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Small  regulatory  RNAs  (sRNAs)  belong  to  a family  of  non-coding  RNAs,  and  many  of which  regulate
expression  of  genes  via  interaction  with  mRNA.  The  recent  popularity  of  high-throughput  next  genera-
tion  sequencers  have  presented  abundant  sRNA-related  data,  including  sRNAs  of  several  different  oral
bacterial  species.  Some  sRNA  candidates  have  been  validated  in  terms  of  their  expression  and  interaction
with  target  mRNAs.  Since  the  oral  cavity  is  an environment  constantly  exposed  to  various  stimuli,  such
as  fluctuations  in  temperature  and  pH,  and osmotic  pressure,  as  well  as  changes  in nutrient  availability,
oral  bacteria  require  rapid  control  of gene  expression  for adaptation  to such  diverse  conditions,  while
Non-coding RNA
Antisense RNA
Oral bacteria
Streptococcus
Periodontal pathogens

regulation  via interactions  of  sRNAs  with  mRNA  provides  advantages  for  rapid  adaptation.  This  review
summarizes  methods  effective  for  identification  and  validation  of  sRNAs,  as  well  as  sRNAs  identified  to
be associated  with oral  bacterial  species,  including  cariogenic  and  periodontal  pathogens,  together  with
their confirmed  and  putative  target  genes.

©  2021  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of  The  Japanese  Association  for  Dental
Science.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
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1. Bacterial sRNA introduction

Small regulatory RNA (sRNA) is a member of a family of non-
coding RNAs, some of which have regulatory functions [1,2]. As
compared with eukaryotic miRNA with sizes ranging from 20 to
30 nucleotides (nt), bacterial sRNAs are structurally heterogenous
with a wider range of length from approximately 20–500 nt [1–3],
and can be classified into intergenic region sRNAs (IGR sRNA) and
antisense sRNAs (asRNAs), depending on their genomic location
and orientation [1].

IGR sRNAs are encoded in intergenic regions, which generally
contain no protein-coding sequence, and control translation or
mRNA stability of target genes situated in various genomic regions
(trans-acting regulation). In many instances, IGR sRNAs form a
stem-loop structure and regulate expression of target mRNAs in a
manner that involves imperfect base-pairing. For example, McaS [4]
of Escherichia coli and RNAIII [5] of Staphylococcus aureus mediate
translational activation of the target genes flhD (flagellar transcrip-
tional regulator) and hla (�-Hemolysin), respectively. These target
mRNAs form a hairpin structure on the 5′ untranslated region (UTR)

containing the ribosome binding site (RBS), which halts transla-
tion due to low accessibility of the ribosome to mRNA. Binding
of the sRNAs to target mRNA resolves the hairpin structure and

∗ Corresponding author.
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elieves the restricted accessibility (Fig. 1A). The Listeria monocy-
ogenes sRNA LhrA binds to the 5′ UTR region containing the RBS
f target mRNAs and functions as a translational repressor by pre-
enting ribosome access (Fig. 1B) [6]. Furthermore, mRNA levels
f target genes are modulated by binding of IGR sRNA. Also, the
RNA-mRNA complex enhances RNA degradation by endogenous
Nases, resulting in decreased expression levels of target genes
Fig. 1C). The Escherichia coli sRNA RyhB regulates the level of sodB
ncoding superoxide dismutase by RNase E cleavage [7], while the
almonella typhimurium sRNA MicA binds ompA mRNA encoding
n outer membrane protein, and the complex of MicA and target
RNA is cleaved by RNase III [8]. In contrast, some sRNAs are known

o enhance target mRNA stability (Fig. 1D), including the Strepto-
occus pyogenes sRNA FasX that interacts with the 5′ UTR of ska
RNA encoding streptokinase [9].

