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Biofilm Formation in Streptococcus agalactiae Is Inhibited by a
Small Regulatory RNA Regulated by the Two-Component

System CiaRH
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alSP, UMR1282, Université de Tours, INRAE, Tours, France
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ABSTRACT Regulatory small RNAs (sRNAs) are involved in the adaptation of bacteria to
their environment. CiaR-dependent sRNAs (csRNAs) are controlled by the regulatory two-
component system (TCS) CiaRH, which is widely conserved in streptococci. Except for
Streptococcus pneumoniae and Streptococcus sanguinis, the targets of these csRNAs have
not yet been investigated. Streptococcus agalactiae, the leading cause of neonatal infec-
tions, has four conserved csRNA genes, namely, srn015, srn024, sr070, and srn085. Here,
we demonstrate the importance of the direct repeat TTTAAG-N5-TTTAAG in the regulation
of these csRNAs by CiaRH. A 24-nucleotide Srn024-sap RNA base-pairing region is predicted
in silico. The sap gene encodes a LPXTG-cell wall-anchored pullulanase. This protein cleaves
a-glucan polysaccharides such as pullulan and glycogen present in the environment to
release glucose and is involved in adhesion to human cervical epithelial cells. Inactivation
of S. agalactiae pullulanase (SAP) leads to no bacterial growth in a medium with only pullu-
lan as a carbon source and reduced biofilm formation, while deletion of ciaRH and srn024
genes significantly increases bacterial growth and biofilm formation. Using a new transla-
tional fusion vector, we demonstrated that Srn024 is involved in the posttranscriptional
regulation of sap expression. Complementary base pair exchanges in S. agalactiae suggest
that Srn024 interacts directly with sap mRNA and that disruption of this RNA pairing is
sufficient to yield the biofilm phenotype of Srn024 deletion. These results suggest the
involvement of Srn024 in the adaptation of S. agalactiae to environmental changes and
biofilm formation, likely through the regulation of the sap gene.

IMPORTANCE Although Streptococcus agalactiae is a commensal bacterium of the human
digestive and genitourinary tracts, it is also an opportunistic pathogen for humans and
other animals. As the main cause of neonatal infections, it is responsible for pneumonia,
bacteremia, and meningitis. However, its adaptation to these different ecological niches
is not fully understood. Bacterial regulatory networks are involved in this adaptation, and
the regulatory TCSs (e.g., CiaRH), as well as the regulatory sRNAs, are part of it. This study
is the first step to understand the role of csRNAs in the adaptation of S. agalactiae. This
bacterium does not currently exhibit extensive antibiotic resistance. However, it is crucial
to find alternatives before multidrug resistance emerges. Therefore, we propose that drugs
targeting regulatory RNAs with Srn024-like activities would affect pathogens by reducing
their abilities to form biofilm and to adapt to host niches.

KEYWORDS Streptococcus agalactiae, CiaRH, sSRNAs, csRNAs, regulation, adaptation,
biofilm, SAP pullulanase

treptococcus agalactiae, a group B streptococcus, is a chain-forming Gram-positive
opportunistic pathogen. It was first associated with bovine mastitis and is also
known to cause outbreaks in fish farms (1, 2). S. agalactiae colonizes asymptomatically the
digestive and genitourinary tracts of 10% to 30% of humans (3). It is the leading cause of
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invasive infections in neonates, causing pneumonia, bacteremia, and meningitis mainly via
maternal transmission, and has emerged as an increasing cause of invasive diseases in
immunocompromised and elderly adults (4, 5). The capacity of S. agalactiae to colonize and
survive in such different environments underlines its ability to adapt to encountered changes.
A first line of control is transcriptional, with regulators such as two-component systems (TCSs)
that respond to physical and chemical perturbations. It is followed by posttranscriptional regu-
lations in which regulatory small RNAs (sRNAs) may affect RNA elongation, processing/degra-
dation, and translation (6).

The TCS CiaRH in Streptococcus pneumoniae regulates the transcription of sRNAs (CiaR-
dependent sSRNAs [csRNAs]) through the binding of CiaR protein to a direct repeat, TTTAAG-
N5-TTTAAG (7). A previous study showed that S. pneumoniae csRNA5 was involved in lung
infection and thus in adaptation to its environment (8). In S. agalactiae, several studies
described sRNAs (9-13). Among them, four are potential csRNAs. They were first predicted
in silico and named csRNA10, csRNA11, csRNA12, and csRNA14 (10). Then, they were detected
by high-throughput RNA sequencing (RNA-seq) and renamed Srn015, Srn024, Srn070, and
SmO085, respectively, and the expression of three of them was confirmed by Northern
blotting in S. agalactiae strain NEM316 (11).

Here, we examined the role of csRNAs in S. agalactiae adaptation to its environment. Our
results showed that csRNAs are conserved in S. agalactiae and controlled by the TCS CiaRH.
We demonstrated that Srn024 is involved in sap posttranscriptional regulation. The sap
gene encodes an LPXTG-cell wall-anchored pullulanase that cleaves a-glucan polysaccha-
rides such as pullulan and glycogen found in the environment to release glucose, a nutrient
source for bacteria (14). In S. agalactiae, S. agalactiae pullulanase (SAP) is known to bind to
human cervical epithelial cells (15). Adhesion to matrix constitutes a critical step to promote
biofilm formation and contributes to bacterium virulence. We demonstrated (i) that inactiva-
tion of SAP leads to no bacterial growth in a medium with only pullulan as a carbon source,
while deletion of ciaRH and srn024 genes significantly increases bacterial growth versus the
wild-type (WT) strain, and (ji) that SAP induces biofilm formation, whereas CiaRH and Srn024
repress biofilm production of S. agalactiae. The regulatory network of CiaRH, Srn024, and
SAP could thus be involved in the host colonization. We propose that drugs targeting regu-
latory RNAs with Srn024-like activities would affect pathogens by reducing their ability to
produce biofilm and to adapt to host niches.

