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Abstract | In recent years, non-coding RNAs have emerged as key regulators of gene
expression. Among these RNAs, the antisense RNAs (asRNAs) are particularly
abundant, but in most cases the function and mechanism of action for a particular
asRNA remains elusive. Here, we highlight a recently discovered paradigm termed
the excludon, which defines a genomic locus encoding an unusually long asRNA that
spans divergent genes or operons with related or opposing functions. Because these
asRNAs can inhibit the expression of one operon while functioning as an mRNA for
the adjacent operon, they act as fine-tuning regulatory switches in bacteria.

The operon model, proposed in a seminal
review paper in 1961 by Jacques Monod

and Francois Jacob', laid the foundation

for understanding the principles of gene
regulation in bacteria. In this model, the
two researchers envisioned multigene tran-
scriptional units for which expression is
co-regulated by a repressor. Although the
repressor was originally predicted to be an
RNA molecule, the discovery that the Lac
repressor was a protein oriented studies on
bacterial gene regulation towards protein
regulators. However, the interest in RNA-
mediated regulation in bacteria re-emerged
a decade ago, when it became clear that RNA
molecules do have important regulatory
roles. Today, the function of non-coding
regulatory RNAs is widely studied, and
RNAs are increasingly being recognized as
key regulators of metabolic, physiological
and pathogenic processes, as well as compo-
nents of bacterial adaptive immunity, such as
the recently characterized CRISPR (clustered
regularly interspaced short palindromic
repeats) elements®*.

Bacterial regulatory RNAs are generally
classified into three main groups: elements
that are present in the 5 UTR of the mRNA
which they regulate (for example, riboswitches,
thermosensors and pH sensors); trans-
encoded small RNAs (sSRNAs), which are

defined as regulators of one or several target
genes located elsewhere on the chromosome;
and cis-encoded antisense RNAs (asRNAs),
which overlap and are complementary to
their target genes encoded on the opposite
DNA strand of the same genomic locus. The
regulatory function of non-coding RNAs is
often tightly associated with the activity of
RNases (enzymes that cleave RNA and are
involved in RNA processing, degradation
and quality control). Following an interac-
tion with its target transcript, a non-coding
RNA can recruit a particular RNase and
promote specific cleavage and degradation
of the transcript. Alternatively, a non-coding
RNA can prevent transcript recognition

by RNases and protect the transcript from
degradation, thereby increasing the stability
of the target RNA in the cell’. The numerous
studies on trans-encoded sRNAs and regula-
tory 5 UTR elements have been recently
reviewed®”. The less studied, asRNA-
mediated mechanisms of gene regulation
have also been reviewed®’; however, this is

a fast-moving field, and a novel mechanism
of asRNA-mediated regulation has recently
emerged from transcriptomic studies in
Listeria spp.'®". In this Progress article, we
present our current knowledge of what

we have termed the excludon paradigm of
asRNA-mediated gene regulation' and put

this paradigm in the context of other, better
characterized asRNA-mediated regulatory
mechanisms. The excludon concept describes
unusually long asRNAs that inhibit the
expression of one group of genes while
enhancing the expression of a second group
of genes. Thus, single transcripts have the
ability to control divergent operons that
often have opposing functions.

asRNAs in microbial transcriptomes
asRNAs are encoded on one strand of the
DNA and overlap a gene that is encoded on
the opposite strand. Therefore, these cis-
encoded asRNAs have perfect complementa-
rity to the sense transcript from the opposite
DNA strand. The regulatory role of asRNAs
was first reported more than 30 years ago, in
the case of plasmid- and transposon-encoded
asRNAs in Escherichia coli, when the asRNAs
RNATI and CopA were found to negatively
regulate plasmid copy number'>"; a few
years later, RNA-OUT was found to regulate
the transposition of the transposon Tn10

by repressing synthesis of the transposase'*.
Following this, chromosomally encoded
asRNAs were only rarely identified and con-
sidered to be exceptions rather than the rule.
Indeed, by 2007, only about ten bacterial
asRNAs had been described®. The number
of reported asRNAs has recently exploded
with the emergence of high-throughput
RNA-seq (RNA sequencing) and tiling array
studies, which have revealed an unexpected
abundance of hundreds of asRNA tran-
scripts in microbial transcriptomes. These
asRNAs were found in a wide range of
bacteria and archaea, such as Mycoplasma
pneumoniae'®, Sulfolobus solfataricus'’,
Helicobacter pylori'®, Synechocystis sp.

PCC 6803 (REF. 19), Listeria spp.'****', Bacillus
subtilis*, Salmonella enterica subsp. enterica
serovar Typhimurium?®, Agrobacterium
tumefaciens®, Pseudomonas aeruginosa® and
others. The asRNAs identified in these spe-
cies overlap 1-25% of protein-coding genes
and up to 46% in H. pylori'®.

