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ABSTRACT

Clostridium difficile, a major human enteropathogen,
must cope with foreign DNA invaders and multi-
ple stress factors inside the host. We have re-
cently provided an experimental evidence of defen-
sive function of the C. difficile CRISPR (clustered
regularly interspaced short palindromic repeats)-Cas
(CRISPR-associated) system important for its sur-
vival within phage-rich gut communities. Here, we
describe the identification of type | toxin—antitoxin
(TA) systems with the first functional antisense RNAs
in this pathogen. Through the analysis of deep-
sequencing data, we demonstrate the general co-
localization with CRISPR arrays for the majority of
sequenced C. difficile strains. We provide a detailed
characterization of the overlapping convergent tran-
scripts for three selected TA pairs. The toxic nature
of small membrane proteins is demonstrated by the
growth arrest induced by their overexpression. The
co-expression of antisense RNA acting as an an-
titoxin prevented this growth defect. Co-regulation
of CRISPR-Cas and type | TA genes by the general
stress response Sigma B and biofilm-related factors
further suggests a possible link between these sys-
tems with a role in recurrent C. difficile infections.
Our results provide the first description of genomic
links between CRISPR and type | TA systems within

defense islands in line with recently emerged con-
cept of functional coupling of immunity and cell dor-
mancy systems in prokaryotes.

INTRODUCTION

All living organisms need to survive in changing environ-
ments by adapting their physiology. Horizontal gene trans-
fer contributes to the acquisition of new adaptive traits
important for survival. However, these foreign DNA ele-
ments can be deleterious and even lead to cell death in
the case of phage infection. The constant need to main-
tain the balance between DNA uptake and defense pro-
cesses would drive the genome evolution. To cope with the
presence of invaders, prokaryotes have developed efficient
defense systems including recently discovered CRISPR
(clustered regularly interspaced short palindromic repeats)-
Cas (CRISPR-associated) systems (1).

The CRISPR-Cas systems are found in about half of
sequenced bacterial genomes and in almost all archaeal
genomes (2). These prokaryotic adaptive immunity systems
provide defense against foreign nucleic acids (3,4). CRISPR
loci are arranged in arrays of almost identical direct repeats
of ~30 bp separated by similarly sized variable sequences
called spacers. Some spacers match viral or plasmid DNA
and have been acquired during prior encounters with mo-
bile genetic elements in ‘adaptation’ step (5). CRISPR ar-
rays are transcribed as single RNA transcripts (pre-crRNA)
that are processed to generate small CRISPR RNAs (cr-
RNAs). In complex with Cas proteins, these crRNAs in-
terfere with bacteriophage infection and plasmid transfer

*To whom correspondence should be addressed. Tel: +33 169 154 631; Fax: +33 169 157 808; Email: olga.soutourina@i2bc.paris-saclay.fr

These authors contributed equally to the paper as first authors.

© The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downl oaded from https://academ c. oup. conf nar/articl e-abstract/46/9/4733/ 4909981
by INRA (Institut National de |a Recherche Agrononi que) user
on 09 July 2018



4734 Nucleic Acids Research, 2018, Vol. 46, No. 9

by recognizing foreign nucleic acids. This complementary
base-pairing recognition leads to the destruction of targeted
nucleic acids during an ‘interference’ process, thus protect-
ing cells from the invasion by foreign genetic elements. The
Cas proteins are involved in all stages of CRISPR-Cas ac-
tivity. Universal Casl and Cas2 components are required
for adaptation, while Cas6 proteins are necessary for cr-
RNA processing. Either a single Cas protein or a multisub-
unit Cas proteins complex together with the mature crRNA
achieve the interference step (1). During bacterial infection,
vegetative cells survive in phage-rich gut communities and
the bacteria could control the genetic exchanges favoured
within this environment by relying on efficient anti-invader
defense systems including CRISPR-Cas (6-8).

The human pathogen Clostridium difficile is an anaerobic
spore-forming bacterium constituting the major cause of
antibiotherapy-associated nosocomial diarrhoea in adults
(9). This enteropathogen can lead to a variety of patholo-
gies ranging from diarrhoea to pseudomembranous coli-
tis, a potentially lethal disease. Transmission of C. difficile
is mediated by contamination of the gut by spores. Anti-
microbial therapy disturbs the colonic microflora allowing
colonization of the intestinal tract by C. difficile from pre-
existing or acquired spores (10,11). After spore germina-
tion and multiplication of vegetative cells, the pathogen pro-
duces either one or both of the two toxins (TcdA and TcdB)
that are the major virulence factors. These two large tox-
ins induce alterations in the actin cytoskeleton of intesti-
nal epithelial cells (12,13). Yet, many aspects of C. difficile
pathogenicity and its regulation still remain poorly under-
stood. Regulatory RNAs may contribute to several steps
during infection. It is increasingly recognized that bacterial
non-coding RNAs (ncRNAs) play a critical role in adap-
tive responses and in various metabolic, physiological and
pathogenic processes (14). By combining in silico analysis,
RNAseq and genome-wide promoter mapping, we have re-
cently identified more than 200 ncRNAs in C. difficile (15).
This includes riboswitches, frans-acting riboregulators and
cis-acting antisense RNAs, but also CRISPR RNAs that
are among the most abundant RNAs revealed by our deep
sequencing analysis.

We have recently provided experimental evidence for the
function of CRISPR-Cas system in C. difficile (16). The C.
difficile CRISPR-Cas system is characterized by the pres-
ence of an unusually large set of CRISPR arrays (an aver-
age of 8.5 per genome), the presence of two sets of cas genes
conserved in almost all sequenced C. difficile strains and
the prophage location of several CRISPR arrays (16-18).
Both complete and partial C. difficile cas gene operons be-
long to the less characterized I-B subtype. Phage genome se-
quencing and CRISPR spacer homology analysis revealed
a correlation with host range of several newly sequenced
C. difficile phages (16,18). We demonstrated the role of cas
genes in an heterologous host, Escherichia coli, and the de-
fensive function of the C. difficile CRISPR-Cas system in
an active interference process by analysis of plasmid conju-
gation efficiency in C. difficile (16). CRISPR arrays location
within prophages in C. difficile is rather unique. High trans-
missibility of CRISPR systems and their association with
plasmids, megaplasmids and in some cases prophages have
been suggested (19). However, why CRISPR arrays are lo-

Downl oaded from https://academ c. oup. conf nar/articl e-abstract/46/9/4733/ 4909981
by INRA (Institut National de |a Recherche Agrononique) user
on 09 July 2018

cated within phages and plasmids remains unknown. One
hypothesis would be the stabilization of loci against loss and
competition with other invaders (19).

We report here that most of the CRISPR arrays are co-
localised with toxin—antitoxin (TA) systems in the C. diffi-
cile genome. TA modules encode two-component systems
consisting of a stable ‘toxin’ and an unstable ‘antitoxin’
(20). The overexpression of toxin either kills cells or con-
fers growth stasis. TA systems have been initially discov-
ered on plasmids where they confer stability of maintenance
through post-segregation killing (21). Plasmid loss results
in a rapid decrease in levels of the unstable antitoxin, which
allows the stable toxin to kill the plasmid-free cells. TA sys-
tems have also been found on bacterial and archaeal chro-
mosomes, sometimes in great numbers but their function
remains largely unclear. Among suggested functions are
prophage maintenance, chromosomal region stabilization,
prevention of phage infection, stress response and persister
formation (20,22-27).

TA systems are classified into six types depending on
the nature and action of the antitoxin that can be either
a protein or a small antisense RNA (20). In type I sys-
tems, the antitoxin is a small antisense RNA that forms
RNA duplex with the toxin-encoding mRNA (28,29). Most
studies are devoted to type II TA systems, in which the
protein antitoxin sequestering the toxin is more easily de-
fined than the RNA antitoxin of type I TA (30). Numer-
ous identified TA modules, generally of type II, are part
of the mobilome including phages, plasmids, transposons
and integrative and conjugative elements that can be shared
by distant bacteria thus contributing to bacterial evolution
(21,31). RNA antitoxins belong to the largest and most ex-
tensively studied set of SRINA regulators that act by mod-
ulating the translation and/or stability of their mRNA tar-
gets. Most of type I toxins are small hydrophobic proteins
of <60 amino acids containing a potential transmembrane
domain and charged amino acids at the C-terminus (32).
In many cases, they seem to act like phage holins by induc-
ing pores into cell membranes and thus impairing adeno-
sine triphosphate synthesis (29). Replication, transcription
and translation are consequently inhibited, which leads to
cell death. However, alternative mechanisms of action have
been also suggested for both membrane-associated toxins
like BsrG and cytoplasmic toxins for example RalR with
nuclease activity (33-35).

