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ABSTRACT The human pathogen Clostridioides difficile has evolved into the leading
cause of nosocomial diarrhea. The bacterium is capable of spore formation, which
even allows survival of antibiotic treatment. Although C. difficile features an anaero-
bic lifestyle, we determined a remarkably high oxygen tolerance of the laboratory
reference strain 630Derm. A mutation of a single nucleotide (single nucleotide poly-
morphism [SNP]) in the DNA sequence (A to G) of the gene encoding the regulatory
protein PerR results in an amino acid substitution (Thr to Ala) in one of the helices
of the helix-turn-helix DNA binding domain of this transcriptional repressor in C. diffi-
cile 630Derm. PerR is a sensor protein for hydrogen peroxide and controls the
expression of genes involved in the oxidative stress response. We show that PerR of
C. difficile 630Derm has lost its ability to bind the promoter region of PerR-controlled
genes. This results in a constitutive derepression of genes encoding oxidative stress
proteins such as a rubrerythrin (rbr1) whose mRNA abundance under anaerobic con-
ditions was increased by a factor of about 7 compared to its parental strain C. diffi-
cile 630. Rubrerythrin repression in strain 630Derm could be restored by the intro-
duction of PerR from strain 630. The permanent oxidative stress response of C.
difficile 630Derm observed here should be considered in physiological and patho-
physiological investigations based on this widely used model strain.

IMPORTANCE The intestinal pathogen Clostridioides difficile is one of the major chal-
lenges in medical facilities nowadays. In order to better combat the bacterium,
detailed knowledge of its physiology is mandatory. C. difficile strain 630Derm was
generated in a laboratory from the patient-isolated strain C. difficile 630 and repre-
sents a reference strain for many researchers in the field, serving as the basis for the
construction of insertional gene knockout mutants. In our work, we demonstrate
that this strain is characterized by an uncontrolled oxidative stress response as a
result of a single-base-pair substitution in the sequence of a transcriptional regulator.
C. difficile researchers working with model strain 630Derm should be aware of this
permanent stress response.

KEYWORDS Clostridioides difficile, oxidative stress response, transcriptional repressor,
PerR, single nucleotide polymorphism, SNP, DNA binding, constitutive expression,
rubrerythrin

C lostridioides difficile is a Gram-positive, anaerobic, spore-forming pathogen caus-
ing primarily hospital-acquired but increasingly also community-acquired

infections, which has turned the bacterium into one of the most problematic
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pathogens in human health care nowadays. C. difficile infections (CDIs) are often
associated with high relapse rates and usually treated by broad-spectrum antibiotic
therapy. Clinical symptoms of CDI vary from light diarrhea to acute infections like
pseudomembranous colitis (1).

Due to its anaerobic lifestyle, oxygen (O2) and reactive O2 species in the human intes-
tine represent a challenge for C. difficile. Remarkably, a high tolerance to O2 was recently
reported for a sporulation-deficient mutant of C. difficile 630Derm (2). Strain 630Derm is
an erythromycin-sensitive and laboratory-generated derivative of the original patient-
isolated strain 630 and is commonly used by C. difficile researchers as a reference strain
for the generation of gene knockout mutants (3). Although the oxidative stress response
is vital for an intestinal pathogen infecting its host, knowledge of the molecular details
of oxidative adaptation mechanisms in C. difficile is still limited. Specifically, two general
stress signatures of O2 challenge of C. difficile strains 630 and 630Derm have been
reported (4, 5), and for C. difficile 630Derm, an involvement of the alternative sigma fac-
tor sB was noted (6, 7). However, no sensor protein for oxidative conditions or mechanis-
tic details on the regulation of the oxidative stress response in this important human
pathogen have been described so far. Here, we report (i) an involvement of the hydro-
gen peroxide (H2O2) sensor and regulatory protein PerR in the oxidative stress response
of C. difficile and (ii) defective repression by PerR and, thus, constitutive expression of oxi-
dative stress genes in C. difficile reference strain 630Derm.

