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ABSTRACT

Spores are produced by many
organisms as the result of a survival mechanism,
triggered under several environmental stresses.
These are multi-layered structures, one of which
is a peptidoglycan layer known as the cortex.
This structure contains muramic-é-lactams that
are synthesized by at least two enzymes, CwID
and PdaA. This study focuses on the spore
cortex of Clostridium difficile, a Gram-positive
spore-forming,  toxin-producing anaerobic
pathogen that can colonize the intestinal tract of
humans, considered as the leading cause of
antibiotic-associated diarrhea. The cortex of the
C. difficile 630Aerm strain was analyzed using
UHPLC coupled to HRMS. This analysis
revealed that C. difficile cortex differs from
B. subtilis cortex. Amongst these differences,
the muramic-6-lactams represented 24% in
C. difficile, compared to 50% in B. subtilis.
CD630_14300 and CD630_27190 were
identified as the genes encoding the C. difficile
N-deacetylases PdaAl and PdaA2, responsible
for muramic-6-lactam synthesis. In the pdaAl
mutant only 0.4% of all muropeptides carry a
muramic-6-lactam  modification, and no
muramic-6-lactam were found in the cortex of
the double mutant pdaAl-pdaA2. Surprisingly,
our results suggest a much broader impact for
muramic-d-lactams in C. difficile compared to
previously characterized model organisms, such

as B. subtilis. The pdaAl mutant showed a
decreased sporulation percentage, an altered
germination and a decreased heat-resistance. In
a virulence assay, the pdaAl mutant also
showed a delayed virulence.

C. difficile is a Gram-positive spore-
forming, toxin-producing anaerobic bacterium
that can colonize the intestinal tracts of humans
and other animals (1). C. difficile infection
(CDI) can lead to a spectrum of clinical signs,
ranging from simple self-limiting diarrhea to
life-threatening  pseudomembranous  colitis.
Development of the infection have been linked
to several risk factors, including antibiotic
exposure and compromised immune systems
(2). CDI is also associated with recurrent
infections, which occur in 20 to 30% of patients
who cleared a first infection (2). In healthcare
settings, C. difficile is considered the leading
cause of antibiotic-associated diarrhea (3-5).
The increase in cases lead to the classification of
C. difficile as an emerging infection by the
World Health Organization (WHO) in 2009 (6).
In fact, hospitalizations for CDI doubled from
2000 through 2010, and an estimated 450 000
cases of CDI occurred in 2011 in the USA.
These increased rates and severity of CDI have
been speculated to be a consequence of an
enhanced C. difficile virulence (2,7).
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The pathophysiology of CDI is highly
dependent on the sporulation and germination
ability of C. difficile. Contamination results
from the ingestion of spores, which can then
reach the gastro-intestinal tract. Upon alteration
of the host microbiota, spores can germinate and
produce vegetative cells. The vegetative cells
are then responsible for colonization of the host,
production of toxins, and induction of the range
of symptoms associated with CDI. Vegetative
cells finally sporulate and spores are released in
the environment through feces. Spores are
therefore both the infectious and the persistence
morphotype, responsible for the high
dissemination rate of C. difficile. It has also been
hypothesized that spore persistence in the
gastro-intestinal tract is a potential factor in the
recurrences and relapses of CDI (2,8).
Moreover, a recent study has linked CotE, a
spore coat protein, with host colonization,
describing the spore as responsible for the initial
colonization by targeting and binding the host
mucus (9). Through their characteristics and
contribution in pathophysiology, spores play a
major role in CDI.

Spores are produced by many organisms
as the result of a survival mechanism, triggered
under several types of adverse environmental
conditions. They are one of the most resistant
life forms known, able to withstand heat,
radiation, chemical exposure, desiccation, as
well as treatment with many disinfectants
(reviewed in (10)). Such characteristics make for
a remarkable persistence ability and
contamination potential, and therefore raise
concerns in many sectors of human activities,
such as the food industry or healthcare, even
more so with pathogenic bacteria.

Spores are multi-layered structures,
composed of a compressed dehydrated inner
core, surrounded by the inner membrane, a germ
cell-wall, a peptidoglycan layer known as the
cortex, an outer membrane, a proteinaceous
external coat, and for some species the
outermost layer called the exosporium. Many
resistance characteristics of spores have been
linked to this specific structural organization
(reviewed in (10-12)). Indeed, previous studies
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linked the coat with resistance to reactive
chemicals such as oxidizing agents and
disinfectants (13,14). The dehydration level of
the spore core and its high dipicolinic acid
(DPA) and small acid-soluble proteins (SASPS)
contents has been linked with heat resistance,
and DNA protection against radiations and
chemical exposure (15). One of the spore
specific structures is the thick peptidoglycan
layer of the cortex.

The cortex structure has been studied in
relatively few organisms, and mostly in
Bacillus. Structure of the spore cortex has been
published for B. subtilis (16), and referenced as
similar to spore cortex of other Bacillus species,
such as B. anthracis. In Clostridium species, two
studies analyzed spore cortex composition,
using Clostridium perfringens and Clostridium
botulinum (17,18). Spore cortex shows several
differences compared to vegetative cell
peptidoglycan. In B. subtilis, muropeptides of
the spore cortex carry either a cyclic muramic
acid (muramic-3-lactam), a tri or tetrapeptide
stem, or a single L-Alanine residue, accounting
respectively for 50%, 25% and 25% of all
muropeptides (16). While muramic-6-lactams
also accounted for nearly 50% of all
muropeptides in C. perfringens, single L-
Alanine residues were not identified in the spore
cortex. Instead, tri and tetrapeptide side chains
represented over 45% of all muropeptides, and
approximatively 3% of all muropeptides carried
no peptide side chain or &-lactam ring. Another
specificity of spore cortex is a low cross-linking
index (11% and 2% in B. subtilis (16) and
C. perfringens (18) respectively) compared to
the vegetative cell.

In B. subtilis, muramic-d-lactams have
been described to be the result of a three step
process (19). The first step is the cleavage of the
peptide on a muramic acid by a muramoyl-L-
alanine amidase (CwlID) (20), followed by N-
deacetylation of the muramic acid by the N-
deacetylase PdaA (19). The muramic-3-lactam
ring would then be formed by a transpeptidase.
CwlID and PdaA are essential for muramic-6-
lactam synthesis (21). In B. subtilis, disruption
of any of these enzymes led to the complete
disappearance of muramic-3-lactams in the



cortex, and a strict interruption of the
germination process, due to lack of cortex
hydrolysis (22). However, mutants lacking
either CwlID or PdaA are able to produce normal
endospores, indicating that muramic-3-lactam is
not required for B. subtilis sporulation (22).
These enzymes are well described for B. subtilis
(19,20,23) and B. thuringiensis (24), but have
yet to be identified in any of the Clostridium
species and particularly in Clostridium difficile.

Given the notable rising concerns in
healthcare settings, more and more studies are
being conducted on C. difficile sporulation-
germination mechanisms and host-pathogen
interactions. Interestingly, an increasing number
of studies have revealed significant differences
between C. difficile and B. subtilis in sporulation
and germination (Reviewed in (25-27)). A
highly unique structure was described for the
vegetative cell peptidoglycan of C. difficile,
including a high level of N-deacetylation (28)
and its impact on host-pathogen interactions. In
contrast, we focused on the cortex N-
deacetylases.  Here, we provide the
characterization of CD630_14300, renamed
pdaAl as the major N-deacetylase responsible
for muramic-6-lactam synthesis in C. difficile.
Moreover, we also investigated the contribution
of cortex structure to C. difficile virulence.

