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a b s t r a c t

Clostridium chauvoei causes fatal black quarter infection in cattle and buffaloes. The quorum sensing (QS)
system, a bacterial cell to cell communication process, of the pathogen was characterized in the current
study. The results indicated that C. chauvoei lacked luxS (autoinducer-2) based quorum sensing as
detected by the sensor strain Vibrio harveyi BB170. This was supported by absence of luxS gene in C.
chauvoei genome. However, the genomic analysis indicated the presence of agrBD system in all three
genomes of C. chauvoei available at the NCBI database. The AgrD, which synthesizes QS messenger auto-
inducing peptide, was a 44 amino acid protein which shared 59% identity and 75% similarity with AgrD of
C. perfringens strain 13 and 56% identity (20% coverage) with Staphylococcus aureus N315. The functional
cysteine amino acid was conserved in all the strains. The genomic organisation further suggests the
presence of diguanylate cyclase, a gene responsible for synthesis of secondary messenger cyclic di-GMP,
at 3’ immediate downstream of agrD gene. The real time expression analysis for agrD gene indicated that
expression was better at 37 �C (1.9e3.7 fold increase) compared to a higher temperature of 40 �C.
However, stable expression was observed at different growth stages (log and early stationary phase) with
0.8e1.4 fold changes in expression pattern. The results indicate the presence of a constitutively expressed
agrBD quorum sensing system in C. chauvoei.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Clostridium chauvoei, a Gram-positive, spore forming, anaerobic
bacterium, is the causative agent of fatal blackleg disease. The
disease is characterized by sudden death, inflammation of skeletal
and cardiac muscles, toxemia and high mortality amongst cattle,
sheep and other ruminants. In humans, C. chauvoei has been re-
ported to be involved in fulminant gas gangrene [1] and neu-
tropenic enterocolitis [2]. C. chauvoei secretes many exotoxins,
including a toxin (oxygen stable haemolysin), b toxin (DNase), g
toxin (hyaluronidase), d toxin (oxygen labile haemolysin), neur-
aminidase (sialidase) and C. chauvoei toxin A (CctA) [3].

Quorum sensing (QS) is a bacterial cell to cell communication
ar).
process. It involves secretion of extracellular signaling molecules
called autoinducers (AIs). Common classes of QS molecules include
N-acyl homoserine lactone or AI-1 in Gram-negative bacteria,
accessory gene regulator (agr) mediated oligopeptide in Gram-
positive bacteria, and autoinducer-2 (AI-2) in both Gram-negative
and Gram-positive bacteria [4,5]. Bacteria use quorum sensing for
biofilm formation, secretion of virulence factors, antibiotic pro-
duction, bioluminescence, sporulation and transfer of genetic ma-
terial [5,6].

The luxS gene synthesizes AI-2 signal in a wide range of Gram-
negative and Gram-positive bacteria [4,5]. Among clostridial
pathogens, the AI-2 signal has been detected in C. perfringens [7],
C. botulinum [8,9] and C. difficile [10,11]. The luxS mutant in
C. perfringens showed a reduced production of alpha (phospholi-
pase and sphingomyelinase activity), kappa (collagenase) and theta
(oxygen labile hemolysin) toxins [7].

Extensive study on the peptide-based signaling system, called
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agr, has been done in Staphylococcus aureus [12]. A homolog of
S. aureus agrBD has been characterized in many Clostridium species,
such as C. perfringens [13e17] and C. difficile [18]. In S. aureus, agrD
gene encodes precursor oligopeptide AgrD, which is processed to a
final autoinducing peptide (AIP) by an AgrB-dependent mechanism
[12]. The AIP bind and activate AgrC, which in turn activates AgrA
by phosphorylation [5]. The activated AgrA activates the expression
of regulatory RNAIII resulting in toxins secretion [5] and expression
of agrBDCA operon, which switch the entire population into high
density quorum sensing mode [19]. In clostridial species, agr sys-
tem regulates sporulation [8,15,20], and production of several
toxins, such as neurotoxin in C. botulinum [8], alpha, kappa and
theta toxins in C. perfringens type A [13], epsilon toxin in
C. perfringens type D [14]and toxin production and colonization in
C. difficile [18]. However, no information is available regarding the
quorum sensing system in C. chauvoei. In the present study, hence,
we characterized the quorum sensing system in C. chauvoei using
sensor strain Vibrio harveyi BB170 and genomics approach.

2. Materials and methods

2.1. Strains, media and culture conditions

C. chauvoei strain ATCC 10092 was used for growth kinetics and
expression analysis of quorum sensing gene agrD. The primers used
in the present study are presented in Table 1. The strain ATCC 10092
Autoinducer signal ¼ Luminescence produced by sensor strain in presence of cell free culture supernatant
Luminescence produced by sensor strain with sterile medium
was cultured in ATCC® Medium 2107 (modified reinforced clos-
tridial agar/broth medium pre-reduced, from HiMedia, India) and
incubated at 37 �C under anaerobic conditions. The bacterium was
identified by 16e23s rRNA spacer PCR [21]. Vibrio harveyi BB170
was used as the sensor strain for detecting autoinducer-2 and
V. harveyi BB120 was used as a positive control. These bacteria were
routinely grown on Zobell marine agar (HiMedia, India) at room
temperature.
2.2. Growth kinetics study

A 10ml aliquot of ATCC medium 2107 in serum vial was inoc-
ulated with 0.5ml of a 12 h broth culture of C. chauvoei and incu-
bated under anaerobic condition at 37 �C and 40 �C. The samples
were collected in duplicates at 2 h intervals during 2e16 h (log to
early stationary phase) and at 8 h intervals during 16e48 h (late
stationary phase). The absorbance at 600 nm was recorded using a
Table 1
Primers used for characterisation and expression analysis.