Our current knowledge of asRNAs is
largely descriptive and relates to their size
and genomic organization, but in most
cases not their function. Generally, asR-

NAs exist as autonomous transcripts with
promoters located on the DNA strand
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Figure 1| Various types of bacterial antisense RNAs. Antisense RNAs
(asRNAs) exist as autonomous transcripts of various sizes. Promoter (P)
regions are indicated, blue arrows represent annotated protein-coding
genes (ORFs), and red and orange arrows depict mRNA and asRNA,
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respectively. a| Short asRNAs overlap one sense ORF, whereas long asRNAs
overlap several sense ORFs. b | An asRNA to a particular gene can also result
from a long 3" UTR (left) or 5" UTR (right) of the mRNA transcribed from a

opposite to the ORF of the sense transcript
(FIC. 1a). These RNAs vary greatly in size,
ranging from short transcripts, such as the
77-nucleotide (nt) SymR asRNA that over-
laps the SOS-induced gene encoding the
endoribonuclease toxin SymE in E. coli*
(discussed later), to long transcripts that can
reach several kilobases in size. For example,
in Listeria monocytogenes, the 2kb asRNA
Anti2095 overlaps four genes (1102095,
Imo2096, Imo2097 and Imo2098, encoding

a putative phosphofructokinase and three
components of the galactitol-specific
phosphotransferase system, respectively)',
and in Prochlorococcus sp. MED4, a 7kb
asRNA overlaps 14 genes, including several
ribosomal protein genes, belonging to two
adjacent operons spanning ORFs PMM1533
to PMM1558 (REF. 27).

Moreover, asRNAs can originate from
long 5" or 3’ UTRs of mRNAs that overlap
one or several genes encoded on the oppo-
site strand (FIG. 1b). In cyanobacteria of the
genus Anabaena, the long 3 UTR of the
alr1690 gene (encoding a putative cell wall-
binding protein) extends and entirely over-
laps the adjacent all1691 gene (encoding the
ferric uptake regulator FurA) on the oppo-
site strand®. Similar examples of long UTRs
acting as asRNAs have also been described
in L. monocytogenes'®" and B. subtilis®.

In addition to regulating protein-coding
genes, asRNAs can overlap and affect the
expression of non-coding sRNAs, as exem-
plified by the asRNA SraC (also known as
RyeA) in E. coli and S. Typhimurium, which
is encoded opposite SdsR (also known as
RyeB), an sSRNA that regulates the expression
of the porin OmpD in S. Typhimurium*>*'.

Despite the growing collection of asRNAs
reported in bacteria and archaea, the exact
functions of the vast majority of these tran-
scripts are largely unknown?®, and it is still a
matter of debate whether all asRNAs func-
tion as regulatory RNAs or whether some
of them represent transcriptional noise or
experimental artefacts®*. Below, we summa-
rize our current knowledge of those asRNAs
with defined effects and mechanisms of
action. We then discuss the excludon con-
cept and describe two examples for which
experiments support their role as molecular
switches.

Mechanisms of asRNA-mediated regulation
An asRNA can affect the expression of its
complementary gene at the levels of tran-
scription, mRNA stability or translation.
Well-studied examples are described below
and depicted in FIC. 2.

Regulation of transcription. asRNAs regu-
late transcription of the complementary
mRNA by two main mechanisms: tran-
scription interference and transcription
attenuation.

Transcription interference involves physi-
cal and direct suppression of transcription by
another transcription event. This can occur
when two promoters are oriented face to
face (so-called convergent promoters), such
that their transcripts partially overlap and
transcription events converge. Hence, when
an antisense promoter is positioned face to
face relative to the sense promoter, transcrip-
tion in the antisense direction interferes
with transcription of the sense gene. In this
scenario, the transcription process itself has

aregulatory role, and the asRNA is merely a
by-product. This interference mechanism
is exemplified by the convergent lytic pro-
moter (pR) and lysogenic promoter (pL) of
coliphage 186 (FIC. 2a). These promoters
generate transcripts that overlap by 62 nt.
The transcriptional activity of pR is intrinsi-
cally stronger than the activity of the weaker
pL promoter: RNA polymerase binds to pL
efficiently, but is slow to switch from an
open complex to an elongating complex.
By altering the arrangement of the two pro-
moters or terminating transcription from
PR before the RNA polymerase reached pL,
Callen et al. demonstrated that the transcrip-
tion complex originating from the stronger
PR promoter elongates over pL and displaces
the slower pL-bound polymerase complex,
resulting in a 5.6-fold reduction in activity
at pL. The authors termed this phenomenon
the sitting-duck mechanism of transcrip-
tion interference®. Another mechanism of
interference involves the head-on collision
of the two converging elongation complexes,
leading to premature termination of one or
both transcription processes. This mecha-
nism was suggested to occur in Clostridium
acetobutylicum, in which expression of the
ubiG-mccBA operon (encoding products
involved in the conversion of methionine to
cysteine) is suppressed by the transcription
of along, riboswitch-regulated asRNA*.
Finally, promoter occlusion occurs when an
RNA polymerase from a stronger promoter
blocks the formation of a transcription
initiation complex at a weaker convergent
or tandem promoter’.

