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Abstract

The intestinal microbiota is composed of hundreds of distinct microbial species that interact with
each other and their mammalian host. Antibiotic exposure dramatically impacts microbiota
compositions and leads to acquisition of antibiotic-resistance genes. Lantibiotics are ribosomally
synthesized and post-translationally modified peptides produced by some bacterial strains to
inhibit the growth of competing bacteria. Nisin A is a lantibiotic produced by Lactococcus lactis
that is commonly added to food products to reduce contamination with Gram-positive pathogens.
Little is known, however, about lantibiotic-resistance of commensal bacteria inhabiting the
human intestine. Herein, we demonstrate that Nisin A administration to mice alters fecal
microbiome compositions and the concentration of taurine-conjugated primary bile acids.
Lantibiotic Resistance System genes (LRS) are encoded by lantibiotic-producing bacterial strains
but, we show, are also prevalent in microbiomes across human cohorts spanning vastly different
lifestyles and 5 continents. Bacterial strains encoding LRS have enhanced in vivo fitness upon
dietary exposure to Nisin A but reduced fitness in the absence of lantibiotic pressure. Differential
binding of host derived, secreted IgA contributes to fitness discordance between bacterial strains
encoding or lacking LRS. Although LRS are associated with mobile genetic elements, sequence
comparisons of LRS encoded by distinct bacterial species suggest they have been long-term
components of their respective genomes. Our study reveals the prevalence, abundance and
physiologic significance of an underappreciated subset of antimicrobial resistance genes encoded
by commensal bacterial species constituting the human gut microbiome, and provides insights
that will guide development of microbiome augmenting strategies.
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Main

Antimicrobial resistance (AMR) has emerged as a major public health challenge that is limiting
treatment and prevention of an increasing range of bacterial infections. Multi-drug resistant
(MDR) bacterial pathogens are causing an estimated 2.8 million infections per year in the United
States alone, leading to roughly 35,000 deaths and 55 billion healthcare cost each year !. The
increasingly common administration of antibiotics and antimicrobials has contributed to the
rising prevalence of MDR pathogens. Antibiotic administration to livestock and poultry has also
been linked to emergence of MDR pathogens around the globe 2.

The human gut microbiota contains trillions of bacteria that contribute to defense against food-
borne pathogens by providing colonization resistance. Mechanisms of colonization resistance
include nutrient competition, direct antagonism, pH and oxygen manipulation, production and
conversion of secondary metabolites, stimulation of immune defense, among others >°. Reduced
microbiota density and diversity following antibiotic use increases susceptibility to infections,
especially those caused by MDR pathogens %13, In humans, fecal microbiota transplantation
from donors with an intact microbiota or transfer of purified fecal spores from healthy donors
can enhance resistance to Clostridoides difficile infection 41>, In mice, administration of defined
bacterial consortia can reduce susceptibility to enteric infections by bacterial pathogens 1418, For
example, a four-bacterial strain consortium prevents and clears Vancomycin Resistant
Enterococcus (VRE) by in vivo production of the lantibiotic Blauticin 829,

Lantibiotics are a class of bacterial ribosomally synthesized and post-translationally modified
peptides (RiPPs) that have potent antimicrobial properties and have been widely used in the food
industry. Nisin, the prototypical lantibiotic derived from Lactococcus lactis, has been used as a
food preservative for decades and is generally regarded as safe (GRAS) 2?2, The impact of Nisin
on the human gut microbiome, however, remains largely undefined. Nisin-like lantibiotics bind
to lipid Il, a key precursor for bacterial cell wall synthesis, and form pores in the bacterial
membrane 232, Lantibiotic-producing bacteria encode resistance genes, including the ABC
transporter lanFEG, the lantibiotic immunity protein lan/, and nisin resistance protein NSR 2°.
However, the prevalence of lantibiotic resistance system genes (LRS) in the human gut
microbiome and whether LRS impact host and microbiota physiology remains unknown.

