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Summary

Infections by the pathogenic gut bacterium
Clostridioides difficile cause severe diarrhoeas up to a
toxic megacolon and are currently among the major
causes of lethal bacterial infections. Successful bacte-
rial propagation in the gut is strongly associated with
the adaptation to changing nutrition-caused environ-
mental conditions; e.g. environmental salt stresses.
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Concentrations of 350 mM NaCl, the prevailing salinity
in the colon, led to significantly reduced growth of C.
difficile. Metabolomics of salt-stressed bacteria revealed
a major reduction of the central energy generation path-
ways, including the Stickland-fermentation reactions. No
obvious synthesis of compatible solutes was observed
up to 24 h of growth. The ensuing limited tolerance to
high salinity and absence of compatible solute synthe-
sis might result from an evolutionary adaptation to the
exclusive life of C. difficile in the mammalian gut. Addi-
tion of the compatible solutes carnitine, glycine-betaine,
y-butyrobetaine, crotonobetaine, homobetaine, proline-
betaine and dimethylsulfoniopropionate restored growth
(choline and proline failed) under conditions of high
salinity. A bioinformatically identified OpuF-type ABC-
transporter imported most of the used compatible sol-
utes. A long-term adaptation after 48 h included a shift
of the Stickland fermentation-based energy metabolism
from the utilization to the accumulation of L-proline and
resulted in restored growth. Surprisingly, salt stress
resulted in the formation of coccoid C. difficile cells
instead of the typical rod-shaped cells, a process
reverted by the addition of several compatible solutes.
Hence, compatible solute import via OpuF is the major
immediate adaptation strategy of C. difficile to high
salinity-incurred cellular stress.

Introduction

Clostridioides difficile (previously Clostridium difficile) is a
Gram-positive, spore-forming anaerobic pathogen of the
gastrointestinal tract, and the leading cause of bacterial
healthcare-associated diarrhoea (Hall and O’'Toole, 1935;
Bartlett et al., 1977; Schéaffler and Breitriick, 2018). As a
formidable human pathogen, it imposes a considerable
burden on the health care system in industrial countries
due to long hospitalization times of patients and high
recurrence rates after initial successful antibiotic treatment
(Lessa et al., 2015; Shah et al., 2016; Hopkins and
Wilson, 2018; Zhang et al., 2018). The symptoms of C.
difficile incurred disease range from mild self-resolving
diarrhoea to deadly toxic colon (Abt et al., 2016).
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The clinically most relevant form of C. difficile infec-
tions is pseudomembranous colitis, a severe inflamma-
tion of colon tissue accompanied by perturbation of the
epithelial barrier and infiltration by immune cells (Abt
et al., 2016; Guery et al., 2019). Many of the pathological
consequences of the infection process are connected to
the activities of two toxins (TcdA and TcdB) produced by
C. difficile (Rupnik et al., 2009). Efficient colonization of
the human colon by C. difficile require several traits, most
of which are not well understood (Guarner and
Malagelada, 2003; Britton and Young, 2014; Abt
et al., 2016). One of the conditions encountered by C. dif-
ficile during the infection process in all likelihood are ionic
challenges as concentration of NaCl up to 350 mM can
be reached in the intestine (Fordtran and Locklear, 1966;
Sleator et al., 2007; Overduin et al., 2014).

Most bacteria have evolved highly integrated adap-
tive responses to high osmolarity- and high ionic
strength-incurred cellular stress. These aim in their core
to counteract loss of water from the cell and thereby
prevent the ensuing increase in molecular crowding of
the cytoplasm and growth-impairing drop in turgor
(Wood, 2011; van den Berg et al., 2017; Bremer and
Kramer, 2019). Those bacteria that follow the salt-out
adjustment response (Galinski and Triper, 1994;
Kempf and Bremer, 1998; Gunde-Cimerman
et al., 2018) initially increase their cytoplasmic potas-
sium pool upon exposure to high salinity/osmolarity sur-
roundings to raise the osmotic potential of the
cytoplasm thereby curbing water efflux (Wood, 2011;
Bremer and Kramer, 2019). However, the development
of a long-lasting high-ionic strength cytoplasm is
avoided by the microbial salt-out responders as they
subsequently replace, at least partially, the prior impo-
rted K*-ions by physiologically and biochemically highly
compliant organic osmolytes, the so-called compatible
solutes (Kempf and Bremer, 1998; Gunde-Cimerman
et al., 2018).

The amassing of compatible solutes by osmotically
stressed microbial cells can typically be achieved both
via their synthesis and import and provides the cells with
a considerable flexibility to ensure growth and survival
under both suddenly imposed and sustained adverse
ionic or osmotic conditions (Wood, 2011; Bremer and
Kramer, 2019). It is thus not surprising that major human
pathogens (e.g. Listeria monocytogenes, Salmonella typ-
himurium, Vibrio cholerae, Staphylococcus aureus) use
the salt-out response in order to successfully colonize
their eukaryotic hosts (Sleator and Hill, 2001; Wood
et al., 2001; Casey and Sleator, 2021; Gregory and
Boyd, 2021).

Despite the apparent relevance of ionic stress for the
physiology of C. difficile in its primary ecological niche
(Fordtran and Locklear, 1966; Sleator et al., 2007;

Overduin et al., 2014), no in-depth study on how this
human pathogen copes with high salinity incurred ionic
challenges has so-far been reported. Here, we have
studied the physiological and molecular adaptation of C.
difficile to conditions of sustained high salinity. By
assessing the metabolomic profile of salt-stressed and
non-stressed cells, we observed that C. difficile, in nota-
ble contrast to many other bacteria (Kempf and
Bremer, 1998; Gunde-Cimerman et al., 2018), appar-
ently does not synthesize compatible solutes in a short-
term response when challenged by high salinity on a
sustained basis, a finding that correlates well with its
rather salt-sensitive growth profile. However, C. difficile
can counteract the detrimental effects of high salinity on
growth through the import of various compatible solutes,
an adaptive process that relies on the activity of an
OpuF-type ABC transport system (Teichmann
et al., 2018). Long-term adaption to high saline surround-
ings was achieved via a re-programming of the central
energy metabolism resulting in the accumulation of the
energy substrate and compatible solute L-proline, a pro-
cess that contributed to growth under unfavourable high
salinity conditions. Strikingly, C. difficile also responds to
sustained high salinity through a transition from its typi-
cal rod-shaped cell morphology to a coccoid cell form, a
process that can be reversed through the import of com-
patible solutes.

Results

The addition of 400 mM NaCl severely restricts growth
of C. difficile 630Aerm

To study the salt stress response of C. difficile, we
employed the C. difficile model strain 630Aerm
(Dannheim et al., 2017). We used for growth experiments
a chemically defined minimal medium (MDM) (Table S1).
We increased the osmolarity and ionic strength of this
basal medium by adding different amounts of NaCl to it
(final concentrations: 100, 200, 300, 350, 400 mM),
conditions that linearly increased the osmolarity of the
basal growth medium from 244 mOsmol kg~ ' of MDM to
1023 mOsmol kg~' when 400 mM NaCl was added
(Fig. S1). This experimental set-up increased not only the
osmolarity of the growth medium but also affected its
ionic strength (Wood, 2011; Bremer and Kramer, 2019).
We note in this context that concentration of up to
350 mM NaCl can be reached in the intestine (Fordtran
and Locklear, 1966; Sleator et al., 2007; Overduin
etal., 2014).

Cells of C. difficile strain 630Aerm were able to grow in
the presence of 100 and 200 mM of additional NaCl with-
out strong effects in doubling time or lag phase in com-
parison to their growth in the basal MMD-medium

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 24, 1499-1517



Adaption to salinity stress in Clostridioides difficile

Table 1. Bacterial strains used in this study.