asRNA-mediated transcription attenu-
ation occurs when a terminator structure
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Figure 2 | Bacterial antisense RNAs have many modes of regulating
gene expression. a | Transcription interference in coliphage 186 arises
when the elongating RNA polymerase complex that was initiated at the
strong lytic promoter (pR) displaces the slow ‘sitting-duck’ RNA polymer-
ase (RNAP) of the weak lysogenic promoter (pL), resulting in downregula-
tion of the cl gene. b | Binding of the asRNA RNA to the growing fatDCBA
mRNA in Vibrio anguillarum induces transcription termination after the
fatA gene, resulting in differential expression of the fatDCBA—angRT
operon, with high expression of fatDCBA and low expression of angRT.
RNAa is an asRNA that is expressed from the same locus but represses fatA
and fatB expression. ¢ | Negative regulation of the Synechocystis sp.
PCC 6803 gene isiA (encoding iron stress-induced chlorophyll-binding
protein) occurs when the asRNA IsrR is expressed and forms an RNA
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duplex with the isiA mRNA,; this duplex is subsequently degraded by an
unknown mechanism. d | Binding of the Escherichia coli asRNA GadY to
the unstable polycistronic gadXW mRNA induces a specific, RNase IlI-
mediated cleavage within the gadXW transcript, leading to the generation
of stable monocistronic gadX and gadW transcripts. e | In Prochlorococcus
sp. MED4, the interaction of a 3.5 kb asRNA with its complementary poly-
cistronic operon masks RNase E recognition sites in the sense transcript
and thus stabilizes it. f| Translation of the mRNA encoding the toxin SprA1l
is inhibited by binding of the asRNA SprA1 , to the Shine-Dalgarno (SD)
sequence and the start codon in the sprA1 mRNA. Although the sprA1
mRNA and SprA1,, overlap by 35 nucleotides (nt), their interaction is
mediated by non-complementary regions; hence, this asRNA operates
intrans.
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is formed in the target mRNA following an
interaction with an asRNA. This is exempli-
fied by the Vibrio anguillarum polycistronic
mRNA fatDCBA-angRT, which encodes
ferric-siderophore transport proteins in the
fatDCBA region and siderophore biosyn-
thesis proteins in the angRT region (FIC. 2b).
Although the fatDCBA-angRT genes are

Glossary

CRISPR

(Clustered regularly interspaced short palindromic repeats).
DNA sequences comprising multiple short direct repeats.
These sequences, together with CRISPR-associated (Cas)
proteins, constitute an adaptive immune system that is
encoded by many bacteria and most archaea, and targets
invading bacteriophages and conjugative plasmids.

Gnotobiotic mice

Mice that are born in germ-free conditions and are then
experimentally colonized with a defined microbiota or
bacterium. Derived from the Greek roots gnostos, meaning
known, and bios, meaning life.

Phosphotransferase system

A multiprotein translocation system that is only present in
bacteria and catalyses the transport and phosphorylation
of numerous monosaccharides, disaccharides, amino
sugars, polyols and other sugar derivatives.

Photosystem

A protein complex located in the thylakoid membranes of
plants, algae and cyanobacteria and in the cytoplasmic
membrane of photosynthetic bacteria. Photosystem
complexes carry out the primary photosynthesis reactions:
the absorption of light, the transfer of electrons and the
production of energy.

Pleiotropic trans-acting asRNAs
Antisense RNAs (asRNAs) that affect the expression of
multiple genes located at different loci in the chromosome.

Riboswitches

RNA structures that are found in the 5" UTRs of mRNAs
and directly bind metabolites, metals or tRNAs to regulate
the expression of the downstream sequences (which
usually encode proteins involved in the synthesis or
catabolism of the regulatory metabolite).

RNA-seq

(RNA sequencing). High-throughput sequencing of the
cDNA obtained by the reverse transcription of an RNA
pool. The sequences obtained can be used to generate a
quantitative genome-wide transcriptome map of an
organism.

Tiling array

A DNA microarray chip for which the hybridization probes
are designed to overlap each other and to cover the whole
genome (tiled probes), as opposed to a gene expression
array, for which probes are usually designed to represent
only the coding sequences of the genome and there are
only a few probes per known gene.