In this work, we describe the first identification of type
I TA systems in C. difficile and highlight their association
with CRISPR-Cas defense system. Through the analysis of
deep-sequencing data for the strain 630Aerm, six poten-
tial TA loci were identified in the close proximity of tran-
scribed CRISPR arrays. Three of these TA loci have been
selected and the structure of their overlapping transcripts
confirmed by Northern blot, 5/3'RACE and reverse tran-
scription and quantitative real-time polymerase chain reac-
tion (QRT-PCR) analyses. The small proteins of unknown
function in the proximity of CRISPR arrays have all the
characteristic sequence features of type I toxins. We pro-
vide experimental evidence for the membrane localization
and the toxic nature of these small proteins. Inducible toxin
overexpression led to growth arrest of C. difficile, which
was abolished by the co-expression of the RNA antitoxin



in cis and in trans. Using half-life measurements to assess
the toxin mRNA and the RNA antitoxin stability, we show
that the CRISPR-associated TA loci encode a rather sta-
ble toxin and unstable antitoxin RNA. By RNA band shift
analysis we show an efficient duplex formation between TA
transcripts in vitro. Finally, our results suggest that both the
CRISPR-Cas genes and the type I TA modules could be
co-regulated by stress- and biofilm-related factors, support-
ing a possible link between these two systems. The genomic
analysis of more than 2,500 C. difficile strains revealed the
general co-localisation of CRISPR arrays with potential TA
modules, some of them located within the prophage regions,
expanding our conclusions to the majority of the sequenced
C. difficile strains.

MATERIALS AND METHODS

Plasmid and bacterial strain construction and growth condi-
tions

C. difficile and E. coli strains and plasmids used in this
study are presented in Supplementary Table S1. C. diffi-
cile strains were grown anaerobically (5% H;, 5% CO, and
90% N») in TY (36) or Brain Heart Infusion (BHI, Difco)
media in an anaerobic chamber (Jacomex). When neces-
sary, cefoxitin (Cfx; 25 pg/ml) and thiamphenicol (Tm; 15
wg/ml) were added to C. difficile cultures. E. coli strains
were grown in LB broth (37), and when needed, ampicillin
(100 pg/ml) or chloramphenicol (15 pg/ml) was added to
the culture medium. The non-antibiotic analog anhydrote-
tracycline (ATc) was used for induction of the Py promoter
of pRPF185 vector derivatives in C. difficile (38). Strains
carrying pRPF185 derivatives were generally grown in TY
medium in the presence of 250 ng/ml ATc and 7.5 pg/ml
Tm for 7.5 h. Growth curves were obtained using a GloMax
plate reader (Promega).

All routine plasmid constructions were carried out us-
ing standard procedures (39). All primers used in this study
are listed in Supplementary Table S2. For inducible expres-
sion of C. difficile genes, we used the pDIA6103 derivative
of pRPF185 vector expression system lacking a gus4 gene
(15,38). The CD2517.1 gene (—89 to +178 relative to the
translational start site), the CD2907.1 gene (—84 to +223
relative to the translational start site), CD2517.1-RCd8 TA
region with RCd8 promoter (—306 to +504 relative to the
translational start site of CD2517.1) and CD2907.1-RCd9
TA region with RCd9 promoter (—294 to +456 relative to
the translational start site of CD2907.1) were amplified by
PCR and cloned into Stul and BamHI sites of pDIA6103
vector under the control of the ATc-inducible Py promoter
giving pDIA6319, pDIA6195, pDIA6202 and pDIA6196,
respectively.

The knockdown antisense system on pRPFI185 vector
derivative was used to deplete the C. difficile 630Aerm
strain for the specific ribonucleases RNase III, RNase J and
RNAse Y. The rneS gene fragment comprising part of 5
untranslated region (UTR) and the beginning of the rncS
coding part (—39 to +188 relative to the translational start
site) was amplified by PCR on C. difficile 630 Aerm strain
genomic DNA and cloned into Stul and BamHI sites of
pRPF185 vector in antisense orientation under the control
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of the ATc-inducible P promoter giving pDIA6126. Sim-
ilar strategy was used to construct plasmids pDIAS5975 and
pDIA5977 for inducible expression of antisense RNA for
RNase J and RNase Y genes (+7 to +217 and +55 to +210
relative to the transcriptional start site (TSS) identified by
deep sequencing, respectively).

For subcellular localization of toxins we used reverse
PCR approach to construct CD2517.1-HA and CD2907.1-
HA-expressing plasmids on the basis of corresponding
pDIA6103-derivatives with primers designed to introduce
the HA-tag sequence at the C-terminal part of coding toxin
regions, directly upstream the stop codon (Supplementary
Table S2). To compare the action of short and long forms
of antitoxins on cognate and non-cognate toxins when co-
expressed either in cis or in trans (from a site distant from
the vector MCS), we used reverse PCR approach and Gib-
son assembly to construct different plasmids on the basis of
the corresponding pDIA6103-derivatives (pT) (Supplemen-
tary Tables S1, S2 and Supplementary methods). DNA se-
quencing was performed to verify plasmid constructs using
pRPF185-specific primers IMV507 and IMV508. The re-
sulting derivative pRPF 185 plasmids were transformed into
the E. coli HB101 (RP4) and subsequently mated with C.
difficile 630Aerm (40) (Supplementary Table S1). C. diffi-
cile transconjugants were selected by sub-culturing on BHI
agar containing Tm (15 pg/ml) and Cfx (25 pg/ml).

Light microscopy

For light microscopy, bacterial cells were observed at 100 x
magnification on an Axioskop Zeiss Light Microscope. Cell
length was estimated for more than 100 cells for each strain
using ImageJ software (41).

RNA extraction, quantitative real-time PCR, northern blot
and 5 /3’RACE

Total RNA was isolated from C. difficile strains grown 7.5 h
in TY medium containing 7.5 pg/ml of Tm and 250 ng/ml
of ATc as previously described (42). For biofilm samples C.
difficile 630 Aerm strain was grown for 72 h in TY medium
using continuous-flow microfermentor culture system (43).
The 24-h planktonic culture in TY medium was used for
comparative analysis. The cDNA synthesis by reverse tran-
scription and gqRT-PCR analysis were performed as previ-
ously described (44). In each sample, the relative expres-
sion for a gene was calculated relatively to the 16S rRNA
gene or dnaF gene (CDI1305) encoding DNA polymerase
III or ccpA gene encoding catabolite control protein. The
relative change in gene expression was recorded as the ratio
of normalized target concentrations (A ACt) (45). Northern
blot analysis and 5'/3'RACE experiments were performed
as previously described (15).

RINA band-shift assay and in vitro processing by RNase III

Templates for the synthesis of RNA probes were obtained
by PCR amplification using the Term and T7 oligonu-
cleotides (Supplementary Table S2). RNAs were synthe-
sized by T7 RNA polymerase with [a->>P] UTP as a tracer
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and were then gel purified. RNA concentrations were mon-
itored by counting out the radioactivity and the RNA sam-
ples were stored until use (46). This gives a 298-nt long
CD2907.1 and a 132-nt long RCd9 transcripts with three
additional G at the 5 extremity. Just before use, RCd9
RNA was 5-radiolabeled and incubated with increasing
concentrations of CD2907.1 mRNA under two different
conditions referred as N (Native) and F (Full RNA du-
plex) conditions, respectively. Radiolabeled RCd9 was in-
cubated either alone or with the unlabeled CD2907.1 RNA
to allow them to anneal in Tris-Mg-acetate-Na-acetate
(TMN) buffer for 5 min at 37°C (20 mM Tris acetate, pH
7.5, 10 mM magnesium acetate, 100 mM sodium acetate).
Alternatively, after denaturation at 90°C for 2 min, labeled
RCd9 RNAs in 1 xTE were incubated 30 min at 37°C with
the unlabeled CD2907.1 to allow them to anneal. The com-
plexes were immediately loaded on native polyacrylamide
gels to control for hybridization efficiency (47) or submit-
ted to in vitro processing by RNase III of E. coli. RNase
IIT digestion of free or complexed RCd9 was performed at
37°C in TMN buffer containing 1 pg tRNA from 1 min
to 15 min with 0.05 units of RNase III (Epicentre). After
precipitation, addition of loading buffer and heat denatu-
ration, samples were analyzed on 8% polyacrylamide-Urea
gels.

