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Abstract. Clostridioides difficile is a spore-forming enteropathogenic anaerobic bacterium and one of the most common
opportunistic human pathogens. Its pathogenicity relies on the production of toxins, sporulation, biofilm formation,
and the ability to withstand numerous stresses encountered in the host environment. In addition to these well-known
mechanisms, C. difficile possesses a remarkably complex CRISPR-Cas system characterized by two cas operons and
multiple CRISPR arrays. While CRISPR-Cas systems are primarily studied as adaptive immune mechanisms against
bacteriophages and mobile genetic elements, accumulating evidence suggests they may also be integrated into broader
regulatory networks that contribute to bacterial physiology, adaptation, and virulence. However, the regulation and
functional dynamics of this system in C. difficile remain largely unexplored. In this study, we investigated the regulation
of the C. difficile CRISPR-Cas system under biofilm-inducing factors. Quantitative PCR analysis revealed the induction
of several CRISPR arrays and the partial cas operon under high intracellular levels of the secondary messenger cyclic
di-guanosine monophosphate, a key regulator of bacterial phenotypic shifts. These results were partially confirmed
by interference efficiency assays. A secondary bile salt, sodium deoxycholate, known to trigger biofilm formation, also
increased both cas operons and one CRISPR array expression, suggesting its role for CRISPR-Cas system regulation during
host-associated stress Moreover we identified glucose as a regulatory factor for C. difficile CRISPR-Cas system. Elevated
glucose concentration in the medium induced the expression of the partial cas operon and CRISPR 3—4 arrays. However,
at the same time it functionally suppressed the interference efficiency of the system. Together, our findings demonstrate
that the C. difficile CRISPR-Cas system is responsive to biofilm-inducing signals and nutrient availability, linking its
regulation to key aspects of bacterial physiology and adaptation to the host. This work also highlights the potential for non-
canonical regulatory roles of CRISPR-Cas in C. difficile survival and pathogenesis.

Key words: CRISPR-Cas, CRISPR-Cas regulation, Clostridioides difficile, biofilms, cyclic di-guanosine monophosphate, sodium
deoxycholate, glucose.
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PErynguns CUCTEMbI CRISPR-Cas MATOTEHHOW BAKTEPUM CLOSTRIDIODES DIFFICILE
®AKTOPAMU, ACCOLIMMPOBAHHbLIMU C BUOMJIEHKOW, U INMIOKO30M

