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ABSTRACT

Recent breakthroughs in next-generation sequencing technologies have led to the identification of small noncoding RNAs
(sRNAs) as a new important class of regulatory molecules. In prokaryotes, SRNAs are often bound to the chaperone protein Hfq,
which allows them to interact with their partner mRNA(s). We screened the genome of the zoonotic and human pathogen Bru-
cella suis 1330 for the presence of this class of RNAs. We designed a coimmunoprecipitation strategy that relies on the use of Hfq

as a bait to enrich the sample with sSRNAs and eventually their target mRNAs. By deep sequencing analysis of the Hfq-bound
transcripts, we identified a number of mRNAs and 33 sRNA candidates associated with Hfq. The expression of 10 sSRNAs in the
early stationary growth phase was experimentally confirmed by Northern blotting and/or reverse transcriptase PCR.

IMPORTANCE

Brucella organisms are facultative intracellular pathogens that use stealth strategies to avoid host defenses. Adaptation to the
host environment requires tight control of gene expression. Recently, small noncoding RNAs (sRNAs) and the sSRNA chaperone
Hfq have been shown to play a role in the fine-tuning of gene expression. Here we have used RNA sequencing to identify RNAs
associated with the B. suis Hfq protein. We have identified a novel list of 33 sSRNAs and 62 Hfg-associated mRNAs for future
studies aiming to understand the intracellular lifestyle of this pathogen.

Brucella organisms are Gram-negative, facultative, intracellular
pathogens responsible for a major zoonosis. The genus classi-
cally comprised 6 species: B. suis, B. abortus, B. melitensis, B. ovis,
B. canis, and B. neotomae. However, over the last 20 years, several
new species have been reported, including B. ceti, B. pinnipedialis,
B. microti, B. inopinata, and, most recently, B. papionis (1-10). B.
melitensis, B. abortus, and certain biovars of B. suis are the major
causes of human brucellosis.

Animal brucellosis causes abortion and infertility, and the dis-
ease can be transmitted to humans in contact with infected ani-
mals or their contaminated products (11, 12). Although several
countries have succeeded in eradicating the disease in cattle and
small ruminants, there are still small pockets of infection through-
out Europe and the United States, and the disease is still en-
demic in many countries in South America, Africa, Asia, and
the Middle East, where it is a serious public health and eco-
nomic problem (13, 14).

The brucellae are facultative intracellular pathogens that can
survive and multiply in both professional and nonprofessional
phagocytes (15, 16). This is dependent on several virulence fac-
tors, including the VirB type IV secretion system (T4SS). One of
the first virulence factors to be identified was the RNA chaperone
protein Hfq (17). An hfq deletion mutant of B. abortus is more
sensitive to H,O, and less resistant to acid stress during stationary-
phase growth. The hfg mutant fails to replicate in macrophages
and is rapidly cleared from the spleens and livers of infected
BALB/c mice. Since the discovery of its role in Brucella virulence,
Hfq has been shown to be essential for the virulence of many
extra- and intracellular Gram-negative pathogens, including Esch-
erichia coli, Salmonella enterica, Vibrio cholerae, Bordetella pertus-
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sis, and Legionella pneumophila (18-22; R. Roop, G. Robertson, V.
Grippe, M. Kovach, K. LeVier, S. Hagius, J. Walker, N. Booth, T.
Fulton, and P. Elzer, presented at the 53rd Annual Brucellosis
Research Conference, 2000).

Hfq is an Sm-like RNA binding protein that forms a hexameric
ring structure containing multiple RNA binding sites (23). Hfq
binds to both small noncoding RNAs (sRNAs) and their target
mRNAs and facilitates their interaction by the formation of short
imperfect base pairing (23-25). This interaction often results in
the repression of target mRNAs by blocking the ribosome binding
site (RBS) or by recruiting ribonucleases to initiate mRNA decay
(26), butin several cases, it also leads to target activation by freeing
self-inhibitory mRNA structures or stabilizing target mRNAs
(27). Bacterial sSRNAs range between 50 and 250 nucleotides in
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length and typically include a small stretch of conserved bases
located toward the 5’ end, referred to as the “seed” sequence (28).
The seed is required to base pair with one or multiple target
mRNAs, generally on their 5" ends, including the RBS region and
early coding sequences (23, 29-32). Small RNAs have their own
transcription start sites (TSSs) and p-independent terminators
thatare intrinsic to their sequence. Most sSRNAs are encoded in the
intergenic regions (IGRs) as independent transcripts, but they can
be encoded elsewhere in the bacterial genome, including the 5’
and 3’ untranslated regions (UTRs) of coding genes or their anti-
sense regions (33, 34).

