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Small noncoding RNAs (sRNAs) play important roles in gene regulation in both prokaryotes and eukaryotes. Thus far, no
sRNA has been assigned a definitive role in virulence in the major human pathogen Streptococcus pneumoniae. Based on the
potential coding capacity of intergenic regions, we hypothesized that the pneumococcus produces many sRNAs and that
they would play an important role in pathogenesis. We describe the application of whole-genome transcriptional
sequencing to systematically identify the sRNAs of Streptococcus pneumoniae. Using this approach, we have identified 89
putative sRNAs, 56 of which are newly identified. Furthermore, using targeted genetic approaches and Tn-seq transposon
screening, we demonstrate that many of the identified sRNAs have important global and niche-specific roles in virulence.
These data constitute the most comprehensive analysis of pneumococcal sRNAs and provide the first evidence of the
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Introduction

Gene regulation and intercellular communication are funda-
mental aspects of bacterial adaptation to dynamic environments.
As such, bacteria have evolved numerous strategies to facilitate
tight control of genetic networks in response to diverse extracel-
lular stimuli. Roles have been described for DNA, RNA and
protein in gene regulation. Only recently have we begun to
appreciate the global roles of sSRNAs, particularly in regards to
bacterial pathogenesis, as the traditional genetic screens for
virulence factors have typically not focused on these small, rarely
annotated sRNAs. In recent years there has been a constantly
expanding repertoire of SRNAs being identified in a number of
bacterial pathogens using both tiling arrays as well as high-
throughput sequencing of RNA (RNA-seq). Bioinformatic ap-
proaches have also predicted numerous sRNAs in many bacterial
pathogens indicating a high prevalence of sRNAs encoded by
diverse bacterial species [1,2]. The increasingly important role of
sRNAs in controlling gene expression in bacteria suggests a subset
of these molecules may have roles in bacterial virulence [3,4].

One of the more compelling cases for the role of sRNAs in
bacterial pathogenesis arose from studies of Hfq, a chaperone
providing stability to sRNA, which substantially advanced our
knowledge of the diversity and functional roles of sRNAs in
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bacteria [5]. Homologs of Hfq are found in diverse species of
Gram-negative and Gram-positive bacterial pathogens [6]. Delet-
ing Hfq, which has pleiotropic effects on the stability of several
sRNAs, predictably results in numerous phenotypes, mainly
consisting of resistance to various environmental stresses, suggest-
ing potential roles in host pathogenesis [6,7,8]. There are also
numerous examples of sSRNAs that function independently of Hfq,
even in bacterial species that encode the chaperone. While
deletion of Hfq in Listeria has a discernable effect on virulence, its
absence does not affect the level of expression of sRNAs [7,9].
Additionally, deletion of Hfq in S. aureus was found to have no
detectable effect on the microbial stress response nor the function
of sSRNAs [10]. Despite the apparent absence of Hfq, pathogenic
streptococci nonetheless encode and express an abundance of
sRNAs [11,12,13]. In S. pyogenes, the regulatory RNAs RivX and
FasX have been implicated in virulence gene regulation and
mteractions with host cells, respectively [14,15,16,17]. Addition-
ally, a specific SRNA, tracrRNA, serves a central function in the
CRISPR system that mediates the silencing of foreign nucleic acid
sequences [18]. Regulatory RNAs targeting virulence gene
expression in streptococci function both at the transcriptional
and translational levels [19]. The interactions of sRNAs are
complex, with examples of the same sRNA functioning to both
activate and repress target genes by a number of mechanisms [20].
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Author Summary

Pneumonia is a leading cause of childhood mortality
worldwide, resulting in more deaths in young children
than any other infectious disease. One of the leading
causes of pneumonia is the human pathogen, Streptococ-
cus pneumoniae, the causative agent of over six million
infections each year in the United States. Understanding
how bacterial pathogens rapidly respond to dynamic host
environments is a central aspect of microbial pathogen-
esis. Accumulating evidence has implicated sRNAs as vital
regulators in a number of important cellular processes
though few have been implicated in virulence. In our
investigations we have applied next-generation sequenc-
ing to define the sRNA repertoire of S. pneumoniae. In
addition, we utilized both targeted genetic knockouts and
transposon mutagenesis to show that a significant portion
of these sRNAs play important roles at various stages of
pneumococcal pathogenesis. These data represent the first
example of sRNAs being involved in pneumococcal
pathogenesis and greatly expand the number of sRNAs
that play important roles in bacterial pathogenesis.

Despite the increase in our knowledge of sRNAs, their contribu-
tion to virulence has been much less well established though
examples have been demonstrated [3,21,22]. In S. pyogenes,
deletion of the 4.5S RNA component of the signal recognition
particle pathway results in significant attenuation of tissue discase
[23]. S. aureus encodes numerous sRNAs, of which the best
characterized example is RNAIII, which coordinates the expres-
sion of virulence genes [24,25,26,27,28]. Examination of the
transcriptome of L. monocytogenes indicated the presence of several
sRNAs implicated in pathogenesis that were not found in closely
related non-pathogenic species [9,29]. Recent reports have also
shown sRNAs being involved in pathogenesis in Salmonella and
‘ersinia [30,31]. Despite these examples, the contribution of the
vast majority of sSRNAs to bacterial pathogenesis, particularly in
Streptococcus pneumoniae, remains uncharacterized.

S. pneumoniae 1s a leading cause of childhood mortality worldwide
and is a major health concern despite widespread vaccination. The
pneumococcus is remarkably adept at colonizing and infecting
diverse niches in the human body, readily establishing itself as a
commensal in the nasopharynx in over 40% of healthy individuals
as well as being a major causative agent of pneumonia, otitis
media, sepsis, and meningitis [32,33]. A number of well
characterized virulence genes have tissue-restricted virulence
phenotypes, underscoring the diverse pneumococcal arsenal for
targeting dissimilar host tissues [34,35]. One major facet of gene
regulation is the set of 13 two-component systems (TCSs) encoded
in the pneumococcal genome that control a multitude of gene
networks and are implicated in pathogenesis [36]. Included in
these networks are sRNAs, some of which are controlled by the
CiaR response regulator in the pneumococcus [37]. This
phenomenon is not restricted to pneumococci, as other strepto-
coccal species harboring CiaR also are predicted to encode
numerous sRNAs, indicating that downstream sRNAs may be an
important facet of regulation by this TCS [38]. Of the sRNAs
identified thus far in the pneumococcus, none have been found to
play a definitive role in the regulation of virulence genes or
networks.

A substantial number of sSRNAs have been predicted in the
sequenced pneumococcal reference strains D39 and TIGR4 using
bioinformatics, tiling arrays, and sequencing [11,12,39]. However,
none have been assigned a role in host pathogenesis. To address

@ PLoS Pathogens | www.plospathogens.org

Control of Virulence by Small RNA in Pneumococcus

this possibility, we undertook a sequencing based approach to
identify sSRNAs in pneumococcus coupled with both targeted and
random gene deletions to ascertain the impact of sRNAs on
pneumococcal disease. We present data identifying sSRNAs in the
pneumococcus by RNA sequencing (RNA-seq). Furthermore,
using both transposon mutagenesis (I'n-seq) and targeted dele-
tions, we describe data indicating that many sRNAs play vital roles
in progression of infection with unique sRNAs being required for
specific tissue tropism. These data provide the first comprehensive
analysis of the contribution of sRNAs to pneumococcal patho-
genesis and greatly expand the repertoire of sSRNAs that play
definitive roles in bacterial virulence.