Maiikosa A.C."2, ITones /I.E.!, XomopkoBckuii M.A.2
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Pestome. Clostridioides difficile — anaspoOHasi criopooOpasylolas SHTEPOIaToreHHasi 0aKTepusi, IBSIONIAsCS OTHUM
13 HanboJsee pacIpoCTpaHEHHBIX ONMMOPTYHUCTUYECKUX TTATOTeHOB YeoBeka. Ee matoreHHOCTh 00yCcIoBIeHa TTPO-
IYKIMe TOKCUHOB, CIIOPYJISIuUeii, popMUpoBaHIEM OMOIIJICHOK M CITOCOOHOCTBIO TPOTHUBOCTOSITh MHOXKECTBCHHBIM
CTPECCOBBIM BO3ICHCTBUSIM BHYTPU OpTaHU3Ma-x03sinHa. [ToMIMO 3TUX XOPOIII0 N3BeCTHHIX MeXaHu3MoB, C. difficile
obnagaeT DoBoOJIbHO citoxHOiT cricteMoit CRISPR-Cas, BKtouaroleii B ceds 1Ba cas-orepona 1 MHoxecTBo CRISPR-
kacceT. XoTs cucteMbl CRISPR-Cas npenmyiecTBeHHO UCCIEAYIOTCS ¢ TOUKU 3peHUs UX QyHKIMI afanTUBHBIX
MMMYHHBIX MEXaHU3MOB IIPOTHB OaKTeprodaroB U APyTUX MOOMIIBHBIX TEHETUUECKUX 3JIEMEHTOB, HaKATITUBAIOII -
ecsI JaHHBIE CBUIETEIBCTBYIOT O TOM, UYTO 3TH CHUCTEMBI TaKKe MOTYT OBITh BKJIIOUECHBI B IPYTHE BHYTPUKIICTOUHBIC
MTPOIIECCHI, YIACTBYIONINE B PETYISINN (DU3NOJOTHH, afaliTAlINA U BUPYJICHTHOCTH OakTepruii. OMHAKO PErymisius
u dyHKuMoHanbHas nuHaMuka cucteMbl CRISPR-Cas y C. difficile octaloTcsl B 3HaUMTENbHOM CTENEHU HEU3yUYeH-
HbIMU. B HacTosieM uccnenoBanuu Obiia uzyyeHa perynsuus cuctembl CRISPR-Cas y C. difficile mon neiicTBuem
(akTOpOB, MHAYLUMPYIOLINX 00pa3oBaHue OuorieHok. [Tpu momoru Mmetona koauvectBeHHoi [T P Obina BeIsiBIeHa
nHaykius HeckojabkuX CRISPR-xacceT u HEMOMHOrO cas-onepoHa MpH BbICOKMX BHYTPUKIETOUHBIX YPOBHSIX 11U~
KJIWYECKOTO TH-TyaHO3MHMOHO(MOCGhaTa, BTOPUUYHOIO MECCEHKepa M KJIFOUEBOTO PETYISITOpa Mepexona K Hermoa-
BUXHOMY (beHOTUIIY y OakTepuii. JJaHHbIe pe3yabTaThl ObLIM YaCTMYHO IMOATBEPXKICHBI SKCIEPUMEHTAMU 110 (-
(bexTuBHOCTH MHTepdepeHIun. I pyroii (pakTop 00pa30BaHMsI OUOIIJICHOK, BTOPUYHAS KeJTYHAS COJTb Ie30KCUXO0JIAT
HaTpus, TaKXe YBEIMUMBAIa 3KCIIPECCUIO ABYX cas-orepoHoB u ogHoit CRISPR-kacceTh, 4TO cBUAETEIbCTBYET
00 ee BO3MOXHOI posiu B peryasuuu faHHoi cucteMbl CRISPR-Cas ipu cTpeccax, cBSI3aHHBIX C 0OUTaHUEM BHYTPU
opraHusMa-xo3sinHa. KpoMe Toro, B TaHHO# paboTe MBI BBISIBUJIM, YTO TJIIOKO3a 00JIaaeT PeTyIsiTOPHBIM 3P heKToM
Ha cuctemy CRISPR-Casy C. difficile. TloBblllleHHas1 KOHUEHTpaL s IJTIOKO3bl B MUTATEIbHOM Cpelie MHAYLIMpOBaia
9KCIpecculio HemoJHoro cas-onepoHa U CRISPR 3—4 kaccert, HO pu 9ToM nofasJisijia GyHKIMOHAJIbHOCTb JaHHON
CHUCTEMBbI Ha YPOBHE 3(DGbeKTUBHOCTU MHTepdhepeHIMU. TaKuM 00pa3oM, MoTyyeHHbIE pe3yabTaThl IEMOHCTPUPYIOT,
yto cucteMa CRISPR-Cas sHTepomnarorenHoii 6aktepuu C. difficile pearupyeT Ha CUTHaJIbl, UHAYLIMPYIOLIe oOpa-
30BaHME OMOIJICHOK, M Ha JOCTYITHOCTb MUTATEIbHBIX BEIIECTB Ha YPOBHE AKCIIPECCUU €€ COCTABHBIX KOMIIOHEHTOB
1 Ha (yHKIIMOHATBLHOM YpoBHe. [loyuyeHHbIe TaHHBIC IOKA3bIBAIOT BOZMOXHYIO CBSI3b MEXIY PEryIsIIUeii CUCTe-
Mbl CRISPR-Cas u ximoueBbIMU acrieKTaMy (DU3MOJIOTUM 3TOM OaKTepuu, ee ajanTauueil K OpraHu3My-X03sUHY.
Hacrosimast pabota Tak>ke BeISIBUJIA TTIOTEHIIMAIbHOE Hamnune Heknaccuueckux pynkumii y CRISPR-Cas cucremsr
C. difficile, KoTOpBIE MOTYT UTPATh BaxKHYIO POJIb B BEXKMBaHUM U matoreHese C. difficile.

Karueesnie caosa: CRISPR-Cas, peeyaayus CRISPR-Cas, Clostridioides difficile, buonaenxu, yukauveckuii ou-
2YAHO3UHMOHOpOCHam, 0e30KCUX0AAM HAMPUSL, 2AI0K03d.

