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SUMMARY
Clostridioides difficile infections (CDIs) remain a healthcare problem due to high rates of relapsing/recurrent
CDIs (rCDIs). Breakdown of colonization resistance promoted by broad-spectrum antibiotics and the persis-
tence of spores contribute to rCDI. Here, we demonstrate antimicrobial activity of the natural product class of
chlorotonils against C. difficile. In contrast to vancomycin, chlorotonil A (ChA) efficiently inhibits disease and
prevents rCDI in mice. Notably, ChA affects the murine and porcine microbiota to a lesser extent than van-
comycin, largely preserving microbiota composition and minimally impacting the intestinal metabolome.
Correspondingly, ChA treatment does not break colonization resistance against C. difficile and is linked to
faster recovery of themicrobiota after CDI. Additionally, ChA accumulates in the spore and inhibits outgrowth
of C. difficile spores, thus potentially contributing to lower rates of rCDI. We conclude that chlorotonils have
unique antimicrobial properties targeting critical steps in the infection cycle of C. difficile.
INTRODUCTION

Clostridioides difficile is an anaerobic enteropathogen of both

humans and animals. Although asymptomatic carriage with

C. difficile can be found in the intestinal tract of mammals,1

C. difficile has emerged as the most frequent agent of anti-

biotic-associated diarrhea, causing mild to severe forms of coli-

tis.2 Even after an initially successful antibiotic therapy, recur-

rence rates reach up to 20%, with mortality rates of up to

10%.3 Despite currently low antibiotic resistance rates of

C. difficile to the clinically relevant antibiotics metronidazole,
734 Cell Host & Microbe 31, 734–750, May 10, 2023 ª 2023 The Auth
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vancomycin, and fidaxomicin,4 therapy of C. difficile infections

(CDIs) is still challenging. Moreover, the potential emergence

and spread of antibiotic-resistant strains of C. difficile should

preemptively be addressed by the search for new therapeutics

against CDI.

Aprerequisite forCDI is thebreakdownof thecolonization resis-

tance (CR) against C. difficile, e.g., by antibiotics, in concert with

other risk factors such as age and immune deficiencies.5–7

Conversely, recovery of the intestinal microbial community and

concomitantly CR helps to combat CDI and to prevent recurrence

from remaining C. difficile spores and biofilm-associated cells.8,9
ors. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Consequently, antibiotics,whichcausecollateral damage tomany

members of the microbiota, are linked to high CDI recurrence

rates.10–12 A metabolic property of the microbiota identified to

contribute toCRagainstC.difficile is the conversionof conjugated

primary bile acids (BAs) to secondary BA through microbial en-

zymes, although a recent study showed complete protection

against CDI in a BA-independent manner.13–15 Along these lines,

sequestration of nutrients preferred byC. difficile, such as proline

andbranched-chain amino acids (AAs), in the so-calledStickland-

reactionswas identified tosignificantly contribute toCR.16,17Simi-

larly, although C. difficile is metabolically highly versatile, there is

strong evidence that it is unable to compete with other microbes

in vivo in the absence of proline fermentation.16,18–20 In contrast

to the protective functions of the microbiota, cross feeding from

commensals may also reinforce infection.17,19

Since broad-spectrum antibiotics significantly damage themi-

crobiota and thus potentially promote relapsing/recurrent CDI

(rCDI), their avoidance in the treatment of certain bacterial infec-

tions is justified.21 Moreover, this consideration has urged the

development of narrow-range antibiotics, such as fidaxomicin,

with a high antimicrobial activity toward C. difficile,22 although

resistance against fidaxomicin has already been observed.23

CDI treatment is complicated by the ability of C. difficile to

form dormant spores that are resistant against antibiotics and

can only be killed by specific, disinfectant-type chemicals.24 Sig-

nals inducing sporulation are diverse environmental stimuli, such

as nutrient starvation and quorum sensing, resulting in a contin-

uous production of spores during CDI.25 Spores not only

contribute to the spread of CDI to other patients but also to

rCDI within a patient. Similarly to sporulation, spore germination

is a complex process induced when specific germinant recep-

tors sense the presence of germinants.26 Together, sporulation,

germination, and outgrowth of vegetative cells in the gut are cen-

tral to the vicious infection cycle ofC. difficile, which is difficult to

break with existing antibiotics.

Natural products derived from microbes are the most impor-

tant source of antibiotic lead compounds and of antimicrobials

with new types of activities.27 Chlorotonil A (ChA) is a polyketide

isolated from the myxobacterium Sorangium cellulosum with

strong antibacterial activity against Gram-positive bacteria and

moderate antifungal activity.28,29 Moreover, it exhibits bioactivity

against themalaria-causing pathogen Plasmodium falciparum.30

A derivate of ChA, ChB1-Epo2, was recently generated by intro-

ducing an epoxide bond and removing a chlorine atom to

improve the limited aqueous solubility, as well as in vivo stability

and systemic bioavailability, respectively.31 Due to their antibac-

terial activity being restricted to Gram-positive pathogens, we

reasoned that chlorotonils are good candidates to clear infec-

tions caused byC. difficilewith less drastic effects on the gut mi-

crobiome compared with vancomycin. Furthermore, no cross-

resistance with other antibiotics has been reported so far,31

making ChA a good candidate as an antibacterial agent.

RESULTS

Chlorotonils show antimicrobial activity against diverse
C. difficile strains
Here, we investigated the effectiveness and potential antimicro-

bial activity of ChA and its semisynthetic derivative ChB1-Epo2
(Figures 1A and 1B) against C. difficile. To cover the broad

genomic diversity of this pathogen, the screening panel included

the well-characterized C. difficile strains 630, VPI10463, DSM

1296 (typestrain), R20291, and strains resistant against metroni-

dazole (CD-22-00115) or fidaxomicin (CD-22-00001), or with

reduced susceptibility to vancomycin (CD-10-00484 and CD-

15-00638). Strains were screened in standardized liquid broth

dilution assays using ChA and ChB1-Epo2 in decreasing con-

centrations (6.4 mg/mL to 3.125 ng/mL) to determine the mini-

mum inhibitory concentration (MIC) and the minimum bacteri-

cidal concentration (MBC).

In line with our expectations, the four antibiotic-resistant/resil-

ient strains showed increased MIC/MBC values compared with

the strainswithout resistance orwith resistance against other an-

tibiotics (Figure 1C). In contrast, both chlorotonils exhibited MIC

and MBC values comparable with or superior to vancomycin

(0.4–0.8 mg/mL), ranging between 0.4–1.6 mg/mL for ChA and

0.05–0.2 mg/mL for ChB1-Epo2, with differences based on strain

and antibiotic (Figures 1B and 1C). Strains resistant against

either metronidazole or fidaxomicin, or with reduced susceptibil-

ity to vancomycin, displayed comparable sensitivity with chloro-

tonils, indicating the absence of cross-resistance between the

antibiotics. Based on the classical definition of bactericidal anti-

biotics, i.e., a ratio of MIC to MBC < 4, we classified both chlor-

otonils as bactericidal.

ChB1-Epo2 forces metabolic reprogramming and
disturbed metal homeostasis at sublethal
concentrations
To further address physiological and biochemical alterations at

sublethal concentrations, we investigated the transcriptional

response of C. difficile strain 630, one of the best characterized

isolates in terms of regulon and metabolic network structures.32

We decided to focus on ChB1-Epo2 as both chlorotonils had a

similar pattern of inhibition between strains (Figures 1B and

1C), yet with a higher activity of ChB1-Epo2. Specifically,

C. difficile was grown to mid-exponential phase and stressed

for 30 min with 4.7 ng/mL of ChB1-Epo2, a sublethal concentra-

tion inducing significant growth delay. DMSO-treated cells

served as control. Of the 3,774 detected genes, 213 transcripts

were significantly less abundant (log2fold change [FC] % �1.0),

and 207 transcripts were significantly more abundant (log2FC

R 1.0), in comparison with the control. A large number of upre-

gulated genes belong to the categories of energy production and

conversion and to cell-wall biogenesis (Figure 2A). We found

transcripts of prdAB, which encode the proline reductase, to

bemore abundant in stressed cells. Furthermore, induced genes

encode phosphotransferase systems and enzymes that are pre-

sumed to be involved in the uptake and utilization of alternative

carbohydrates. In addition, we observed induction of typical

stress responses of C. difficile, characterized by genes that

encode a CcmA-like drug resistance transporter, a putative su-

peroxide reductase, a pyrimidine dimer repair enzyme, carbon

starvation protein CstA, and a sporulation factor. On the other

hand, transcript levels of genes responsible for the biosynthesis

of macromolecules such as fatty acids, the formation of cellular

structures such as flagella, and purine biosynthesis were

reduced. In brief, the response of the pathogen to ChB1-Epo2

was mainly characterized by a drastic reprogramming of the
Cell Host & Microbe 31, 734–750, May 10, 2023 735
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Figure 1. Chlorotonils show antimicrobial activity against C. difficile

(A) Chemical structures of ChA and the semisynthetic, epoxidized derivative ChB1-Epo2.

(B) C. difficile strain VPI10463 growth curves in the presence of increasing concentrations of ChA (left) and ChB1-Epo2 (right). Dotted line represents detec-

tion limit.

(C) MIC and MBC of ChA, ChB1-Epo2, vancomycin, metronidazole, and fidaxomicin against a panel of C. difficile strains.
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energy, AA, and carbohydrate metabolism, a decrease inmacro-

molecule and polyamine synthesis, and an increased abundance

of stress-response-related gene transcripts (Figure S1;

Table S1).

To complement this approach, the proteome of C. difficile 630

after 90min of growth in the presence of the same sublethal dose

of ChB1-Epo2 (4.7 ng/mL) was analyzed by LC-MS/MS, result-

ing in the identification of 1,513 proteins with 62 proteins being

significantly more or less abundant after stress. Of those, three

proteins were significantly more abundant, and 29 proteins

were identified exclusively in ChB1-Epo2-stressed cells (‘‘ON’’

proteins). In contrast, one protein was significantly less abun-

dant, and 29 proteins were identified exclusively in the DMSO

controls but not in ChB1-Epo2-stressed cells (‘‘OFF’’ proteins).

Of the 32 higher abundant and ON proteins, eleven are predicted

to bind transient metals or iron-sulfur clusters on their conserved

cysteine motives (Table S2). The large number of metal-contain-

ing proteins affected by the presence of ChB1-Epo2 led us to hy-

pothesize that ChB1-Epo2 caused a disturbance in metal ho-

meostasis. To investigate this hypothesis, we analyzed the

metal content of cells treated with ChB1-Epo2 and untreated

cells using inductively coupled plasma-mass spectrometry

(ICP-MS) analysis. The ICP-MS results demonstrated a signifi-

cant increase in the divalent cations copper, zinc, and cadmium

(Figure 2C).
736 Cell Host & Microbe 31, 734–750, May 10, 2023
In summary, these complementary approaches reveal the

disturbance of key metabolic functions of C. difficile by ChB1-

Epo2, even at sub-MIC concentrations, and provide directions

for future mode-of-action studies.

ChA successfully antagonizes established CDI and
prevents relapsing infection
Next, we assessed the potential of chlorotonils for treating CDI.