RESULTS

csRNAs are conserved in S. agalactiae. We reported the identification of 47 puta-
tive trans-acting sRNAs in S. agalactiae strain NEM316 (11). Among them, the four
csRNAs (Srn015, Srn024, Srn070, and Srn085, which are 140, 90, 112, and 218 nucleo-
tides [nt] long, respectively) were expressed. Their corresponding genes, namely,
srn015, srn024, srn070, and srn085, are located between pgi and gbs0438, between
gbs0600 and gbs0601, between gbs1697 and gbs1698, and between gbs2087 and
gbs2088, respectively. Sequence homology searches using all available S. agalactiae
shotgun and complete genome sequences reveal that srn015, srn024, srn070, and
srn085 are conserved in S. agalactiae, with a low degree of polymorphism (>98% nu-
cleotide identity). Thus, csRNAs belong to S. agalactiae regulatory RNA core genes.
Interestingly, BLAST analysis did not result in significant matches when performed in
other streptococcal genomes, suggesting that srn015, srn024, srn070, and srn085 are
specific to S. agalactiae. The csRNA conservation within S. agalactiae suggests that
they have an important role in bacterial physiology.

csRNAs are regulated by the TCS CiaRH. The presence of a conserved motif,
TTTAAG-N5-TTTAAG, was detected within the promoter regions of Srn015, Srn024,
Srn070, and Srn085 using WebLogo (Fig. 1A) (16). This sequence was previously identi-
fied as a CiaR binding site in S. pneumoniae (7). This result suggested CiaRH regulation
of these csRNAs. To test this possibility, a strain in which the ciaRH operon was inacti-
vated (AciaRH) was constructed along with the corresponding complemented strain
(AciaRH::.ciaRH™ si), The promoter regions of each of the four csRNA genes were
cloned upstream of the lacZ gene (encoding B-galactosidase enzyme) into the
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FIG 1 Activation of the four csRNA promoters by the TCS CiaRH. (A) Sequence logo of S. agalactiae promoters for csRNA predicted genes. The CiaR-related
repeats are underlined by arrows. The transcriptional start site and the —10 region are underlined. WebLogo produced the logo. (B and C) The promoter activities of
5015 and sr024 (B) and srn070 and sm085 (C) were measured in S. agalactiae NEM316, AciaRH, and AciaRH:ciaRH™ ™ strains. Results are presented as
means * standard deviations of three independent experiments. The significance was determined by ANOVAs and Student t tests. **, P < 0.01; ****, P < 0.0001.

promoter probe vector pTCV-lacZ. The resulting plasmids were introduced into
NEM316 WT, AciaRH, and AciaRH::ciaRH™ s strains, and the B-galactosidase activity of
each strain was determined at the mid-exponential growth phase in Todd-Hewitt (TH)
broth. The four tested promoters were active in the NEM316 and AciaRH::ciaRH™ st
strains but had strongly reduced activity in the AciaRH strain (Fig. 1B and C). Moreover,
an important difference was observed in the promoter activities of the four csRNAs.
Indeed, that of Srn024 was 2- to 46-fold higher than that of the others (Fig. 1B). This
finding confirmed the involvement of CiaRH in the regulation of these csRNAs.

The direct repeat sequence TTTAAG-N5-TTTAAG is involved in the regulation
of Srn024. To evaluate the role of the predicted CiaR binding site in transcriptional
regulation of these csRNAs, point mutations were introduced in the CiaR box of the
pTCV-P,,,.,,-lacZ transcriptional fusion (Fig. 2A); the recombinant plasmids were trans-
formed into the NEM316 strain, and the B-galactosidase activity of the different con-
structs was measured. Compared to the native promoter (P,,,,,,), the B-galactosidase
activity was strongly reduced when the second TTTAAG motif was replaced by the
CCCGGT sequence (P,,0.4-). However, the B-galactosidase activity was not altered by
replacing the second nucleotide of this motif (P,,,q.,-) (Fig. 2). These results confirmed
the involvement of the direct repeat sequence TTTAAG-N5-TTTAAG in the transcrip-
tional regulation of Srn024.

Srn024 does not encode a small peptide. A putative open reading frame (ORF)
predicted in the srn024 sequence is for a 24-amino acid peptide. Although the
sequence is not preceded by a ribosome binding site (RBS), a translational fusion was
performed to test the putative synthesis of a peptide. For this, we developed pNJE2, a
vector derived from pMSP3545 (see Fig. S1A and B in the supplemental material) (17)
containing a nisin-inducible promoter (P,;,) followed by (i) a transcriptional start site,
(i) a multiple cloning site, and (iii) a transcriptional terminator. Its derivative, pNJE2::
srn0240RF, contains the putative srn024 ORF with its upstream sequence cloned in
frame and upstream of the lacZ gene starting from the second codon (see Fig. S2). No
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FIG 2 Involvement of the CiaR binding site in the regulation of Srn024. (A) Sequences of native (P,,,,,) and mutated (P, ., and P, ,...) promoters of the sm024
gene. The performed substitutions are shown in bold and indicated by stars. In the promoter sequences, the CiaR-related repeat is underlined by arrows and boxed.
The transcriptional start site is shown in bold. The putative —35 sequence is shown in red, and the —10 region is boxed. (B) The activity of native and mutated
promoters of sr024 was measured in S. agalactiae strain NEM316. Results are presented as means * standard deviations of three independent experiments. The

significance was determined by ANOVAs and Student t tests. ***, P < 0.001.

LacZ activity was detected with this construct (see Fig. S2B). Therefore, we conclude
that Srn024 likely does not express a peptide; consequently, the phenotypes that we
report here are likely due to RNA pairing activities.

Srn024 targets the LPXTG-cell wall-anchored pullulanase SAP by RNA-RNA pairing
in silico. To identify putative mRNA targets of Srn024, a genome-wide prediction of Srn024-
mRNA interactions was performed using in silico target prediction web servers (CopraRNA,
TargetRNA2, and RNApredator) (18-20). A list of the top three ranked candidate target
genes for Srn024 is shown in Table 1 and described in Table 2. gbs71288 mRNA, also known
as sap mRNA (S. agalactiae pullulanase), was the most probable target of Srn024, with the
lowest thermodynamic pairing energy between the two RNA molecules for TargetRNA2
(—14.37 kJ/mol) and RNApredator (—17.41 kJ/mol). It was also predicted in third position by
CopraRNA (—17.74 kJ/mol) (Table 1). The putative interaction region of 22 nt between
Srn024 and the sap mRNA predicted by IntaRNA is located between the AUG start codon
region of sap mMRNA and the first 2 to 24 nt of Srn024 (Fig. 3; also see Fig. S3) (18). Thus,
in silico predictions suggest that Srn024 affects sap expression by RNA-RNA pairing.