Transposase
An enzyme that catalyses the excision of a transposon.

Transposon
A mobile DNA element that can excise and insert into a
different locus in the genome.

transcribed as a single operon, the expres-
sion level of the shorter fatDCBA mRNA is
17-fold higher than the expression level of
the full-length fatDCBA-angRT mRNA.
This differential expression is mediated
by RNAP, a 427 nt asRNA that spans the
intergenic region between fatA and angR
and overlaps the 3" and 5" UTRs of these
genes, respectively. Binding of RNAP to
the growing polycistronic mRNA induces
transcription termination after the fat genes,
resulting in attenuated transcription of the
distal, angRT region of the operon?.
Transcription interference and transcrip-
tion attenuation can also occur simulta-
neously. For example, in the pathogenic
bacterium Shigella flexneri, transcription
of the asRNA RnaG interferes with tran-
scription from the weaker convergent
promoter and reduces the expression of the
virulence factor IcsA. In addition to this
interference mechanism, the RnaG tran-
script can interact with the icsA mRNA
and induce the formation of a terminator
structure within its 5" end to attenuate
transcription®.

Degradation of sense transcripts. asRNAs
can induce the degradation of their
complementary sense transcripts. This

has been reported to occur in the cyano-
bacterium Synechocystis sp. PCC 6803, in
which photosynthesis depends on avail-
able iron in the ocean. Synechocystis spp.
respond to iron deficiency by expressing
IsiA (iron stress-induced chlorophyll-
binding protein), which forms a giant

ring structure around photosystem I and
enhances light absorption by this photo-
system to compensate for the reduction in
the number of photosystems that occurs
under iron limitation. IsiA expression is
post-transcriptionally regulated by IsrR,
an antisense RNA complementary to the
isiA mRNA (FIG. 2c). When both the isiA
and IsrR RNAs are produced, they interact
to form a double-stranded RNA duplex,
which makes them a target for selective
degradation®. Although the mechanism
responsible for the rapid decay of isiA-IsrR
RNA duplexes is unknown, other studies
have demonstrated that asRNA-induced
degradation can involve several RNases.
For example, in S. Typhimurium, the
asRNA AmgR destabilizes the mgtCBR
operon in an RNase E-dependent manner
and thus negatively regulates the protein
levels of both MgtC (a membrane protein
that is important for growth under low-
Mg?** conditions and also acts as a virulence
factor) and MgtB (a Mg** transporter)*. A

deep-sequencing study of Staphylococcus
aureus reported a collection of short

RNAs generated by RNase III-dependent
digestion of overlapping mRNA-asRNA
transcripts across the bacterial genome,
suggesting that asRNAs have a general role
in mediating RNA degradation in S. aureus
and possibly other Gram-positive bacte-
ria*’. In the same bacterium, a co-immuno-
precipitation study that used a catalytically
inactive form of RNase III revealed that

this enzyme associates with asRNAs that
are complementary to 44% of the annotated
mRNAs, and for at least one mRNA-asRNA
pair, it was shown that RNase III-dependent
degradation contributes to controlling the
mRNA level*.

Cleavage and stabilization of sense
transcripts. asRNA-mRNA interactions
can also trigger specific cleavage of the
sense transcript, as exemplified by Gady,
an E. coli asRNA that regulates the expres-
sion of the gadXW operon, which encodes
two transcriptional regulators involved in
the acid stress response (FIC. 2d). GadY is
transcribed from a locus in the intergenic
region between the gadX and gadW ORFs,
on the opposite DNA strand. When GadY is
expressed, it forms a GadY-gadXW duplex,
which promotes a specific cleavage event
involving RNase III. This cleavage results in
separation of the polycistronic gadXW mRNA
into two independent transcripts. These
monocistronic transcripts accumulate at
higher levels than the full-length mRNA,
indicating that GadY positively regulates
the expression of these two transcripts. The
exact mechanism of GadY-mediated positive
regulation of gadXW is not yet understood.
Binding of GadY to the full-length transcript,
or the cleavage event that this stimulates,
might interfere with the recognition of insta-
bility determinants in the gadX and gadW
transcripts, such as recognition sites for
RNases. Alternatively, the activity of GadY
might alter the secondary structure of the
transcripts so that they are less susceptible
to degradation®*.