1501

Strain Features Reference
E. coli
DH10B Strain for cloning and plasmid propagation, Thermo Fisher scientific, Waltham, USA
F~ merA A(mrr-hsdRMS-mcrBC)
@80lacZAM15 AlacZX74 recA1 endA1
araD139 A(ara-leu)7697 galU galK
A-rpsL(Str?) nupG
CA434 E. coli HB101 carrying the Incp conjugative Purdy et al. (2002)
plasmid R702 (F-, thi-1,hsdS20(rg-mg-),
SupE44, recA13, ara-14, rpsL20(StrH),
leuB6,galK2,xyl-5,mtl-1)
B. subtilis
JH642 wild type; trpC2, pheA1 Brehm et al. (1973)
TMB118 JH642 A(opuA::tet)3 A(opuC::spc)3 Teichmann et al. (2017)
AopuD::kan)2 AopuB::erm)1
AMO1 TMB118 amyE:: opuFc. gitficite 630Aerm This work
(CDIF630erm_01020::
CDIF630erm_01021)
AMO02 TMB118 amyE::UTS C. difficile630Aerm This work
(CDIF630erm_03510::
CDIFerm630_03509)
C. difficile

630Aerm (DSM28645)
C. difficile 630, Thi?

wild type, erythromycin sensitive mutant of

Hussain et al. (2005)

AopuFB opuFB (CDIF630erm_01021; annotated as This work
opuCC) insertional mutant of C. difficile
630Aerm, target site 9361937 sense
(9361937s::intron ermB), Thi®, Erm®

12 4

—e—MDM

—e—100 mM Nacl
—e—200 mM Nacl
—o—300 mM Nacl
—e—350 mM Nacl

ODgo0nm (AU)

—e—400 mM NaCl

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
time [h]

Fig. 1. Salt tolerance of C. difficile 630Aerm. Clostridioides difficile
630Aerm was grown in MDM medium either without additional NaCl
(black line) or with additional 100 mM (green line), 200 mM (blue
line), 300 mM (orange line), 350 mM (red line) or 400 mM NaCl
(brown line). Growth was monitored via ODggonm Mmeasurements over
26 h. Growth experiments were performed with at least four biologi-
cal and three technical replicates. The standard deviation is given.

(Fig. 1). The presence of 200 mM NaCl in the growth
medium led to a stationary plateau in biomass formation
after 14 h of growth, whereas the optical densities of the
cultures growing without NaCl, or with only 100 mM NaCl,
strongly dropped after reaching their maximal cell density
(Fig. 1). The physiological reasons for the growth pat-
terns of these two latter cultures are currently unknown.
Further increases in the salt concentration (300 and
350 mM) stepwise impaired growth of C. difficile strain
630Aerm, until it was almost completely abolished in the

presence of 400 mM for the first 18 h of incubation. This
effect was overcome by long-term incubation of the cul-
ture (for 48 h), where growth resumed after 35 h. The
molecular basis of this late adaptation was investigated
by metabolomics and is described below. Overall, these
observations allowed for the distinction of two time-
resolved phases of high salt adaption of C. difficile: the
immediate response in the first 12 h which is limited to
concentrations of up to 300 mM NaCl and a long-term
adaption after 35—-40 h to 350 mM salt and higher. In the
following parts, we mainly focused on the short-term
adaptation to increased salt concentrations. Overall, one
can conclude from this set of growth experiments that C.
difficile strain 630Aerm seems to be a rather salt-
sensitive bacterium (Fig. 1).

Many bacteria synthesize various types of compatible
solutes when they are exposed to high salinity or high
osmolarity surroundings to counteract the detrimental
effects of such conditions on cellular hydration, magni-
tude of turgor and growth (Kempf and Bremer, 1998).
Glycine betaine, ectoine and trehalose are widely used
members of the compatible solutes. We, therefore,
searched the genome sequence of C. difficile strain
630Aerm (Dannheim et al., 2017) for the presence of the
corresponding biosynthetic genes. In agreement with the
rather salt-sensitive growth profile of this strain (Fig. 1),
no genes for the biosynthesis of glycine betaine, ectoine
or trehalose were detected.
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Bioinformatic-based identification of potential compatible
solute transporters in C. difficile

Most bacteria possess import systems for the acquisition of
compatible solutes, osmotic stress-relieving organic
osmolytes (Wood, 2011; Bremer and Kramer, 2019). In the
genome sequence of C. difficile strain 630Aerm [genome
accession number CP016318] (Dannheim et al., 2017),
genes for two putative ABC-type compatible solute
transporters are annotated; CDIF630erm_01020/01021
(CD630_09000/09010) and CDIF630erm_03509/03510
(CD630_32150/32160) respectively. Analysis of the genetic
setup of their coding regions showed a similar molecular
arrangement for both putative binding-protein dependent
transport systems (Fig. 2A). Both operons consist of
two genes. One encodes a cytoplasmic ATPase
(CDIF630erm_01020 and CDIF630erm_03509 respectively)
and the second gene encodes a hybrid protein that com-
prises an N-terminal transmembrane domain and a C-
terminal substrate-binding domain. These two putative com-
patible solute ABC transporters of C. difficile differed thus in
their genetic organization from that of the archetypical com-
patible solute transporters OpuA, OpuB and OpuC of the
Gram-positive bacterium Bacillus subtilis which consist of
separate genes encoding the transmembrane proteins and
the substrate-binding proteins. In these transporters, the
substrate-binding proteins are anchored via lipid modifica-
tion at their N-termini to the outer face of the cytoplasmic
membrane (Hoffmann and Bremer, 2017). The putative
compatible solute ABC transporters from C. difficile resem-
bled in their subunit structure that of the BIlE transporter of
L. monocytogenes (Ruiz et al., 2016), the OpuA system
from Lactococcus lactis (Sikkema et al., 2020), and the
OpuF transporter from Bacillus infantis (Teichmann
et al., 2018), all of which possess fused transmembrane
and substrate-binding proteins (Fig. 2A).

An amino acid sequence alignment of the C. difficile
strain 630Aerm transporter subunits (CDIF630erm_01021
and CDIF630erm_03510 respectively) with the OpuBC
and OpuCC substrate-binding proteins from B. subtilis
and those of substrate-binding protein domains of the L.
monocytogenes BIlIE (Uniprot accession number for
BilEB: Q93A34) and of the B. infantis OpuF system
(Uniprot accession number for OpuFB: U5LFB4) revealed
a higher amino acid sequence identity of the substrate-
binding domain of the C. difficile proteins with that of the
OpuF transporter (Fig. 2). The amino acid sequence iden-
tity of CDIF630erm_01021 to those of the BIilEB, OpuFB
and OpuCCpgg,p substrate-binding protein domains was
39.0%, 37.8% and 35.3% respectively. Overall
CDIF630erm_01021 was somewhat closely related to
these reference proteins than CDIF630erm_03510, which
displayed amino acid sequence similarities of 36.1%,
35.6% and 32.0% respectively (Fig. 2B). In the light of the

sequence homology and the genetic composition, we sug-
gest renaming this previously as OpuC annotated
transporter (CDIF630erm_01020/CDIF630erm_01021)
(Dannheim et al., 2017) to OpuF, a system consisting of
the ABC-subunit OpuFA (CDIF630erm_01020) and the
fused membrane and substrate-binding protein containing
subunit OpuFB (CDIF630erm_01021), as previously
defined for the OpuF transporter from B. infantis
(Teichmann et al., 2018).

The substrate-binding domains of compatible solute
transporters for ligands with fully methylated nitrogen
head-groups (e.g. glycine betaine, choline, carnitine) pos-
sess aromatic amino acids at conserved positions whose
side-chains form an aromatic cage, a structural determi-
nant that allows compatible solute binding via cation-
[T-interactions (Horn et al., 2006; Du et al., 2011; Pittelkow
et al, 2011; Teichmann et al., 2017, Sikkema
et al., 2020). In the OpuCCpgq,, protein, these amino acids
are Tyr residues at positions 91, 137, 217 and 241. The
alignment of the amino acid sequences of the putative
substrate-binding domains of C. (difficile showed
corresponding aromatic residues (in CDIF630erm_01021
Tyr305, Tyr351, Tyrd54 and Phe430 and in
CDIF630erm_03510 Tyr302, Tyr347, Tyr4d50 and
Phe426) (Fig. 2B). Furthermore, another key amino acid
for substrate binding is Thr94, a residue that has been
implicated to mediate the broad substrate specificity of
the B. subtilis OpuCC ligand-binding protein
(Du et al., 2011). This residue was also conserved in both
substrate-binding protein domains of the two C. difficile
ABC transporters; Thr308 in CDIF630erm_01021 and
Thr305 in CDIF630erm_03510 (Fig. 2B).