While >200 sRNAs have been experimentally validated in
model bacteria such as E. coli and S. enterica (34-38), only 4
sRNAs have been studied in Brucella so far. These sSRNAs include
AbcR1 and AbcR2 (39), orthologues of SmrC15 and SmrC16 of
Rhizobium etli, and AbcR1 and AbcR2 of Agrobacterium tumefa-
ciens. These two sRNAs are required for full virulence of B. abortus
2308. An abcR1 abcR2 double mutant shows a decreased level of
survival in cultured macrophages and a defect in the colonization
of the spleens of infected mice (39). The other two sSRNAs were
reported recently. BSR0602 has been described to regulate gntR,
encoding a transcriptional regulator that plays a role in the viru-
lence of B. melitensis (40, 41). Another cis-encoded sRNA, BsrH,
has been shown to repress hemH and the expression of its encoded
ferrochelatase, but it had no impact on virulence (42).

The identification of sSRNAs has long been challenging for sev-
eral reasons. Their small size and low expression levels made them
difficult to analyze by using classical biochemical methods. Their
localization in the genome, sometimes antisense to existing genes,
made them undetectable in bioinformatics-based searches (43).
In the last decade, several new approaches have been used to iden-
tify bacterial sSRNAs. One strategy consists of using Hfq as a bait to
enrich sSRNAs by coimmunoprecipitation of the chaperone and all
RNA speciesbound to it (25, 44). This technique is now coupled to
strand-specific cDNA library generation and deep sequencing to
identify sSRNAs with an unprecedented resolution. It has been suc-
cessfully used to identify Salmonella sSRNAs and at least doubled
the number of known sRNAs in a single study (36). Here we have
chosen B. suis 1330 as a representative member of the Brucella
genus. Our aim was to identify as-yet-undescribed noncoding
RNAs that might be related to virulence or stress adaptation
through their association with Hfq in this pathogen.

MATERIALS AND METHODS

Bacterial strains. Brucella suis 1330 (ATCC 23444") and derivatives were
grown in Trypticase soy (TS) broth, and E. coli DH5a was grown in L
broth supplemented with antibiotics as required. All manipulation of live
Brucella cells was performed in a biosafety level 3 (BSL-3) containment
laboratory in a class II microbiological safety cabinet with centrifugation
in sealed aerosol-free rotors.

Introduction of 3 XFLAG-tagged Hfq into Brucella by allelic re-
placement. The introduction of a chromosomal 3 X FLAG-tagged hfg al-
lele in Brucella was done by unmarked allelic replacement using a suicide
vector and SacB-dependent sucrose counterselection as described previ-
ously by Patey et al. (45). A 3XFLAG tag was incorporated into the B. suis
hfq gene at the carboxy terminus. The hfq gene and ~1 kb of the upstream
flanking region were amplified by using oligonucleotide primers hfg-Up-
FLAG-For and hfq-Up-FLAG-Rev (all primers are listed in Table S1 in the
supplemental material), B. suis 1330 genomic DNA, and Pfx supermix
(Invitrogen). The hfg-Up-FLAG-Rev primer contains 11 codons of the
3XFLAG tag up to the next-to-last codon of the B. suis hfq gene. The stop
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codon of the hfg gene and 1 kb of the downstream flanking region were
amplified by using oligonucleotide primers hfq-Dn-FLAG-For and hfg-
Dn-FLAG-Rev. The hfg-Dn-FLAG-For primer contains the remaining 11
codons of the 3XFLAG tag and the last codon of the B. suis hfq gene. The
upstream fragment was digested with BamHI, and the downstream frag-
ment was digested with Pstl. Following enzyme digestion and agarose gel
purification, each fragment was treated with polynucleotide kinase (PNK;
Monserate Biotechnology Group, San Diego, CA). The DNA fragments
were then ligated into BamHI/PstI-digested pNTPS138 (46) using T4
DNA ligase (Monserate Biotechnology Group, San Diego, CA). The re-
sulting plasmid construct, named phfg3xFLAG, was verified by DNA se-
quence analysis. B. suis 1330 was electroporated with phfg3xFLAG, and
the first recombination events were selected as kanamycin-resistant colo-
nies. A second recombination event was selected by using sucrose sensi-
tivity, as described previously (45). Sucrose-resistant, kanamycin-sensi-
tive colonies were checked for replacement of wild-type (WT) hfq by PCR
on genomic DNA (using primers hfq wt 1b, hfq wt 2, and hfq 3 X FLAG
1b).