High abundance of oxidative stress proteins under anaerobic conditions. In
previous studies, we observed a high abundance of oxidative stress-related proteins in
C. difficile 630Derm already under conditions devoid of any oxidizing agents (8) and no
significant induction when the bacterium was shifted to microaerobic conditions (5).
Several of the corresponding genes are located at one genetic locus comprising a
rubrerythrin (rbr1), the transcriptional repressor PerR (perR), a desulfoferrodoxin (rbo),
and a glutamate synthase with an N-terminal rubredoxin fold (CD630_08280). Rbr1
even represents the second most abundant protein after the S-layer protein SlpA (8).
We inquired why these genes are highly expressed in the absence of any oxidative
stress and focused on the repressor protein PerR, which regulates its own transcription
and that of genes involved in oxidative stress and metal homeostasis as described for
Bacillus subtilis and other Gram-positive bacteria (9, 10). PerR is a member of the ferric
uptake regulator (Fur) family and senses H2O2 stress by metal-catalyzed histidine oxida-
tion (11) (Fig. 1A). Due to the permanently high cellular concentration of proteins
encoded in the rbr1 operon, we hypothesized a constitutive expression of the operon
possibly caused by a failure of PerR-mediated gene repression under anaerobic
conditions.

Amino acid substitution in the DNA binding domain of PerR. It was reported pre-
viously that the laboratory-generated strain C. difficile 630Derm features several ge-
nome alterations compared to its parental strain C. difficile 630 (12, 13). We aligned
perR sequences of C. difficile 630 and C. difficile 630Derm and found a single nucleotide
polymorphism (SNP) (A to G) resulting in an amino acid conversion from threonine to
alanine at position 41. An alignment of the PerR amino acid sequence with sequences
from 11 other clinically relevant C. difficile strains revealed that the T41A substitution is
unique to laboratory strain 630Derm (see Fig. S1 in the supplemental material). A com-
prehensive sequence alignment of over 900 proteins of the Fur family from different
species showed that the threonine at position 41 is highly conserved and present in
over 80% of the investigated proteins. More than 90% of the proteins contain a threo-
nine or serine at this position (Data Set S1). A structural comparison of previously
investigated DNA binding domains of Fur and PerR homologues in Escherichia coli, B.
subtilis, Staphylococcus epidermidis, and Streptococcus pyogenes to the C. difficile
630Derm PerR sequence indicates that the T41A mutation is located in a helix of the
helix-turn-helix motif of the DNA binding domain (Fig. 1B and C). The DNA promoter
sequences upstream of rbr1 are identical between strains 630 and 630Derm (Fig. S2).
We therefore hypothesized that the amino acid substitution in PerR is the reason for
the loss of its binding to PerR boxes on the DNA and possibly causes increased O2
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tolerance of strain 630Derm compared to other C. difficile strains, including its parental
strain 630.

Increased O2 tolerance, derepression of the rbr1 operon, and missing DNA
binding of PerR. To investigate differences in O2 tolerance between C. difficile 630 and
630Derm, we counted CFU for both strains after cells had been exposed to atmos-
pheric O2 concentrations (Fig. 2A and Fig. S3). Strain 630 showed a significantly higher
susceptibility to O2 than its derivative 630Derm, of which a substantial number of cells
survived even after 9 h of challenge.

Furthermore, we were able to show an increased O2 tolerance of C. difficile 630 after
a 10-min adaptation treatment with 0.4mM H2O2 or 5% O2. This experiment demon-
strates that O2 tolerance is indeed inducible in strain 630, possibly mediated by the
inactivation of the repressor PerR (Fig. 2A). The direct oxidizing agent of the histidine
residues in the DNA binding site of PerR was reported to be H2O2. However, pretreat-
ment with molecular O2 also resulted in an increased O2 tolerance of strain 630.
Probably, molecular O2 is converted to superoxide, which is subsequently reduced to
H2O2 by a superoxide reductase such as Rbo. Noteworthy, adaptation with 0.4mM
H2O2 is quite stringent for C. difficile since absolute cell numbers are much lower
(Fig. S3), and although the positive effect of adaptation with H2O2 is outstanding at 1 h
and 3 h of O2 challenge, it lasts for only a limited time, with almost no viable cells
counted after 6 h and 9 h.