asRNAs are encoded on the opposite strand of the gene. In
any instances, they bind to mRNAs expressed from the antisense

trand and mediate regulation (cis-acting regulation) by various
echanisms, such as inhibition/activation of translation as well as

lteration of RNA stability [10]. Gene regulation of several differ-
nt bacterial species, especially Gram-negative bacteria, via sRNAs
ften requires RNA chaperons, such as Hfq [11], ProQ [12], or CsrA
13]. These chaperons mediate interactions between sRNA and
RNA, which effects the regulation mechanisms of sRNAs [14].
This review summarizes methods used for identification and

alidation of sRNAs, and also presents findings by which the func-
ions of thus far reported sRNAs and asRNAs of oral bacteria
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Fig. 1. Regulatory functions of sRNA.
(A) Translational activation by sRNA. Base-pairing of RNA III, a multifunctional sRNA of Staphylococcus aureus, with the �-hemolysin-encoding hla mRNA modifies the mRNA
secondary structure and exposes the RBS to the ribosome. (B) Translational suppression by sRNA. Binding of the lmo0850 mRNA encoding a hypothetical protein to the
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ribosome is inhibited by base-pairing of the LhrA sRNA in Listeria monocytogenes. (C
and  the superoxide dismutase-encoding sodB mRNA recruits endogenous RNase, wh
streptokinase-encoding ska mRNA enhances the mRNA stability in Streptococcus py

can be confirmed or deduced, including the cariogenic bacterium
Streptococcus mutans, and periodontal pathogens Porphyromonas
gingivalis and Aggregatibacter actinomycetemcomitans. Additionally,
various sRNA and asRNA functions are introduced in the context of
virulence-related regulation.

2. sRNA identification

The complete genome sequences of many bacterial species have
been deposited in databases. However, rather than identification
of open reading frames, experimental analysis is basically required
for identification of IGR sRNAs and asRNAs. Prior to development
of the next-generation sequencing technology, software-based in
silico analyses and microarrays covering the entire genome were
utilized to predict and identify sRNAs [15,16], while more recently
RNA-seq analysis has become the main method for sRNA identifica-
tion [17–19]. Furthermore, oral bacteria (genus Streptococcus and
periodontal pathogens) sRNAs have also been detected by use of
this method (Table 1) [20–30].

Techniques used for RNA purification and cDNA library con-
struction have effects on the number and class of identifiable sRNAs.
Those similar to the method for sequencing eukaryotic miRNA have
been used for bacterial sRNA identification, including (1) Small RNA
fractions extracted with a column specialized for miRNA and (2)

a cDNA library constructed from fractions extracted from a poly-
acrylamide gel after electrophoresis (Fig. 2A). sRNAs have been
identified with these sampling methods by some research groups
[20–26] that focused on short sRNAs with a length less than 50 nt,
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A degradation induced by sRNA. In Escherichia coli, base-pairing of the RyhB sRNA
eaves the complex. (D) RNA stabilization by sRNA. Binding of the sRNA FasX to the
.

ermed miRNA-Size sRNA (msRNAs) (Table 1), as they are not
uitable for detection of relatively large sRNA molecules. Represen-
ative sRNAs with a large size (>200 nt) that have been well studied
nclude RNAIII of S. aureus [5], VR-RNA of Clostridium perfringens
31], and FasX [32] of Streptococcus pyogenes.

Jorth et al. sequenced all transcripts of strain 624 of the peri-
dontal pathogen A. actinomycetemcomitans, using a total RNA-seq
ethod (Fig. 2B), which provided identification of 202 sRNAs

ontaining long molecules (>200 nt) and defined the transcrip-
ional start sites of all sRNAs [28]. RNA-seq analysis targeting
otal RNA is appropriate for revealing sRNA repertories, though
he data obtained will also contain a large amount of unnecessary
equences, including those related to protein-coding mRNA and
ibosomal RNA. In addition, the cost for such a sequencing pro-
edure is higher than that for sequencing only small molecules.

 library of fragmented RNA is generally used for RNA-seq anal-
sis (Fig. 2B), because the sequence platform limits the size (for
xample, <600 nt with an Illumina sequencer).

Previously, one of the present authors reported sRNAs of A.
ctinomycetemcomitans strain HK1651 [29]. In that study, total
NA was intentionally not fragmented and long transcripts were
xcluded in the following step of cDNA library construction by
CR (Fig. 2C). Sequencing was performed using an illumina MiSeq
latform and a total of 120 sRNAs with lengths of 35–386 nt

ere identified. Most of the obtained reads were 5s rRNA, thus

limination of 5s rRNA from a sequence library may  be useful
or efficient sRNA identification. Several rRNA depletion kits are
ommercially available, including MICROBExpress Bacterial mRNA
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Table  1
sRNAs of oral bacteria identified by RNA-seq.