Total RNA extraction, RT-PCR, and Northern blotting. Total RNA
was extracted from B. suis 1330 cells grown in TS agar to late log phase
(optical density at 600 nm [ODy,] of 1) with TRIzol. For reverse trans-
criptase PCR (RT-PCR), reverse transcription was performed by using the
Bio-Rad iScript Select cDNA synthesis kit. Northern blotting for small
RNAs was performed as described previously (45), using **P-labeled oli-
gonucleotide probes (see Table S1 in the supplemental material).

Coimmunoprecipitation. Hfq coimmunoprecipitation (co-IP) ex-
periments were performed according to established protocols, with minor
modifications, using lysates of 1330::hfq-3xFLAG cells and wild-type B.
suis 1330 cells as a control to determine the level of enrichment of RNAs in
the co-IP (36). Bacteria were grown in TS broth with vigorous aeration to
an OD of 1 and then chilled on ice. After harvesting by centrifugation
(3,000 X gfor 15min) at4°C, bacterial cells (~50 ODs) of each strain were
washed with ice-cold lysis buffer (20 mM Tris [pH 8.0], 150 mM KCl, 1
mM MgCl,, 1 mM dithiothreitol [DTT]). Bacteria were lysed by three
cycles of freezing in liquid nitrogen and thawing on ice, followed by me-
chanical disruption with glass beads. Pellets were suspended in 800 wl of
lysis buffer, and 800 pl of glass beads (0.1-mm diameter; Roth) was added.
The mix was vortexed in 30-s bursts with breaks of 30 s for chilling on ice
for a total of 15 min. The lysate was then clarified by centrifugation
(15,000 X gfor 15 min at 4°C). Before immunoprecipitation, the presence
of Hfq in the lysate was confirmed by Western blotting using the anti-
FLAG antibody (for 1330::hfq-3xFLAG lysates). For immunoprecipita-
tion, the supernatants were transferred into new tubes and incubated with
35 i of anti-FLAG antibody (Sigma) on a rotating wheel for 30 min at
4°C. For the pulldown, 75 pl of protein A-Sepharose (Sigma) (prewashed
in 1 ml lysis buffer) was added, and the tubes were rocked again for 30 min
at 4°C. The Sepharose beads were then washed five times with 500 wl of
lysis buffer and suspended in 500 pl of the same buffer before phenol-
chloroform extraction and ethanol precipitation of RNA.

Western blot analysis. Samples were boiled in Laemmli buffer, sepa-
rated on 15% SDS-PAGE gels, and then transferred onto a Biodyne B
nylon membrane (Thermo). The membrane was incubated in a blocking
buffer (Sigma) for 1 h. FLAG-tagged Hfq was detected by using the M2
anti-FLAG monoclonal antibody (Sigma), followed by a goat anti-mouse
antibody coupled to IRDye 800CW (Licor). The membrane was then
scanned by using a Licor Odyssey infrared scanner.

Cell culture and infections. Murine J774 macrophage-like cells
(ATCC) were maintained and infected with Brucella by using a standard
gentamicin protection assay (47, 48).

cDNA construction. The RNA samples from both control co-IP and
Hfq co-IP were processed for cDNA construction at Vertis AG according
to standard procedures (18). Briefly, RNA samples were first treated with
poly(A) polymerase to add a poly(A) tail at the 3" ends and then treated
with tobacco acid pyrophosphatase (TAP) to convert the 5'-triphosphate
ends to 5'-monophosphate (5'-P) ends prior to 5'-RNA adaptor ligation.
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FIG 1 Classification of reads from negative-control and Hfq co-IP samples.

