infections are expressed as the mean percentage of survival com-
pared with that of untreated controls ± SD. Statistical analyses were
performed using Student’s unpaired t-tests. For the competitive index
assays, the data were analyzed by Student’s t-tests. For qRT-PCR ex-
periments, the significance of differences was assessed by the Wilcoxon
signed-rank test. In all cases, a p-value of less than 0.05 was considered
significant.

3. Results

3.1. BSR1141 is activated under in vitro stress conditions and during in vivo
mouse infection

In our previous analysis of B. melitensis 16M sRNAs, we identified a
trans-encoded highly abundant sRNA, BSR1141 (Wang et al., 2015).
The BSR1141 sequence is highly conserved among different Brucella
species, and it showed an Hfq-dependent expression profile in vitro. 5ʹ
and 3ʹ RACE were used to precisely determine the start and termination
sites of the BSR1141 transcript. The transcript was found to be 75 nt in
length and located in a clockwise orientation at bps 1187596–1187668
of B. melitensis chromosome I.

Previous work demonstrated that Brucella could withstand different
environmental conditions during their long-term residence in host
macrophages, including exposure to acidic pH, reactive oxygen inter-
mediates, and nutrient deprivation (Caldelari et al., 2013). To under-
stand the role of BSR1141 in Brucella intracellular survival, we mon-
itored the BSR1141 expression under stress conditions mimicking those
that the bacteria encounter during infection. As shown in Fig. 1A, the
expression of BSR1141 was upregulated 2.6-fold, 1.8-fold, and 1.5-fold,
respectively, under oxidative stress (induced by H2O2), acidic stress
(TSB4.0), and nutrient limitation (GEM 7.0) conditions compared with
that in the standard laboratory growth condition (TSB7.0). The results
suggest that BSR1141 may play a role during B. melitensis infection. To
test this possibility, we analyzed the BSR1141 expression during in-
tracellular growth in vivo. Mice were injected with B. melitensis 16M,
and the expression of B. melitensis RNA recovered from their spleens
was measured by qRT-PCR. At 3 days post-infection, BSR1141 was
detected at ˜2-fold lower levels compared with cells infected with B.
melitensis in vitro (Fig. 1B). In contrast, as the infection progressed, the
transcript of BSR1141 became upregulated in vivo compared with the
in vitro growth condition. At 42 days post-infection, the level of
BSR1141 sRNA transcription in vivo was 8.5-fold higher than the in
vitro levels (Fig. 1B), suggesting that BSR1141 may play a role in the
chronic stage of B. melitensis infection. Moreover, at all post-infection

Fig. 1. BSR1141 transcription levels under in
vitro stress conditions and during in vivo B.
melitensis infection. (A) The relative transcrip-
tion levels of BSR1141 under various stress
conditions. Asterisks (*) denote values that are
significantly different (P < 0.05) from that for
B. melitensis cultured under TSB7.0. (B) The
BSR1141 expression in B. melitensis 16M and
16MΔhfq strains during mouse infection. The
asterisks above the gray boxes represent sig-
nificant differences (P < 0.05) compared with
those of the in vitro condition, and the asterisks
above the white boxes represent significant
differences (P < 0.05) between strains 16M
and 16MΔhfq.
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timepoints, the BSR1141 transcription level in the B. melitensis hfq
deletion mutant (strain 16MΔhfq) was significantly lower compared
with that in the wildtype B. melitensis strain 16M (Fig. 1B), demon-
strating that BSR1141 is also Hfq-dependent in vivo. In summary, the
above results indicate that BSR1141, an abundant Hfq-dependent
sRNA, was highly activated both under in vitro stress conditions and
during in vivo infection.