Srn024 does not affect the transcription of sap. To evaluate sap transcription, a strain
in which the srn024 gene was inactivated (Asrn024) was constructed along with a comple-
mented strain containing a recombinant vector carrying srn024 (Asrn024-pTCV-Pr.::srn024).
The amount of sap transcripts was determined by reverse transcription-quantitative PCR

TABLE 1 Top three ranked putative target genes for Srn024 in S. agalactiae strain NEM316

Predicted target from
CopraRNA (energy [kJ/mol])

Predicted target from
Predicted target rank

TargetRNA2 (energy [kJ/mol])

Predicted target from
RNApredator (energy [kJ/mol])

1 gbs1498 (—18.16) gbs1288 (—14.37)7
2 gbs1396 (—18.04) gbs1398 (—13.95)
3 gbs1288 (—17.74)° gbs0877 (—13.57)

gbs1288 (—17.41)7
gbs1396 (—17.20)
gbs0609 (—15.41)

aGene predicted by the three tools.
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TABLE 2 Description of putative target genes of Srn024 in S. agalactiae strain NEM316

Gene name Description Genomic coordinates?
gbs0609 HAD-IA family hydrolase 633184-631920
gbs0877 (atpF) ATP synthase subunit B 904415-904912
gbs1288 (sap) Pullulanase 1333559-1329601
gbs1396 Mevalonate kinase 1445104-1444026
gbs1398 Response regulator transcription factor 1446935-1446249
gbs1498 (mscl) Large-conductance mechanosensitive channel 1551434-1551811

9Nucleotides positions on the corresponding genome : begin-end.

(RT-gPCR) in NEM316-pTCVP;,, (empty vector), Asrn024-pTCV-Pr,, and Asrn024-pTCV-Pr:
srn024 strains. Transcription was not significantly different in the three strains (see Fig. S4).
We concluded that the role of Srn024 is not likely to affect sap transcription; therefore, Srn024
may act posttranscriptionally.

Posttranscriptional regulation of sap by Srn024. Because sap transcription is not
altered by Srn024 but is a predicted Srn024 target, we considered that Srn024 could act
posttranscriptionally. In order to decipher any involvement of Srn024 in posttranscriptional
regulation of sap mRNA, we constructed a pNJE2:sap vector in which the beginning of the
sap gene (RBS and translation start codon) was cloned upstream of the lacZ gene starting
from the second codon (see Fig. S1C). NEM316, Asrm024, and complemented Asrn024:
srn024 situ strains were transformed with the resulting vector pNJE2::sap. Expression of SAP-
reporter was induced by the addition of nisin (25 ng/mL) to the growth medium. At mid-ex-
ponential growth phase, 8-galactosidase activity was measured. Compared to Asrn024, the
expression of the reporter fusion was about 2- and 3-fold higher in NEM316 and Asrn024::
sr024 strains, respectively (Fig. 4). These results suggest that Srn024 downregulates sap
mMRNA posttranscriptionally, likely by direct SRNA-mRNA interaction. In order to show the
involvement of Srn024 in posttranscriptional regulation of sap mMRNA, pNJE2:sap derivative
plasmids carrying either a 24-nt deletion (pNJE2::sapA24) or a 7-nt substitution (pNJE2::sapS)
in the sequence corresponding to the predicted interaction region of Srn024-sap mRNA
were introduced into NEM316, Asrn024, and Asrn024:srn024™ s strains (Fig. 4A). No difference
in B-galactosidase activity was observed between the six strains (Fig. 4B). To confirm the im-
portance of this sequence in the regulation of SAP, we constructed a mutant strain carrying

A.
B.
22 46
I I
sap mMRNA s'-cav. .ucatp ac U UAAAC..UUC-3'

UGRAAAGAAAAG UUAUUUGG GA
PELELELEL Lt i
ACUUUUCUUUUC ~AAUAAAUC CU
Srn024 3'-ACG..CUUGU a A-5'
I I
24 2

FIG 3 Predicted interaction between Srn024 and sap mRNA. (A) Putative secondary structure of the csRNA
Sr024, as predicted by RNAfold (43). (B) Putative interaction between csRNA Srn024 and the sap mRNA
target as predicted by IntaRNA. The first codon of sap mRNA is boxed.
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FIG 4 Posttranscriptional regulation of sap by Srmn024. (A) Sequences of native sap mRNA, sapA24 (24-nt
deletion is boxed), and sapS (7-nt substitutions are shown in bold and underlined). (B) Translation of SAP was
measured in S. agalactiae NEM316, ASrn024, and ASrn024::Srn024™ < strains. Results are presented as
means =+ standard deviations of three independent experiments. The significance was determined
by ANOVAs and Student t tests. **, P < 0.01.

7-nt substitutions in srm024 gene (srm024S) that were complementary to those performed in
sap (Fig. 5A). SAP-reporter was less expressed in the srn024S strain than in NEM316
(Fig. 5B). Together, these experiments appear to support the predicted Srn024-sap mRNA
interaction.

Srn024 and CiaRH inhibit S. agalactiae growth in a chemically defined medium
and biofilm formation. Our findings suggesting the effects of Srn024 on SAP expres-
sion led us to investigate the roles of Srn024 in S. agalactiae growth in a medium with
only pullulan as a carbon source and in biofilm formation. To test these hypotheses,
we constructed a strain in which the sap gene was inactivated (sap*). In a chemically
defined medium (CDM) with only 1% pullulan as a carbon source, the sap* strain did
not grow while the Asrn024 and AciaRH strains grew faster than the WT strain (Fig. 6).

Biofilm formation depends on adhesion of microorganisms to each other and to biotic
or abiotic surfaces. The NEM316 strain forms biofilms on 96-well plastic plates. The sap*
strain showed strongly reduced biofilm formation, which was restored by introducing the
sap™ sitv allele (Fig. 7A), whereas the strain deficient for Srn024 and CiaRH showed increased
biofilm formation, which was also restored by introducing the srn024 st and ciaRH™" sitv

A. AC

saps 5’ AUGAAGCGCAAGG CUCUUCGGUGAUAAA 3

Srn024s 3’ UUCUUCGCGUUCC GAGAAGCCACUAUUU 5’

A
B.
140 -
- E=1 NEM316-pNJE2::sapS
Srn024S-pNJE2::sapS
100 -

80 4
60 -
40 -
20 -
0 -

SAP reporter activity (%)

FIG 5 Posttranscriptional regulation of sap by Srn024. (A) Putative interaction sequence between sap
MRNA and Srn024. Performed substitutions are shown in bold and underlined. (B) Translation of SAP
was measured in S. agalactiae NEM316 and Srn024S strains. Results are presented as means * standard
deviations of three independent experiments. The significance was determined by ANOVAs and Student
t tests. **, P < 0.01.
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FIG 6 SAP protein is essential for S. agalactiae growth in the presence of pullulan as a unique carbon source, while CiaRH and Srn024
repress its growth in the same medium. Growth of NEM316, sap*, and sap*:sap™ * strains (A), growth of NEM316, Asrn024, and Asrn024:A
srn024" s strains (B), and growth of NEM316, AciaRH, and AciaRH:AciaRH" ™ strains (C) in CDM with 1% pullulan was measured. Results
are presented as means = standard deviations of three independent experiments. Significance was determined by ANOVAs and Student t tests
using the WT strain NEM316 as a reference.

alleles (Fig. 7B). Additionally, biofilm formation by the srn024S strain, as the Asrn024 strain,
increased compared to the WT strain (Fig. 7B and C).