Results

Isolation and Identification of SRNAs

To initially identify sSRNAs, we isolated, enriched, and fully
sequenced small (<200 nt) transcripts of the TIGR4 strain of
pneumococcus. To broaden sRNA capture, we also analyzed
mutants in genes encoding the response regulator of three two-
component systems (T'CS): GRR (TCS03), CbpR (TCS06), and
VncR (TCS10) - all of which influence the expression of many
transcripts in pneumococcus [40,41]. TCSs monitor environmen-
tal cues to precisely control networks of gene expression;
elimination of TCS control could potentially broaden total
transcript abundance and thereby capture sRNAs that would
otherwise be overlooked. In addition, TCSs have been shown to
control the expression of sRNAs both in Gram-negative and
Gram-positive bacteria, both as positive and negative regulators
[37,42]. The TCS mutants and TIGR4 were sequenced individ-
ually and the data were pooled to generate the composite of
sRNAs. For each strain analyzed, coverage exceeded 99.9% with a
read depth ranging from 100-400 providing high confidence in
sequence quality. The data were next processed to eliminate all
sequences within known ORFs to focus on intergenic regions or
those running antisense to known ORFs as well as further
constraints as detailed in the methods. The position of the
identified sSRNAs both from our analysis and previous reports were
mapped to the TIGR4 genome. The sRNAs were found to be
more abundant on the positive strand, though numerous
sequences were identified on the negative strand (Figure 1).

We identified 89 putative sSRNAs (Table 1). Of these, 56 were
novel and the rest have been recently identified by various studies
(Table 1, column 11). By BLAST analysis, 85 sSRNAs were highly
conserved (>90%) amongst pneumococci, 11 were conserved
amongst streptococci, and 17 were conserved amongst other
Gram-positive bacteria, typically other lactic acid bacteria.
Figure 2 outlines the order of analyses applied to the identified
sRNAs. Of the 89 sRNAs identified by sequencing, 41 were
confirmed for expression and size via Northern blot analysis
(Figure S1 in Text S1), an additional 4 were confirmed by qRT-
PCR analysis (Table 1), and 10 sRNAs were confirmed by
previous studies. Seventeen of the novel sSRNAs contained a highly
conserved BOX element, making specific detection by Northern
blotting or gRT-PCR difficult as the BOX element encompassed a
majority of the predicted sSRNA sequence in many instances.
RNA-seq of the TCS knockouts allowed for the identification of
additional sSRNAs that were not expressed in the parental TIGR4.
An example is shown in Figure S2 in Text S1; the F13 sSRNA had
high expression in the TCS knockout while being undetectable in
the parental TIGR4. In total, there were 24 sSRNA candidates that
failed to meet the cutoff criteria in all three TIGR4 RNA-seq
assemblies but were present in at least one of the TCS knockouts.
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Figure 1. Transcriptome map of S. pneumoniae TIGR4. Compilation of the sRNA sequences yields a comprehensive transcriptome map of
TIGR4. The outermost circle represents the chromosomal sequence of TIGR4 along with genomic coordinates. The sense and antisense transcripts are
indicated by yellow and blue bars, respectively. Going inwards, the next pair of circles represents the position and orientation of the sRNAs identified
in our study in addition to those predicted from previous reports. The red circle represents the total coverage of RNA based upon sequencing. The
innermost circle indicates 60 bp windows of below average GC content (blue) and above average GC content (yellow).

doi:10.1371/journal.ppat.1002788.g001

These data indicate the pneumococcus expresses numerous, highly
conserved sRNAs.

Sequence Analysis of sSRNAs

We next sought to determine if any of the sRNAs detected by
RNA-seq shared any conserved motifs that could facilitate the
identification of additional sSRNA candidates. Five sequence motifs
were conserved across several sets of sSRNAs (Figure S3 in Text
S1). Each of these motifs was found at additional locations in
intergenic regions in the TIGR4 genome, raising the possibility
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that these motifs could be used to identify additional sSRNAs (Table
S3 in Text S1). Part of Motif 1 shares homology with a boxA BOX
element. The areas around 17 of these motifs had increased signal
based on the Illumina reads compared to the nearby flanking
region, indicating the possibility of sSRNAs being encoded in these
domains. Northern Blots using probes against flanking regions
immediately outside the conserved motif for these 17 putative
sRINAs identified detectable bands between 250-350 bps for each
of these new putative sSRNAs (Figure S1 in Text S1), indicating
that the conserved motifs can be used to predict additional sSRNAs.
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Sequencing of small transcript enriched
transcriptome (average 6.5 million reads
of 85 bp per sample, 12 samples)

v N

Selection of strong sRNA candidates Global pathogenesis profiling of all identified
based on sequence depth and proximity TIGR4 sRNAs by Tn-Seq in the nasopharynx,

of putative promoter and terminator lungs, and blood to identify tissue specific
sequences. 89 putative candidates contribution of individual sSRNAs to pathogenesis

(Table 1) (Table 2) *

* Targeted sRNA deletions tested for pathogenesis

sRNA confirmed by Northern blot or RT- in nasopharynx, lungs, and blood confirm the
PCR, 54 confirmed or previously identified pathogenesis predictions of Tn-seq (Figure 4)

(Table 1, column 12)

‘

Targeted deletions of SRNAs with lowest AG
and highest expression tested for

virulence (8 of the 15 candidates significantly
attenuated, Figure 3)

\

Global transcript analysis and phenotypic
characterization of attenuated mutants (8
sRNA knockout strains, Figure 5,
Supplementary Tables 5 and 6)

Tn-Seq confirms tissue specific contribution to
pathogenesis of the attenuated mutants

Figure 2. Flowchart of the order and types of analyses for identification and characterization of sRNAs. The order of the experiments

performed, along with the corresponding figures and tables is outlined.

doi:10.1371/journal.ppat.1002788.g002

All identified sequences were also analyzed by using Rfam to
identify potential RNA families. The R6 and F17 were predicted
to be members of the T-box family; 26 and R15 were predicted
to be members of Pyr; F27 and F32 were predicted to be members
of the TPP and tmRNA families, respectively. Members of these
families were found upstream of the class of genes typically
regulated by cis-acting riboswitches, namely tRNA synthases and
amino acid biosynthesis genes in the case of the T-box, and genes
involved in pyrimidine biosynthesis for the Pyr families, indicating
these regulatory RNAs may function in a similar manner. The
remaining identified sequences had no significant homology to
described RNA families.

Effect of SRNAs on Pneumococcal Pathogenesis

As indicated in Figure 2, the sSRNAs were next analyzed for a
role in virulence. Fifteen sSRNAs were chosen for further study on
the basis of favorable predicted free energy for folding into
secondary structures and high levels of expression by Northern
blot. These included AF6, AF7, AF20, AF22, AF24, AF25, AF32/
tmRNA, AF41, AF42, AF43, AF44, AF48, AF55, ARG, and
AR12. These sRNAs were deleted with most having no polar
effects on flanking genes (Figure S4 in Text S1; note SP0625 is a
pseudogene and partially overlapping with AF22). One mutant,
AF48 resulted in approximately 20-fold upregulation of the
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upstream gene sp/872. The mutants were assessed for their ability
to establish invasive disease in a murine model of infection in
which intranasal challenge progresses to pneumonia, sepsis, and
meningitis. All mutants caused equivalent levels of bacteremia
24 hours post challenge (data not shown) but further progression
of sepsis was attenuated in 8 of the sRNA knockouts tested
(p<<0.05, Mantel-Cox log rank test): AF20, AF32/tmRNA, AF41,
AF44, A¥F48, AF22, AF7, and AF25 (Figure 3). These data
represent the first report of sSRNAs playing a definitive role in
pneumococcal pathogenesis whereby deletion of the SRNA results
in a significant attenuation of invasive disease.