We demonstrate that dietary Nisin, at concentrations commonly encountered by humans
ingesting processed foods, altered the murine gut microbiome and metabolome, diminishing
subsets of bacterial taxa and increasing the concentration of taurine-conjugated primary bile
acids. LRS are abundant and prevalent in human gut microbiomes across various human cohorts.
LRS associated with a two-component system, recombinases and peroxide stress response genes
in bacterial genomes, but they co-evolve with the bacterial host and their transcription is
constitutive and not responsive to exogenous lantibiotic administration. LRS provides resistance
against diet- and microbiota-derived lantibiotics in vitro and in vivo, and against host-derived
Antimicrobial Peptides (AMPs) in vitro. However, in the absence of lantibiotic pressure, bacterial
strains encoding LRS have reduced in vivo fitness. Differential binding of host-derived, secreted
IgA contributes to fitness discordance between LRS-encoding and LRS-lacking bacteria. Our
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results suggest that exposure to lantibiotics and, potentially also to AMPs, has driven the
prevalence of LRS in commensal bacterial strains belonging to the Bacillota phylum and impacted
microbiota compositions and functions.

Dietary lantibiotic impacts gut microbiome and metabolome

Nisin, the prototypical lantibiotic, is widely used as food preservative for processed food for
decades 2%22, While it is generally regarded as safe, Nisin is an antimicrobial peptide, and how it
might impact gut microbiome remains understudied. We showed previously that Nisin-like
lantibiotics impacted differentially to various gut microbes 1>2°, and we set out to characterize
how dietary Nisin might impact the composition and function of gut microbiome in vivo. We
supplemented the drinking water of Specific-Pathogen Free (SPF) mice with 10 mg/L Nisin, a
concentration commonly found in processed food and drinks 27, while the other group of SPF
mice were maintained with plain water as control. Fecal samples of both groups were collected
over 14 days and samples were processed for metagenomic sequencing and analyzed with
MetaPhlAn4 28, We found that Nisin supplementation did not shift overall structure of the gut
microbiome on Principle Coordinate Analysis (PCoA) plot with Bray-Curtis dissimilarity metric
(Extended Data Fig. 1a), and overall alpha diversity among groups were not significantly changed
(Extended Data Fig. 1b,c,d). However, LEfSe analysis found that certain bacterial taxa were
differentially diminished upon dietary Nisin supplementation, either comparing Nisin
supplementation group versus Control group (Fig. 1a) or comparing Day 14 versus Day 0 in Nisin
supplementation group (Fig. 1b). Specifically, compared to Control group, Nisin supplementation
diminished the abundance of Turicibacter genus and species, an Acutalibacter species, as well as
a few unnamed genera and species in Oscillospiraceae (Fig. 1a,b); on the other hand, Nisin
supplementation consistently enriched for Lactobacillus genus, especially Lactobacillus johnsonii
in both comparison (Fig. 1a,b). This suggests that dietary Nisin differentially impacted the relative
abundance of certain Bacillota taxa in gut microbiome.

Gut resident Gram-positive bacteria, which are sensitive to lantibiotics due to lack of outer
membrane, are prominent producers of short-chain fatty acids (SCFAs) >3 and converters of
secondary bile acids 3133, To measure the impact of dietary Nisin on biochemical function of the
gut microbiome, we also performed metabolomic characterization on Nisin-exposed fecal
samples as well as controls. While the concentrations of SCFAs were not significantly changed by
Nisin treatment (Extended Data Fig. 1e,f,g), profiles of bile acids were altered. Of note, taurine-
conjugated primary bile acids, especially taurochenodeoxycholic acid, but not glycine-conjugated
primary bile acids, increased upon Nisin supplementation (Fig. 1c,d,e,f). We hypothesized that
taurine-preferring bile salt hydrolases (BSH) 3* encoded in the gut metagenome were diminished
upon exposure to dietary Nisin. To this end, we performed metagenomic mapping of taurine-
preferring BSH genes and all BSH genes in both groups. We found that the relative abundance of
taurine-preferring BSH decreased in Nisin supplementation group, corroborating our
metabolomic observation, while the relative abundance of all BSH did not change significantly
(Fig. 1g,h). In summary, dietary Nisin shifted the composition of microbiome and metabolomic
profile in mice gut.
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Lantibiotic resistance systems are prevalent among human gut bacteria