To this end, we applied a well-established infection model based

on clindamycin-induced disruption of the microbiota.33 Briefly,

after clindamycin pre-treatment, specific pathogen-free (SPF)

mice were infected with 104 spores of C. difficile VPI10463

(day 0) (Figure 3A). This strain is commonly used formouse infec-

tion studies34 and susceptible to vancomycin, ChA, and ChB1-

Epo2. On the two following days (day 1 and 2), infected mice

were treated with 40 mg/kg ChA, 40 mg/kg ChB1-Epo2, or

20 mg/kg vancomycin (Figure 3A). Antibiotic treatment was dis-

continued after day 2 tomonitor the durability of the antimicrobial

effect and to allow the potential development of a relapsing

infection. As expected, 24 h post infection (day 1), mice suffered

from severe weight loss (Figure 3B), indicating a rapid onset of

the disease. Strikingly, in the days after the second dose, most

vancomycin- and ChA-treated mice of both groups started to

recover to a final survival rate of 66.6% (6/9 mice). Surprisingly,

ChB1-Epo2-treated mice started to succumb to the infection,
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Figure 2. ChB1-Epo2 forces metabolic reprogramming and disturbed metal homeostasis at sublethal concentrations

(A–C) The stress response signature of C. difficile 630 to a sublethal dose ChB1-Epo2 (4.7 ng/mL) was analyzed on transcriptome level 30 min after treatment (A),

as well as 90 min after treatment on proteome level (B) and ICP-MS analysis of intracellular metal concentrations (C).

(A) Transcripts that were differentially abundant between stressed and DMSO-treated cells with a log2FC of at least 1.5 were mapped on a heatmap displaying

C. difficile’s gene inventory clustered according to the functional role of the respective proteins. The number of gene transcripts per million are scored in colors.

Proteins and functional categories are indicated.

(B) 62 proteins were differential abundant and were either significantly higher abundant (log2FCR 1.5) or only identified in ChB1-Epo2-stressed cells compared

with the DMSO controls, or vice versa. Protein abundances are scored in colors.

(C) Intracellular concentrations of zinc, copper, and cadmium. Error bars represent mean ± standard deviation (s.d.). (*p < 0.05, **p < 0.01).

See also Figure S1 and Tables S1 and S2.
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resulting in a final survival rate of 22.2% (2/9 mice), identical to

that of the vehicle-treated control group (Figure 3C). After the

initial recovery of vancomycin-treated mice, they started to

lose weight again, likely as a result of a relapsing infection

(Figures S2A and S2B). In contrast, ChA-treated mice steadily

recovered their weight without an observable disease relapse.

Although vancomycin-treated mice demonstrated a faster

weight recovery than ChA-treated mice early on, we did not
observe significant differences in C. difficile numbers between

the two groups at day 3 (Figure 3D). The relapsing phenotype

observed in the vancomycin treatment group on day 5 was char-

acterized by significantly higher numbers ofC. difficile vegetative

cells and spores compared to the ChA treatment group, indi-

cating that ChA treatment more efficiently clears C. difficile after

severe infection. In fact, 83.3% of surviving mice (5/6) in the ChA

treatment group compared with 16.6% (1/6) in the vancomycin
Cell Host & Microbe 31, 734–750, May 10, 2023 737
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Figure 3. ChA successfully antagonizes established CDI and prevents relapsing infection
(A–F) SPF mice (n = 9/group) were pre-treated with clindamycin (10 mg/kg) (day �1) and infected with 104 spores of VPI10463 (day 0), followed by antibiotic

treatment (day 1 and 2).

(B) Average daily body weight of infected or uninfected/untreated mice.

(C) Kaplan-Meier survival curves of infected mice, p values were determined using a log-rank (Mantel-Cox) test.

(D) Fecal burden of C. difficile spores and vegetative cells at different time points of infection. The dotted lines represent the detection limits.

(E and F) Lipocalin-2 and total C. difficile toxin (TcdA and TcdB pooled) ELISA from fecal samples. p values in (D)–(F) represent Mann-Whitney non-parametric

rank comparison between ChA and vancomycin treatment.

(G) Quantification of ChA (left) and vancomycin (right) from fecal samples at different time point before (day 0) and after (day 1, 3, 5, and 7) treatment with ChA

(40 mg/kg) and vancomycin (20 mg/kg) (n = 5–8/day/antibiotic).

(H) SPF mice (n = 9/group) were pre-treated with clindamycin (10 mg/kg) and either ChA (40 mg/kg) or soy oil (day �1) and infected with 104 spores of VPI10463

(day 0). Left: average daily weight of infectedmice. p values representMann-Whitney non-parametric rank comparison between treatments at the days indicated.

Right: Kaplan-Meier survival curves.

(I) GFmice (n = 7/group) were infected with 103 sporesC. difficile VPI10463 followed by antibiotic treatment at day 1 p.i. Average daily body weight of infected GF

mice. Error bars represent ± standard errors of the mean (SEM). (*p < 0.05, **p < 0.01, ***p < 0.0001).

See also Figure S2.
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treatment group cleared C. difficile completely until day 7 (Fig-

ure S2C), i.e., vegetative cells and spores were absent in the

feces of these mice (Figure 3D). Comparison of the levels of

lipocalin-2, a marker of intestinal inflammation, revealed signifi-

cant differences at day 5, the time point when the weight differ-

ence first became detectable again (Figure 3E). Moreover, while
738 Cell Host & Microbe 31, 734–750, May 10, 2023
vancomycin-treated mice exhibited lower levels of toxins at day

3, we observed an approximately 100-fold reduced amount of

toxins detected in ChA-treated mice compared with vancomy-

cin-treated mice at day 5 (Figure 3F).

Since vancomycin and ChA have comparable antimicrobial

effects in vitro, we hypothesized that other factors, such as
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Figure 4. In mice, ChA induces distinct microbiota changes compared with ChB-Epo2 and vancomycin

(A and B) Changes in colonic microbiota composition and a-diversity at days 3 and 5 p.i. of infected and ChA or vancomycin treated mice. Untreated and un-

infected mice were used as controls (n = 3–5/group).

(A) Single sample relative abundance (%) of 12 most abundant bacterial families; U, untreated/uninfected; V, vancomycin; A, ChA.

(B) Quantification of a-diversity from the fecal microbiota using observed species richness (amplicon sequencing variants, ASVs) and Shannon index.

(legend continued on next page)
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antibiotic transit time or microbiota-mediated CR, contributed to

efficient clearance of C. difficile from ChA-treated mice. Hence,

we longitudinally quantified antibiotic concentrations in fecal sam-

ples of ChA- and vancomycin-treated SPF mice. Higher levels of

ChA were detected in comparison with vancomycin on day 1

post treatment (Figure 3G). Specifically, althoughChAwas admin-

istered at a 2-fold higher concentration than vancomycin, approx-

imately 25-fold higher concentrations of ChA than of vancomycin

were detected. Furthermore, concentrations of vancomycin were

below the limit of detection on the following days, whereas ChA

was still detected on day 3 and 5, yet at 10- to 500-fold lower con-

centrations compared with day 1. To test whether the persisting

ChA levels are sufficient to modulate CDI development in vivo,

we pre-treated SPF mice with clindamycin (10 mg/kg) and ChA

(40 mg/kg) or soy oil (as control), followed by CDI. Strikingly, ChA

pre-treatment resulted in significantly slower onset of disease

and minor severity compared with the control, characterized by

reducedweight lossandhighersurvival rates (Figure3H). These re-

sults indicate that persisting ChA is able to antagonize C. difficile

for anextendedperiod,whichmaypromoteclearance.Toevaluate

whether the presence of a regenerating microbiota is critical for

treatment outcome, the therapeutic effects of ChA and vancomy-

cin were assessed in the absence of a healthy microbiota, i.e., by

infecting germ-free (GF)micewithC. difficile followedby antibiotic

treatment starting on day 1 post infection (p.i.). Strikingly, we

observed severe bodyweight loss regardless of treatment (Fig-

ure 3I), resulting in mortality rates of 100% (7/7) on day 2 p.i.

Thus, neither ChA nor vancomycin were able to successfully pre-

vent CDI in GF mice, suggesting a physiologically relevant contri-

bution of a recovering microbiota in the successful treatment

of CDI.

In mice, ChA induces distinct microbiota changes
compared with ChB-Epo2 and vancomycin
To test the hypothesis that ChAand vancomycin havedistinct im-

pacts on microbiota composition, which, in turn, may be associ-

ated with the better clearance of C. difficile from ChA-treated

mice,weperformedmicrobiota analysis of luminal colon samples

from the infection experiments. Infected and ChA-treated mice

revealed strong differences at day 3 in their microbiota composi-

tion compared with that of vancomycin-treated mice (Figure 4A).

Specifically, the more diverse microbiota of ChA-treated mice

featured members of the Porphyromonadaceae, Verrucomicro-

biaceae, and Bacteroidaceae, i.e., families of Gram-negative

bacteria that may contribute to better clearance of C. difficile.35
(C) NMDSplot showing b-diversity usingwUnifrac distances. Centroid wUnifrac di

each antibiotic sample at specified day. p values in (B) and (C) represent Man

treatment.

(D–F) Longitudinal microbiota analysis of fecal samples after antibiotic treatment in

a-diversity using observed species richness (ASVs) and (F) b-diversity using wUnifr

(E) fold change and (F) wUnifrac distance calculated between day 0 and 1 values

(G–L) Microbiota analysis of cecal samples 24 h after antibiotic treatment in SPF

bacterial families. (H) NMDS plot showing b-diversity using wUnifrac distances.

sample and each sample of their respective control group sample (vancomycin-

microbiota using observed species richness (ASVs) and Shannon index.

(J–L) Comparison of changes in the cecal microbiota after (J) ChA, (K) ChB1-Epo

(LDA) effect size (LEfSe). p values in (E)–(I) represent Kruskall-Wallis tests betwee

****p < 0.0001).

See also Figure S3 and Table S3.
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Notably, due to the prior clindamycin treatment and the

C.difficile-induced inflammation, bothcommunitiesweredistinct

to the one in the untreated and uninfected group of mice at day 3

p.i. However, we observed significant differences in a-diversity

(Figure 4B), as well as weighted unifrac (wUnifrac) distance, i.e.,

themeasureof phylogenetic distances36 inb-diversity (Figure 4C)

between ChA- and vancomycin-treated mice at day 3, indicating

a fastermicrobiota recovery afterChA treatment. At day5, thedif-

ferences between treatments were less pronounced. However,

levels of Muribaculaceae, Lachnospiraceae, and Verrucomicro-

biaceae members were still noticeably distinct compared with

uninfected and untreated mice (Figure 4A).

Next, we addressed the question whether vancomycin, ChA,

and ChB1-Epo2 treatment in the absence of any pre-treatment

and infection have similar or distinct effects on the intestinal mi-

crobiota. To this end, mice were treated with a single oral dose

of either ChA or ChB1-Epo2 at two concentrations (40 and

20 mg/kg) (Figure 4D). Feces samples were collected longitudi-

nally from the same mice at different time points (day 0, 1, 3, 5,

and7) andsubjected to16S rRNAgene sequencing. Asexpected,

a strong impact of vancomycin was observed on the microbiota,

significantly reducing the observed species richness, and on the

Shannon diversity index 24 h post treatment (Figures 4E and

S3A), followed by a slow recovery within 1 week. Similarly, ChA

and ChB1-Epo2 reduced the observed species richness and

Shannon diversity index transiently (Figures 4E and S3A). No dif-

ferences were observed in the Shannon diversity index (Fig-

ure S3A). After performing b-diversity analysis, we calculatedwU-

nifrac distances of the longitudinal dataset compared with their

initial state (day 0). This revealed that on day 1, vancomycin had

a stronger effect (mean dist. = 0.29), compared with the higher

concentrations of ChB1-Epo2 (0.26) and ChA (0.26), respectively

(*p < 0.05) (Figure 4F). Starting on day 3, no significant differences

in thewUnifracdistancesweredetectedbetween thegroups. This

trend was also visible in the non-metric multidimensional scaling

(NMDS) analysis, showing distinct clustering of vancomycin-

and ChB1-Epo2-treatment 24 h post treatment, which converges

with thecontrol andChAsamples starting fromday 3onward (Fig-

ureS4B).Characterizationof themicrobiotachangeson the family

level illustrated that distinct groups of commensal bacteria were

temporarily affected by the antibiotics (Figure S4C).