Introduction

Clostridioides difficile (syn. Clostridium difficile) [26]
is an anaerobic, Gram-positive, spore-forming bacte-
rium, and one is of the major clostridial pathogens.
C. difficile causes nosocomial gut infections associ-
ated with antibiotic therapy [2]. The disturbance of the
microflora by antibiotic therapy leads to the coloniza-
tion of the intestinal tract by C. difficile cells, result-
ing in infection. During the infection cycle, this en-
teropathogen produces main virulence factors (toxins
TcdA and TcdB), which cause changes in epithelial
cells actin cytoskeleton inside the intestine. This leads
to diarrhea and pseudomembranous colitis, a poten-
tially lethal disease [8, 16]. Furthermore, C. difficile
produces spores within the host, which subsequently
can be released into the environment and contribute
to disease spread. During its infection cycle, C. dif-
ficile metabolically adapts to changing environments
and different stresses [2] and forms biofilms [9]. C. dif-
ficile vegetative cells also interact with bacteriophages

inside the host gut [25, 37]. Since the last two dec-
ades, the number of severe infection forms has been
rising due to the emergence of the hypervirulent and
antibiotic-resistant strains [4, 12, 30]. Many aspects
of C. difficile pathogenesis, including molecular mech-
anisms of its adaptation to changing conditions inside
the host, remain poorly understood.

During their life cycles, prokaryotes must cope
with a large number of genetic parasites, including
bacteriophages. For this purpose, prokaryotes often
use various protective mechanisms. Over the past
decade, CRISPR (Clustered Regularly Interspaced
Short  Palindromic  Repeats)-Cas  (CRISPR-
associated) adaptive immunity systems have become
a center of interest among various anti-invader bac-
terial defense systems [34]. These defensive systems
are made up of CRISPR arrays and cas gene operons.
CRISPR arrays, in their turn, consist of short, direct
repeat sequences (20—40 bp) separated by variable
spacers. Spacers are often complementary to phag-
es and other mobile genetic elements [33]. The ac-
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tion of CRISPR-Cas systems can be divided into
two main processes: the acquisition of new spacers
(CRISPR-adaptation), and CRISPR-interference,
when the CRISPR-Cas system compounds are ex-
pressed and subsequently form an effector complex
consisting of Cas proteins and CRISPR RNAs (cr-
RNAs). This effector complex recognizes the target
on the foreign DNA (or RNA, depending on the sys-
tem type), resulting in degradation of the nucleic acid
of the genetic invader [22]. To date, most CRISPR-
Cas systems studies were focused on their functional-
ity and the practical usage of these systems in genome
editing. However, research on CRISPR-Cas system
regulation and its role in bacterial physiology has been
progressed significantly in recent years [39]. C. dif-
ficile has an original CRISPR-Cas system, which
is characterized by an unusually large set of CRISPR
arrays (12 arrays in the laboratory 630 strain and 9
in the hypervirulent R20291 strain), two type I-B
cas operons, and the link with toxin-antitoxin type |
systems [7, 20]. This bacterium should coordinate
the functioning of this complex system in response
to various signals of changes in the environment and
in the physiology of the cell. To date, the regulatory
factors of the C. difficile CRISPR-Cas system are still
poorly understood.

In the present work we describe the regula-
tion of expression and functioning of the C. difficile

Table 1. Strains and plasmids used in this study

CRISPR-Cas system by biofilm-inducing factors
and at increased glucose concentration in the nutri-
ent medium.

Materials and methods

Bacterial strains and growth conditions. All bac-
terial strains used in this study are listed in Table 1.
C. difficile strains were grown in brain heart infusion
(BHI) (BD Biosciences) medium at 37°C under an-
aerobic conditions (5% H,, 5% CO,, and 90% N,),
within Bactron 300 anaerobic chamber (Sheldon
Manufacturing). E. coli strains were grown in LB
medium [5], supplemented with ampicillin (Amp)
(100 pg/ml) and chloramphenicol (Cm) (15 pg/ml)
when it was necessary. The non-antibiotic analog an-
hydrotetracycline (ATc) was used for induction of the
Ptet promoter in C. difficile CD3 strain.