To further investigate how lantibiotics might impact human gut bacteria, we focused on mining
for lantibiotic resistance systems (LRS) as well as lantibiotic biosynthetic gene clusters (BGC) in
human gut bacterial genomes. Duchossois Family Institute symbiotic bacteria collection (DFI
collection) has more than 1,500 bacterial isolates from healthy human donors that are purified
and whole-genome sequenced. For 1,576 isolates surveyed, we found 716 unique strains of
bacteria according to their average nucleotide identity (ANI) to other isolates within the same
species (ANI cutoff at more than 99.9%). In search for the presence of genes within Nisin-like
lantibiotic biosynthetic gene cluster (lanABCFEGI) among their genomes, we found wide-spread
presence of LRS genes (lanFEG and lanl) among these bacteria (247/716, 34.5%) (Figure 2a;
Extended Data Table 1), especially in the Bacillota (previously Firmicutes) phylum, and 99 of them
contain both lanFEG and lanl in their genomes. In stark contrast, lantibiotic structural and
biosynthetic genes lanA and lanBC were rare among human gut bacteria (18/716, 2.5%), and only
7 of them had presence of both lanA and lanBC in their genome (Figure 2a; Extended Data Table
1). To exclude potential bias caused by culturing approach that establishes the DFI collection, we
performed metagenomic sequencing on all the samples from healthy human donors and mapped
the reads to lantibiotic structural gene lanA and LRS genes (Extended Data File 1-5). Consistently,
we observed that LRS genes are present among all donor samples, and their relative abundances
are much higher than that of /anA. In fact, we could detect reads mapped to /anA in only about
half of our donor cohort (Extended Data Figure S2A). To further extend our observation, we
performed similar analyses on publicly available gut metagenomes of different healthy human
cohorts, including Human Microbiome Project (HMP) 3°, Metagenomics of the Human Intestinal
Tract (MetaHIT) 3¢, a Japanese cohort 37, a Hadza cohort 38 and a Yanomami cohort 3°, altogether
spanning five continents and diverse lifestyles. Again, we found that LRS genes are present and
more abundant than lantibiotic structural gene lanA across all cohorts, while lanA gene was
detected in only one sample within the Hadza cohort and is absent in Japanese and Yanomami
cohorts (Figure 2b). All the observations above suggest that human gut bacteria harbor abundant
LRS genes whereas lantibiotic structural genes required to produce active lantibiotics are much
less abundant, even rarely present.

LRS are associated with two-component system and recombinase

We next set out to investigate the genomic context within which LRS genes occur. Within the
isolates that contain LRS in their genomes, we observed a consistent pattern in the organization
of LRS genes. For isolates that have only one LRS locus, the three-component ABC transporter
system lanFEG are organized in tandem and in that order, and the lantibiotic immunity protein
gene lanl is directly downstream of lanFEG if lanl is present. A two-component regulatory system
lanRK is always present downstream of LRS genes, presumably regulating the expression of LRS
(Figure 3). We found more than one LRS locus in the genomes of 34 unique isolates in DFI
collection, each organized as described (lanFEG(1)RK), except for Blautia wexlerae isolates, which
have a lanFEG-only operon upstream of a complete LRS loci, separated by one open reading
frame (ORF) (Figure 3). These two copies of lanFEG are not identical, sharing only about 70%
identity. We have also observed some pseudogenization events within LRS, including premature
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stop codon in lanl of Blautia schinkii MSK.15.25 and in lanR of Blautia massiliensis MSK.18.38,
breaking up the genes into two ORFs (Figure 3).