Using the available structural data of BIlEB (pdb code:
4z7e) (Ruiz et al., 2016) and of OpuCCpgsyp (pdb code:
3ppn) (Du et al., 2011) and by applying the Swiss-Model
algorithm (Waterhouse et al., 2018), we established an in
silico model of the structure of the CDIF630erm_01021
substrate-binding protein domain. Inspection of this model
revealed that the side chains of four aromatic amino acid
in the presumed substrate-binding pocket form indeed an
aromatic cage (Fig. 2C and D). Likewise, an in silico
model was generated for the substrate-binding protein
domain of the CDIF630erm_03510 protein using BIlEB
(pdb code: 4z7e) (Ruiz et al., 2016) and OpuCCpgs,p (pdb
code: 3ppn) as templates (Fig. 2E and F). The in silico
generated structure revealed the formation of a cage
formed by the side-chains of four aromatic amino acids.

The proteins encoded by CDIF630erm_01020/01021
(now OpuF) constitute a compatible solute transporter in
C. difficile

In order to verify whether the bioinformatically identified
binding-protein dependent ABC systems serve indeed as
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Fig. 2. Comparative structural ana-
lyses of putative compatible solute
transporters of C. difficile.

A. Shown are the genetic organizations
of C. difficile CDIF630erm_01020/01021
and CDIF630erm_03509/03510 two
gene operons in comparison to the four
gene operon encoding OpuC-type trans-
porters in B. subtilis, the two gene
operon for an OpuF-type transporter
from B. infantis, and two gene operon
for a BilE-type of L. monocytogenes.
CDIF630erm_03509/03510 is located
on the complementary strand in
reversed gene order. Genes are not
drawn to scale, and are coloured
according to their function within the pro-
tein assembly of the ABC transporter:
grey, ATPase-subunit; blue, transmem-
brane subunit/domain; green, substrate-
binding protein/domain.

B. Amino acid sequence alignment of
C. difficile CDIF630erm_01021 and
CDIF630erm_03510 in comparison to
substrate-binding proteins of OpuBC
and OpuCC from B. subtilis, of
OpuFB from B. infantis, and BIilEB of
L. monocytogenes. Conserved amino
acids are highlighted in blue. Con-
served amino acid residues constitut-
ing the ‘hydrophobic cage’ implicated
in substrate binding are highlighted in
red (tyrosines) and in purple (phenyl-
alanines). Threonine 94 in OpuCC, an
amino acid determining substrate
specificity, is marked green.

C. Comparison of the in silico gener-
ated structure of the substrate-binding
domain of CDIF630erm_01021 with
the crystal structure of BIlEB (pdb:
4Z7E) or (D) OpuCC (pdb: 3PPN).

E. Comparison of the in silico generated
structure of the substrate-binding domain
of CDIF630erm_03510 with the crystal
structure of BIEB (pdb: 4Z7E) or
(F) OpuCC (pdb: 3PPN). The computed
structures of CDIF630erm_01021 and
CDIF630erm_03510 are shown as a
green cartoon, whereas the reference
structures are shown as white transparent
surfaces. The amino acids of the
substrate-binding ‘hydrophobic cage’ are
highlighted as green sticks in
CDIF630erm_01021 and
CDIF630erm_03510, and as red sticks in
the reference structures. The key threo-
nine residues in positions 295 and 94 in
BIEB and OpuCC respectively, are
highlighted as orange sticks.

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 24, 1499-1517



1504 A.-M. Michel et al.

functional transporters for compatible solutes in C. diffi-
cile, we carried out complementation assays using the B.
subtilis strain TMB118 as a well-established screening
platform for the activity and substrate profile of compati-
ble solute transporters (Hoffmann and Bremer, 2017).
This strain is a derivative of the wild type B. subtilis strain
JH642, and possesses only the osmostress-adaptive L-
proline transporter OpuE, but is devoid of the remaining
Opu transporters (OpuA, OpuB, OpuC and OpuD)
(Hoffmann and Bremer, 2017; Teichmann et al., 2017).
Hence, cells of the B. subtilis strain TMB118 have lost
their capacity to take up and accumulate compatible sol-
utes (except for L-proline) in order to counteract the detri-
mental effects of ionic- and osmotic-incurred stress on
growth. Consequently, strain TMB118 enables the deter-
mination of the import activity and substrate spectrum of
a putative compatible solute transport system that is
recombinantly produced in B. subtilis.

We integrated the operons (CDIF630erm_01020/01021
and CDIF630erm_03509/03510 respectively) for the
putative compatible solute transporters from C. difficile
as single copies into the non-essential amyE locus of
strain TMB118, thereby yielding the B. subtilis strains
AMO1 and AMO2 respectively. Subsequently, we carried
out osmotic stress protection assays in a minimal
medium with a panel of compatible solutes known to con-
fer relief from high salinity incurred stress in B. subtilis
(Hoffmann and Bremer, 2017). For this purpose, the
scattered light intensities (SLIs) in dependence of the bio-
mass at 12h were determined using 48-well
FlowerPlates in a BiolLector® mini bioreactor system in
which the recombinant B. subtilis strains AMO1 and
AMO2 were grown in a minimal medium (Fig. S3). Under
these conditions, growth of the B. subtilis wild type strain
JH642 possessing the full set of Opu transporters
(Hoffmann and Bremer, 2017) was strongly impaired
when the medium contained 1 M additional NaCl, but
growth was rescued when 1 mM of 10 different compati-
ble solutes was separately added to the cultures (Fig. 3).
In contrast, all tested compatible solutes, except for L-pro-
line, were unable to rescue the growth of the tester strain
TMB118 (Fig. 3). Osmostress protection of strain
TMB118 by L-proline was expected from previous results
and predicted from the genetic set-up of this B. subtilis
strain (Hoffmann and Bremer, 2017; Teichmann
etal., 2017).

While the growth of the B. subtilis tester strain TMB118
possessing the C. difficile genes CDIF630erm_03509/03510
(strain AM02) was not rescued at high salinity by any of the
assessed compatible solute (except for L-proline) (Fig. 3), a
number of compatible solutes served as osmostress protec-
tants for the recombinant strain AMO1 possessing the C. diiffi-
cile CDIF630erm_01020/01021 genes (Fig. 3). Growth was
efficiently rescued by homobetaine, proline betaine and

DMSP, while all other tested compatible solutes (carnitine,
glycine betaine, y-butyrobetaine, crotonobetaine) provided
salt stress protection in B. subtilis to a more moderate degree
(Fig. 3) (Fig. S2).

In conclusion, the C. difficile CDIF630erm_01020/01021
operon clearly encodes a compatible solute transporter
functional in B. subtilis, as system to which we like to refer
in the following as OpuF. This ABC transporter preferen-
tially transports homobetaine, proline betaine, DMSP,
y-butyrobetaine and glycine betaine. Our analysis could
not show a function of the recombinant C. difficile
CDIF630erm_03509/03510 operon in compatible solute
uptake of B. subtilis under sustained salt stress growth
conditions. This might indicate a different function for this
C. difficile transporter or inefficient expression of the
corresponding genes in the recombinant B. subtilis strain.
However, the phenotypic behaviour of the C. difficile opuF
mutant clearly excluded a role of this transporter encoding
operon in high salt adaptation (see below).

The C. difficile OpuF transporter confers high salt stress
protection by importing compatible solutes in C. difficile

Next, we proceeded to evaluate the physiological role of
the OpuF transporter in C. difficile. For this purpose, we
first generated an opuFB insertional mutant strain
(AopuFB) in the C. difficile 630Aerm genetic background
using the ClosTron™ technology (Purdy et al., 2002;
Heap et al., 2010). For unknown reasons, the opuFB
mutant strain showed a delay in growth relative to its par-
ent strain; however, it reached a final growth yield com-
parable to that of the wild type (Fig. 4). It was also more
osmotically sensitive than the wild-type strain (Fig. 4).

We tested the salt stress-protective effects of eight
compatible solutes for the C. difficile 630Aerm wild-type
strain and its opuFB mutant derivative for 24 h. With the
exception of choline, all tested compatible solutes notice-
ably improved the growth of the C. difficile wild-type
strain in the presence of 350 mM NaCl, while this was
not the case for the opuFB mutant strain (Fig. 5). Hence,
the OpuF ABC transporter is functional in C. difficile and
serves as a compatible solute import system with a rather
broad substrate specificity.

