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ARTICLE INFO ABSTRACT

Keywords: Clostridioides difficile infection associated to gut microbiome dysbiosis is the leading cause for nosocomial diar-
Clostridioides difficile rhea. The ability of C. difficile to form biofilms has been progressively linked to its pathogenesis as well as its
Bi"ﬁ_lm persistence in the gut. Although C. difficile has been reported to form biofilms in an increasing number of con-
i;ccig;za ditions, little is known about how these biofilms are formed in the gut and what factors may trigger their for-

mation. Here we report that succinate, a metabolite abundantly produced by the dysbiotic gut microbiota,
induces in vitro biofilm formation of C. difficile strains. We characterized the morphology and spatial composition
of succinate-induced biofilms, and compared to non-induced or deoxycholate (DCA) induced biofilms. Biofilms
induced by succinate are significantly thicker, structurally more complex, and poorer in proteins and exopoly-
saccharides (EPS). We then applied transcriptomics and genetics to characterize the early stages of succinate-
induced biofilm formation and we showed that succinate-induced biofilm results from major metabolic shifts
and cell-wall composition changes. Similar to DCA-induced biofilms, biofilms induced by succinate depend on
the presence of a rapidly metabolized sugar. Finally, although succinate can be consumed by the bacteria, we
found that the extracellular succinate is in fact responsible for the induction of biofilm formation through
complex regulation involving global metabolic regulators and the osmotic stress response. Thus, our work
suggests that as a gut signal, succinate may drive biofilm formation and help persistence of C. difficile in the gut,
increasing the risk of relapse.

1. Introduction

Dysbiosis caused either by inflammatory bowel disease or antibiotic
intake can develop serious complications, the most common one being
Clostridioides difficile infections (CDI), the leading cause of nosocomial
diarrhea and colitis in industrialized countries. C. difficile is an anaerobic
spore-forming bacterium known to be an opportunistic gut pathogen
associated with antibiotic use, which is the major risk factor for CDIL
Moreover, CDI is a growing concern for health due in part to increasing
emergence of resistant strains of large spectral antibiotic [1]. In addi-
tion, CDI has a high recurrence rate, between 15% and 35% of all CDI
cases. In 40% of recurrent cases, patients are infected with the same
strain that caused the initial infection, suggesting C. difficile is able to
persist in the gastrointestinal tract [2]. Persistence can partly be
attributed to C. difficile spores being formed and staying in the gut either
in the microbial communities [3] or in the epithelial cells [4]. In addi-
tion, it has also been suggested that C. difficile can persist in the gut

through biofilm formation, allowing for more frequent relapses [3].
Biofilms are microbial communities encased in an autoproduced poly-
meric matrix attached to a substrate, allowing them to better colonize
and survive in a given environment [5]. C. difficile can form biofilms in
vitro in regular culture medium in several days [6-8] or faster when
induced by specific molecules [9,10]. Moreover, biofilm-like structures
have also been observed in mono-associated mouse models [11], con-
firming that C. difficile biofilm formation can indeed occur in the gut.
Several gut-relevant signals have been shown to promote biofilm
formation, including microbiota-produced metabolites such as short-
chain fatty acids [12,13]. Inorganic molecules like iron and phosphate
can induce biofilms, as well as the presence of subinhibitory concen-
trations of antimicrobial molecules and host-derived signals such as
antibiotics and bile salts, respectively [14]. In C. difficile, the induction
of biofilm formation was observed in response of sub-inhibitory con-
centrations of vancomycin [15] and metronidazole [9], the most
commonly used treatments against mild CDIs, as well as in response to
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the secondary bile salt deoxycholate (DCA) [10]. However, despite the
identification of regulatory mechanisms and growth conditions con-
trolling C. difficile biofilm formation [16], very little is known about
specific signals or inducers involved in biofilm formation.

Among the microbiota-produced metabolites that prevent bacterial
infections, succinate has been shown to be potentially involved in tuning
the immune response towards bacterial infection control [17]. Succinate
is also a key metabolite in the tri-carboxylic acid or Krebs cycle, as well
as a key intermediate in propionate fermentation in bacteria [18]. In
both cases, its role resides in energy metabolism through the reduction
of FAD and NAD + cofactors.

Recently, it has been shown that succinate is a critical metabolite
that promotes high levels of inflammatory cytokine IL-1p by inhibiting
the negative regulator of hypoxia-induced factor 1a (HIF-1a) [19], and
modulates distinct phases of the innate immune response required to
clear bacterial infections. Both innate cellular immunity and innate
humoral immunity that constitute the innate immune response are
interchangeably regulated by succinate and inosine, according to their
levels in the gut in a time-dependent manner [17].

As a product of microbial metabolism, the presence of succinate in
the gut is mostly due to specific bacterial species, including several
Bacteroides and Negativicutes that are present in the commensal colonic
microbiota [20]. In addition, other gut bacterial species such as Phas-
colarctobacterium succinatutens [21] or C. difficile [22] thrive on succi-
nate when they are present in the gut, participating in maintaining its
concentration low in the gut. Without these succinate consumers, the
production of succinate by gut commensals could be detrimental to the
host as higher concentrations of succinate are toxic for colonocytes and
other gut cells and bacteria [23,24]. Higher concentrations of luminal
succinate have been measured both in humans and animal models in
cases of gut microbiota dysbiosis [22,25,26]. Those can be caused by a
variety of situations such as inflammatory bowel diseases (IBD) like
Crohn’s disease or antibiotic treatments [27,28].

Although C. difficile encounters succinate in relatively high concen-
trations during colonization of the dysbiotic intestine, little is known of
the impact of this metabolite on the bacterium besides its ability to be
used for its growth [22]. Poquet and collaborators (2018) reported that
in biofilm cells the reductive utilization of succinate is active, and genes
involved in its uptake and metabolism are up-regulated [29]. Here we
report that succinate induces biofilm formation in various C. difficile
strains at physiologically relevant concentrations. We demonstrated that
extracellular succinate is a key metabolite that triggers biofilm forma-
tion, even when bacteria do not import it. We then identified the main
factors that could contribute to the succinate-induced biofilms by per-
forming transcriptomic experiments and using a set of mutants, and
compared the biofilm structure of succinate and DCA-induced biofilms
by confocal laser scanning microscopy (CLSM) experiments. Our results
highlight that different biofilm inducers result in a diversity of biofilm
formation by C. difficile. These findings may have importance for the
process of gut colonization.