asRNA-mediated protection of the sense
transcript from degradation by RNases
was reported in the cyanobacterium
Prochlorococcus sp. MEDA4. Transcriptome
analysis of a phage-infected Prochlorococcus
sp. MED4 strain revealed a global decrease
in the expression of most cellular mRNAs
compared with their expression in an unin-
fected strain. However, there was a concur-
rent increase in the expression of a specific
set of transcripts that mapped to distinct
chromosomal regions. Interestingly, some of
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these highly expressed regions encoded long
asRNAs of 3.5kb and 7 kb. These asRNAs
were shown to protect their complementary
mRNAs from RNase E-mediated cleavage, as
the formation of an asRNA-mRNA duplex
masked the single-stranded RNase E recog-
nition sites” (FIC. 2¢). A similar example has
been described in Synechocystis sp. PCC 6803
involving two asRNAs, PsbA2R and PsbA3R,
that overlap the 5 UTRs of the psbA2 and
psbA3 genes, respectively, which encode
reaction centre proteins of photosystem II.
Suppression of the asRNA PsbA2R results

in a loss of stability and a decrease in the
abundance of the target psbA2 mRNA, con-
sequently lowering the maximal photosystem
activity. PsbA2R overlaps the RNase E rec-
ognition site (AU-box) in the psbA2 5" UTR,
but does not overlap the Shine-Dalgarno
(SD) sequence, which is also an RNase E
cleavage site. Initial in vitro assays showed
no PsbA2R-mediated protection of psbA2
mRNA. However, when the assay was carried
out with a longer, artificial form of PsbA2R
that overlapped both the AU-box and

the SD sequence, the psbA2 mRNA was
protected from RNase E-mediated cleavage.
On the basis of these results, the authors
suggested that psbA2 mRNA stability in vivo
is determined by both PsbA2R and ribo-
somes, which protect the AU-box and

the SD sequence, respectively, from

RNase E-mediated cleavage®.

Regulation of translation. Analogous to
trans-encoded regulatory sRNAs, which
often bind the SD sequence of their target
mRNAs, asRNAs can downregulate transla-
tion. This mechanism has been described
for the E. coli asRNA SymR, which is
encoded opposite to the gene symE®. This
gene encodes an SOS-induced toxin-like
endoribonuclease that causes RNA
degradation and decreased protein synthesis
when overexpressed, resulting in reduced
bacterial growth. SymE synthesis is tightly
regulated by the antitoxin asRNA SymR,
which overlaps the 5" UTR of the symE
mRNA, including the SD sequence and the
AUG start codon. The interaction between
SymR and the symE mRNA renders the

SD sequence inaccessible to the ribo-

some and blocks production of SymE.
Interestingly, in the absence of SymR, levels
of the symE transcript are only mildly
increased, whereas a much greater dif-
ference is observed in the levels of SymE
protein. This would suggest that SymR has
only a moderate effect on transcript stability
and that its primary function is translation
inhibition.

asRNAs and regulation in trans. Although
most of the asRNAs that have been studied
so far are cis regulators, several lines of evi-
dence indicate that asRNAs might also act
on trans-encoded targets. This suggestion is
supported by a recent study in S. aureus that
describes the regulation of a toxin-antitoxin
module. SprAl is a toxin that functions as
both a virulence factor and a growth inhibi-
tor of S. aureus. Thus, expression of the toxin
alone is detrimental to S. aureus survival.
However, toxin synthesis is repressed by the
co-expression of the asRNA SprA1, , which
overlaps the 3" end of the sprA1 mRNA by
35nt (FIG. 2f). Surprisingly, repression of
sprAl is not mediated by complementary
base-pairing between the two overlapping
RNAs, but rather by the interaction of
SprAl, with the 5" end of the sprAl mRNA
in trans, leading to sequestration of the
sprA1 mRNA SD sequence and inhibition
of protein synthesis*’. This example demon-
strates that a functional interaction between
an asRNA and its target is not necessarily
determined by the region of complementa-
rity; therefore, regulatory asRNAs have the
potential to act on multiple targets in trans.
The existence of such pleiotropic trans-acting
asRNAs is further supported by a study in
L. monocytogenes, in which the asRNA RIE
partially overlaps, in cis, the comC gene, which
encodes a putative competence regulator. As
first predicted and then demonstrated by band-
shift assays, RIiE can interact in trans with the
comEA-comEB-comEC, comFA-comFC and
Imo0945 mRNAs, which also encode putative
factors of the competence machinery. For all
these targets, it is the same sequence of RIE
that is predicted to mediate the interaction®.
A similar case was reported in Mycobacterium
tuberculosis, in which the two asRNAs, ASdes
and ASpks, have complementarity to multiple
M. tuberculosis genes, suggesting that they
have the ability to act in trans*. Another well-
studied example is the ArcZ asRNA in E. coli;
this asRNA negatively regulates the expres-
sion of arcB, which is located on the opposite
strand and encodes the histidine kinase of the
aerobic respiration control two-component
system (ArcA-ArcB). In addition to being
an asRNA, ArcZ acts as an sSRNA and inter-
acts in trans with the rpoS mRNA to activate
translation of RpoS, a o-factor subunit of RNA
polymerase and the master regulator of the
general stress response®. ArcZ is conserved in
S. Typhimurium, in which it regulates many
trans-encoded mRNA targets™.