First-strand cDNA synthesis was performed by using an oligo(dT) adap-
tor primer and Moloney murine leukemia virus (M-MLV) reverse trans-
criptase. The resulting cDNA was barcoded and amplified to ~30 to 50
ng/pl by using a high-fidelity DNA polymerase. After purification using
the Agencourt AMPure XP kit (Beckman Coulter Genomics), cDNA was
pooled and sequenced on an Illumina HiSeq platform.

Hfg-Bound RNA in Brucella suis

Deep sequencing analysis. Raw sequencing reads were quality
checked by using FastQC (49); the low-quality sequences (Phred score of
<28) were trimmed before downstream analyses. The remaining reads
were mapped to two circular chromosomes of B. suis 1330 (GenBank
accession numbers NC_004310.3 and NC_004311.2) by using
READemption pipeline v0.34 with the “-poly_a_clipping” option. The
read coverage and read counts per gene were generated by READemption
with default parameters (50, 51). Rho-independent terminators were pre-
dicted with TransTermHP v2.09 using default parameters with the “-bag”
option (50). The predicted terminators with high confidence scores (=65)
were annotated in the B. suis genome for read count analysis. All inter-
genic regions of >30 bp were flagged as IGRs and were used for read count
analysis.

Nucleotide sequence accession numbers. The transcriptome se-
quencing (RNA-seq) data have been deposited in the Gene Expres-
sion Omnibus (GEO) with accession number GSE73621 (accession num-
ber GSM1899587 for the negative control and accession number
GSM 1899588 for FLAG-tagged Hfq).

RESULTS

Chromosomal expression of the 3 X FLAG-tagged Hfq protein
in Brucella. In order to identify new sRNAs in Brucella, we em-

TABLE 1 List of Hfq-associated sSRNAs

IGR Term Northern/RT-PCR
sRNA“ Chromosome Size (nt) Orientation” 5'-3" (nt) EC® analysis analysis analysis
BSnc010 1 48 <> 868844-868891 13 Yes Yes No
BSnc082 1 49 <>> 1522140-1522188 8 Yes No No
BSncl12 1 74 << < 264807-264734 12 Yes No No
BSncl13 1 147 <<> 288902-288756 67 Yes No No
BSncl14 1 93 <<< 293000-292908 35 Yes No No
BSncll15 1 91 > <> 338240-338150 13 No No Yes
BSncl18 1 152 > <> 798065-797914 43 Yes No Yes
BSncl19 1 920 ><> 953526953437 30 Yes No Yes
BSnc120 1 89 > << 967105-967018 18 No Yes Yes
BSnc121 1 116 <<> 1150053-1149938 No No Yes
BSnc126 1 135 <<> 1415823-1415689 No No No
BSnc128 1 113 << < 1459614-1459502 26 Yes Yes No
BSnc132 1 113 <<> 1606503-1606391 Yes No No
BSncl135 1 91 <<< 1648872-1648782 5 No No Yes
BSnc140 1 94 << > 1781160-1781067 Yes No Yes
BSnc144 1 89 <<< 1803634-1803546 No No No
BSnc145 1 71 << < 1814562-1814492 Yes No No
BSnc148 11 66 <>< 521046521111 5 Yes No No
BSnc149 11 155 <> 605989-606143 15 Yes No Yes
BSnc150 11 44 >> > 1083352-1083395 11 Yes No Yes
BSncl159 11 52 <>< 178758—-178809 35 Yes No Yes
BSncl66 11 62 >>> 392433-392494 No No No
BSncl67 11 126 >>> 398361-398486 63 Yes No No
BSncl175 11 71 <>> 464600-464670 16 Yes No No
BSnc235 11 81 <<> 8941-8861 24 Yes No No
BSnc239 11 58 <<> 361504-361477 7 Yes No No
BSnc246 11 68 << < 549470-549403 7 Yes No No
BSnc247 11 88 <<> 568177-568090 No No No
BSnc249 11 40 <<> 729876-729836 14 No No No
BSnc251 11 55 << < 844677-844623 No Yes No
BSnc253 11 143 <<> 1017459-1017317 33 Yes No No
BSnc254 11 88 <<> 1064397-1064310 9 Yes No No
BSnc258 1 51 << < 287507-287457 14 No No No

? Underlined sRNAs were confirmed by using Rockhopper.
>7” represents a gene on the positive strand, “<” represents a gene on the negative strand, and the order is flank, sSRNA gene, flank.