RNA extraction and qRT-PCR. To analyze
CRISPR-Cas system expression in high cyclic
di-guanosine monophosphate (c-di-GMP) level
conditions, total RNA was isolated from C. diffi-
cile 630Aerm [13] and CD3 strains, grown for 5 and
24 hours in TY medium (tryptone 30 g/L, yeast
extract 20 g/L, pH 7.4), supplemented with ATc
(250 ng/ml). For the experiments with deoxycholate
and glucose, RNA samples were obtained from C. dif-
ficile 630Aerm cultures grown for 5 and 24 h in BHI

Strain Genotype Source

E. coli
SupE44 aal4 galK2 lacY1 A(gpt-proA) 62 rpsL20 (StrR)xyl-5 mtl-1 recA13

HB101 (RP4) A(mcrC-mir) hsdSB (rB-mB-) RP4 (Tra+ IncP ApR KmR TcR) Laboratory stock

C. difficile

630Aerm Sequenced reference strain AermB Laboratory stock, [13]

CD3 630Aerm Ptet-dccA (CD1420) Laboratory stock

Plasmid Description Reference

P...-gusA Tm® expression and cloning Clostridium-Escherichia coli shuttle

PRPF185Agus vector, pRPF185 vector derivative (11, 36]
pRPF185Agus with the 5' CCA-PAM protospacer, corresponding

PDIAGA3S to the spacer1 from 630Aerm CRISPR 3 array [19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

PDIAG436 to the spacer1 from 630Aerm CRISPR 4 array [19]
pRPF185Agus with the 5° CCA-PAM protospacer, corresponding

PDIAG437 to the spacer1 from 630Aerm CRISPR 6 array (19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

pDIAG438 to the spacer1 from 630Aerm CRISPR 7 array [19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

pDIAG439 to the spacer1 from 630Aerm CRISPR 8 array [19]
pRPF185Agus with the 5' CCA-PAM protospacer, corresponding

pDIAG440 to the spacer1 from 630Aerm CRISPR 9 array [19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

PDIAG441 to the spacer1 from 630Aerm CRISPR 10 array [19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

PDIAG442 to the spacer1 from 630Aerm CRISPR 11 array (19]
pRPF185Agus with the 5' CCA-PAM protospacer, corresponding

pDIAG443 to the spacer1 from 630Aerm CRISPR 12 array [19]
pRPF185Agus with the 5" CCA-PAM protospacer, corresponding

PDIAG444 to the spacer1 from 630Aerm CRISPR 17 array (1]
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Table 2. Oligonucleotides used in this study

Name Sequence (5'-3’) Description
QRTBD37 GGGAGACTTGAGTGCAGGAG 16S RNAgPCRF
QRTBD38 GTGCCTCAGCGTCAGTTACA 16S RNAgPCRR
AM289 GAGAGAATTGTATAGATGTAAGTGTTG CRISPR6 qPCRF
0S679 GCAGTGAGCAATATTTGCGATA CRISPR 3-4/16-15qPCR F
0S680 CAAATTTGCAGTGAACCATGA CRISPR 3-4/16-15 gPCR R
AM290 GTGATGAATGTTCAGAAGAGGA CRISPR 6 gPCRR
AM291 AAGCTTTATCATTTGCACTACTC CRISPR7 qPCRF
AM292 CAGTATCTTTTAAGAATTGAGTGGTT CRISPR7 gPCRR
AM175 TGCAAATTTAAGAGAGTTGTATACG CRISPR8 qPCRF
AM176 TATCTTGAGCTGTCAATGTGAAC CRISPR 8 gPCRR
AM293 GGATTGAGGGTGTGTGATAAA CRISPR9 gqPCRF
AM294 CTTGCAAGAATGGTTTTAATAATGAG CRISPR9 gPCRR
PB152 GGAGATGCTAAGTTTATTTTGGA CRISPR10F
PB153 TTAAGACTAGCAGACTCATAAGC CRISPR 10R
08472 CCATTGATTTCTTTCAGTTTCG CRISPR 12 gPCR F
08473 CGCGTTAGGCAAATACAAGG CRISPR 12 gPCRR
AM177 TCGCTCACTGCAAATTTTG CRISPR 17 gPCR F
AM178 AAACGCAGGTCAAACCTTA CRISPR 17 gPCRR

medium (control), BHI medium supplemented with
0.1 M glucose or/and 240 uM sodium deoxycholate.
The total RNA isolation, cDNA synthesis and real-
time quantitative PCR (qRT-PCR) were performed
as previously described in [28] using CFX96™ Real-
Time System (Bio-Rad). Primers annealed to the
first genes of cas operons, to leader regions and first
spacers of CRISPR arrays were used in qRT-PCR
(Table 2). In each sample, the relative expression was
calculated relative to the 16S rRNA [24]. The relative
change in gene expression was recorded as the ra-
tio of normalized target concentrations (AACt) [18].
The experiments were performed in three biological
replications.