2. Materials and methods
2.1. Bacterial strains and culture conditions

The bacterial strains and plasmids used in this study are listed in
Table S1. All C. difficile strains were grown in anaerobic conditions (5%
H2, 5% CO2, 90% N2) in TY medium (30 g/L tryptone, 20 g/L yeast
extract) or in biofilm growth BHISG medium (brain-heart infusion (BHI)
with 0.5% (w/v) yeast extract, 0.01 mg/mL cysteine and 100 mM
glucose). C. difficile semi-defined biofilm growth medium (BM) was also
used for biofilm assays with the following composition [30]: Oxoid
casein hydrolysate (10 mg/mL), L-Tryptophane (0.5 mg/mL), L-Cysteine
(0.01 mg/mL), 1r-Leucine (0.0033 mg/mL), r-Isoleucine (0.0033
mg/mL), 1-Valine (0.0033 mg/mL), Na2HPO4 (5 mg/mL), NaHCO3 (5
mg/mL), KH2PO4 (0.9 mg/mL) NaCl (0.9 mg/mL), (NH4)2S04 (0.04
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mg/mL), CaCl2-2H20 (0.026 mg/mL), MgCl2-6H20 (0.02 mg/mL),
MnCl2-4H20 (0.01 mg/mL), CoCl2-6 H20 (0.001 mg/mL) FeSO4-7 H20
(0.004 mg/mL) p-biotine (0.001 mg/mL), calcium-p-panthothenate
(0.001 mg/mL) and pyridoxine (0.1 pg/mL). This medium was supple-
mented with glucose or other sugar sources when necessary. BM sup-
plemented with 100 mM of glucose is denoted BMG.

2.2. Growth curves

Cell growth was monitored by manually measuring the ODggonm
from 10 mL cultures in BM medium supplemented with succinate (80
mM) and/or glucose (100 mM) or cellobiose (100 mM).

2.3. Gene deletion in C. difficile

Gene deletion in C. difficile was performed as already described [31].
Regions upstream and downstream of the genes of interest were
amplified by PCR using primer pairs described in Table S1. PCR frag-
ments and linearized pDIA6754 [31] were mixed and assembled using
Gibson Assembly (NEB, France) and transformed by heat shock in E. coli
NEB 10 strain. The plasmid constructions were verified by sequencing
and plasmids with the right sequences were transformed in E. coli HB101
(RP4). The resulting strains were used as donors in a conjugation assay
with the relevant C. difficile strains. Deletion mutants were then ob-
tained using a counter-selection as described in Peltier et al. (2020) [31].

2.4. Biofilm assays

Overnight cultures of C. difficile grown in TY medium with appro-
priate antibiotics were diluted to 1/100 into fresh BHISG or BMG con-
taining supplements (sodium or potassium succinate 20-120 mM,
sodium butyrate 20-200 mM, DCA 240 pM) when needed. Depending on
the assay, the diluted overnight cultures were aliquoted either with 1 mL
per well in 24-well plates (polystyrene tissue culture-treated plates,
Costar, USA) or with 200 pL per well in 96-well plates (polystyrene black
tissue-culture-treated plates, Greiner Bio One, Austria). The plates were
incubated at 37 °C in an anaerobic environment for 24h or 48h. 24-well
plates were used for RNA-isolation. For biofilm assays in 96-well-plates,
two different treatments were performed depending on the assay. Plates
used for biofilm biomass quantification were treated in a similar manner
as the established method [10] with an additional step. Briefly the
medium was removed by inverting the plate and wells were washed
once by pipetting gently 200 pL of phosphate-buffer saline (PBS) which
was removed by inverting the plate, then 200 pL of fixing solution (75%
ethanol, 25% acetic acid) were added to the wells and the plate was
incubated at room temperature for 20min. The fixing solution was
removed by inverting the plate and the wells were air dried for 1h at
room temperature. Then 200 pL of a crystal violet solution (0.2%) were
added to the wells and incubated for 10min at room temperature before
removing the staining solution by inverting the plate. The wells were
gently washed twice with 200 pL PBS then 200 pL of 70% ethanol were
added to the wells. The absorbance, corresponding to biofilm biomass
was measured at a wavelength of 600 nm with a plate reader. The plates
used for CLSM were treated differently. First, the spent medium was
carefully removed by pipetting then 200 pL PBS supplemented with 4%
of paraformaldehyde (PFA) were added. Plates were incubated for an
hour at room temperature and the media was carefully removed by
pipetting before adding PBS for 48h at 4 °C. Dyes were then directly
added to the wells for biofilm matrix imaging. Plates used for live-dead
microscopy were untreated before the addition of the dyes. In all assays,
a sterile medium was used as the negative and blank controls for the
assays.

2.5. RNA isolation

Cells were grown in 24-well plates and 10 wells per plate were used
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to produce one replicate for one condition. For RNA isolated from bio-
films, the supernatant was removed by inverting the plate and the bio-
films were carefully washed twice and resuspended in 3 mL of PBS. In
other conditions, the whole bacterial population was collected, and cells
were harvested by centrifugation (10min, 5000 rpm, 4 °C) and resus-
pended in 1 ml of PBS. Cell suspensions in PBS were finally centrifuged
(10 min, 5000 rpm, 4 °C) and the pellets were frozen at —80 °C until
extraction of total RNA performed as described in Saujet et al. (2011)
[32].

2.6. Whole transcriptome sequencing and analysis

Transcriptome analysis for each condition was performed with 3
independent RNA preparations. Libraries were constructed using an
Illumina Stranded Total RNA Prep Ligation with RibZero Plus (Illumina,
USA) according to the supplier’s recommendations. RNA sequencing
was performed on the Illumina NextSeq 2000 platform using 67 bases
for a target of 10 M reads per sample.