We conclude that Srn024, likely through its interaction with sap mRNA, contributes to
S. agalactiae adaptation to environmental changes and biofilm formation.

DISCUSSION

Regulatory sRNAs have been recognized to be essential in the regulation of bacterial
genes. Their roles in pathogenesis and adaptation of bacteria to the environment are
well established. In streptococci, many sRNAs have been predicted by bioinformatics or
experimental screenings as next-generation sequencing (RNA-seq) (21). The expression
of some sRNAs (csRNAs) is regulated by the CiaRH TCS conserved in streptococci (22). CiaRH
controls many cellular processes, including resistance to the immune system, natural compe-
tence, and virulence (23-26). However, with the exception of S. pneumoniae and Streptococcus
sanguinis, the function of most of these csRNAs remains unknown. Indeed, in S. pneumoniae,
csRNAs are involved in competence, autolysis, and lung infection (7, 8, 27). In S. sanguinis,
¢csRNA1-1 has been confirmed to inhibit biofilm formation (28).

In S. agalactiae NEM316, we previously identified four csRNAs that were bioinformatically
predicted (9-13). Here, we showed good conservation (>98% nucleotide identity) of these
csRNAs in S. agalactiae. Therefore, these genes are part of the core genome of this species,
suggesting an important role for bacterial physiology.
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FIG 7 SAP increases biofilm formation, while CiaRH and Sm024 inhibit it. Biofilm formation by NEM316, sap*, and sap*:sap™ S strains
(A), NEM316, Asrn024, Asm024:Sm024™ <, AciaRH, and AciaRH:ciaRH™  strains (B), and NEM316, Asrn024, and srm024S strains (C) in TH
broth supplemented with 1% glucose was measured. Results are presented as means = standard deviations of at least three
independent experiments. The significance was determined by ANOVAs and Student ¢ tests. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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To determine their roles in bacterial adaptation to the host, we first confirmed regulation
of Srn015, Srn024, Srn070, and Srn085 csRNAs by the CiaRH TCS. In the promoters driving
the expression of each of these four csRNAs, we identified the TTTAAG-N5-TTTAAG sequence,
which was previously shown to be essential for CiaR binding in S. pneumoniae (7). Here, we
confirmed the upregulation of the four csRNAs by the CiaRH TCS, suggesting the strong de-
pendence of these csRNAs on CiaR (Fig. 1). These results were fully consistent with those for S.
pneumoniae (7). We observed an important difference in the promoter activity of the four
csRNAs (Fig. 1B). This could be due to sequence variability in csRNAs promoters (see Fig. S5 in
the supplemental material). The dependence of the activated Srm024 promoter on CiaR is
based on the direct repeat of the TTTAAG hexamer. Indeed, the conversion of the second
TTTAAG motif to CCCGGT prevented the activity of the Srn024 promoter. However, the modi-
fication of TTTAAG to TGTAAG was not sufficient to impact regulation. The regulation of S.
agalactiae csRNAs by the CiaRH TCS strongly suggested a role in the adaptation of the bacte-
rium to its environment.

We then searched for genes that might be regulated by Srn024 in S. agalactiae using tar-
get prediction web servers (CopraRNA, TargetRNA2, and RNApredator). Among the different
candidate target genes, sap, encoding a pullulanase, was the most likely target (Table 1). We
demonstrated that Srn024 did not affect the saqp mRNA transcription (see Fig. S2). However,
Srm024 appeared to base pair with the coding sequence of sap mRNA (Fig. 3B). Using a trans-
lational fusion strategy, we confirmed that Srn024 is involved in sap mRNA posttranscriptional
regulation. Our results suggest that duplex formation between Sr024 and sap mRNA could
occlude the start site, resulting in translation inhibition (Fig. 4 and 5).

Bacteria need carbon sources to colonize the host; the most common are a-glucans such
as starches and glycogen. Indeed, during periods of high estrogen availability, glycogen is
found in large amounts in the vaginal epithelium, while dietary starches are abundant in the
human colon (29, 30). SAP pullulanase is a surface-exposed protein that is able to hydrolyze
starches and glycogen (14). In this study, we demonstrated the inability of a strain deficient in
SAP to grow with only pullulan as a carbon source. However, AciaRH and Asrn024 strains
grow better in the presence of pullulan (Fig. 6). Thus, CiaRH may regulate the expression
of SAP pullulanase through Srn024 depending on the availability of carbon sources in the
bacterial environment.

Genes homologous to sap were found in S. pneumoniae, Streptococcus pyogenes, and
Streptococcus suis, named spuA, pulA, and apuA, respectively. They have been proposed
as key factors in the metabolic pathway involved in bacterial adaptation to host niches
(31-33). SpuA was shown to be necessary for virulence in a mouse lung model of infec-
tion and to bind to alveolar type Il cell glycogen in the lung, PulA to be responsible for
adhesion to human epithelial cells, and ApuA to promote adhesion to porcine epithelium
(32-35). SAP was also shown to be necessary for S. agalactiae binding to human cervical epi-
thelial cells (15). We can notice here that pullulanases found in different Streptococcus spe-
cies play a role in adhesion. Based on these results, we investigated whether CiaRH and
Sr024 could play a role in biofilm formation and thus in adhesion by regulating the expres-
sion of SAP. We demonstrated that CiaRH and Srn024 downregulate the biofilm formation
of S. agalactiae, likely through the interaction between the csRNA and sap mRNA (Fig. 7).
CiaRH is known to be involved in biofilm formation in several streptococcal species such as
S. pyogenes, Streptococcus mutans, and Streptococcus gordonii (22). This study is the first one
that shows the involvement of the TCS CiaRH and the ¢sRNA Srn024 in S. agalactiae biofilm
formation.

Here, we suggest an adaptation mechanism in which CiaRH may play a role in the post-
transcriptional regulation of SAP by Srn024 in response to extracellular stimuli detected by
the TCS. When bacteria would be exposed to large amounts of glycogen and starch or would
have to adhere to the cell surface, CiaRH would no longer activate Srn024 expression, thus
preventing the inhibition of posttranscriptional regulation of SAP. However, the regulation
model that we propose here requires further work.