3.2. BSR1141 is required for B. melitensis 16M intracellular survival

To further elucidate the functions of BSR1141 in Brucella in-
tracellular survival, we next aimed to analyze the phenotypes of B.
melitensis strains with different sRNA expression levels. BSR1141 dele-
tion (16MΔBSR1141) and overexpression (16M-BSR1141) mutant
strains were constructed for these experiments (Fig. 2A). First, the role
of BSR1141 in B. melitensis growth under the standard laboratory
growth condition (TSB7.0) was examined. Compared with the wildtype
B. melitensis 16M strain, the 16MΔBSR1141 and the 16M-BSR1141
mutant strains each exhibited a longer lag phase and reached the sta-
tionary phase at a lower optical density (Fig. 2B). These results indicate
that both the deletion and overexpression of BSR1141 had slight but
clearly detectable effects on B. melitensis growth.

We next compared the intracellular survival phenotypes of the
BSR1141 deletion and overexpression mutant strains with that of the
wildtype 16M strain by subjecting them to stress conditions that mimic
bacterial intracellular environments, specifically high osmotic, oxida-
tive, and low pH conditions, and calculating their percentages of sur-
vival. The 16MΔBSR1141 mutant was significantly more sensitive to all
stress conditions than its parental strain (Fig. 2C). Compared with strain
16M, the survival percentage of strain 16MΔBSR1141 decreased ap-
proximately 77% and 59% under oxidative and acid stress, respectively.
The overexpression strain 16M-BSR1141 had high osmotic-resistance
levels that were similar to those of the wildtype 16M; however, this

strain had lower resistance against oxidative and acid stress compared
with strain 16M. Thus, the overexpression of BSR1141 also has dele-
terious effects for the stress adaptation ability of Brucella.

Give the apparent role of BSR1141 in B. melitensis resistance to
environmental stresses that are likely encountered in host macro-
phages, we further investigated if BSR1141 is essential for bacterial
survival in vivo. BALB/c mice were infected with the B. melitensis 16M,
16MΔBSR1141, or 16M-BSR1141 strains, and the resulting spleen
colonization was measured at different timepoints post-infection. At 7
and 42 days post-infection, the amount of strain 16MΔBSR1141 was
significantly lower than that of the wildtype strain (Fig. 2D). In con-
trast, the level of colonization by strain 16M-BSR1141 was similar to
that of strain 16M (Fig. 2D). Especially at 42 days post-infection, sharp
reductions of the spleen bacterial load were observed in mice infected
with 16MΔBSR1141, and the ratio of 16MΔBSR1141/16M was only
0.09. While approximately log 4.5 CFU of Brucella remained in the
spleens of mice infected with B. melitensis 16M-BSR1141, with the ratio
of 16M-BSR1141/16M 0.89. These data show that BSR1141 sRNA
plays an important role in Brucella survival in mice. Thus, the results
from the in vitro stress and in vivo infection assays confirmed that
BSR1141 sRNA is required for B. melitensis intracellular survival.

3.3. BSR1141 post-transcriptionally regulates multiple target mRNAs

As an Hfq-dependent, trans-encoded sRNA, BSR1141 may act via
imperfect base pairing with the 5ʹ UTR of target mRNAs. Thus, we next
aimed to link BSR1141 to mRNA targets to reveal a BSR1141-depen-
dent regulatory circuit in B. melitensis intracellular survival. Using
TargetRNA and RNApredator, we searched the potential intermolecular
base pairings between the BSR1141 conserved unpaired region and
mRNA ribosome-binding sites (20 nt upstream and 30 nt downstream of
the AUG codon). In total, 43 putative target mRNA genes were identi-
fied (Table S2). Almost half of these genes were related to transport and

Fig. 2. Assessment of BSR1141 necessity for B. melitensis 16M intracellular survival. (A) RT-PCR verification of BSR1141 transcription in B. melitensis strains 16M,
16MΔBSR1141, and 16M-BSR1141. (B) Growth characteristics of strains 16M, 16MΔBSR1141, and 16M-BSR1141 in TSB7.0. (C) Survival of B. melitensis strains
under stress conditions. Strains 16M, 16MΔBSR1141, and 16M-BSR1141 were grown in TSB7.0 to the logarithmic phase and then subjected to high osmotic,
oxidative, or acid stress. The recovered CFU of each strain/condition were determined by counting plated serial dilutions. Bars represent the mean percentage
survival compared with untreated strains. Each assay was conducted with three replicates. Asterisks (*) represent significant differences (P < 0.05) compared with
strain 16M. (D) Survival of B. melitensis strains in mice. Mice were infected with strains 16M, 16MΔBSR1141, or 16M-BSR1141, and the resulting levels of spleen
colonization were measured. Data are presented as the ratios of CFU from mutant strains to those of wildtype. Asterisks (*) represent significant differences
(P < 0.05).