b«

¢ The enrichment coefficient (EC) is the ratio of the mean number of cDNA reads for a given transcript in the sample with respect to the negative control. The enrichment
coefficient could not precisely be calculated for transcripts predicted only manually due to the lack of a mean value for the number of cDNA reads.
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FIG 2 Enrichment of sSRNA candidates in Hfq co-IPs. EF, enrichment factor.

ployed a previously established coimmunoprecipitation strategy
to pull down Hfq and the associated transcripts (25, 36). First, we
replaced the wild-type hfq allele in the B. suis 1330 genome with a
3XFLAG-tagged allele (see Materials and Methods), and one iso-
late was selected and assigned the collection number bIN417
(called 1330::hfq-3xFLAG here). Expression of the FLAG-tagged
hfg allele was confirmed by Western blotting using an anti-FLAG
antibody (see Fig. S1A in the supplemental material). The intro-
duction of C-terminal 3XFLAG to Hfq did not affect bacterial
growth and physiology (data not shown), and the 3XFLAG-
tagged mutant strain exhibited no detectable defect in virulence; it
was able to invade and replicate in J774 macrophages at wild-type
levels (see Fig. S1B in the supplemental material).

Enrichment of Hfg-associated transcripts by coimmunopre-
cipitation. Wild-type 1330 and 1330::hfq-3xFLAG cells were
grown in TS medium to late logarithmic phase (ODg, of 1), and
equal amounts of cells (50 ODs) were lysed and subjected to pull-
down as described in detail in Materials and Methods. The suc-
cessful recovery of sRNAs was confirmed by the presence of
AbcR1 and AbcR2 in the samples, detected by RT-PCR using
gene-specific oligonucleotides described previously by Caswell et
al. (data not shown) (39). Strand-specific cDNA libraries were
constructed by using 130 ng of RNA samples from both WT con-
trol co-IP and Hfq co-IP and were subjected to deep sequencing
using Illumina technology.

Transcriptome-wide analyses of RNA sequencing results. A
total of ~5 million short reads (100 bp in length) were generated
by Illumina sequencing for each cDNA library (Fig. 1). Most se-
quencing reads had high-quality scores (Phred score of >28) and
were long enough (=20 bp) for mapping analysis after the re-
moval of sequence adaptors. Mapping was performed by using
the READemption RNA-seq analysis pipeline (50), and the ma-
jority of reads were successfully mapped back to the B. suis 1330
chromosomes (GenBank accession numbers NC_004310 and
NC_004311). As expected, most of the short reads were derived
from abundant rRNA/tRNA transcripts (Fig. 1), but a large pro-
portion of reads mapped to coding sequences (CDSs) and IGRs.
The Hfq co-IP library contained far more reads from CDSs and
IGRs than did the WT co-IP library (Fig. 1), suggesting a success-
ful enrichment of Hfg-associated mRNAs and putative noncoding
RNA transcripts located in the IGR by the Hfq co-IP procedure.
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To identify these Hfq-bound transcripts, read counts for all
known genes annotated in the Brucella genome were calculated,
and read coverage profiles were generated and loaded into a ge-
nome browser (Integrated Genome Browser [IGB] [52]) for direct
visual inspection. We found that 62 genes were at least 3-fold
enriched in the Hfq co-IP (ratio of read counts in Hfq co-IP/WT
co-IP), suggesting that these are mRNA targets of Hfq in Brucella
(Fig. 2; see also Table S2 in the supplemental material).

Identification of Hfq-associated sRNAs. We manually in-
spected the Brucella genome for potential SRNA candidates by
using IGB. In our analysis, we found that manual screening of the
sequencing data was the most effective way to identify candidate
sRNAs. Available tools such as DESeq are able to calculate expres-
sion levels and differential expression for annotated transcripts
only (53). When we are looking for new transcripts, they must be
annotated “de novo” by using tools such as Cufflinks that work
best with eukaryotic data and fail to accurately annotate tran-
scripts from prokaryotic data (54).

Candidate sSRNAs showed high enrichment in the Hfq co-IP
relative to the WT control and were identified and documented
for their nucleotide sequence, length, orientation, localization,
and flanking genes (Table 1). Although there is no clear consensus
on the minimum number of cDNA reads needed to consider a
transcript biologically relevant, we avoided selecting transcripts
that had <20 cDNA reads, a threshold below which the risk of
artifacts and background noise increases. This manual analysis
yielded a list of 33 candidate Hfg-associated sSRNAs (Table 1 and
Fig. 3).