To further investigate the genomic context of LRS operons, we examined genes in the flanking
regions of LRS loci. We numerated gene annotations of 10 ORFs flanking all LRS loci; besides
unannotated hypothetical proteins, we frequently found the presence of transposases or
recombinases (Figures 3 and Extended Data Figure 3a). The most frequent annotated gene in the
LRS flanking regions is transposase from transposon Tn916 (Extended Data Figure 3a), occurring
in about 20% of LRS loci. Tyrosine recombinase XerC also ranked among the top 15 frequent
genes flanking LRS (Extended Data Figure 3a). Interestingly, we also found frequent presence of
genes related to peroxide stress resistance, including putative peroxiredoxin bcp, peroxide stress
resistance protein YaaA, and peroxide-responsive repressor PerR (Extended Data Figure 3a). The
fact that LRS loci are frequently flanked by transposases or recombinases suggest LRS may
undergo horizontal gene transfer among human gut bacteria. To test this hypothesis, we built
distance matrices using sequences of full-length 16S rRNA and each of the LRS genes among the
LRS-containing isolates in DFI collection, and then assessed the likelihood of co-speciation
between 16S rRNA and LRS genes by comparing the similarity of these matrices. Procrustes
analyses after Principle Coordinate Analysis superimposition 4° found that the co-speciation of
LRS genes with microbes were statistically significant (Extended Data Figure 3b,c,d,e), suggesting
that LRS genes are fixated on the genomes of human gut microbes, even though they may have
horizontally transferred among gut commensals on an evolutionary timescale.

LRS provides resistance against lantibiotics and antimicrobial peptides in vitro

To investigate whether LRS discovered in silico have physiological significance, we set out to test
and compare sensitivity of human gut bacterial isolates towards lantibiotics. We selected pairs
of bacterial isolates of the same species that are discordant in the presence of LRS in their
genomes for comparison. These isolates were cultured in 96-well plates with a concentration
gradient of Nisin, a diet-derived lantibiotic, and Blauticin, a gut commensal-derived lantibiotic
1920 hoth heterologously expressed and purified %4, and determined their minimal inhibitory
concentrations (MIC). We found that isolates with LRS in their genomes have consistent higher
resistance against both lantibiotics compared to their LRS-negative counterparts (Figure 4a,b,c,
Extended Data Figure 4a,b,c). Moreover, lanFEG+ lanil+ isolates had increased lantibiotic
resistance than lanFEG+ lanl- counterparts, suggesting that lan/ gene provides additional
resistance to that provided by lanFEG (Figure 3c, Extended Data Figure 3c).

Previous research suggests that many lantibiotic BGCs that contain LRS genes are silent under
laboratory conditions 4?43, while Nisin BGC in L. lactis is self-inducible by Nisin 44¢, To confirm
whether LRS genes are actively expressed and to test whether LRS genes are inducible by
lantibiotic in vitro, we performed quantitative RT-PCR on LRS-positive bacteria cultured in the
absence or presence of Nisin at one-third of respective MIC. We observed that LRS genes were
expressed in vitro at levels comparable to housekeeping gene ftsZ (Extended Figure 5a-k),
although their expression levels were not induced by exogenous Nisin (Extended Figure 5I-v).
These data suggest that in silico identified LRS are expressed and functional in vitro.
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Mammalian intestine produces a slew of antimicrobial peptides (AMPs) in the gut to restrict
dysbiotic expansion of gut microbes and maintain host-microbe homeostasis 4’-*°. These AMPs
include short peptides like a-defensins, B-defensins and LL-37, among many other longer
peptides and proteins. a-defensins and B-defensins contain multiple intramolecular disulfide
linkages, while LL-37 is a linear helical peptide. We hypothesized that LRS also provides cross-
protection against functionally and structurally similar cationic AMPs. We challenged
aforementioned pairs of LRS-discordant bacterial isolates with LL-37, human a-defensin HNP-1,
human B-defensins hBD-1 and hBD-4, respectively, to measure their MIC. We found that LRS-
positive bacteria have consistent higher resistance against HNP-1 (Figure 4d-g), while having
same MIC against LL-37 compared to their LRS-negative counterparts (Extended Data Figure 4d-
g). None of the bacteria was sensitive to hBD-1 or hBD-4 at highest concentration tested (data
not shown). These data suggest that LRS also provide cross-resistance against human a-defensin,
further implying their physiological significance in resisting AMPs.