Target gene Primer sequence

Characterisation of C. chauvoei
16-23S rRNA IGCSC (F): GAAATTGCACATGAATTAAA

23UPCH (R): GGATCAGAACTCTAACCTTTCT
cctA F: CGCGAACAGATTGGAGGTATAAAAAGAATATTAATGC

R: GTGGCGGCCGCTCTATTAATCATTAAAACGATTATATT
agrD 14F: AGACATTTAGGTTCTTCTGGTTG

116R: AGGTATTAATGGCTGTAGCTG
recA 391F: GCAGAGGCTTTAGTACGTTCAG

512R: CTTGCTTGAAGACCTACGTGAG
spectrophotometer (Lab India, UV3000). The generation time was
calculated as per Powell [22].
2.3. Quantification of autoinducer 2 (AI-2)

Clostridium chauvoei culture was collected at 8 h, 12 h and 24 h,
and centrifuged at 6000� g for 10min at 4 �C. The supernatant was
filtered (0.45 mm filter) and preserved at�60 �C till further use. The
AI-2 was quantified using the sensor strain V. harveyi BB170 by the
method of Bassler and coworkers [23,24]. Briefly, a single colony of
the sensor strain V. harveyi BB170 was transferred to 10ml auto-
inducer bioassay medium [25]. The culture was incubated over-
night at 28 �C, 100 rpm till absorbance at 600 nm reached 1.0. A
10 ml sensor strain culture was transferred to 50mL fresh auto-
inducer bioassay medium resulted in 1: 5000 dilution. A 180 ml of
diluted sensor strain was incubated with 20 ml cell-free culture
supernatant of C. chauvoei. V. harveyi BB120 cell-free culture su-
pernatant was used as a positive control. Background luminescence
(negative control) was measured by replacing culture supernatant
with 20 ml sterile ATCC 2107 medium. Plate was covered with
aluminium foil and incubated at 37 �C for 3 h at constant shaking of
100 rpm. The luminescence was measured using spectra Max M5
plate reader (Molecular Devices, USA). All the samples were run in
triplicate. The autoinducer was quantified as fold change in lumi-
nescence over negative control using the formula:
2.4. Detection of agrBDCA system and luxS in C. chauvoei

Genome sequences of C. chauvoei strains ATCC 10092, JF4335
and 12S0467 were downloaded from NCBI database and analyzed
for quorum sensing genes luxS and agrBDCA system. The agrB, agrD
and luxS genes of C. perfringens strain 13 and agrBDCA operon of
S. aureus N315 were also downloaded from NCBI database.
C. chauvoei genomeswere re-annotated using Prokka [26] and RAST
[27] programs. These annotations were manually curated to find
various components of agr systems. The putative genes were
further searched using HMMER [28], Pfam [29] and NCBI BLASTP
programs [30]. The percentage similarity and identity were calcu-
lated against the genes of C. perfringens strain 13 and S. aureusN315.
These proteins were further characterized for presence of signal
peptide, transmembrane helix and cellular localisation by SignalP
[31], TMHMM [32] and PSORTb [33]. Multiple sequence alignments
of Agr proteins were carried out using T-Coffee [34] and conserved
Amplicon size (bp) References
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Fig. 1. Growth kinetics of C. chauvoei. A. Late log phase; B. Early stationary phase; C.
Mid to end stationary phase. A significant difference (p< 0.05) in growth was observed
at each time point between 37 �C and 40 �C.
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substitutionwas generated using Boxshade server of Swiss Institute
of Bioinformatics (https://embnet.vital-it.ch/software/BOX_form.
html). The neighbor-joining phylogenetic tree was constructed at
1000 bootstrap iterations using MEGA6 [35].

Based on the in silico results, primers were designed for agrD
gene at Primer3Plus server [36]. The presence of agrD gene in
C. chauvoei ATCC 10092 was verified by PCR. The 25 ml reaction
mixture consisted of 2.5 ml 10X buffer, 1 ml each of forward and
reverse primers, 0.5 ml dNTPs, 0.5 ml MgCl2, 2.5 U Taq DNA poly-
merase, 18 ml nuclease free water and 1 ml of 10 ng DNA template.
The PCR assay conditions were initial denaturation at 95 �C for
5min followed by 35 cycles of denaturation at 95 �C for 30 s,
annealing at 60 �C for 30 s and extension of 72 �C for 30 s. Final
extensionwas carried out at 72 �C for 10min. The amplified product
was visualized and photographed using gel documentation system
(Bio-Rad, USA).

2.5. RNA extraction from C. chauvoei and cDNA synthesis

The samples were collected at 8 h (log phase) and 12 h (early
stationary phase) at two different temperatures (37 and 40 �C) in
ATCCmedium 2107. The RNAwas extracted from duplicate samples
as per Bakker and coworkers [37] withminor modifications. Briefly,
4.5ml of C. chauvoei culture was pelleted, washed with PBS and the
pellet was mixed with 200 ml of freshly prepared lysis solution
(200mM tris-HCl pH 7.0, EDTA 100mM, lysozyme 10mg/ml). After
10min incubation at 37 �C, added 1mL Aquazol, mixed vigorously
and incubated for 5min at room temperature. The phase was
separated by adding 200 mL ice cold chloroform. After 5min, the
suspension was centrifuged at 12,000 rpm at 4 �C for 10min. A
500 mL upper aqueous phase was transferred to a new Eppendorf
tube. The RNA was precipitated using 2.5 vol ice cold ethanol and
the pellet was washed twice with 70% ethanol. After a brief air
drying, the pellet was dissolved in nuclease free water. The RNA
concentration was measured in a Nanophotometer (Eppendorf,
Germany). The quality of RNA was checked by the method of Ara-
nda et al. [38] using bleach gel technique. Briefly, the bleach solu-
tion having 4% sodium hypochlorite (HiMedia, India) was used for
treating agarose solution and gel casting apparatus. A 1.2% agarose
(w/v) gel was prepared in 1� TAE buffer (tris acetate 40mM, EDTA
1mM, pH 8.2) with 1% bleach (1ml bleach solution in 99ml TAE
buffer). To allow the complete degradation of RNase, the solution
was mixed intermittently for 6min, before boiling. The gel was
casted in tray pre-treated with 1% bleach for 1 h. After running the
gel at 100 V/cm for 45min, the gel was visualized on Bio-Rad Gel
documentation system.