To facilitate an unbiased genome-wide analysis, all the IGRs
(=30 bp) in the B. suis 1330 genome were annotated and fed
through the READemption algorithm to calculate read counts and
enrichment in the Hfq co-IP (Table 1). This analysis provided a
list of candidate regions that are likely to contain Hfg-associated
sRNAs. The results of this automatic analysis agreed well with the
results of our manual analyses. Most manually identified sSRNA can-
didates are enriched in Hfq co-IPs at least 3-fold, with 26 of them
showing >10-fold enrichment (Fig. 4). In addition, we used the
“Rockhopper” tool for de novo prediction of prokaryotic SRNA genes
from the RNA-seq data. Rockhopper independently predicted 15 out
of the 33 sSRNA genes that were identified manually by using the IGB,
again supporting the accuracy of our manual analyses. For these 15
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genome. Most of them (22/33) were found within IGRs. sSRNAs
were also found in the antisense strand of annotated genes, sug-
gesting that they may act as antisense RNA in cis. Several sSRNAs
largely overlapped 5’ or 3" UTRs (including start or stop codons),
belonging to the emerging class of UTR-derived sRNAs (54). Fig-
ure 3 summarizes these results with an example representing each
of the cases.

We used both RT-PCR and Northern blotting to detect the
expression of the sRNAs, and we have experimentally validated 10
of them. RT-PCR was first applied to sSRNAs located within IGRs.
With this approach, we were able to confirm the expression of 3
out of 15 tested SRNAs (BSnc115, BSncl118, and BSnc140) (Table
1). This low detection rate is probably due to the following tech-
nical obstacles: the short length of the SRNAs and the fact that they
can form stable secondary structures (e.g., terminator regions)
that hinder reverse transcription. To overcome this, small RNAs
were detected by using Northern blotting. This resulted in the
successful validation of another eight sSRNAs, BSnc118, BSncl19,
BSnc120, BSncl21, BSncl35, BSnc149, BSnc150, and BSncl59
(Table 1 and Fig. 5).

Conservation of Hfg-associated sRNAs in the Brucella ge-
nus. Brucella genomes are highly conserved at both the structural
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FIG 5 Northern blot analysis of small RNAs in Brucella suis 1330. nt, nucleotides.

and nucleotide sequence levels (4, 55). Using BLASTn searches,
we examined the distribution of the sSRNAs in the genomes of all
Brucella species. As expected, the majority of the queried sSRNAs
were fully conserved in a panel of 12 strains representing all
known species (with the exception of recent frog isolates) (Table
2). A major cause of species- or biovar-specific polymorphisms in
the genus is the presence or absence of genomic islands (55). Sev-
eral sSRNAs were found in genomic islands, and this is reflected in
their distribution within the genus. For example, the BSnc150,
BSnc224, and BSnc245 genes are located in genomicisland 5 (GI5)
and are therefore missing from early-dividing Brucella as well as B.
ovis and B. papionis (56). Similarly, the BSnc239 gene is found in
the IncP region, and the BSnc167 gene is found in a block of genes
that are missing from the Australian rodent strains (55-57). Ad-
justment of the BLAST parameters (word size of 10) allowed us to
identify the BSnc148 gene in all strains (but with several single
nucleotide polymorphisms [SNPs]) and showed that the first 5
nucleotides of the BSncl59 gene are missing in the Australian
rodent strains and that there are several SNPs in BO1 and BO2.
Hfq-independent noncoding RNA. As noted above, not all of
the abundant transcripts were enriched in the Hfq co-IP. By que-
rying their sequences with the Rfam database, several transcripts
were identified as noncoding RNAs that are highly conserved
across the proteobacteria. These transcripts include transfer-mes-
senger RNA (tmRNA), 4.55 RNA, and 65 RNA. 6S RNA acts as a
transcriptional regulator controlling adaptation to stationary-
phase and stress conditions and was recently implicated in Legio-
nella virulence (58, 59). It is able to bind to RNA polymerase by
structurally mimicking a DNA template with an open promoter;

analysis of the B. suis 6S RNA sequence indeed revealed a double-
stranded RNA structure with open bulges in the center (Fig. 6).