Species Strain Source of sequence library Number of sRNA References

Streptococcus mutans ATCC 25175 Small molecules of cDNA were extracted after PAGEa 922 20
UA159 Small molecules of cDNA were extracted after PAGE 1879 21
UA159 Small RNA fraction was extracted using miRNA column 2125 23
UA159 Small molecules of cDNA were extracted after PAGE 736 25
UA159 Small RNA fraction was extracted using miRNA column 2749 26

Streptococcus sanguinis SK36 Small RNA fraction was extracted using miRNA column 219 24

Aggregatibacter actinomycetemcomitans 624 Total RNA-seq without rRNA 202 28
ATCC 33384 Small RNA fraction was extracted using miRNA column 59 22
HK1651 Total RNA was  converted to cDNA without fragmentation 120 29

Porphyromonas gingivalis ATCC 33277 Total RNA-seq without rRNA 2480 30
W83  Small RNA fraction was extracted using miRNA column 30 27
ATCC 33277 Small RNA fraction was extracted using miRNA column 40 22

Treponema denticola ATCC 35405 Small RNA fraction was extracted using miRNA column 11 22

a Polyacrylamide gel electrophoresis.

Fig. 2. Flowchart illustrating bacterial sRNA identification.
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[29], as that is useful for determination of the transcriptional start
site and 3′ terminal end of sRNA.
(A)  Sequence samples of small RNA-seq were prepared from gel extracts after PAG
for  sequences of all transcripts containing sRNA. (C) RNA-seq analysis with non-frag
relatively large size (>200 nt). *Polyacrylamide gel electrophoresis.

Enrichment Kit (Thermo Fisher Scientific, Waltham, MA,  USA),
RiboMinus Transcriptome Isolation Kit, bacteria (Thermo Fisher
Scientific), and Ribo-Zero rRNA Depletion Kit (Illumina, San Diego,
CA, USA), though only the Ribo-Zero kit contains 5S rRNA-specific
probes that can be used to eliminate 5S rRNA by RNA hybridization.
Alternatively, terminator 5′ monophosphate-dependent exonucle-
ase (TEX) can be utilized to remove rRNA from total RNA. TEX
is a processive 5′ → 3′ exonuclease and specifically digests RNA
with 5′ monophosphate, while it does not degrade RNA with the
5′-triphosphate, 5′ -cap, or 5′-hydroxyl group. The primary bacte-
rial transcripts contain a triphosphate at the 5′ terminus. On the
other hand, rRNA and RNA degradant have a mono-phosphate at
the 5′ terminus, which can be digested by TEX. Unlike eukaryotic
miRNA, several bacterial sRNAs contain a triphosphate at the 5′ ter-
minus, and TEX treatment can be used to eliminate rRNA and RNA
degradants.

Co-immunoprecipitation with RNA chaperones has been
applied for identification of RNA molecules bound to those
chaperones [33,34]. Since several functional sRNAs form the mRNA-
sRNA-protein complex, sequencing of RNAs co-precipitated with
chaperones can be used to identify such sRNAs [11–13]. In par-
ticular, Hfq, a bacterial member of the Sm family of RNA-binding

proteins, has been used for identification of RNA, including sRNAs
and their target mRNA [35,36].

211
rom eluates produced by an miRNA specialized column. (B) Total RNA-seq allows
ed RNA allows for effective sequencing of small molecules as well as sRNAs with a

. sRNA validation

The detected expression levels of sRNAs vary, depending on
he strain and culture conditions. Furthermore, previously iden-
ified sRNAs were listed by use of criteria determined by individual
esearchers, which were mainly based on expression levels and
enomic locations. Therefore, the numbers of sRNAs identified dif-
er considerably among studies, even of the same species (Table 1).
n addition, there is a possibility of false-positive results that

ight have been caused by sequencing RNA degradation products
ven though expression level was  high. Thus, sRNA validation in
dditional experiments is important to reconfirm expression and
rientation, as well as the encoded chromosomal locations. North-
rn blot analysis has been frequently used for validation of sRNA
andidates [37,38] as well as reverse transcription PCR (RT-PCR)
37], though use of Taq-man probes is necessary to distinguish
ranscription orientations. Additionally, it is also difficult to design
rimers for short IGR sRNA, thus rapid amplification of cDNA ends
RACE) analysis is suitable for validation. In a previous study, 70
f 120 sRNA candidates were validated by use of 3′ RACE analysis
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4. Oral Streptococcus sRNAs