A quantified fraction of extracted RNA (10 mg) was subjected to
in-solution DNase treatment using DNase I (Machery Nagel, Ger-
many) as per manufacturer's protocol. The efficacy of DNase
treatment was checked using 16S rDNA PCR with genomic DNA as
positive control and nuclease free water, in place of DNA or RNA, as
negative control. The RNA concentration was measured in a
Nanophotometer (Eppendorf, Germany). The cDNA was synthe-
sized using 1 mg of DNase I treated RNA by Revert Aid first strand
synthesis kit (Thermo Scientific) using manufacturer's protocol.

2.6. Real time expression analysis

Primers used for expression analysis of quorum sensing gene
agrD and reference gene recAwere designed at Primer3Plus server
[36]. The primers characteristics were further assessed by oligoa-
nalyzer [39]. The real time qPCR expression analysis was carried out
in duplicates using Maxima SYBR Green/ROX qPCR Master Mix
(2� ) (Thermo scientific) in Step-one Real-time PCR system
(Applied BioSystems) using manufacturer's protocol with slight
modifications. Briefly, the 10 ml reaction mixture consisted of 5.0 ml
master mix, 0.4 ml each of forward and reverse primers, 2.0 ml cDNA
(20 ng) and 2.2 ml nuclease free water. The real-time PCR cycle pa-
rameters were as follows: initial denaturation for 30 s at 95 �C,
followed by 40 cycles of denaturation for 10 s at 95 �C, and
annealing and extension for 30 s at 60 �C. Fluorescence measure-
ment was taken after each annealing step. A melting curve analysis
was performed from 60 to 95 �C to detect potential nonspecific
products. The assay conditions were as follows: initial denaturation
for 15 s at 95 �C, followed by 40 cycles of annealing for 1min at
respective annealing temp, and denaturation for 15 s at 95 �C. The
PCR efficiency was calculated by running the real time PCR reaction
at three DNA template concentration viz., 1 ng, 10 ng and 100 ng.
The PCR reaction efficiency was calculated using formula 10�1/slope
e 1 [40]. The relative quantification was carried out using recA as
reference gene. The data on expression was analyzed at 40 �C with
respect to lower temperature 37 �C and in early stationary phase
with respect to late log phase using 2�DDCT method [41].
2.7. Statistical analysis

Growth kinetics of C. chauvoei and expression analysis of agrD
gene were carried out in duplicates at 37 �C and 40 �C. The growth
at different temperatures was analyzed at each sampling time by
paired T-test. The expression analyses of agrD gene and AI-2 pro-
duction were carried out using two-tailed Student's T-test and
analysis of variance (ANOVA), respectively. Level of significancewas
declared at p< 0.05) and p< 0.01). Before analysis, data were
checked for normality by probability plots and homogeneity of
variances by Levene's test. All analyses were performed using sta-
tistical software package SAS v.9.3 program (SAS Institute, Cary, NC,
USA).
3. Results

3.1. Growth kinetics study of C. chauvoei

Growth kinetics study indicated that C. chauvoei remained un-
der log phase from 4 to 12 h and early stationary phase started by
12 h (Fig. 1). By late log to early stationary phase, C. chauvoei growth
was higher by 0.3 (absorbance at 600 nm) at 37 �C compared to
40 �C with significantly higher growth (p< 0.05) observed at all the
sampling times. The generation time of the bacteriumwas 91.5min
and 90.8min at 37 �C and 40 �C, respectively.
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3.2. Quantification of autoinducer 2

We observed that C. chauvoei did not produce AI-2 signal
molecule as no significant difference in AI-2 level was observed
between C. chauvoei and negative control (data not shown).
Moreover, BLASTP analysis did not find LuxS protein homolog in
three isolates of C. chauvoei (ATCC 10092, JF4335 and 12S0467).
3.3. Confirmation of agr-based quorum sensing in C. chauvoei

The PCR amplification with primers specifically designed for
agrD gene produced a 103 bp targeted PCR product in C. chauvoei
ATCC 10092 (data not shown). The agr system was genetically
characterized against known agr system of C. perfringens and
S. aureus (Table 2). The in silico analysis of C. chauvoei strains ATCC
10092, JF4335 and 12S0467 revealed the presence of agrBD locus.
The autoinducing pro-peptide of 44 amino acids was similar to
C. perfringens strain 13 (44 amino acids) and S. aureus N315 (47
amino acids). Overall, the AgrD protein shared 100% coverage, 59%
identity and 75% similarity with AgrD of C. perfringens and 20%
coverage, 56% identity with S. aureus (Table 2). Interestingly, the
functional cysteine amino acid and neighbouring alanine amino
acids in mature autoinducing peptide were conserved in all the
three species (Fig. 2A). A high level of divergence between AgrD of
Clostridium species and S. aureus was reflected by phylogenetic
analysis (Fig. 3A).