LRS modulate fitness dynamics of human gut commensals in vivo

To investigate whether resistance provided by LRS in vitro translates to physiological significance
in vivo, we first tested whether LRS among gut bacteria responds to dietary lantibiotic in vivo. We
found that the relative abundance of LRS genes in the metagenomes of SPF mice supplemented
with Nisin were significantly enriched compared to controls after 14 days (Figure 5a-d). This
suggests that dietary Nisin shifted the functional profile of gut microbiome by increasing the
relative abundance of LRS genes.

An interesting observation in our experiment is that we have isolated pairs of human gut
commensals that are discordant in the presence of LRS from the same human donor; for example,
Coprococcus comes MSK.11.23 and MSK.11.50 (Figure 4a,d) are both isolated from the same
human donor FC0011, and Anaerostipes hadrus MSK.14.23 and MSK.14.29 (Figure 4b,e) are both
isolated from the same human donor FC0014. Given higher resistance to both lantibiotics and
host-derived AMPs, the LRS-containing isolate MSK.21.50 would have been expected to
outcompete its LRS-lacking counterpart MSK.21.23 in vivo. The fact that we have isolated both
LRS-positive and LRS-negative strains from the same donors suggest certain mechanisms allow
them to co-exist in the same gut community, or counter-select LRS-containing bacteria in vivo.
Besides, among the HMP cohort and metaHIT cohort that have an adequate number of
individuals whose metagenomes contain /anA for analysis, the relative abundance of LRS genes
were not correlated with that of /anA, except for the case of lan/ in metaHIT cohort, which
showed positive correlation with lanA (Extended Data Figure 2b,c). This observation further
suggests that metagenome-encoded lantibiotics may not increase the relative abundance of LRS
genes in human gut metagenomes.

We then set out to test whether LRS modulates bacterial fitness in vivo. To avoid potential
complications from a complex microbiome, we decided to use gnotobiotic mice model colonized
with defined bacterial communities to investigate bacterial fithess dynamics in vivo. Coprococcus
comes could not monocolonize the gut of Germ-Free (GF) mice (data not shown), so we included
two mouse-derived Bacteroidota (previously Bacteroidetes) isolates, one Bacteroides sartorii and
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the other Parabacteroides distasonis, to form a stable bacterial consortium in vitro and in vivo
1820 We confirmed that C. comes LRS-negative MSK.11.23 and LRS-positive MSK.11.50 had
similar growth rates in vitro (Extended Data Figure 6a), as well as those between A. hadrus LRS-
negative MSK.14.23 and LRS-positive MSK.14.29 (Extended Data Figure 6b). The two
Bacteroidota isolates did not affect relative competitiveness between the two C. comes isolates
or the two A. hadrus isolates during consecutive culturing and passage for 7 days in vitro
(Extended Data Figure 6¢,d). We then colonized Germ-Free mice with the pair of C. comes in 1:1
ratio along with the two Bacteroidota isolates with or without Nisin supplementation in drinking
water at a concentration commonly found in human processed food (10 mg/L) ?’. Consistent with
their differences in MIC of Nisin in vitro, LRS-positive isolate MSK.11.50 slowly outcompeted LRS-
negative isolate MSK.11.23 over time (Figure 5e). Similar phenomenon was observed for the pair
of A. hadrus, as LRS-positive MSK.14.29 outcompeted LRS-negative isolate MSK.14.23 over time
with dietary Nisin supplementation (Extended Data Figure 6e). These suggest that LRS provides
fitness advantage to gut bacteria in the presence of dietary lantibiotic in vivo. Surprisingly, C.
comes LRS-negative isolate MSK.11.23 slowly outcompeted LRS-positive isolate MSK.11.50 over
time in the absence of Nisin supplementation (Figure 5f). Similarly, A. hadrus LRS-negative isolate
MSK.11.23 slowly outcompeted LRS-positive isolate MSK.11.50 over time without dietary Nisin
supplementation (Extended Data Figure 6f). Because these pairs of isolates did not show fitness
difference in vitro in the absence of lantibiotics (Extended Data Figure 6a-d), we hypothesized
that certain host factors absent in vitro contribute to fitness advantage of LRS-negative isolates
or fitness disadvantage of LRS-positive isolates in vivo.