In this study, we confirmed the regulation of the four S. agalactiae csRNAs by the TCS
CiaRH. Next, we identified the sap gene, which is involved in bacterial adaptation to its
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different environments, as a target of Srn024 (14). We also demonstrated the implication
of CiaRH and Srn024 in biofilm formation of S. agalactiae. Although we have confirmed the
posttranscriptional regulation of SAP by Sr024, it would also be important to find other tar-
gets and characterize the entire role of Srn024 in S. agalactiae. In addition, characterization
of other csRNAs will provide insight into the sSRNA-dependent regulatory network of S. agalac-
tiae. This may contribute to the development of drugs targeting regulatory RNAs, reducing
the ability of pathogens to adapt to host niches (36).

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. Serotype Il S. agalactiae strain NEM316 was
the parental strain used for this study (37). Escherichia coli was used for cloning purposes. All plasmids and bacte-
rial strains used in this study are listed in Table S1 in the supplemental material. S. agalactiae and E. coli strains
were routinely grown at 37°C statically in TH broth (Difco) and under agitation in Luria-Bertani (LB) broth (MP
Biomedicals), respectively. For translational fusions, S. agalactiae strains were cultured in TH broth with the addi-
tion of 25 ng/mL of nisin. For growth kinetics, S. agalactiae strains were grown at 37°C without shaking for 18 h
in TH broth. Dilution was performed from these cultures to obtain an optical density at 600 nm (ODy,,) of 0.05 in
a CDM (38) supplemented with 1% pullulan (Thermo Fisher Scientific). Growth was studied using 96-well micro-
plates (FALCON, USA). The plates were incubated for 24 h at 37°C without shaking in a spectrophotometer
(BioTek Instruments, USA). Every 30 min, the ODg,, was measured after shaking for 5 s. When necessary, E. coli
and S. agalactiae strains were grown with erythromycin (150 pg/mL for E. coli or 10 wg/mL for S. agalactiae).

RNA preparation. Total RNA was extracted from mid-exponential-phase cells (ODg,, of 0.6) by using
the phenol/TRIzol method (39). The quality of total RNA was checked on agarose.

RT-qPCR. RNA samples were treated with TURBO DNase (Ambion) according to the manufacturer’s
instructions. The absence of contaminating genomic DNA was checked by PCR using recA primers (all primers
used in this study are listed in Table S2 in the supplemental material). Gene selection for normalization, RT-
gPCR experiments, and data analyses were performed as described previously (36). The expression levels of
the tested genes were normalized using the recA gene. Presented data were obtained from duplicate measures
of three independent RNA sample extractions.

Construction of ciaRH and srn024 deletion mutants, srn024 substitutions mutant, and sap*
inactivation mutant. Mutant strains were constructed by allelic exchanges via a two-step homologous
recombination process using pG+host1 derivatives as described (40).

S. agalactiae AciaRH is a nonpolar mutant of the NEM316 strain with deletion of the coding sequences of
ciaR and ciaH genes. Upstream and downstream flanking regions of ciaR/ciaH were PCR amplified. A fusion
between these two regions was obtained using the Bsal restriction site. The resulting sequence was amplified
and cloned into the EcoRI/BamHI restriction sites of the pG+host1. The recombinant plasmid was electroporated
in the NEM316 strain. Allelic exchange was performed as described previously (40). To complement this mutant,
the entire coding sequence of ciaRH was amplified by PCR and cloned in the pG1+host1, as described above.
After allelic exchange, the in situ chromosomal complementation of ciaRH was confirmed by sequencing.

The same cloning strategy was applied to obtain the Asrn024 mutant strain. To complement the Asm024
mutant strain, the entire sequence of sm024 was PCR amplified and the PCR fragment was cloned into the
Xbal/Pstl restriction sites of the pTCV-P,,, vector, a derivative of the shuttle vector pTCV that carries a constitu-
tively expressed Gram-positive promoter sequence (40). To construct the in situ complement, srn024 was
amplified by PCR and inserted into pG1+host1, using the same strategy as for ciaRH.

To construct srn024S with substitutions of 7 nt in srn024, upstream and downstream flanking regions
of srn024 were PCR amplified. A fusion between the two regions was obtained by using splicing-by-over-
lap extension PCR. The same strategy was used to construct a SAP inactivation mutant (sap*) by adding
a stop codon to the beginning of the sap sequence.

After ligation, recombinant plasmids were transformed into E. coli, verified by DNA sequencing of
the cloned regions, and then electroporated into the appropriate NEM316 S. agalactiae derivative. For
strain constructions, the genomic DNA of mutants was isolated, and the presence of appropriate muta-
tions was checked by sequencing the concerned regions.

Construction of vectors for transcriptional fusion assays. The pTCV-/acZ vector was used to con-
struct transcriptional fusions between the E. coli lacZ reporter gene and upstream regions of the srm015, srn024,
5rn070, and sr085 genes (41). The intergenic regions containing the four csRNAs promoters were PCR ampli-
fied (11). The corresponding purified DNA fragments were cloned into the BamHI/EcoRlI restriction sites of the
pTCV-lacZ vector. NEM316, AciaRH, and AciaRH:ciaRH™ ™ strains were transformed with these constructions.
The same cloning strategy was applied to obtain mutations in the srn024 promoter. A fusion between the two
regions of each construction was obtained by using splicing-by-overlap extension PCR.

B-Galactosidase transcriptional fusion assays. For quantification of csRNAs expression, TH broth
with 10 wg/mL erythromycin was inoculated to an ODg,, of 0.05 with an overnight culture. This culture was incu-
bated at 37°C without agitation. Bacteria were harvested at mid-exponential growth phase (OD,, of 0.6), and
B-galactosidase assays were performed as described previously (38). All experiments were carried out at least
three times.

Construction of the pNJE2 vector for translational fusion. The nisin-inducible promoter (P, ,) was
amplified from the pMSP3545 vector (17). The lacZ gene was amplified from its second codon from the
pTCV-lacZ vector (41). A fusion between these two fragments was obtained using the Ncol restriction site
present in primers. The resulting sequence was amplified and cloned into the Bglll/Xbal restriction sites of
the pMSP3545 vector.
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To construct the pNJE2:sap vector, the first 90 nt of sap coding sequence were amplified by PCR. To
construct pNJE2::sapA24 and pNJE2:sapS vectors, sequences upstream and downstream of the sap coding
sequence were amplified by PCR (for primers, see Table S2 in the supplemental material). A fusion between
the two regions was obtained by using splicing-by-overlap extension PCR. The resulting sequences were
cloned into the Eagl/Pstl restriction sites of the pNJE2 vector. To construct pNJE2::srn0240RF, the srn024
gene was amplified and cloned into the Ncol/Pstl restriction sites of the pNJE2 vector.