Global Pathogenesis Profiling of sSRNAs

In order to obtain organ-specific information on the relative
contribution of the identified sSRNAs to pneumococcal patho-
genesis, we next utilized Tn-Seq, an approach that measures the
relative fitness of bacterial mutants in different environments
(Figure 2, right arm of flowchart). We also included the
sequences for the sRNAs identified in TIGR4 by previous
studies to obtain the most comprehensive analysis of the
contribution of sSRINAs to pathogenesis. We analyzed three sites
of the host that are vital for the progression of pneumococcal
disease- the nasopharynx, lungs, and bloodstream. A compre-
hensive, large pool of pneumococcal mutants generated by
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Figure 3. Involvement of many sRNAs in pathogenesis. A. Mice were challenged intranasally with the parental TIGR4 strain (filled circles) or
the indicated sSRNA mutant (open squares). Data represents the overall survival of at least 10 mice from 2 independent experiments. P<<0.05 for all the
mutants shown by Mantel-Cog log rank test. B. Northern blots of the sRNAs involved in pathogenesis arranged adjacent to the corresponding
deletion mutant (top panels). Loading controls against gyrA are shown in the bottom panels. The F22 sRNA was not detectable by Northern, and
hence the Ct values for the qRT-PCR for F22 and gyrA in both the TIGR4 and AF22 are presented.

doi:10.1371/journal.ppat.1002788.g003

random transposon insertions was administered to these respec-
tive host sites and bacteria were harvested subsequent to disease
progression. By sequencing the respective mutants in the input
and output pools, the relative fitness level of the sSRNA mutants
was quantified (Table 2, unfiltered data Table S4 in Text S1). A
fitness level below 1 means the mutant had decreased fitness
whereas a fitness level of O indicates that the mutant was
attenuated to a degree that no mutants were recovered from the
output pools. A number of sSRNAs were found to have reduced
fitness during colonization of the nasopharynx including F14,
F20, F38, F41, F63, and F66. A further 12 sSRNAs identified by
other groups were also found to have significantly reduced fitness
during nasopharyngeal colonization. During lung infection,
sRNAs F7 and F32/tmRNA were among the 5 genes identified
in our study to be significantly impaired during infection. When
the comprehensive list of SRNAs was included, a total of 28
sRNA mutants were predicted to have defects during lung
infection. In the sepsis model of infection, a total of 18 sRNA
mutants were found to have highly significant reductions in
fitness in the bloodstream, including the F25 and F41 that were
amongst the knockouts originally tested. These data were in
agreement with and further supportive of our data from the
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targeted genetic knockouts (5 of the 8 attenuated knockouts
predicted from RNA-seq were also identified by Tn-seq).

In order to confirm the Tn-seq analysis, individual sRNA
knockouts were tested in a competitive index model of infection in
which the SRNA mutant was inoculated together with the TIGR4
wild type into the nasopharynx, lung, or blood and differential
bacterial density was determined at 24 hours post infection. The
capacity of a subset of SRNA mutants predicted by Tn-seq to
colonize the nasopharynx, infect the lungs, and replicate in the
bloodstream were analyzed in respect to TIGR4 (Figure 4A-C).
The AF24 strain which was avirulent in sepsis showed a slight
decrease in colonization of the nasophaynx (Figure 4B). In
addition, AR12, which was not significantly attenuated in our
initial model of infection, showed dramatic differences in both
nasopharyngeal colonization and in the intraperitoneal bacteremia
model (Figure 4). In addition, two new sRNA mutants were
generated from the Tn-Seq predictions, AF5 and AF62, both of
which displayed defects in their respective host niches of the
bloodstream and lung.

RNA-seq coupled with Tn-seq and validated with targeted
knockout mutants proved to be a robust method for determining
the contribution of sSRINAs to pathogenesis. A total of 28 sSRNAs in
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Table 2. Tn-seq analysis of the ability of SRNA mutants to
survive in different host niches.

sRNA Host Tissue Fitness p-value
F7 Lung 0.49 <0.001
F29 Lung 1.15 0.005
F32 Lung 0.08 <0.001
F60 Lung 0.54 0.016
F62 Lung 0.64 0.004
R14 Lung 0.53 0.02
srn061 Lung 0.49 <0.001
sm157 Lung 0.53 <0.008
srn218 Lung 0.15 <0.001
srn226 Lung 0.08 <0.001
srn235 Lung 0.05 <0.001
srn368 Lung 041 <0.008
srn400 Lung 0.31 <0.001
trn0012 Lung 0.53 <0.001
trn0052 Lung 0.64 <0.008
trn0634 Lung 0.17 <0.001
SN1 Lung 0.62 <0.001
SN12 Lung 0.49 <0.001
SN16 Lung 0.09 <0.001
SN2 Lung 0.75 <0.001
SN20 Lung 0.05 <0.001
SN22 Lung 0.26 <0.001
SN26 Lung 0.43 <0.005
SN31 Lung 0.62 <0.001
SN32 Lung 0.08 <0.001
SN46 Lung 0.81 <0.005
SN5 Lung 034 <0.001
SN6 Lung 0.66 <0.005
F14 Nasopharynx 0.139 <0.001
F20 Nasopharynx 0.43 0.012
F24 Nasopharynx 0 0.013
F38 Nasopharynx 0 0.013
F41 Nasopharynx 0 0.013
F51 Nasopharynx 0.46 0.056
F52 Nasopharynx 0 0.013
F63 Nasopharynx 1.14 <0.001
F64 Nasopharynx 0 0.013
F66 Nasopharynx 0 0.013
RO8 Nasopharynx 0 0.013
R12 Nasopharynx 0 0.013
R16 Nasopharynx 0.42 0.02
srn142 Nasopharynx 0 <0.003
srn254 Nasopharynx 0 <0.003
srn277 Nasopharynx 0 <0.003
srn502 Nasopharynx 0 <0.003
srn502 Nasopharynx 0 <0.003
trn0156 Nasopharynx 0 <0.003
trn0760 Nasopharynx 0 <0.003
trn0830 Nasopharynx 0 <0.003

Control of Virulence by Small RNA in Pneumococcus

Table 2. Cont.

sRNA Host Tissue Fitness p-value

SN27 Nasopharynx 0.34 <0.01

SN30 Nasopharynx 0 <0.002

SN39 Nasopharynx 0 <0.002

SN46 Nasopharynx 0 <0.002

SN50 Nasopharynx 1.13 <0.002

F2 Blood 0.533 0.188

F5 Blood 0 0.005

F25 Blood 0.824 0.007

F27 Blood 0.895 0.001

F41 Blood 0.334 0.002

F45 Blood 0.836 0.003

RO4 Blood 0.273 0.006

RO8 Blood 0.747 0.014

R12 Blood 0.742 0.003

srn279 Blood 1.34 <0.003
trn1025 Blood 1.22 <0.003

trn0830 Blood 0.74 <0.005

trn0012 Blood 0 <0.003

trn0052 Blood 0 <0.003

SN11 Blood 0.82 <0.01

SN27 Blood 0.86 <0.01

SN38 Blood 0 <0.002

SN46 Blood 1.19 <0.002
Transposon mutant libraries were used to determine the ability of sSRNAs to
survive when inoculated into the nasopharynx or lung or to establish
bacteremia in the blood following intraperitoneal injection of bacteria. Fitness
value of 1.0 indicates no fitness benefit or defect compared to TIGR4. Values
<1.0 indicate a fitness defect in the respective model while values >1.0
indicate a relative fitness benefit. When no mutants were present in the input
pool, the sSRNA was eliminated from the analysis while a fitness value of 0
indicated a mutant which was present in the input sample but was not
recovered in the output pool.

doi:10.1371/journal.ppat.1002788.t002

the lung, 26 in the nasopharynx, and 18 in the blood were
predicted to have significantly altered fitness in these respective
host niches. While a majority of the Tn-seq sSRNA mutants
attenuated the bacteria, it should be noted that a small number of
mutations actually resulted in a fitness benefit in certain host sites
(Table 2). In addition, most of the attenuated sRNAs were
predicted to be defective in only one host organ, underscoring the
contribution of these sSRINAs to these distinct environments. These
data indicate that SRNAs contribute to pneumococcal pathogen-
esis both for systemic infections as well as for tissue specific
tropisms.

Adhesion and Invasion Capacity of Attenuated sRNA
Mutants

To identify the step in host-bacterial interactions affected by the
attenuated sRNA knockouts, the ability of the mutants to adhere
to and invade endothelial and nasopharyngeal cell lines was
determined. The sRNA mutant F20 had a significant defect in
adhesion and invasion of Detroit nasopharyngeal cells (Figure S5
in Text S1), a finding in agreement with the decreased
nasopharyngeal fitness (Table 2). A striking defect in adherence
to activated endothelial cells was observed in six of the sRNA
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Figure 4. Confirmation of tissue-specific fitness defects of SRNA mutants identified as attenuated by Tn-seq. Mice were challenged
with the SRNA mutants and parental TIGR4 in a competitive index model of infection whereby equivalent CFUs of the wild type and each mutant are
administered simultaneously to a specific body site and the bacterial density is measured 24 hours post infection by differential plating. The
competitive index of the respective mutants in the blood (A), nasophaynx (B), and lungs (C) are indicated. Competitive index of 1 represents
equivalent amounts of wild type and mutant bacteria were recovered. Each data point represents a single mouse. All experiments were performed in

duplicate. P<<0.05 by Mann-Whitney for all SRNA mutants.
doi:10.1371/journal.ppat.1002788.9g004

mutants, while invasion of endothelial cells was only impaired in
F20 and F32/tmRNA. These data indicate that many of the
attenuated sRNAs have specific defects in interactions with host
cells, an underlying cause for attenuation of disease.