The genus Streptococcus is comprised of Gram-positive cocci
and dominant in the oral cavity. RNA-dependent regulation of vir-
ulence, competence, and bacterial immunity has been examined
in studies of pathogenic streptococci [39–41]. Organisms belong-
ing to a subset of oral Streptococcus species, such as mitis group
Streptococcus, are known to be primary colonizers on tooth surfaces
and promote dental biofilm formation. Mutans group Streptococ-
cus is involved in dental caries development by their activities to
metabolize carbohydrates and produce acids. These oral commen-
sals also occasionally cause systemic infections such as endocarditis
by gaining access to the bloodstream. Streptococcus mutans and
Streptococcus sanguinis sRNAs have been investigated, with a brief
discussion of those findings following. Table 2 summarizes infor-
mation about their notable sRNAs.

4.1. Streptococcus mutans

S. mutans is the major pathogen responsible for dental caries,
which arises from decalcification of the tooth tissues under an
acidic condition (less than pH 5.5) [42]. This bacterium can metab-
olize a variety of carbohydrates by fermentation and produces acid
as a metabolic byproduct, leading to decalcification. The acid toler-
ance of this bacterium has been noted as a crucial factor related with
its cariogenic activity and ability to survive within acidic carious
lesions [43].

Liu et al. identified small-sized sRNAs (18−50 nt) in S. mutans
strain UA159 cultured under an acidic condition and further exam-
ined two sRNAs abundantly expressed (referred to as srn884837
and srn133480, with length of 29 and 27 nt, respectively)
[21]. Using RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/
rnahybrid) [44], target mRNAs were predicted to encode factors
involved in acid tolerance, including the glutamate transporter
components GlnQ and GlnM [45], Ffh, homologous to the signal
recognition particle of E. coli [46], the surface-associated pro-
tein BrpA, homologous to LytR-CpsA-Psr family proteins [47],
and RelA responsible for synthesis and hydrolysis of guanosine
tetraphosphate/pentaphosphate [48] (glnQ, glnM, brpA, and relA for
srn884837; ffh,  brpA, and relA for srn133480). The expression lev-
els of the two sRNAs were decreased with lowered pH (pH 6.5,
5.5, 4.5), while those of the corresponding putative target genes
were increased, implying that these sRNAs have negative effects
on expression of acid tolerance related genes.

Expression of sRNA molecules containing both the srn133480
sequence and 6 additional bases at the 5′ end (referred to as
sRNA133474) was also shown to be decreased along with a
decrease in pH in ten tested clinical isolates [49]. Among the exam-
ined strains, the expression levels of sRNA133474 varied, while
highly acid-tolerant strains showed lower expression levels of
srn133480 as compared with low acid-tolerant strains. Further-
more, target mRNAs predicted with use of the RNApredator system
(http://rna.tbi.univie.ac.at/RNApredator) [50] included mRNAs of
two-component system (TCS) genes, including liaS, liaR, comE, covR,
and ciaR [51–54], with the expression levels of liaR, covR, and ciaR
shown to be negatively correlated with that of sRNA133474. The
authors suggested that sRNA133474 could be utilized for adapta-
tion to acidic conditions via TCS modulation.

Other TCS genes are also under the control of an asRNA
and sRNAs. The VicRK TCS is highly conserved in Gram-positive
bacteria and is related to virulence-associated traits, such as
biofilm formation, genetic competence, bacteriocin production,

and exopolysaccharide synthesis [55–57]. Mao  et al. reported that
three putative sRNAs (referred to as msRNA 1701, msRNA 3405,
and msRNA 1657) potentially target vicRK mRNA, and their expres-
sion levels were negatively correlated with that of vicRK and

(
i
t
t

212
Japanese Dental Science Review 57 (2021) 209–216

ositively correlated with that of rnc encoding RNase III [58]. Con-
equently, the authors inferred that RNase III post-transcriptionally
educed vicRK mRNA levels through sRNAs. Furthermore, VicR pro-
ein level was  shown to be negatively regulated by asRNA of vicR
ASvicR), which was  confirmed by Northern blot analysis findings
59]. Overexpression of ASvicR was  reported to delay bacterial
rowth, and compromised the ability of the organisms to syn-
hesize exopolysaccharide and form carious lesions on teeth in a
at infection model [59]. Furthermore, transcriptome analysis indi-
ated that ASvicR inhibits galactose and glucose metabolism. Thus,
he elaborate interplay between VicRK TCS genes, ASvicR, putative
RNAs, and RNase III could be related to the cariogenic properties
f S. mutans.