Results
C. difficile has an atypical cortex structure
Cortex from pure spore samples were
extracted and analyzed through UHPLC (ultra-
high-performance  liquid chromatography)
coupled to HRMS (high-resolution mass
spectrometry), as described in material and
methods. This analysis of the 630Aerm spores
constitutes the first detailed analysis of the
cortex structure of C. difficile (Fig 1). The
complete list of all muropeptides detected, their
area and calculated relative abundance can be
found in Table 1 and Table S1, and the
calculated parameters are detailed in Table S2.
The vast majority of muropeptides detected in
the analysis of the 630Aerm parental strain were
monomers (90.23% of all muropeptides), with
only 9.77% of dimers and no detectable trimers.
These results give a cross-linking index of 4.9%.
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Muramic-d-lactams accounted for 24% of all
muropeptides. While tetrapeptides were the
most frequent stem peptide encountered (43.5%
of all muropeptides), the analysis surprisingly
showed that 21.9% of muropeptides were not
substituted with a stem peptide of any kind, not
even with the single L-Alanine as described in
B. subtilis (16). The remaining muramic acid
residues carried either a tripeptide or dipeptide
stem peptide (4.8 and 5.8% respectively).
Additionally, 54.7% of muropeptides were N-
deacetylated on the glucosamine residue.
Overall, these results suggest that the C. difficile
spore cortex is different compared to other
published cortex analyses.

Identification of the PdaA N-deacetylase
candidates

In B. subtilis, the N-deacetylase PdaA
has been described as responsible for the second
step of muramic-o-lactam synthesis (19). To
identify which of the 12 putative N-deacetylases
of C. difficile were closest to B. subtilis PdaA, a
multiple alignment was performed using Clustal
Omega (29). In these alignments, two potential
N-deacetylases of C. difficile were the closest to
B. subtilis PdaA: CD630_14300 and
CD630_27190 with 36.7 and 34.7% identity
respectively (Table S3). Both C. difficile N-
deacetylases shared a very high similarity
(40.7% identity) with each other and were
selected as potential candidates in our study.
Using the localization tool PSORT (30),
CD630_27190 had a prediction for an internal
helix, no signal peptide (PSORT (30)) and a
potential membrane lipoprotein lipid attachment
site (PROSITE (31)). Given these predictions,
the CD630_27190 protein could be membrane
associated, either in the vegetative -cell
membrane, facing the cytoplasm, or in one of the
spore membranes. CD630_14300 was predicted
to have both an internal helix and a signal
peptide, giving a prediction of both cell wall
associated and extracellular localization of the
protein, which is consistent with a spore cell
wall associated protein. To test our hypothesis,
CD630_14300 and CD630 27190 were both
investigated in in vitro experiments.



PdaAl and PdaA2 are the N-deacetylases
responsible for muramic-d-lactam synthesis
To identify the B. subtilis PdaA ortholog
in C. difficile, the cortex of both mutant strains
was analyzed (Table 1, Tables S1 and S2). The
CD630_27190 spore cortex was similar to the
parental profile, with the exceptions of the
appearance of a single N-deacetylated
hexasaccharide (peak B, representing 0.21% of
all muropeptides), and a slight decrease in N-
deacetylation level (49.1% compared to the
54.8% of the parental strain). Other parameters
remained similar, including the relative

abundance of muramic-o-lactams.

However, cortex analysis of CD630_14300
mutant spores revealed striking differences
relative to the parental cortex. The most notable
variation was the disappearance of five peaks, all
of which were muropeptides carrying muramic-

O-lactams. Similarly, five additional peaks
suffered a strong decrease in relative abundance,
producing no detectable precursor ion for
fragmentation analysis (grey cells in Table 1).
The measured masses (m/z) of these
muropeptides were compatible with structures
carrying muramic-6-lactams. Taken together,
these variations are responsible for a drastic
decrease in muramic-o-lactam content: only
0.4% of all muropeptides carry a muramic-6-
lactam  modification, while 24%  of
muropeptides carried muramic-6-lactams in the
parental spore cortex. In the CD630_14300
mutant, dimers represented a lower relative
amount than in the parental profile (6.20% vs.
9.77%), and the corresponding cross-linking
index was decreased in the CD630_14300
mutant (3.10 VS 4.90). Furthermore, the most
frequent muropeptides in the CD630_14300
mutant were not the tetrapeptide, as detected in
the parental strain, but saccharides carrying
neither stem peptide nor muramic-6-lactam ring.
In the CD630 14300 mutant, these
muropeptides represented 55.4% of all
muropeptides. The CD630_14300 cortex
analysis also revealed peaks previously absent
from the parental strain, which corresponded to
hexasaccharides and octasaccharides carrying
various degrees of N-deacetylation. In our
analysis, hexasaccharides and octasaccharides
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represented a higher relative abundance in the
CD630_14300 mutant (11.6% and 5.6% of all
muropeptides respectively, compared to 1.80%
and 0.10% in the parental strain).

These results suggest that CD630_14300 is the
major N-deacetylase responsible for muramic-6-
lactam synthesis, and was therefore renamed
pdaAl.

The double mutant ACD630_ 14300
ACDG630 27190 was also constructed. In this
mutant, cortex analysis revealed striking
differences relative to the parental cortex. The
major difference was the total absence of
muramic-8-lactams in the double mutant spore
cortex. This result suggest that CD630_27190 is
the second N-deacetylase responsible for
muramic-8-lactam synthesis, and was therefore
renamed pdaA2. As seen with the CD630_14300
mutant, the abundance of unsubstituted
muropeptides is increased in the profile obtained
for the double mutant (30.7% of all
muropeptides, compared to 21.9% for the
parental strain).

Spores lacking muramic-é-lactam undergo a
delayed germination

Given the role of muramic-6-lactam
residues in spore germination (22), the in vitro
germination of pdaAl mutant spores was
investigated. Spores of the parental 630Aerm
strain showed a quick ODggonm decrease of about
10% within 10 minutes, followed by a plateau
for the remaining 50 minutes (Fig 2A). In
comparison, the pdaAl mutant showed a slight
but reproducible progressive increase in optical
density, reaching 3% at 10 minutes. The kinetics
of DPA release was also examined and DPA was
not released from the spores of the pdaAl
mutant, in contrast to the parental and the
complemented strains (Fig S1A). To assess
whether pdaAl mutant spores could undergo
germination altogether, the monitoring assay
was extended to 24 hours (Fig 2B). In this
extended monitoring, after 24 hours, parental
spores showed a very slow continuous decrease
in optical density reaching 80% of the initial
ODsoonm, and spores lacking PdaAl, showed a
slow decrease in ODsgonm reaching 90% of the
initial ODsoonm. IN both monitoring assays, the



spores of the pdaAl complemented strain
showed a profile of optical density similar to the
parental spores.

Since colonies of the pdaAl mutant
were formed after spore plating, germination
was investigated using a solid medium
incubated for 48h hours. Colonies of the parental
and pdaAl mutant strains were examined at 24
and 48 hours incubation. Visual examination of
both strains showed a strong difference in
colony size at 24 hours (Fig 2C-D, Student test,
p=6.6E-11). Colonies of the parental strain were
small but clearly visible (average of 2mm in
diameter, Fig 2C), while pdaAl colonies were
barely visible (average of 1mm). However,
colonies no longer showed this difference after
48 hours incubation as both strains had an
average diameter of 6mm (Student test, p=0.99).
These results suggest that pdaAl deletion
induces a significant delay in germination, but
does not block the process altogether. Moreover,
in a liquid culture, the pdaAl mutant showed no
growth defect compared to the parental strain
(Fig S2). This result suggests that the colony
phenotype observed at 24 hours incubation is
further evidence of a germination delay rather
than a growth defect. In the complemented
mutant, the germination ability is restored (Fig
S3). Taken together, the results suggest that the
pdaAl mutant has an altered germination
process.

The germination delay of the double
mutant (pdaAl and pdaA2) was also examined
at 24 and 48 hours incubation. Similarly to the
phenotype observed for the pdaAl mutant, this
double mutant is still able to germinate (Fig S3).