Identification of Putative Targets

We then hypothesized that sSRNAs could target either gene
networks or individual genes. To investigate global gene expres-
sion, we compared the transcriptome of TIGR4 to that of each of
the attenuated sRNA mutants via microarray analysis. Several
pathways were significantly different upon deletion of the sSRNAs
(Table S4 in Text S1). The AF25, AF41, and AF44 mutants
upregulated a putative ABC transporter encoded by SP1688-1690
that is predicted to be involved in carbohydrate transport. The
SP1721-1725 genes, predicted to play roles in sucrose metabolism,
were also highly differentially regulated in several of the sRNNA

TIGR4

AF20 2SN & B &
. - -

Spot 302 Spot 347 Spot 358
DnaK PurM aroB
Enolase

60+

Number of Protein Spots

mutants. The AF32 mutant substantially downregulated several
metabolic networks encompassing the lactose transport system and
multiple PTS systems. This highlights the potentially pleiotropic
effects that the deletion of the sSRNAs could have on pneumococcal
biology and pathogenesis in the host.

Many sRNAs function at the post-transcriptional level [43],
suggesting that there may be important changes in bacterial
physiology that potentially could have been missed by global
transcriptional analysis. We next sought to determine the effect of
the deletion of sSRNAs on the global proteome of the pneumo-
coccus. Replicate two-dimensional gels were analyzed for each
attenuated sSRNA mutant and compared to the parental TIGR4.
Every individual protein spot on the gels was then quantified from
these duplicate gels to obtain a comprehensive analysis of changes
in protein abundance resulting from the deletion of the respective
sRNA. The quantitation of the respective spots for each bacterial

Spot 499 Spot 621
PurC Flavoprotein
Nrdl

] Upregulated Proteins
[l Downregulated Proteins

AFT AF20 AF22 AF25 AF32 AF41 AF44 AF48
Strain

Figure 5. Proteomic analysis of attenuated sRNA mutants. Duplicate 2D gels of protein lysates prepared from the parental TIGR4 strain and
the eight attenuated sRNA mutants were run and the individual protein spots were quantified (example shown in Figure S6 in Text S1). A
representative subset of identified proteins showing altered expression in the AF20 strain compared to TIGR4 is shown in the upper panel (green
circles). The number of polypeptide spots altered in each mutant vs TIGR4 by a fold increase of >1.7 and p value<<0.05 (t-test) or a fold increase of
>3.0 are enumerated in the bottom panel.

doi:10.1371/journal.ppat.1002788.9005

@ PLoS Pathogens | www.plospathogens.org 1 July 2012 | Volume 8 | Issue 7 | 1002788



strain, along with both the predicted pl and molecular weight of
the protein, are listed in Table S6 in Text S1. The image of a
TIGR4 gel with the individual spot identifications is provided in
Figure S6 in Text SI. A number of proteins spots found in
increased or decreased abundance are summarized in Figure 5.
Deletions in F20 and F32/tmRNA resulted in dramatic alterations
in abundance, of 88 and 100 proteins respectively. Of note is that
both the AF20 and AF32 mutants were the only attenuated sSRNA
mutants to have significant defects in the invasion of endothelial
cells, indicating that a subset of these misregulated proteins are
important for cell-cell interactions. Analysis by mass spectrometry
(Figure 5) indicated that the AF20 mutant had decreased
abundance of two proteins involved in purine biosynthesis, PurM
and PurC, potentially explaining the defect in virulence. The
overexpression of the Nrdl flavoprotein, essential for the
conversion of nucleotides to deoxynucleotides, suggests defects in
DNA synthesis and repair [44]. These data indicate that the
deletion of sRNAs can have multiple effects on bacterial
pathogenesis by influencing numerous putative targets.

Discussion

Advances in sequencing technologies have driven an explosion
in our knowledge of the non-coding genetic repertoire of bacterial
species. This study illustrates the first example of a global approach
to both sRNA identification and pathogenesis profiling, an
amalgamation of RNA-seq and Tn-seq. The RNA-seq tactic
identified 89 putative pneumococcal sRNAs, capturing both
sRNAs previously detected by sequencing and tiling arrays and
many additional previously unknown sRNAs [11,12,37,39]. Use of
RNA-seq has certain advantages for the identification of sSRNAs.
The mean level of sequence coverage was over 100-fold on both
the forward and reverse strands, with each sSRINA corresponding to
a minimum of 10x coverage allowing for high confidence in the
data. It should be noted that low abundance sRNAs identified in
other studies from a single read will likely be missed by our analysis
[39]. Unlike tiling arrays, RNA-seq identifies the origin of
transcription. This permits the precise mapping of sSRNAs that
contain highly repetitive regions, such as the over 100 BOX
elements found in intergenic regions of the pneumococcal genome.
BOX elements are short AT-rich repeats that are highly
transcribed and were also detected in SRNA searches using tiling
arrays, though precise locations could not be mapped [11].
Eighteen BOX element containing sSRNAs were mapped, a finding
particularly important as the Tn-seq analysis implicated a subset of
four BOX-element sRNAs in pathogenesis. Although BOX
elements have traditionally been thought to be parasitic sequences
mobilized by transposases [45], recent evidence supporting their
placement in sSRNAs indicates that they can form RNA structures
with riboswitches [46]. In addition, BOX elements can stimulate
expression of downstream genes by increasing the half-lives of the
mRNA [47].

Another important aspect of this study was the identification of
five novel shared sRNA sequence motifs that were conserved at
multiple locations in the pneumococcal genome. Upon closer
examination of the sequence read depth in the areas surrounding
these motifs, we identified 17 with increased signal compared to
the surrounding region. All 17 of these predicted sSRNAs were
subsequently validated by expression analysis underscoring the
robustness of the predictions. While members of the T-box, Pyr,
TPP, and tmRNA sRNA families described in other bacteria were
also found in pneumococcus, a majority of the predicted
pneumococcal sRNAs could not be assigned to a functional
family. These data indicate that the pneumococcus is a rich source
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of new motifs that can expand sRNA prediction algorithms in
Gram-positive bacteria.

Although numerous sRNAs have been identified in the
pneumococcus, there have been no sRNAs implicated in
pathogenesis and more broadly, there have been no attempts to
apply transposon-mediated mutagenesis to determine the role of
sRNAs in bacterial virulence in specific host tissues. This study
represents the first use of transposon-mediated mutagenesis to
address the global role of sSRNAs in discrete host tissues during
disease. Using a comprehensive list of sSRNAs identified in this
study together with those found by others, we identified a number
of sRNAs that played distinct roles in pathogenesis in the
nasophaynx, the lung, or the bloodstream. The lungs provided
the most comprehensive analysis of the contribution of sSRNAs to
virulence, since bottleneck constraints in the nasophaynx and the
blood imposed by a limitation of bacterial binding sites and
clearance by the spleen, respectively, may have impaired detection
in these sites. A number of sSRNAs had no inserts in the Tn-seq
deletion library (n.i. in Table S4 in Text S1) and it is tempting to
speculate that there is a selective pressure against the loss of these
sRNAs; however this observation could be random due to their
small size. All three body sites had a distinct list of sRNA
candidates that were involved in pathogenesis. The Tn-seq
analysis proved to be robust, as mutants predicted to be attenuated
in their respective host niches were confirmed in i wvivo
competition experiments pitting each sRNA mutant individually
against wild type (Figure 4). Thus the multi-organ Tn-Seq
approach captured this diversity as exemplified by R12 that did
not have a significant virulence defect in overall survival in our
initial studies but was attenuated both during colonization of the
nasophaynx and in the blood following intraperitoneal infection.
The Tn-seq analysis also provides insight into the organ-specific
defects of the sSRNAs found to have reduced virulence in Figure 3.
Both the AF41 and AF25 strain had greatly reduced fitness in the
blood, in agreement with their inability to progress to sepsis. The
AF7 and AF32/tmRNA strains were both defective in the lung
infection, indicating that this might be the most crucial site for
clearance of these mutants. This comprehensive analysis of the
contribution of all the identified sRNAs to pneumococcal
pathogenesis in discrete host sites can provide a framework for
future investigations elucidating the precise functions of these
sRNAs. These data add to the growing understanding of the
contribution of sSRNA in the virulence of bacterial pathogens [3].