Y. Wang, et al. International Journal of Medical Microbiology 309 (2019) 225–231

228



metabolism (21/43), which further supports the important role of sRNA
in bacterial metabolism. To verify these targets, qPCR was used to ex-
amine the expression of each target gene in the wildtype 16M,
ΔBSR1141 mutant, and BSR1141 overexpression strains. For most of
these candidate target genes, their expression level was increased when
BSR1141 was inactivated, indicating that these genes were negatively
regulated by BSR1141 (Fig. 3). Of the 43 putative target genes, only
four genes (BMEI0475, BMEI0605, BMEI1026, and BMEII0026) were
positively regulated by BSR1141. Compared with B. melitensis strain
16M, the transcript levels of these four target genes were lower in the
ΔBSR1141 mutant strain and not different in the 16M-BSR1141 over-
expression strain.

3.4. BSR1141 facilitates B. melitensis intracellular survival via target
mRNA

As our ultimate aim is to understand how BSR1141 influences B.
melitensis intracellular survival, we were intrigued by our identification
of virB2 (encoded by BMEII0026) as a BSR1141 target. virB2 is one of
the 12 genes (virB1–12) of the VirB type IV secretion (T4SS) of Brucella.
T4SS is a key virulence factor in Brucella that plays important roles in
mediating intracellular survival and manipulating the host immune
response to infection. Both RT-PCR and northern blot results show that
virB2 was positively regulated by BSR1141 (Figs. 3 and 4A). BMEI0254
(GntR family) and BMEI0604 (TetR family) both belong to transcrip-
tional regulator families whose members are known to be involved in
host–bacteria interactions (Haine et al., 2005). To further determine if
BSR1141 directly regulates these three target mRNAs, a two-plasmid

GFP system (Corcoran et al., 2012) was employed to exam the func-
tional relevance of these predicted RNA duplexes in vivo. Of the three
target fusions, tetR (BMEI0604) and gntR (BMEI0254) were repressed in
cells co-expressing BSR1141 (Fig. 4B), suggesting that BSR1141 could
repress tetR and gntR mRNAs at the post-transcriptional level. As shown
in Fig. 4B, the amounts of GFP were not significantly different between
the strain carrying both the gfp fusion and the nonsense sRNA and the
“fusion-only” strain, whereas the virB2-gfp fusion strain showed in-
creased GFP expression in cells co-expressing BSR1141. These data
indicate that BSR1141 directly positively regulates virB2 expression.
Thus, we speculate that the decreased intracellular survival of the
16MΔBSR1141 mutant strain may be caused by the decreased expres-
sion of virB2 and the increased expression of tetR and gntR.

As mentioned above, BSR1141 is a trans-encoded sRNA that is Hfq-
dependent both in vitro and during in vivo infection. To test whether
Hfq plays a role in the interaction between BSR1141 and its mRNA
targets, the plasmid pBBR1-BSR1141 was electroporated into B. meli-
tensis strains 16M, the hfq mutant strain 16MΔhfq, and its com-
plementary strain 16MΔhfq-C, resulting in 16M-pBBR1141, 16MΔhfq-
pBBR1141, and 16MΔhfq-pBBR1141-C, respectively. The expressions
of three mRNA targets (BMEI0254, BMEI0605, and BMEII0026) were
then compared among these strains (Fig. 4C). The hfq mutant strain
(16MΔhfq-pBBR1141) had significantly lower virB2 (BMEII0026) le-
vels and higher expression levels of tetR (BMEI0604) and gntR
(BMEI0254) compared with strain 16M-pBBR1141; these results are
similar to those of the BSR1141 mutant strain (16MΔBSR1141). Thus,
when hfq was deleted, the regulation role of BSR1141 disappeared.
However, the expression levels of the three target genes in strain

Fig. 3. RT-PCR verification of predicted BSR1141 mRNA transcription targets. RNA was isolated from B. melitensis strains 16M, 16MΔBSR1141, and 16M-BSR1141,
and the relative transcription of predicted target mRNA genes was quantified and normalized with 16S rRNA.