To prove that the higher O2 tolerance of C. difficile 630Derm was caused by the
missing binding of PerR to its cognate DNA binding site, we analyzed transcriptional
levels of the rbr1 operon under H2O2 stress and control conditions (Fig. 2B and C and
Fig. S4). Transcription of the operon was inducible by H2O2 in strain 630 by a factor of
2.4, whereas transcript levels in 630Derm were permanently very high and not further
inducible by H2O2 (factor of 0.96).

To verify that the increased O2 tolerance of strain 630Derm and its constitutive
expression of the rbr1 operon are the results of an inactive PerR protein, we con-
structed a C. difficile 630Derm strain that is complemented with intact PerR of strain C.
difficile 630 in trans and inducible by tetracycline (C. difficile DT022). Subsequently, we
analyzed the PerR-repressed rbr1 transcription of this strain (Fig. 2C). After induction
with anhydrotetracycline (ATc), rbr1 mRNA levels were reduced even below the ones
of strain 630 (factor of 0.84), indicating that in vivo PerR activity and, consequently,

FIG 1 DNA binding of PerR. (A) Mode of PerR function shown schematically. PerR bound to the DNA represses
the expression of the rbr1 operon. H2O2 treatment leads to PerR oxidation, a conformational change, and the
release of the DNA promoter, resulting in the expression of the rbr1 operon. (B) Structure of C. difficile 630Derm
PerR deduced from the homologue of B. subtilis. The DNA binding site, including the helix-turn-helix (HTH)
motif and the dimerization domain, is marked. The location of the amino acid exchange is marked by a red
box. (C) Amino acid sequence of the DNA binding site of C. difficile 630Derm PerR. The T41A mutation is
marked in red.
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DNA binding of PerR in C. difficile 630Derm were restored. Transcription in the comple-
mentation strain DT022 was inducible by H2O2 (factor of 3.52); i.e., the plasmid-
encoded PerR of strain 630 responded to H2O2.

To confirm that the T41A exchange in PerR of strain 630Derm is the sole reason that
hampers PerR box binding, we performed electrophoretic mobility shift assays (EMSAs)
excluding any other cellular factors. PerR proteins from strains 630 and 630Derm were
recombinantly produced, purified to apparent homogeneity (Fig. S5), and incubated
with a labeled 220-bp upstream promoter fragment of rbr1. While PerR from strain 630
led to a clear shift of the DNA band, no shift was detectable for PerR from C. difficile
630Derm at any tested protein concentration (Fig. 2D).

Conclusion. This study demonstrated the constitutive derepression of genes
involved in the oxidative stress response in strain C. difficile 630Derm caused by only