The excludon
Recent transcriptome-wide studies in
L. monocytogenes revealed a collection of
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unusually long asRNAs that share a com-
mon feature: these long asRNAs (lasRNAs)
not only encompass several ORFs but also
extend over adjacent genes that have diver-
gent orientations, which defines them as
a group of transcripts exhibiting a unique
regulatory pattern'' (FIC. 3a). The diver-
gently encoded genes have either related or,
often, opposing functions. Transcription of
these lasRNAs is initiated from a promoter
located opposite a specific ORE generating
an antisense product that overlaps that ORE
However, transcription does not terminate at
the end of the overlapped gene, but further
extends through the neighbouring diver-
gently oriented gene. This means that the
lasRNA has a dual function, serving as an
antisense regulator of one ORF or operon
while simultaneously encompassing the
5" UTR and coding sequence of the adjacent
divergent ORF or operon. In other words,
the antisense component of the lasRNA
negatively affects the expression of one
gene, whereas the distal part of the lasRNA
functions as an mRNA and positively con-
tributes to the expression of the adjacent
gene. Hence, a single transcript governs
the mutually exclusive expression of two
adjacent genes that have opposing func-
tions, thereby ensuring that the expression
of one results in the repression of the other.
We have recently coined the term excludon
to describe this unique locus organization
harbouring a lasRNA and two operons of
mutually exclusive or related functions''.
The first excludon reported in L. mono-
cytogenes controls flagellum biosynthesis at
the motility gene repressor (mogR; Imo0674)/
Imo0675-1mo0676-1mo0677 locus, in which
the mogR and Imo0675-Imo0676-1mo0677
genes are divergently arranged'® (FIC. 3b).
MogR is a transcriptional repressor of fla-
gellum and motility genes in Listeria spp.,
and the mogR gene is expressed from a
promoter located 45 nt upstream of its start
codon. Imo0675 encodes a protein with
an unknown function, and 00676 and
Imo0677 encode FliP and FliQ, respec-
tively. Together with FliR (encoded by the
adjacent gene, [1100678), FliP and FliQ
form the flagellum export apparatus and
are transcriptionally regulated by MogR
(which binds the fli operon promoter). In
addition, transcription from the third pro-
moter in this locus results in an excludon
transcript, Anti0677, in which the proximal
region is antisense to [m00675-Imo0676-
Imo0677 and the distal region contains the
coding sequence for MogR. As first shown
by tiling arrays, Anti0677 is regulated by RNA
polymerase o-factor o® (a stress-activated
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Figure 3 | Schematic representations of excludons. a|The excludon
paradigm. A general representation of an excludon locus, which consists of
divergently oriented genes overlapped by a long antisense RNA (lasRNA),
is shown. The overlapping lasRNA can act as a negative regulator for genes
encoded on the opposite strand, but it can also be used as an mRNA for the
genes encoded on the same strand. b—e | Examples of excludons in Listeria
monocytogenes. b | The flagellum biosynthesis excludon is regulated by the
lasRNA Anti0677, which downregulates the expression of flagellum export
apparatus genes (Imo0675-Imo0676-Imo0677) and concurrently drives
expression of the gene encoding motility gene repressor (MogR), as the
distal region of Anti0677 contains the coding sequence for this flagellum
biosynthesis repressor. ¢ | The permease—efflux pump excludon at the
Imo0605/Imo0606-Imo0607-Imo0608 locus in L. monocytogenes is regulated

Imo0608 Klmooew Klm00606 P P8

ABC transporters
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Anti0605

€ Putative carbon source utilization excludon Sugar permease

[ [mo0424
1mo0429 Km00428}<m00427 Km00426 Klm00425 H
L |

T
Fructose-specific phosphotransferase system

s
Anti0424

by the lasRNA Anti0605, which overlaps and possibly negatively affects the
expression of a gene encoding a MatE-family efflux pump (Imo0605) while
acting as a second mRNA for the divergently oriented operon encoding two
ABC transporters (Imo0607 and Imo0608).d | A second putative permease—
efflux pump excludon in L. monocytogenes involves the lasRNA Anti1846,
which overlaps the MatE-family efflux pump gene Imo1846 and acts as an
mRNA for the permease encoded by Imo1845. e | L. monocytogenes also
contains a possible carbon source utilization excludon involving the lasRNA
Anti0424. This transcript overlaps a divergent sugar permease gene (Imo0424;
predicted to be involved in glucose uptake) and then extends into an
operon (encoded on the same strand as the lasRNA) containing genes
encoding components of the fructose-specific phosphotransferase system
(Imo0426-Imo0427-lmo0428).