The sRNA mutants displaying defects in virulence exhibited a
number of characteristics that could potentially explain an
inability to cause disease. Several of the attenuated SRNA mutants
had defects in adhesion and invasion of nasopharyngeal or
endothelial cells, capabilities important to the progression of
invasive disease. AF20 and AF32/tmRNA showed decreased
adhesion/invasion of nasopharyngeal or endothelial cells, respec-
tively, in concert with Tn-seq and competitive index data
indicating lack of fitness in the nasopharynx and lung. F32
encodes a tmRNA and these have been implicated in the
pathogenesis of other bacteria [48,49]. The central role of tmRNA
in the rescue of ribosomes on stalled mRINA as well as targeting
defective mRNA for degradation, is consistent with the strong
defect in pathogenesis observed in the AF32 strain [50]. In the case
of the AF20 mutant, proteomic analysis indicated proteins
responsible for purine metabolism were strongly down regulated
whereas DNA synthesis and repair pathways were greatly
increased. Thus deletion of F20 had pleiotropic effects on DNA
metabolism that could explain attenuation of the mutant. Taken
together, these data provide compelling evidence that sSRNAs play
important roles in virulence, that their affects can arise at several
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levels of control of virulence gene/protein expression, and that
these roles can be restricted to specific host tissues.

Our study expanded the search for sSRNAs and their role in
gene regulation to three mutants in TCSs. Control over gene
networks by TCSs is typically mediated by a direct interaction of
the response regulator with a target sequence shared by many
genes dispersed over a genome. However, TCSs have also been
found to control the expression of SRNAs in pneumococcus and
other bacteria [37,51]. For example, control of porin expression in
E. coli involves multiple sRNAs that exert posttranscriptional
control over the targets of TCSs [42]. The prospect of sSRNA
functioning as an intermediary, finely tuning the control of and
expanding the regulatory scope by a TCS, would allow for another
layer of control for more precise regulation. Our observation that
the abundance of sSRNAs was altered when each of the three TCSs
were disrupted is consistent with TCSs acting through sRNAs to
broadly control gene expression. This is further supported by the
observed alterations of the global transcriptome as well as the
abundance of multiple protein targets upon deletion of an
individual sSRNA (Tables S5 and S6 in Text S1, Figure 5). These
data suggest that the impact of sRNAs on multiple aspects of
pneumococcal biology and pathogenesis could potentially be
exerted by an additional layer of posttranscriptional control over
the gene networks controlled by TCSs.

The widespread utilization of RNA-mediated regulation of
diverse processes has a number of potential advantages for
bacteria [52]. Protein regulators incur greater metabolic costs to
the cell, being encoded by larger segments of the genome and
requiring translation. In contrast, sRNAs do not require
translation and occupy a very limited amount of the genome.
The additional layer of regulation conferred by sRNAs may also
allow for more precise control of gene expression, as evidenced
by the fact that SRNAs can have multiple targets as well as the
fact that multiple sSRNAs can regulate a single target under
different conditions [4,53]. Additionally, sRNAs can have
dramatically different half-lives in the cell, ranging from under
2 minutes to greater than 30 minutes [54]. Such differences in
stability could potentially mediate the duration of control
mediated by sRNAs. The challenging task that remains
following the identification and characterization of sRNAs in
pathogenesis is assigning discrete functional roles to these
molecules. We have shown the feasibility of applying Tn-seq to
identify changes in bacterial fitness in response to deletion of
the corresponding sRNA in various host tissues. The feasibility
of this approach to investigate the gene networks and functional
roles of sSRNAs suggest the combination of RNA-seq and Tn-
seq will be a unique and powerful tool for future investigations
of the precise functional roles of these sRNAs in the
pneumococcus.

Materials and Methods

Bacterial Strains and Growth Conditions

The S. preumoniae strains used are listed in Table S1 in Text SI.
All experiments were conducted in the sequenced TIGR#4 strain
[55]. Cultures were grown overnight on tryptic soy agar plates
supplemented with 3% sheep blood and were transferred to a
defined semisynthetic casein liquid medium supplemented with
0.5% yeast extract (i.e., G+Y) [56].

Small RNA Purification and Sequencing

To initially identify sRNAs in Streptococcus pneumoniae, we
designed a method to isolate, enrich, and fully sequence small
(<200 nt) transcripts of the TIGR4 strain of pneumococcus.
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Clultures were grown in triplicate in C+Y (200 mL) until an ODgyq
of 0.5 was reached, corresponding to mid log phase growth.
Bacteria were diluted (1:2) in RNAProtect stabilization buffer
(Qiagen) and centrifuged; the resulting bacterial pellets were then
frozen at —80°C. The pellets were thawed and resuspended in
Lysis Buffer Mirvana miRNA Isolation Kit (Applied Biosystems).
To each sample, 200 pL. of 0.1 mm glass beads (Sigma) were
added before they were lysed using a mini-beadbeater. Samples
were incubated for 10 minutes at 70°C and subsequently
processed through a Qiashredder column (Qiagen). sSRNA was
purified using organic extraction and sRNA enrichment proce-
dures as described in the Mirvana protocol. Purified sSRNA was
DNAse-treated by using Turbo DNAse (Applied Biosystems)
according to the manufacturer’s instructions. Purified sRNA was
prepared for sequencing by using the Small RNA Sample Prep kit
(Illumina). Details about the cluster generation, sequencing, and
Northern Blot confirmation are provided in the Supplementary
Materials section.

Small RNA Candidate Region Selection

Detection of biologically meaningful sSRNA regions was based
on the assumption that sequence reads are enriched in such
regions. The sequence reads were first mapped to the T4 genome
using the program GMAP recursively by quality based trimming.
Then the coverage information for both strands was calculated
based on high quality matches. When a read mapped to multiple
positions on the genome, the highest quality match was selected.
For each intergenic region and anti-sense coding region of size
greater than 150 bases, a simple method was used to identify a
potential read enriched region (peak). Due to the degradation of
the sample mRNA, these reads were mapped all over the genome
and it was necessary to remove those background signals. Signal
noise was not uniformly distributed along the genome, so a
baseline detection algorithm (linear interpretation of minimum
value) was used. After baseline correction, a cut off value of 20 was
utilized to identify potential peaks such that any consecutive region
with minimum coverage of 20 is considered as a potential peak.
The peak detection methods were applied on both strands
separately.

These detected peaks were subjected to further biological
constraints. First, a promoter region would be expected on the
upstream sequence. We used the Prokaryotic promoter prediction
program  (http://bioinformatics.biol.rug.nl/websoftware/ppp/
ppp_start.php) to search for promoters. Second, a rho-indepen-
dent terminator would be expected downstream of the sequence.
We used the TransTermHP (http://transterm.cbcb.umd.edu/
index.php) predicted terminator for the T4 genome. For each
potential peak, the promoter must appear between —75 and 20
bases around peak starting position and the terminator must
present between —20 and 75 bases around the peak ending
position. Those two criteria remove 83% to 98% of potential
peaks. These criteria are similar to those used previously to identify
candidate sSRNAs using RNA-seq data [57,58].

sRNA Mutagenesis

Mutants were made by using PCR-based overlap extension
[59]. Briefly, regions upstream and downstream of the target
region were PCR-amplified and spliced into an antibiotic
resistance cassette. The final PCR product was transformed into
the pneumococcus by conventional methods, replacing the
targeted region with the antibiotic resistance cassette. To confirm
transformation, primers outside of the transformed region were
used for PCR and subsequent region sequencing. The lists of
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mutants made and oligonucleotides used are included in Tables S1
and S2 in Text S1, respectively.