Subcellular localization of HA-tagged toxins by cell fraction-
ation and western blotting

The C. difficile cultures were inoculated from overnight
grown cells in 10 ml of TY medium at OD 600 nm of
0.05, allowed to grow for 3 h before addition of 250 ng/ml
ATc and incubation for 90 min followed by centrifugation
and protein extraction. Cell lysis, fractionation and pro-
tein analysis were performed as previously described (48).
Coomassie staining was performed for loading and frac-
tionation control. Western blotting was performed as pre-
viously described (49) with anti-HA antibodies.

Measurement of RNA decay by rifampicin assay

For determination of toxin and antitoxin RNA half-lives
the C. difficile strains were grown in TY medium supple-
mented with 250 ng/ml ATc and 7.5 pg/ml Tm for 7.5 h at
37°C. Samples were taken at different times after addition
of 200 pwg/ml rifampicin (0, 2, 5, 10, 20, 40, 60 and 120 min)
and subjected to RNA preparation and northern blotting.

In silico screening for potential new TA genes and CRISPR
arrays co-localization

The raw sequencing read data of 2,584 C. difficile strains
were downloaded for this genomic analysis (16,50). For
each strain, we realized an assembly with Spades (51) and
an automatic annotation using PROKKA (52). Then we se-
lected small proteins from 40 to 60 amino acids in length,
adjacent to CRISPR arrays and performed an orthology
analysis using proteinortho5 (53). Multiple alignment was
done using ClustalW (54).
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Figure 1. Genomic map of potential type I TA loci in association with
CRISPR arrays in Clostridium difficile strain 630. Schematic view of the
genomic location of expressed CRISPR arrays in strain 630. CRISPR ar-
rays are numbered according to CRISPRdb database (2). Arrowheads in-
dicate the array position and the transcriptional orientation. The location
of the associated TA modules, the cas operons, the prophage regions and
the replication origin (ori) are indicated. The right and left replichores are
shown by arrows. The n00610 antisense RNA overlaps the CD1663.2 gene,
which encodes a small protein with a divergent sequence associated with
CRISPR 9 array. The CRISPR-associated TA modules within prophage
regions are RCd9-CD2907.1, RCd10-CD0956.2 and SQ808-CD1233.1. *’
indicates the three TA modules that were selected for detailed analysis.

RESULTS

Identification of toxin—antitoxin system candidates in C. dif-
ficile genome

We have revisited our previously reported deep sequencing
data (15) and observed an unusual transcriptional unit or-
ganization in the close proximity of CRISPR loci in the
genome of C. difficile strain 630 Aerm (Supplementary Fig-
ure S1). The presence of several overlapping transcripts was
detected by comparison of Tobacco Acid Pyrophosphatase
treated (TAP+) and non-treated (TAP—) samples for TSS
mapping. This analysis combined with the RNA-seq data
for whole transcript coverage revealed that the majority of
CRISPR RNA loci are associated with potential antisense
RNAs of genes encoding small proteins of unknown func-
tion (Figure 1). A more detailed analysis of the nature of
the overlapping convergent transcripts allowed us to iden-
tify candidates for six type I TA systems that co-localized
with CRISPR 3/4, CRISPR 6, CRISPR 7, CRISPR 11,
CRISPR 12 and CRISPR 16/15 arrays in C. difficile (Fig-
ure | and Supplementary Table S3) (32). An additional pair
of antisense RNA and small protein gene near CRISPR 9
array had divergent sequence without common type I TA
features. Supplementary Table S3 summarizes the data on
the candidate antitoxin RNAs including the 5-end deter-
mination of the transcripts by global TSS mapping and the
position of the 3’-ends deduced from RNA-seq data.
Interestingly, three potential TA modules together with
associated CRISPR arrays are located within prophage re-
gions (Figure 1). The pathogenicity-island location of type
I TA modules has been reported in Staphylococcus aureus
(55,56). The CRISPR 3/4 array, the associated potential
toxin gene CD0956.2 and the antitoxin gene are located
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Figure 2. Schematic representation of potential type I TA loci in C. difficile chromosome: (A) CRISPR 12 region, (B) CRISPR 16/15 (CRISPR 3/4)
regions. The horizontal arrows below the double-stranded sequences show the toxin, antitoxin and CRISPR transcripts, the direction of transcription is
indicated by arrowheads. The transcriptional start sites for sense and antisense transcripts identified by 5'/3'RACE and TSS mapping are indicated by
vertical arrows with their genomic location. Line thickness corresponds to the proportion of observed extremities. The genomic location of 5'- and 3'-ends
of the transcripts are indicated above the sequence. The inverted repeats at the position of transcriptional terminators are indicated by black arrows. The
positions of Sigma A-dependent promoter —10 and —35 elements of antitoxin (AT) and toxin (T) are shown in boxes. The positions of ribosome binding
site, translation initiation codon and stop codon of toxin (T) mRNA are underlined. The positions of Sigma B-dependent promoter elements are shown

in boxes for both TA genes.

within the phiCD630-1 prophage region while the identical
CRISPR 16/15 array and the potential TA module contain-
ing CD2907.1 toxin and antitoxin genes are located within
the phiCD630-2 prophage region (Figure 1). Similar to the
txpA/RatA type I TA module in Bacillus subtilis (57), the
CD1233.1/SQ808 pair is located within the skin element of
C. difficile strain 630 (58), yet there is no sequence homol-
ogy between the two loci. This CD1233.1/SQ808 pair is lo-
cated near the CRISPR 6 array in the C. difficile skin ele-
ment.

We have chosen three representative type I TA modules
for further detailed analysis. The RCd8-CD2517.1 module
is located near the CRISPR 12 array, which is associated
with a partial cas operon. The RCd9-CD2907.1 and RCd10-
CD0956.2 modules are located near the CRISPR 16/15
and CRISPR 3/4 arrays. They lie respectively within the
phiCD630-1 and phiCD630-2 prophage regions, which have
identical sequences and are thus indistinguishable from
each other through gene expression analysis. These two
highly similar prophages phiCD630-1 (1088001-1143874)
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Figure 3. Detection of antisense RNA and toxin mRNA by northern blot.
RNA samples were extracted from 630Aerm strain grown at exponential
phase (E, 4 h of growth), late exponential phase (LE, 6 h of growth), entry
to stationary phase (S, 10 h of growth) or under nutrient starvation con-
ditions (St). 5S RNA at the bottom serves as loading control. The arrows
show the detected transcripts with their size estimated by comparison with
RNA molecular weight standards. As indicated at the top, the blots were
hybridized either with antitoxin- or toxin-specific probe. The same 5S con-
trol panel is shown when reprobing of the same membrane was performed.

and phiCD630-2 (3377033-3434358) of 55.9 and 57.3 kb
in length, respectively, are located in an inverted orien-
tation on different replichores of the C. difficile chromo-
some. The regions encoding TA modules and CRISPR ar-
rays are identical. We assigned the names RCd8 (previously
named SQ1781), RCd9 (previously named CD630_n01000)
and RCd10 (previously named CD630-n00370) to the puta-
tive antitoxin RNAs (Figure 1). We have previously demon-
strated the active expression of the CRISPR arrays associ-
ated with the chosen modules and their functionality for in-
terference with plasmid DNA (16).

We first mapped by 5'/3’RACE analysis the transcrip-
tional start and termination sites of the genes corresponding
to the potential toxin and the antitoxin RNAs for selected
loci. Figure 2 shows the chromosomal organization of these
genes and the position of 5" and 3’ ends of overlapping tran-
scripts identified by 5'/3'RACE (Table 1, Supplementary
Table S3 and Figure S2). The alignment of the TA genomic
regions revealed the presence of conserved sequences up-
stream of the TSS for both the putative toxin and antitoxin
genes and allowed the identification of consensus elements
for Sigma A-dependent promoters upstream of their TSS
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(Supplementary Table S3, indicated in blue and red in Sup-
plementary Figure S2). Moreover, the consensus sequence
promoters recognized by the alternative Sigma factor of the
general stress response, Sigma B, could be identified up-
stream of the TSS of both the potential antitoxin and toxin
genes (indicated in green in Supplementary Figure S2).

We then confirmed the detection of the candidate RNA
antitoxin transcripts by northern blot under several growth
conditions (Figure 3). Transcript length deduced from TSS
mapping, RNA-seq and 5'/3’RACE analysis agreed gener-
ally well with the size of RNAs detected by northern blot-
ting. The RCd8 RNA is transcribed in antisense direction to
the CD2517.1 gene and overlaps with the CRISPR 12 array
(Figure 2A). An abundant transcript of about 140 nt was
stably detected by northern blotting under all tested condi-
tions (exponential growth phase, late exponential phase, on-
set of stationary phase or starvation) (Figure 3). The pres-
ence of additional less abundant longer transcripts of about
300 and 400 nt was consistent with 5'/3’'RACE results (Ta-
ble 1) and suggests that they could result from a detected
alternative TSS (Figure 2A). The major 140-nt transcript
starts with a transcriptional +1 associated with a conserved
promoter sequence and stops at the rho-independent termi-
nator (Figure 2 and Supplementary Figure S2).