2.7. Confocal laser scanning microscopy (CLSM)

Biofilms grown in 96-well plates (Microclear, Greiner Bio-one,
France) in BHISG supplemented with either DCA (240 pM) or succi-
nate (120 mM) were obtained and fixed with PFA as described above.
The final concentrations of the dyes in the wells were as follows i.e., 20
pM SYTO9 (Life Technologies, USA); 20 pM SYTO61 (Life Technolo-
gies); 20 pM propidium iodide; 100 nM TOTO-1 (Invitrogen, USA);
FilmTracer SYPRO Ruby (manufacturer’s guidelines) (Invitrogen) and
50 pg/mL calcofluor white (Merck, USA). Dyes were incubated for
30min before CLSM imaging/analysis. Z stacks of horizontal plane im-
ages were acquired in 1 pm steps using a Leica SP8 AOBS inverted laser
scanning microscope (CLSM, LEICA Microsystems, Wetzlar, Germany) at
the INRAE MIMA2 platform [33]. At least two stacks of images were
acquired randomly on three independent samples at 800 Hz with a x63
water objective (N.A. = 1.2). Fluorophores were excited, then their
emissions were captured as prescribed by the manufacturer.

2.8. Analysis of CLSM biofilm images

Z-stacks from the CLSM experiments were analyzed with the Bio-
filmQ software [34] to extract quantitative geometric descriptors of
biofilms structures. Images were all treated with the same process in
each fluorescence channel. First, the images were denoised by convo-
lution (dxy = 5 and dz = 3), then they were segmented into two classes
with an Otsu thresholding method with a sensitivity of 2. The detected
signal was then declumped in 3.68 pm cubes and small objects were
removed with a threshold of (0.5 pm®) to clean the remaining noise.
Exported data were analyzed in the software Paraview v5.11 to generate
biofilm 3D projections and in R (ggplot2 library) to generate quantita-
tive graphs.

2.9. Succinate quantification

Succinate was quantified in the spent media of 24h BMG cultures of
C. difficile using the succinate colorimetric assay kit (Merck) according
to the manufacturer’s guidelines. Results were normalized using unin-
oculated media.

2.10. Statistical analysis

Biofilm biomass assays using crystal violet coloration were analyzed
with the following tests when appropriate: i) a Brown-Forsythe and
Welch ANOVA test followed by an unpaired t-test with Welch correction
or followed by Dunnett’s multiple comparisons test, ii) an ordinary one-
way ANOVA test followed by Dunnett’s multiple comparisons test or
followed by an uncorrected Fisher’s LSD and iii) an unpaired t-test.
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CLSM quantitative data were analyzed with Wilcoxon tests, while suc-
cinate quantification was analyzed with a paired t-test.

2.11. Data availability

RNA-Seq data generated in this study are available in the NCBI-GEO
with accession no GSE223108.

3. Results
3.1. Succinate induces biofilm formation in C. difficile

Ranges of concentrations of succinate in the gut widely vary between
studies, organisms, diet and the state of the microbiota. Connors and
collaborators [35] compiled data from various studies on human, pig
and rodent samples, either feces or cecal contents, comparing healthy
control individuals and individuals presenting a dysbiotic microbiota,
either from IBD, antibiotic treatments or diet. Even though the measures
varied between studies both in terms of quantity of succinate and in the
methods used for quantification, all the studies presented show that
succinate is present in higher quantities in the samples from a dysbiotic
microbiota than from a healthy microbiota [35]. In particular, human
samples from feces taken from IBD patients showed a concentration of
succinate between 17 mM and 28 mM [25]. In addition, pigs treated
with antibiotics showed a concentration of succinate in cecal contents of
between 15 mmol/kg and 53 mmol/kg [26]. As these measures are
global measures of the cecal content and feces, there are likely hetero-
geneities in the concentrations of succinate in the gut, reflecting the
heterogeneity of the spatial distribution of the bacteria producing and
consuming this molecule. We assume that succinate is present in higher
concentrations in some places of the gut, and in lower concentrations in
others. Therefore, to cover the range of the gut succinate concentrations
observed, we performed biofilm assays in the biofilm growth medium
BMG supplemented with concentrations of succinate ranging from 10
mM to 80 mM (Fig. 1a and Fig. S1).

After 48h of growth, we observed biofilm formation in response to
succinate in a dose-dependent manner. Since we used di-sodium succi-
nate as the source of succinate, we performed two control experiments to
verify the specificity of succinate as an inducer. First, we replaced suc-
cinate with butyrate in similar concentrations and no biofilm was
formed (Fig. 1b). Then, we used the counterion potassium with di-
potassium succinate in identical concentrations and biofilm was pro-
duced in a similar quantity than with di-sodium succinate (Fig. 1c).
Thus, we confirmed that succinate can induce biofilm formation in
C. difficile 630Aerm strain.

As the biofilm biomass formed in response to succinate was plentiful
at 48h of incubation, we wondered whether biofilm could be induced
earlier. We found that contrary to other inducers such as DCA [10],
succinate induces biofilm formation as early as 24h of incubation
(Fig. 1d) and reaches the same biomass levels as those of 48h of incu-
bation. Finally, to ensure that biofilm-induction by succinate was not
strain-specific, the effect of succinate was tested on several clinical
isolates such as R20291, UK1 and VPI10463 in BHISG medium (Fig. 1e).
This medium was used instead of BMG as several of the tested strains did
not grow in BMG medium, which was optimised for the 630Aerm strain
(data not shown). In addition, the concentrations of succinate used in
this medium are higher as well, as succinate-induced biofilms do not
occur below 120 mM of succinate in BHISG (data not shown). We
showed that succinate can induce biofilm formation in all the tested
strains in similar quantities as in the 630Aerm strain (Fig. le).
Conjointly, the data shows that succinate strongly and specifically in-
duces biofilm formation in C. difficile and that induction is not
strain-dependent.
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3.2. Metabolic requirements of succinate-dependent biofilm induction