Human and mice guts respond to antigens from gut commensals and secrete IgA, which is
important for the immune homeostasis of the host as well as colonization of gut microbes >3,
LRS proteins are transmembrane or membrane-anchored proteins, so they are potentially
accessible antigens for the immune cells and are potentially exposed to secreted IgA from the
host. Therefore, we hypothesized that secreted IgA provides fitness discrimination between LRS-
positive and LRS-negative bacteria. To test this, we used mice whose first axon of both IgA alleles
was deleted, thereby B cells cannot switch to IgA (denoted as IgA” mice). To this end, we focused
on the C. comes pair, so we colonized GF IgA7- mice with the pair of LRS-discordant C. comes in
1:1 ratio along with the two Bacteroidota isolates, while GF IgA-heterozygous (IgA*") mice
littermates, which could still produce and secrete IgA, were colonized with the same 4-bacteria
consortium to serve as control. We found that while LRS-discordant pair behaved similarly in
IgA*-mice to wild-type mice in that LRS-negative bacteria had fitness advantage (Figure 5g), the
fitness difference in vivo between the pair of bacteria disappeared in IgA”" mice (Figure 5h). To
see whether IgA binds differently to these bacteria, we performed magnetic enrichment of IgA-
bound bacteria from the cecal samples of these gnotobiotic mice, and quantitative PCR to
measure the relative abundance of the pair. Surprisingly, we found that compared to pre-sort
samples of IgA*- mice, IgA-bound samples of IgA*/- mice had significantly enriched LRS-negative
MSK.11.23 over LRS-positive MSK.11.50, suggesting that MSK.11.23 was bound with IgA more
than MSK.11.50 (Extended Data Figure 6g,i). As a control, similar enrichment did not enrich either
of the pair from the cecal contents of IgA7- mice (Extended Data Figure 6h,i). These data suggest
that secreted IgA in the mice gut contribute to fitness disparity between LRS-positive and LRS-
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negative bacteria. In summary, our data suggest that host factors in the gut, including secreted
IgA, contribute to the fitness dynamics of bacteria containing or lacking LRS in their genomes.

Discussion

Nisin as a bacterially derived antimicrobial peptide has been used as food preservative for
decades 2?2, yet its exact impact on human gut microbiome has been largely understudied. We
supplemented dietary Nisin to mice with intact gut microbiome at a concentration commonly
found in processed food %7, and observed significant compositional and functional changes in gut
metagenome and metabolome. Recent studies have found that Turicibacter strains differentially
deconjugate host bile acids and alters host serum lipid profiles >*, while decreased abundance of
Turicibacter species is repeatedly associated with obesity > and inflammatory bowel disease *°.
The increase in taurine-conjugated primary bile acids and concurrent decrease of the relative
abundance of certain Turicibacter species in microbiome as well as that of taurine-preferring BSH
genes in metagenome suggest that dietary lantibiotic selectively depletes certain bacterial taxa
that encodes taurine-preferring BSH and leads to alteration of bile acid profile in the gut.