The RCd9 RNA is transcribed in antisense direction
to the CD2907.1 gene adjacent to CRISPR 16/15 ar-
ray (Figure 2B). An identical region within the homolo-
gous phiCD630-1 prophage encodes the RCd10 RNA tran-
scribed in antisense orientation to the CD0956.2 gene adja-
cent to CRISPR 3/4 array. An abundant transcript of about
125 nt was detected with RCd9/RCd10-specific probe un-
der all tested conditions by northern blotting in addition to
a hardly detectable longer transcript of about 300 nt in ac-
cordance with the 134 and 283-nt transcript sizes deduced
from the 5'/3'RACE data (Figure 3, Table 1 and Supple-
mentary Table S3). The relative abundance of these tran-
scripts is consistent with the 5'/3’R ACE data where most of
the 3’ends mapped to the rho-independent terminator posi-
tion for a short transcript (Figure 2).

To monitor the toxin mRNA expression, we rehybridized
the northern blots with the probes matching to CD2517.1
and CD2907.1. In accordance with the 5 /3’'RACE data, an
abundant transcript of about 300 nt was detected under all
tested conditions (Figure 3). A decreased intensity of the
toxin mRNA signal was observed for the onset of station-
ary phase. It is worth noting that a slight decrease in the sig-
nal of the antitoxin corresponding to short transcripts was
also detected under these conditions with the concomitant
appearance of longer transcripts (Figure 3).

From these data we infer that several RNA transcripts
for RCdS of 140, 255 and 350-nt long are detected while the
CD2517.1 mRNA is 306-nt long. The RCd8 and CD2517.1
RNAs overlap by 131 nt. The RCd9/RCd10 RNA tran-
scripts are 134 and 283-nt long and overlap the 298-nt long
CD2907.1/CD0956.2 mRNAs by 283 or 134 nt for long
and short transcripts, respectively. Secondary structure pre-
diction by Mfold revealed that potential antitoxin RCd8
and RCd9/RCd10 RNAs are highly structured (data not
shown). Corresponding overlapping mRNA are also highly
structured and contain double-stranded secondary struc-
ture regions sequestering their ribosome binding sites that
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Figure 4. Analysis of TA RNA duplex formation by RNA band-shift assay and in vitro processing by RNase III. (A) 5'-radiolabeled RCd9 RNA was
incubated with increasing concentrations of CD2907.1 under two different conditions referred as N (Native) and F (Full RNA duplex) conditions, respec-
tively. Native RCd9:CD2907.1 complexes were formed at 37°C for 5 min in TMN buffer, and full duplexes were obtained after a denaturation-annealing
treatment in TE Buffer (2 min 90°C, 30 min 37°C). The complexes were immediately loaded on native polyacrylamide gels to control for hybridization
efficiency or submitted to in vitro processing by RNase III (B). RNase III digestion of free or complexed RCd9 was performed at 37°C in TMN buffer
containing 1 pg tRNA from 1 min to 15 min with 0.05 units of RNase III per sample. Samples were analyzed on 8% polyacrylamide-Urea gels.

Table 1. The antisense RNA and associated toxin mRNA extremity identification by 5'/3'RACE

5’-end RACE 5'-end TSS 3’-end RACE

Name Description position mapping position Strand position Size, nt

RCd10 Antitoxin of TA associated 1124339 1124339 — 1124206, 1124058, 134, 283

(CD630-n00370)  with CRISPR 3/4 1124041

CD0956.2 Toxin of TA associated with 1124042 1124042 + 1124339 298
CRISPR 3/4

RCd9 Antitoxin of TA associated 3398302 3398302 + 3398435, 3398583, 134,283

(CD630-n01000)  with CRISPR 16/15 3398600

CD2907.1 Toxin of TA associated with 3398599 3398599 - 3398302 298
CRISPR 16/15

RCd8 (SQ1781) Antitoxin of TA associated 2907896, 2907991, 2908006, 2908013, + 2908246 130, 255, 350
with CRISPR 12 2908066 2908124

CD2517.1 Toxin of TA associated with 2908421 2908421 — 2908116 306
CRISPR 12

The positions of 5'-start and 3’-end of these RNAs were identified by 5'/3’'RACE analysis and compared with 5'-end identified by 5'-end RNA-seq analysis
(TSS mapping).
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could be important for the regulatory process as observed
for B. subtilis type I toxin mRNAs (data not shown) (59-61).
Moreover, the presence of S UTRs of 88 and 83 nt in length
was observed for CD2517.1 and CD2907.1/CD0956.2 mR-
NAs, respectively (Supplementary Figure S2). The compar-
ison between the secondary structure predictions for the TA
pair transcripts suggests potential loop—loop interactions
between stem—loop structures that could initiate the RNA
duplex formation (data not shown) (59).

We have chosen representative abundant transcripts from
TA pair RCd9/CD2907.1 for the analysis of duplex forma-
tion between toxin and antitoxin RNA by gel retardation
assays. We investigated the interaction between RCd9 and
CD2907.1 to determine whether they form a kissing com-
plex as in the case of the antisense RNA, CopA and its tar-
get CopT (62). Figure 4A shows that under native condi-
tions RCd9 harbors two conformations both proficient to
duplex formation upon incubation with equimolar amount
of CD2907.1 transcript suggesting that the primary binding
intermediate could involve a loop—loop interaction.

We then investigated RNase III-dependent cleavages of
RCd9 alone and in interaction with CD2907.1 under con-
ditions of native complex formation or after extensive de-
naturation to define the extent of duplex formation (Figure
4B). RNase III cleaves RCd9 at 3 sites located about 82, 72
and 42 nt from the 5’ extremity. In contrast, RNase III very
efficiently and rapidly degrades the duplexes formed under
native conditions or after extensive denaturation. This indi-
cates that RCd9 is fully hybridized to the CD2907.1 toxin
mRNA and that the kissing intermediate formed under na-
tive conditions of hybridization could be converted into a
full duplex leading to the RNase III cleavage of the entire
duplex.

Functionality of toxin—antitoxin systems in C. difficile

Type I toxins are generally small hydrophobic proteins of
<60 amino acids containing a potential transmembrane
domain and charged amino acids at the C-terminus (32).
The alignment of proteins from the potential TA mod-
ules encoded in the proximity of CRISPR arrays revealed
that these small proteins have all characteristic features
of type I toxins. Indeed, as shown in Figure 5A, the po-
tential toxic proteins are from 50 to 53 amino acids in
length, carry a conserved hydrophobic region at their N-
terminal part and a lysine-rich, positively charged region
at their C-terminal part in agreement with the hydropho-
bicity profile predictions by Kyte and Doolittle algorithm
(data not shown). Transmembrane domain location in N-
terminal moiety was predicted by TMHMM program (data
not shown). To experimentally identify the expression and
localization of these small proteins in C. difficile we con-
structed plasmids expressing under inducible Py promoter
either CD2517.1 or CD2907.1/CD0956.2 fused with a HA
tag at the C-terminus (Supplementary Table S1). By west-
ern blotting with anti-HA antibodies, no signal was de-
tected for whole cell extracts from control strains express-
ing untagged proteins while a specific signal was detected
for strains expressing HA-tagged proteins (Figure 5B). To
precise the subcellular localization of these proteins we then
performed cell fractionation and examined supernatant, cell
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wall, membrane and cytosolic fractions by western blot-
ting. As shown in Figure 5B, HA-tagged CD2517.1 and
CD2907.1 (CD0956.2) were only detected in the membrane
fractions of C. difficile cell extracts suggesting the associa-
tion of these small proteins with the cell membrane in C.
difficile.

To show the toxic nature of these small proteins, we an-
alyzed the effect of their overexpression on the growth of
C. difficile cells in liquid and solid media. HA-tagged pro-
teins CD2517.1 and CD2907.1/CD0956.2 conserved their
toxic activity on cell growth when overexpressed from plas-
mids used for determination of their subcellular localization
by western blotting (Supplementary Figure S3 and Figure
5B). This result suggests that despite the presence of HA-tag
these small proteins remain active for cell growth inhibition.