Since glucose is known to widely regulate C. difficile transcription
[36] and the biofilm growth media used contained 100 mM of glucose,
we tested whether induction of biofilm by succinate depended on the
presence of glucose. When we performed the biofilm assay in the pres-
ence of succinate with decreasing amounts of glucose in the medium, we
found that no biofilm was formed at lower concentrations of glucose,
and succinate-induced biofilm formation needs a high concentration of

a b
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glucose to take place (Fig. 2a). Interestingly, the induction does not seem
to be glucose dose-dependent, rather, 80 mM seems to be the lower
threshold at which biofilm formation can occur in response to succinate.
As glucose is not the only available sugar source in the gut, we tested
whether other sugars could replace glucose in the succinate-induced
biofilm formation. As shown in Fig. 2b, similar concentrations (100
mM) of mannose, N-acetyl glucosamine (NAG) can replace glucose in
the succinate-induced biofilm formation, whereas cellobiose and
galactose cannot. The replacement of glucose by mannose in biofilm

Fig. 2. Importance of the sugar in succinate-
induced biofilms. Biofilm formation of the
630Aerm strain was assayed in BM medium supple-
mented with succinate (80 mM) and a variety of
sugars such as a. glucose at different concentrations,
b. different sugars (cellobiose, galactose, mannose,
NAG, xylose) at 100 mM each compared to glucose
and c. a mix of glucose and cellobiose at 100 mM final
concentration. d. Growth curves of the 630Aerm
strain in BM medium supplemented with succinate
(80 mM), glucose (100 mM) or cellobiose (100 mM)
and succinate + glucose or succinate + cellobiose. For
the biofilm assays each data point represents an in-
dependent biological replicate that is the mean of
four technical replicates. The growth curves are
representative of three independent biological repli-
cates. SC: succinate (80 mM); Glc: glucose (100 mM);
Clb: cellobiose (100 mM). Statistical analyses per-
formed are a) a Brown-Forsythe and Welch ANOVA
test followed by an unpaired t-test with Welch
correction, b) and c) an ordinary one-way ANOVA
test followed by a Fisher’s LSD test (*: p < 0.05; **: p
< 0.01; ***: p < 0.0001). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

o BM
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formation was already observed by Piotrowski and collaborators (2019)
when they used mannose in similar concentrations as glucose as a bio-
film enhancer of the C. difficile 630 strain [37]. We confirmed the
essential role of PTS transported sugars such as glucose or mannose in
succinate-induced biofilm formation by testing in biofilm assays a ptsI
gene mutant, encoding an enzyme involved in the transport of PTS
sugars. Succinate-induced biofilm formation was completely abolished
in the AptsI strain (Fig. 4a). We noted that although cellobiose cannot
replace glucose in the succinate-induced biofilm formation, C. difficile
can use cellobiose as a carbon source (Fig. 2d). Moreover, cellobiose is
metabolically close to glucose as a glucose dimer [38]. In order to assess
the specificity of glucose in the succinate-dependent biofilm induction,
we progressively replaced glucose by cellobiose in the biofilm growth
medium while keeping a total concentration in carbohydrates of 100
mM (Fig. 2¢). The results show that biofilms are induced by succinate at
a threshold similar to that corresponding to 100 mM glucose concen-
tration from 70 mM glucose supplemented with 30 mM cellobiose in the
medium. Since cellobiose is metabolized by C. difficile more slowly than
glucose (Fig. 2d), it seems that a rapidly metabolized sugar is needed for
succinate-dependent biofilm induction, which can be replaced later by a
slowly metabolized sugar (Fig. 2d). While formation of biofilm is only
induced in the presence of both glucose and succinate (Figs. 1d and 2a),
a condition that favors cell growth (Fig. 2d), we investigated how
growth and survival of C. difficile may contribute to the biofilm pro-
duction. We counted CFUs in both the whole culture and in biofilms at
24h and 48h of incubation in BM supplemented or not with glucose
and/or succinate (Fig. S2). At 24h the total growth was not affected
neither by succinate nor glucose (Fig. S2a), and the proportions of cells
present in biofilms were higher in the media containing glucose
(Fig. S2b). Strikingly, the addition of succinate to BMG did not increase
the quantity of cells in the biofilm at 24h, while biofilm biomass
increased significantly (Fig. 1d). This is likely due to the production of
excess extracellular matrix in the presence of succinate. At 48h, the
number of cells inside the biofilm is much higher in the presence of both
glucose and succinate than in any other biofilm condition but similar to
the amount of total cells detected in BM medium containing or not
succinate (Fig. S2c¢ and Fig. S2d). These results confirm that the
enhancement of biofilm formation in the presence of glucose and suc-
cinate occurs independently of the increase of the cell biomass. On the
other hand, the presence of glucose alone leads to a drop of the total cells
as already described [39] as well as cells present in the ongoing biofilm
(Fig. S2cd). Thus, the biofilm formed at 24h in the presence of glucose
and succinate probably helps the cells to survive and explains the
increased amount of viable cells in the presence of glucose and succinate
compared to that of the glucose alone.

Transcriptome of 630Aerm in BMG
+ succinate (80mM)
versus in BMG
at 14h of

incubation

" Common

283
Up-regulated [
233 \
Down-regulated ~ Opposite
408 N9
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3.3. Transcriptomic characterization of the succinate induction of biofilm

To identify key events leading to biofilm formation induced by suc-
cinate, we performed a comparative transcriptomic analysis on the
C. difficile 630Aerm strain grown in BMG supplemented or not with 80
mM of succinate and incubated either at 14h or 24h. No biofilm for-
mation was observed at 14h growth, while it was at 24h. Comparing the
differences in the regulated genes between 14h and 24h of incubation
allowed the identification of specific common regulations occurring in
succinate-induced biofilms. Most of them may refer to the physiological
state of the bacteria at the onset of biofilm formation. In both tran-
scriptomes, only genes with a fold change of >2 or < -2 and a significant
g-value (false discovery rate adjusted p-value), q < 0.05, were consid-
ered. A total of 641 and 2137 genes were differentially regulated in the
presence of succinate at 14h and 24h of incubation, respectively (Fig. 3).
Many cell function-associated genes were regulated during biofilm for-
mation, and we decided to focus our analysis on some of them, known to
contribute to biofilm formation (Table S2).