FIG 2 CFU counting, transcriptional analyses, and DNA-PerR interaction. (A) Survival in the presence of O2 of C. difficile strains 630, 630Derm, and 630
adapted to 5% O2 for 10min or 0.4mM H2O2 for 10min. Ratios of aerobically cultured cells/cells of the corresponding cultures kept anaerobically are given
for 1, 3, 6, and 9 h of O2 challenge. * indicates statistical significance. (B) Northern blot analysis of the expression of the rbr1 operon. Lane 1, 630 control;
lane 2, 630 induced with H2O2; lane 3, 630Derm control; lane 4, 630Derm induced with H2O2. Total RNA levels were monitored by methylene blue (MB)
staining. nt, nucleotide. (C) Transcription of the rbr1 gene was quantified for C. difficile 630, 630Derm, and DT022 containing the plasmid pDSW1728-perR
by RT-qPCR analysis and related to the C. difficile 630 control (CTL). ATc, induction with anhydrotetracycline. *, P , 0.05; ***, P , 0.001. (D) EMSAs were
carried out with 2 ng of the rbr1 promoter fragment (220 bp), concentrated at 147 nM, from strain C. difficile 630. In lanes 1 and 5, the DNA fragment was
incubated without protein. The DNA fragment was incubated with purified PerR 630 (lanes 2 to 4) or PerR 630Derm (lanes 6 to 8) with increasing protein
amounts (360 ng, 420 ng, and 480 ng, respectively).
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one SNP in the DNA sequence of the transcriptional repressor PerR. Researchers under-
taking physiological studies in this strain should be aware of the permanent stress
response mediated by missing PerR repression. Since the oxidative stress response is
linked to other cellular networks, e.g., metal homeostasis and O2-sensitive metabolic
pathways, experiments carried out in strain 630Derm might come to a different conclu-
sion than experiments that would have been undertaken in any other C. difficile strain.
Resistance to oxidative stress is vital for a pathogen to survive in the host. Hence, infec-
tion studies using the laboratory-constructed strain 630Derm could also significantly
vary from studies based on the original and patient-isolated strain. Since C. difficile
630Derm is used as a reference strain in many laboratories for the construction of gene
inactivation mutants, researchers should consider the background oxidative stress
response when interpreting their experimental data.

Methods. (i) Bioinformatic methods. Structural analysis of the C. difficile PerR pro-
tein was performed using the Phyre2 Web portal (14). For the alignment of over 900
Fur family proteins, MView was used (15). The sequence alignments were carried out
with Clustal Omega (16). PerR boxes were identified using Virtual Footprint Version 3.0
(17).

(ii) Plasmid and strain construction. C. difficile strains 630 and 630Derm were
obtained from the German Collection of Microorganisms and Cell Cultures GmbH
(DSMZ) (Braunschweig, Germany). The perR gene was amplified from genomic DNA of
C. difficile 630 using forward primer 59-ATGGTAGAGCTCAATATAATGTTGGGAGGAATT
TAAGAAATGAAATTTTCTAAACAACGAG-39 and reverse primer 59-ATGGTAGGATCCTTAT
TTCTCGAACTGCGGGTG-39 (Thermo Fisher Scientific, Waltham, MA, USA). The forward
primer includes the ribosome binding site (RBS) of C. difficile SlpA and a SacI restriction
site, and the reverse primer includes a BamHI restriction site. The PCR product was
digested with SacI and BamHI (Thermo Fisher Scientific, Waltham, MA, USA) and
ligated into the tetracycline-inducible vector pDSW1728 (18). pDSW1728 was a gift
from Craig Ellermeier and David S. Weiss (Addgene plasmid 120812 [http://n2t.net/
addgene:120812]; RRID, Addgene_120812). The resulting plasmid, pDSW1728-perR,
was transformed into E. coli ST18 (19) following mating in C. difficile 630Derm to con-
struct C. difficile DT022. Sequences were checked by sequencing (see Fig. S6 in the sup-
plemental material).