Spore morphology of the pdaAl mutant

After identifying the cortex
modifications and their impact on spore
germination, cell morphology was investigated
to determine whether such modifications would
be associated with an altered spore structure (Fig
3). To allow minimal disruption of spore
structures, spore morphology was assessed
through transmission electron microscopy
(TEM) examination of sporulating cultures
obtained with liquid SMC broth and minimal
purification steps. Examination of the parental

Clostridium difficile spore cortex

strain micrographs showed the spore structures
as described in (32): an exosporium, the outer
and inner coat, outer membrane, cortex, inner
membrane and core (Fig 3A). TEM analysis of
pdaAl mutant spores did not reveal significant
differences in spore structure between the
parental and pdaAl mutant strains (Fig 3A-B).
However, for the pdaAl mutant spores, the
membranes and interfaces of the internal
structures appeared blurred and undefined
regardless of the focal planes scanned. These
observations are particularly visible for the inner
and outer membranes. The significance of such
a phenotype has yet to be understood.

Overall, examination of sporulating cultures
revealed that endospores were less frequent in
the pdaAl mutant compared to the parental
strain (22% vs 55% of cells). Moreover, 79% of
pdaAl endospores showed an altered
morphology (coat detachment or membrane
defect), compared to 8% in the parental strain. In
addition, the pdaAl strain produced a higher
amount of debris (Fig S4). Such structures could
represent empty spores, detached structures
from abnormal spores, or remnants of aborted
endospores, suggesting a potential assembly
defect in pdaAl mutant spores (Fig S4, black
arrows).

Modification of cortex structure increases wet
heat sensitivity

Since TEM experiments on sporulating
cultures suggested a potential anomaly in spore
assembly, they were subsequently repeated on
pure spore suspensions to allow for
measurements and statistical analysis of spore
morphology (Fig 4A and Fig S5). While external
structures could be focused on, scanning focal
planes did not produce clear limitations of
internal structures, particularly the membranes
and interfaces, as already observed for TEM on
sporulating culture. TEM representative images
of C. difficile spore cross-sections are included
in Fig S5 (A-D panels). The results obtained for
longitudinal sections can be found in Fig 4A,
while full results are detailed in Fig S5 (Table).
In longitudinal sections, the core of pdaAl
mutant spores was longer and wider on average
than the parental strain (1122nm and 392.2nm vs



912.9nm and 230.6nm respectively; Student
p<0.05). The calculated core volume was three
times greater for the pdaAl mutant strain
compared to the parental strain (7.39x108nm?3 vs
2.08x108nm?3, Student p<0.05). The thickness of
the cortex layer was also investigated. In the
pdaAl mutant spore longitudinal cross-sections,
the cortex measured an average of 74.54nm,
while it only reached 34.17nm for the parental
longitudinal  cross-sections. These results
suggest that the cortex thickness is significantly
increased in the pdaAl mutant spores, reaching
twice the thickness of the parental spore cortex.
All the parameters measured and calculated for
the longitudinal sections follow a similar trend
in the transversal sections (Fig S5). Taken
together, these results suggest that pdaAl mutant
spores are larger, with an increased core volume
(3 fold, p<0.05), an increased cortex thickness (2
fold, p<0.05) and a slightly decreased
Protoplast/Sporoplast ratio (p<0.05).

After validating the spore assembly and
morphology phenotype in the pdaAl mutant
strain, we sought to identify the potential
consequences of such a phenotype on spore
resistance  characteristics. The chemical
resistance of purified pdaAl mutant spores was
therefore investigated (Fig 4B) as described in
(14). Two chemicals, hydrogen peroxide and
ethanol, frequently used in chemical resistance
spore assays in C. difficile, were tested. In our
experiments, pdaAl mutant spores had a similar
log reduction of spore titers after ethanol or
hydrogen peroxide treatment compared to the
parental and complemented spores (Student test,
p>0.05). This result indicates that the defect in
spore assembly for the pdaAl mutant does not
significantly alter the chemical resistance
properties of spores. Our results also suggest that
ethanol treatment is an appropriate method for
enumeration of pdaAl mutant spores in
sporulating cultures.

Wet heat resistance has been linked to a
large number of factors, including factors related
to core structure (dehydration, DPA contents,
SASPs proteins (10)).Considering that the
pdaAl mutant spores have an increased core
volume compared to the parental strain, which
suggests a decreased core dehydration, the heat
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resistance of purified pdaAl mutant spores was
also investigated (Fig 4B). After incubation at
65°C for 20 minutes, spore suspensions of the
pdaAl mutant strain suffered a greater log
reduction compared to the parental and
complemented strain (1.15 vs 0.37 and 0.47
logR respectively). This suggests that the heat
resistance of pdaAl mutant spores is slightly but
significantly decreased in comparison with the
parental and complemented strain (Student test,
p<0.05).

Modification of cortex structure reduces
sporulation rate

Since TEM experiment suggested a potential
defect in spore assembly, sporulation
percentages were investigated for the parental
strain harboring the empty control plasmid
pMTL84151, the pdaAl mutant harboring
pMTL84151, and the complemented pdaAl
mutant harboring pCH67, in sporulating cultures
after 72h as described in (33) (Fig 5). Given that
the resistance assays indicate that the three
strains have a similar resistance to ethanol
treatment, enumeration of the relative
abundance of spores and vegetative cells was
conducted using heat-shock as well as ethanol
treatment as a control (Fig 5 A-B). The results of
three independent biological replicates can be
found for each strain and condition in supporting
information (Table S4). Total mean cell titers
did not differ between the parental strain
harboring the empty pMTL84151 plasmid (2.0 x
10® CFU/mL), the pdaAl mutant harboring
pMTL84151 (2.3 x 10° CFU/mL), or the pdaAl
complemented strain harboring the pCH67
plasmid (3.7 x 10° CFU/mL) (p>0.05). In these
sporulation studies, ethanol resistant spores
represented 37.2% (7.68 x 10° CFU/mL), 6%
(1.53 x 10° CFU/mL) and 87.6% (3.11 x 10°
CFU/mL) of the total cell titers for the parental
strain, the pdaAl mutant and the complemented
mutant respectively. These results suggest that
the pdaAl mutant has a reduced sporulation
percentage compared to the parental strain
(p<0.005). The observed sporulation percentage
of the complemented strain suggests that the
sporulation  defect is  restored when
complementing the pdaAl mutant with pCH67.



Heat resistant spore titers were also
counted for the strains, giving rise to different
spore counts compared to ethanol treatment.
Following 72 hours incubation, spore titers
differed in a significant manner for the pdaAl
mutant: while ethanol resistant spores
represented 6% of total cell titers (1.53 x 10°
CFU/mL), heat resistant spore titers barely
reached 0.13% of total cells (3.8 x 10°
CFU/mL). These results indicate that only 2.5%
of spores produced by the pdaAl mutant are heat
resistant (Fig 5B). In comparison, ethanol
resistant and heat resistant spores represented
37.2% (5.48 x 10° CFU/mL) and 27.5% (7.68 x
10° CFU/mL) of total cell titers in the parental
strain, which indicates that 71% of spores
produced at 72h are heat-resistant in the parental
strain. Similarly, ethanol resistant and heat
resistant spores produced by the complemented
strain represented respectively 87% (3.11 x 10°
CFU/mL) and 79% (2.86 x 10 CFU/mL) of total
cell titers. These results suggest that the pdaAl
spores have a decreased heat resistance
compared to the parental strain (p<0.005), and
the phenotype is restored in the complemented
strain.

The pdaAl mutant has a delayed virulence
Since the germination timing of
C. difficile may modulate the course of the
infection process, the ability of the pdaAl
mutant to cause illness in a hamster model of
infection was tested (Fig 6). After oral
administration of spores, all hamsters were
tested for the presence of C. difficile through an
on/off detection method, and carriage of
C. difficile was confirmed for both groups of
hamsters. In our assay, all 8 hamsters of the
parental strain group were either deceased or
euthanized between two and three days post-
infection. In comparison, the hamsters infected
with pdaAl mutant spores survived up to five
days post infection before reaching a similar
mortality rate. One hamster in this group
eventually cleared C. difficile from its gastro-
intestinal tract, and survived throughout the
assay (Fig 6A). These results indicate that
hamsters infected with the pdaAl mutant
reached mortality significantly later than those
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infected with the parental strain (Fig 6B, 51h
8h and 102 + 56h respectively, p<0.05).