The analysis of sequenced genomes of C. chauvoei indicated that
it encodes 212 amino acid AgrB protein compared to 214 and 187
amino acid proteins in C. perfringens and S. aureus, respectively. The
AgrB of C. chauvoei showed 43% identity and 66% similarity with
C. perfringens and only 31% identity (20% coverage) with S. aureus
(Table 2). Further, the functional amino acid required for endo-
peptidase activity of AgrB was conserved at 77 (histidine) and 84
(cysteine) positions in all the three species (Fig. 2B). The prediction
by Hidden Markov model suggests the presence of 4e5 trans-
membrane helix with its localisation in cytoplasmic membrane in
Clostridium and Staphylococcus aureus (Table 3).

The genomic organisation of agr operon in C. chauvoei and
C. perfringens indicated that they have identical organisation with
two putative genes located 5’ upstream of agrB and diguanylate
cyclase at downstream of agrD (Fig. 4). Though, these two hypo-
thetical proteins have not yet been experimentally characterized,
Table 2
BLASTP analysis of Agr proteins in Clostridium chauvoei.

C. chauvoei strain Strand Accession number Gene location *Number of amino acid

AgrB
ATCC10092 þ WP_079481528.1 BTM21_RS02620 212
JF4335 e SLK20774.1 CCH01_19680 212
12S0467 e ATD55624.1 BTM20_10405 212
AgrD
ATCC10092 þ WP_021876277.1 BTM21_RS02625 44
JF4335 e SLK20773.1 CCH01_19670 44
12S0467 e ATD55623.1 BTM20_10400 44
**Putative AgrC
ATCC10092 þ WP_021876279.1 BTM21_RS02615 155
JF4335 e SLK20776.1 CCH01_19690 155
12S0467 e ATD55625.1 BTM20_10410 155
**Putative AgrA
ATCC10092 þ WP_079481529.1 BTM21_RS02610 181
JF4335 e SLK20778.1 CCH01_19700 181
12S0467 e ATD55626.1 BTM20_10415 181

*The no. of amino acids for different agr proteins in C. perfringens strain 13 and S. aureus N
(agrA) respectively.
**Putative AgrC and putative AgrA have not been experimentally characterized in C. per
the BLASTP analysis suggests their similarity to AgrC and AgrA
proteins of S. aureus (Table 2). This is supported from multiple
sequence alignments (Supplementary Fig 1). The putative AgrA
protein in C. chauvoei had DUF 5317 domain with four trans-
membrane helix regions and made up of 181 amino acids in com-
parison to 238 amino acids in S. aureus. On the contrary, the
putative protein showing similarity to AgrC is highly truncated
with similarity restricted to N-terminal (Supplementary Fig 2).

3.4. Expression analysis of quorum sensing genes

The bleached agarose gel electrophoresis after DNase treatment
reflects the presence of three discrete bands in all the RNA samples
(Fig. 5A). The reference gene recA had stable expression across
temperature and culture duration (Ct, 19.9 to 21.7). The PCR effi-
ciency of agrD gene was 103%. The expression analysis of agrD in-
dicates that its expression is significantly higher at 37 �C (p< 0.05)
compared to higher temperature 40 �C with 2.1-and 3.7-fold higher
expression at log (p¼ 0.08) and early stationary phases (p¼ 0.06),
respectively (Fig. 5B). However, no significant difference (p> 0.05)
in expression of agrD was observed between log to early stationary
phase.

4. Discussion

Autoinducer 2 is considered as universal quorum sensing signal
in bacteria [42]. It plays a significant role in inter-species and inter-
generic communications and has been reported in several Gram-
negative and Gram-positive bacteria [43]. The luxS synthase syn-
thesizes quorum sensing signaling molecule AI-2 [42]. Several
clostridia, such as C. perfringens [7], C. botulinum [9] and C. difficile
[10] have the luxS signaling system. In the present study, the
analysis indicated that C. chauvoei did not produce AI-2 signal as
the level of AI-2 in C. chauvoei supernatant did not differ signifi-
cantly with negative control. Further, the genome search indicated
the absence of luxS gene in C. chauvoei. The genome search in many
other pathogenic clostridia, such as C. septicum, C. tetani, C. novyi
and C. haemolyticum, showed absence of luxS gene (data not
shown). The reason behind absence of luxS gene-based quorum
sensing in several clostridial species is not yet clear.

Autoinducing peptide (AIP) serves as a cell signaling molecule in
Gram-positive bacteria [13,14,44]. The agrBDCA locus has been
C. perfringens strain 13 Staphylococcus aureus N315

Coverage Identity (%) Similarity (%) E value Coverage Identity Similarity E value

98 43 66 3e-46 20 31 52 5e-04
98 43 66 3e-46 20 31 52 5e-04
98 43 66 3e-46 20 31 52 5e-04

100 59 75 8e-12 20 56 66 0.036
100 59 75 8e-12 20 56 66 0.036
100 59 75 8e-12 20 56 66 0.036

98 42 67 3e-44 53 27 55 0.35
98 42 67 3e-44 53 27 55 0.35
98 42 67 3e-44 53 27 55 0.35

97 53 74 4e-68 40 28 55 0.20
97 53 74 4e-68 40 28 55 0.20
97 53 74 4e-68 40 28 55 0.20

315 were 214 and 187 (agrB), 44 and 47 (agrD), 153 and 427 (agrC), and 188 and 238

fringens.