In addition to the longitudinal analysis from fecal samples,

cecal samples were analyzed 24 h post treatment. Vancomycin

treatment again resulted in the largest changeswith anexpansion

of normally rare microbes such as Desulfovibrionaceae
stances (right) were calculated between each untreated/uninfected sample and

n-Whitney non-parametric rank comparison between ChA- and vancomycin

SPFmice (n = 4–5/group). (E and F) Quantification of longitudinal changes in (E)

ac distance after antibiotic treatment (day 0). Barplots (right) represent pairwise

for each mouse, respectively.

mice (n = 4–5). (G) Single sample relative abundance (%) of 12 most abundant

Centroid wUnifrac distances (right) were calculated between each antibiotic

untreated; chlorotonils-soy oil). (I) Quantification of a-diversity from the cecal

2, and (L) vancomycin treatment on family level by linear discriminant analysis

n all antibiotic treatments. Error bars represent ± SEM. (*p < 0.05, **p < 0.01,



Figure 5. ChA has minor effects on the piglet microbiota

(A) Scheme of the piglet experiment to monitor changes in the cecal microbiota of piglets before (day 0) and after antibiotic treatment (day 1, 2, 3, and 4).

(B) Quantification of a-diversity by species richness and Shannon index (n = 6/group).

(C) Absolute abundance (cells/g feces) of the 12most abundant bacterial families, depicted for piglets separately. Significantly changed genera are in boxplots for

the control group and the ChA-treated group. p values were calculated between respective days (*p < 0.05 paired Wilcoxon signed rank sum test, *p < 0.05

pairwise Fisher’s exact test).

(D and E) (D) Families and (E) genera with significantly changed absolute abundance (cells/g feces) shown in boxplots for the ChA-treated group.

See also Figure S4 and Tables S4 and S5.
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(Figure 4G; Table S3). Comparedwith the control group, ChA and

ChB1-Epo2 led toapartial reduction in theLachnospiraceae fam-

ily abundance (relative abundance in soy oil, 36%; ChA, 28.8%;

ChB1-Epo2, 15.9%; and vancomycin, 2.7%), whereas ChB1-

Epo2 and vancomycin also reduced the abundance of the family

Muribaculaceae in a dose-dependent manner (soy oil, 29.0%;
ChA, 28.5%; ChB1-Epo2, 6.0%; and vancomycin, 6.4%). Anal-

ysis of b-diversity and calculation of wUnifrac distances corrobo-

rated the distinct impact of the antibiotics on themicrobiota and a

stronger effect of vancomycin (mean dist. = 0.61), comparedwith

ChB1-Epo2 (0.33, p = 0.12) or ChA (0.10, ****p < 0.0001) (Fig-

ure 4H). In line with this observation, significant changes in
Cell Host & Microbe 31, 734–750, May 10, 2023 741
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a-diversity were only detected after treatment with ChB1-Epo2

and vancomycin (Figure 4I), compared with their respective con-

trol group (****p < 0.0001). Next, microbiota changes after chlor-

otonil and vancomycin treatments were analyzed on family level

by linear discriminant analysis (LDA) effect size (LEfSe). For

ChA, changes were mainly observed in levels of Verrucomicro-

biaceae (increased), Peptococcaceae, and Erysipelotrichaceae

(both decreased) (Figure 4J). ChB1-Epo2 treatment led to a

reduction of Lachnospiraceae, Rikenellaceae, and Muribacula-

ceae but to an increase in several bacterial families, including

Bacteroidaceae, Prevotellaceae, and Verrucomicrobiaceae, rep-

resenting major Gram-negative phyla of the mouse gut micro-

biome (Figure 4K). Vancomycin induced similar changes to

ChB1-Epo2, while simultaneously increasing Desulfovibriona-

ceae and Alcaligenaceae (Figure 4L).

Taken together, these results provide evidence that ChA treat-

ment results in faster microbiota recovery during CDI compared

to vancomycin and that a single dose of ChA induces distinct and

less severe changes to the microbiota, compared with ChB1-

Epo2 or vancomycin.

ChA has minor effects on the piglet microbiota
To corroborate the effect of chlorotonils on the murine micro-

biota, we performed a feeding trial with pigs, a model with

more similarities in genetics, physiology, andmicrobiota compo-

sition to humans compared with rodents.37 A peanut butter

formulation with and without ChA was fed to 6-week-old piglets

(20mg/kg, n = 6/group twicewithin an interval of 24 h) (Figure 5A).

From each animal, fecal samples were taken before (day 0) and

6 h after the second antibiotic treatment (day 1), as well as on the

following 3 days (day 2, 3, and 4). Notably, no significant changes

were found over time in the a-diversity of the fecal samples (Fig-

ure 5B), but a higher inter-individual variability between piglets as

compared with mice was observed, although values largely

recovered until the end of the experiment.

Next, absolute abundances were determined via flow cytom-

etry, and quantitative bacterial cell numbers significantly varied

between samples, individuals, and time points, even in the con-

trol group (Figure 5C). For instance, piglet 01 exhibited a reduc-

tion in bacterial cells of 50% per gram feces from day 2 to day 3.

Despite the variation in initial cell numbers of Lactobacillaceae,

we observed a reduction of this family across all ChA-treated an-

imals (Figure 5D). Regardless of the high inter-individual vari-

ability of the microbiota composition, the abundance of Erysipe-

lotrichaceae was significantly decreased in ChA-treated piglets

at day 3 and 4 compared with day 0, along with a significant

reduction of Eubacteriaceae ChA-treated piglets at day 2 as

compared with day 1. No other changes on the family level

were detected (Tables S4 andS5). Analysis on the genus level re-

vealed only two out of the 138 detected genera to be significantly

decreased following ChA treatment. The genus Clostridium

sensu stricto 1 decreased at day 4, and that of the genus Terri-

sporobacter at day 3 and 4, respectively (Figure 5E), both, similar

to C. difficile, belonging to the Peptostreptococcaceae family.

In light of the minor impact of ChA on the porcine microbiota,

we assessedwhether ChA is detectable and biologically active in

the porcine fecal samples. We found ChA until day 3 with the

highest concentrations on day 1 and 2 (Figure S4A). The bioac-

tivity of ChAwas evaluated by cultivation of the ChA-sensitive in-
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dicator strain Stapylococcus aureus in LB medium with different

concentrations (10% and 25%) of fecal samples from control or

ChA-treated animals. Growth of S. aureus was inhibited in the

presence of diluted feces from treated, but not from control an-

imals (Figures S4B and S4C).

Together, these data reveal that in the porcinemicrobiota, some

groups of Gram-positive bacteria are affected by ChA, but that

these effects are transient, with the exception of the two closely

related genera Terrisporobacter andClostridioides. Hence, similar

to the mouse model, ChA treatment caused only minor effects on

the composition of the diverse microbiomes of piglets without in-

fluence on a-diversity and cell densities.

Chlorotonil treatment sustains intestinal metabolism
and preserves the natural CR against C. difficile
Since antibiotic treatment has distinct effects on the murine mi-

crobiota composition and thus potentially on the functionality of

the microbiota, we quantified metabolites contributing to CR

against C. difficile.15,38,39 For total BAs, a significant reduction

(>10-fold)wasobserved in clindamycin- andvancomycin-treated

mice,but not afterChAorChB1-Epo2 treatment (FiguresS5Aand

S5B). Clindamycin and vancomycin treatment reduced the abun-

dance of C. difficile-inhibiting secondary BAs (deoxycholic acid

[DCA], lithocholic acid [LCA], and omega-muricholic acid

[u-MCA]) up to 100- to 1,000-fold, respectively (Figure 6A).

Although variations in individual BAs were detected, we did not

observe a significant change in the levels of DCA, LCA, u-MCA,

and ursodeoxycholic acid (UDCA) between ChA- and ChB1-

Epo2 treatment and the respective controls (Figures 6A and

S5B). Notably, these experiments did not reveal distinctions be-

tween ChA and ChB1-Epo2, despite their different impact on mi-

crobiota composition. In contrast, the effect of vancomycin in

comparison with ChA on the BA metabolism became evident,

which may help to explain differences in observed rCDI. Hence,

we quantified primary, deconjugated, and secondary BAs at

day 3 and 5 after CDI and treatment with vancomycin and ChA

(Figure 3A). As expected, we observed a strong change in

C.difficile-inhibitingBAs (LCA,DCA, iso-DCA, chenodeoxycholic

acid [CDCA], UDCA, ⍵-MCA) between uninfected mice and

C. difficile-infected and treatedmice (FigureS5C). A trend toward

higher concentrations of C. difficile-inhibiting BAs was observed

in ChA- compared with vancomycin-treated mice; however, it

wasnot significant. Sincemicewerepre-treatedwithclindamycin

in this experiment to enableC. difficile colonization, we conclude

that the intestinal BA pool remains severely disrupted regardless

of subsequent vancomycin or ChA treatment and consequently

does not explain the difference in rCDI.

Since nutrient competition and Stickland fermentation

similarly contribute to CR against C. difficile,17,40 we quantified

an additional panel of metabolites consisting of AAs, short-chain

fatty acids (SCFAs), and Stickland-metabolites from fecal sam-

ples at baseline (day 0) and 24 h post (day 1) ChA, vancomycin,

or clindamycin treatment. The analysis revealed that all three an-

tibiotics induce changes in metabolite concentrations. However,

the sample cluster formed by ChA treatment is closest to all

baseline samples as quantified by NMDS based on Euclidean

distance (Figures 6B and S5D). Specifically, mean distances be-

tween day 0 and 1 samples are significantly (*p < 0.05) lower

after ChA treatment (dist: 0.04) compared with clindamycin
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Figure 6. Chlorotonil treatment sustains intestinal metabolism and preserves the natural CR against C. difficile

(A) Targeted quantification of colonic bile acids 24 h after antibiotic treatment. Fold-change of C. difficile-inhibiting bile acids per treatment, calculated to

respective control samples (vancomycin and clindamycin versus untreated; chlorotonils versus soy oil); (n = 4–5/group). Concentrations of iso-LCA/LCA and iso-

DCA post clindamycin and vancomycin treatment were below detection limit (bdl).

(B and C) Targeted quantification of C. difficile-associated metabolites from fecal samples of mice 24 h post treatment with ChA (40 mg/kg), clindamycin (10 mg/

kg) or vancomycin (20 mg/kg); (n = 5/group).

(B) Non-metric multidimensional scaling (NMDS) using Euclidean distance across all detected metabolites, depicted at baseline (day 0) and 24 h post antibiotic

treatment (day 1). Pairwise Euclidean distances were calculated between each baseline sample and their respective treatment sample.

(C) Pairwise fold-change of specified metabolites calculated between each baseline (day 0) and treatment (day 1) sample, respectively.

(D–F) SPF (n = 9/group) mice were pre-treated with antibiotics (day �1) and infected with 104 spores VPI10463 (day 0).

(E) Average daily weight of infected or untreated/uninfected mice.

(F) Fecal burden of C. difficile spores and vegetative cells (pooled) at different infection time points. p values in (C) and (F) represent Kruskall-Wallis one-way

ANOVA calculated between treatments. Error bars represent ± SEM. (*p < 0.05, **p < 0.01).