L-proline serves as a compatible solute for many bacte-
ria but it can also function as a nutrient (Fichman
et al., 2015). It was present in the MDM medium that we
used for our experiments at a concentration of 9—12 mM
(as determined by metabolomics). Clostridioides difficile
can use both, L- and p-proline as a major energy sub-
strate for the Stickland reaction (Neumann-Schaal
et al., 2015; Hofmann et al., 2018). Thus, it did not serve
as an effective osmostress protectant for this bacterium
in the initial adaptation phase (24 h) to salt stress
(Fig. 5). In agreement with this observation, an
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standard deviation is given.

integration mutant in a potential proline transporter
(CDIF630erm_03896, PutP homologue) failed to reveal
any growth phenotype in the initial salt stress response
(data not shown). However, proline plays a major role in
the late response to salt stress (see below).

Compatible solutes recover salt stress-induced
morphological changes of C. difficile

We used field emission scanning electron microscopy
(FESEM) to observe the morphology of C. difficile cells
grown in the absence or presence of salt stress. FESEM
micrographs of both the wild type and of the AopuFB
mutant revealed characteristic 2.8—-6 pm long rods of C.
difficile that had on average a cell width of 0.56 pm
(Fig. 6A). In the culture of the AopuFB mutant, filamen-
tous cells with a maximal length of up to 21 pm were
observed (Fig. 6H). Strikingly, salt stress induced by the
addition of 350 mM NaCl to the growth medium lead to
the formation of coccoid cells with average diameters of
1.0-1.8 pm, and a smoother cell surface with no append-
ages such as flagella or pili (Fig. 6B and I). The impres-
sive transition in cell morphology under salt stress
conditions was observed both for the wild type and for
the AopuFB mutant strain (Fig. 6B and I). We estimated
the cell volume by measuring the dimensions of the rod-
shaped wild type cells (n = 18) grown in the absence of
salt stress, and those of the coccoid-shaped cells

(n = 20) observed under growth conditions in which salt
stress was imposed. We derived a cell volume of C. diffi-
cile of 0.7-1.5 pm® under growth conditions in which no
salt stress was imposed, and a volume of 1.2-3.1 pm3
when such unfavourable conditions were imposed.

Given the observed positive physiological effect cau-
sed by various compatible solutes on the salt tolerance
of C. difficile (Fig. 5), we further characterized the
impact of salt stress in the presence of different com-
patible solutes on the cell morphology. Wild type
(wt) and the corresponding opuFB mutant strains were
grown in the presence of 350 mM NaCl with and with-
out 1 mM carnitine (Fig. 4), butyrobetaine, homo-
betaine, crotonobetaine and DMSP respectively,
harvested at mid-exponential phase and analysed by
FESEM. The NaCl-triggered drastic effects on cell mor-
phology were largely reverted in the wild type strain
when 1 mM of the various tested compatible solute was
present in the growth medium (Fig. 6C—-G). Differences
in the protection efficiencies were observed. However,
carnitine and the various betaines were found highly
efficient (Fig. 6C—F). A lower degree of protection was
observed when DMSP was added to the salt-stressed
cells (Fig. 6G), thereby showing a mixture of coccoid-
and rod-shaped cells. Overall, the compatible solute
treated cells mainly kept their typical rod-like shape,
whereas the opuFB mutant mainly retained its coccoid
shape (Fig. 6J—N).
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Fig. 4. Salt stress response of C. difficile 630Aerm opuFB mutant. Salt tolerance of C. difficile 630Aerm (black dotted lines) and its opuFB inser-
tional mutant (red dotted lines) was compared by growing both strains in MDM (A), in MDM containing additionally 100 mM NaCl (B), 200 mM
NaCl (C), 300 mM NaCl (D), 350 mM NaCl (E), 400 mM NaCl (F), 350 mM NaCl and 1 mM camitine (G), and 1 mM carnitine (H). Growth of the
cultures was recorded by monitoring the ODggonm. Growth experiments were performed with at least four biological and three technical replicates.

The standard deviation is given.
Salt stress inhibition of the C. difficile energy metabolism
is recovered by the presence of a compatible solute

We also addressed the question to which extent salt
stress impacts the metabolism of C. difficile. To gain

insights into salt-induced metabolic changes, we charac-
terized the extracellular and volatile fermentation profile
of the wild type and the opuFB mutant strain under salt
stress conditions in stationary phase and compared it to
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unstressed reference controls (Fig. 7). Salt stress
reduced the overall amounts of fermentation products in
both strains. Most significant reductions were observed
for acetate, propanoate and their oxidative Stickland fer-
mentation products. This was also true for butanoate and
isocaproate as reductive Stickland fermentation products.
Interestingly, most alcohols were produced at similar con-
centrations under stressed and unstressed conditions.
Importantly, the addition of carnitine to the growth
medium of the wild type strain almost completely recov-
ered the metabolite profile to the level of the unstressed
control. In contrast, carnitine addition did not affect the
metabolome of the opuFB mutant strain (Fig. 7), indicat-
ing that this compatible solute must be imported in order
to exert the observed effects on the extracellular and vol-
atile fermentation profile of the wild type C. difficile strain.

Next, we focused in more detail on the intra- and extra-
cellular metabolic changes in the exponential growth
phase of the wild type strain under salt stress conditions
in the absence (Fig. 8A) and presence of carnitine
(Fig. 8B). Salt stress decreased amino acid uptake and
the secretion of alanine, and led to the reduced export of
fermentation products while intermediates of the Stick-
land fermentation pathways were accumulated to higher
levels in the cell. Proline and cysteine as highly preferred
substrates for C. difficile (Neumann-Schaal et al., 2015;
Hofmann et al., 2018) were consumed to a lower extent,
and the corresponding fermentation products (acetate,
5-aminovalerate) were less abundant in the culture
supernatant. The only fermentation product showing
increased concentrations under salt stress with or without
carnitine was lactate, which is commonly only observed
in later growth phases and associated with the induction
of toxin formation by C. difficile (Hofmann et al., 2021). In

contrast, in the presence of carnitine, the metabolism
was mostly reconstituted to a level of the unstressed con-
dition, only few metabolites remained altered including
the intermediates of the oxidative Stickland fermentation
pathways and of glycolysis (Fig. 8B; Table S2). Notably,
carnitine itself was not metabolized by the C. difficile cell,
supporting its sole role as a metabolically inert compati-
ble solute.

Short- and long-term adaptation of C. difficile to salt
stress

Bioinformatic analyses revealed that the classical path-
ways of compatible solute production in bacteria includ-
ing those for glycine betaine, ectoine and trehalose are
absent in C. difficile. Thus, C. difficile seems not to react
to salt stress like most other previously investigated bac-
teria through the biosynthesis of compatible solutes
(Kempf and  Bremer, 1998; Gunde-Cimerman
et al., 2018). Consequently, metabolomic analyses of
salt-stressed C. difficile (addition of 350 mM NaCl, loga-
rithmic growth phase) failed to detect the accumulation of
the classical compatible solutes (e.g. glycine betaine, tre-
halose, sucrose, glucosylglycerol or glycosylglycerate).
Isoglutamate and glutamate as well as proline are detect-
able intracellularly but not accumulated under elevated
salt concentrations. The employed method routinely
detects pM amounts of these compounds. The most
abundant potential compatible solute of C. difficile under
unstressed growth conditions, isoglutamate, was even
less prevalent under high salt conditions.

Extended growth experiment up to 60 h surprisingly
revealed recovered growth of C. difficile in the presence
of 350 MM NaCl after 25 h and at 400 mM NaCl after

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 24, 1499-1517



1508 A.-M. Michel et al.

Fig. 6. Effect of salt stress on cell morphology. Clostridioides difficile
630Aerm wild type (purple background) and its corresponding
opuFB mutant (yellow background) grown in MDM (A, H), in MDM
containing 350 mM NaCl (B, I), in MDM containing 350 mM NaCl
and 1 mM carnitine (C, J), in MDM containing 350 mM NaCl and
1 mM Butyrobetaine (D, K), in MDM containing 350 mM NaCl and
1 mM Homobetaine (E, L), in MDM containing 350 mM NaCl and
1 mM Crotonobetaine (F, M), or in MDM containing 350 mM NaCl
and 1 mM DMSP (G, N) were harvested at mid-exponential growth
phase and analysed by FESEM. Bars represent 1 pm.