Fig. 2. Multiple sequence alignment of AgrD protein (A) and AgrB protein (B) of C. chauvoei with C. perfringens and S. aureus. The box in agrD is showing thiolactone ring with
functional conserved cysteine amino acid. The conserved histidine and cysteine amino acids are active sites in agrB protein.

Fig. 3. Phylogenetic analysis of AgrD protein (A) and AgrB protein (B) of C. chauvoei strains with C. perfringens and S. aurues. Both agrD and agrB proteins were 100% identical in the
three isolates of C. chauvoei.

S. Kumar et al. / Anaerobe 52 (2018) 92e9996



Table 3
Characterisation of agr proteins.

Bacterial Strains* Protein ID Locus tag No. of amino acid Transmembrane helix (TMHMM) Localisation (pSORTB) Signal peptide (SignalP)

AgrD pro-peptide
C. chauvoei JF4335 SLK20773.1 CCH01_19670 44 1 CM Yes (between 29 and 30 AA)
C. perfringens strain 13 WP_003449588.1 CPE_RS08070 44 1 Unknown Yes (between 29 and 30 AA)
S. aureus N315 WP_001094921.1 SA_RS10575 47 0 CM No
AgrB
C. chauvoei JF4335 SLK20774.1 CCH01_19680 212 5 CM No
C. perfringens strain 13 WP_003455887.1 CPE_RS08075 214 5 CM No
S. aureus N315 WP_001105696.1 SA_RS10570 187 4 CM No
Putative AgrC
C. chauvoei JF4335 SLK20776.1 CCH01_19690 155 4 CM No
C. perfringens strain 13 WP_003449794.1 CPE_RS08080 153 4 CM No
S. aureus N315 WP_001800932.1 SA_RS10580 427 6 (N-terminal) CM No
Putative AgrA
C. chauvoei JF4335 SLK20778.1 CCH01_19700 181 4 Unknown No
C. perfringens strain 13 WP_003449620.1 CPE_RS08085 188 4 CM No
S. aureus N315 WP_000688492.1 SA_RS10585 238 0 Cytoplasmic No

CM, Cytoplasmic membrane.
All the four agr proteins (agrB, agrD, putative agrC and putative agrA) are 100% conserved among C. chauvoei isolates. Hence, C. chauvoei JF4335 are representative.

Fig. 4. Agr gene organisation in C. chauvoei with respect to S. aureus and C. perfringens.
A:agrA; B:agrB; C:agrC; D:agrD; H: Delta haemolysin; DC: Diguanylate cyclase; PA:
Putative agrA; PC: Putative agrC. agrA and agrC in C. chauvoei and C. perfringens have
not yet been characterized experimentally. Diguanylate cyclase is responsible for
synthesizing secondary messenger cyclic di-GMP.
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well-characterized in S. aureus [19]. The agrD is the structural gene,
which synthesizes AIP. The latter is secreted as pro-peptide and
modified by AgrB to be secreted as mature AIP of eight amino acids
[12,19]. In variance with agrBDCA operon of S. aureus, agrBD locus
has been reported in C. perfringens strain 13 [13]. In the present
study, the genomic analysis of C. chauvoei strains ATCC 10092,
JF4335 and 12S0467 revealed the presence of agrBD locus. The in
silico analysis further indicated the presence of autoinducing pro-
Fig. 5. Expression analysis of quorum sensing genes. A. Agarose gel electrophoresis of RNA
marker; Lane 1 & 2: 8 h (37 �C); Lane 3 & 4: 12 h (37 �C); Lane 5 & 6: 8 h (40 �C); Lane 7 & 8:
at different growth conditions.
peptide of 44 amino acids. It slightly differed from autoinducing
pro-peptide of S. aureus, which has 47 to 56 amino acids [19,44]. It
has been earlier reported that cysteine amino acid at 5th residues
forms thiolactone bond, which is crucial for autoinducer function
[44,45]. Therefore, conserved cysteine residue and presence of high
identity with C. perfringens AIP signal indicates the presence of AIP
signal in C. chauvoei.

The production of AIP is dependent on catalytic activity of AgrB
protein. The catalytic active site on AgrB is located at 77th (histi-
dine) and 84th (cysteine) residues with complete abolition of ac-
tivity by a substitution of either amino acid [46]. In the present
study, these two amino acids were conserved in all the three spe-
cies. Further, the protein was more conserved at N-terminal
compared to C-terminal, the later often provide group specificity
[5]. Contrary to agrBDCA operon of S. aureus, agrBD operon has been
experimentally characterized in C. perfringens. The genomic orga-
nisation of C. chauvoei and C. perfringens suggests the presence of
two hypothetical genes at 5’ upstream of agrBD operon (Fig. 4) with
high level of identity specially noticed in AgrA protein (Table 2,
supplementary Fig 1). In agr based quorum sensing system, the role
of AgrA protein is crucial as it activates the expression of regulatory
RNAIII in S. aureus resulting in toxins secretion [5]. However, the
role of these putative proteins needs to be validated.

Many bacteria use intracellular cyclic di-GMP as a signaling
molecule, which is synthesized by two molecules of GTP by
diguanylate cyclase [47]. It has been reported that quorum sensing
system in V. cholerae activates diguanylate cyclase and promotes
biofilm formation [48]. The genomic analysis of C. chauvoei as well
extracted from C. chauvoei grown at different growth conditions. Lane M: 1 Kb DNA
12 h (40 �C). B. Expression analysis of quorum sensing gene (agrD) in C. chauvoei grown
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as C. perfringens suggests the presence of diguanylate cyclase in the
immediate vicinity of agr operon. Though, it is purely speculative,
we suspect that these two messenger systems, viz., agr and cyclic
di-GMP are interacting and playing role in virulence of C. chauvoei.