transcriptional regulator), and the o®-responsive
promoter is located within the 00677
ORE. In an L. monocytogenes strain carrying
a point mutation that abolishes the activ-

ity of the o®-responsive Anti0677 promoter
without affecting the 100677 ORE, the

level of MogR expression is lower than in
wild-type cells, whereas the expression of
FliP is higher. Thus, when Anti0677 is tran-
scribed, it negatively regulates the expres-
sion of the sense transcript, and thereby
inhibits the synthesis of the Imo0675, FliP
and FliQ flagellum export apparatus while
concurrently driving the expression of MogR
independently of the promoter located
immediately upstream of mogR. Two inde-
pendent mechanisms — inhibition mediated
by the antisense component of Anti0677 and
repression mediated by increased expression
of MogR — ensure that flagellum production
is switched off. The opposing regulation of

mogR and fliP has also been observed in an
L. monocytogenes mutant strain with a dele-
tion of sigB (the gene encoding ¢®); this strain
does not express anti0677 and, interestingly,
displays increased motility™.

A recent comparative transcriptomic
study of L. monocytogenes and Listeria
innocua' detected at least 13 genomic loci
that exhibit the same gene topology and
lasRNA organization as the mogR/lmo0675-
Imo0676-Imo0677 locus, and this finding
led to the definition of the excludon para-
digm. Expression of three such lasRNAs
(Anti0605, Anti1846 and Anti0424) was
examined by northern blot, and the exclu-
don Imo0605/1mo0606-1mo0607-1mo0608
was studied in detail. The three excludons
described below are conserved across,
and in some cases beyond, the genus
Listeria, thus strengthening their functional
relevance.

Permease-efflux pump excludons. The
genomic locus [1100605/1m00606-1mo0607-
Imo0608 contains the Imo0605 gene, which
encodes a multidrug efflux pump of the
MatE family, and the divergently oriented
Imo0606-1mo0607-Imo0608 operon,

which encodes a transcriptional regulator
(Imo0606) and two putative ABC-family
transport systems (I1m00607 and Imo0608),
each containing a permease and an ATP-
binding domain (FIG. 3¢). This locus encodes
the 5.8kb lasRNA Anti0605, for which the
proximal region overlaps and is complemen-
tary to Imo0605 and the distal region acts

as an mRNA of the Imo0606-Imo0607-
Imo0608 operon. Similar to Anti0677,
expression of Anti0605 is regulated by o®,
and the consensus o® recognition sequence
is located within the Anti0605 promoter
region. In an L. monocytogenes mutant strain
with a sigB deletion, in which Anti0605 is
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not transcribed, expression of 11100605

is upregulated, whereas expression of the
divergently encoded Imo0606-1mo0607-
Imo0608 operon is downregulated. It is

not known whether the sigB deletion could
have an indirect effect on the expression of
genes in the excludon locus independently
of the loss of Anti0605 expression. However,
the analogy with Anti0677, for which the
direct effect on genes in the excludon locus
has been demonstrated, would suggest that
transcription of Anti0605 leads to a direct
block in the expression of the MatE-family
multidrug efflux pump and a simultaneous
enhancement in the expression of the
ATP-driven permeases. As efflux pumps usu-
ally export molecules from the inside to

the outside of the cell, whereas permeases
drive the flow of molecules in the opposite
direction, it is tempting to speculate that
Anti0605 acts as a switch to control an
import-versus-export decision for specific
molecules in Listeria spp. A tiling array
analysis was carried out using RNA extracted
from bacteria grown in conditions that
mimic the infectious process of Listeria spp.,
and interestingly, an inverse correlation in
the expression of these two transport systems
was observed: in human blood, the MatE-
family efflux pump was expressed, whereas
the ATP-driven permeases were repressed;
conversely, in the intestinal lumen of
gnotobiotic mice, a reversal in the expression
pattern was observed'’.

A second putative permease—eftlux
pump excludon was found at the Imo1846/
Imo1845-Imo1844-1mo1843locus in
Listeria spp., in which the lasRNA Anti1846
is encoded on the opposite strand to the
Imo1846 gene, which encodes another
MatE-family efflux pump. This lasRNA
also extends into the coding sequence of
a xanthine-uracil permease (encoded by
Imo1845) (FIC. 3d). This organization sug-
gests that Anti1846 induces expression of
the permease and simultaneously represses
expression of the efflux pump, again sug-
gesting a simple mechanism for an import-
versus-export cellular decision. Although
the efflux pumps and the permeases
in the two excludons (Im00605/lmo0606—
Imo0607-Imo0608 and Imo1846/Imo1845-
Imo1844-Imo1843) are not paralogous, the
similar genomic organization indicates that
the excludon might be a common general
mechanism for controlling import and
export decisions in bacteria.