At 14h of incubation, while biofilms are not yet formed, the regu-
lation of genes encoding enzymes associated with metabolism had
already switched from glycolysis and the Wood-Ljungdahl pathway to
succinate and formate fermentation. Furthermore, up-regulated genes
involved in Stickland fermentations are directed towards the utilization
of proline and aromatic amino-acids, whereas glycine and leucine
pathways are down-regulated. Genes of several amino acid biosynthesis
such as histidine, isoleucine/valine, methionine and aromatic amino
acids, as well as spermidine, ornithine, arginine and asparagine are up-
regulated, while those of glutamate and glycine are down-regulated.
Shifts also occur for some membrane transporters, with the down-
regulation of mannose/fructose and mannitol transporters and the up-
regulation of methionine and spermidine transporters. Interestingly,
iron seems to be imported during the first stage of growth since the genes
encoding its transport are globally upregulated, contrary to those
involved in molybdenum and cobalt transport. The cell wall properties
are probably modified during growth in the presence of succinate since
genes involved in D-alanylation of the teichoic acids, which decrease the
negative charge of the cell surface and increase its hydrophobicity, are
up-regulated. Among known regulators whose encoding genes are up-
regulated, important transcriptional regulators mainly associated with
metabolism and phase transition, seem to be involved in the onset of the
succinate induction of biofilms such as CodY and the SinRR’ system,
known in other species such as B. subtilis to control biofilm formation
[40], and the CsfT regulator that belongs to the extracytoplasmic func-
tion (ECF) sigma factors, which sense and respond to extracellular sig-
nals [41].

At 24h, more significant transcriptional shifts occurred following
those already observed at 14h of incubation in the presence of succinate,
including major changes in metabolism (Table S2). Indeed, genes

Transcriptome of 630Aerm in BMG +
succinate (80mM) versus
in BMG at 24h of

incubation

Up-regulated
1122
Down-regulated
1015

Total unique genes
2402

Fig. 3. Differences in gene expression in the transcriptomic experiments. Venn diagram of the genes differentially regulated in the two transcriptomic ex-
periments of C. difficile 630Aerm strain grown in BMG medium supplemented or not with 80 mM of succinate performed at 14h or 24h incubation.
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Fig. 4. Extracellular succinate induces biofilm
formation through global transcriptomic regula-
tors. Biofilm formation was assayed in BMG medium
supplemented with succinate (80 mM) of a. various
C. difficile 630Aerm mutants in global regulations of
metabolism (AcodY, AccpA, rex::erm, rpoN::erm, AptsI,
AcstA, AfumAB-A1005 and b. in the mutant for suc-
cinate intake A2344 compared to the wild type strain.
c. Measure of the remaining succinate in spent me-
dium from cultures of the 630Aerm and A2344 strains
in BMG medium supplemented with succinate (80
mM) after 24h of incubation. d. Biofilm formation
was assayed in BMG medium supplemented with
succinate (80 mM) of various C. difficile 630Aerm
mutants in osmotic stress response (AbusR, AopuCA),
phase-related regulations (AsinRR’, spoOA::erm, sigH::

e
+

erm, luxS::erm, AagrBD, sigH::erm), and A1687 were

& P GQV ,eﬁ‘o ,Q\‘(\ Q\C} & Qﬁ)b — —= tested and compared to the wild type strain. Statisti-

F W Ol R R 630Aerm N2344 ~
oD @ 9 & cal analyses performed are a,d) an ordinary one-way
¢ \)((\?‘ ANOVA test followed by an uncorrected Fisher’s LSD
é b) a Brown-Forsythe and Welch ANOVA test followed

by an unpaired t-test with Welch'’s correction and ¢) a
paired t-test (ns: not significant; *: p < 0.05; **: p <
0.01; ***: p < 0.001; ****: p < 0.0001).
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involved in formate use and Stickland fermentations are down-
regulated, as are those involved in fatty acid catabolism. The genes
associated with carbon catabolism pathways are still down-regulated at
24h and it seems that C. difficile gets its chemical energy from succinate
fermentation. While the genes involved in glycolysis are down-
regulated, several genes of membrane transporters of sugars such as
those of fructose, maltose, glucose and other beta-glucosides are up-
regulated. The latter carbohydrates could be used for peptidoglycan
synthesis as a number of genes involved in these reactions are up-
regulated at 24hrs. In addition, genes of several amino acid biosyn-
thesis and transporters are up-regulated. This concerns the synthesis of
thiamine, cysteine, ornithine, spermidine, and arginine, as well as the
transport of glutamate and aspartate, two critical amino acids associated
with multiple metabolic pathways, including protein synthesis and
nucleotide metabolism. This is consistent with the up-regulation of
mreBCD along with ftsZ, ftsH and scpAB, involved in cell shape deter-
mination and cell division, respectively. Most sporulation genes are still
down-regulated and motility is significantly reduced since flagellar and
pili genes are strongly down-regulated. This is consistent with the down-
regulation of the regulator genes encoding sigD and sigH involved in the
control of the expression of the flagella and the onset of sporulation,
respectively. The metabolic rearrangements observed at 24hrs can be
associated with the down-regulation of rpoN involved in the expression
of the Stickland reaction genes and the up-regulation of rex and codY
known to control genes of the carbon and nitrogen flux. Interestingly,
both the SinRR’ system and the SigH sigma factor are up- and down-
regulated, respectively, at 24h of incubation, indicating the probable
importance of these regulators in the control of succinate-dependent

s & ¢ & &P &
Koo 58 L e
VS QOQ C"\Q \\ﬂ- >
9

biofilm induction. We know that SigH and SpoOA contribute to
C. difficile’s metabolic adaptation [32,42]. Moreover, SinR modulates
SpoOA expression [43]. Since spoOA inactivation decreased biofilm
formation (Dubois et al., 2019, Fig. 4d), we tested the effect of SigH and
SinR on biofilm formation. Inactivation of sinRR’ resulted in highly in-
crease biofilm-formation whereas inactivation of sigH had no effect
(Fig. 4d). In addition, contrary to the 14h incubation, CD1383 (a
busR-like regulator, [44]) and agrD genes are upregulated at 24h, sug-
gesting that succinate induction may be associated with the osmotic
stress response and/or quorum sensing (QS). The role of QS is supported
by the decrease in biofilm formation in the luxS mutant, but not by the
agrBD mutant whose biofilm is elevated for reasons that are not un-
derstood (Fig. 4d).