35 h (Fig. 9). In order to understand the metabolic basis
for these observations, we first monitored the volatile fer-
mentation products of C. difficile (Fig. 7, right column)
and observed the alterations in the fermentation profile
which showed elevated levels of isocaproate and acetate
and a reduced level of isovalerate and propanoate. This
indicates that leucine and threonine as substrates are
redirected to reductive pathways (reducing equivalent
sinks) instead of oxidative pathways (ATP formation by
substrate-level phosphorylation). Consequently, we com-
pared the major non-volatile intracellular metabolites of

wt  AopuFB wt
Salt Salt+ Salt Salt+ long-
Carn. Carn. term
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2-Methylbutanoate

Isovalerate
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1-Hexanol
3-Methyl-1-butanol
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Fig. 7. Metabolic impact on the extracellular volatile fermentation
products of C. difficile 630Aerm. Shown are selected extracellular
metabolites of the wild type (wt) and the AopuFB mutant strains as a
heatmap in fold changes for the indicated fermentation products in
presence of 350 mM NaCl (Salt) or 350 mM NaCl and 1 mM carni-
tine (Salt + Carn.) in comparison to unstressed conditions (column
1-4). The cells under salt-stressed conditions were grown to an
ODggp of 0.28 (wt.) or 0.31 (AopuFB mutant) respectively. Cells in
salt-containing medium supplemented with carnitine were grown to
an ODggp of 0.77 (wt.) or 0.26 (AopuFB mutant). The right column
represents the long-term adaptation of the wild-type to 400 mM NaCl
over an extended incubation period of cells grown to an ODggo Of
0.3. Less abundant products are labelled in red; more abundant
products are labelled in green. All experiments are based on five or
four (long-term adaptation) independent cultivations of the respective
strains.

cultures harvested at ODgsmax in MDM compared to
MDM supplemented with 400 mM NaCl. We detected a
5.1-fold increase of the intracellular proline concentration
which was accompanied by the lower abundance of leu-
cine and leucine  fermentation intermediates
(2-oxoisocaproate and 2-hydroxyisocaproate) and the
rearrangement of the threonine metabolism (Fig. 8C)
already indicated by the fermentation profile.
2-oxobutanoate and the side product 2-aminobutanoate
were less abundant which are representative for the oxi-
dative pathway to propanoate. In contrast, glycine was
found in higher concentrations in the cell. Thus, the sec-
ond metabolic route of the threonine metabolism via the
glycine reductase complex was employed. However, C.
difficile seemingly rearranges its reductive energy metab-
olism to allow proline accumulation in the cell. Under the
reference conditions, proline is the favoured reductive
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Fig. 8. Overview of adaptation of metabolism in C. difficile under salt
stress conditions. Shown are metabolomics data obtained for C. diffi-
cile wild type grown in the exponential phase (ODggo of about 0.55 in
MDM and MDM supplemented with carnitine or 0.24 in MDM with
NaCl respectively) (A) comparing salt-stressed bacteria (350 mM
NaCl) to unstressed bacteria and (B) salt-stressed bacteria grown in
the presence of 1 mM carnitine with the unstressed bacteria. (C) A
limited set of the most abundant intracellular metabolites and the vol-
atile fermentation products was analysed for the long-term adaptation.
Metabolomic data are represented by the metabolite names and the
pathway boxes, generally increased concentrations are shown in
green, while decreased concentrations are depicted in red (fold
change >1.5). Metabolites in light grey were not analysed in the long-
term adaptation experiment. All experiments are based on five or four
(long-term adaption) independent cultivations of the wild type strain.

substrate likely due to the coupling of the proline reduc-
tase to the RNF complex. In turn, accumulated proline
can act as a compatible solute and thereby probably

Adaption to salinity stress in Clostridioides difficile 1509

allowed for the recovery of growth. Notably, major meta-
bolic rearrangements of the energy metabolism are
required to provide the salt-stressed C. difficile cell with
the compatible solute L-proline.

Discussion

A microbiome dysbiosis induced by treatment with broad-
spectrum antibiotics is a pre-condition leading to the
development of severe C. difficile infections in humans
(Jenior et al., 2017). This goes hand in hand with the
perturbance of the bile acid composition and the overall
metabolic profile of the infected host, both of which favour
C. difficile spore germination and subsequent growth of
vegetative and toxin-producing cells (Theriot et al., 2014;
Buffie et al., 2015; Robinson et al., 2019). Once these
conditions are established, salt stress is one of the major
extracellular factors that vegetative cells need to cope
with in the human intestine (Overduin et al., 2014). Here,
we have focused on the initial and long-term cellular
responses of C. difficile to sustained salt stress. Cellular
responses to high salinity surroundings are key contribu-
tors to the ability of pathogens to conquer and persist in
infected hosts and to survive osmotically harsh environ-
mental conditions when they leave their preferred hosts
(Sleator and Hill, 2001; Casey and Sleator, 2021; Greg-
ory and Boyd, 2021).

The prevailing osmolarity in the human intestine corre-
sponds to a salinity of about 350 mM NaCl (Chowdhury
et al., 1996; Overduin et al., 2014). High concentrations
of sugars would also increase the osmolarity in the gut
but such conditions are unlikely to prevail due to the high
metabolic activities of the dense microbiome (Halmos
et al., 2015). As a matter of fact, accumulation of saccha-
rides as the result of disease leads to an increased
osmotic load and causes symptoms of intestinal disten-
tion, rapid peristalsis and diarrhoea (Robayo-Torres
et al., 2006). Thus, we focused our attention on the salt
stress that C. difficile will inevitably experience in its main
ecophysiological niche, the gut. Our data do not allow us
to distinguish between true osmotic stress responses of
C. difficile and those that are incurred by the ionic nature
of the added salt (NaCl). We consider it however likely,
that the data reported here reflect both ionic and osmotic
effects on metabolism, growth and cell morphology.
Clearly, further studies are required to distinguish true
osmotic from salt-elicited effects.

Long-term (after approx. 24 h) salt-stressed C. difficile
cells are capable of rearranging its reductive metabolic
energy generation pathways to allow the accumulation of
L-proline, a well-known compatible solute, in the cell. This
is achieved by using higher shares of leucine as reduc-
tive substrate and by shifting the threonine metabolism
from the oxidative pathway via 2-oxobutanoate to glycine
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Fig. 9. Long-term salt stress response of C. difficile 630Aerm opuFB mutant. Salt tolerance of C. difficile 630Derm (black dotted lines) and its
opuFB insertional mutant (red dotted lines) was compared by growing both strains in MDM (A), MDM with 300 mM NaCl (B), 350 mM NaCl (C),
and 400 mM NaCl (D). Growth of the cultures was recorded by monitoring the ODggonm Over 63 h. Growth experiments were performed with at
least four biological and three technical replicates. The standard deviation is given.

as an intermediate using now the glycine reductase com-
plex. The rearrangement of the complex balance
between oxidative and reductive fermentation reflects the
high metabolic flexibility of this pathogen to adapt to alter-
ing conditions in the human gut. Overall, this long-term
adaptation reaction seems to represents a rearrangement
of the metabolism of the cells and might not necessarily
reflect a salt-induced synthesis of a compatible solute.

The level of osmolarity/salinity in the intestine is vari-
able and depends on the diet (Fordtran and
Locklear, 1966). The degree of salinity (350 mM NaCl)
that we imposed under laboratory conditions onto C. diffi-
cile cells represent a threshold value where a reasonable
level of growth is still possible, while an increase by just
50 mM NaCl prevents growth altogether for almost 20 h
before the long-term adaptation reaction via metabolic
rearrangements kicks in (Fig. 4C). Seemingly, C. difficile
does not possess a substantial physiological buffer to
safeguard its growth under high salt conditions that even
marginally exceed (Fig. 4) those prevailing in the gut.

As in other microorganisms, the cellular adaptation of
C. difficile to sustained salt stress will in all likelihood
involve the import of potassium ions (Wood, 2011;
Bremer and Kramer, 2019). As evidence from the C. dif-
ficile genome sequence, this anaerobic bacterium lacks
the ability to produce compatible solutes that are

typically synthesized in members of the Bacteria
(e.g. glycine betaine, ectoine, trehalose) (da Costa
et al., 1998; Kempf and Bremer, 1998; Gunde-
Cimerman et al., 2018). Hence, both genomic data and
our metabolome analysis show that the second arm of
the salt-out adjustment response, the synthesis of com-
patible solutes, is missing in C. difficile during the initial
adaptation phase in the first 24 h. With its initial weak
salt tolerance of 350 mM NaCl, C. difficile is exclusively
relying on the presence of externally provided compati-
ble solutes to adjust to unfavourable salt-stress incurred
growth conditions. Various types of compatible solutes
(e.g. carnitine and glycine betaine) are present in food
sources and their import (tested at 1 mM concentration
in our study) restored the growth of salt-stressed C. diffi-
cile cells. Compatible solutes are naturally present in
the higher micromolar to lower millimolar range in the
gut in dependence of food intake (Craig, 2004; Koeth
et al., 2014; Sim6 and Garcia-Canas, 2020; Day-Walsh
et al., 2021). High-affinity transporters are thus required
for their acquisition.