B-Galactosidase translational fusion assays. Bacteria were grown in TH broth supplemented with
25 ng/mL of nisin at 37°C without agitation to the mid-exponential growth phase (OD,, of 0.6). The bacteria
were harvested, and the B-galactosidase activity was measured as described previously (38). All experiments
were carried out at least three times.

Biofilm formation assay. Biofilm formation was studied using 96-well polystyrene microplates
(Costar, Washington, DC, USA). Dilution was performed from overnight cultures to obtain an OD,,, of
0.05 in the same medium (TH broth supplemented with 1% glucose). Then, 200 uL of this dilution was
dispensed into the microplate and incubated at 37°C for 48 h. After incubation, the culture was
removed, and the microplate was washed twice with water. Biofilm was stained for 15 min with 0.2%
crystal violet (Merck, Darmstadt, Germany) (110 uL per well) and washed four times with water. After air
drying, biofilm was dissolved for 1 h at room temperature with ethanol/acetone (80:20 [vol/vol]). The so-
lution was transferred into a new plate, and the ODg,, was measured using an Eon thermoregulated
spectrophotometer plate reader (BioTek Instruments). The biofilm formation index was calculated as the
ratio of the ODy, after crystal violet treatment to the ODy,, before treatment. Biofilm formation was rep-

Microbiology Spectrum

resented as a percentage of that of the WT strain.
Statistical analyses. Data are presented as the mean * standard deviation of at least three inde-
pendent experiments. Analyses of variance (ANOVAs) and Student t tests were used to determine the
significance of the differences between means (42).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.

ACKNOWLEDGMENTS
N.J. was the recipient of a Ph.D. fellowship from Région Centre-Val de Loire.

We are grateful to Philippe Bouloc for critical reading of the manuscript and helpful
discussions. We thank Clément Vigouroux, Pierre-Hugues Bibak, Daniel Niquet, Lucie Noel,
and Vanessa Rong for technical assistance.
N.J. and M.-F.L. conceived and designed the study, N.J. and E.M. collected the data,
NJ, EM, EC, and M-F.L. analyzed data, NJ. and M.-F.L. wrote the first draft of the manuscript,
and all authors carefully reviewed the manuscript and proposed significant modifications.

REFERENCES

1.

Evans JJ, Bohnsack JF, Klesius PH, Whiting AA, Garcia JC, Shoemaker CA,
Takahashi S. 2008. Phylogenetic relationships among Streptococcus aga-
lactiae isolated from piscine, dolphin, bovine and human sources: a dol-
phin and piscine lineage associated with a fish epidemic in Kuwait is also
associated with human neonatal infections in Japan. J Med Microbiol 57:
1369-1376. https://doi.org/10.1099/jmm.0.47815-0.

. Pereira UP, Mian GF, Oliveira ICM, Benchetrit LC, Costa GM, Figueiredo

HCP. 2010. Genotyping of Streptococcus agalactiae strains isolated from
fish, human and cattle and their virulence potential in Nile tilapia. Vet
Microbiol 140:186-192. https://doi.org/10.1016/j.vetmic.2009.07.025.

. van der Mee-Marquet N, Fourny L, Arnault L, Domelier A-S, Salloum M,

Lartigue M-F, Quentin R. 2008. Molecular characterization of human-colo-
nizing Streptococcus agalactiae strains isolated from throat, skin, anal
margin, and genital body sites. J Clin Microbiol 46:2906-2911. https://doi
.org/10.1128/JCM.00421-08.

. Farley MM. 2001. Group B streptococcal disease in nonpregnant adults.

Clin Infect Dis 33:556-561. https://doi.org/10.1086/322696.

. Stoll BJ, Hansen NI, Sanchez PJ, Faix RG, Poindexter BB, Van Meurs KP,

Bizzarro MJ, Goldberg RN, Frantz ID, Hale EC, Shankaran S, Kennedy K,
Carlo WA, Watterberg KL, Bell EF, Walsh MC, Schibler K, Laptook AR,
Shane AL, Schrag SJ, Das A, Higgins RD. 2011. Early onset neonatal sepsis:
the burden of group B streptococcal and E. coli disease continues. Pedia-
trics 127:817-826. https://doi.org/10.1542/peds.2010-2217.

. Wagner EGH, Romby P. 2015. Small RNAs in bacteria and archaea: who

they are, what they do, and how they do it. Adv Genet 90:133-208. https://doi
.0rg/10.1016/bs.adgen.2015.05.001.

Month YYYY Volume XX Issue XX

. Halfmann A, Kovacs M, Hakenbeck R, Briickner 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 Micro-
biol 66:110-126. https://doi.org/10.1111/j.1365-2958.2007.05900.x.

. Mann B, van Opijnen T, Wang J, Obert C, Wang Y-D, Carter R, McGoldrick

DJ, Ridout G, Camilli A, Tuomanen El, Rosch JW. 2012. Control of virulence by
small RNAs in Streptococcus pneumoniae. PLoS Pathog 8:21002788. https://doi
.0rg/10.1371/journal.ppat.1002788.

. Pichon C, du Merle L, Caliot ME, Trieu-Cuot P, Le Bouguénec C. 2012. An in

silico model for identification of small RNAs in whole bacterial genomes:
characterization of antisense RNAs in pathogenic Escherichia coli and Strep-
tococcus agalactiae strains. Nucleic Acids Res 40:2846-2861. https://doi.org/
10.1093/nar/gkr1141.

. Marx P, Nuhn M, Kovéacs M, Hakenbeck R, Briickner 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.
https://doi.org/10.1186/1471-2164-11-661.

. Rosinski-Chupin I, Sauvage E, Sismeiro O, Villain A, Da Cunha V, Caliot M-

E, Dillies M-A, Trieu-Cuot P, Bouloc P, Lartigue M-F, Glaser P. 2015. Single
nucleotide resolution RNA-seq uncovers new regulatory mechanisms in
the opportunistic pathogen Streptococcus agalactiae. BMC Genomics 16:
419. https://doi.org/10.1186/512864-015-1583-4.

. Keogh RA, Spencer BL, Sorensen HM, Zapf RL, Briaud P, Bonsall AE, Doran

KS, Carroll RK. 2021. Global annotation, expression analysis, and stability
of candidate sRNAs in group B Streptococcus. mBio 12:e02803-21. https://
doi.org/10.1128/mBi0.02803-21.