We then generated plasmids allowing either inducible
overexpression of an untagged version of one of the small,
potentially toxic proteins or simultaneous expression of
both the potential toxin and the antisense RNA for the
TA modules near the CRISPR 12 and CRISPR 16/15
(CRISPR 3/4) arrays. For this purpose, we cloned either
the small protein-coding region with its ribosome-binding
site (RBS) (CD2517.1 or CD2907.1/CD0956.2) under the
control of the inducible P promoter (pT) or the entire po-
tential TA module (pTA). pTA constructs allow both the in-
ducible overexpression of the putative toxin under the con-
trol of the Py, promoter and the expression of the antisense
RNA from its own strong promoter (Figure 6A). C. diffi-
cile strain 630 Aerm carrying an empty vector (p) was used
as a control. No growth difference was observed for any
of the three strains on BHI plates in the absence of Anhy-
droTetracycline (ATc) inducer for both potential TA mod-
ules (Figures 6A and 7A). By contrast, a dramatic growth
defect was observed on BHI plates in the presence of ATc
inducer for the strain overexpressing the genes CD2517.1 or
CD2907.1/CD0956.2 (Figures 6A and 7A). Co-expression
of these potential toxins with the associated RNA antitox-
ins led to the full or partial reversion of the growth defect for
both TA modules (Figures 6A and 7A). Consistently, north-
ern blotting with RCd8 and RCd9/RCd10-specific probes
using RNA extracted from the strain 630Aerm carrying pT
or pTA confirmed the important overexpression of the an-
titoxin RNA from the pTA constructs as compared to the
level of expression from their chromosomal location in con-
trol strain carrying an empty vector (p) (Figures 6B and 7B).

The overexpression of toxins from selected TA modules
(Figures 6B and 7B) also induced rapid growth arrest in
liquid culture. As shown in Figure 6C for CD2517.1-RCd8
TA module, the addition of ATc inducer after 3h of expo-
nential growth led to rapid growth arrest for the strain car-
rying the pT plasmid but allowed near normal growth of
the C. difficile 630 Aerm strain carrying pTA. Similar dele-
terious growth effects were observed for the strain carry-
ing the pT plasmid when strains pre-grown overnight in the
absence of inducer and then diluted in an ATc-containing
medium were allowed to grow for 24 h in an automatic plate
reader (Figure 6D). For the CD2907.1-RCd9/CD0956.2-
RCd10 TA module, we observed only a partial reversion of
the growth defect in liquid culture associated with the toxin
gene expression when both toxin and antitoxin were co-
expressed on pTA plasmid (Figure 7C). This partial restora-
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Figure 5. Potential type I toxin proteins alignment and analysis. (A) Proteins alignment using ClustalW. “** on the right indicates toxins from three TA
modules selected for detailed analysis. “*” at the bottom indicates conserved residues. (B) Western-blot detection and localization of HA-tagged small
proteins in the membrane fraction of C. difficile cell extracts. WCL: whole cell lysate; SN: supernatant; CW: cell wall; Mb: membrane; Cy: cytosolic
fraction. Immunoblotting with anti-HA antibodies detected a major polypeptide of ~10 kDa in whole cell lysates of the strain carrying Pi(-T(CD2517.1
or CD2907.1/CD0956.2)-HA (pT-HA) construct grown in the presence of the 250 ng/ml ATc inducer but not in extracts of strains expressing non-tagged
toxins (pT) (left panel). The culture of strains carrying Pie-T-HA plasmids induced with 250 ng/ml ATc was fractionated into cell wall (CW), membrane
(Mb) and cytosolic (Cy) compartments and immunoblotted with anti-HA antibodies (middle and right panels). Proteins were separated on 12% Bis-Tris

polyacrylamide gels in MES buffer.

tion of growth could be due to an unbalance in the relative
level of toxin and antitoxin expression. Interestingly, north-
ern blotting revealed a reverse correlation between the rela-
tive toxin and antitoxin transcript abundance under induc-
ing conditions. Toxin overexpression after ATc induction
led to more than 2-fold decrease in the amount of antitoxin
transcript expressed from chromosomal location compared
to the strain 630Aerm containing the vector alone (lanes
‘pT’ versus ‘p’ in Figures 6B and 7B).

Toxins from TA modules in B. subtilis and Enterococcus
faecalis have been reported to affect cell envelope biosynthe-
sis, nucleoid condensation, cell division and chromosome
segregation (35,63). To assess whether the changes in cell
morphology could be induced by toxin overexpression in
C. difficile, we analyzed by light microscopy liquid cultures
of strain 630Aerm carrying the vector, pT or pTA 1 h af-
ter ATc addition. For both TA modules (CD2517.1 and
CD2907.1/CD0956.2), the overexpression of the toxins in
strain 630/pT led to a significant increase in cell length for
about 9 and 5.4% of the cells, respectively. The length of
these cells was above the value of 630/p mean length with
two standard deviations (10.5 wm) (Figure 7D and Supple-
mentary Figure S4). For control strain 630/p the length of
only 1.7% of cells exceeded this value. Co-expression of the
entire TA module (pTA) led to a partial reversion of this
phenotype to the control culture morphology.

To get further insights into the requirements for repres-
sion and the function of abundant short and less abun-
dant full-length antitoxin transcripts, we co-expressed in
trans different antitoxin transcripts from their own pro-
moter with the native or HA-tagged toxin proteins under
the control of inducible Py, promoter for both TA modules
(Supplementary Table S1). For each combination, toxin
and antitoxin were co-expressed from the same plasmid but

from distant locations. In the presence of ATc inducer, both
short and full-length antitoxins expressed in trans were able
to rescue the strains from the toxicity associated with over-
expression of the cognate native toxin both on plates and in
liquid culture (Figure 8). The reversion of growth defect was
similar to that observed with a control strain carrying the
plasmid co-expressing the toxin from the inducible Py pro-
moter and the cognate antitoxin in cis from the native con-
vergent configuration (Figure 8). Cognate short antitoxin
co-expression in trans also led to the reversion of growth de-
fect induced by the overexpression of the HA-tagged toxin
(Supplementary Figure S5). These results suggest that the
abundant short form of antitoxins is sufficient to repress
the associated toxin and that the C-terminal HA-tag does
not interfere with antitoxin action. By contrast, a dramatic
growth defect was still observed when the non-cognate an-
titoxins were co-expressed with the toxins (Figure 8). These
results demonstrate that RCd8 and RCd9/RCd10 antitox-
ins act on a highly specific manner to repress their associ-
ated toxin not only when they are expressed from the native
convergent TA configuration (Figures 6-8) but also when
expressed in trans from a distant plasmid location (Figure
8).

Altogether our data demonstrate that functional type I
TA modules are present in the proximity of CRISPR arrays
in C. difficile.

Stability of the RNAs of the toxin and antitoxin genes

To determine the half-lives of toxin and antitoxin RNAs,
C. difficile strains were grown in TY medium until the
late-exponential growth phase and rifampicin was added to
block transcription. Samples were taken at different time
points after rifampicin addition for total RNA prepara-
tion and Northern blots were performed using probes tar-
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Figure 6. Effect of inducible toxin and TA overexpression for CD2517.1-RCd8 TA module near CRISPR 12 on growth in solid (A) and liquid medium
(B-D). (A) Growth phenotype of C. difficile strains CDIP369 (630/p), CDIP357 (630/pT) and CDIP332 (630/pTA) on BHI agar plates supplemented with
Tm alone (on the left) or with the addition of 500 ng/ml of ATc inducer (on the right) after 24 h of incubation at 37°C. Schematic representations of pT
and pTA constructs are shown. The 630 strain carrying an empty vector (p) is used as a control. (B) Detection of RCd8 and CD2517.1 transcripts. For
northern blot analysis, RNA samples were extracted from 630/p control strain, from 630/pT strain overexpressing the CD2517.1 toxin and from 630/pTA
strain overexpressing the entire TA module grown at late exponential growth phase in the presence of 250 ng/ml ATc (+ATc) or the absence of inducer.
As indicated at the top, the blots were hybridized either with antitoxin- or toxin-specific probe. The same 5S control panel is shown when reprobing of the
same membrane was performed. (C) Growth of 630/p strain (triangles), 630/pT strain (diamond) and 630/pTA strain (circle) in TY medium at 37°C in
the presence (open symbols) or absence (closed symbols) of 250 ng/ml ATc. The time point of ATc addition is indicated by an arrow. (D) Growth curves
for 630/p strain, 630/pT strain and 630/pTA strain in TY medium at 37°C in the presence of 250 ng/ml ATc using a GloMax plate reader (Promega). The
mean values and standard deviations are shown for three independent experiments.

geting the toxin or antitoxin RNAs of one representative
TA module. We have used a control strain 630Aerm carry-
ing an empty vector (CDIP369) to allow further compari-
son with strains depleted for ribonucleases (see below). In
this strain, quantification of the northern blots with corre-
sponding probes allowed us to estimate the half-life of the
mRNA of the CD2907.1/CD0956.2 toxin gene to about 35
min (Figure 9A). The half-life of the 125-nt transcript for
RCd9/RCd10 antitoxin RNA was estimated to be about
13 min (Figure 9B). These results further confirm that the
identified type I TA modules produce a rather stable toxin
mRNA and a less stable antitoxin RNA.