These results indicate that the pdaAl
mutant has a significantly delayed virulence
compared to the parental strain (Kaplan-Meier
log rank p = 0.002286).

Discussion

Our analysis of C. difficile 630Aerm
spore cortex revealed an atypical structure
compared to other species. In our analysis,
muramic-8-lactams were present on 24% of
muropeptides, which is significantly less than
the relative abundance found in other species
(50% in B. subtilis and C. perfringens). We also
determined the glucosamine N-deacetylation
level of spore cortex: in the parental 630Aerm
cortex, approximatively 55% of muropeptides
are N-deacetylated on the N-acetyl-glucosamine
residue (GIcNAC), which constitutes a surprising
result in itself, contrasting with the previous
published cortex structures (16,18). Indeed,
GIcNAc N-deacetylation was not reported at all
in B. subtilis, and the cortex of B. megaterium
and C. perfringens showed a very low level of
GIcNAc N-deacetylation (1% in B. megaterium
(34), 10% in C. perfringens (18)). These
differences in cortex N-deacetylation are
particularly surprising, given that all these
genomes contain  several potential  N-
deacetylases. Indeed, 6 N-deacetylases have
been annotated in the B. subtilis genome (35).
Analysis of C. perfringens and B. megaterium
genomes using the IMG/JGI database (36)
showed that these contained 8 and 13 potential
N-deacetylases respectively, based on the
identification of a pfam01522 domain. Global
levels of GIcNAc N-deacetylation in the spore
cortex indicates that amongst the remaining
potential 11 N-deacetylases of C. difficile, there
is potentially one enzyme or more able to target
this residue in spore cortex, which shows
another specificity of C. difficile cortex
compared to other species. The link between the
number of potential N-deacetylases and N-
deacetylation levels in spore cortex has yet to be
investigated, and to our knowledge the specific
impact of GIcNAc N-deacetylation in spore
cortex has not been studied in any species. A



first evidence of the N-deacetylase activity on
the spore cortex GIcNAc is the slightly
decreased N-deacetylation noted in pdaA2
mutant spore cortex. It is to note that such
modification induces no significant difference
between the pdaA2 mutant compared to the
parental strain, either in sporulation rate or in
germination (Fig S6).

Additionally, our analysis of C. difficile
cortex also revealed a lack of muropeptides
carrying a single L-Alanine (25% of
muropeptides in B. subtilis), but detected
muropeptides carrying no stem peptide or
muramic-o-lactam modification, in a much
higher relative abundance that the previous
characterization in C. perfringens (2.4% of all
muropeptides, (18)). In B. subtilis, the single L-
Alanine muropeptides have been suggested by
Popham et al (22) to be intermediate states on
the pathway to muramic-6-lactam synthesis, but
a precise mechanism has yet to be proposed.
Similarly, the small amount of muropeptides
carrying a MurNAc with no stem peptide in
C. perfringens have also been suggested to be
the result of intermediate steps of muramic-5-
lactam synthesis (20). In our analysis, these
muropeptides carrying no stem peptide or
muramic-5-lactam represent a significantly
higher relative abundance than the data
published for C. perfringens (22% in C. difficile
vs. 2% in C. perfringens (18)). The higher
relative abundance of muropeptides carrying a
MurNAc with no stem peptide could have an
impact on peptidoglycan properties: flexibility,
sensitivity to lytic enzymes, protein binding or
osmotic properties. These results indicate that
C. difficile cortex structure is not only highly
different compared to Bacillus species, but also
compared to other Clostridium cortex structures
published as of today.

In a C. difficile mono-associated mice
model, pdaAl was found to be up-regulated
during infection (4.5 fold and 4.1 fold at 14 and
38 h post-challenge respectively (37)), and is
suggested to be strongly induced by " and o®
(38). Moreover, pdaA1l represents the 14" most
abundant mRNA in dormant spores (39). These
results suggest that pdaAl is expressed both in
early and late sporulation stages, with an
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increased expression during in vivo infection.
The cortex analysis of the pdaAl mutant
significantly differed from that of the 630Aerm
strain. The most striking result was the nearly
complete disappearance of muramic-3-lactams,
representing 0.4% of all muropeptides in the
pdaAl mutant and the complete disappearance
in the double mutant pdaAl-pdaA2 instead of
24% in the 630Aerm strain. Synthesis of
muramic-8-lactams in C. difficile may follow
similar steps as described for B. subtilis:
cleavage by an amidase first (CwID) (20),
followed by N-deacetylation and cyclization of
muramic-6-lactam (19). PdaAl, and to a lesser
extend PdaA2, would act as the N-deacetylase in
the second step of the synthesis. As observed,
their absence would lead to the accumulation of
muropeptides carrying no stem peptide or 6-
lactam ring (55.4% in the pdaAl mutant and
30.7% in the pdaAl-pdaA2 double mutant vs
21.9% in the parental strain) as the consequence
of CwlID cleavage of side-chains. It could be
argued that the germination delay of the pdaAl
mutant is linked to the traces of muramic-o-
lactam still present in the cortex of the pdaAl
mutant (0.4% of muropeptides). However, the
cortex of the pdaAl-pdaA2 double mutant has a
complete lack of muramic-8-lactams, and spores
show a germination delay similar to the pdaAl
mutant spores. The previous germination delay
hypothesis may therefore be discarded.

In B. subtilis, lack of muramic-o-
lactams blocked both the cortex hydrolysis and
spore outgrowth, and proper germination could
only be restored by a lysozyme-induced
artificial cortex hydrolysis (20). Surprisingly,
lack of muramic-5-lactams in C. difficile does
not appear to induce the same interruption of
germination. Instead of blocking germination
altogether, lack of muramic-d-lactam in
C. difficile induced a strongly delayed and
slowed germination process, and the artificial
cortex hydrolysis was therefore not necessary in
our experiments. The most likely hypothesis for
such a difference could be that cortex lytic
enzymes of C. difficile have a less stringent
substrate specificity (41,42).

While muramic-d-lactams have been
largely accepted as targets of cortex lytic



enzymes involved in the germination process,
the latest studies in B. subtilis have linked
muramic-o-lactams with spore outgrowth but
not heat resistance or spore dehydration (22).
The findings in our study would suggest that
muramic-6-lactams in C. difficile spores may
play a different role compared to B. subtilis.
Indeed, in our TEM experiments, spore
measurements indicated that while the
ultrastructure of spores was globally conserved
in the pdaAl mutant, lack of muramic-3-lactams
induced an increase in spore volume and cortex
thickness, which in turn induced a larger spore.
The increase in the heat sensitivity of ApdaAl
mutant spores relative to parental spores was not
due to decreased DPA levels, since
measurement of spore DPA levels revealed that
ApdaAl spores had slightly higher levels of
DPA than parental spores, without reaching
statistically significant values (P > 0.05, Fig
S1B). Interestingly, the yield of muropeptides
from a similar amount of freeze-dried spores in
our cortex analysis were comparable for the
630Aerm and pdaAl mutant: similar weight of
freeze-dried muropeptides during purification,
and similar total peaks area during UHPLC
analysis (Table S5), which suggests that the
amount of cortex is similar in both strains. This
suggests that the difference of thickness between
the pdaAl mutant and the parental spore cortex
may be due to structural differences rather than
the amount of peptidoglycan. We hypothesize
that, in C. difficile, lack of muramic-8-lactams as
a consequence of pdaAl deletion could induce a
change in spore cortex organization. In turn, this
alteration of cortex structure could induce a
modification of its physical-chemical properties
and may alter the spore dehydration process,
giving rise to a larger and more hydrated core.
Finally, these alterations would build up to the
increased heat sensitivity.