(iii) Bacterial strains and growth conditions. All C. difficile strains were cultured in
brain heart infusion (BHI) medium as previously described (20), supplemented as
needed with 25mg/ml thiamphenicol. For a first preculture, 200ml of spores was ger-
minated in BHI medium supplemented with 0.1% cysteine. After 72 h, 10ml of BHI me-
dium was inoculated with 10ml of the first preculture to obtain a second preculture.
This second preculture was directly diluted 1:10 in four steps and incubated overnight.
The main cultures were inoculated to an A600 of 0.05 from a second preculture exhibit-
ing an A600 of between 0.8 and 1.0. The expression of plasmid pDSW1728-perR was
induced by adding 200 ng/ml anhydrotetracycline (ATc) at an A600 of 0.1. For Northern
blot and reverse transcription-quantitative PCR (RT-qPCR) analyses, C. difficile 630, C.
difficile 630Derm, and C. difficile DT022 were grown to the exponential growth phase to
an A600 of 0.4, before cultures were split and one of the two subcultures was stressed
with 0.4mM H2O2 for 10min. Samples were taken to allow a later preparation of RNA
(21). For CFU counting experiments, C. difficile 630 and 630Derm were cultured to an
A600 of 0.4. The C. difficile 630 culture was split into three subcultures: one subculture
was treated with 0.4mM H2O2 for 10min, the second subculture was flushed with 5%
O2, and the third subculture remained untreated (control). All cultures were centri-
fuged for 5min at 8,500 rpm, and the supernatant was discarded. The cell pellets were
resuspended in 30ml fresh BHI medium. From each of the four cultures, 15ml was
transferred to two different 92- by 16-mm petri dishes. One petri dish was incubated
aerobically, and the other was incubated anaerobically. Samples were taken before
and 1, 3, 6, and 9 h after O2 exposure in three biological replicates, and dilution series
were plated on BHI agar plates and incubated anaerobically (Fig. S3). For the overex-
pression of PerR, Escherichia coli BL21 grown in LB medium was used.
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(iv) RNA preparation. For cell lysis and RNA isolation, TRIzol reagent provided by
Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA) was used according to the
manufacturer’s protocol (22). RNA solubilized in diethyl pyrocarbonate (DEPC)-treated
water was stored at 270°C.

(v) Transcriptional profiling. A PCR fragment of gene rbr1 was prepared using
chromosomal DNA of C. difficile 630 as a template with primers 59-AATGGCAGGATT
TGCAGGAG-39 and 59-CTAATACGACTCACTATAGGGAGATGGATGGTCACATACTGGGC-39.
Digoxigenin (DIG)-labeled RNA probes were obtained and Northern blot analyses
were carried out as previously described (21). rbr1 transcription was quantified by
RT-qPCR in three biological replicates with three technical replicates each using the
above-mentioned primers. The rpoC gene with forward primer 59-CTAGCTGCTCC
TATGTCTCACATC-39 and reverse primer 59-CCAGTCTCTCCTGGATCAACTA-39 served
as a reference. cDNA synthesis and qPCR were performed as described previously
(23). The qPCRs were performed on a qTOWER 2.2 quantitative PCR thermocycler
(Analytik Jena, Jena, Germany) (Fig. S4).

(vi) Statistical analyses. For CFU counting experiments, ratios of CFU counted
under aerobic conditions versus anaerobic conditions were calculated. Differences
between the ratios were tested for statistical significance using multiple t testing. a
was set to 0.05 and was subsequently corrected using the Holm-Bonferroni method
(24). The RT-qPCR quantitative data analysis was based on the Pfaffl method (25), and
statistical analysis was performed using Student’s t test.

Visualization of statistical analyses was performed using GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA).

(vii) Overexpression and purification of PerR of C. difficile 630 and C. difficile
630Derm in E. coli BL21. Protein overproduction was monitored as previously reported
(26), with the following modifications. First, synthesized gene variants (Thermo Fisher
Scientific, Waltham, MA, USA) were introduced into pGEX6P1 allowing for glutathione
S-transferase (GST)-mediated affinity purification and subsequent tag excision. E. coli
BL21 cells harboring recombinant genes were induced (0.1mM isopropyl-b-D-thiogalac-
topyranoside [IPTG]) at an optical density at 600 nm (OD600) of 0.5, grown aerobically
for 4 h, and shifted to anaerobiosis for 2 h.

(viii) Electrophoretic mobility shift assay. Shift assays were conducted as previ-
ously specified (27), with minor variations. The 220-bp rbr1 promoter region was ampli-
fied via PCR using forward primer 59-TTGCAATAGGTATAGCGACAAG-39 and reverse
primer 59-TGCAATAGGTATAGCGACAAG-39. The electrophoretic mobility shift assay
(EMSA) was performed under anaerobic conditions.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.4 MB.
FIG S3, PDF file, 0.3 MB.
FIG S4, PDF file, 0.2 MB.
FIG S5, PDF file, 0.1 MB.
FIG S6, PDF file, 0.1 MB.
DATA SET S1, PDF file, 5.5 MB.