In model Gram-positive bacterium B. subtilis, the
double-strand-specific enzyme RNase III plays an essen-
tial role in the degradation of toxin mRNA from prophage-

encoded type I TA modules (59,64) while the single-strand
specific endoribonuclease RNase Y and the 5'-3" exoribonu-
clease RNase J1 participate in antitoxin RNA degradation
(59). To analyse the possible contribution of these ribonu-
cleases to the degradation of toxin and antitoxin RNAs, we
tested the effect of RNase depletion on the stability of the
corresponding transcripts. We also evaluated the effect of
the depletion for the RNA chaperone protein Hfq. C. diffi-
cile 630 encodes CD1289 (rnj), CD1329 (rny) and CD1248
(rneS) proteins homologous to B. subtilis RNase J, RNase
Y and RNase I1I. No transposon insertions were identified
in a previously reported TraDIS (transposon-directed inser-
tion site sequencing) experiment for these R Nase genes sug-
gesting their crucial role for C. difficile physiology (65). We
have previously reported the use of a knock-down strategy
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Figure 7. Effect of inducible toxin and TA overexpression for CD2907.1-RCd9/CD0956.2-RCd10 TA module near CRISPR 16/15 (CRISPR 3/4) on
growth in solid (A) and liquid (B-D) medium. (A) Growth of C. difficile strains CDIP369 (630/p), CDIP317 (630/pT) and CDIP319 (630/pTA) on BHI
agar plates supplemented with Tm alone (on the left) or with the addition of 500 ng/ml of ATc inducer (on the right) after 24 h of incubation at 37°C.
Under inducing conditions 630/pT strain overexpresses CD2907.1 toxin and 630/pTA strain overexpresses entire TA module. The 630 strain carrying
an empty vector (p) is used as a control. (B) Detection of RCd9/RCd10 and CD2907.1/CD0956.2 transcripts. For northern blot analysis, RNA samples
were extracted from 630/p control strain, 630/pT strain overexpressing CD2907.1 and 630/pTA strain overexpressing the entire TA module grown at late
exponential growth phase in the presence of 250 ng/ml ATc (+ATec) or the absence of inducer. As indicated at the top, the blots were hybridized either with
antitoxin- or toxin-specific probe. The same 5S control panel is shown when reprobing of the same membrane was performed. (C) Growth of 630/p strain,
630/pT strain and 630/pTA strain in TY medium at 37°C in the presence of 250 ng/ml ATc using a GloMax plate reader (Promega). The mean values and
standard deviations are shown for three independent experiments. (D) Selected images from light microscopy observation of 630/p, 630/pT and 630/pTA

strains grown in TY medium at 37°C after 1 h of 250 ng/ml ATc addition.

based on the expression of an inducible antisense RNA tar-
geting the 5 part of the coding region of the /1fq gene leading
to Hfq depletion in C. difficile (49). Here, we used a similar
strategy for the construction of C. difficile strains in which
we can deplete for RNase J, RNase Y and RNase I1I using
an antisense RNA targeting each of these genes expressed
under the control of a P inducible promoter (Supplemen-
tary Table S1). The efficient depletion conditions in the pres-
ence of ATc were confirmed by western blotting (Supple-
mentary Figure S6).

The half-lives of analyzed toxin and antitoxin RNAs were
similar in the wild-type and in the Hfq depleted strain sug-
gesting that neither of the two RNAs is stabilized by Hfq
(Supplementary Figure S7). We observed a moderate sta-
bilization of the CD2907.1/CD0956.2 toxin mRNA in the
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strain depleted for RNase III but also, at a higher level,
in the strains depleted for RNase J or RNase Y (Sup-
plementary Figure S7A). These results suggest the pos-
sible contribution of the RNase J, RNase Y and in less
extent of RNase III to the degradation of toxin mRNA.
No major changes in the estimated half-life values were
observed for the abundant transcript of antitoxin RNA
RCd9/RCd10. However, RNase depletion resulted in ob-
servable changes in the degradation pattern of the anti-
toxin RNA RCd9/RCd10. We observed the appearance of a
biphasic degradation curve and the accumulation of longer
species especially for RNase Y depleted strain (Supplemen-
tary Figure S7B). Generally, the half-lives of longer tran-
scripts increase under RNase depletion conditions. This re-
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Figure 8. Effect of short and full-length antitoxin co-overexpression with native toxin in trans for CD2517.1-RCd8 and CD2907.1-RCd9/CD0956.2-RCd10
TA modules on growth in solid (A and B) and liquid (C and D) medium. (A) Growth of C. difficile strains CDIP1191 (630/pCD2517.1-RCd8), CDIP357
(630/pCD2517.1), CDIP1161 (630/pCD2517.1 and long RCdS), CDIP1130 (630/pCD2517.1 and short RCdS), CDIP1162 (630/pCD2517.1 and long
RCd9) and CDIP1131 (630/pCD2517.1 and short RCd9) on BHI agar plates supplemented with Tm and 2.5 ng/ml of ATc inducer after 24 h of incubation
at 37°C. (B) Growth of C. difficile strains CDIP1192 (630/pCD2907.1-RCd9), CDIP317 (630/pCD2907.1), CDIP1164 (630/pCD2907.1 and long RCd9),
CDIP1133 (630/pCD2907.1 and short RCd9), CDIP1163 (630/pCD2907.1 and long RCAS) and CDIP1132 (630/pCD2907.1 and short RCdS) on BHI
agar plates supplemented with Tm and 3 ng/ml of ATc inducer after 24 h of incubation at 37°C. (C) Growth of the same C. difficile strains as in (A) in TY
medium at 37°C in the presence of 2.5 ng/ml ATc using a GloMax plate reader (Promega). The mean values are shown for three independent experiments.
(D) Growth of the same C. difficile strains as in (B) in TY medium at 37°C in the presence of 3 ng/ml ATc using a GloMax plate reader (Promega). The
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Figure 9. Expression and stability of CD2907.1/CD0956.2 toxin (A) and RCd9/RCd10 antitoxin (B) transcripts by northern blot. For determination of
half-lives samples were taken at the indicated times after addition of 200 g/ml rifampicin. RNAs were extracted from strain CDIP369 (630/p). 5SS RNA
at the bottom of each northern blot autoradiogram serves as loading control. The same 5S control panel is shown when reprobing of the same membrane
was performed. The relative intensities of the bands from northern blot analysis via autoradiography were quantified using ImagelJ software.

sult suggests that at least RNase Y could in some way con-
tribute to the antitoxin RNA degradation.

Expression analysis of TA and CRISPR-Cas systems

We wondered whether the chromosomal co-localization of
CRISPR arrays and TA modules would imply the pos-
sible connection between these systems. As mentioned
above, the alignment of CRISPR-associated TA module se-
quences strongly suggested the presence of both Sigma-A-
dependent and Sigma-B-dependent promoters upstream of
the TSS of the toxin and antitoxin genes for the six TA mod-
ules (Supplementary Figure S2). We have recently demon-
strated the crucial role of the alternative Sigma B factor in
the adaptive strategies of C. difficile inside the host (66). We
then re-examined the transcriptome data for the sigB mu-
tant as compared to the parental strain and observed up
to 5-fold decrease in the expression of the entire gene sets
for both the partial and complete cas operons (CD2455 and
CD2982) of type I-B C. difficile CRISPR-Cas system (Table
2). qRT-PCR analysis validated these transcriptome data
(Table 2). In accordance, the search for Sigma-B-dependent
promoter sequences revealed the presence of consensus el-
ements GTTTTTA-N12-GGGATTT and TTATAA-N12-
GGGTTAA upstream of TSS for cas gene operons CD2455
and CD2982, respectively. These promoter sequences are
characterized by the presence of a conserved —10 promoter
element associated and a less conserved —35 promoter ele-
ment. Such a promoter structure suggests the possible im-

plication of other regulatory components controlling these
operons together with the Sigma B factor. The high se-
quence conservation among direct repeats within multiple
CRISPR arrays suggests that the same set of Cas proteins
processes all expressed pre-ctRNA in C. difficile strains
(16). Thus, the induction of cas genes under stress condi-
tions would allow the overall activation of CRISPR-Cas de-
fense mechanisms. Transcriptome analysis of the sigB mu-
tant also revealed differential expression of several newly
identified TA genes and associated CRISPR arrays (Table
2). To confirm these data, we performed qRT-PCR analysis
for selected TA gene pairs and CRISPR arrays (Table 2). In
accordance with transcriptome data, we confirmed by qRT-
PCR the downregulation of several CRISPR-associated TA
genes in the sig B mutant strain as compared to the parental
strain even without stress exposure (Table 2).