Microarray Analysis

Bacterial RNA was harvested from mid-log phase cultures
(ODgpp=0.4) grown in C+Y by using the Qiagen RNAecasy
minikit. Microarray experiments were performed as described
previously [60]. Briefly, whole-genome S. preumoniae version 8.0
c¢DNA microarrays were obtained from the Pathogen Functional
Genomics Resource Center (PFGRC). Microarray experiments
were performed by the Functional Genomics laboratory, Hartwell
Center for Bioinformatics and Biotechnology, St. Jude Children’s
Research Hospital using standard protocols provided by PFGRC
(http:/ /pfgre.tigr.org/protocols.shtml) as previously described
[61].

sRNA Sequence Analysis

Secondary structures were predicted using mfold to obtain AG
values [62]. The MEME program was used to perform the
MOTIF search. The meme web server was used with default
options although negative training sequences were used to
delineate true motifs from the background sequence patterns of
S. pneumoniae.

Proteomics

Proteomic profiling was performed by Kendrick Laboratories
Inc (Madison, WI). Two-dimensional electrophoresis was per-
formed using the carrier ampholine method of isoelectric focusing.
Isoelectric focusing was carried out in glass tubes of inner diameter
2.3 mm using 2% pH 4-8 mix Servalytes (Serva, Heidelberg
Germany) for 9,600 volt-hrs. Fifty ng of an IEF internal standard,
tropomyosin, was added to each sample prior to loading. After
equilibrium in SDS sample buffer (10% glycerol, 50 mM
dithiothreitol, 2.3% SDS and 0.0625 M tris, pH 6.8), each tube
gel was sealed to the top of a stacking gel that overlays a 10%
acrylamide slab gel (0.75 mm thick). SDS slab gel electrophoresis
was carried out for about 4 hrs at 15 mA/gel. The following
proteins (Sigma Chemical Co, St. Louis, MO) were added as
molecular weight markers: myosin (220,000), phosphorylase A
(94,000), catalase (60,000), actin (43,000), carbonic anhydrase
(29,000), and lysozyme (14,000). The gels were dried between
cellophane sheets with the acid end to the left. Duplicate gels were
obtained from each sample and were scanned with a laser
densitometer (Model PDSI, Molecular Dynamics Inc, Sunnyvale,
CA). The scanner was checked for linearity prior to scanning with
a calibrated Neutral Density Filter Set (Melles Griot, Irvine, CA).
The images were analyzed using Progenesis Same Spots software
(version 4.5, 2011, Nonlinear Dynamics, Durham, NC) and
Progenesis PG240 software (version 2006, Nonlinear Dynamics,
Durham, NC). The general method of computerized analysis for
these pairs included image warping followed by spot finding,
background subtraction (average on boundary), matching, and
quantification in conjunction with detailed manual checking.

Spot % 1s equal to spot integrated density above background
(volume) expressed as a percentage of total density above
background of all spots measured. Difference is defined as fold-
change of spot percentages. For example, if corresponding protein
spots from different samples (e.g. mutant versus wild type) have the
same spot %, the difference field will show 1.0; if the spot % from
the mutant is twice as large as wild type, the difference field will
display 2.0 indicating 2-fold up regulation. If the spot % from the
mutant has a value half as large, the difference field will display —
2.0 indicating a 2-fold down regulation.
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A subset of proteins were chosen for further analysis. Protein
spots were excised from duplate Coomassie stained gels. The
protein sample was digested with trypsin and mass spectrometric
analysis was performed using an Orbitrap Velos Mass Spectrom-
eter from Thermo Electron (San Jose, CA). This instrument
employs electrospray ionization (ESI), in conjunction with an
Orbitrap mass analyzer. The digest was introduced into the
instrument via on line chromatography using reverse phase (C18)
ultra-high pressure liquid chromatography on the nanoAcquity
(Waters, MA). The column used was a New Objective C18 with an
ID. of 75 um and bed length of 10 cm. The particle size was
2.7 um. Peptides were then gradient eluted into the linear ion trap
through a non-coated spray needle with voltage applied to the
liquid by increasing the concentration of acetonitrile. Data
acquisition involved acquiring the peptide mass (MS) spectra
followed by fragmentation of the peptide to produce MS/MS
spectra that provides information about the peptide sequence.
Database searches were performed using raw files in combination
with the Mascot search engine. Protein/peptide assignments are
made on the basis of MS/MS spectra.

Adhesion and Invasion Assays

Detroit nasopharyngeal cells and rBCEC6 rat brain capillary
endothelial cells were grown in 24-well plates at 37°C in 5% CO,
to 80% confluency and activated with TNF-o0 (10 ng/mL) for
2 hours [40]. Pneumococcal cultures were grown until the ODgyq
was 0.5, washed with PBS, and then added to eukaryotic cells
(1x10” cfu/well). Three wells were used for each mutant or
TIGR4R and the assays were repeated a minimum of 3 times. For
adherence assays, cells were incubated 30 minutes with bacteria, a
time chosen to minimize internalization of adherent bacteria. After
washing 3x in dPBS, the cells were released from the plate with
trypsin but not lysed before plating on blood agar plates. Colonies
grown overnight were counted as bacteria adherent to cells. For
invasion assays, cells were incubated with the bacteria for 2 hours,
washed 3 times in dPBS, and subjected to 1 hour of treatment with
penicillin (10 ug/mL) and gentamycin (200 pg/mkL). The cells
were washed, trypsinized, and lysed with 0.025% Triton X-100.
The lysates were then incubated overnight on blood agar plates
and the resulting colonies were counted.

Mouse Challenge

All mice were maintained in BSL2 facilities, and all experiments
were done while the mice were under inhaled isoflurane (2.5%)
anesthesia. For survival studies, bacteria were introduced by
intranasal administration of 107 CFU of bacteria in PBS (25 ul), a
model which effectively recapitulates the progression of disease
from nasopharyngeal colonization, to pneumonia, and finally to
the development of sepsis and meningitis [63]. A minimum of 10
mice per group was used in the studies from at least two
independent experiments. Mice were monitored daily for signs of
infection, and differences in time-to-death among the mice were
compared via Mantel-Cox log rank test. For the competitive index
studies, equivalent CFUs of the parental TIGR4 and the
respective mutants were administered to the mice. For nasopha-
ryngeal colonization, bacteria were administered at a dose of 10
CFU in 25 pL PBS [40]. Bacteria were administered intratrache-
ally at a dose of 10> CFU in 100 uL PBS to model lung infection
[40]. For the sepsis model, 2x10° CFU in 100 pL PBS was
administered by intraperitoneal injection [63]. Tissues and blood
were collected from all animals 24 hours following infection. For
lung collection, mice were perfused with saline prior to organ
collection to remove contaminating blood from the lung which
was then homogenized. The parental TIGR4 and sRNA mutants
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were enumerated by serial dilution and counting on TSA blood
agar plates with and without erythromycin. The CFU counts were
then utilized to calculate competitive indexes [64] (1 = equivalent
numbers of mutant recovered to TIGR4).

Tn-seq for Bacterial Fitness

Tn-seq, both the experimental procedure as well as data
analysis, was performed essentially as described previously [65,66].
For two time points (t; and t) the number of reads at each genome
location was determined by massively parallel sequencing on an
Ilumina Genome Analyzer II. Mice were challenged with
transposon mutant libraries administered directly to the naso-
pharynx, lungs, or to the bloodstream. On average, 250 reads
were mapped per insertion/time point. Since insertions with a
very low number of reads that slightly fluctuate over time can
influence the data disproportionately, only insertions with fifteen
or more reads at t; are included in the analyses. For each insertion,
fitness W, is calculated by comparing the fold expansion of the
mutant relative to the rest of the population with the following
equation [67]:

_ In[N;(t2) * d/Ni(t1)]
" In[(1=Ni(12)) * d /(1= N(1)]

In which N{(t;) and Nj(t;) are the frequency of the mutant in the
population at the start and at the end of the experiment,
respectively, and d (expansion factor) represents the growth of
the bacterial population during library selection. Details regarding
the data analysis and methodology are included in the Supple-
mentary material.