ACKNOWLEDGMENTS
This work was funded by the German Research Foundation (231396381/GRK1947);

the Ministerium für Bildung, Wissenschaft und Kultur Mecklenburg-Vorpommern
(UG16001); and the Federal State of Lower Saxony, Niedersächsisches Vorab CDiff and
CDInfect projects (VWZN2889/3215/3266). We acknowledge support for the article
processing charge from the DFG (German Research Foundation) (393148499) and the
Open Access Publication Fund of the University of Greifswald.

E. coli ST18 was a kind gift from the laboratory of J.M.B.-D.A.

Troitzsch et al.

March/April 2021 Volume 6 Issue 2 e00091-21 msphere.asm.org 6

 on A
pril 19, 2021 at H

elm
holtz-Z

entrum
 fuer Infektionsforschung - B

IB
LIO

T
H

E
K

-
http://m

sphere.asm
.org/

D
ow

nloaded from
 

https://msphere.asm.org
http://msphere.asm.org/


REFERENCES
1. Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ. 2016. Clostridium diffi-

cile infection. Nat Rev Dis Primers 2:16020. https://doi.org/10.1038/nrdp
.2016.20.

2. Edwards AN, Karim ST, Pascual RA, Jowhar LM, Anderson SE, McBride SM.
2016. Chemical and stress resistances of Clostridium difficile spores and
vegetative cells. Front Microbiol 7:1698. https://doi.org/10.3389/fmicb
.2016.01698.

3. Hussain HA, Roberts AP, Mullany P. 2005. Generation of an erythromycin-
sensitive derivative of Clostridium difficile strain 630 (630Deltaerm) and
demonstration that the conjugative transposon Tn916DeltaE enters the
genome of this strain at multiple sites. J Med Microbiol 54:137–141.
https://doi.org/10.1099/jmm.0.45790-0.

4. Emerson JE, Stabler RA, Wren BW, Fairweather NF. 2008. Microarray analy-
sis of the transcriptional responses of Clostridium difficile to environmen-
tal and antibiotic stress. J Med Microbiol 57:757–764. https://doi.org/10
.1099/jmm.0.47657-0.

5. Neumann-Schaal M, Metzendorf NG, Troitzsch D, Nuss AM, Hofmann JD,
Beckstette M, Dersch P, Otto A, Sievers S. 2018. Tracking gene expression
and oxidative damage of O2-stressed Clostridioides difficile by a multi-
omics approach. Anaerobe 53:94–107. https://doi.org/10.1016/j.anaerobe
.2018.05.018.

6. Kint N, Janoir C, Monot M, Hoys S, Soutourina O, Dupuy B, Martin-
Verstraete I. 2017. The alternative sigma factor sB plays a crucial role in
adaptive strategies of Clostridium difficile during gut infection. Environ
Microbiol 19:1933–1958. https://doi.org/10.1111/1462-2920.13696.

7. Boekhoud IM, Michel A-M, Corver J, Jahn D, Smits WK. 2020. Redefining
the Clostridioides difficile sB regulon: sB activates genes involved in
detoxifying radicals that can result from the exposure to antimicrobials
and hydrogen peroxide. mSphere 5:e00728-20. https://doi.org/10.1128/
mSphere.00728-20.

8. Otto A, Maaß S, Lassek C, Becher D, Hecker M, Riedel K, Sievers S. 2016.
The protein inventory of Clostridium difficile grown in complex and
minimal medium. Proteomics Clin Appl 10:1068–1072. https://doi.org/
10.1002/prca.201600069.

9. Dubbs JM, Mongkolsuk S. 2012. Peroxide-sensing transcriptional regula-
tors in bacteria. J Bacteriol 194:5495–5503. https://doi.org/10.1128/JB
.00304-12.