See also Figure S5.
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(dist: 0.094) and vancomycin (dist: 0.092). In particular, SCFAs,

which have been shown to induce protection from C. difficile,39

are significantly reduced following clindamycin or vancomycin

treatment, whereas concentrations following ChA-treatment re-

mained largely unchanged (Figure 6C). Additionally, we observe

increased concentrations of proline, 4-hydroxyproline, or glycine

after vancomycin or clindamycin, but not ChA treatment. These

two metabolites are essential for reductive Stickland-meta-

bolism, and their availability in the intestinal tract promote

C. difficile colonization and disease outbreak.41,42 In turn, Stick-

land metabolites have been associated with protection against

C. difficile, reflecting the presence of metabolically related bac-
teria in the intestine.17 Following ChA treatment, most of the de-

tected Stickland products, except 5-aminovalerate and indole-

3-acetate, remain unchanged or are elevated (Figure S5D). In

contrast, clindamycin and vancomycin treatment strongly influ-

enced the output of these specific metabolites, suggesting a

stronger impact on Stickland fermentation, thereby providing a

favorable nutritional niche for C. difficile. Together, these results

demonstrate that ChA treatment has a lower impact on the intes-

tinal metabolome compared with vancomycin or clindamycin

treatment. Thus, we speculated that the nutritional niche of

C. difficile remains occupied after ChA treatment; therefore,

CR against CDI should still be intact.
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To test this hypothesis, groups of SPF mice were treated with

a single dose of ChA or ChB1-Epo2 (40 mg/kg), respectively, or

with clindamycin (10 mg/kg) or vancomycin (20 mg/kg) as con-

trols followed by infection with 104 spores C. difficile VPI10463

on the next day (day 0) (Figure 6D). In line with previous findings,

clindamycin-33 and vancomycin-treated43 mice suffered from a

steep weight loss starting 1 day p.i., demonstrating that both an-

tibiotics disrupt CR and cause susceptibility to CDI (Figure 6E).

Remarkably, neither ChA- nor ChB1-Epo2-treatment led to

phenotypic disease. Moreover, although clindamycin and van-

comycin treatments enabled C. difficile colonization, no vegeta-

tive cells or spores were detected in chlorotonil-treated mice

(Figure 6E). Together, these results demonstrate that, unlike van-

comycin and clindamycin, ChA and ChB1-Epo2 exhibit less

harmful effects on commensal bacteria that share a nutritional

niche with C. difficile or produce CR-associated metabolites,

thus keeping CR against C. difficile intact.

ChA, and to a lesser degree chlorotonil B1-Epo2, inhibits
outgrowth of C. difficile spores into vegetative cells
Although spores are typically resistant against known antibiotics,

the reduction of rCDI by ChA tempted us to hypothesize that

ChA affects spore germination or outgrowth into vegetative cells,

thereby preventing rCDI. To test this hypothesis, we incubated

spores of C. difficile (strain VPI10463) with antibiotics for 1 h, fol-

lowed by plating on agar supplemented with taurocholic acid

(TCA) to induce spore germination (Figure 7A). Surprisingly, ChA

treatment resulted in inhibition of spore outgrowth and colony for-

mation starting already at 0.1 mg/mL (Figure 7B). Of note, concen-

trations of 0.4 mg/mL ChA and above completely inhibited colony

formation. ChB1-Epo2 was approx. 4- to 8-fold more active

against vegetative cells than ChA but was less potent against

spores (Figures 1C and 7B). It gradually reduced the number of

detectable colonies, leading to an 8-fold reduction at a concentra-

tion of 0.1 mg/mL and a 68-fold reduction at a concentration of

0.4 mg/mL, while some colonies were still detected even at the

highest concentration (Figure 7B). When spores were plated

together with chlorotonils without previous incubation, we

observed no changes in CFU count (Figure S6A), indicating that

chlorotonils were not simply carried over in the assay. In contrast,

vancomycinormetronidazole failed to inhibit sporeoutgrowthatall

tested concentrations (Figure S6B). Fidaxomicin, for which persis-

tence on spores at high concentrationswas reported,44,45 failed in

our assays to inhibit colony formation until very high concentra-

tions of 409.6 mg/mL (Figure 7B).

Inhibition of colony formation was also observed after

extended cultivation on agar plates up to 72 h (Figure S7C). To

exclude the possibility that the plating conditions were respon-

sible for this inhibition, we incubated spores after treatment and

washing in liquidmediawith TCA to inducegermination. Similarly,

a concentration-dependent effect was observed, with ChA (Fig-

ure 7C) exhibiting a stronger effect than ChB1-Epo2(Figure S6D).

Spores treatedwithmore than0.4mg/mLChAwere subsequently

not able to grow in liquid culture within 48 h. After ChB1-Epo2

treatment, C. difficile was ultimately able to grow out with up to

6.4mg/mL initial concentration, a finding that further corroborates

distinct activities of the two compounds (Figure 7C).

We next investigated whether chlorotonils are able to inhibit

the germination of spores, similar to secondary BAs, and thereby
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sustain dormancy. Spore germination was characterized by loss

of optical density (OD) due to core rehydration46,47 in the pres-

ence of spore germinants and antibiotics. Spores were able to

germinate even after ChA or ChB1-Epo2 treatment (6.4 mg/

mL). This suggests that chlorotonils inhibit C. difficile spore

outgrowth rather than germination itself (Figure 7D).

Chlorotonils persist on C. difficile spores and prevent
lethal infection in mice
Considering that spore incubation with chlorotonils is necessary

for inhibition, we hypothesized that, owing to their high hydropho-

bic character,31 they persist onC. difficile spores.Weadapted our

inhibitionassay to includewashingstepswithhydrophilic and lipo-

philic solutions. After repeated washing with PBS, the outgrowth

of spores treated with ChA (p < 0.001) and ChB1-Epo2 (p = 0.15)

was still considerably reduced (Figure 7E), albeit at lower efficacy

than observed before (Figure 7B). In contrast, washing the spores

with 70% ethanol completely negated any inhibition of C. difficile

spore outgrowth. Washing with 10% ethanol did not decrease in-

hibition of spore outgrowth, demonstrating that high concentra-

tions of an organic solvent are required to remove ChA from

spores. To further validate this finding, we added chlorotonil-

treated and washed spores on BHI-agar pre-incubated with

B. subtilis, which is susceptible to ChA and ChB1-Epo2 (MIC:

ChA, 0.4 mg/mL; ChB1-Epo2, 0.2 mg/mL). Strikingly, we observed

large B. subtilis inhibition zones surrounding spores washed with

PBS and 10% ethanol, but not 70% ethanol, thus demonstrating

the persistence of chlorotonils on C. difficile spores (Figure 7F).

Further spore dilutions suggested that ChA and ChB1-Epo2

persist on spores in high concentrations (Figures 7G and S6E).

We next assessed whether ChA is also able to inhibit spore

outgrowth in vivo. Hence, we pre-treated mice with clindamycin

to induce susceptibility (day 1), followed by infection with 104

ChA-treated or untreated C. difficile VPI10463 spores (Fig-

ure 7H). Strikingly, on day 1 and 2 p.i., mice infected with

ChA-treated spores exhibit significantly lower body weight

loss compared with mice infected with untreated spores,

demonstrating a slower and less severe disease progression

(Figure 7I). At the end of the experiments, we observed a strik-

ing difference in survival rates, with ChA-spore infected mice

exhibiting a significantly higher survival rate of 100% in com-

parison with 33.3% (3/9 mice) in the control group (Figure S6F).

Of note, CFU of vegetative cells are significantly decreased in

ChA-spore infected mice, across the experiment (day 1, 3, 5,

and 7) p.i. (Figure 7J). Furthermore, we did not detect

C. difficile spores at day 1 p.i. in ChA-spore infected mice,

indicating that ChA significantly alters C. difficile population

dynamics in vivo.

In summary, these results demonstrate that chlorotonils,

particularly ChA, are able to persist on C. difficile spores and

thus inhibit outgrowth into vegetative cells even at low physio-

logical concentrations. Furthermore, ChA persisting on

C. difficile spores prevented lethal infection outcome, making

ChA an ideal drug candidate.

DISCUSSION

CDI is inmost cases acquired after administration of broad-spec-

trum antibiotics for an unrelated infection.48 The unintended



A B

C D

E F G

H I J

Figure 7. Chlorotonils persist on C. difficile spores and inhibit outgrowth into vegetative cells

(A) Experimental setup of extensive spore inhibition assays for (B)–(J).

(B) Concentration-dependent inhibition of C. difficile spore outgrowth after incubation with ChA, ChB1-Epo2 and fidaxomicin determined by CFU count on plate.

Concentrations above 6.4 mg/mL exceed the aqueous solubility of ChA and were therefore left out.

(C)C. difficile spores were treated with decreasing concentrations of ChA, thoroughly washed and incubated in liquid media + 0.1% TCA. Antibiotics were absent

from the media used for outgrowth. Growth was measured over a period of 48 h. Dotted line represents detection limit.

(D) Germination assay determined by loss of OD600 over a time course of 1 h in the presence of 6.4 mg/mL ChA or ChB1-Epo2.

(E) Inhibition of spore outgrowth by 6.4 mg/mLChA or ChB1-Epo2 treatment, followed by extensive washingwith 13PBS, 70%EtOH, and 10%EtOH, determined

by CFU on plate.

(F and G) Persistence of ChA and ChB1-Epo2 was validated by adding (F) concentrated or (G) diluted spores from (E) on brain heart infusion (BHI)-agar pre-

incubated with B. subtilis. Bioassay plates were grown aerobically for 24 h at 37�C.
(H) SPF (n = 9/group) mice were pre-treated with clindamycin (10 mg/kg) (day �1) and infected with 104 ChA-treated or control-treated and PBS washed

C. difficile spores (day 0).

(I) Average daily weight of mice infected with either control-treated or ChA-treated spores.

(J) Fecal burden of C. difficile vegetative cells and spores at different infection time points. Dotted line represents detection limit. p values in (B) and (E) represent

Kruskall-Wallis one-way ANOVA between samples and DMSO control. p values in (I) and (J) Mann-Whitney non-parametric rank comparison, between treatment

groups at specific infection time point. Error bars represent ± SEM. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S6.
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damage of the intestinal microbiota creates a luminal environ-

ment permissive to C. difficile spore germination, vegetative

growth, and ultimately intestinal damage. CDI remains a major

healthcare problem, since the antibiotics currently used to treat

CDI, i.e., vancomycin andmetronidazole, sustain the functionally

impaired microbiota. In combination with the persistence of en-

dospores, this results in high rates of recurrent infections occur-

ring in approximately 20% of all patients.49,50 A newer and more

costly treatment is fidaxomicin, which is efficient against

C. difficile without the high incidence of recurrent infections of

many clinical isolates. However, treatment efficacy of rCDI did

not differ between fidaxomicin and vancomycin for infections

with RT 027, a hypervirulent variant linked to several C. difficile

epidemics.22,51 Consequently, the need for C. difficile targeting

antibiotics with little impact on CR against C. difficile is growing

to ensure proper treatment and reduce the risk of recurrent infec-

tions or other adverse effects caused by a less intact microbiota.

Strikingly, chlorotonils, particularly ChA, fulfill these criteria.