10.1128/spectrum.00635-22 10

Downloaded from https://journals.asm.org/journal/spectrum on 01 September 2022 by 147.100.179.233.


https://doi.org/10.1099/jmm.0.47815-0
https://doi.org/10.1016/j.vetmic.2009.07.025
https://doi.org/10.1128/JCM.00421-08
https://doi.org/10.1128/JCM.00421-08
https://doi.org/10.1086/322696
https://doi.org/10.1542/peds.2010-2217
https://doi.org/10.1016/bs.adgen.2015.05.001
https://doi.org/10.1016/bs.adgen.2015.05.001
https://doi.org/10.1111/j.1365-2958.2007.05900.x
https://doi.org/10.1371/journal.ppat.1002788
https://doi.org/10.1371/journal.ppat.1002788
https://doi.org/10.1093/nar/gkr1141
https://doi.org/10.1093/nar/gkr1141
https://doi.org/10.1186/1471-2164-11-661
https://doi.org/10.1186/s12864-015-1583-4
https://doi.org/10.1128/mBio.02803-21
https://doi.org/10.1128/mBio.02803-21
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00635-22

CiaR-Dependent sRNA Inhibits Biofilm Formation

13.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Wolf IR, Paschoal AR, Quiroga C, Domingues DS, de Souza RF, Pretto-Giordano
LG, Vilas-Boas LA. 2018. Functional annotation and distribution overview of
RNA families in 27 Streptococcus agalactiae genomes. BMC Genomics 19:556.
https://doi.org/10.1186/512864-018-4951-z.

. Santi |, Pezzicoli A, Bosello M, Berti F, Mariani M, Telford JL, Grandi G,

Soriani M. 2008. Functional characterization of a newly identified group B
Streptococcus pullulanase eliciting antibodies able to prevent alpha-glucans
degradation. PLoS One 3:e3787. https://doi.org/10.1371/journal.pone.0003787.

. Gourlay LJ, Santi |, Pezzicoli A, Grandi G, Soriani M, Bolognesi M. 2009. Group B

Streptococcus pullulanase crystal structures in the context of a novel strategy
for vaccine development. J Bacteriol 191:3544-3552. https://doi.org/10.1128/
JB.01755-08.

. Crooks GE, Hon G, Chandonia J-M, Brenner SE. 2004. WebLogo: a sequence

logo generator. Genome Res 14:1188-1190. https://doi.org/10.1101/gr.849004.

. Bryan EM, Bae T, Kleerebezem M, Dunny GM. 2000. Improved vectors for nisin-

controlled expression in Gram-positive bacteria. Plasmid 44:183-190. https://doi
.0rg/10.1006/plas.2000.1484.

. Wright PR, Georg J, Mann M, Sorescu DA, Richter AS, Lott S, Kleinkauf R,

Hess WR, Backofen R. 2014. CopraRNA and IntaRNA: predicting small RNA
targets, networks and interaction domains. Nucleic Acids Res 42:
W119-W123. https://doi.org/10.1093/nar/gku359.

. Kery MB, Feldman M, Livny J, Tjaden B. 2014. TargetRNA2: identifying targets

of small regulatory RNAs in bacteria. Nucleic Acids Res 42:W124-W129. https://
doi.org/10.1093/nar/gku317.

Eggenhofer F, Tafer H, Stadler PF, Hofacker IL. 2011. RNApredator: fast
accessibility-based prediction of sSRNA targets. Nucleic Acids Res 39:W149-W154.
https://doi.org/10.1093/nar/gkr467.

Patenge N, Fiedler T, Kreikemeyer B. 2013. Common regulators of virulence in
Streptococci. Curr Top Microbiol Immunol 368:111-153. https://doi.org/10.1007/
82_2012_295.

Jabbour N, Lartigue M-F. 2021. An inventory of CiaR-dependent small reg-
ulatory RNAs in Streptococci. Front Microbiol 12:669396. https://doi.org/
10.3389/fmicb.2021.669396.

Quach D, van Sorge NM, Kristian SA, Bryan JD, Shelver DW, Doran KS.
2009. The CiaR response regulator in group B Streptococcus promotes in-
tracellular survival and resistance to innate immune defenses. J Bacteriol
191:2023-2032. https://doi.org/10.1128/JB.01216-08.

Dagkessamanskaia A, Moscoso M, Hénard V, Guiral S, Overweg K, Reuter
M, Martin B, Wells J, Claverys J-P. 2004. Interconnection of competence,
stress and CiaR regulons in Streptococcus pneumoniae: competence trig-
gers stationary phase autolysis of ciaR mutant cells. Mol Microbiol 51:
1071-1086. https://doi.org/10.1111/j.1365-2958.2003.03892.x.

Sebert ME, Patel KP, Plotnick M, Weiser JN. 2005. Pneumococcal HtrA pro-
tease mediates inhibition of competence by the CiaRH two-component
signaling system. J Bacteriol 187:3969-3979. https://doi.org/10.1128/JB.187.12
.3969-3979.2005.

LiJ, Tan C, Zhou Y, Fu S, Hu L, Hu J, Chen H, Bei W. 2011. The two-component
regulatory system CiaRH contributes to the virulence of Streptococcus suis 2.
Vet Microbiol 148:99-104. https://doi.org/10.1016/j.vetmic.2010.08.005.

Laux A, Sexauer A, Sivaselvarajah D, Kaysen A, Briickner R. 2015. Control
of competence by related non-coding csRNAs in Streptococcus pneumo-
niae R6. Front Genet 6:246. https://doi.org/10.3389/fgene.2015.00246.
Ota C, Morisaki H, Nakata M, Arimoto T, Fukamachi H, Kataoka H, Masuda
Y, Suzuki N, Miyazaki T, Okahashi N, Kuwata H. 2018. Streptococcus sanguinis
noncoding cia-dependent small RNAs negatively regulate expression of type

Month YYYY Volume XX Issue XX

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Microbiology Spectrum

IV pilus retraction ATPase PilT and biofilm formation. Infect Immun 86:¢00894-
17. https://doi.org/10.1128/1A1.00894-17.

Gregoire AT, Kandil O, Ledger WJ. 1971. The glycogen content of human
vaginal epithelial tissue. Fertil Steril 22:64-68. https://doi.org/10.1016/s0015
-0282(16)37989-4.

Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. 1987.
Short chain fatty acids in human large intestine, portal, hepatic and ve-
nous blood. Gut 28:1221-1227. https://doi.org/10.1136/gut.28.10.1221.
Hytonen J, Haataja S, Finne J. 2003. Streptococcus pyogenes glycoprotein-
binding strepadhesin activity is mediated by a surface-associated carbo-
hydrate-degrading enzyme, pullulanase. Infect Immun 71:784-793. https://doi
.0rg/10.1128/1A1.71.2.784-793.2003.

van Bueren AL, Boraston AB. 2007. The structural basis of a-glucan recogni-
tion by a family 41 carbohydrate-binding module from Thermotoga maritima.
J Mol Biol 365:555-560. https://doi.org/10.1016/j.jmb.2006.10.018.