Ethics Statement

All experiments involving animals were performed with prior
approval of and in accordance with guidelines of the St. Jude
Institutional Animal Care and Use Committee (Protocol #250).
The St Jude laboratory animal facilities have been fully accredited
by the American Association for Accreditation of Laboratory

References

1. Livny J, Brencic A, Lory S, Waldor MK (2006) Identification of 17
Pseudomonas aeruginosa sSRNAs and prediction of sRNA-encoding genes in
10 diverse pathogens using the bioinformatic tool sSRNAPredict2. Nucleic Acids
Res 34: 3484-3493.

2. Livny J, Waldor MK (2007) Identification of small RNAs in diverse bacterial
species. Curr Opin Microbiol 10: 96-101.

3. Papenfort K, Vogel J (2010) Regulatory RNA in bacterial pathogens. Cell Host
Microbe 8: 116-127.

4. Waters LS, Storz G (2009) Regulatory RNAs in bacteria. Cell 136: 615-628.

. Zhang A, Wassarman KM, Rosenow C, Tjaden BC, Storz G, et al. (2003)
Global analysis of small RNA and mRNA targets of Hfq. Mol Microbiol 50:
1111-1124.

6. Chao Y, Vogel J (2010) The role of Hfq in bacterial pathogens. Curr Opin

Microbiol 13: 24-33.

7. Christiansen JK, Larsen MH, Ingmer H, Sogaard-Andersen L, Kallipolitis BH
(2004) The RNA-binding protein Hfq of Listeria monocytogenes: role in stress
tolerance and virulence. J Bacteriol 186: 3355-3362.

8. Dietrich M, Munke R, Gottschald M, Ziska E, Boettcher JP, et al. (2009) The
effect of hfq on global gene expression and virulence in Neisseria gonorrhoeae.
FEBS J 276: 5507-5520.

9. Toledo-Arana A, Dussurget O, Nikitas G, Sesto N, Guet-Revillet H, et al. (2009)
The Listeria transcriptional landscape from saprophytism to virulence. Nature
459: 950-956.

. Bohn C, Rigoulay C, Bouloc P (2007) No detectable effect of RNA-binding
protein Hfq absence in Staphylococcus aureus. BMC Microbiol 7: 10.

. Kumar R, Shah P, Swiatlo E, Burgess SC, Lawrence ML, et al. (2010)
Identification of novel non-coding small RNAs from Streptococcus pneumoniae
TIGR# using high-resolution genome tiling arrays. BMC Genomics 11: 350.

. Tsui HC, Mukherjee D, Ray VA, Sham LT, Feig AL, et al. (2010) Identification
and characterization of noncoding small RNAs in Streptococcus pneumoniae
serotype 2 strain D39. J Bacteriol 192: 264-279.

wr

@ PLoS Pathogens | www.plospathogens.org

15

Control of Virulence by Small RNA in Pneumococcus

Animal Care. Laboratory animals are maintained in accordance
with the applicable portions of the Animal Welfare Act and the
guidelines prescribed in the DHHS publication, Guide for the
Care and Use of Laboratory Animals.

Supporting Information

Text S1 Supplementary Materials. This file includes the
following: Supplementary Methods; Strains used in this study
(Table S1), Primers used in this study (Table S2); Coordinates of
the additional regions of the TIGR4 genome containing the
conserved motifs identified in Figure S4 (Table S3); Raw data from
the Tn-seq screen (Table S4); Microarray analysis of attenuated
sRNA mutants (Table S5); Proteins showing differences in
abundance in the attenuated sRNA mutants compared to the
parental TIGR4 (Table S6); Northern blots of sSRNAs identified by
RNA-seq (Figure S1); Differential expression of sSRNA F13 in TGS
response regulator knockouts (Figure S2); Motifs overrepresented
in the SRNA sequences identified using the MEME software to
identify motifs (Figure S3); qRT-PCR analysis of the genes
flanking the sSRNA knockouts (Figure S4); Adhesion and invasion
of TIGR4R and the attenuated sRNA mutants to activated
nasopharyngeal (Detroit) and endothelial (RBCEC6) cells (Figure
S5); Representative 2D gel utilized for the proteomic analysis of
TIGR4 with the individual spots being identified by circles (Figure
S6).

(DOC)

Acknowledgments
We thank the PFGRC for providing the TIGR4 microarrays.

Author Contributions

Conceived and designed the experiments: TO CO AC EIT JWR.
Performed the experiments: BM TO JWR. Analyzed the data: BM TO JW
YDW RC DJM GR. Contributed reagents/materials/analysis tools: TO
JW YDW RC DJM GR. Wrote the paper: TO EIT AC JWR.

. Lee HJ, Hong SH (2012) Analysis of microRNA-size, small RNAs in
Streptococcus mutans by deep sequencing. FEMS Microbiol Lett 326: 131-136.

. Roberts SA, Scott JR (2007) RivR and the small RNA RivX: the missing links
between the CovR regulatory cascade and the Mga regulon. Mol Microbiol 66:
1506-1522.

5. Klenk M, Koczan D, Guthke R, Nakata M, Thiesen H]J, et al. (2005) Global
epithelial cell transcriptional responses reveal Streptococcus pyogenes Fas regulator
activity association with bacterial aggressiveness. Cell Microbiol 7: 1237-1250.

. Kreikemeyer B, Boyle MD, Buttaro BA, Heinemann M, Podbielski A (2001)
Group A streptococcal growth phase-associated virulence factor regulation by a
novel operon (Fas) with homologies to two-component-type regulators requires a
small RNA molecule. Mol Microbiol 39: 392-406.

. Ramirez-Pena E, Trevino J, Liu Z, Perez N, Sumby P (2010) The group A
Streptococcus small regulatory RNA FasX enhances streptokinase activity by
increasing the stability of the ska mRNA transcript. Mol Microbiol 78: 1332-1347.

. Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, et al. (2011)
CRISPR RNA maturation by trans-encoded small RNA and host factor RNase
TII. Nature 471: 602-607.

. Mangold M, Siller M, Roppenser B, Vlaminckx BJ, Penfound TA, et al. (2004)
Synthesis of group A streptococcal virulence factors is controlled by a regulatory
RNA molecule. Mol Microbiol 53: 1515-1527.

. Frohlich KS, Vogel J (2009) Activation of gene expression by small RNA. Curr
Opin Microbiol 12: 674-682.

. Toledo-Arana A, Repoila F, Cossart P (2007) Small noncoding RNAs

controlling pathogenesis. Curr Opin Microbiol 10: 182-188.

Chabelskaya S, Gaillot O, Felden B (2010) A Staphylococcus aureus small RNA

is required for bacterial virulence and regulates the expression of an immune-

evasion molecule. PLoS Pathog 6: ¢1000927.

Trevino J, Perez N, Sumby P (2010) The 4.58S RNA component of the signal

recognition particle is required for group A Streptococcus virulence. Microbi-

ology 156: 1342-1350.

22.

23.

July 2012 | Volume 8 | Issue 7 | 1002788



24.

28.

29.

30.

31.

38.

39.

40.

41.

42.

43.

44.

Felden B, Vandenesch F, Bouloc P, Romby P (2011) The Staphylococcus aureus
RNome and its commitment to virulence. PLoS Pathog 7: ¢1002006.

. Novick RP, Ross HF, Projan SJ, Kornblum J, Kreiswirth B, et al. (1993)

Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA
molecule. EMBO J 12: 3967-3975.

. Huntzinger E, Boisset S, Saveanu C, Benito Y, Geissmann T, et al. (2005)

Staphylococcus aureus RNAIII and the endoribonuclease III coordinately
regulate spa gene expression. EMBO J 24: 824-835.

. Boisset S, Geissmann T, Huntzinger E, Fechter P, Bendridi N, et al. (2007)

Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence
factors and the transcription regulator Rot by an antisense mechanism. Genes
Dev 21: 1353-1366.

Chevalier C, Boisset S, Romilly C, Masquida B, Fechter P, et al. (2010)
Staphylococcus aureus RNAIIT binds to two distant regions of coa mRNA to
arrest translation and promote mRNA degradation. PLoS Pathog 6: ¢1000809.
Mandin P, Repoila F, Vergassola M, Geissmann T, Cossart P (2007)
Identification of new noncoding RNAs in Listeria monocytogenes and
prediction of mRNA targets. Nucleic Acids Res 35: 962-974.