Plasmid conjugation efficiency assays. Plasmid
conjugation efficiency assays were performed ac-
cording to the method described in [19]. To evaluate
conjugation efficiency, PAM (protospacer adjacent
motif)-protospacer carrying conjugative plasmids
were transformed into the E. coli HB101 (RP4) strain
and transferred to C. difficile strains by conjugation.
BHI plates used at the cultivation stage of conjuga-
tive mixtures were supplemented with ATc (250 ng/
ml) or 0.1 M glucose or/and 240 uM sodium deoxy-
cholate, depending on the purpose of the experiment.
The ratio of C. difficile transconjugants was counted
by subculturing conjugation mixtures on BHI agar
supplemented with thiamphenicol (Tm) (15 pug/ml),
D-cycloserine (Cs) (25 ug/ml) and cefoxitin (Cfx)
(8 ug/ml) and comparing with the number of colony-
forming units obtained after plating serial dilutions
on BHI agar plates containing Cfx only. The ex-
periments were performed in two technical and two
biological replications. All the plasmids used in this
work are listed in Table 1.

Results

C. difficile CRISPR-Cas system expression under
high cyclic di-guanosine monophosphate intracellular
levels. Cyclic di-guanosine monophosphate (c-di-
GMP) is a bacterial secondary messenger controlling
diverse processes in bacterial cells, and it is mostly
known to be an important signal molecule for the
transition from the planktonic phenotype to the bi-
ofilm state [6]. In this work, we performed experi-
ments to investigate C. difficile CRISPR-Cas system
regulation under high c-di-GMP intracellular levels.
For this proposal, C. difficile CD3 strain, carrying
a chromosomal diguanylate cyclase gene (dccA) [29]
under the control of an inducible tetracycline pro-
moter (Ptet) was used. The induction of this gene
causes an artificial increase of intracellular levels
of c-di-GMP in C. difficile.

The qRT-PCR analysis revealed expression levels
changes of CRISPR arrays and casoperonsin the CD3
strain after 5 h and 24 h of cultivation with the ATc
inducer (Fig. 1A). The expression of both cas operons
and all CRISPR arrays decreased after 5 h of growth.
An increase in the expression levels of the partial cas
operon and all CRISPR arrays was observed after
24 h of cultivation (Fig. 1A) with the effect being most
pronounced for CRISPR arrays 8 and 17.

Role of high c-di- GM P intracellular levels on C. dif-
ficile CRISPR-Cas system interference functionality.
To investigate the role of c-di-GMP on C. difficile
CRISPR-Cas system functionality, we performed
plasmid interference assays with CD3 and 630Aerm
strains. In these experiments, a set of plasmids con-
taining protospacers corresponding to a selected
spacer of C. difficile 630Aerm CRISPR array, flanked
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Figure 1. C. difficile CRISPR-Cas system regulation under high intracellular levels of cyclic di-guanosine

monophosphate (c-di-GMP)

Note. A. qRT-PCR analysis of the C. difficile CRISPR-Cas system expression in high ¢-di-GMP levels conditions after 5 and

24 hours of cultivation. B. Plasmid conjugation efficiencies in C. difficile 630Aerm (CD630) and CD3 strains. CRISPR 3-4...17 —
indicate CRISPR-arrays. CRISPR 3 and CRISPR 4 arrays are cotranscribed and presented as CRISPR 3-4. Sequences

of CRISPR 3-4 and CRISPR 16-15 arrays of are identical [7]; therefore, CRISPR 16-15 are not presented. In conjugation
experiments, plasmids carrying different protospacers corresponding to each C. difficile 630Aerm first spacers (sp1) in different
CRISPR arrays and flanked by CCA PAM were used. An empty vector was used as a conjugation control. Lack of transconjugants

indicate conjugation efficiencies of less than or equal to 10-°.