C. chauvoei is an obligate anaerobic pathogen. Genomic analysis
indicates that the bacteria lack ability to synthesize some of the
vital amino acids such as arginine, histidine, leucine, glutamate and
aspartate [3,49]. As the target hosts of C. chauvoei, such as cattle and
buffaloes, have body temperature higher than 37 �C, a marginally
higher temperature (40 �C) was evaluated for growth kinetics and
agrD expression. The results indicated that growth as well as
expression of quorum sensing autoinducer signal agrD had marked
reduction at higher temperature 40 �C.The work on C. difficile has
revealed that their toxins A and B were best expressed at 37 �C and
were reduced at 42 �C [50]. Similarly, Mattar et al. [51] reported that
37 �C was the ideal temperature for DNase production in
C. septicum. Overall, our findings indicate the presence of agrBD
quorum sensing system in C. chauvoei. However, its role in patho-
genicity needs to be investigated.

Acknowledgements

Authors are thankful to the Director, ICAR-Indian Veterinary
Research Institute for providing the necessary facilities, and Na-
tional Agricultural Science Fund (NASF) (Grant No. NASF/ABA-5011/
2015-16), ICAR, New Delhi for providing financial support.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.anaerobe.2018.06.006.

References

[1] N. Nagano, S. Isomine, H. Kato, Y. Sasaki, M. Takahashi, K. Sakaida, et al.,
Human fulminant gas gangrene caused by Clostridium chauvoei, J. Clin.
Microbiol. 46 (2008) 1545e1547.

[2] J.E. Weatherhead, D.J. Tweardy, Lethal human neutropenic entercolitis caused
by Clostridium chauvoei in the United States: tip of the iceberg? J. Infect. 64
(2012) 225e227.

[3] J. Frey, L. Falquet, Patho-genetics of Clostridium chauvoei, Res. Microbiol. 166
(2015) 384e392.

[4] C.M. Waters, B.L. Bassler, Quorum sensing: cell-to-cell communication in
bacteria, Annu. Rev. Cell Dev. Biol. 21 (2005) 319e346.

[5] R.P. Novick, E. Geisinger, Quorum sensing in staphylococci, Annu. Rev. Genet.
42 (2008) 541e564.

[6] P. Williams, M. Camara, Quorum sensing and environmental adaptation in
Pseudomonas aeruginosa: a tale of regulatory networks and multifunctional
signal molecules, Curr. Opin. Microbiol. 12 (2009) 182e191.

[7] K. Ohtani, H. Hayashi, T. Shimizu, The luxS gene is involved in cellecell sig-
nalling for toxin production in Clostridium perfringens, Mol. Microbiol. 44
(2002) 171e179.

[8] C.M. Cooksley, I.J. Davis, K. Winzer, W.C. Chan, M.W. Peck, N.P. Minton,
Regulation of neurotoxin production and sporulation by a Putative agrBD
signaling system in proteolytic Clostridium botulinum, Appl. Environ. Micro-
biol. 76 (2010) 4448e4460.

[9] L. Zhao, T.J. Montville, D.W. Schaffner, Evidence for quorum sensing in Clos-
tridium botulinum 56A, Lett. Appl. Microbiol. 42 (2006) 54e58.

[10] G.P. Carter, D. Purdy, P. Williams, N.P. Minton, Quorum sensing in Clostridium
difficile: analysis of a luxS-type signalling system, J. Med. Microbiol. 54 (2005)
119e127.

[11] A.S. Lee, K.P. Song, LuxS/autoinducer-2 quorum sensing molecule regulates
transcriptional virulence gene expression in Clostridium difficile, Biochem.
Biophys. Res. Commun. 335 (2005) 659e666.

[12] G. Ji, R.C. Beavis, R.P. Novick, Cell density control of staphylococcal virulence
mediated by an octapeptide pheromone, Proc. Natl. Acad. Sci. U. S. A. 92
(1995) 12055e12059.

[13] K. Ohtani, Y. Yuan, S. Hassan, R. Wang, Y. Wang, T. Shimizu, Virulence gene
regulation by the agr system in Clostridium perfringens, J. Bacteriol. 191
(2009) 3919e3927.

[14] J. Chen, J.I. Rood, B.A. McClane, Epsilon-toxin production by Clostridium
perfringens type D strain CN3718 is dependent upon the agr operon but not
the VirS/VirR two-component regulatory system, mBio 2 (2011).

[15] J. Li, J. Chen, J.E. Vidal, B.A. McClane, The Agr-like quorum-sensing system
regulates sporulation and production of enterotoxin and beta2 toxin by
Clostridium perfringens type A non-food-borne human gastrointestinal dis-
ease strain F5603, Infect. Immun. 79 (2011) 2451e2459.

[16] J. Chen, B.A. McClane, Role of the Agr-like quorum-sensing system in regu-
lating toxin production by Clostridium perfringens type B strains CN1793 and
CN1795, Infect. Immun. 80 (2012) 3008e3017.

[17] J.E. Vidal, M. Ma, J. Saputo, J. Garcia, F.A. Uzal, B.A. McClane, Evidence that the
Agr-like quorum sensing system regulates the toxin production, cytotoxicity
and pathogenicity of Clostridium perfringens type C isolate CN3685, Mol.
Microbiol. 83 (2012) 179e194.

[18] M.J. Martin, S. Clare, D. Goulding, A. Faulds-Pain, L. Barquist, H.P. Browne, et
al., The agr locus regulates virulence and colonization genes in Clostridium
difficile 027, J. Bacteriol. 195 (2013) 3672e3681.