To our knowledge, our study is the first
to connect the sporulation process with
muramic-6-lactams. In TEM, our observations
noted an increase in abnormal assembly in
endospores, associated with the increase in
empty round cells and debris. These results are
consistent with the empty round cells observed
in other studies (33), which have been correlated
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to an altered sporulation process. These results
are also consistent with the observed sporulation
defect of the pdaAl mutant (6% vs. 37.1%
sporulation percentage respectively). Taken
together, our findings suggest that muramic-5-
lactams and their synthesis influence the process
of sporulation in C. difficile, in contrast with
B. subtilis for which muramic-é-lactam deficient
spores have been reported to induce no
modification of sporulation (22).

In C. difficile, mutants affected for
germination have either a strongly reduced
virulence or no virulence in hamster models. In
our study, the pdaAl mutant strain has a
significant delay in virulence, but eventually
reaches a mortality similar to the parental strain.
This delay in virulence could be explained by a
delayed germination of the pdaAl mutant in
vivo. In Syrian hamsters, C. difficile spores have
been shown to germinate within the first hour in
the small intestine (43). However, spores have
been shown to be involved in the first steps of
colonization, through adhesion to the host
mucus (9). This suggests that pdaAl mutant
spores may not be fully cleared from the Gl tract,
and therefore establish infection. However, the
delay in germination might change the location
in which spores germinate. Among C. difficile
isolates, lower germination efficiency was
correlated to a more severe CDI in mice (44),
and the authors suggested that a slight change in
germination location within the host may change
the severity of the infection. In this study, the
potential change in germination location does
not alter C. difficile virulence.

In CDI, spores are responsible for both
infection and dissemination, and intestinal
sporulation may have a role in virulence (45). A
better sporulation in vitro has been correlated to
a more severe CDI (46). The pdaAl mutant is
impaired in sporulation, and may therefore have
a lower dissemination rate in the environment
and may be less susceptible to promote CDI. N-
deacetylase inhibitors are beginning to be
investigated (47-50) and one of them may inhibit
PdaALl. Inhibiting this N-deacetylase, probably
in combination with other potential targets, may
allow to reduce sporulation, decrease spore heat
resistance, slow germination and therefore



impair C. difficile virulence and dissemination
capability.

In summary, we showed that muramic-
d-lactams have a much broader impact in
C. difficile than initially described in B. subtilis,
and constitute a novel factor linking both the
germination and sporulation processes as well as
spore heat resistance. Our study adds a
significant contribution in the recent efforts to
characterize germination and CDI pathogenesis.
It provides an insight into a new strategy to
target C. difficile and its dissemination by
targeting enzymes involved in cortex synthesis.

Experimental procedures
Bacterial strains and Plasmids

Plasmids and strains used in this study
can be found in Table 2. The C. difficile strains
are all isogenic derivatives of the 630Aerm strain
(51), an erythromycin-sensitive derivative of the
clinical 630 strain (52). E.coli was grown

aerobically at 37°C in LB medium,
supplemented ~ with  ampicillin ~ (Amp,
100ug/mL), Kanamycin (Kn, 40ug/mL),

Chloramphenicol (Cm, 25ug/mL) as needed.
C. difficile was routinely grown in brain-heart
infusion medium (BHI, BD) sporulation
medium (SM, as described in (33)) or SMC
medium (39,53). Mutant selection steps of the
allelic exchange mutagenesis were carried out
on C. difficile minimal medium (CDMM, (54)).
Media were supplemented with thiamphenicol
(Thi, 15pg/mL), 0.1% sodium taurocholate
(Sigma Aldrich), 1% defibrinated horse blood or
“C. difficile selective supplement” (25% (w/v)
D-cycloserine, 0.8% (w/v) cefoxitin; OXOID)
when required. Cultures of C. difficile were
carried out at 37°C in an anaerobic chamber
(Jacomex, 5% H: - 5% CO: - 90% Ny).

Molecular biology

Plasmid  extractions and DNA
purifications were carried using the QIAPrep
spin Miniprep Kit (Qiagen) and E.Z.N.A Cycle
Pure Kit (Omega) respectively, according to the
manufacturer’s instructions. Polymerase chain
reactions (PCR) were carried using either the
high fidelity Phusion DNA polymerase (Thermo
Scientific) for cloning and screening of
C. difficile, or the Tag DNA Polymerase (New
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England Biolabs) from screening steps in
E. coli. Restriction enzymes were used
according the manufacturer’s instructions.

Construction of mutants and complemented
strains

Genes of interest were deleted in the
630Aerm strain using the allelic exchange
mutagenesis protocol as described in (55).
Plasmids used for the mutagenesis were built
using a one-step seamless cloning method, the
Circular Polymerase Extension Cloning (56).
For each desired mutant, DNA fragments were
designed to contain 1200pb sequences of either
upstream or downstream of CD630_14300 and
CD630_27190 as well as overlapping regions
between the wvector of choice and DNA
fragments (Table S6). These regions were
designed to delete the gene of interest, starting
from the RBS to the STOP codon. Homologous
regions for deletion of CD630_14300 and
CD630_27190 were amplified from C. difficile
630Aerm genomic DNA using hybrid primers
HC174/HC176 and HC175/HC177, giving rise
to two 1220bp DNA fragments. Similarly,
homologous regions for CD630_27190 in-frame
deletion were amplified using hybrid primers
HC185/HC187 and HC186/HC188, giving rise
to 1200 and 1230bp DNA fragments. For CPEC
cloning, the pMTLSC7315 cloning vector was
amplified using 7315A/7315B  primers,
producing a 6000bp linearized vector. After
purification, each set of upstream and
downstream DNA fragments were combined
with the linearized pMTLSC7315 vectorina 1:1
to 2:1 molar ratio of insert-to-vector, and
processed in the specific PCR amplification
program recommended in (56,57), producing
double stranded circular plasmids that were
directly transformed into competent E. coli TG1
cells. The two pairs of homologous regions for
CD630_14300 and CD630 27190 deletion
respectively cloned into the linearized
PMTLSC7315 vector gave rise to pMB5 and
pMB4. Inserts were sequenced to confirm the
absence of mutations in the inserts of both
plasmids.

The CD630_14300 and CD630_27190
genes were deleted using allelic exchange



method. The recombinant pMB5 plasmid was
transformed into E. coli HB101(pRK24) and
then introduced into C. difficile 630Aerm strain
by heterogramic conjugation, selecting for
thiamphenicol resistance. Using the protocol
described in (55), single crossover events were
screened using HC177/HC178 and
HC174/HC179primer sets. Colonies
corresponding to single crossover events were
selected, and further processed for selection of
the second crossover event. Clones obtained on
CDMM medium supplemented with 5-FC were
streaked onto BHI and BHI supplemented with
Thiamphenicol. Thi® clones were then screened
with HC178/HC179 to detect which clones
corresponded to the desired gene deletion. Using
these primers, clones producing a 3560bp DNA
fragment were considered as parental revertants,
and clones producing a 2700bp DNA fragment
were isolated and considered as mutants.
Similarly, for CD630 27190 deletion, single
cross-over events were screened using
HC188/HC189 and HC185/HC190, and FCR Thi®
clones were screened for the second crossover
event using HC189/HC190. Clones producing a
3550bp amplification using these primers were
considered as parental revertants, and clones
producing a 2540bp amplification were isolated
and considered as mutants.

To obtain the double mutant
ACD630_27190, the same method was applied,
introducing the deletion of ACD630_14300 in
the ACD630_27190 mutant.