The adjustment of C. difficile to persistent salt stress
resembles that of a B. subtilis mutant which can import
potassium ions but lacks the enzymes for the synthesis
of the only compatible solute this non-pathogenic soil
bacterium can produce de novo, L-proline (Brill
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et al., 2011). As a consequence, such a B. subtilis strain
cannot effectively withstand osmotic or salt stress
(Hoffmann and Bremer, 2016, 2017), and like the natural
situation for C. difficile, results in a rather salt-sensitive
growth phenotype (Brill et al., 2011). Collectively, our
data reveal that the ability of C. difficile to cope with salt
stress is restricted to a level that just about matches the
degree of salt in the mammalian intestine (Chowdhury
et al., 1996; Overduin et al., 2014). Although the profi-
ciency to synthesize compatible solutes is certainly not
the only determinant to attain a substantial degree of
osmostress tolerance (Wood, 2011; Bremer and
Kramer, 2019), it clearly is a key contributor to this pro-
cess in many bacteria (Kempf and Bremer, 1998; Gunde-
Cimerman et al., 2018). As C. difficile seemingly lacks
this important physiological trait, the sensitivity of this
intestinal pathogen to salt stress (Fig. 4) becomes now
understandable.

While C. difficile cannot synthesize compatible solutes
when it is initially exposed to salt stress, it nevertheless
makes use of these stress-relieving compounds through
import. It uses for this purpose an OpuF-type uptake sys-
tem (Teichmann et al., 2018) which belongs to a sub-
group of binding-protein-dependent ABC-transporters in
which the substrate-binding domain is fused to the trans-
membrane domain (Sikkema et al., 2020). Our modelling
study indicates that the OpuFB substrate-binding domain
of the C. difficile OpuF transporter resembles in its over-
all fold that of ligand-binding proteins of canonical ABC
transporters (Berntsson et al., 2010). The model also rev-
ealed the presence of an aromatic cage in the OpuFB
ligand-binding domain which architecturally resembles
that found in many substrate-binding proteins with speci-
ficity for compatible solutes (Schiefner et al., 2004; Horn
et al., 2006; Oswald et al., 2008; Du et al., 2011;
Pittelkow et al., 2011; Sikkema et al., 2020). The import
of all compatible solutes tested in our study was attribut-
able to the OpuF ABC transport system.

Clostridioides difficile possesses genes for a second
OpuF-type ABC transporter but there is currently no evi-
dence from our data for its involvement in the acquisition
of compatible solutes, despite that the substrate-binding
domain possesses the characteristic aromatic cage as
well (Fig. 2). However, there is precedent for this situa-
tion, as the BIlE substrate-binding protein from L. mono-
cytogenes (Ruiz et al., 2016) and the YehZ substrate-
binding protein from Brucella abortus (Herrou
et al., 2017) possess OpuFB-type substrate-binding
pockets with aromatic cages. Yet, there is no evidence
that these proteins can bind compatible solutes (Ruiz
et al., 2016; Herrou et al., 2017).

The most amazing finding of our study is the observa-
tion of a striking morphological change in which C. diffi-
cile switches from its typical rod-like shape to a coccoid

Adaption to salinity stress in Clostridioides difficile 1511

form under salt stress conditions (Fig. 6B). Importantly,
this shift in cell morphology is reversible in an OpuF-
dependent fashion with several tested compatible solutes
(Fig. 6). It is, for instance, known that the compatible sol-
ute glycine betaine can reverse the osmotic stress-
incurred increase in the cell size of S. aureus and
corresponding changes in the architecture of the peptido-
glycan (Vijaranakul et al., 1995, 1997). However, to the
best of our knowledge, morphological changes of the
type that we describe here for C. difficile have never
been observed before in microorganisms exposed to
sustained osmotic/salt stress. Whether the transition from
a rod-shape to a coccoid cell form represents a salt
stress adaptive cellular reaction of C. difficile, or whether
it simply reflects a sensitivity of cell-wall biosynthetic
enzymes to changes in intracellular ionic and crowding
conditions (van den Berg et al., 2017), remains to be
seen. Collectively, our data suggest that the OpuF-
mediated import of various compatible solutes play an
important role for C. difficile to physiologically counteract
environmentally imposed salt stress.

Experimental procedures
Chemicals and reagents

All antibiotics, amino acids and compatible solutes used
were from laboratory stocks or were purchased from
Sigma-Aldrich (Taufkirchen, Germany) if not stated other-
wise. Casamino acids were obtained from Carl Roth
GmbH (Karlsruhe, Germany).

Bacterial strains, media and growth conditions

The strains that were used in this study are listed in
Table 1. Escherichia coli and B. subtilis strains were rou-
tinely cultivated at 37°C in lysogenic broth (LB) at
180 rpm under aerobic conditions. Media were sup-
plemented with ampicillin (100 pg mi~") or chlorampheni-
col (E. coli: 20 pg ml~", B. subtilis: 5 ug mi~") if required.
Transport studies in B. subtilis were performed in
Spizizen minimal medium (SMM) supplemented with a
trace element solution and 0.5% (wt./vol.) glucose as a
carbon source (Harwood and Archibald, 1990). L-
tryptophan (20 ug mi~") and L-phenylalanine (18 pg mi~")
were added to SMM as B. subtilis JH642 and its deriva-
tives are auxotrophic for these amino acids (Brehm
et al., 1973). Clostridioides difficile 630Aerm (obtained
from the DSMZ, Braunschweig/Germany) (Dannheim
et al., 2017) and its isogenic opuFB insertional mutant
(hereafter referred to as AopuFB) were routinely grown
without shaking at 37°C in an anaerobic chamber from
Coy Laboratories (Grass Lake, Ml, USA) with an atmo-
sphere of 95% N, and 5% H,. For routine cultivation,
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Brain-Heart-Infusion (BHI) broth or BHI-agar (Sigma-
Aldrich) supplemented with 0.1% (wt./vol.) L-cysteine and
5 gL' yeast extract vyielding BHIS were used.
Clostridioides difficile supplement (Sigma Aldrich) con-
taining p-cycloserine (500 ug ml~") as well as cefoxitin
(16 pg mi~"), thiamphenicol (15 pg mi~") and erythromy-
cin (2.5 pg mli~") were used during mutagenesis experi-
ments. The composition of the defined minimal medium
for C. difficile MDM is given in Table S1. All growth
experiments were performed with at least four biological
and three technical replicates.

Construction of C. difficile 630Aerm opuFB mutant

A C. difficile 630Aerm opuFB insertional mutant was
generated using the ClosTron system based on the sta-
ble insertion of a group Il intron into the gene of interest.
For this procedure, the shuttle vector pMTLO07C_E2 was
designed with a specific intron targeting region using the
Perutka algorithm (Perutka et al., 2004) implemented at
the ClosTron website (http://www.clostron.com). The cus-
tomized vector pMTLO07C-E2::Cdi_opuFB-9361937s was
purchased from ATUM (Newark, CA, USA), and intro-
duced into mating competent E. coli CA434 cells via
transformation. Transfer of this plasmid to wild type C.
difficile 630Aerm cells was carried out as described pre-
viously (Purdy et al., 2002; Heap et al., 2010). Trans-
formants were selected on BHI agar containing
500 pg ml~' p-cycloserine and 16 ug ml~" cefoxitin (C.
difficile  supplement, Sigma-Aldrich) and 15 pgml~’
thiamphenicol (Sigma-Aldrich). After 72 h of anaerobic
culturing at 37°C, mutant selection was performed on
BHI agar containing C. difficile supplement and
2.5 pgml~" erythromycin. Homologous recombination
leading to target gene disruption (AopuFB) was con-
firmed by PCR using primers specific for the type Il intron
and the opuFB locus (Table 2).