Y. Wang, et al. International Journal of Medical Microbiology 309 (2019) 225–231

229



16MΔhfq-pBBR1141-C were close to their levels in strain 16M-
pBBR1141, suggesting that the regulation role of BSR1141 was restored
in the hfq complementary strain. Together, these results suggest that
Hfq is involved in the interaction between BSR1141 and its mRNA
targets.

4. Discussion

Successful host infection by Brucella largely depends on the ability
of the bacteria to adapt to changing environments within the host
macrophages, and this requires the coordinated expression of a multi-
tude of stress-related and metabolic genes (Martirosyan et al., 2011;
Ahmed et al., 2016). As important post-transcriptional regulatory mo-
lecules, sRNAs can enable precise gene regulation and rapid adaptation
of cellular physiology in response to environmental changes (Harris
et al., 2013). Thus, the identification of sRNAs associated with B. me-
litensis intracellular survival could offer new insights into its virulence.
In the present study, we found that BSR11141 could influence the ex-
pression of virB2, which is important for B. melitensis pathogenesis and
intracellular survival.

As gene induction is closely related to the function of the encoded

protein, we first manipulated the culture conditions of B. melitensis and
measured the resulting level of BSR1141 sRNA expression. This sRNA
was induced upon exposure to H2O2, low pH, and nutrient-deprivation
(Fig. 1A), suggesting that BSR1141 may play a role during stress con-
ditions. Moreover, the 16MΔBSR1141 mutant was more sensitive than
the wildtype 16M strain to environmental stresses that mimic those
encountered in a host cell (Fig. 2C), indicating that BSR1141 is asso-
ciated with the adaptation of the bacterium to its host. Therefore, the
expression profile of BSR1141 is closely related to the survival capacity
of B. melitensis under stress. Transcription analysis of BSR1141 in in-
fected mice revealed that BSR1141 accumulates at high levels during B.
melitensis infection, especially the late stage of infection (Fig. 1B).
Consistent with its expression profile, the survival capacity of the
16MΔBSR1141 mutant was also significantly lower than that of the
wildtype 16M strain in the late stage of mouse infection. The BSR1141
deletion mutation significantly reduced the number of B. melitensis
bacteria in the spleens from infected mice at 42 days post-infection, but
this number was only slightly reduced at 7 days post-infection (Fig. 2D).
Together, these findings imply that BSR1141 may function during the
chronic stage of infection. Generally, Brucella infection in mice can be
divided into three steps: 1) bacteria invade mouse tissues and organs
within two days of infection; 2) bacteria replicate in different organs of
the reticuloendothelial and reproductive systems from 2 days to 3
weeks, which is known as the acute phase of infection; and 3) bacteria
persist for 6 months or more, which is known as the chronic phase
(Martirosyan et al., 2011; Grillo et al., 2012; Ahmed et al., 2016).
Brucella may develop multiple strategies to defeat host defense me-
chanisms and successfully establish chronic infection (Monack et al.,
2004). Our results demonstrate that BSR1141 may play a role in Bru-
cella pathogenicity and chronic infection.