The induction of CRISPR-Cas-mediated defense capac-
ities within biofilm community or more generally within
the gut microbiota, which includes phages, could be impor-
tant for bacterial survival under conditions promoting gene
transfer. In E. coli, type I toxin ralR gene expression is in-
duced during growth in biofilms (67). We thus compared
the expression of selected CRISPR-associated TA modules
and CRISPR-Cas systems within biofilm and planktonic
cultures and observed a strong, up to 20-fold, induction of
expression of selected genes (Table 2). Overall these results
suggest that the cas operons and the CRISPR arrays could
be co-regulated with associated type I TA systems by stress-
and biofilm-related factors.
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Table 2. Differential expression of TA and CRISPR-Cas systems revealed by transcriptome and/or qRT-PCR analysis

Ratio Ratio Ratio
sigB/630Aerm sigB/630Aerm biofilm/plankton

Gene ID Function Microarray® qRT-PCR qRT-PCR
CD2982° CRISPR-associated Cas6 family protein 0.19 0.22 14.7
CD2981 CRISPR-associated protein, CXXC-CXXC 0.21
CD2980 CRISPR-associated autoregulator DevR 0.26

family protein
CD2979 CRISPR-associated Cas5 family protein 0.25
CD2978 CRISPR-associated Cas3 family helicase 0.30
CD2977 CRISPR-associated Cas4 family protein 0.33
CD2976 CRISPR-associated Casl family protein 0.37
CD2975 CRISPR-associated Cas2 family protein 0.37
CD2455¢ CRISPR-associated protein 0.55 0.61 9.4
CD2454 Conserved hypothetical protein 0.55
CD2453 CRISPR-associated negative autoregulator 0.47
CD2452 CRISPR-associated protein 0.53
CDI1233.1 Toxin of TA associated with CRISPR 6 0.51
CD2517.1 Toxin of TA associated with CRISPR 12 0.25 0.42 26.0
RCd8 Antitoxin of TA associated with CRISPR 12 0.67 7.3
CD630-n00860 CRISPR 12 7.7
CD2907.1 Toxin of TA associated with CRISPR 16/15 1.8
RCd9/RCd10 Antitoxin of TA associated with CRISPR 0.5 0.42 2.3

16/15 /CRISPR 3/4
CD630-n00990 CRISPR 16/15 0.54 9.8

Gene names and functions correspond to those indicated in the MaGe database Clostriscope (https://www.genoscope.cns.fr).
2A gene was considered as differentially expressed between the strain 630Aerm and the sigB mutant when the P-value is < 0.05.

PFirst gene of the complete cas operon CD2982-CD2975.

“First gene of the partial cas operon CD2455-CD2452. SQ1781 corresponds to RCd8, CD630-n01000 to RCd9 and CD630-n00370 to RCA10.

Genomic analysis of TA and CRISPR arrays co-localization

We analyzed the extent of co-localization of potential type
I TA with CRISPR arrays in available C. difficile sequences.
From more than 2,500 C. difficile genome sequences assem-
bled and automatically annotated, we first found that 98%
contain CRISPR arrays (from 1 to 30). In these CRISPR-
containing strains, we then searched for the presence, im-
mediately adjacent to CRISPR loci, of open reading frames
from 40 to 60 amino acids, as one of the characteristic fea-
tures of type I toxins is their small size. This search resulted
in about 7000 hits. The CRISPR-associated small proteins
were only absent in 67 genomes of which 58 lacked cas gene
homologs. Then, an orthology analysis identified 16 pro-
teins present each in more than 25 strains (Supplementary
Table S4). Figure 10 shows an alignment of these 16 repre-
sentative small proteins adjacent to CRISPR arrays com-
bined in five major groups (A-E) according to their homol-
ogy.

The three small proteins characterized in this study
(CD2907.1, CD0956.2 and CD2517.1) belong to group A.
This group is largely distributed in C. difficile as it is present
in two-third of the analyzed strains (Figure 10). CRISPR
16/15 and CRISPR 3/4-associated toxins belong to the
most represented subgroup, Al, found in 63% of strains,
CRISPR 12 associated toxin belongs to subgroup A2, that
is present in 20% of the analyzed strains. Other CRISPR-
associated toxins of strain 630 are represented in less extent
within the same group. Finally, as two of the characterized
toxins are located within prophage regions in strain 630, we
wondered whether prophage localisation could be a com-
mon feature of CRISPR-associated small proteins. In 13
from 22 known C. difficile phages, we found potential toxins
all belonging to the group A that could be part of TA mod-

ules. However, the co-localization with CRISPR arrays is
detected only in the phi027 prophage of the R20291 strain.

To provide an experimental confirmation of potential TA
and CRISPR arrays co-expression in another C. difficile
strain, we have looked at the RNA-seq data of the epi-
demic strain R20291 (68). In this strain, we detected three
co-localized CRISPR and TA pairs (Supplementary Fig-
ure S8A). One pair was intact (TA and CRISPR), while the
two others have mutation in the toxin genes and only an-
titoxin was detected (A and CRISPR). We confirmed their
co-expression in the published R20291 RNA-seq data us-
ing the COV2HTML software for visualization (69) (Sup-
plementary Figure S§B).

In summary, we found that (i) CRISPR-associated small
proteins are present in the vast majority of C. difficile strains
and (ii) their primary orthology group is homologous to
newly identified type I TA toxins.

DISCUSSION

Here, we report the first identification of functional type
I TA modules in C difficile 630 chromosome. Deep-
sequencing, northern blotting and 5'/3'RACE revealed the
presence of overlapping transcripts for type I toxin gene
and associated RNA antitoxin in several chromosomal loci.
Comparison of the newly identified type I TA systems in C.
difficile with previously studied TA systems in other bac-
teria revealed no sequence homology for small toxin pro-
teins. However, we observed a conservation of their mem-
brane association and the presence of charged amino acids
in the C-terminal part (32,35,70). The inducible overexpres-
sion of toxin genes strongly impaired the C. difficile growth
while co-expression of associated antitoxin RNA in cis or
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Figure 10. Alignment of small proteins at the near proximity of CRISPR arrays in C. difficile strains. The representative proteins of five major groups are
shown and their occurrence within analysed C. difficile strains is indicated. The multiple alignment was done using ClustalW.

in trans prevented this growth defect. The major short anti-
toxin transcripts were fully active to rescue the strains from
the toxicity associated with their cognate toxins. Interest-
ingly, despite extensive homology between studied TA re-
gions, only cognate antitoxins were able to rescue the strains
from the toxicity of corresponding toxins, no growth was
observed when non-cognate antitoxins were co-expressed
with toxins. Similarly, no cross-interaction between non-
cognate TA pairs was found for the Ibs-Sib and Zor-Orz
type I TA modules in E. coli (71-74) as well as for 17 type
II TA modules in Vibrio cholerae chromosome superinte-
gron (75). Our results provide important data on the speci-
ficity of antitoxin action that could explain why multiple TA
pairs are maintained in the genome of C. difficile. Through
the half-live measurements we demonstrated that these TA
modules encode a rather stable toxin mRNA and an unsta-
ble antitoxin RNA. In addition, by gel retardation experi-
ments we showed an efficient duplex formation between an-
titoxin and toxin RNA in vitro.