Koo JT, Alleyne TM, Schiano CA, Jafari N, Lathem WW (2011) Global
discovery of small RNAs in Yersinia pseudotuberculosis identifies Yersinia-
specific small, noncoding RNAs required for virulence. Proc Natl Acad Sci U S A
108: E709-17.

Gong H, Vu GP, Bai Y, Chan E, Wu R, et al. (2011) A Salmonella small non-
coding RNA facilitates bacterial invasion and intracellular replication by
modulating the expression of virulence factors. PLoS Pathog 7: €1002120.

. Brugger SD, Frey P, Aebi S, Hinds J, Muhlemann K (2010) Multiple

colonization with S. pneumoniae before and after introduction of the seven-
valent conjugated pneumococcal polysaccharide vaccine. PLoS One 5: e11638.

. O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, et al. (2009)

Burden of disease caused by Streptococcus pneumoniae in children younger
than 5 years: global estimates. Lancet 374: 893-902.

. Hava DL, Camilli A (2002) Large-scale identification of serotype 4 Streptococ-

cus pneumoniae virulence factors. Mol Microbiol 45: 1389-1406.

. Kadioglu A, Weiser JN, Paton JC, Andrew PW (2008) The role of Streptococcus

pneumoniae virulence factors in host respiratory colonization and disease. Nat

Rev Microbiol 6: 288-301.

. Paterson GK, Blue CE, Mitchell TJ (2006) Role of two-component systems in

the virulence of Streptococcus pneumoniae. J Med Microbiol 55: 355-363.

. Halfmann A, Kovacs M, Hakenbeck R, Bruckner R (2007) Identification of the

genes directly controlled by the response regulator CiaR in Streptococcus
pneumoniae: five out of 15 promoters drive expression of small non-coding
RNAs. Mol Microbiol 66: 110-126.

Marx P, Nuhn M, Kovacs M, Hakenbeck R, Bruckner R (2010) Identification of
genes for small non-coding RNAs that belong to the regulon of the two-
component regulatory system CiaRH in Streptococcus. BMC Genomics 11:
661.

Acebo P, Martin-Galiano AJ, Navarro S, Zaballos A, Amblar M (2012)
Identification of 88 regulatory small RNAs in the TIGR#4 strain of the human
pathogen Streptococcus pneumoniae. RNA 18: 530-546.

Rosch JW, Mann B, Thornton J, Sublett J, Tuomanen E (2008) Convergence of
regulatory networks on the pilus locus of Streptococcus pneumoniae. Infect
Immun 76: 3187-3196.

Haas W, Sublett J, Kaushal D, Tuomanen EI (2004) Revising the role of the
pneumococcal vex-vncRS locus in vancomycin tolerance. J Bacteriol 186: 8463
8471.

Valverde C, Haas D (2008) Small RNAs controlled by two-component systems.
Adv Exp Med Biol 631: 54-79.

Gottesman S (2004) The small RNA regulators of Escherichia coli: roles and
mechanisms*. Annu Rev Microbiol 58: 303-328.

Roca I, Torrents E, Sahlin M, Gibert I, Sjoberg BM (2008) NrdI essentiality for
class Ib ribonucleotide reduction in Streptococcus pyogenes. J Bacteriol 190:
4849-4858.

@ PLoS Pathogens | www.plospathogens.org

16

46.

47.

48.

49.

50.

51.

52.

53.

54.

o
=

56.

57.

59.

60.

61.

62.

63.

64.

66.

67.

Control of Virulence by Small RNA in Pneumococcus

. Delihas N (2008) Small mobile sequences in bacteria display diverse structure/

function motifs. Mol Microbiol 67: 475-481.

Croucher NJ, Vernikos GS, Parkhill J, Bentley SD (2011) Identification,
variation and transcription of pneumococcal repeat sequences. BMC Genomics
12: 120.

Knutsen E, Johnsborg O, Quentin Y, Claverys JP, Havarstein LS (2006) BOX
elements modulate gene expression in Streptococcus pneumoniae: impact on the
fine-tuning of competence development. J Bacteriol 188: 8307-8312.

Okan NA, Bliska JB, Karzai AW (2006) A Role for the SmpB-SsrA system in
Yersinia pseudotuberculosis pathogenesis. PLoS Pathog 2: 6.

Okan NA, Mena P, Benach JL, Bliska JB, Karzai AW (2010) The smpB-ssrA
mutant of Yersinia pestis functions as a live attenuated vaccine to protect mice
against pulmonary plague infection. Infect Immun 78: 1284-1293.

Withey JH, Friedman DI (2003) A salvage pathway for protein structures:
tmRNA and trans-translation. Annu Rev Microbiol 57: 101-123.

Heeb S, Haas D (2001) Regulatory roles of the GacS/GacA two-component
system in plant-associated and other gram-negative bacteria. Mol Plant Microbe
Interact 14: 1351-1363.

Beisel CL, Storz G (2010) Base pairing small RNAs and their roles in global
regulatory networks. FEMS Microbiol Rev 34: 866-882.

Repoila F, Majdalani N, Gottesman S (2003) Small non-coding RNAs, co-
ordinators of adaptation processes in Escherichia coli: the RpoS paradigm. Mol
Microbiol 48: 855-861.

Vogel J, Bartels V, Tang TH, Churakov G, Slagter-Jager JG, et al. (2003)
RNomics in Escherichia coli detects new sRNA species and indicates parallel
transcriptional output in bacteria. Nucleic Acids Res 31: 6435-6443.

. Tettelin H, Nelson KE, Paulsen IT, Eisen JA, Read TD, et al. (2001) Complete

genome sequence of a virulent isolate of Streptococcus pneumoniae. Science
293: 498-506.

Lacks S, Hotchkiss RD (1960) A study of the genetic material determining an
enzyme in Pneumococcus. Biochim Biophys Acta 39: 508-518.

Sridhar J, Sambaturu N, Sabarinathan R, Ou HY, Deng Z, et al. (2010)
sRNAscanner: a computational tool for intergenic small RNA detection in
bacterial genomes. PLoS One 5: ¢11970.

Sittka A, Lucchini S, Papenfort K, Sharma CM, Rolle K, et al. (2008) Deep
sequencing analysis of small noncoding RNA and mRNA targets of the global
post-transcriptional regulator, Hfg. PLoS Genet 4: e1000163.

Tannelli F, Pozzi G (2004) Method for introducing specific and unmarked
mutations into the chromosome of Streptococcus pneumoniae. Mol Biotechnol
26: 81-86.

Orihuela CJ, Radin JN, Sublett JE, Gao G, Kaushal D, et al. (2004) Microarray
analysis of pneumococcal gene expression during invasive disease. Infect Immun
72: 5582-5596.

Rosch JW, Gao G, Ridout G, Wang YD, Tuomanen EI (2009) Role of the
manganese cfflux system mntE for signalling and pathogenesis in Streptococcus
pneumoniae. Mol Microbiol 72: 12-25.

Zuker M (2003) Mfold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Res 31: 3406-3415.

Orihuela CJ, Gao G, Francis KP, Yu J, Tuomanen EI (2004) Tissue-specific
contributions of pneumococcal virulence factors to pathogenesis. J Infect Dis
190: 1661-1669.

Kowalko JE, Sebert ME (2008) The Streptococcus pneumoniae competence
regulatory system influences respiratory tract colonization. Infect Immun 76:
3131-3140.

. van Opijnen T, Bodi KL, Camilli A (2009) Tn-seq: high-throughput parallel

sequencing for fitness and genetic interaction studies in microorganisms. Nat
Methods 6: 767-772.

Opijnen T, Camilli A (2010) Genome-wide fitness and genetic interactions
determined by Tn-seq, a high-throughput massively parallel sequencing method
for microorganisms. Curr Protoc Microbiol Chapter 1: UnitlE 3.

van Opijnen T, Boerlijst MC, Berkhout B (2006) Effects of random mutations in
the human immunodeficiency virus type 1 transcriptional promoter on viral
fitness in different host cell environments. J Virol 80: 6678-6685.

July 2012 | Volume 8 | Issue 7 | 1002788