To fully understand the function of BSR1141 in Brucella chronic
infection, the regulatory pathway of BSR1141 must be identified. Thus,
the target mRNAs of BSR1141 were searched computationally using
two different software programs, TargetRNA and RNApredator. Our
data show that almost half of the putative target mRNA genes are as-
sociated with bacterial transport and metabolism, suggesting that
BSR1141 plays a role in metabolism; this may be the cause of the
growth deficiency observed in the BSR1141 mutant (Fig. 2B). Inter-
estingly, the results of both qRT-PCR and northern blot assays indicate
that the virB2 gene of Brucella T4SS was upregulated by BSR1141.
Furthermore, a GFP reporter system analysis confirmed that BSR1141
directly positively regulates virB2 expression. As an intracellular pa-
thogen, to survive and replicate in host cells, B. melitensis must interfere
with host function and adapt to the intracellular environment. It has
been proven that the T4SS is essential for Brucella intracellular survival
and replication (O’Callaghan et al., 1999). Thus, Brucella may use a
variety of strategies to establish and maintain chronic infection, such as
the fusion of T4SS-dependent BCV (Brucella containing vacuole) with
host lysosomes to evade intracellular destruction. VirB mutant strains
are unable to persist within host cells and are therefore unable to cause
chronic infection in mice (Zhong et al., 2009; Ke et al., 2015). Thus, it
seems likely that BSR1141 favors Brucella chronic infection via the
modulation of VirB activity. Similarly, the sRNA RyhB was also found to
regulate virB expression at the level of virB transcription directly or
indirectly in Shigella species, and this regulation is facilitated by spe-
cific nucleic acid sequences within virB (Prosseda et al., 1998; Murphy
and Payne, 2007; Broach et al., 2012).

Hfq is a bacterial Sm-like protein that acts as an important post-
transcriptional regulator of gene expression by mediating the interac-
tions between sRNAs and their target mRNA molecules (Aiba, 2007).
This protein is required for the intracellular survival and pathogenicity
of B. melitensis (Robertson and Roop, 1999; Cui et al., 2013). Our results
show that BSR1141 is a trans-encoded sRNA that is Hfq-dependent both
in vitro and during in vivo infection. Additionally, Hfq was also re-
quired for the interaction between BSR1141 and its mRNA targets
virB2, tetR, and gntR. The BSR1141-mediated regulation of its mRNA

Fig. 4. Assessment of direct regulation by BSR1141 on target mRNAs virB2,
gntR, and tetR. (A) Regulation of GFP-target mRNA reporter fusions by
BSR1141. E. coli strains carrying only a gfp fusion plasmid or a combination of
both the gfp fusion plasmid and a sRNA-encoding plasmid were grown in LB
broth, and immunoblot analyses were performed on total protein lysates of
these strains to detect the levels of GFP or GroEL. (B) RT-PCR detection of the
virB2 (BMEII0026), gntR (BMEI0254), and tetR (BMEI0604) expression in B.
melitensis strains 16M-pBBR1141, 16MΔhfq-pBBR1141, and 16MΔhfq-
pBBR1141-C.
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targets was disappeared when Hfq was inactivated, and it was restored
in the complementary strain. Together, these data demonstrate the role
of Hfq in BSR1141–virB2 interactions. In many cases, the sRNA–mRNA
interactions facilitated by Hfq inhibit gene expression, usually by oc-
cluding the ribosome-binding site (RBS) and/or decreasing the mRNA
stability, thus leading to transcript degradation (Arocena et al., 2010;
Caswell et al., 2012). However, sRNAs and Hfq can also act together to
activate gene expression by alleviating the secondary structure in the
mRNA RBS region, thus allowing translation to proceed, or by binding
to the mRNA 3ʹ end, which stabilizes the transcript (Frohlich and Vogel,
2009). Here, our results show that virB2 was positively regulated by
BSR1141 and Hfq in B. melitensis. Studies by Caswell and colleagues
demonstrated that Hfq has a positive influence on VirB production in
the Brucella abortus 2308 strain (Caswell et al., 2012). They reported
that Hfq coordinates virB expression through both BabR-dependent and
BabR-independent mechanisms in B. abortus 2308. Future work will
characterize how Hfq and BSR1141 regulate virB expression in B. me-
litensis. In conclusion, we identified an Hfq-dependent sRNA, BSR1141,
which facilitates B. melitensis intracellular survival and chronic infec-
tion by modulating its mRNA targets.
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