Mechanisms involved in the regulation of toxin expres-
sion and RNA decay within type I TA systems differ be-
tween bacteria (29,60,61,64,76-78). Two major modes of
antisense RNA antitoxin action on toxin expression have
been identified for type I TA. Antitoxin can either in-
hibit toxin mRNA translation or stimulate mRNA degra-
dation (61). Dual-acting SR4 antitoxin in B. subtilis con-
trols both toxin mRNA decay and translation (60). In addi-
tion, the importance of mRNA folding in controlling toxin
expression was recently highlighted for TisB and ZorO in
E. coli (74,78-80) and for AapAl in Helicobacter pylori
(76). Secondary structure prediction suggests that the RBS
of toxin mRNAs within type I TA modules in C. diffi-
cile is sequestered within stable secondary structure as usu-
ally observed in other type I TA systems. In these cases
processing events or other elements are required to initi-
ate translation. The presence of a long 5 UTR observed
in this study that can serve as a target of antitoxin ac-
tion is also a common feature for many type I toxin mR-
NAs (61,78). Even in the case of antitoxin RNA action
through translational inhibition of toxin mRNA, the RNA

duplex could be subjected to degradation by RNase III.
This duplex-specific endoribonuclease often cleaves double-
stranded RNA regions formed through base-pairing inter-
actions between antitoxin RNA and complementary toxin
mRNA as shown for zxpA/RatA system within B. sub-
tilis skin element (57,64). Interestingly, the essential role of
RNase III in B. subtilis was demonstrated in protecting it
from the expression of toxin genes borne by two prophages,
skin and SPbeta, through antitoxin RNA (64). Other ri-
bonucleases could be also involved in toxin and antitoxin
RNA decay including RNase E in E. coli (81) and RNase Y
and RNase J in B. subtilis (29,59,82).

In the case of the newly identified TA pairs in C. diffi-
cile, the existence of a long complementary region for TA
convergent transcripts could suggest an RNA degradation
mechanism for antitoxin action (29). However, our results
of transcript half-life measurements show only moderate
changes in antitoxin RNA RCd9/RCd10 degradation when
RNase III, RNase J or RNase Y were depleted. A slowing
down of the degradation process after prolonged rifampicin
treatment and an accumulation of longer RNA species were
observed in the strains depleted for these ribonucleases.
For the rather stable toxin CD2907.1/CD0956.2 mRNA,
we observed a further stabilization in the strain depleted
for RNase III and an even stronger effect of RNase J and
RNase Y depletion on toxin mRNA half-life. We show
that TA duplexes could serve as a substrate for efficient
degradation by E. coli RNase III in vitro. Hfq depletion
does not affect the TA RNA stability with only slight de-
crease in RCd9/RCd10 antitoxin half-life. Currently, only
one type I TA ralR/RalA system in E. coli requires Hfq for
antitoxin function (29,34). No need for Hfq for antitoxin
control mechanism was reported in B. subtilis (59); how-
ever, TA interaction regions were associated with Hfq in co-
immunoprecipitation experiments in this bacterium (83).

The present study demonstrates the unique co-
localization of the type I TA modules with CRISPR
arrays in the bacterial chromosome. Our large genome
analysis revealed that this physical genomic link between
TA pairs and CRISPR arrays can be extended to the ma-
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jority of sequenced C. difficile strains. Initially, TA systems
were shown to be important for maintenance of plasmids
through a post-segregation killing mechanism (20,21,84).
The role of numerous chromosomal TA systems remains
largely enigmatic, even though their possible implication in
stabilization of chromosomal regions has been emphasized.
For example, a TA module has been shown to promote the
maintenance of an integrative conjugative element STX in
V. cholerae (85).

The co-localization of functional type I TA systems
with CRISPR arrays that we observed on C. difficile chro-
mosome has never been reported for any other bacterial
genome. Nevertheless, several type I TA systems are located
within prophage or prophage-like regions both in C. difficile
and B. subtilis (29,57,59,64,82,86), even though B. subtilis
genome lacks CRISPR arrays (2). The type I TA modules
are present within the skin element, which is excised from
the chromosome during sporulation, in B. subtilis and C.
difficile. As for B. subtilis systems, a role in stabilisation of
these chromosomal regions can be hypothesized for TA sys-
tems in C. difficile, which carries a high proportion of stable
mobile genetic elements in its genome (87).

Based on the observations that prophage-located
CRISPR arrays are often associated with type I TA mod-
ules in C. difficile, an interesting evolutionary aspect of the
C. difficile CRISPR-Cas system can be underlined. Indeed,
the TA systems could contribute to the stabilization of
the chromosomal regions carrying CRISPR-Cas systems
after acquisition of large defense capacities associated with
CRISPR arrays. We can hypothesize that TA modules are
implicated in maintaining of CRISPR regions, but also
in stress response, prophage stability, sporulation con-
trol, biofilm formation and other community-associated
processes important for this pathogen.

Possible connections between CRISPR and TA systems
were highlighted by several recent studies focusing on type
IT TA (88). Bioinformatics search identified the so-called
‘defense islands’ in bacteria associating immunity and cell
death or dormancy functions including CRISPR and type
IT TA systems (89,90). The original features of C. difficile
are that type I toxins were not found in ‘defense islands’.
The role of this functional coupling might be the induction
of dormancy state in infected or stressed cells to allow the
activation of adaptive immunity or specific stress responses.
Dormancy was suggested to be a strategy of the last re-
sort when the defense strategies fail face of invaders. Thus,
our findings are in line with recently emerged concept on a
functional coupling between distinct defense strategies pro-
vided by immunity and cell dormancy systems in prokary-
otes (88).

The co-regulation of CRISPR-Cas and newly described
type I TA systems by the stress-specific factor, Sigma B and
the biofilm-related stimuli further suggests the possible con-
nections between these systems in C. difficile. Our findings
emphasize additional original features of the recently char-
acterized C. difficile CRISPR-Cas system including the link
with community-behavior control, stress response and type
I TA systems. Such control of CRISPR-Cas expression in
response to stress-related factors could be relevant for the
C. difficile infection cycle.
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Together with alternative roles of CRISPR-Cas in the
control of bacterial physiology and pathogenesis beyond
the role in defense against foreign invaders (91,92), stimuli
and mechanisms controlling CRISPR-Cas system expres-
sion just start to be uncovered. However, multiple connec-
tions between TA systems in bacteria and stress response
have been reported (22,25). We provide here new data on
the co-regulation of type I TA and CRISPR-Cas systems
by the general stress response Sigma B factor in C. diffi-
cile. Sigma B likely plays a crucial role in the responses
to stresses encountered by this pathogen inside the host.
Interestingly, the MazEF type II TA module is encoded
within the sigB operon in S. aureus with possible regulatory
connections (93). Various environmental stimuli including
metabolic and genotoxic stresses induce TA gene expres-
sion of type I TA systems in B. subtilis, E. coli and S. au-
reus (29,70,86,94-96). In a multi-stress responsive type I TA
system bsrE/SRS from B. subtilis, the control of antitoxin
RNA SRS5 by iron limitation stress has been reported to be
dependent on the alternative Sigma B factor (82).

Key roles of both type II and type I TA systems have
been suggested in bacterial pathogens where they can con-
tribute to virulence, fitness inside the host, persistence, in-
tracellular lifestyle, stress response and biofilm formation
(26,27,97,98). More generally, biofilm formation process
has been associated in previous studies with bacterial TA
systems (26). Recent data suggest that the TxpA type I toxin
from the skin element acts to eliminate defective cells and
preserve symmetry in B. subtilis biofilms (99). We show here
that both the expression of the CRISPR-Cas and the asso-
ciated TA systems are induced in biofilm conditions in C.
difficile. In general, TA systems including well-documented
type II TA exist in surprisingly high numbers in all prokary-
otes but clostridial TA modules have been only poorly char-
acterized so far. Before this study, no data were available on
TA modules in C. difficile with the exception of the recently
identified MazEF, a type II TA system member (100). Pos-
sible implications of type II TA modules in recurrent C. dif-
ficile infection, sporulation and biofilm formation were re-
cently discussed (101). Among the most challenging aspects
of C. difficile-associated disease remain the high incidence
of recurrent infections and the ability of transition from in-
ert colonization to active infection (102,103). A compara-
tive genomic study showed that the genomes of most dan-
gerous epidemic bacteria are characterized by the accumu-
lation of TA modules (97). Promising perspectives for the
applications of TA and CRISPR as a basis for the develop-
ment of new anti-bacterial strategies could be examined in
the future (27,104).

In conclusion, this study provides the first characteriza-
tion of type I TA modules in the emergent enteropathogen
C. difficile. Intriguingly, these chromosomal TA pairs are
co-localized with CRISPR array components of bacterial
adaptive immunity defense system CRISPR-Cas in the ma-
jority of sequenced C. difficile strains. Further investiga-
tions will help to precise the biological functions of these
widespread chromosomal TA loci for C. difficile physiol-
ogy and its successful development inside the host, to un-
cover the molecular mechanisms involved in their regula-
tion and the possible crosstalk between homologous sys-
tems, as well as to evaluate their potential for future thera-



peutic and biotechnological applications in pathogenic bac-
teria.
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