[19] M.B. Miller, B.L. Bassler, Quorum sensing in bacteria, Annu. Rev. Microbiol. 55
(2001) 165e199.

[20] E. Steiner, J. Scott, N.P. Minton, K. Winzer, An agr quorum sensing system that
regulates granulose formation and sporulation in Clostridium acetobutylicum,
Appl. Environ. Microbiol. 78 (2012) 1113e1122.

[21] Y. Sasaki, K. Yamamoto, A. Kojima, Y. Tetsuka, M. Norimatsu, Y. Tamura, Rapid
and direct detection of clostridium chauvoei by PCR of the 16S-23S rDNA
spacer region and partial 23S rDNA sequences, J. Vet. Med. Sci. 62 (2000)
1275e1281.

[22] E.O. Powell, Growth rate and generation time of bacteria, with special refer-
ence to continuous culture, J. Gen. Microbiol. 15 (1956) 492e511.

[23] B.L. Bassler, M. Wright, M.R. Silverman, Multiple signalling systems control-
ling expression of luminescence in Vibrio harveyi: sequence and function of
genes encoding a second sensory pathway, Mol. Microbiol. 13 (1994)
273e286.

[24] B.L. Bassler, E.P. Greenberg, A.M. Stevens, Cross-species induction of lumi-
nescence in the quorum-sensing bacterium Vibrio harveyi, J. Bacteriol. 179
(1997) 4043e4045.

[25] E.P. Greenberg, J.W. Hastings, S. Ulitzur, Induction of luciferase synthesis in
Beneckea harveyi by other marine bacteria, Arch. Microbiol. 120 (1979)
87e91.

[26] T. Seemann, Prokka: rapid prokaryotic genome annotation, Bioinformatics 30
(2014) 2068e2069.

[27] R.K. Aziz, D. Bartels, A.A. Best, M. DeJongh, T. Disz, R.A. Edwards, et al., The
RAST server: rapid annotations using subsystems technology, BMC Genom. 9
(2008) 75.

[28] R.D. Finn, J. Clements, W. Arndt, B.L. Miller, T.J. Wheeler, F. Schreiber, et al.,
HMMER web server: 2015 update, Nucleic Acids Res. 43 (2015) W30eW38.

[29] R.D. Finn, A. Bateman, J. Clements, P. Coggill, R.Y. Eberhardt, S.R. Eddy, et al.,
Pfam: the protein families database, Nucleic Acids Res. 42 (2014) D222eD230.

[30] M. Johnson, I. Zaretskaya, Y. Raytselis, Y. Merezhuk, S. McGinnis, T.L. Madden,
NCBI BLAST: a better web interface, Nucleic Acids Res. 36 (2008) W5eW9.

[31] T.N. Petersen, S. Brunak, G. von Heijne, H. Nielsen, SignalP 4.0: discriminating
signal peptides from transmembrane regions, Nat. Methods 8 (2011)
785e786.

[32] A. Krogh, B. Larsson, G. von Heijne, E.L. Sonnhammer, Predicting trans-
membrane protein topology with a hidden Markov model: application to
complete genomes, J. Mol. Biol. 305 (2001) 567e580.

[33] N.Y. Yu, J.R. Wagner, M.R. Laird, G. Melli, S. Rey, R. Lo, et al., PSORTb 3.0:
improved protein subcellular localization prediction with refined localization
subcategories and predictive capabilities for all prokaryotes, Bioinformatics 26
(2010) 1608e1615.

[34] P. Di Tommaso, S. Moretti, I. Xenarios, M. Orobitg, A. Montanyola, J.-M. Chang,
et al., T-Coffee: a web server for the multiple sequence alignment of protein
and RNA sequences using structural information and homology extension,
Nucleic Acids Res. 39 (2011) W13eW17.

[35] K. Tamura, G. Stecher, D. Peterson, A. Filipski, S. Kumar, MEGA6: molecular
evolutionary genetics analysis version 6.0, Mol Biol E 30 (2013) 2725e2729.

[36] A. Untergasser, H. Nijveen, X. Rao, T. Bisseling, R. Geurts, J.A. Leunissen, Pri-
mer3Plus, an enhanced web interface to Primer3, Nucleic Acids Res. 35 (2007)
W71eW74.

[37] D. Bakker, W.K. Smits, E.J. Kuijper, J. Corver, TcdC does not significantly
repress toxin expression in Clostridium difficile 630DErm, PLoS One 7 (2012),
e43247.

[38] P.S. Aranda, D.M. LaJoie, C.L. Jorcyk, Bleach gel: a simple agarose gel for
analyzing RNA quality, Electrophoresis 33 (2012) 366e369.

[39] R. Owczarzy, A.V. Tataurov, Y. Wu, J.A. Manthey, K.A. McQuisten,
H.G. Almabrazi, et al., IDT SciTools: a suite for analysis and design of nucleic
acid oligomers, Nucleic Acids Res. 36 (2008) W163eW169.

[40] S.A. Bustin, V. Benes, J.A. Garson, J. Hellemans, J. Huggett, M. Kubista, et al., The
MIQE guidelines: minimum information for publication of quantitative real-
time PCR experiments, Clin. Chem. 55 (2009) 611e622.

[41] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using
real-time quantitative PCR and the 2�DDCT method, Methods 25 (2001)
402e408.

[42] X. Chen, S. Schauder, N. Potier, A. Van Dorsselaer, I. Pelczer, B.L. Bassler, et al.,
Structural identification of a bacterial quorum-sensing signal containing bo-
ron, Nature 415 (2002) 545.