Adhesion to tooth surfaces and synthesis of water-insoluble glu-
an are also determinants for S. mutans cariogenicity [60]. Liu et al.
eported that sRNAs participate in regulation of bacterial adher-
nce and glucan synthesis in response to extracellular sucrose [23].
f 2125 sRNA candidates expressed under a 1% or 5% sucrose con-
ition, 22 were differentially expressed depending on the sucrose
oncentration, six of which were validated by quantitative RT-PCR
nalysis. Target mRNAs predicted with an RNAhybrid algorithm
ere found to include spaP, gtfB, and gtfC, and shown to encode

ntigen I/II family surface proteins, protein antigen C (PAc) [61], and
wo types of glucosyltransferases (GTFs) responsible for synthesis
f extracellular water-insoluble glucan [62,63]. However, details
egarding direct interaction of sRNAs with mRNAs of these puta-
ive targets and the potential consequences remain unknown. A
ubset of sRNAs were also reported to be induced in response to
xtracellular glucose [26]. In addition, expression of two  sRNAs
referred to as sRNA0187 and sRNA0593) were correlated with bac-
erial adherence to a Petri dish surface in the presence of 1% sucrose
25].

The 5′ UTR of the irvA gene encoding a putative repressor
64] was  shown to interact with glucan-binding protein C (GbpC)-
ncoding mRNA [65], also to modulate mRNA stability as well
s GbpC production [66]. Furthermore, the protein encoding irvA
RNA has an ability to function as a trans-RNA, while sRNAs have

lso been reported to be involved in bacterial toxin-antitoxin (TA)
ystems [67]. This system consists of two  components, a peptide
oxin and cognate antitoxin. Of six classes of bacterial TA systems,
. mutans strain UA159 possesses the type I TA system, where the
ntranslated antisense small RNA (∼70 nt) serves as the antitoxin
68]. Base-pairing of the toxin mRNA and cis-encoded small anti-
oxin sRNA may  suppress the toxin translation.

Although several S. mutans sRNAs have been reported, the exact
echanisms related to their functions remain largely elusive. Elu-

idation of the detailed functions and critical roles of those sRNAs in
egulatory networks may  provide a molecular basis for therapeutic
pproaches for treatment of dental caries.

.2. Streptococcus sanguinis

S. sanguinis, a commensal oral bacterium, is a member of mitis
roup Streptococcus and known as an early colonizer on tooth
urfaces, thus is involved in development of dental plaque [69].
n addition, this bacterium has frequently been isolated from
ndocarditis lesions [70]. Using RNA-seq analysis, Choi et al. iden-
ified 219 msRNAs and then focused on an asRNA (referred to as
.S-1964) expressed from the antisense strand corresponding to
he 3′ UTR of the gene encoding ATP:cob(I)alamin adenosyltrans-
erase (SSA0513), an enzyme involved in conversion of cobalamin

vitamin B12) to its coenzyme form. Expression of SSA0513 was
ncreased following addition of skim milk to the culture, while
he expression of asRNA was  decreased. The authors also showed
hat sRNAs including S.S-1964 were secreted by extracellular mem-

https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
http://rna.tbi.univie.ac.at/RNApredator
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Table  2
Notable sRNAs found in oral streptococi.