First, both ChA and ChB1-Epo2 have activity against the vegeta-

tive cells of C. difficile strains, including strains resistant against

commonly used antibiotics. Second, ChA,31 similarly to vanco-

mycin,52 exhibits a low systemic bioavailability after oral applica-

tion, being predominantly present in the intestine, a property

desired for treating CDI. Interestingly, ChA has a longer transit

time than vancomycin, which could eventually be beneficial for

clinical dosing schemes. Third, ChA preserves microbiota func-

tion in vivo. Notably, although treatment of mice with vancomy-

cin breaks CR against C. difficile, chlorotonils sustained CR

in vivo. This was associated with maintenance of intestinal BA

metabolism for both chlorotonils, and for ChA with homeostatic

levels of SCFAs, as well as Stickland fermentation substrates

and products. Fourth, ChA, and to a lesser degree ChB1-

Epo2, are able to inhibit spore outgrowth into vegetative cells

at biologically relevant concentrations. Altogether, our data sug-

gest that ChA inhibits (r)CDI by its direct activity against vegeta-

tive cells, its persistence on spores ofC. difficile, and by allowing

the faster regeneration of the intestinal microbiota.

Particularly, the persistence of ChA on C. difficile spores and

its potential consequences for preventing rCDI are of high inter-

est. Although ChA did not induce direct spore lysis or destruction

of C. difficile spores similar to chemical-disinfectant-type mole-

cules,24 the inhibition of spore outgrowth by chlorotonils at con-

centrations similar to MIC values of vegetative cells and in the

range of biologically relevant concentrations was unexpected.

Notably, persistence of antibiotics on C. difficile spores was

observed before for fidaxomicin at concentrations far exceeding

the MIC for vegetative cells, i.e., >1,000-fold the MIC for its

spore-binding inhibitory activity.44 Interestingly, the inhibitory

activity of chlorotonils was removed only by a series of washing

steps with organic solvents, which indicates that hydrophobic

antibiotics, such as chlorotonils, persist in the hydrophobic

spore coats, as demonstrated by the inhibition of ChA-sensitive

bacteria after co-incubation with ChA-loaded and washed

spores. Moreover, ChA-treated spores were strongly impaired

in their ability to germinate in vivo and cause CDI, highlighting

the potency of this class of molecules against different forms

of C. difficile. Additional studies will be required to clarify the

persistence of ChA on spores of other spore-forming

commensal bacteria that contribute important functions to CR,
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as differences in the species-specific composition of spores

could impact the ability of ChA to be retained in the spore.

Although we described in this study the antimicrobial proper-

ties of chlorotonils in diversemodel systems, the exact mode-of-

action and molecular target of this natural product class remain

unknown. Specifically, whether ChA truly acts bactericidal or

rather bacteriostatic remains to be conclusively demonstrated,

particularly in light of a recent study that revealed that whether

antibiotics act bactericidal or bacteriostatic may depend on

the species.53 Integrated transcriptome, proteome, and metal-

lome analyses of chlorotonil treatment uncovered substantial re-

programming of the energy, AA, and carbohydrate metabolism

even at sublethal concentrations, and supported that ChB1-

Epo2 interferes with main cellular processes of C. difficile,

contributing to gut colonization. Notably, metal homeostasis

can severely affect C. difficile’s competitive fitness in vitro and

in vivo54 and its modulation by ChB1-Epo2 may contribute to

the therapeutic effect of chlorotonils. The differences observed

between ChA and ChB1-Epo2 in their activity on vegetative cells

and in their binding to spores may be explained by their distinct

physicochemical properties, specifically their hydrophobicity,

and by targeting proteins with different abundances during vege-

tative growth and outgrowth from spores. Importantly, the iden-

tification of the target will provide further insight into why

C. difficile is particularly sensitive to the chlorotonils in vivo

compared with other commensal bacteria, especially why

some Gram-positive families were reduced and others enriched

or unchanged. For instance, ChA treatment of piglets resulted in

specific detrimental effects on the genera Clostridium and Terri-

sporobacter. This may be the result of a particularly strong affin-

ity between the target in C. difficile and ChA and ChB1-Epo2,

respectively, compared with the target in other commensal bac-

teria or a key function of the target in C. difficile resulting in

competitive disadvantages against unaffected or less affected

commensal bacteria, even at sub-MIC concentrations.

In summary, our findings describe an underexplored antibac-

terial compound class with mild and specific effects on the mu-

rine and porcine microbiota. In particular, ChA is a promising

candidate for the treatment of CDI due to its capacity to both

antagonize an established CDI and prevent relapses, as

observed after vancomycin treatment. Beneficial commensals,

which rely on distinct metabolic pathways, are able to resist

chlorotonil treatment or rapidly recover growth, thus re-establish-

ing CR. Consequently, the pathogen will more easily be replaced

from its metabolic niche by commensal bacteria within the gut.

Future investigationswill be required to identify themolecular tar-

gets andprocesses affected by this class of natural products.We

conclude that compounds such as the chlorotonils, which main-

tain key functionalities of the microbiota critical for the defense

against infections and mutualistic interactions with the host, will

open broad possibilities for therapeutic interventions.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

C. difficile 630 DSMZ DSM 27543

C. difficile VPI10463 ATCC ATCC43255

C. difficile 1780 DSMZ DSM 1296

C. difficile R20291 DSMZ DSM 27147

C. difficile CD-10-00484 (vancomycin resilient) PMID 26444881 N/A

C. difficile CD-22-00115 (Metronidazole resistant) PMID 32001686 N/A

C. difficile CD-22-00001 (Fidaxomicin resistant) Schwanbeck et al.23 N/A

C. difficile CD-15-00638 (vancomycin resilient) PMID 32726198 N/A

Chemicals, peptides, and recombinant proteins

Chlorotonil A, B1-Epo2 Helmholtz Institute for

Pharmaceutical Research Saarland

N/A

Menadione crystalline (vitamin K) Sigma-Aldrich Cat# M5625

Brain Heart Infusion OXOID Cat#CM1135B

DMSO Carl Roth Cat#A994.2

Vancomycin HCl Carl Roth Cat# 0242.3

Metronidazole Sigma Cat# 443-48-1

Fidaxomicin MedChemExpress Cat# HY-17580

Ethanol J. T. Baker Cat# 64-17-5

Clindamycin HCl Sigma Cat# 21462-39-5

CaCl2 3 2H2O Merck N/A

Glycine Carl Roth Cat# 0079.1

Triz-Base Sigma Cat# 741883

TCA sodium salt Carl Roth Cat# 8149.2

L-Cysteine L-Cysteine Cat#1693.1

Soy oil Caelo Cat#8001-22-7

Critical commercial assays

Mouse lipocalin-2/NGAL DuoSet ELISA R&D Systems Cat#DY1857

Separate detection of C. difficile toxins A and B tgcBIOMICS Cat#TGC-E002-1

ZymoBIOMICS 96 MagBead DNA Kit Zymo Research Cat#D4302

Deposited data

16S rRNA gene sequencing of mice This study PRJNA809685

16S rRNA gene sequencing of piglets This study PRJNA800240

RNA sequencing data This study PRJNA949940

Mass spectrometry proteomics data This study PXD029243

Experimental models: Organisms/strains

WT C57BL/6N 6-30 weeks, housed under

enhanced specific pathogen free conditions

at the animal facility of the Helmholtz Institute

for Infection research, Germany

Janvier Labs N/A

Germ-free WT C57BL/6NTac mice 16 weeks,

raised in gnotobiotic isolaters at the germ-free

facility of the Helmholtz Institute for Infection

research, Germany

Raised in house N/A

Piglets 4 weeks, housed at the the animal facility

of the Friedrich-Loeffler-Institute, Germany

Mörsdorfer Agrar GmbH N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for 16 S sequencing

16S_V4Seq_515F: 5’AATGA

TACGGCGACCACCGAGAT

CTACACTATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

16S_V4Seq_806R: 5’ GGACT

ACNNGGGTATCTAAT

Sigma Caporaso et al.55

Software and algorithms

Graphpad Prism 9.4 GraphPad Software, Inc. N/A

R Studio 2022.07.01 R Studio https://cran.r-project.org/

Quantitative Insights into Microbial

Ecology (QIIME) v1.8.0

Caporaso et al.55 N/A

FastTree Price et al.56 N/A

Ribosomal Database Project (RDP)

classifier

Wang et al.57 N/A

OTU picking with UCLUST Edgar58 N/A

PyNAST alignment Price et al.56 N/A

Phyloseq McMurdie and Holmes59 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information should be requested from the lead contact, Prof. Dr. Till Strowig (till.strowig@helmholtz-hzi.de).

Materials availability
All strains used in this study are available from the DSMZ or the lead contact, if necessary, with a completed Materials Transfer

Agreement.

Data and code availability
d 16S rRNA gene sequencing data frommice have been deposited in the NCBI (Bioproject Database) under the accession num-

ber: PRJNA809685. 16S rRNA gene sequencing data from piglets are available at the Sequence read archive (SRA) under the

BioProject accession number PRJNA800240. The RNA sequencing data from the in vitro experiments are available at the

Sequence read archive (SRA) under the BioProject accession number PRJNA949940. The mass spectrometry proteomics

data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifiers

PXD029243.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement
All animal experiments were performed in agreement with the guidelines of the Helmholtz-Zentrum f€ur Infektionsforschung,

Braunschweig, Germany, the national animal protection law (Tierschutzgesetz (TierSchG), the animal experiment regulations (Tier-

schutz- Versuchstierverordnung (TierSchVersV)), and the recommendations of the Federation of European Laboratory Animal Sci-

ence Association (FELASA). The mice study was approved by the Lower Saxony State Office for Nature, Environment and Consumer

Protection (LAVES), Oldenburg, Lower Saxony, Germany; permit No. 33.19-42502-04-19/3266. The pig study protocol was

approved by the Th€uringer Landesamt f€ur Verbraucherschutz, Bad Langensalza, Germany (approval number 22-2684-04-BFI-

17-001).

Mice
C57BL/6N SPF mice were purchased from Janvier-Labs and maintained (including housing) at the animal facilities of the Helmholtz

Centre for Infection Research (HZI) under enhanced specific pathogen-free (SPF) conditions for at least two weeks before the start of

the experiment. Female and male mice with an age of 6 – 30 weeks were used. Germfree C57BL/6NTac mice were bred in isolators
e2 Cell Host & Microbe 31, 734–750.e1–e8, May 10, 2023
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(Getinge) in the germfree facility at the HZI. Sterilized food and water ad libitum was provided. Mice were kept under a strict 12-hour

light cycle (lights on at 7:00 am and off at 7:00 pm) and housed in groups of up to six mice per cage in airtight and individually venti-

lated ISOcages containing a HEPA-filter (Techniplast) to prevent cross-contamination and the spread of C. difficile spores according

to biosafety guidelines at our institution. During mice experiments, no mice were transferred between cages and every experimental

group was kept to their own cage. All mice were humanely euthanized by asphyxiation with CO2 and cervical dislocation.

Pigs
Female piglets (Sus scrofa domestica) aged four weeks were obtained from the Mörsdorfer Agrar GmbH (Mörsdorf, Thuringia, Ger-

many) andwere in quarantine at the animal facility of the Friedrich-Loeffler-Institute (Jena, Germany) for twoweeks before starting the

experiment. Piglets received feed and water ad libitum. The animals were housed in groups of up to four piglets per conditioned box,

enrichment and red light was provided. Health conditions were determined daily. All piglets were euthanized by the application of

Release (0.9 mL/ 5 kg body weight).