[43] J. Sun, R. Daniel, I. Wagner-D€obler, A.-P. Zeng, Is autoinducer-2 a universal
signal for interspecies communication: a comparative genomic and phylo-
genetic analysis of the synthesis and signal transduction pathways, BMC Evol.
Biol. 4 (2004) 36.

https://doi.org/10.1016/j.anaerobe.2018.06.006
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref1
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref1
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref1
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref1
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref2
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref2
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref2
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref2
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref3
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref3
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref3
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref4
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref4
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref4
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref5
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref5
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref5
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref6
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref6
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref6
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref6
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref7
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref7
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref7
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref7
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref7
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref8
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref8
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref8
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref8
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref8
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref9
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref9
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref9
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref10
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref10
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref10
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref10
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref11
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref11
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref11
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref11
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref12
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref12
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref12
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref12
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref13
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref13
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref13
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref13
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref14
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref14
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref14
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref15
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref15
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref15
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref15
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref15
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref16
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref16
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref16
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref16
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref17
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref17
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref17
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref17
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref17
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref18
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref18
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref18
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref18
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref19
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref19
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref19
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref20
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref20
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref20
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref20
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref21
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref21
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref21
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref21
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref21
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref22
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref22
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref22
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref23
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref23
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref23
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref23
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref23
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref24
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref24
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref24
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref24
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref25
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref25
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref25
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref25
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref26
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref26
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref26
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref27
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref27
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref27
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref28
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref28
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref28
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref29
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref29
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref29
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref30
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref30
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref30
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref31
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref31
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref31
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref31
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref32
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref32
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref32
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref32
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref33
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref33
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref33
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref33
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref33
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref34
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref34
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref34
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref34
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref34
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref35
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref35
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref35
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref36
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref36
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref36
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref36
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref37
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref37
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref37
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref38
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref38
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref38
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref39
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref39
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref39
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref39
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref40
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref40
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref40
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref40
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref41
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref41
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref41
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref41
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref41
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref42
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref42
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref42
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref43
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref43
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref43
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref43
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref43


S. Kumar et al. / Anaerobe 52 (2018) 92e99 99
[44] R.P. Novick, T.W. Muir, Virulence gene regulation by peptides in staphylococci
and other Gram-positive bacteria, Curr. Opin. Microbiol. 2 (1999) 40e45.

[45] P. Mayville, G. Ji, R. Beavis, H. Yang, M. Goger, R.P. Novick, et al., Structure-
activity analysis of synthetic autoinducing thiolactone peptides from Staph-
ylococcus aureus responsible for virulence, Proc. Natl. Acad. Sci. Unit. States
Am. 96 (1999) 1218e1223.

[46] R. Qiu, W. Pei, L. Zhang, J. Lin, G. Ji, Identification of the putative staphylococcal
AgrB catalytic residues involving the proteolytic cleavage of AgrD to generate
autoinducing peptide, J. Biol. Chem. 280 (2005) 16695e16704.

[47] R. Hengge, Principles of c-di-GMP signalling in bacteria, Nat. Rev. Microbiol. 7
(2009) 263.

[48] X. Zhao, B.J. Koestler, C.M. Waters, B.K. Hammer, Post-transcriptional
activation of a diguanylate cyclase by quorum sensing small RNAs promotes
biofilm formation in Vibrio cholerae, Mol. Microbiol. 89 (2013) 989e1002.

[49] L. Rychener, S. In-Albon, S.P. Djordjevic, P.R. Chowdhury, P. Nicholson,
R.E. Ziech, et al., Clostridium chauvoei, an evolutionary dead-end pathogen,
Front. Microbiol. 8 (2017).

[50] S. Karlsson, B. Dupuy, K. Mukherjee, E. Norin, L.G. Burman, T. Åkerlund,
Expression of Clostridium difficile toxins A and B and their sigma factor TcdD
is controlled by temperature, Infect. Immun. 71 (2003) 1784e1793.

[51] M.A. Mattar, T.I. Cortinas, A.M. de Guzman, Effect of temperature and glucose
concentration on DNase production by Clostridium septicum, Clin. Infect. Dis.
25 (Suppl 2) (1997) S158eS159.

http://refhub.elsevier.com/S1075-9964(18)30109-4/sref44
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref44
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref44
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref45
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref45
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref45
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref45
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref45
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref46
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref46
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref46
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref46
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref47
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref47
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref48
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref48
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref48
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref48
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref49
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref49
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref49
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref50
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref50
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref50
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref50
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref51
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref51
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref51
http://refhub.elsevier.com/S1075-9964(18)30109-4/sref51

	Characterization of quorum sensing system in Clostridium chauvoei
	1. Introduction
	2. Materials and methods
	2.1. Strains, media and culture conditions
	2.2. Growth kinetics study
	2.3. Quantification of autoinducer 2 (AI-2)
	2.4. Detection of agrBDCA system and luxS in C. chauvoei
	2.5. RNA extraction from C. chauvoei and cDNA synthesis
	2.6. Real time expression analysis
	2.7. Statistical analysis

	3. Results
	3.1. Growth kinetics study of C. chauvoei
	3.2. Quantification of autoinducer 2
	3.3. Confirmation of agr-based quorum sensing in C. chauvoei
	3.4. Expression analysis of quorum sensing genes

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