sRNA name Species Strain Expression Targets Putative phenotype References

srn884837 Streptococcus mutans UA159 Decreased in low pH glnQ, glnM, brpA, relA Acid tolerance 20
srn133480 Streptococcus mutans UA159 Decreased in low pH ffh,  brpA, relA Acid tolerance 20
sRNA133474 Streptococcus mutans UA159 and clinical strains Decreased in low pH liaR, ciaR, covR Acid tolerance 49
msRNA 1701 Streptococcus mutans UA159 Decreased in rnc mutant vicK Biofilm formation 58
msRNA 3405 Streptococcus mutans UA159 Decreased in rnc mutant vicR Biofilm formation 58
msRNA 1657 Streptococcus mutans UA159 Decreased in rnc mutant vicK Biofilm formation 58
ASvicR Streptococcus mutans UA159 Decreased expression in biofilm vicR Biofilm formation 59
sRNA0187 Streptococcus mutans UA159 and clinical strains Increased in high sucrose Biofilm formation 25
sRNA0593 Streptococcus mutans UA159 and clinical strains Decreased in high sucrose Biofilm formation 25
irvA  5′ UTR Streptococcus mutans UA159 gpbC Dextran-dependent aggregation 66
srSm  Streptococcus mutans UA159 fst-Sm Toxin-antitoxin system 68
S.S-1964 Streptococcus sanguinis SK36 Decreased in skim milk SSA0513 Conversion of cobalamin 24
csRNA1-1 Streptococcus sanguinis SK36 Decreased in ciaRH mutant pilT Biofilm formation 40
csRNA1-2 Streptococcus sanguinis SK36 Decreased in ciaRH mutant pilT Biofilm formation 40

Table 3
Notable sRNAs found in periodontal bacteria.

sRNA name Species Strain Expression Targets Putative phenotype References

sRNA PG RS02100 Porphyromonas gingivalis W83  Decreased in stationary phase cell Oxidative stress
resistance and
heme
accumulation

81

sRNA JA03 Aggregatibacter
actinomycetemcomitans

HK1651 Increased in iron-chelated medium hitC Iron acquisition 83

AaHKsRNA042 Aggregatibacter
actinomycetemcomitans

HK1651 ltxD Cytolysin
production

29

AaHKsRNA093 Aggregatibacter
actinomycetemcomitans

HK1651 cdtA Cytolethal
distending toxin

29
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AaHKsRNA051 Aggregatibacter
actinomycetemcomitans

HK1651 

brane vesicles. However, the interaction of asRNA and ssa0513
mRNA was not elucidated in that study [24].

Streptococcus pneumoniae, a member of the mitis group, was
shown to produce five cia-dependent small RNAs (csRNA), of which
expression is regulated by CiaRH TCS [71]. Thereafter, homology
searches revealed six csRNA genes present in S. sanguinis, includ-
ing csRNA1-1, csRNA1-2, csRNA1-3, csRNA2, csRNA7, and csRNA8
[72]. Ota et al. performed target prediction of those csRNAs using
TargetRNA2, which showed the pilT gene encoding a component of
the type IV pilus to be a target of csRNA1-1 [40,73]. While S. san-
guinis strains, such as strain SK36, produce cell wall anchored pili
that bind to salivary amylase [74,75], type IV pili are produced in
only a few of those strains [76]. Type IV pili mediate a variety of
cellular processes, such as twitching motility, genetic competence,
and biofilm formation [77]. Furthermore, Ota et al. demonstrated
that csRNA1-1 directly binds to pilT mRNA using RNA-RNA elec-
trophoretic mobility shift assay, while mutation of both csRNA1-1
and csRNA1-2 compromised the ability to form biofilm [40].

5. Periodontal pathogen sRNAs

Periodontal disease is a polymicrobial disease caused by a vari-
ety of bacterial virulence factors in concert with the immune
response [78,79]. Currently, periodontal pathogens are recognized
as pathobionts related with the onset of systemic diseases [80].
In the following section, reported sRNAs of P. gingivalis, A. actino-
mycetemcomitans, and Treponema denticola are introduced. Table 3
summarizes information about the notable sRNAs.
5.1. P. gingivalis

P. gingivalis is a Gram-negative anaerobe that belongs to the phy-
lum Bacteroidetes. Hirano et al. performed RNA-seq analysis of P.
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production
flp-1 Adhesin to host cell 29

ingivalis strain ATCC 33277 and confirmed 11 sRNAs based on 5′

ACE analysis results [30], while Philips et al. identified 30 sRNAs
n P. gingivalis strain W83  using RNA-seq and microarray analyses
27]. Thereafter, the latter group constructed an inactivated mutant
train of sRNA PG RS02100 and demonstrated that the mutation
endered bacteria more resistant to oxidative stress. The color of
he mutant strain colonies grown on blood agar plates was darker
han that of those of the wild type. The authors suggested that sRNA
egulates genes involved in oxidative stress resistance and heme
ccumulation [81].