by functional CCA PAM on the 5'-end were used [19].
An empty pRPF185Agus vector served as a conjuga-
tion control [11, 36]. The presence of a protospacer
with a correct PAM sequence matching a spacer
from one of the CRISPR arrays inhibits conjugation
efficiency by several orders of magnitude. Hence,
higher conjugation efficiencies correspond to low-
er CRISPR interference levels. These experiments
showed slight induction of CRISPR interference
under high c-di-GMP intracellular levels (Fig. 1B).
Increased levels of interference were observed in the
CRISPR 9, 10, 12, and 17 arrays. The most signifi-
cant changes in conjugation efficiency were detected
in CRISPR 17 array. At the same time, the results
of expression analysis showed a significant induction
of expression only in CRISPR 17 array. In the cases
of CRISPR 9, 10, and 12 arrays, the increase in ex-
pression levels was less intense (Fig. 1A).

Analysis of C. difficile CRISPR-Cas system tran-
scription levels in the presence of sodium deoxycho-
late in medium. During its infection cycle, C. dif-
ficile faces different adverse factors inside the host.
Among, these factors there are secondary bile salts
deoxycholates. A recent study showed that low con-
centrations of deoxycholates induce biofilm forma-
tion in C. difficile [10]. Therefore, deoxycholates can
be considered as biofilm-inducing factors, and they
could participate in this pathogen CRISPR-Cas sys-
tem regulation.

To analyze the expression levels of the CRISPR-
Cas system, the qRT-PCR was performed with total

RNA isolated from C. difficile 630Aerm cells grown
in BHI medium supplemented with 0.1 M glucose
(control) or with 0.1 M glucose and 240 uM sodium
deoxycholate. The glucose addition to the nutrient
medium was necessary since deoxycholate-induced
biofilm forming occurs only in the presence of this
sugar [10]. However, qRT-PCR analysis revealed
changesin CRISPR arraystranscription levelsin con-
trol samples (with glucose only) compared to the
values obtained previously for C. difficile 630Aerm
cells grown in BHI medium without glucose [19].
Subsequently, glucose may also contribute to C. dif-
ficile CRISPR-Cas system regulation. Therefore, fur-
ther experiments were held with C. difficile 630Aerm
cells grown in medium supplemented with sodium
deoxycholate only. Expression analysis showed a sig-
nificant increase in both cas operons and CRISPR 17
array after 5Sh of cultivation with deoxycholate
(Fig. 2). On the contrary, expression levels of all
CRISPR-Cas system components were decreased
after 24 h of growth (Fig. 2). Notably, the growth
of C. difficile cultures in the presence of deoxycholate
was vastly inhibited due to the toxicity of this bile salt.
Consequently, it was challenging to assess conjuga-
tion efficiency under these conditions.

Role of glucose in C. difficile CRISPR-Cas system
expression. As was revealed above, increased concen-
trations of glucose in the nutrient medium may be
involved in the regulation of C. difficile CRISPR-Cas
system. To investigate the potential effect of glucose
on C. difficile CRISPR-Cas system expression, qRT-
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Figure 2. C. difficile CRISPR-Cas system
expression in the presence of sodium deoxycholate
in medium after 5 and 24 hours of growth

Note. CRISPR 3-4...17 — indicate CRISPR-arrays. CRISPR 3
and CRISPR 4 arrays are cotranscribed and presented as
CRISPR 3-4. Sequences of CRISPR 3-4 and CRISPR 16-15
arrays of are identical [7]; therefore, CRISPR 16-15 are not
presented.

PCR experiments were performed. These assays dem-
onstrated a significant induction of partial cas oper-
on and CRISPR 3—4 array expression levels after 5 h
of growth in the presence of glucose (Fig. 3A). After
24 h of cultivation, the expression of all CRISPR-Cas
components was decreased (Fig. 3A).
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CRISPR interference assays in increased glucose levels
conditions. Next, we evaluated interference efficiency
at increased glucose concentration in the medium. We
observed a reduction of CRISPR 9, 12, and 17 arrays in-
terference levels compared to the control (Fig. 3B). This
may indicate that the presence of glucose in the medi-
um negatively regulates C. difficile CRISPR-Cas system
defensive function. At the same time, the expression
induction of some CRISPR-Cas components was ob-
served under these cultivation conditions (Fig. 3A).