10. Hillmann F, Fischer R-J, Saint-Prix F, Girbal L, Bahl H. 2008. PerR acts as a
switch for oxygen tolerance in the strict anaerobe Clostridium acetobutyli-
cum. Mol Microbiol 68:848–860. https://doi.org/10.1111/j.1365-2958.2008
.06192.x.

11. Lee J-W, Helmann JD. 2006. The PerR transcription factor senses H2O2 by
metal-catalysed histidine oxidation. Nature 440:363–367. https://doi.org/
10.1038/nature04537.

12. van Eijk E, Anvar SY, Browne HP, Leung WY, Frank J, Schmitz AM, Roberts
AP, Smits WK. 2015. Complete genome sequence of the Clostridium diffi-
cile laboratory strain 630Derm reveals differences from strain 630, includ-
ing translocation of the mobile element CTn5. BMC Genomics 16:31.
https://doi.org/10.1186/s12864-015-1252-7.

13. Collery MM, Kuehne SA, McBride SM, Kelly ML, Monot M, Cockayne A,
Dupuy B, Minton NP. 2017. What’s a SNP between friends: the influence
of single nucleotide polymorphisms on virulence and phenotypes of

Clostridium difficile strain 630 and derivatives. Virulence 8:767–781.
https://doi.org/10.1080/21505594.2016.1237333.

14. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. 2015. The Phyre2
Web portal for protein modelling, prediction and analysis. Nat Protoc
10:845–858. https://doi.org/10.1038/nprot.2015.053.

15. Brown NP, Leroy C, Sander C. 1998. MView: a Web-compatible database
search or multiple alignment viewer. Bioinformatics 14:380–381. https://
doi.org/10.1093/bioinformatics/14.4.380.

16. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P,
Tivey ARN, Potter SC, Finn RD, Lopez R. 2019. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res 47:W636–W641.
https://doi.org/10.1093/nar/gkz268.

17. Münch R, Hiller K, Grote A, Scheer M, Klein J, Schobert M, Jahn D. 2005.
Virtual Footprint and PRODORIC: an integrative framework for regulon
prediction in prokaryotes. Bioinformatics 21:4187–4189. https://doi.org/
10.1093/bioinformatics/bti635.

18. Ransom EM, Ellermeier CD, Weiss DS. 2015. Use of mCherry red fluores-
cent protein for studies of protein localization and gene expression in
Clostridium difficile. Appl Environ Microbiol 81:1652–1660. https://doi.org/
10.1128/AEM.03446-14.

19. Thoma S, Schobert M. 2009. An improved Escherichia coli donor strain for
diparental mating. FEMS Microbiol Lett 294:127–132. https://doi.org/10
.1111/j.1574-6968.2009.01556.x.

20. Sievers S, Dittmann S, Jordt T, Otto A, Hochgräfe F, Riedel K. 2018. Com-
prehensive redox profiling of the thiol proteome of Clostridium difficile.
Mol Cell Proteomics 17:1035–1046. https://doi.org/10.1074/mcp.TIR118
.000671.

21. Müller M, Reiß S, Schlüter R, Mäder U, Beyer A, Reiß W, Marles-Wright J,
Lewis RJ, Pförtner H, Völker U, Riedel K, Hecker M, Engelmann S, Pané-
Farré J. 2014. Deletion of membrane-associated Asp23 leads to upregula-
tion of cell wall stress genes in Staphylococcus aureus. Mol Microbiol
93:1259–1268. https://doi.org/10.1111/mmi.12733.

22. Chomczynski P. 1993. A reagent for the single-step simultaneous isolation
of RNA, DNA and proteins from cell and tissue samples. Biotechniques
15:532–534, 536–537.

23. Sievers S, Sternkopf Lillebæk EM, Jacobsen K, Lund A, Mollerup MS,
Nielsen PK, Kallipolitis BH. 2014. A multicopy sRNA of Listeria monocyto-
genes regulates expression of the virulence adhesin LapB. Nucleic Acids
Res 42:9383–9398. https://doi.org/10.1093/nar/gku630.