DISCUSSION

The role of Hfq in bacterial virulence was first observed in Brucella
(17). Following the discovery of the pleiotropic role of Hfq and
sRNA in gene regulation, many studies have investigated the effect
of an hfqg mutation on gene expression. In a recent report, Cui et al.
used microarray analysis to suggest that 359 genes (~11% of the
genome) in B. melitensis are differentially regulated in an hfg mu-
tant, while 2-dimensional gel electrophoresis coupled with ma-
trix-assisted laser desorption ionization—time of flight (MALDI-
TOF) mass spectrometry identified 55 proteins with altered
expression levels (60). What is not clear, however, is how many of
these genes are directly regulated by sRNA/Hfq or through more
complex cascades (61). The discovery of sSRNA in bacteria has
changed the way we look at information flow from DNA to mRNA
to protein. It is clear that sSRNAs constitute an essential class of
regulatory molecules to be explored in organisms like Brucella.
Despite the fact that the role of Hfq in bacterial virulence was first
observed in Brucella, to date, only four sRNAs have been charac-
terized for this genus (41, 42). Previous studies of Brucella used
either low-throughput methods or in silico predictions to identify
sRNAs.

Here we employed a high-throughput experimental approach
to identify RNA molecules that are associated with an epitope-
tagged Hfq protein by RNA-seq (33, 36). This is the first experi-
mental genome-wide analysis of a Brucella transcriptome for the
identification of small noncoding RNAs and Hfq targets. This

TABLE 2 Distribution of the identified SRNAs in representative classical and recently described Brucella species

Presence of noncoding RNA in:

B. papionis  B. ovis B. microti B. canis

Noncoding B.suis NVSL ATCC  B. neotomae CCM B. abortus  B. melitensis  B.ceti ATCC  Brucella Brucellasp.  B. inopinata
RNA 1330 07-0026 25840 5K33 4915 2308 16 M Cudo 23365 sp. BO2 NF 2653 BO1
BSncl48  + + + + + + + + + + + +

BSncl49  + + + + + + + + + + + +

BSncls0  + - - + + + + + + - - -

BSncl67  + + + + + + + + + + - +

BSnc224  + - - + + + + + + - - -

BSnc239  + - - + + - - + + - - -

BSnc254  + - - + + + + + + - - -

432 jb.asm.org Journal of Bacteriology February 2016 Volume 198 Number 3


http://jb.asm.org

Hfg-Bound RNA in Brucella suis

[ 10,000 30,000 8,000
WT-colP 5 00 2o 4,000
10,000
il — 0o____ 0 = = ‘ u
10,000 30,000 8,000
20,000
5,000 4,000
Hfg-colP 00 ‘ I .
0 Lo Lo
BR1723 65 RNAIE BR1724 | BR0035 | SRP [ dnaX BR1400 | tmRNA tca

FIG 6 Brucella suis 6S RNA. (A) Hfq-independent noncoding RNA identified by RNA-seq. (B) Predicted secondary structure of the B. suis 6S RNA.

global analysis has revealed 62 Hfq-associated mRNAs as well as
33 candidate sSRNA molecules, 10 of which have been experimen-
tally confirmed. Interestingly, many sRNAs identified in this study
have not been identified previously and largely escaped previous
in silico predictions. For example, no overlap was seen with the 112
sRNAs predicted in B. abortus by Dong et al. (61). Comparison
with the B. melitensis SRNAs reported by Wang et al. (41) showed
that their BASRCI94 is equivalent to our BSnc010. We also iden-
tified a B. suis homologue of BASRCI310 (BSnc081), but it was
excluded from our list since the enrichment factor (X 2) in the Hfq
co-IP was below our cutoff. There was also no overlap between the
long lists of sSRNA candidates reported by Dong et al. and Wang et
al., suggesting that the in silico predictions are not very accurate.
However, we have observed overlaps between our B. suis sSRNAs
and those identified experimentally in B. abortus (C. C. Caswell
and R. M. Roop II, unpublished data).