Finally, in contrast with 14h, many genes encoding cell wall com-
ponents are up-regulated at 24h. Additionally to genes encoding pepti-
doglycan synthesis, they include genes of known surface proteins like
fibronectin-binding protein A required for biofilm formation in Staphy-
lococci [45,46] and cell wall proteins such as Cwp84, which modulates
biofilm formation in C. difficile [47]. In addition, several genes encoding
putative membrane and cell wall proteins of unknown function as well
as lipoproteins are up-regulated in the presence of succinate (Table S2).
We noted that the lipoprotein CD1687 recently demonstrated to be
essential in the DCA-induced biofilm [10,48] is not regulated by succi-
nate and confirmed that a CD1687 mutant is not affected in biofilm
formation in the presence of this inducer (Fig. 4a).
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3.4. Extracellular succinate induces biofilm formation through specific
regulatory pathways

Since several known regulators involved in cell metabolism are
differentially regulated in the succinate-induced biofilm, we tested the
ability of mutants for metabolic regulators to form biofilm in response to
succinate (Fig. 4a). We showed that gene inactivation of the global
metabolic regulators CcpA and CodY [36] strongly decreases biofilm
formation in the presence of succinate. In addition, the busR and opuCA
mutants are affected in their ability to form biofilm (Fig. 4a). Thus, both
carbon and nitrogen metabolism as well as osmotic stress response seem
essential for succinate induced biofilm formation. The absence of genes
of Strickland fermentation up-regulated and the down-regulation of
rpoN suggests that Stickland reactions are probably not essential in
succinate-induced biofilm formation. Interestingly, we observed that the
cstA gene was up-regulated in the presence of succinate at 24h
(Table S2). CstA is a pyruvate importer, which in absence of glucose is
essential for pyruvate-induced biofilm formation [30]. However, the
cstA mutant did not display an altered biofilm response to succinate
compared to the wild type 630Aerm strain (Fig. 4a). This indicated that
the mechanism involving extracellular pyruvate as a key component for
DCA-induced biofilm formation [30] is not the same for succinate
induction.

Among the few genes up-regulated at both 14h and 24h, we found
genes of the succinate utilization operon significantly up-regulated
(Table S2). Therefore, we deleted the CD2344 gene encoding the suc-
cinate importer known to be essential in succinate utilization by
C. difficile [22], and tested it for biofilm formation in the presence of 10
mM-80 mM succinate (Fig. 4b and Fig. S1). In parallel, we measured the
concentration of succinate in the medium after 24h of incubation in the
wild-type and mutant strains. While succinate was consumed by the
wild-type strain at 24h, succinate concentration did not vary for the
mutant strain, confirming that succinate intake is indeed impaired in the
ACD2344 mutant strain (Fig. 4c). However, even as the ACD2344
mutant strain is unable to import succinate, it is still able to form similar
biofilm to that of the wild-type in response to the same concentrations of
the molecule (Fig. 4b and Fig. S1), suggesting it is the presence of
extracellular succinate and not its consumption by C. difficile that would
likely induce biofilm formation.
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3.5. Succinate induces the formation of a thick porous biofilm

To compare the morphology of C. difficile biofilms induced by suc-
cinate with that of DCA used as a reference, we performed confocal laser
scanning microscopy (CLSM) analyses. BHISG medium was used in these
experiments instead of BMG in order to compare the already described
DCA induced-biofilms to succinate-induced biofilms since we did not
obtain DCA-induced biofilms in our BMG medium. We used SYTO9 and
propidium iodide to detect live/dead cells, respectively. As shown in
Fig. 5a and d, biofilms formed in the absence of any inducer had a larger
dead population (red) than those induced by succinate or DCA. The
latter seems to be much more abundant in living cells (green cells) and
differently distributed according to the inducer. In addition, the shape,
thickness, and global aspect of the biofilms are also highly dependent on
the inducer. Indeed, succinate-induced biofilms are significantly thicker
than DCA-induced biofilms and non-induced biofilms at 48h of incu-
bation (Fig. 5b). Moreover, succinate-induced biofilms display more
complex shapes with a higher elevation than non-induced biofilms and
DCA-induced biofilms, which have a flatter topography. These shapes
are correlated with the spatial distribution of the dead cells, which is
widely different between the inducers (Fig. 5a). Indeed, while DCA-
induced biofilms and non-induced biofilms have evenly distributed
dead cells across the biofilm, succinate-induced biofilms present clusters
of dead cells distributed throughout the biofilm mixed with the living
cells. Similar spatial distributions were also observed at lower concen-
trations of succinate in the BMG medium (Fig. S3), and become patchily
distributed as observed at higher concentrations of succinate (Fig. 6 and
Fig. S4). Succinate-induced biofilms also present a porous structure,
with more space between the cells than non-induced and DCA-induced
biofilms. This looseness can be measured with the roughness param-
eter (Fig. 5¢), calculated from an index based on the quantity of empty
space between detected cells. For succinate-induced biofilms, the
roughness is high at both 24h and 48h, while that of DCA-induced stays
at a level comparable to the non-induced biofilm (Fig. 5a and c). On the
other hand, the biovolume of dead cells is lower in DCA and succinate-
induced biofilms when compared to non-induced biofilms (Fig. 5d). This
is consistent with the cell survival of C. difficile already observed in the
DCA-induced biofilm (Dubois et al. 2019). We concluded that succinate-
induced biofilms appear more structured than DCA-induced and non-
induced biofilms. This may be related to the distribution of dead cells
within the extracellular matrix of the biofilm, inducing mechanical

Fig. 5. Live/dead observations of biofilms by

48h

CLSM. a. CLSM observation of 24h and 48h biofilms

of the 630Aerm strain grown in BHISG or BHISG
. media supplemented with either DCA (240 pM) or
succinate (120 mM). Live cells are stained with Syto9
(green) and dead cells are stained with propidium
iodide (red). Z-stacks were analyzed with BiofilmQ
and rendered with Paraview. Images are representa-

tive of 3 independent biological replicates. Quanti-

tative analyses were performed with BiofilmQ to
measure in b. the mean thickness of the biofilm of
each image (measured with the SYTO9 signal), in c.
the roughness of the biofilm (measuring space be-
tween live cells, with the SYTO9 signal) and in d. the
normalized biovolume of dead cells (measured with
the ratio of propidium iodide signal over SYTO9
signal).