Further investigation of lantibiotic related genes among human gut bacteria leads us to discover
widespread prevalence and high relative abundance of LRS in human gut microbiome, especially
within Bacillota phylum. On the contrary, lantibiotic structural and biosynthetic genes are rarely
present. Interestingly, Hadza cohort, a group with hunter-gatherer lifestyle, has highest relative
abundance of LRS on average among cohorts we investigated, even though lantibiotic structural
gene lanA is rarely present. We hypothesize that their unique dietary structure 3 may contain
natural lantibiotics or similar antimicrobial peptides, and genetic differences in this cohort may
also leads to higher concentration of host-derived antimicrobial peptides, selecting for bacteria
that contain LRS which also provides cross-protection.

LRS genes are organized in an operon together with /lanRK two component regulatory system.
Even though previous studies suggest lanRK responds to exogenous lantibiotic and regulates
expression of lantibiotic biosynthetic gene cluster in lantibiotic-producing bacteria #+4¢, we found
no evidence of them regulating expression of LRS in LRS-containing, lantibiotic-non-producing
human gut bacteria. The fact that we observed instances where lanR and LRS gene lanl undergo
pseudogenization events also suggest that LRS and its associated two component system may
pose fitness disadvantage in certain circumstances and therefore have undergone counter-
selection process. Besides, as we demonstrated that LRS provides cross-protection against host-
derived a-defensin, constitutive expression of LRS rather than regulated expression may provide
fitness advantage in the gut. While LRS is frequently associated Integrative-Conjugative Element
(ICE) genes, it has co-evolved with the host it resides, suggesting that ICE genes may be remnant
of past horizontal gene transfer events that happened in evolutionary timescale. This contrasts
with another widely disseminated interbacterial defense systems, which are readily transferrable
among Bacteroidales species °’. LRS is also frequently associated with peroxide stress response
genes. Lantibiotics can inhibit cell wall synthesis and form pores on bacterial membrane, both of
which are associated with intracellular ROS stress °8°°. Proximity of LRS and peroxide stress
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response genes may help bacteria to co-regulate these two sets of genes to synergistically
respond to exogenous stress caused by lantibiotics and AMPs.

LRS increased bacterial resistance to dietary and gut-derived lantibiotics, yet its relative
abundance in human gut metagenome did not positively correlate with that of /anA, except in
the case of lanl in metaHIT cohort. This may be due to two-fold reasons: lantibiotic structural and
biosynthetic genes are often silent, as bacteria encoding these genes do not express them; LRS
genes have additional function as they provide cross-protection against host-derived AMPs. Its
cross-protection has selectivity towards AMPs that is similar structurally to lantibiotics like o-
defensin, but not linear peptide LL37. Contrary to silent lantibiotic structural and biosynthetic
genes in many bacterial hosts 4243, LRS are expressed constitutively in vitro at levels on par with
housekeep gene.

Dietary Nisin supplementation selects for LRS-containing bacteria in vivo, both in complex SPF
microbiome and in defined bacterial consortia. Surprisingly, in the absence of Nisin
supplementation, LRS-containing strain were outcompeted by LRS-lacking strain of the same
species. Their growth and competitiveness were similar in vitro, suggesting that host factor(s) in
vivo contribute to their fitness differences. We found that secreted IgA in the gut contributed to
selecting for LRS-lacking strain, as it binds more to LRS-lacking strain. IgA binding and aggregation
of gut bacteria has been shown to facilitate colonization of commensals in the gut >1. Detailed
mechanisms by which LRS-lacking strain can be bound more by IgA or LRS-containing strain
excludes IgA binding requires further investigation.