Hfg-associated sRNAs usually bind to trans-encoded target
mRNAs by imperfect base pairing, making targets difficult to
identify by simple sequence homology. We used TargetRNA, a
tool developed by Tjaden (62), to predict their target mRNAs. The
results of the predictions are summarized in Table 3. Three sSRNAs
were predicted to have targets that were previously reported to
play a role in the virulence of Brucella. BSnc148 was predicted to
regulate the expression of the stationary-phase regulator integra-
tion host factor (ihfA). This will have pleiotropic effects and will
affect the expression of key virulence factors, including the VirB
T4SS, essential for intracellular survival, and erythritol metabo-
lism, thought to be important for the tropism of Brucella for ru-
minant placenta (63, 64).

Our predicted sRNA targets highlight the importance of Hfq
and its associated sSRNA in acid resistance. The HdeA protein is
required for acid resistance in vitro and has been reported to be
regulated by Hfq (65). Interestingly, hdeA is part of an operon with
the genes encoding the glutamic acid decarboxylase (GAD) sys-
tem. Although these genes are not functional in many Brucella
species due the accumulation of point mutations, in B. microti,
they are functional and are essential for resistance to the very low
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TABLE 3 Predicted targets of the identified Hfg-associated SRNAs”

Noncoding

RNA Target(s)

BSnc010 cobN, Bmel2

BSnc082 BRA0086

BSncl12 flgA, BR1678,* BR0430, proS, BR2054

BSncl13 BR0191, BRAO158, rpID, purL, motA, tcaB, BR1481, BR0198,
BRAO0309, ureB

BSncl14 atpF, argG, IpxD

BSncl15 BR1437

BSncl18 BRO127, ctrA

BSncl19 BR1657, BR1678%

BSnc120 BR1688, moaC, BR1500

BSnc121 BR1712,1 BR0482, BR1747

BSncl126 BRA0264, BR2041,# BR1130, rho, BR0373, BR1135, hflC

BSncl128 BRO8O1, rpsE

BSnc132 BR2014, BRA0863, gor, BR1579, BRA0992

BSnc135 BR0035

BSnc140 BRA0204, BR0782, BR0843

BSnc144 BRA0744, oxyR, BR1505

BSnc145 pyrD, BR2003, BR0317, lipB, BR1879, BR1203

BSnc148 BRA0539, BRA0455, ihfA

BSnc149 pyk, BRA1094, mutS, BR1489, recA, BRA0308, BRA0882,
BR1852

BSnc150 None

BSnc159 BRA1200, BRA0564

BSncl66 BR1301, cysQ, fix], BR2096, gabD

BSncl67 BRO0589, serC

BSnc175 BR1160, BR2041,+ BR2082

BSnc224 BRA0273, BR0228

BSnc235 BR1088, aat, BR2023, BRA0768, BR0233, sdhA

BSnc239 nosF, BR1641,** BR0703, BRA0383

BSnc246 BRA1113, BRA1163, atpA, BR1712, BR0974, BRA0905,
BR0641

BSnc247 BR0567

BSnc249 smpB

BSnc251 ispDF, BRA0135

BSnc253 BR1966, BR1641,** BR1709, BR0931

BSnc254 BRA1120, BR1020, BRA1156

“ Hypothetical proteins are underlined. The same targets for two different SRNAs are
shown in boldface type and have the same symbols (*, **, T, or ).
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pH encountered in the stomach (66). We did not identify the
hdeA-gad operon in our RNA-seq analysis, probably because we
grew our bacteria in rich medium at neutral pH, and we did not
find this operon in the predicted sSRNA targets. However, BSnc144
was predicted to regulate the expression of OxyR, a transcriptional
regulator itself implicated in the regulation of gadB, suggesting an
indirect effect of Hfq. Another key factor for surviving stomach
acid is urease; one of the predicted targets of BSncl13 was the
B-subunit of urease, a multisubunit nickel-containing enzyme
that enables B. suis to survive at an extreme pH of 2.0. Future
studies are needed to investigate the roles of these sSRNAs in acid
resistance.

In conclusion, in this study, we have identified 62 mRNAs and
33 sRNA candidates that are associated with Hfq under normal
growth conditions in B. suis 1330. We also identified highly con-
served noncoding RNAs, including 4.5 RNA, 6S RNA, and
tmRNA. This global RNA-seq analysis paved the way for studying
posttranscriptional gene regulation in Brucella. Further character-
ization of Hfg-associated sSRNAs will shed light on the Hfq-gov-
erned posttranscriptional regulatory network in Brucella and the
role of Hfq and sRNA in the virulence and general physiology of
Brucella.
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