Each data point represents one technical replicate
taken from three independent biological replicates. n.
i.: no inducer; SC: succinate (120 mM); DCA: deoxy-
cholate (240 pM). Statistical analyses performed here
are Wilcoxon tests (ns: not significant; *: p < 0.05; **:

Normalized biovolume

p < 0.01; *: p < 0.0001). Scale bar: 50 pm. (For
e interpretation of the references to color in this figure
ni. sc oca i sc oca  legend, the reader is referred to the Web version of

this article.)
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Fig. 6. CLSM observations of biofilm matrix at
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24h of incubation. a. CLSM observations of 24h
biofilms of the 630Aerm strain grown in BHISG or
BHISG media supplemented with either DCA (240
pM) or succinate (120 mM). Biofilm matrix compo-
nents were marked with either TOTO-1 (eDNA),
Sypro Ruby (proteins) or calcofluor white (f1-3 and
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B1-4 polysaccharides), and they appear in red. Cells
were marked either with Syto9 or Syto61, depending
on the other marker used and they appear in green. Z-
stacks were analyzed with BiofilmQ and rendered
with Paraview. Images are representative of 3 inde-

pendent biological replicates. Quantitative analyses
were performed with BiofilmQ to measure in b. and
d. the mean thickness of the observed matrix com-
ponents of each image at 24h and 48h, respectively,
and in c. and e. the normalized biovolume of the
observed matrix components (measured with the
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forces responsible for various structures, as already described for the
biofilm structure of B. subtilis [49].

3.6. Matrix composition of succinate-induced biofilms

Biofilm matrix is generally made of extracellular DNA (eDNA),
polysaccharides, and proteins that hold cells together. In order to
characterize the composition of the extracellular matrix of succinate-
induced biofilms, we performed in situ CLSM analysis using fluores-
cent markers for cells and matrix components of succinate-induced
biofilms, which we compared with CLSM analysis of non-induced and
DCA-induced biofilms (Fig. 6 and Fig. S4). C. difficile cells of the 24h and
48h biofilms were stained either with Syto9 or Syto61 according to the
matrix marker used to localize eDNA (TOTO-1), proteins (Sypro Ruby)
and exopolysaccharides (EPS) such as p1-3 and p1-4 polysaccharides
(calcofluor white). At 24h, extracellular proteins, eDNA and EPS (in red)
of the non-induced and DCA-induced biofilms seem to be uniformly
distributed among the cells (in green), while they are patchily distrib-
uted in succinate-induced biofilms (Fig. 6a). We noted that the distri-
butions of eDNA and proteins seem to follow similar patterns as the dead
cells imaged with propidium iodide (Figs. 5a and 6a), suggesting that
eDNA and extracellular proteins could originate from dead cells. On the
contrary, EPS appear uniformly distributed at the biofilm surface inde-
pendently from the growth conditions. We noted that the matrix of
succinate-induced biofilms is thicker compared to the non-induced or
DCA-induced biofilms (Fig. 6b), this thickness does not seem to depend
on the considered polymer. On the other hand, the normalized bio-
volume of each matrix component depends on the inducer, as well as on
the considered polymer (Fig. 6¢). Although there is greater variability in

eDNA production in succinate-induced biofilms, this component quan-
tity does not seem to be affected by the inducer. On the opposite,
succinate-induced biofilms produce less extracellular proteins and EPS
than non-induced and DCA-induced biofilms. Thus, as already shown by
Dubois and collaborators (2019), we confirmed in all biofilm conditions
that proteins and eDNA are the main components of the matrix for the
DCA-induced biofilm.

At 48h of incubation, EPS are also uniformly distributed at the top of
the cells for all conditions and are less predominant than eDNA and
proteins (Fig. S4). In these later biofilms, proteins seem to be clustered in
all conditions, although to a lesser extent in the succinate-induced bio-
film, which seems not to be linked to dead cells as they do not follow
patterns of the dead cells imaged (Fig. 5a). Surprisingly, an important
quantity of eDNA is localized at the cell surface and spreads quite far
above the succinate-induced biofilm (Fig. 6d and Fig. S4), although its
biovolume is not statistically different from the other conditions
(Fig. 6e). The differences between the growth conditions in normalized
biovolume of matrix components seem to lessen at 48h (Fig. 6e) even
though there are still less extracellular proteins and EPS in succinate-
induced biofilms. Overall, when induced by succinate, C. difficile bio-
films are thicker and less protein- and EPS-rich than the other described
biofilms, and the distribution of eDNA is widely different from the other
conditions. Thus, different inducers can promote the formation of
C. difficile biofilms, which may differ in structure and characteristics.