Bacterial strains and growth conditions
Origins of all strains used in this study are listed in the key resources table. Strains were routinely grown in Brain Heart Infusion Broth

(BHI, Oxoid) or BHIS medium (BHI 37 g/L, 5% yeast extract, 1% L-cysteine, 1 mg/l vitamin K, 5 mg/l hemin) in an DG250 anaerobic

work-station (Don Whitley Scientific, Bingley, Great Britain; 98% N2, 2% H2) or Coy Laboratories anaerobic chamber (85% N2, 10%

CO2, and 5% H2) at 37
�C. If appropriate, C. difficile minimal medium (CDMM) was used.60 C. difficile spores were kept at 4 �C and

were inoculated in BHI medium (Oxoid) with 0.1% taurocholic acid to allow spore germination. All other strains were kept at -70 �C
and were inoculated in BHI from glycerol stocks.

METHOD DETAILS

MIC/MBC determination for chlorotonils
Fresh cultures were grown to exponential phase (OD600= 0.2 – 0.5) and cell density was adjusted to 1x106 CFU/mL before inoculation.

Chlorotonils, fidaxomicin and metronidazole were dissolved in DMSO, vancomycin in ddH2O and diluted in a two-fold dilution series

starting from 12.8 mg/mL to 25 ng/mL (6.4 mg/mL to 6.25 ng/mL for Fidaxomicin) in 100 mL BHIS media. Antibiotic containing media

were then inoculated with 100 mL bacterial culture, resulting in a total volume of 200 mL BHIS with a final concentration of 5x105 CFU/

mL and 6.4 mg/mL to 12.5 ng/mL (3.2 mg/mL to 3.125 ng/mL for Fidaxomicin) antibiotic concentration per well. For MBC determina-

tion, 50 mL of each well without visible growth (and with growth as controls) were plated on BHIS agar and further incubated for 24h at

37�C.OD600 values for growth curves were acquired using a LogPhase 600 4-plate reader for 24h (BioTek) and blanked against BHIS.

OD600 values below 0.005 were adjusted to 0.005 and set as detection limit. All MIC/MBC values were determined in three indepen-

dent biological replicates with four technical replicates each.

Bacterial spore preparation & purification
Bacterial spores were generated as previously describedwithminor changes.61 Briefly,C. difficilewas grown overnight under anaerobic

conditions.Cells were harvestedbycentrifugation, washed twicewith 1x PBSandOD600was adjusted to 0.2. Cells were spreadonBHIS

agar (+ 0.1% TCA) and incubated at 37�C for 7 days under anaerobic conditions. Spores were harvested by adding 1 mL 1x PBS to the

plate, collected using cell spreader and transferred into 2 mL reaction tubes. Spores were pelleted by centrifugation at 14,000 3 g,

supernatant discarded and resuspended and washed twice in 2 mL 1x PBS. To kill all remaining vegetative cells, the spores were

heat-treated at 65�C for 20 minutes. Spore count was determined by 10-fold dilution series plated on BHIS agar plus 0.1% TCA. Spore

purificationwasperformedby50%sucrosegradient centrifugation followedby5xwashing in sterile 1xPBS.Sporeswere storedat4�C in

glas-tubes. The purity and concentration of theC. difficileVPI 10463 spore-stockwas not sufficient to perform the highly sensitive ‘loss of

OD600’ and persistence assays, even after repeated purification. Hence, we utilized C. difficile 630 spores for these experiments.

Inhibition of spore outgrowth
Purified C. difficile spores were treated with different concentrations of ChA, ChB1-Epo2, vancomycin, metronidazole and fidaxomi-

cin for 1h at 37�C shaking at 800 rpm. To determine CFUs, serial dilutions of treated spores were plated on BHIS agar, supplemented

with 0.1%TCA and incubated for 24 - 72 h, depending on the experiment. The two lowest dilutions with at least 10 colonies were used

to determine CFUs. For in vitro germination in liquid media, treated spores were washed three times with 1x PBS, inoculated into

BHIS + 0.1% TCA media and growth was monitored by LogPhase 600 4-plate reader for 48h (BioTek). OD600 values below 0.005

were adjusted to 0.005 and set as detection limit. Washing of C. difficile spores with different solvents was performed as follows:

After antibiotic incubation, spores pellets were washed with 1 mL 1x PBS, 10% EtOH or 70% EtOH 5 times, with a transfer of spores

to a new Eppendorf tube between wash 4 and 5 to prevent antibiotic carryover. Spore pellets were then washed twice with 1x PBS to

prevent growth inhibition by remaining EtOH, followed by serial dilution and plating on BHIS + 0.1% TCA agar.

Loss of OD600 germination assay
Adapted from Hopkins andWilson.46 Purified C. difficile 630 spores were pelleted and resuspended in 50 mM Tris-HCL (pH 7.4) and

OD adjusted toz 0.5. Germination was determined by measuring OD600 every minute over a time of 60 minutes at 37�C in a BioTek
Cell Host & Microbe 31, 734–750.e1–e8, May 10, 2023 e3
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Synergy H1 microplate Reader following addition of germinants. Germination was induced by a final concentration of 0.1% TCA,

50 mM glycine and 60 mM CaCl2. Results are reported as % of initial OD600.

Determination of chlorotonil persistence by large plate B. subtilis bioassay
Adapted from Dharbhamulla et al.44 and Mullish and Williams45 Fresh B. subtilis cultures were grown aerobically in BHIS media at

37�C until late exponential phase (OD600 = 0.5 - 1.0). OD600 was adjusted to 0.5 and 1mL of culture was inoculated into 30 mL

BHIS-Agar (50�C) and poured into 245 mm x 245 mm bio-assay dishes. TCA was omitted from plates, to prevent germinating

C. difficile spores from potentially inhibiting B. subtilis growth. Once the plates dried, 10 mL spore solution of ChA, ChB1-Epo2 or

fidaxomicin (6.4 mg/mL) treated and washed spores were inoculated on top of theB. subtilis agar. As control, 10 mL antibiotic solution

(in DMSO) in decreasing concentrations were inoculated onto the same plate (spatially separated). Bioassay-plates were incubated

aerobically for 24h and pictures of inhibition zones were taken.

Piglet feeding trial
The piglets (n = 2 per group in pre-trial, n = 4 per group in main trial) were fed two times with an interval of 24h either peanut butter or

ChA (10mg per kg body weight) mixed with peanut butter. Sample collection and handling was performed as follows: Individual stool

samples were collected every 24h and immediately homogenized and split. Aliquots were stored in DNA stabilization solution

(STRATEC SE, Birkenfeld, Germany) for sequencing of 16S rRNA gene amplicons. Remaining sample volume was stored at

-20�C without additives.

Mice antibiotic treatment
SPF mice were weighted and fresh feces samples were taken. ChA and ChB1-Epo2 were dissolved in soy oil (Oleum Sojae raffina-

tum, Caesar & Loretz GmbH) at 40�C in an ultrasonic bath for 3 3 5 minutes. Chlorotonil solutions were mixed by pipetting up and

down before every gavage. Chlorotonils were administered at concentration of 40 mg/kg and 20 mg/kg by oral gavage and vanco-

mycin at a concentration of 20 mg/kg dissolved in 1x PBS in 100 – 200 mL solvent, depending on the weight of the mice.

Mice infection with C. difficile

All infection experiments were performed with C. difficile strain VPI 10463. Each experimental group was housed in separate cages

prior and during infection experiments. Infected mice were monitored and scored daily for symptoms of clinically severe CDI

including fur, skin, provoked behavior, weight loss, feces consistency, and posture. Mice showing signs of CDI weremonitored twice

a day and humanely euthanized after losing 20% of their initial weight or developing severe clinical signs of features listed above and

counted as ‘death’ in Kaplan-Meier survival plots. Sporeswere heat-treated at 65�C for 20minutes and counted by plating 24h before

every infection, to determine infection dose. After different time points, micewere humanely euthanized by asphyxiation with CO2 and

cervical dislocation and samples for further analysis were extracted.

SPF mice
SPF mice were weighted and treated with 10 mg/kg clindamycin 24h prior to infection, administered via intraperitoneal injection to

induce susceptibility toC. difficile infection.62 For the ChA pre-treatment experiment, mice were treated with either ChA (40mg/kg) or

soy oil (control) in parallel to clindamycin treatment, administered via oral gavage. On the following day, mice were infected with 104

C. difficile spores in 200 mL 1x PBS administered via oral gavage. Spores for infection with ChA-treated spores were generated as

follows: C. difficile VPI10463 spores were treated with 6.4 mg/mL ChA for 1 h at 37�C shaking at 800 rpm. Following incubation,

spores were washed five times in 1x PBSwith transfer of spores to a new Eppendorf tube between wash 4 and 5 to prevent antibiotic

carry-over.

Germ free mice
Germ free C57BL/6Nmice were bred in isolators (Getinge) in the germ free facility at the HZI. Due to lack of colonization resistance in

GFmice, no antibiotic pre-treatment was administered before infection andmice were infected with a reduced dose of 103C. difficile

spores in 200 mL 1x PBS administered via oral gavage.

Quantification of C. difficile colonization
Fresh fecal samples were collected at different infection time points, and weight was recorded. Subsequently, fecal samples were

diluted with 5mL 1x PBS and homogenized 30 seconds at 30,000 rpm using a Polytron PT 2500E dispersing device.C. difficile quan-

tification in Figure 7 was performed with an improved protocol and additionally from fecal samples from d1 p.i., leading to a lower

detection limit for this experiment, compared to experiments in Figures 3D and 6F. Briefly, fecal samples were diluted in 1mL 1x

PBS, including approximately 100mg 0.1mmzirconia beads, and homogenized usingMini-BeadBeater-96 for 50 seconds. To deter-

mine CFUs, serial dilutions of homogenized samples were plated on bioMérieuxTM C. difficile agar. For the quantification of spores,

vegetative cells were heat killed at 65�C for 20 min and plated on C. difficile agar pre-treated with 0.1% TCA to induce germination.

Plates were cultured at 37�C for 48h in anaerobic boxes before counting. CFUs ofC. difficilewere calculated after normalization to the

feces weight.
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Lipocalin-2/C. difficile toxin ELISA
Fecal samples from mice were weighed and stored at -80�C prior to ELISA measurement. Fecal samples were transferred into 2 mL

screw top reaction tubes containing roughly 100mg of 0.1 mm zirconia/silica beads (Roth), mixed with 500 mL Dilution Buffer and put

on ice for 30 min. Subsequently samples were homogenized using a Mini-BeadBeater-96 (BioSpec) for 10 seconds and centrifuged

for 5 minutes at 2500 3 g to remove any particle matter. Supernatant was used for determination of fecal Lipocalin-2 or C. difficile

toxin levels using the following ELISA kits ‘‘Mouse lipocalin-2/NGAL DuoSet ELISA (DY1857)’’ (R&D Systems) and ‘‘Separate detec-

tion of C. difficile toxins A and B (TGC-E002-1)’’ (tgcBIOMICS). ELISA kits were followed to the manufacturer’s instructions with the

following changes: Lipocalin-2 assay was scaled down to fit 96-well costar assay plates (CORNING).

Bile acid extraction from mice feces
Fecal samples were mixed with methanol (20 mL per mg sample) and cell disruption was achieved in a bead beater with two cycles of

20 seconds. Samples were centrifuged for 5 min at 17,000 3 g and 50% of the added methanol volume was transferred to a new

reaction tube. The remaining biomass was again mixed with methanol (20 mL per mg sample) and extracted a second time by

bead beating (2 cycles of 20 seconds). After centrifugation (5 min at 17,000 3 g) 100% of the added methanol volume was taken

and combined with the first extract. 350 mL of the combined extracts were evaporated to dryness using a vacuum concentrator

and dried extracts were stored at -20 �C until further processing.