Discussion

Human enteropathogenic bacterium C. difficile
possesses a complex defensive CRISPR-Cas system,
composed of many components. This system could
be involved in this bacterium infection cycle and its
adaptation to changing environments inside the host.
Therefore, C. difficile CRISPR-Cas system should
regulate its activity in response to various physi-
ological and environmental signals. In this work,
we performed a study of C. difficile CRISPR-Cas
system regulation under biofilm-inducing factors.
Biofilm mode of bacterial growth is characterized
by a high density of the cells and the high possibility
of horizontal gene transfer by different mobile genet-
ic elements, including phages [1, 17]. Consequently,
the positive regulation of the CRISPR-Cas system
expression could be an adaptive strategy of C. difficile
to increase chances of genetic parasites acquisition.

The secondary messenger c-di-GMP is one of the
key components in the regulation of such phenotypic
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Figure 3. C. difficile CRISPR-Cas system regulation at high glucose concentration in the medium

Note. A. qRT-PCR analysis of the C. difficile CRISPR-Cas system expression in the presence of glucose after 5 and 24 hours

of cultivation. B. Plasmid conjugation efficiencies in C. difficile 630Aerm under normal growth conditions (BHI) and when 0.1M
glucose was added to the growth medium (BHI+glucose). CRISPR 3-4...17 — indicate CRISPR-arrays. CRISPR 3 and CRISPR 4
arrays are cotranscribed and presented as CRISPR 3-4. Sequences of CRISPR 3-4 and CRISPR 16-15 arrays of are identical [7];
therefore, CRISPR 16-15 are not presented. In conjugation experiments, plasmids carrying different protospacers corresponding
to each C. difficile 630Aerm first spacers (sp1) in different CRISPR arrays and flanked by CCA PAM were used. An empty vector
was used as a conjugation control. Lack of transconjugants indicate conjugation efficiencies of less than or equal to 10-°.
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shifts in bacteria [31]. Using quantitative PCR, we ana-
lyzed expression of all C. difficile 630Aerm CRISPR-
Cas system components and revealed the induction
of several CRISPR arrays and the partial cas operon
in the presence of high c-di-GMP levels. These re-
sults were partially confirmed on the functional level
by interference efficiency assays. To date, the research
of c-di-GMP role in CRISPR-Cas systems regulation
is only at the very beginning of its way. A recent work
demonstrated that this secondary messenger nega-
tively regulates the expression of Erwinia amylovora
type I-E cas genes [15]. Thus the present study is, to our
knowledge, the first to demonstrate positive regulation
of CRISPR-Cas system components and functional-
ity by c-di-GMP. Mechanistically, c-di-GMP works
through binding effector proteins or riboswitches
to modulate downstream gene regulatory networks [31,
35]. Therefore, in relation to CRISPR-Cas systems, c-
di-GMP role appears to be indirect through affecting
global regulatory proteins or RNA metabolism rather
than direct gene transcription regulation. These mech-
anisms remain to be elucidated in further research.

Another biofilm formation factor explored in this
work is the secondary bile salt deoxycholate [10].
In the presence of sodium deoxycholate in the me-
dium, we detected an increase in expression lev-
els of both cas operons and one CRISPR array.
Therefore, these secondary bile salts can be a regu-
lation factor for C. difficile CRISPR-Cas system.
The link between the of presence sodium deoxycho-
late in medium and CRISPR-Cas system alternative
function was observed in Salmonella Typhi [23]. This
work showed the contribution of the CRISPR-Cas
system to sodium deoxycholate resistance through
the regulation of porin expression. Moreover, the en-
hanced biofilm formation observed in the cas mu-
tants suggests that this system negatively regulates
biofilm-associated genes. The complex C. difficile
CRISPR-Cas system also may have non-canonical
functions in this bacterium physiology [21] and in-
duction of several CRISPR-Cas components by so-
dium deoxycholate might indicate their potential role
in C. difficile survival within the host.

In addition, in experiments with deoxycholate and
glucose in the medium, a regulatory effect of glucose
was found. We observed an increase in expression
levels of the partial cas operon and one CRISPR ar-
ray under high glucose concentration in the nutrient
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