A possible carbon source utilization excludon.
The genomic locus lmo0424/1mo0425-
Imo0426-1mo0427-Imo0428-1mo0429

encodes carbon utilization genes; [1mo0424

is predicted to encode a sugar permease
(putatively involved in glucose uptake), and
the neighbouring operon encodes com-
ponents of the fructose-specific phospho-
transferase system (Imo0426, lmo0427 and
Imo0428) (FIC. 3e). The lasRNA Anti0424 is a
6.5kb transcript that is encoded opposite the
Imo0424 gene and continues into the adja-
cent operon, possibly facilitating the switch
between the utilization of the two carbon
sources. Selective carbon source usage is

a common regulatory phenomenon that
occurs in bacteria and is mediated by carbon
catabolite repression, wherein the presence
of one preferred carbon source induces the
repression of genes involved in the con-
sumption of secondary carbon sources®'.
The putative [mo0424/1mo0425-Imo0426—
Imo0427-1mo0428-1mo0429 excludon
might represent an asRNA-based mecha-
nism for selective carbon usage, but this
hypothesis requires further experimental
investigation.

Potential mechanism of excludon action.
Experiments have demonstrated that the
lasRNAs of excludons are directly involved
in the negative regulation of sense tran-
scripts because elimination of the lasRNA
resulted in increased expression of the sense
transcript for both the mogR/lmo0675-
Imo0676-1mo0677 operon'® and the
Imo0605/1mo0606-1mo0607-Imo0608
operon''. However, the exact mechanism of
excludon asRNA-mediated inhibition of

the overlapped ORFs has not yet been
determined. One possible mechanism
involves selective degradation of the double-
stranded RNA that results from hybridiza-
tion of the overlapping sense and antisense
transcripts®’. In agreement with this, the
study of RNase III-mediated digestion in

S. aureus and other bacteria (see above)*
identified short RNAs that specifically map
to the Anti0677 (m0ogR/Imo0675-1mo0676-
Imo0677) excludon locus in L. mono-
cytogenes, suggesting that inhibition of the
flagellum export apparatus genes occurs by
specific, RNase III-dependent cleavage of the
double-stranded RNAs that are predicted to
form when Anti0677 is expressed. Moreover,
northern blot analyses of excludon loci"
showed that lasRNA transcripts appear as
multiple fragments of different sizes, which
might be the result of digestion by RNase
enzymes. It remains to be determined
whether this mechanism or other mecha-
nisms, such as transcription interference

or translation inhibition, control excludon
regulation.

PROGRESS

Concluding remarks

High-throughput sequencing methods have
revealed an abundance of asRNAs in micro-
bial genomes, but expression of only a few has
been confirmed by independent methods,
and even fewer asRNAs have been function-
ally characterized. Consequently, the func-
tional relevance of asRNAs is debated in the
literature, and there have been claims that
some asRNAs might be experimental arte-
facts® or might represent transcriptional noise
resulting from chance transcription events®.
Nevertheless, it has also been proposed that
because such chance transcription events are
metabolically costly, most asRNAs are likely
to carry out some function. Accordingly,
some asRNAs have been demonstrated to
control gene expression, highlighting their
pivotal role in the cell. All asRNAs share a
common feature — perfect complementarity
with their target — but the extreme mecha-
nistic diversity highlighted in the examples
mentioned above demonstrates that these
transcripts are unlikely to form a uniform
group of regulators. With only a handful of
examples studied so far, it is too early to
establish a dogma for asRNA-mediated
regulation. However, the increasing number
of functional studies of asRNAs is paving
the way for the identification of recurring
patterns and the definition of groups of
regulatory asRNA according to their
mechanism of action.

The excludon paradigm highlights the
fact that a single regulatory signal can result in
an expression switch between one operon and
the neighbouring operon through lasRNAs.
In other words, an excludon functions as a
genomic toggle, ensuring finely tuned regula-
tion of genes that are encoded at the same
genomic locus. So far, two excludons (the
mogR/lmo0675-Imo0676-1mo0677 locus and
the Imo0605/1mo0606-1mo0607-1mo0608
locus) have been characterized in detail.
However, the presence of several excludon-
like loci in the L. monocytogenes genome'!
and the observation that excludons are
conserved in L. innocua, in Listeria grayi
and Listeria welshimeri (as demonstrated
by northern blots of the mogR/Imo0675-
Imo0676-Imo0677 locus; N.S. and A. Toledo-
Arana, unpublished observations), and in the
more distantly related bacterium Clostridium
difficile' indicate that excludon-mediated
regulation could be a general mechanism that
possibly extends to other organisms outside
the genus Listeria. Furthermore, the structure
of the excludon locus highlights the impor-
tance of both genomic context and the spatial
distribution of genes along the chromosome
for the control of gene expression.
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