The complementation plasmid for
pdaAl was built using traditional restriction
cloning methods as follows: the full-length
sequence of CD630_14300 plus 330bp upstream
was PCR amplified from C. difficile 630Aerm
genomic DNA using HC254/HC272 (Table S6)
and the 1240bp product was ligated into the
pBLUNT linear vector from the Zero Blunt PCR
Cloning Kit (Invitrogen), giving rise to pCH66.
After sequencing, the pCH66 construct and the
pMTL84151 definitive vector were digested
using Kpnl and Xbal, and the 1.3kb Kpnl/Xbal
DNA sequence extracted from pCH66 was
ligated with the linearized pMTL84151, giving
rise to the final construct pCHG67. The
recombinant pCH67 plasmid was transformed
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into E. coli HB101(pRK?24) and then introduced
into C. difficile ApdaAl strain by heterogramic
conjugation, selecting for thiamphenicol
resistance. Similarly, 630Aerm and ApdaAl
mutant strains received the pMTL84151 empty
plasmid as a control.

Spore preparation

Spore preparations for the germination
assays, resistance assays, TEM spore
measurements and the in vivo virulence study
were obtained according to an adapted protocol
described in (39). Briefly, C. difficile was grown
16h in SMC broth, and plated in the morning
onto SMC agar plates. Plates were incubated at
37°C in the anaerobic chamber for up to 7 days,
monitoring sporulation regularly. Plates were
then harvested in water, washed twice and then
left at 4°C for 2 to 7 days. Spore suspensions
were then washed again with water. When pure
spore suspensions were needed, a 20-50%
HistoDenz gradient was then applied to the
suspensions. To remove traces of HistoDenz,
suspensions were then washed an additional 10
times with water, and spore preparations were
stored at 4°C. Spore suspension purity was
assessed using light microscopy examination as
described by Popham et al (16). Spore
suspensions were considered pure when they
were at least 98% free of contaminating
vegetative cells, cell debris and sporulating
cells.

Transmission electron microscopy

TEM experiments were conducted on
two types of spore preparations. Spores and
vegetative cells from the sporulating culture
were harvested by centrifugation after 48 hours
incubation in SMC broth, and washed once in
phosphate buffered saline. Spore measurements
were obtained using the spore preparation
protocol described above. Samples were
prepared as described in Sadovskaya et al. 2017
(58). Staining and examinations were done by
the GABI-MIMA2 TEM Platform at INRA,
Jouy-en-Josas, France. Grids were examined
with a Hitachi HT7700 electron microscope
operated at 80 kV, and images were acquired
with a charge-coupled device camera (AMT).



Spore measurements were conducted as
follows: 10 longitudinal and 10 transversal spore
cross-sections were selected for the parental and
pdaAl mutant spores. The core length, core
width and cortex thickness were measured for
each section. The protoplast volume (core),
sporoplast volume (core and cortex) were
calculated according to Beaman et al.: volume
= (4/3) = (width/2) X 2 X (length/2) (59). The
protoplast-to-sporoplast ~ (P/S) ratio  was
calculated by dividing the calculated core
volume (protoplast) by the volume of the core
plus cortex layer (sporoplast).

Spore cortex extraction

Spore  cortex  extractions  were
conducted as described in a protocol for
B. subtilis (16). Briefly, 5mg of freeze-dried
pure spore preparations (>99%) were hydrated
in water for 16h at 4°C. Suspensions were
treated twice with a decoating buffer (50mM
TrisHCI pH8, 8M urea, 1% SDS, 50mM DTT)
for 1 hour at 37°C. After being washed five
times in water, lytic enzymes were inactivated
with 5% TCA during 6 minutes at 95°C, spores
were washed in Tris-HCI 1M, and then washed
five times in water. Spores were then left 16h
incubated in a Tris-HCI buffer with trypsin at
37°C. The treated suspensions were then boiled
in 1% SDS for 15 minutes. Pellets were washed
15 times with water until total elimination of
SDS. Peptidoglycan was then digested 16h with
mutanolysin in a sodium phosphate buffer. The
suspensions were centrifuged, and muropeptides
contained in the supernatant were freeze-dried
16h (Telstar cryodos). Soluble muropeptides
were then mixed with an equal volume of 500
mM borate buffer (pH 9) and reduced with
sodium borohydride (NaBH.). After 30 min at
room temperature, the pH was adjusted to 3
using orthophosphoric acid (HsPO.). After
centrifugation, reduced muropeptides were
diluted 5-fold in mobile phase (formic acid 0,1%
in water).

Muropeptide analysis

Muropeptides were analyzed by
UHPLC-HRMS (Unité biologie et génétique de
la paroi bactérienne, Institut Pasteur). A Dionex
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Ultimate 3000 UHPLC was coupled to a
QExactive Focus (Thermofisher Scientific).
Muropeptides were eluted on a Hypersil God
C18 aQ (175A, 1.9um, 2.1x150mm) column.
Column temperature was 50°C and the injection
volume was 10 pL. UHPLC Gradient was
programmed as follows: Solvent A = 0.1%
formic acid in Water; Solvent B = 0.1% formic
acid in Acetonitrile; Flow = 0.2 mL/min; Run
Time = 45 min; gradient 0-15% B in 30 minutes.
Mass spectrometry was set to positive ESI mode
with a scan range from 200-3000. Full scan data-
dependent acquisition selected the top three
most abundant precursor ions for tandem mass
spectrometry by HCD fragmentation. Peaks
were selected with the following criteria: peak
area threshold = 2,500 000; at least two
fragmentation sets; peak intensity >5000.
Percentage of each peak was calculated as the
ratio of the peak area over the sum areas of all
the peaks in Table 1.

Germination assays

Germination was monitored using an
optical density monitoring assay, following a
protocol adapted from (60). Biological
triplicates were obtained using independent
spore preparations, purified as described above.
After heat activation at 37°C for 20 minutes,
germination was measured by monitoring the
decrease in optical density of a purified spore
suspension following the addition of 0.1%
taurocholate as a germinant. Germination was
expressed as the ratio between the ODgoonm at a
given time and the initial ODgoonm Of the spore
suspension, times 100. In the standard assay,
optical density was monitored for an hour. In the
extended assay, monitoring was prolonged to 24
hours. Germination was also investigated using
a solid medium: spore suspensions were
prepared by serial dilution, plated onto BHI agar
plates supplemented with horse blood and 0.1%
taurocholate and incubated for 48h hours at
37°C in an anaerobic chamber. At 24 and 48
hours incubation, plates of the parental strain
and pdaAl were photographed, and isolated
colonies were measured.

Sporulation and spore resistance assays



Sporulation studies and resistance
assays were done according to a slightly
modified version of the protocol described in
(33). C. difficile strains were grown 16h in SM
broth containing the appropriate antibiotics, and
used to inoculate SM broth to obtain
ODsoonm=0.05. After a 72h incubation at 37°C,
ImL of culture was withdrawn, serially diluted
in phosphate-buffered saline.

Total cell titers were calculated by

plating 100ul of these untreated dilutions onto
BHI plates containing 0.1% taurocholate and the
appropriate antibiotics. Ethanol resistant spore
titers were calculated by adding an equal volume
of absolute ethanol to 400uL of the untreated
dilutions, incubating for 15 minutes at room
temperature, and finally plating 100puL of
alcohol treated dilutions onto plates. Heat
resistant spore titers were then calculated by
incubating the remaining 400uL of serial
dilutions at 65°C for 20 minutes, and then
plating 100uL of the appropriate dilutions.
All dilutions were plated onto BHI plates
containing taurocholate and the appropriate
antibiotics. The percentage of sporulation was
determined as the ratio between the number of
ethanol resistant cells/mL and the total number
of cells/mL times 100. The percentage of heat-
resistant spores was determined as the ratio
between heat-resistant titers and ethanol-
resistant titers times 100.

For the resistance assay on spores, Log
reduction was determined as follows:
logio(Untreated  titers)-logio(Treated titers).
Spore suspensions of both the parental strain
harboring the empty plasmid, the pdaAl mutant
harboring the empty plasmid and the
complemented pdaAl mutant were incubated for
20 minutes at 37°C with 2.5% H.0,, 50%
ethanol or water as a negative control, followed
by serial dilution and plating on BHI agar plates
supplemented with 0.1% sodium taurocholate,
to allow efficient germination, and the
appropriate antibiotics.