Bile acid analysis by HPLC-MS/MS
Dried extracts were resolved in 35 mL methanol (LC-MS grade) and filtered through a cellulose acetate spin filter by centrifugation at

17,000 3 g for 2 min. 20 mL of the filtered extract was mixed with 4 mL of internal standard mix solution (GCDCA-d4 and LCA-d4,

0.5 mM each) and transferred to a plastic vial for HPLC analysis. BA were analyzed on an Agilent 1290 Infinity II LC-System coupled

to an Agilent 6545Quadrupol-time-of-flight mass spectrometer (Agilent Technologies) equippedwith an electrospray ionization inter-

face. One mL sample was injected and separation was performed on a Supelco Ascentis Express C18 column (753 2.1 mm, particle

size 2.7 mm) at 22 �C with a constant flow of 300 mL/min. The following gradient was applied, using the solvents A: 5 mM ammonium

formiate, pH 4 and B: methanol:acetonitrile (3:1 v/v): 0 min 55% B 2 min 68% B, 5 min 69% B, 9.50 min 85% B, 10.5 min 85% B,

12 min 100% B, 14 min 100% B, 15 min 55%, 18 min 55% B. MS analysis was done in negative ion mode with a capillary voltage

of 4,000 V. Mass spectra were recorded in the range of 300-1000 m/z. Raw data was processed with the Mass-Hunter Qualitative

Navigator Software (version B.08.00, Agilent Technologies) and identification of BA was achieved by using the accurate mass of the

[M-H]- and/or the [M+FA-H]- ions as well as the retention times of commercially available BA standards. Data was normalized to the

peak areas of the deuterated internal standards, where GCDCA was used for conjugated BA and LCA for non-conjugated BA. For

quantification a 14-point calibration curve for each BA was used covering a concentration range of 0-1000 mM.

Detection of short-chain fatty acids from murine feces
The extraction and GC method was adapted from Su et al.55 and modified in Neumann-Schaal et al.60 Briefly, samples were resus-

pended in water spiked with o-cresol as internal standard (30 ml/mg sample) and homogenized. 400 ml of the mixture was acidified

with 50 ml H2SO4 (HPLC grade), vigourously mixed and extracted with 200 ml tert-methylbutylether. The ether phase was analysed

using an Agilent GC-MSD system (7890B coupled to a 5977 GC) equipped with a high-efficiency source (HES), a quadrupol mass

spectrometer and a Gerstel RTC system. Chromatography was carried with an Agilent VF-WAX-ms column (30 m length, 0.25 mm

inner diameter, Agilent, Santa Clara, CA, USA) applying a constant flow of 1mL/min helium. The temperature programwas as follows:

55 �C for 1min, temperature rampingof 10 �Cmin to250 �Cconstant for 2min.Solvent delay timewas2.4min.A retention indexmarker

(n-alcanes ranging from C10.C22 in cyclohexane) was used to convert retention times to retention indices. Quantification was per-

formed using an external calibration curve with authentic standards. Data analysis was performed as previously described.60,58

Detection of non-volatile metabolites from mice feces
Non-volatile organic acids and amino acids were analyzed as described in Will et al.63 Briefly, samples were resuspended in water

(20 ml permgwet weight), homogenized in an ultrasonic bath for 10 min at room temperature and 20 ml of the sample were spikedwith

100 ml methanol containing ribitol as internal standard. After centrifugation, the cleared supernatant was dried in a vacuum concen-

trator for 1 h. Analysis was performed on an Agilent GC-MSD system (7890B coupled to a 5977 GC) equipped with a high-efficiency

source (HES), a quadrupol mass spectrometer and a Gerstel RTC system. A two-step derivatization with amethoxyamine hydrochlo-

ride solution (20 mg ml�1 in pyridine) and N-methyl-N-(trimethylsilyl)-trifluoracetamide was automatically performed with the RTC

system.Onemicroliter of the sample was injected using amultimode inlet in pulsed splitlessmode (30 psi until 0.75 min, 50 ml min�1

at 1 min) and in pulsed split modewith a split ratio of 10:1 (split flow of 12 ml min�1). Separationwas conducted on anAgilent VF-5ms

column with a helium flow of 1.2 ml min�1. The oven temperature was held at 70 �C for 6 min and then linearly increased with

6 �C min�1 up to 325 �C. Ions were detected in scan mode from 70 to 700 m/z with 2.3 scans s�1. Quantification was performed

using an external calibration curve with authentic standards. Data analysis was performed as previously described.60,58

Extraction and measurement of chlorotonil A and vancomycin from feces
All feces samples were lyophilized prior to extraction. For chlorotonil extraction, feces were resuspended in a respective amount of

Milli-Q water (1 mL per 35 mg of dry feces) followed by the addition of an equal amount dichloromethane (DCM, HPLC grade). For
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homogenization, samples were vortexed (2x10 seconds) and placed in an ultrasonic bath for at least 5 minutes. Subsequently, sam-

ples were left on a rotary shaker for 1 h (180 rpm) and were then centrifuged (100 rpm, 5 min) to aid phase separation. The lower

(organic) phase was collected using glass pipettes and the DCMextraction was repeated. Samples were dried under steady nitrogen

flow, resuspended in 150 mL isopropanol (HPLC grade) and prepared for HPLC-MS/MS analysis. Of note, for d7 mice samples modi-

fied extraction steps were necessary due to high protein content. Here, feces were transferred to a separation funnel and extracted

using higher volumes ofMilli-Qwater andDCM (5mLper 35mg feces). The lower phase containing chlorotonils and lots of precipitate

was then transferred to an additional separation funnel containing heptane and saturated saline solution. Heptane/DCM/chlorotonil

formed the upper phase (density shift), while the precipitate remained in the lower aqueous phase allowing for proper separation. The

organic phase was collected and dried in a rotary evaporator. The extract was resuspended in DCM and transferred to a fresh glass

vial prior to nitrogen evaporation and preparation for HPLC-MS analysis. Vancomycin extraction was adapted fromHu et al.57 Briefly,

dried feces were extracted using 10% acetonitrile in Milli-Q (v/v) (1 mL per 35 mg). Samples were vortexed for 10 s and placed in an

ultrasonic bath for 30 minutes and again vortexed for 10 s. Subsequently, supernatant was collected after centrifugation (15000 rpm,

10 min, 4 �C) and stored at -80 �c until further analysis. For calibration standards (n=2), feces of untreated mice were extracted and

then spiked with different concentrations of ChA or Vancomycin to avoid any matrix effects. Samples of untreated animals served as

extraction blanks. Feces samples were analyzed with a Vanquish UHPLC system coupled to a TSQ Altis Plus (Thermo Fisher,

Dreieich, Germany) using a Hypersil Gold C18 column (1.9 mm, 50x2.1 mm, Thermo Fisher, Dreieich, Germany) and eluent A water +

0.1% formic acid, eluent B acetonitrile + 0.1% formic acid. HPLC and MS conditions were as follows: Vancomycin: HPLC: 0 –

0.25 min 90% A, 0.25 – 0.6 min 90% A – 10% A, 0.6 – 1.5 min 10% A, 1.5 – 2.0 min 90% A; MS: SRM, positive mode, Spray Voltage

3791 V, Sheath gas pressure 35 psi, Auxiliary gas pressure 30 psi, Sweep gas pressure 2 psi, Ion Transfer Tube 380�C, Vaporizer
Temperature 325�C, Q1 mass 725.25 Da, Q3 mass 1307 Da, Collision Energy 14.8 V, RF lens 71 V. LOD <0.001 ng/ml. Chlorotonil

A: HPLC: 0 – 0.7 min 90%A, 0.7 – 1.4 min 90%A – 10%A, 1.4 – 4.2 min 10%A, 4.2 – 5.0 min 90%A; MS: SRM, positive mode, Spray

Voltage 1546 V, Sheath gas pressure 35 psi, Auxiliary gas pressure 30 psi, Sweep gas pressure 2 psi, Ion Transfer Tube 380�C,
Vaporizer Temperature 350�C, Q1 mass 479.05 Da, Q3 mass 267.13 Da, Collision Energy 16.1 V; 295.05 Da, Collision Energy

13.9 V, RF lens 123 V. LOD: 100 ng/ml.

Analysis of fecal ChA bioactivity by bioassay with S. aureus indicator strain
To determine the bioactivity of ChA frompiglet feces, 0.1 g of fecal samples were suspended in 10mLNaCl, thoroughly vortexed, and

filtered via a 0.5 mm membrane. The resulting suspension was sterilized with a 0.2 mm filter. An overnight culture of S. aureus was

diluted 1:1,000 into LB medium with sterilized fecal suspension at a concentration of 10% (v/v). Aliquots were inoculated into

96-well microtiter plates and incubated in an automatic plate reader (Epoch2T; BioTek, Bad Friedrichshall, Germany) for at least

18 h at 37�C. Growth was determined by OD600. For standardization, S. aureus was diluted into LB medium containing 10% of a

filtered suspension of feces from untreated animals. The suspension was spiked with different concentrations of ChA.

16S rRNA gene amplification and sequencing of mice fecal samples
Feces samples were collected and stored at -20�C until processing. DNA was isolated with Zymo Research 96-well DNA extraction

kits. Briefly, feces samples were transferred into 96-well bashing bead lysis rack, diluted with 650 mL lysis buffer and homogenized

using a Mini-BeadBeater-96 for 3 times 5 minutes. Samples were kept in ice for 5 minutes between bead beating steps. Subse-

quently, the homogenate was centrifuged at 40003 g for 20 min. 400 mL of supernatant was transferred into 2 mL 96 deep well plate

(Nunc�) and centrifuged again for 20 min to thoroughly remove debris, particles and beads. 200 mL of the supernatant was used for

DNA isolation and purification. Samples were purified using 96-well ZymoMagkit on a TECAN Fluent� Automation Workstation. 16S

rRNA gene amplification of the V4 region (F515/R806) was performed according to an established protocol previously described.56

Briefly, DNA was normalized to 25 ng/ml and used for sequencing PCR with unique 12-base Golary barcodes incorporated via spe-

cific primers (obtained from Sigma). PCR was performed using Q5 polymerase (NewEnglandBiolabs) in triplicates for each sample,

using PCR conditions of initial denaturation for 30 s at 98�C, followed by 25 cycles (10 s at 98�C, 20 s at 55�C, and 20 s at 72�C). After

pooling and normalization to 10 nM, PCR amplicons were sequenced on an Illumina MiSeq platform via 250 bp paired-end

sequencing (PE250). Using Usearch8.1 software package59 the resulting reads were assembled, filtered and clustered. Sequences

were filtered for low quality reads and binned based on sample-specific barcodes using QIIME v1.8.0.64 Merging was performed

using -fastq_mergepairs–with fastq_maxdiffs 30. Quality filtering was conducted with fastq_filter (-fastq_maxee 1), using a minimum

read length of 250 bp and a minimum number of reads per sample = 1000. Reads were clustered into 97% ID OTUs by open-refer-

ence OTU picking and representative sequences were determined by use of UPARSE algorithm.59 Abundance filtering (OTUs

cluster > 0.5%) and taxonomic classification were performed using the RDP Classifier executed at 80% bootstrap confidence cut

off.65 Sequences without matching reference dataset, were assembled as de novo using UCLUST. Phylogenetic relationships

between OTUs were determined using FastTree to the PyNAST alignment.66 Resulting OTU absolute abundance table and mapping

file were used for statistical analyses and data visualization in the R statistical programming environment package phyloseq.67

Sequencing of 16S rRNA gene amplicons and data analysis of piglet fecal samples
Piglet feces were collected in 600 mL DNA stabilization solution (STRATEC SE) and stored at RT. The isolation of chromosomal DNA

was carried out according to Lagkouvardos et al.68 Raw reads were processed with the Integrated Microbial Next Generation

Sequencing (IMNGS) pipeline69 based on UPARSE.59 Sequences were demultiplexed, trimmed to the first base with a quality
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score < 3, and then paired. Assemblies with a size < 250 and > 650 nucleotides or an expected error > 3 were excluded. Remaining

reads were trimmed by 5 nucleotides at each end to prevent the analysis of regions with distorted base composition. The presence of

chimeras was tested with UCHIME.70 Operational taxonomic units (OTUs) were clustered at 97% sequence identity, and only those

with a relative abundance R 0.5% in at least one sample were kept. Taxonomies were assigned at 80% confidence level by taking

into account results from both the RDP classifier65 and SINA (v1.2.11).71 All further analyses were performed in the R programming

environment using Rhea.72 A PERMANOVA test (vegan::adonis) is performed in each case to determine if the separation of sample

groups is significant, as a whole and in pairs. Counts are by standard normalized via simple division to their sample size and then

multiplication by the size of the smaller sample, thus avoiding to introduce random variance or loss of data. b-diversity was computed

based on generalized UniFrac distances.73 a-diversity was assessed on the basis of species richness and Shannon effective diver-

sity74 as explained in detail in Rhea. P values were corrected for multiple comparisons according to the Benjamini-Hochberg method.