Generation of B. subtilis strains carrying C. difficile
transporter genes

The operons encoding the OpuF transporter
(CDIF630erm_01020, CDIF630erm_01021) and a puta-
tive ABC-type glycine/betaine transport system
(CDIF630erm_03509, CDIF630erm_03510, hereafter
abbreviated as UtS (‘unknown transporter system’) of C.
difficile 630Aerm were fused with the natural promoter
region including the ribosomal binding site (RBS) of the
B. subtilis opuC operon (Kappes et al., 1999). Further-
more, the intergenic RBS was replaced by its B. subtilis
counterpart (Fig. S2). The codon usage of the C. difficile
630Aerm OpuF and UtS transporters were optimized for
B. subtilis using the GeneArt Gene Synthesis tool of
Thermo Fisher Scientific. Sequences were synthesized

Table 2. Primers used in this study.

Primer Sequence (5' 2> 3) Reference
ClosTron CGA AAT TAG AAA Heap
mutagenesis CTTGCG TTC et al. (2007)
EBS_universal AGT AAAC
ErmRAM_Fw ACG CGT TAT ATT Heap
GAT AAA AAT et al. (2007)
AAT AGT GGG
ErmRAM_Rv ACG CGT GCG ACT  Heap
CAT AGA ATT et al. (2007)
ATT TCC TCC CG
Cdi_opuFB_Fw2 GTA AAATTG AAG This work
TTG CAGTTAC
Cdi_opuFB_Rv1 CCA AGTTCATCC This work
ACTTGATAGT
Bacillus mutagenesis
pX_universal_Fw GGC GCT CAG GAT  This work
CTG TTAAGA TC
pX_universal_Rv CGA TAAGCTTCT This work
AGG ATC TCG
AGC
Bsub_Promotor_ Fw  AGC TGA TCA TCC This work
CTT CAA ATG GC
OpuFA_opt_Fwi1 ATG ATT GAA ATT This work
AGA AAT GTC
ACG AAA AAA
ATC
OpuFB_opt-Fw2 GCA CGG AAT GGC  This work
AAACTTTTT
TAAC
OpuFA_opt_Fw3 GGT TGA AAT CCT This work
GAA TGT CAT
GAA TAG AAA
TAG
OpuFA_opt_Rv1 GTT TAG CCC AGG This work
ACT GAA ACT TC
OpuFB_opt_Rv2 CCAGGC CTTCTT This work
TAA CCA GAA
ATG
unkn. GAA TGA CAC CGA This work
Transp_opt_F2 TTATTC AGT
TCA AG
unkn_Transp_Fw3 CGC AAC AAAGCC  This work
GAT GAC AG

as shuttle vectors pMA-RQ-opuFcgir and pMA-RQ-
utScyir, and purchased from Thermo Scientific (Table 3).
The opuFcgir and utScqix DNA-fragments respectively
were excised with Xbal (New England BioLabs®, Frank-
furt am Main, Germany), and were inserted into plasmid
pX, which was cleaved with the same enzyme, thereby
replacing the xy/R-gene and the P,,a-promoter of the pX-
vector backbone (Kim et al., 1996). In the resulting plas-
mids pXAXyIR::OpUFCd,'ff and pXAXyIR::utSCd,‘ff, the
respective operon is flanked by segments of the 5’ and 3’
sequences of the amyE thereby allowing homologous
recombination into the non-essential chromosomal amyE
gene of the B. subtilis strain TMB118 as a single copy. In
strain TMB118 the operons encoding the OpuA, OpuB,
OpuC and OpuD osmoprotectant uptake systems are
deleted. Only the proline-specific OpuE transporter is pre-
sent because it is essential for the proline release and
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Table 3. Vectors and plasmids used in this study.

Name Features Reference

pMA-RQ-opuF.

difficile 630Aerm

Amp", Col E1 origin,
optimized
CDIF630erm_01020::
CDIF630erm_01021
operon, B. subtilis
promoter region

pX xyIR, Cm®, Amp® amyE
front/back

cm®, Amp®, AxyIR,
optimized opuFc.
difficile 630Aaerm
(CDIF630erm_01020::
CDIF630erm_01021;
annotated as opuCA
and opuCC
respectively) inserted

pMTLO07C-E2

This work (Thermo
Fisher Scientific,
Waltham, USA)

Kim et al. (1996)

pXAxyIR::opuFc. This work

difficile 630Aerm

pMTLO07C-E2:: This work (ATUM)

Cdi_opuFB- retargeted to C.

936 1937s difficile 630Aerm-
opuFB9361937s::
intron ermB

recapturing cycle in B. subtilis (Hoffmann et al., 2012).
As a result, this B. subtilis mutant cannot be protected
from osmotic stress by externally provided compatible
solutes, except by L-proline (Teichmann et al., 2017).
Successful cloning was confirmed by DNA sequencing
with plasmid and insert specific primers (Table 2).
Naturally competent B. subtilis TMB118 cells were
transformed with the respective plasmid. Resulting trans-
formants were selected on LB-agar with chloramphenicol.
Homologous recombination into the amyE locus was veri-
fied by checking for amyE dependent amylase activity
(Brill et al., 2011). Amylase negative clones, designated
AMO1 and AMO2 harbouring opuFcgir and utScgi
respectively, were used for detailed transport studies.

Transport assays in B. subtilis

Transport assays were performed with slight modifica-
tions as previously described (Teichmann et al., 2017,
2018). Briefly, B. subtilis strains were cultured at 37°C in
SMM with 0.5% (wt./vol.) glucose as the carbon and
energy source. Pre-cultures that were grown to exponen-
tial growth phase in 20 ml SMM in 100 ml Erlenmeyer
flasks were diluted to an optical density at a wavelength
of 578 nm (ODs7g) of 0.1 in fresh SMM. A 1 ml-aliquot of
this suspension was transferred into the wells of 48-well
FlowerPlates MTP-48-B (m2p-labs GmbH, Baesweiler,
Germany). Bacteria were grown in a BioLector mini biore-
actor system (m2p-labs GmbH) for 25 h at 37°C and
1400 rpm under humidity control. The gain in biomass
was derived from the intensity of the scattered light at
620 nm (scattered light index, SLI) at a gain of 10.

Adaption to salinity stress in Clostridioides difficile 1513

Hyperosmotic stress was imposed onto the B. subtilis
cells by the addition of NaCl to a final concentration of
1 M from a 5 M stock solution. Compatible solutes were
added to cultures at a final concentration of 1 mM from
sterile-filtered 100 mM stock solutions prepared in
ddH.0.

Growth and salt stress protection assays in C. difficile

Growth assays of C. difficile 630Aerm and its isogenic
AopuFB mutant were performed in a minimal defined
medium (MDM) as published previously (Neumann-
Schaal et al., 2015). To improve the biomass yield for
subsequent analyses, L-threonine was included at
0.563 gL~ ". Pre-cultures were prepared in C. difficile
minimal medium (CDMM) with minor modifications to
a previously described recipe (Neumann-Schaal
et al., 2015): NaH,PO, was added to a final concentra-
tion of 14.5 mM; the concentrations of glucose and b-
biotin were adjusted to 10 and 0.003 g L™ respectively.
Bacteria grown on chromID® plates were used to inocu-
late CDMM. Two sequential pre-cultures were prepared,
in order to reduce the spore load in the final culture. After
growing the first pre-culture for 20 h, the second pre-
culture was inoculated with a 1:100 dilution and grown to
an ODggo of 0.6. Next, the main cultures for the growth
experiments were inoculated from this second pre-culture
to an initial ODgge of 0.01 in a final volume of 10 ml
MDM. Growth was monitored by measuring the ODggg
over 26h. Hyperosmotic stress was induced by
supplementing the main cultures with increasing concen-
trations of NaCl from a 5 M stock solution. In order to test
the salt stress-protective activity of different compatible
solutes, bacteria were grown in the presence of 350 mM
NaCl with or without 1 mM of the respective compatible
solute.