In vivo virulence assay
Adult Female Syrian golden hamsters
were used for the study. Absence of C. difficile
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was monitored after reception of animals and
before starting the assay. To induce
susceptibility to infection with C. difficile,
hamsters were treated with antibiotics for five
days before infection: intraperitoneal injection
of clindamycin (0.3mL, 50mg/kg) five days
before infection, and oral administration of
gentamycin (0.5mL, 2.5mg/kg) twice a day
every day for 5 days. Hamsters were infected
orally by administration of 5x10* spores of
either the parental or the pdaAl mutant strain.
Enumeration of spore suspensions were
conducted on solid medium, after 48h
incubation at 37°C. C. difficile presence was
monitored through an on/off test: fecal pellets
from each hamster were cultured in BHI
supplemented with 0.1% sodium taurocholate
for 12 hours, and plated on BHI agar plated
supplemented with 25% (w/v) D-cycloserine,
0.8% (w/v) cefoxitin and 1% defibrinated horse
blood. Typical fluorescent colonies were
screened under UV light (312 nm).

Ethics statement

Adult Female Syrian golden hamsters
(95-105g, Charles River France) were housed in
individual sterile cages in an animal biosafety
level 2 facility within the Central Animal
Facility of the Pharmacy Faculty, according to
European Union guidelines for the handling of
laboratory animals
http://ec.europa.eu/environment/chemicals/lab
animals/home_en.htm) and procedures for
infection, euthanasia and specimen collection
were approved by the Ethics Committee
CAPSUD (Protocol APAFIS #7492-
2016101014285698).

Statistics

Statistical analyses, including the
Kaplan-Meier survival analysis, were carried
out using BiostaTGV
(http://marne.u707.jussieu.fr/biostatgv/?module
=tests), an online statistical analysis service
based on calculations obtained with the statistics
software R. The P-value is indicated for all
comparisons when differences were found to be
statistically significant.
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Table 1. Muropeptides detected in the cortex analysis of 630Aerm, ACD630 14300, ACD630 27190 and
ACD630 14300 ACD630_27190 strains

Expected | Measured Percentages
Peak Muropeptide RT
bep m/z m/z 630Aerm | ACD14300 [ ACD27190 igg;;‘;’gg
1 | Tetrapeptide missing GM 2.28 | 462.21945 | 462.21945 9.47 3.92 4.98 0.13
2 | Tetrasaccharide (open lactam) deAc 2.42 | 440.20006 | 440.2002 0.74 0.02 0.39 ND
3 | Tetrasaccharide (Reduced muramic lactam) deAc 2.77 | 431.19478 | 431.19531 6.49 0.25 4.04 ND
4 GM 3.4 |499.21337 | 499.21387 8.25 9.69 10.81 1.49
5 | Tetrasaccharide (Open lactam)-Tetrapeptide deAcX2 3.62 | 427.53282 | 427.53366 0.92 ND 1.23 ND
6 GMTripeptide deAc 3.93 | 415.1864 | 415.1881 0.55 0.27 0.96 2.48
7 | Tetrasaccharide (Open lactam) 4.26 |461.20534 | 461.20618 0.75 0.03 1.47 ND
8 GMTetrapeptide Gly 46 | 443.6980 | 443.6985 0.96 0.41 0.69 1.00
9 | Tetrasaccharide (Reduced muramic lactam)-Tetrapeptide deAcX2 | 4.72 | 421.52929 | 421.52951 5.92 0.04 4.61 ND
10 | Tetrasaccharide (Reduced muramic lactam) 4.72 | 452.20006 | 452.2003 5.27 0.24 5.55 ND
11 | Tetrasaccharide deAc 5.91 | 468.19498 | 468.19614 0.82 6.76 1.15 2.02
12 | GMDipeptide deAc 6.65 | 657.2811 | 657.28381 2.28 3.94 2.79 3.11
13 | GMTetrapeptide deAc 7.38 | 450.70585 | 450.70566 | 16.01 13.66 14.30 17.49
14 | Tetrasaccharide (Reduced muramic lactam)- Tetrapeptide deAc 7.47 | 652.79559 | 652.79578 | 19.08 0.06 17.98 ND
15 | Hexasaccharides deAcX?2 7.96 | 686.27963 | 686.28064 0.18 3.11 0.28 1.01
16 | Octasaccharides deAcX3 8.71 | 603.2453 | 603.2463 0.09 1.62 0.13 0.42
17 | GMDipeptide 8.92 | 699.29307 | 699.29486 2.62 3.05 3.37 2.83
18 | GMTetrapeptide 9.4 | 471.7102 | 471.7119 2.56 4.22 3.58 8.93
19 | Tetrasaccharide 9.53 | 489.20026 | 489.202 1.35 8.28 2.32 5.15
20 | Tetrasaccharide-Tetrapeptide deAcX2 9.89 | 446.19609 | 446.1976 1.09 7.16 0.49 7.57
A | Tetrasaccharide-Dipeptide deAcX?2 10.07 | 547.22955 | 547.23035 ND 1.56 ND 1.29
21 | Tetrasaccharide (Reduced muramic lactam)- Tetrapeptide 10.37 | 673.8009 | 673.8033 2.40 0.02 3.41 ND
22 | Tetrasaccharide (Reduced muramic lactam)-Dipeptide 10.53 | 552.2399 | 552.2419 0.62 ND 0.94 ND
23 | Hexasaccharide (Reduced muramic lactam) 01 10.52 | 691.29 691.2933 0.64 0.15 1.05 ND
B | Hexasaccharides deAc 01 10.66 | 707.28491 | 707.2856 ND 1.82 0.21 0.85
24 | Tetrasaccharide-Tetra deAC 01 10,76 | 689.7958 | 689.7961 0.00 2.51 0.00 5.93
25 | Hexasaccharide (Reduced muramic lactam) 02 10.84 | 691.29 691.2933 0.80 ND 1.15 ND
26 | NI 10.89 ND 729.6561 0.19 ND 0.21 ND
C | Octasaccharides deAcX2 01 11.17 | 617.2488 | 617.24921 ND 3.17 ND 0.67
D | Hexasaccharides deAc_02 11.31| 707.28491 | 707.28601 ND 5.94 ND 2.06
27 | NI 11.35 729.6561 0.25 ND 0.29 ND
E | Octasaccharides deAcX2_ 02 11.55 | 925.3696 | 925.3709 ND 0.50 ND 0.35
28 | Tetrasaccharide-Tetrapeptide deAC_02 11.98 | 689.79578 | 689.7987 0.73 9.85 1.47 12.08
F NI 12.27 815.326 ND 0.87 ND ND
29 | Tetrasaccharide-Tetrapeptide 12.81 | 710.80106 | 710.8016 0.16 0.97 0.49 4.95
30 | GMTripeptide + GMTetrapeptide deAcX2 01 12.88 | 570.922 |570.92438 3.22 1.98 3.92 5.27
31 | Tetrasaccharide-Tetrapeptide + GMTripeptide deAcX3 01 13.15 | 537.48625 | 537.4879 0.55 0.38 0.47 0.47
32 | GMTripeptide + GMTetrapeptide deAcX2_02 13.49 | 570.92281 | 570.92517 2.97 1.31 3.12 3.87
33 | GMTetrapeptide + GMTetrapeptide deAcX?2 13.58 | 594.60185 | 594.6047 0.34 0.37 0.36 0.83
34 | Tetrasaccharide-Tetrapeptide + GMTri peptide deAcX3 02 13.68 | 537.48625 | 537.4879 0.45 0.22 0.36 0.38
35 | GMTripeptide + GMTetrapeptide deAc_01 13.85 | 876.8867 | 876.8891 0.26 0.40 0.29 0.99
36 | GMTetrapeptide + GMTetrapeptide deAcX2_02 14.11 | 594.60185 | 594.6047 0.38 0.36 0.39 0.77
37 | GMTripeptide + GMTetrapeptide deAc_02 14.48 | 876.88586 | 876.8891 0.15 0.11 0.16 0.50
38 | Tetrasaccharide-Tetrapeptide + GMTripeptide deAcX2_01 14.68 | 730.3161 | 730.3197 0.29 0.51 0.34 0.85
39 | GMTripeptide + GMTetrapeptide 15.08 | 897.89114 | 897.8958 0.03 0.13 0.05 0.32
40 | Tetrasaccharide-Tetrapeptide+ GMTri peptide deAcX2_02 15.21| 730.3161 | 730.3197 0.17 0.14 0.20 0.41