Only taxa with a prevalence R 30% (proportion of samples positive for the given taxa) in one given group were considered for sta-

tistical testing.

Preparation of samples for transcriptome, proteome and ICP analyses
C. difficile strain 630 was grown in CDMM to mid-exponential phase and stressed with a sublethal concentration of 4.6875 ng/mL

ChB1-Epo2 or an equal volume of DMSO. For transcriptome analysis, cultures were grown for further 30 min, and harvested by

centrifugation. Resulting cell pellets were washed once with TRIS-EDTA (TE) buffer (Roth, Karlsruhe, Germany), suspended in RNA-

later� Stabilization Solution (ThermoFisher Scientific, Waltham, Massachusetts, USA), and kept at 4 �C. For proteome analysis,

cultures were grown for 90 minutes in the presence of the antibiotic and were harvested by centrifugation. Cell pellets were washed

once with TE buffer and were directly stored at -70 �C. Samples for metallome analysis were prepared analogous to the proteomic

samples but EDTA-free TRIS buffer was applied for washing and cell disruption.

RNA isolation from C. difficile

RNA was extracted and purified from 15 mL of a C. difficile culture using a RNeasy Kit (QIAGEN GmbH, Hilden, Germany) according

to the manufacturer’s instruction. Briefly, the bacterial pellet was washed in 200 mL PBS (manufacturer). The pellet was solved in

200 mL TE buffer with 3 mg/mL lysozyme and incubated for 15 min at RT. For further cell lysis, 700 mL RTL buffer and 50 mg

0,1mm zirconia beads were added, and the suspension vortexed three times for 45 seconds. The lysate was centrifuged for

2 min at 11,000 g, and 450 mL of ethanol were added. The RNA was bound to a column via centrifugation for 15 s at 10,000 g,

and 350 mL of RW1 buffer was added to desalt the silica membrane, followed by centrifugation for 15 s at 10,000 g. 80 mL of a reaction

mixture containing 10 mL DNase I and 70 mL buffer RDD (both Qiagen) were applied onto the silica membrane of the column and incu-

bated at RT for 15 min. The membrane was washed with 350 mL of RW1 buffer (15 s at 10,000 g), and again incubated with DNase I

reaction mixture for 15 min. After that, the membrane was successively washed with 350 mL buffer RW1 (15 s at 10,000 g), and with

500 mL buffer RPE (15 s at 10,000 g and 2min at 11,000 g, respectively). Finally, the RNAwas eluted in 30 mL of RNAse-free H2O. RNA

quality was assessed using a 2100 Bioanalyser (Agilent, Waldbronn, Germany).

Transcriptome analysis
Whole-transcriptome RNA library preparation with isolated RNA was performed as follows. Briefly, ribosomal RNAs were depleted

using the Ribominus Transcriptome isolation Kit (Invitrogen/ Thermo Fisher Scientific), and the kit NEBNext Ultra II RNA Library Prep

(New England Biolabs, Ipswich, Massachusetts, USA) was used for library construction. The libraries were diluted and sequenced on

a MiSeq sequencer (Illumina, Munich, Germany) using a MiSeq Reagent Kit v2 (50 cycles), resulting in 50 bp single-end reads.

Illumina FASTQ files were mapped to the reference genome of C. difficile (NC_009089) using Bowtie for Illumina implemented in Gal-

axy.75 Galaxy also was used to visualize and calculate the number of reads mapping on each gene. Gene counts of each library were

normalized to the smallest library in the comparison and RPKM (reads per kilobase permillionmapped reads) values were calculated.

Fold changes between the different conditions were calculated. Statistical analyses were performed as described for every exper-

iment. P values % 0.05 were considered as mentioned in the text.

Extraction of proteins
Proteinswere extracted fromcell pellets as described previously.76 Briefly, cell pellets were suspended in 1mL TE buffer and lysed by

mechanical disruption with 500 mL glass beads (0.1 to 0.11 mm, Satorius Stedim Biotech, Göttingen, Germany) in a FastPrep-24TM

5G homogenizer (MP Biomedicals, Santa Ana, California, USA) in three cycles at 6.5 m/s for 30 s. Glass beads and cell debris were

removed by three centrifugation steps at 20,000 x g and 4 �C. Resulting protein extracts were stored at -70 �C. Protein concentrations
were determined using Roti�-Nanoquant (Roth, Karlsruhe, Germany) according to the manufacturer’s instructions.

LC-MS/MS sample preparation for proteome analysis
50 mg of each respective protein sample were digested on S-trap�micro columns (ProtiFi, Huntington, New York, USA) according to

the manufacturer’s instructions. Briefly, protein samples were adjusted to a final concentration of 5% SDS followed by reduction of

proteins with 10 mM dithiothreitol (Sigma Aldrich, St. Louis, USA) and alkylation of proteins with 20 mM iodoacetamide. Prior to load

onto the S-trap� micro columns, samples were acidified with phosphoric acid (Roth, Karlsruhe, Germany) and were diluted with

100 mM triethylamine bicarbonate (TEAB), 90% methanol in a ratio of 1:7. Columns with trapped proteins were washed four times
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with 100mMTEAB, 90%methanol. Subsequently, trypsin (Promega,Madison, USA) was added in an enzyme-to-protein ratio of 1:50

and proteins were digested at 47 �C for 3 h. For elution of digested peptides, elution buffers 1 to 3 ((1) 50 mM TEAB, (2) 0.1% acetic

acid and (3) 60% acetonitrile, 0.1% acetic acid) were added to columns and peptides were eluted by centrifugation. Eluted peptides

were dried by vacuum centrifugation. For peptide purification and fractionation digested peptides were suspended in 300 mL of 0.1

trifluoroacetic acid (TFA, Sigma Aldrich, St. Louis, USA) and loaded on self-packed C18 columns (Reprosil Gold 300 C18, 5 mm; Dr.

Maisch HPLC GmbH, Ammerbruch-Entringen, Germany) as done previously.77 C18 columns were washed once with MS-pure water

and peptides were eluted with increasing concentrations of acetonitrile in 0.1 % trimethylamine (Carl Roth GmbH, Karlsruhe, Ger-

many) revealing eight fractions. For LC-MS/MS measurements of in vitro samples, fractions 1 and 5, 2 and 6, 3 and 7 and 4 and 8

of each individual sample were pooled. Finally, acetonitrile was removed by vacuum centrifugation and samples were suspended

in 0.1% acetic acid directly prior to LC-MS/MS analysis.

LC-MS/MS analysis for proteome analysis
For LC-MS/MS analysis, peptides were separated by liquid chromatography using an EASY nLC 1200 directly coupled to a Q Ex-

active� HF Hybrid Quadrupole-Orbitrap�mass spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Peptides

loaded onto self-packed analytical columns with integrated emitter (100 mm 3 20 cm) containing C18 reverse phase material (3 mm,

Dr. Maisch HPLC GmbH, Ammerbruch-Entringen, Germany) and were eluted using a 85 min gradient from 5 to 50% of acetonitrile,

0.1% acetic acid at a constant flow rate of 300 nL/min. Full survey scans were performed with a resolution of 60,000 in the range of

333 – 1650 m/z. MS/MS scans were performed for the fifteen most abundant precursor ions per scan cycle excluding unassigned

charge states and singly charged ions and dynamic exclusion enabled for 30 s. Internal lock mass calibration was applied (lock

mass 445.12003).

LC-MS/MS data analysis of proteomic data
Database search and label-free quantification (LFQ) was done using theMaxQuant proteomics software package (version: 2.0.1.0).78

Data were searched against a protein sequence database for C. difficile strain 630 obtained from NCBI, August 2021 (NC_009089;

3,560 entries). Common contaminants and reverse sequences were added by the MaxQuant software. For protein identification a

maximum of two missed cleavages was assumed, oxidation of methionine was set as variable modification, carbamidomethylation

of cysteine was set as fixed modification and the number of minimal required unique peptides was set to one. Unique and razor pep-

tides were considered for label-free protein quantification with a minimum ratio count of two. The option ‘‘Match between runs’’ was

enabled within samples from each condition. C. difficile proteins were included in the analysis if they were identified with at least two

unique peptides in at least two out of three biological replicates. Significant changes in protein intensities were identified by statistical

analysis using the R package ‘‘DEqMS’’79 and were visualized as a heatmap using the R package ‘‘pheatmap.’’84

ICP-MS analyses
To determine intracellular elemental concentrations, 20 mL cellular extract were separated on a Superose 6 Increase 3.2x300 gel-

filtration column by isocratic elution with 10 mM Tris-HCl, pH 7.4 at a flow rate of 100 mL min-1. The eluate was directly infused

into an Agilent 7500c ICP-MS instrument, equipped with a Scott type spray chamber and a PFA m-flow nebulizer, to monitor the

intensity for several elemental isotopes over a period of 100 min. The plasma was operated at 1600 W and all other parameters

were optimized daily to obtain stable signals for the elements of a tuning solution (10 ppb of: 6Li – �8.0e4 cps, 89Y - �1.3e5 cps,

140Ce - �1.3e5 cps, 205Tl - � 9.6e4 cps), as well as stable background signals for 13C, 23Na, 39K when infusing the eluent

from the gel-filtration column.

Using R scripts, the obtained chromatograms for each isotope were corrected for the natural isotope abundance as provided by

the instrument manufacturer and for sensitivity drifts by a smoothed 13C baseline. In order to enable comparison between the ChB1-

Epo2-treated and control samples, protein content was determined by Bradford assay (BSA as external calibrant) for each sample

and the chromatograms scaled according to the injected protein amount. Peak areas above the baseline were integrated for each

isotope with Fityk 1.3.185 and total elemental content was calculated as the summarized peak area. Statistical testing and visualiza-

tion were performed using the R packages ‘‘rstatix’’ and ‘‘ggplot2.’’86,87

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was either performed using GraphPad Prism version 9.4.0, R studio software version 2022.07.01 or Microsoft

excel 2016. Error bars and statistical tests are indicated below each figure and p values < 0.05 were considered significant and clas-

sified into different significance levels: ✱p<0.05, ✱✱p<0.01, ✱✱✱p<0.001, ✱✱✱✱p<0.0001
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