24. Holm S. 1979. A simple sequentially rejective multiple test procedure.
Scand J Stat 6:65–70.

25. Pfaffl MW. 2001. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res 29:e45. https://doi.org/10.1093/nar/
29.9.e45.

26. Hillmann F, Döring C, Riebe O, Ehrenreich A, Fischer R-J, Bahl H. 2009. The
role of PerR in O2-affected gene expression of Clostridium acetobutylicum.
J Bacteriol 191:6082–6093. https://doi.org/10.1128/JB.00351-09.

27. Frädrich C, March A, Fiege K, Hartmann A, Jahn D, Härtig E. 2012. The tran-
scription factor AlsR binds and regulates the promoter of the alsSD op-
eron responsible for acetoin formation in Bacillus subtilis. J Bacteriol
194:1100–1112. https://doi.org/10.1128/JB.06425-11.

Constitutive Oxidative Stress in C. difficile 630Derm

March/April 2021 Volume 6 Issue 2 e00091-21 msphere.asm.org 7

 on A
pril 19, 2021 at H

elm
holtz-Z

entrum
 fuer Infektionsforschung - B

IB
LIO

T
H

E
K

-
http://m

sphere.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.3389/fmicb.2016.01698
https://doi.org/10.3389/fmicb.2016.01698
https://doi.org/10.1099/jmm.0.45790-0
https://doi.org/10.1099/jmm.0.47657-0
https://doi.org/10.1099/jmm.0.47657-0
https://doi.org/10.1016/j.anaerobe.2018.05.018
https://doi.org/10.1016/j.anaerobe.2018.05.018
https://doi.org/10.1111/1462-2920.13696
https://doi.org/10.1128/mSphere.00728-20
https://doi.org/10.1128/mSphere.00728-20
https://doi.org/10.1002/prca.201600069
https://doi.org/10.1002/prca.201600069
https://doi.org/10.1128/JB.00304-12
https://doi.org/10.1128/JB.00304-12
https://doi.org/10.1111/j.1365-2958.2008.06192.x
https://doi.org/10.1111/j.1365-2958.2008.06192.x
https://doi.org/10.1038/nature04537
https://doi.org/10.1038/nature04537
https://doi.org/10.1186/s12864-015-1252-7
https://doi.org/10.1080/21505594.2016.1237333
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1093/bioinformatics/14.4.380
https://doi.org/10.1093/bioinformatics/14.4.380
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/bioinformatics/bti635
https://doi.org/10.1093/bioinformatics/bti635
https://doi.org/10.1128/AEM.03446-14
https://doi.org/10.1128/AEM.03446-14
https://doi.org/10.1111/j.1574-6968.2009.01556.x
https://doi.org/10.1111/j.1574-6968.2009.01556.x
https://doi.org/10.1074/mcp.TIR118.000671
https://doi.org/10.1074/mcp.TIR118.000671
https://doi.org/10.1111/mmi.12733
https://doi.org/10.1093/nar/gku630
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1128/JB.00351-09
https://doi.org/10.1128/JB.06425-11
https://msphere.asm.org
http://msphere.asm.org/

	Outline placeholder
	High abundance of oxidative stress proteins under anaerobic conditions.
	Amino acid substitution in the DNA binding domain of PerR.
	Increased O2 tolerance, derepression of the rbr1 operon, and missing DNA binding of PerR.
	Conclusion.
	Methods. (i) Bioinformatic methods.
	(ii) Plasmid and strain construction.
	(iii) Bacterial strains and growth conditions.
	(iv) RNA preparation.
	(v) Transcriptional profiling.
	(vi) Statistical analyses.
	(vii) Overexpression and purification of PerR of C. difficile 630 and C. difficile 630Δerm in E. coli BL21.
	(viii) Electrophoretic mobility shift assay.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