ACD14300, CD630_14300; ACD27190, CD630_27190 cortex; GM, GIcNAc-MurNAc; RT, retention time; deAc,
N-deacetylation of the glucosamine; deAcX2, number of N-deacetylated glucosamine; Tri, disaccharide-tripeptide;
Tetra, disaccharide-tetrapeptide; Gly, glycine; ND, not detected in the profile; NI, not identified with the
fragmentation profile; grey cells, peaks for which precursor ion was not abundant enough to allow for
fragmentation. Tri and tetra contain E-mDAP. The charge z is indicated in Table S1. Percentage of each peak was
calculated as the ratio of the peak area over the sum of areas of all the peaks identified in the table.
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Table 2. Strains and plasmids

Name | Characteristics | Reference

Bacterial strains

Escherichia coli

TG1 E. coli k12 (F’, tra D36, laclq, AlacZ, MIS, pro A+B+/SupE, A(hdsM-mcrB)) Laboratory

HB101pRK24 E. coli (pRK24) (F - A(gpt-proA) 62 Leu B6 gln V44 ara-14 galK2 lacY1 A(mcrC- | Laboratory
mrr) rps L20 (srt") xyl-5 mlt-1 rec A13, pRK24)

Clostridium difficile

630Aerm Erythromycin sensitive 630 derived strain (51)

630Aerm A14300, pdaAl mutant | ACD630_14300 derivative of 630Aerm strain This work

630Aerm A27190, pdaA2 mutant | ACD630_27190 derivative of 630Aerm strain This work

630Aerm A27190A14300 ACD630_ 14300 derivative of 630Aerm A27190 (pdaA2) mutant This work

630Aerm(pMTL84151) 630Aerm strain carrying the empty control plasmid pMTL84151 This work

630AermA14300(pMTL84151) ApdaAl mutant strain carrying the empty control plasmid pMTL84151 This work

630AermA14300(pCH67) ApdaAl mutant strain carrying the complementation plasmid pCH67 This work

Plasmids and vectors

pBLUNT Linear cloning vector, blunt extremities, lacAa-ccdB, MCS,T7 promotor, Invitrogen
kanamycin resistance, pUC origin

pMTL-SC7315 Circular cloning vector, 6000 nucleotides, catP, codA, (55)

pMTL-84151 Circular cloning vector, 6300 nucleotides, catP, aLacZ. (61)

pMB4 pPMTLSC7315 derived CPEC assembly of homologous regions for the deletion of This work
CD630_27190

pMB5 pPMTLSC7315 derived CPEC assembly of homologous regions for the deletion of This work
CD630_14300

pCH66 pBLUNT derived traditional cloning of insert 94 for pdaAl complementation This work

pCH67 pCH66 subcloning for pdaAl complementation, pMTL84151 derived This work
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Figure 1. Muropeptide analysis of spore peptidoglycan by HRMS coupled UHPLC

Relative abundance (%) of muropeptides for the 630Aerm strain (A), ACD630_27190 (B), ACD630_14300 (C) and
double ACD630_14300ACD630_27190 (D) mutants. Numerical peaks refer to peaks identified in the parental
strain. Alphabetical peaks refer to new peaks identified in the mutant profiles. Peak identification refers to Table 1.
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Figure 2. Spores lacking muramic-3-lactam undergo a delayed germination

Spore germination was monitored for the optical density assay at 600nm after the addition of 0.1% sodium
taurocholate in BHISG, for 60 minutes (A) or 24h (B), for the 630Aerm(pMTL84151) parental strain in blue,
ApdaAl(pMTL84151) strain in green and the complemented pdaAl mutant strain (ApdaAl(pCH67)) in grey.
Results are expressed as the ratio of ODgoonm Observed at time point (T) over the initial ODsgoonm at T=0 (T0).
Assessment of germination delay in solid BHI supplemented with horse blood and taurocholates was performed for
the 630Aerm and the ApdaAl strains (C). Colony sizes were measured (D) and presented in blue for the 630Aerm
strain and in green for the ApdaAl strain. * Student test, p < 0.005. Results are expressed as the average values and
standard deviations of at least three independent experiments, except for the assessment of germination delay in
solid BHI (C) which is representative of three independent experiments.
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Figure 3. pdaAl mutant spore morphology

Electron microscopy of 630Aerm spores (A) and endospores (C), compared to ApdaAl mutant spores (B) and
endospores (D). The spores layers identified are indicated in the insert between A and B. The legends are indicated
by the bars in the bottom right corner, representing 200nm for the spores, and 500nm for the endospores. The white
arrow indicate detached structures.

24



1400

1200

1000

800

600

Length (nm)

400

200

4,5

3,5

2,5

Log reduction

1,5

0,5

Clostridium difficile spore cortex

5 2,00E+09

*k L % -4
3
]
a
4
1
1
1
] e
| £
1 =
4 2,00E+08 2
3
q =
1 o
K >
4
1
.
1

* 4

1
1
1

1 1 ﬂ 1 2,00E+07

Core length Core width  Cortex thickness Core volume  Core+cortex
volume
W 6304erm W ApdaAl
*
*
Ethanol 70% H202 2,5% Heat 65°C
M 630Aerm(pMTL84151) B ApdaA1(pMTL84151) m ApdaA1(pCHE7)

Figure 4. Modification of cortex structure and spore morphology does not alter chemical resistance

Spore measurements (A), obtained for pure spore suspensions of the parental (blue) and pdaAl mutant strain
(green). Solid bars indicate the measured length (left axis, nm), and the dotted bars indicate the calculated volumes
(right axis, nm®). Chemical and heat sensitivity of purified spore suspensions (B), obtained for three independent
biological replicates of pure spore suspensions: 630Aerm(pMTL84151) spores in blue, ApdaAl(pMTL84151)
spores in green and the complemented mutant spores ApdaA1(pCH67) strain in grey. * Student test, p < 0.05.
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Figure 5 The pdaAl mutant has a defect in sporulation and spore heat resistance.

Quantification of sporulation titers after 72h incubation in SM broth (A), percentage of spores recovered after
ethanol treatment (ET), heat shock (HS) and heat resistant spores (heat®) (B) of : 630Aerm(pMTL84151) strain in
blue, ApdaAl(pMTL84151) strain in green and the complemented strain ApdaAl(pCH67) strain in grey were
presented. Results are expressed as the average values and standard deviations of at least three independent
experiments. * Student test, p < 0.005.
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Figure 6. The pdaAl mutant strain has a delayed virulence

Kaplan-Meier survival curve (p=0.002286) depicting hamster survival (A), and average time to mortality (B) for
the strain 630Aerm in blue and ApdaAl mutant in green. * Student test, p < 0,005
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Figure S1. DPA release during germination and quantification of DPA contents of spores
Figure S2. The pdaAl mutant and parental strains have a similar growth curve.

Figure S3. Additional germination assays in solid medium

Figure S4. Additional TEM analysis

Figure S5. TEM spore measurements

Figure S6. pdaA2 mutant has similar germination and sporulation compared to the parental strain.
Table S1. Cortex peaks areas

Table S2. Cortex parameters of the 630Aerm, the pdaAl mutant (A630 14300) and the pdaA2 mutant
(ACD630_27190) strains.

Table S3. Identity matrix of PdaA proteins
Table S4. Sporulation titers
Table S5. Cortex analysis yields

Table S6. Primers
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