Genome-wide search for compatible solute biosynthetic
genes in C. difficile 630Aerm

We searched the genome sequence of C. difficile
630Aerm (Dannheim et al., 2017) (genome identification
number 2871977330) deposited at the Joint Genomic
Institute Integrated Microbial Genomes and Microbiomes
(JGI/IMG/MER) database for genes encoding glycine
betaine, ectoine and trehalose, widely used compatible
solutes in bacteria (Kempf and Bremer, 1998). To assess
the presence of genes for the synthesis of glycine beta-
ine from the precursor choline, we used the proteins
encoded by the Escherichia coli betBA (gene identifica-
tion numbers CAD6021196.1 and CAD6021202.1
respectively) and the Bacillus subtilis gbsAB genes
(gene identification numbers NP_390984.1 and
NP_390983.2 respectively) as search queries. No BetBA/
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GbsAB-type proteins were found. The ectoine biosyn-
thetic genes (ectABC) are typically organized in an
operon and the ectC-encoded ectoine synthase is the
signature enzyme for ectoine production. Likewise, using
the EctC proteins from Halomonas elongata and from
Virgibacillus pantothenticus as search queries (gene
identification numbers AAC15883.1 and AAS93808.1
respectively), no ect biosynthetic gene cluster was pre-
sent in the genome of C. difficile 630Aerm. The compati-
ble solute trehalose can be synthesized by various types
of enzymes. No genes for the synthesis of trehalose were
detected in C. difficile 630Aerm when the proteins of the
otsAB-encoded genes from E. coli (gene identification
numbers BAA15717.1 and BAA15718.1 respectively), of
the treYZ-encoded genes from  Pseudomonas
aeruginosa (gene identification numbers KFL05971.1
and PWU33707.1 respectively), or that of the treS-
encoded gene from Mycobacterium tuberculosis (gene
identification number CCE35668.1) were used as the
search queries.

Field emission scanning microscopy

Clostridioides difficile 630Aerm was cultivated anaerobi-
cally in MDM with and without additional 350 mM NaCl in
presence or absence of 1 mM of the indicated compatible
solute. A volume of 20 ml cell culture was harvested at
mid-exponential phase and pre-fixed with 1% (wt./vol.)
formaldehyde followed by fixation with 5% (wt./vol.) form-
aldehyde and 2% (vol./vol.) glutaraldehyde. Further sam-
ple preparation was carried out as described previously
(Berges et al., 2018) with minor modifications. The
FESEM examinations were performed with a Zeiss Merlin
microscope (Oberkochen, Germany) equipped with an
Everhart-Thornley SE-detector and an Inlens SE-detector
in a 75:25 ratio with an acceleration voltage of 5 kV.

Metabolome studies

All metabolites analysed in this study are listed in Tables
2 and 3. Samples for metabolomic studies were collected
during the mid-exponential phase from five (major experi-
ment) or four (additional experiment for long-term adapta-
tion) independent biological replicates cultivated in MDM
and their modified variants. Cultures were harvested
under anaerobic conditions and were transferred into
gas-tight polypropylene tubes (TPP, Trasadingen,
Switzerland). Sampling conditions were chosen as
described previously (Hofmann et al., 2018), unless
stated otherwise. Samples for fermentation profiling were
collected at ODnax, and the bacteria were pelleted by
centrifugation (8000 rpm for 10 min at 4°C). 1 ml aliquots
of the supernatants were transferred to cryotubes for fer-
mentation analysis. Cell pellets and supernatants were

immediately frozen in liquid nitrogen and stored at
—80°C. GC/MS was used for the detection and quantifi-
cation of intra- and extracellular as well as volatile com-
pounds and for major non-volatile intracellular
compounds in the long-term adaptation experiment. The
measurements were performed on an Agilent GC-MSD
system (7890B coupled to a 5977 GC) equipped with a
high-efficiency source and a PAL RTC system as
described before (Will et al., 2019). The samples were
prepared and extracted as previously described with
minor modifications (Hofmann et al., 2018). For the long-
term adaptation experiment, the samples were only
analysed in split mode. For the analysis of intra- and
extracellular compounds, 150 pl of the polar phase were
transferred into glass vials. For volatile compounds an
Agilent VF-WAXms column (0.25 mm 30 m, Agilent,
Santa Clara, CA, USA) was integrated into the system,
and a volume of 1 pul was injected in pulsed split mode
with a split ratio of 10:1 (split flow of 12 ml min~"). Sepa-
ration and measurement were conducted as described
before (Neumann-Schaal et al., 2015). LC/MS was
deployed for the analysis of coenzyme A (CoA) deriva-
tives and amino acids. For this purpose, frozen precipi-
tated cells were re-suspended in 700 pul methanol per
1 mg dry weight. A volume of 1 ml cell suspension was
transferred into 2 ml screw-cap tubes containing 600 mg
glass beads (70-110 uM diameter). As an internal stan-
dard 250 ng of '*Cs-malonyl-CoA was added, and the
cells were lysed using a FastPrep-24 classic instrument
equipped with a CoolPrep adapter (MP Biomedicals,
Stadt. Land). The lysate was mixed with 10 ml ice-cold
ammonium acetate (25 mM, pH 6) and centrifuged sub-
sequently (5 min, 10 000 rpm, 4°C). The extraction of
CoA derivatives was performed using a Strata XL-AW
solid-phase column (Phenomenex, Aschaffenburg,
Germany) as described previously (Wolf et al., 2016).
The measurement was carried out on an Agilent LC-
QTOF system (6545 coupled to a 1290 Infinity Il UHPLC)
equipped with an electrospray interface. The separation
was driven on a Cyg analytical column (Gemini
2.0 x 150 mm, particle size 3 mm; Phenomenex)
followed by data analysis as described previously (Wolf
et al., 2016). Samples for amino acid analysis were pre-
pared and measured with a 1260 Infinity Il HPLC system
as previously described (Hofmann et al., 2018).
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Fig. S1. Osmolarity of the employed growth media.

Fig. S2. Plasmid constructs designed for the heterologous
expression of C. difficile transporter genes in B. subtilis
TMB118. Shown are the constructs consisting of the Pypuc
of B. subtilis fused to the respective transporter encoded by
(A) CDIF620erm_01020/01021 or (B)
CDIF620erm_03509/03510. Highlighted are the —35
and — 10 boxes and the ribosomal binding sites (RBS). Both
constructs were flanked by the recognition site for the restric-
tion enzyme Xbal for cloning into the plasmid pX that was
used for stable integration into the genome of B. subtilis
TMB118.

Fig. S3. Growth of B. subtilis JH642, TMB118, AM01 and
AMO02 with different compatible solutes. Shown are the
growth curves of B. subtilis (A) JH642, (B) TMB118, (C)
AMO1 stably expressing the transporter encoded by
CDIF620erm_01020/01021 and (D) AMO02 stably expressing
the transporter encoded by CDIF620erm_03509/03510 in
SMM or in SMM containing 1 M NaCl or SMM containing
1 M NaCl and 1mM of carnitine, glycine betaine,
y-butyrobetaine, crotonobetaine, choline, homobetaine, pro-
line betaine, DMSP, ectoine, and proline. Measurements of
scattered light intensities (SLI) at 620 nm over 26 h are
shown. Growth experiments were performed with at least
four biological and three technical replicates. The standard
deviation is given.

Table S1. Composition of the defined MDM growth medium
for C. difficile

Table S2. Comparative exo-metabolome analysis of C. diffi-
cile wild type and AopuFB mutant at high osmolarity condi-
tions with or without carnitine in comparison to unstressed
conditions. Experiments were performed with at least four
biological and three technical replicates.

Table S3. Comparative metabolome and exo-metabolome
analysis of C. difficile wild type grown under high osmolarity
conditions with or without carnitine in comparison to
unstressed conditions. Tabs ‘Intracellular_Overview’ and
‘Intracellular_FC’ summarize the wild type intracellular fer-
mentation profile grown under high osmolarity conditions
with or without carnitine in comparison to unstressed condi-
tions (short-term). Tabs ‘Extracellular_Overview’ and
‘Extracellular_FC’ list the extracellular fermentation profile
grown under high osmolarity conditions with or without carni-
tine in comparison to unstressed conditions (short-term).
Tabs ‘extracellular_aa_overview’ and ‘extracellular_aa_FC’
enumerate the extracellular amino acid abundances of the
wild type strain grown under high osmolarity conditions with
or without carnitine in comparison to unstressed conditions
(short-term). Tabs ‘non-volatile major metabolites’ and ‘vola-
tile fermentation products’ summarize the abundant intracel-
lular metabolites and the fermentation profile during long-
term adaptation of the wild-type. Experiments rely on five
independent replicates (major experiment) or four indepen-
dent replicates (long-term adaptation).
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