4. Discussion

Succinate present in the dysbiotic intestine in relatively high con-
centrations is associated to the regulation of the immune response
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against bacterial infections, and it is also involved in energy metabolism
in C. difficile [22,50]. Therefore, it was reasonable to assume that suc-
cinate could induce biofilm formation through direct modulation of
metabolism. However, we showed that a succinate importer (CD2344)
mutant was still able to produce biofilm in the presence of succinate,
suggesting that extracellular succinate, and not its use in metabolism,
induces biofilm formation. This is consistent with the capacity of the
fumAB-CD1005 mutant to produce biofilm when succinate is added to
the growth medium (Fig. 4a). The ways by which C. difficile can sense
extracellular succinate is an open question. In Bacillus subtilis, the
DctABS system forms a functional sensor for C4-dicarboxylates such as
succinate, fumarate or malate and transduces the signal to the DctR
response regulator [51]. Unfortunately, only one C. difficile strain
(NCTC13750) displays a protein homologous to DctS and DctA. The
candidates for succinate sensing in C. difficile could be found among the
eight up-regulated two-component histidine kinase of unknown function
detected in our RNAseq experiments (Table S2). In addition, extracel-
lular succinate may be sensed through cell-wall proteins or membrane
modifications. This has been described in B. subtilis with the protein
KinC, a membrane histidine kinase that detects potassium leakage
caused by the action of surfactin from across the membrane [52]. Then
the signal is transmitted through the phosphorylation of the response
regulator SpoOA, which in turn controls the activity of the antirepressor
SinR leading to biofilm formation and other cell mechanisms including
sporulation [53,54]. In C. difficile such a scenario may involve the reg-
ulatory response CsfT protein, upregulated in response to succinate both
at 14h and at 24h (Table S2). CsfT is an ECF sigma factor associated with
signal transduction of extracellular signals such as cell wall modifica-
tions through lysozyme [41]. This sigma factor could therefore be
directly associated with the transmission of the extracellular succinate
signal in case of cell wall modifications. On the other hand, lipoproteins
which are involved among other things in nutrient uptake and signalling
systems [55], may be able to detect extracellular succinate. We recently
demonstrated that the lipoprotein CD1687 of the 630Aerm strain me-
diates in part the metabolic reorganization occurring in DCA-induced
biofilm [10,48]. Since CD1687 is not involved in succinate-induced
biofilm formation, we cannot exclude that lipoproteins up-regulated in
the presence of succinate (Table S2), could sense succinate and/or
induce metabolic pathways involved in biofilm formation. Deletion
mutants for their encoding genes will be needed to verify whether these
candidates are involved in succinate detection and biofilm formation.
We showed that succinate is a strong biofilm inducer for several
C. difficile strains, and compared with the DCA-induced biofilms, the
succinate-induced biofilms are thicker. This increased thickness seems
associated with a more complex 3D structure organized around cell
death distribution, releasing DNA and cellular content into the envi-
ronment after 24h of incubation. In B. subtilis and Pseudomonas aerugi-
nosa, such complex structures are responsible for wrinkles on the biofilm
surface [56,57] and are likely due to localized cell death [49,58].
Similar structures have been observed in C. difficile [8]. We also noted
that at 48h of incubation, proteins form clusters in all conditions,
although this should be interpreted cautiously as PFA is known to form
such protein aggregates. Interestingly, we observed that EPS are uni-
formly localized on top of the cells for all conditions tested, which is
consistent with the expression of the ccsA gene (CD630_25450) encoding
C. difficile’s cellulose synthase [59], not significantly differentially
regulated (Table S2) [10]. Such distribution of EPS is probably due to
their production only by cells localized at the top of the biofilm, by a
division of labor similar to what was observed in B. subtilis [60]. The
most striking feature of the succinate-induced biofilms is the mass of
eDNA above the cells. As the biovolume of eDNA detected in
succinate-induced biofilms is similar to that of the DCA-induced biofilms
(Fig. 6, Fig. S4), such a mass of eDNA is unlikely to participate in the
structure of biofilms formed in the presence of succinate. On the other
hand, the decrease in protein production observed in the
succinate-induced biofilm could partly explain the more porous
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structure of succinate-induced biofilms.

With over half of the genome differentially regulated at 24h, the
transcriptional state of the cells present in the succinate-induced biofilm
is strongly modified compared to planktonic cells. In biofilms induced by
succinate, cells are more prone to divide and grow, as seen by the up-
regulation of genes involved in cell-wall synthesis, division, fatty acid
biosynthesis and importation of sugars likely used in cell-wall synthesis.
Metabolism genes are also affected and mainly shift from glycolysis,
Wood-Ljungdahl and Stickland fermentation pathways to the utilization
of succinate. In other conditions of the C. difficile biofilm formation, the
Stickland fermentation pathways were up-regulated compared to the
planktonic cells, especially the utilization of branched-chain amino-
acids [29,30]. Thus, this metabolic pathway does not seem essential for
biofilm formation in response to succinate, which is consistent with the
down-regulation of the rpoN/sigl. gene expression at 24h of the
succinate-induced biofilm, known to regulate the expression of the
Stickland fermentation genes [61]. Thus, biofilm formation in the
presence of succinate is associated in part with metabolic rearrange-
ments, as already observed with DCA [30]. However, the modifications
to the metabolic pathways are not strictly the same, suggesting that
biofilms can be promoted by different mechanisms of cell adaptation.

While they share similarities with other gut metabolite-induced
biofilms, biofilms induced by succinate differ in several aspects. First,
we observed a more complex spatial organization of succinate-induced
biofilms than non-induced or DCA-induced biofilms, which appear
strongly associated with a large distribution of the live/cell death in such
an environment. Secondly, the circumstances of their formation are
quite different from those of most biofilms already described, and those
are mainly formed in response to stressful conditions due to the presence
of metronidazole [9] or DCA [10] or during the late stationary phase
[62]. In fact, biofilm induction in response to succinate appears to occur
through the signalling of a key energy metabolite such as NAD + whose
regeneration is primarily associated with the use of succinate. In
agreement, succinate seems more favorable to C. difficile’s growth than
the other inducers such as DCA, which significantly affects the growth
rate of C. difficile when added to the medium [63]. However, we cannot
exclude that succinate-induced biofilms can be mediated through os-
motic regulation suggested by the expression of busR-like and opuCA
genes as well as the synthesis and importation of the osmoprotectant
ornithine, spermidine, and ornithine involved in the osmotolerance of
C. difficile [44].

Finally, the importance of succinate as an inducer of C. difficile bio-
film formation must be taken into account in relation to its availability in
the gut. Indeed, in healthy gut microbiota, succinate is produced and
consumed by commensal bacteria, achieving sub-millimolar to milli-
molar concentrations of luminal succinate [35,50]. However, in a dys-
biotic microbiome depleted of its succinate consumers, the mean
succinate concentration is measured in tens of millimolar, which are the
concentrations used in this study [35,50] and encountered by C. difficile
during CDI after intestinal dysbiosis. Thus, elevated concentrations of
succinate in the gut can be viewed both as a nutrient source [22] and as
an inducer for biofilms, independently of its metabolism, as shown in
this study. Biofilms are known to increase resistance to treatments;
therefore, understanding the mechanisms of biofilm formation by
C. difficile, and the characteristics of C. difficile biofilms, is important for
developing treatment strategies that take potential biofilms into
account.
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