Ferrando ML, Fuentes S, de Greeff A, Smith H, Wells JM. 2010. ApuA, a
multifunctional a-glucan-degrading enzyme of Streptococcus suis, medi-
ates adhesion to porcine epithelium and mucus. Microbiology (Reading)
156:2818-2828. https://doi.org/10.1099/mic.0.037960-0.

Hytonen J, Haataja S, Finne J. 2006. Use of flow cytometry for the adhe-
sion analysis of Streptococcus pyogenes mutant strains to epithelial cells:
investigation of the possible role of surface pullulanase and cysteine pro-
tease, and the transcriptional regulator Rgg. BMC Microbiol 6:18. https://
doi.org/10.1186/1471-2180-6-18.

Hava DL, Camilli A. 2002. Large-scale identification of serotype 4 Strepto-
coccus pneumoniae virulence factors: pneumococcal virulence factors.
Mol Microbiol 45:1389-1406.

Warner KD, Hajdin CE, Weeks KM. 2018. Principles for targeting RNA with
drug-like small molecules. Nat Rev Drug Discov 17:547-558. https://doi
.0rg/10.1038/nrd.2018.93.

Glaser P, Rusniok C, Buchrieser C, Chevalier F, Frangeul L, Msadek T, Zouine M,
Couvé E, Lalioui L, Poyart C, Trieu-Cuot P, Kunst F. 2002. Genome sequence of
Streptococcus agalactiae, a pathogen causing invasive neonatal disease. Mol
Microbiol 45:1499-1513. https://doi.org/10.1046/j.1365-2958.2002.03126.x.
Moulin P, Patron K, Cano C, Zorgani MA, Camiade E, Borezée-Durant E, Rosenau
A, Mereghetti L, Hiron A. 2016. The Adc/Lmb system mediates zinc acquisition
in Streptococcus agalactiae and contributes to bacterial growth and survival. J
Bacteriol 198:3265-3277. https://doi.org/10.1128/JB.00614-16.

Lamy M-C, Zouine M, Fert J, Vergassola M, Couve E, Pellegrini E, Glaser P,
Kunst F, Msadek T, Trieu-Cuot P, Poyart C. 2004. CovS/CovR of group B
Streptococcus: a two-component global regulatory system involved in vir-
ulence. Mol Microbiol 54:1250-1268. https://doi.org/10.1111/j.1365-2958
.2004.04365.x.

Biswas |, Gruss A, Ehrlich SD, Maguin E. 1993. High-efficiency gene inacti-
vation and replacement system for Gram-positive bacteria. J Bacteriol
175:3628-3635. https://doi.org/10.1128/jb.175.11.3628-3635.1993.

Poyart C, Trieu-Cuot P. 1997. A broad-host-range mobilizable shuttle vec-
tor for the construction of transcriptional fusions to B-galactosidase in
Gram-positive bacteria. FEMS Microbiol Lett 156:193-198. https://doi.org/
10.1111/j.1574-6968.1997.tb 12726 x.

Swinscow T. 1978. Statistics at square one, 4th ed. The Mendip Press, Bath,
England.

Denman RB. 1993. Using RNAFOLD to predict the activity of small cata-
lytic RNAs. Biotechniques 15:1090-1095.

10.1128/spectrum.00635-22 1

Downloaded from https://journals.asm.org/journal/spectrum on 01 September 2022 by 147.100.179.233.


https://doi.org/10.1186/s12864-018-4951-z
https://doi.org/10.1371/journal.pone.0003787
https://doi.org/10.1128/JB.01755-08
https://doi.org/10.1128/JB.01755-08
https://doi.org/10.1101/gr.849004
https://doi.org/10.1006/plas.2000.1484
https://doi.org/10.1006/plas.2000.1484
https://doi.org/10.1093/nar/gku359
https://doi.org/10.1093/nar/gku317
https://doi.org/10.1093/nar/gku317
https://doi.org/10.1093/nar/gkr467
https://doi.org/10.1007/82_2012_295
https://doi.org/10.1007/82_2012_295
https://doi.org/10.3389/fmicb.2021.669396
https://doi.org/10.3389/fmicb.2021.669396
https://doi.org/10.1128/JB.01216-08
https://doi.org/10.1111/j.1365-2958.2003.03892.x
https://doi.org/10.1128/JB.187.12.3969-3979.2005
https://doi.org/10.1128/JB.187.12.3969-3979.2005
https://doi.org/10.1016/j.vetmic.2010.08.005
https://doi.org/10.3389/fgene.2015.00246
https://doi.org/10.1128/IAI.00894-17
https://doi.org/10.1016/s0015-0282(16)37989-4
https://doi.org/10.1016/s0015-0282(16)37989-4
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1128/IAI.71.2.784-793.2003
https://doi.org/10.1128/IAI.71.2.784-793.2003
https://doi.org/10.1016/j.jmb.2006.10.018
https://doi.org/10.1099/mic.0.037960-0
https://doi.org/10.1186/1471-2180-6-18
https://doi.org/10.1186/1471-2180-6-18
https://doi.org/10.1038/nrd.2018.93
https://doi.org/10.1038/nrd.2018.93
https://doi.org/10.1046/j.1365-2958.2002.03126.x
https://doi.org/10.1128/JB.00614-16
https://doi.org/10.1111/j.1365-2958.2004.04365.x
https://doi.org/10.1111/j.1365-2958.2004.04365.x
https://doi.org/10.1128/jb.175.11.3628-3635.1993
https://doi.org/10.1111/j.1574-6968.1997.tb12726.x
https://doi.org/10.1111/j.1574-6968.1997.tb12726.x
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00635-22

	RESULTS
	csRNAs are conserved in S. agalactiae.
	csRNAs are regulated by the TCS CiaRH.
	The direct repeat sequence TTTAAG-N5-TTTAAG is involved in the regulation of Srn024.
	Srn024 does not encode a small peptide.
	Srn024 targets the LPXTG-cell wall-anchored pullulanase SAP by RNA-RNA pairing in silico.
	Srn024 does not affect the transcription of sap.
	Posttranscriptional regulation of sap by Srn024.
	Srn024 and CiaRH inhibit S. agalactiae growth in a chemically defined medium and biofilm formation.

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids, bacterial strains, and growth conditions.
	RNA preparation.
	RT-qPCR.
	Construction of ciaRH and srn024 deletion mutants, srn024 substitutions mutant, and sap* inactivation mutant.
	Construction of vectors for transcriptional fusion assays.
	β-Galactosidase transcriptional fusion assays.
	Construction of the pNJE2 vector for translational fusion.
	β-Galactosidase translational fusion assays.
	Biofilm formation assay.
	Statistical analyses.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