.2. A. actinomycetemcomitans

The major periodontal pathogen A. actinomycetemcomitans is
 Gram-negative facultative anaerobe that belongs to the phylum
roteobacteria. Jorth et al. validated nine sRNAs in strain VT1169
rom sRNA candidates predicted by bioinformatics [82]. Addition-
lly, the authors also performed a more systematic screening of
RNA in strain 624 using RNA-seq and identified 202 sRNAs [28].
tilizing bioinformatic analysis and strain HK1651, Amarasinghe
t al. identified four sRNAs expressed under iron-limiting condi-
ions and found that overexpression of the sRNA JA03 significantly
epressed expression of hitC encoding an ATP-binding protein, a
omponent of the Fe(III) ABC transporter [83]. Oogai et al. examined
train HK1561 and reported a total of 120 sRNAs (90 IGR-sRNAs,
0 asRNAs) [29]. Distribution of the identified sRNAs among five
. actinomycetemcomitans strains was analyzed by RT-PCR and

ntraspecies sRNA variations were noted. Target mRNA predic-

ion of identified sRNAs using intaRNA [84] showed interactions
f sRNAs and mRNAs encoding major virulence factors (cdtA, lktD,
nd flp-1 encoding cytolethal distending toxin subunit A, leuko-
oxin export protein LtxD, and fimbrial protein Flp 1, respectively),
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suggesting that A. actinomycetemcmoitans virulence is controlled
by sRNAs.

5.3. T. denticola and outer membrane vesicles of periodontal
pathogens

T. denticola is an oral spirochete associated with chronic peri-
odontitis. Choi et al. identified 11 msRNAs from the T. denticola
strain ATCC 35405, three of which (T.D2161, T.D15612, and
T.D16563) were detected in secreted outer membrane vesicles
(OMVs) by Northern blotting [22]. Additionally, they also found
40 msRNAs from P. gingivalis strain ATCC 33277 and 59 msRNAs
from A. actinomycetemcomitans strain ATCC 33384. Furthermore,
msRNAs were also detected in OMVs of these species, including
an msRNA (A.A 20050) from A. actinomycetemcomitans and three
msRNAs (P.G 45033, P.G 4378, P.G 122) from P. gingivalis. When
OMVs from the three species were purified and separately added
to NIH3T3 fibroblastic cells, penetration of all tested msRNAs into
cytoplasm of those cells was detected. Also, transfection of a syn-
thetic msRNA oligonucleotide, such as A.A 20050, P.G 45033, or
T.D 2161, into Jurkat T cells decreased expression levels of inter-
leukin (IL) -5, IL-13, and IL-15. Together, these findings indicated
that msRNAs delivered to mammalian cells by OMVs potentially
modulate host immune responses through RNA interference.

6. Conclusion

Over the recent decade, numerous sRNAs of oral bacteria have
been identified. As shown in the above sections, the sRNA reper-
toire obtained from RNA-seq analyses of the same bacterial species
(even the same strain) among various conducted studies have
revealed great diversity. The differences can be mainly attributed
to strain-specific expression due to genomic diversity as well as
the criteria used for analysis. To better understand the relation-
ship of sRNAs with virulence-related phenotypes of oral bacteria,
detailed experimental analyses together with the computational
validations [85,86] are anticipated. It will be necessary to con-
firm the expression mode, precise chromosomal locations encoded,
target mRNA, and mechanisms of action. sRNAs demonstrate post-
transcriptional regulation of genes important for cellular events,
including adaptation to environmental cues, biofilm formation,
and virulence [87]. Although several studies thus far presented
have predicted that sRNAs of oral pathogens interact with viru-
lence gene mRNAs, functional information regarding sRNAs is very
limited. Additional studies of oral bacteria sRNAs together with
metatranscriptome data of the oral microbiome [88,89] should pro-
vide additional insight into the regulatory networks and exact roles
of sRNAs related to the pathogenesis of oral diseases. Since the
sRNA-mediated artificial regulation has been utilized for modulat-
ing gene expression and engineering metabolic status in bacteria
[90,91], application of sRNAs, such as delivering effective synthetic
sRNAs into distinct oral bacteria, may  provide a new strategy to
combat oral diseases.
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