Our studies demonstrate significant impact on gut microbiome by dietary lantibiotic, and further
investigation on structural-activity relationship of lantibiotics should help design novel
lantibiotics that have improved selectivity towards pathogens but spares normal gut residents *°.
While worldwide healthcare system is encountering increasing burden of AMR, we have revealed
prevalence, abundance and physiological significance of previously underappreciated AMR genes
in human gut microbiome, which will help development of novel therapeutics and strategy to
cope with AMR 60-62,
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Figure legends

Figure 1. Dietary lantibiotic impacts gut microbiome and metabolome. (a,b) LEfSe analysis
comparing fecal metagenomes of SPF mice supplemented with 10 mg/L Nisin versus controls (a)
or comparing fecal metagenomes of SPF mice 14 days after supplemented with 10 mg/L Nisin
versus those before Nisin supplementation (b). Taxa significantly enriched in each group
(adjusted P value < 0.05) were shown faceted by taxon levels. (c,d,e,f) Fecal concentration
measurement of tauro-chenodeoxycholic acid (c), tauro-cholic acid (d), glycol-chenodeoxycholic
acid (e), and glycol-cholic acid (f) from SPF mice supplemented without (Control) or with 10 mg/L
Nisin before (Day 0) or after 14 days of supplementation (Day 14). (g,h) RPKM of metagenomic
reads mapped to all bile salt hydrolase genes (g) or to taurine-preferring bile salt hydrolase genes
(h) from SPF mice supplemented without (Control) or with 10 mg/L Nisin before (Day 0) or after
14 days of supplementation (Day 14). Paired t-tests with Holm-Sidak method for c-h. *P < 0.05,
**p < 0.01, ***P < 0.001; ns, not significant (P > 0.05). For c-h, box edges indicate 25 and 75
percentiles, horizontal line indicates median, and whiskers indicate min and max.

Figure 2. Lantibiotic resistance systems (LRS) are prevalent among human gut bacteria. (a)
Distribution of lantibiotic structural gene lanA, biosynthetic genes lanBC, LRS genes lanFEG and
lan! in unique isolates of DFI collection. Isolates were organized in a phylogenetic tree based on
their 16S rRNA sequences, colored by their phylum identity. Color of boxes in outer rings indicate
presence (green) or absence (gray) of respective genes. (b) RPKM of metagenomic reads from
Human Microbiome Project (HMP), Metagenomics of the Human Intestinal Tract (MetaHIT), a
Japanese cohort, a Hadza cohort and a Yanomami cohort mapped to lanFEG, lanl and lanA,
respectively. Vertical line in each graph separates industrialized lifestyle (left) and hunter-
gatherer lifestyle (right).

Figure 3. LRS are associated with two-component system and recombinase. Representative LRS
operons from isolates in DFI collection are shown. Identities of bacterial genomes are labeled on
the left. LRS genes and associated two-component system genes are annotated on top. LRS, two-
component system genes, and transposase/recombinase are colored.

Figure 4. LRS provides resistance against lantibiotics and antimicrobial peptides in vitro. (a,b,c)
Minimal Inhibitory Concentration (MIC) of Nisin and Blauticin on Coprococcus comes (a),
Anaerostipes hadrus (b) and Blautia obeum (c) isolates from human gut. Each circle represents
one independent measurement. Horizontal dashed lines indicate upper and lower limit of
concentration tested, respectively. Color indicates presence or absence of LRS genes. Identities
of C. comes and A. hadrus isolates are annotated. (d,e,f,g) Minimal Inhibitory Concentration (MIC)
of human a-defensin HNP-1 on Coprococcus comes (d), Anaerostipes hadrus (e), Blautia obeum
(f) and Blautia luti (g) isolates from human gut. Each circle represents one independent
measurement. Horizontal dashed lines indicate upper and lower limit of concentration tested,
respectively. Color indicates presence or absence of LRS genes. Identities of C. comes and A.
hadrus isolates are annotated.
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Figure 5. LRS modulate fitness dynamics of human gut commensals in vivo. (a,b,c,d) RPKM of
metagenomic reads mapped to lanF (a), lanE (b), lanG (c) and lan! (d), respectively, from SPF mice
supplemented without (Control) or with 10 mg/L Nisin before (Day 0) or after 14 days of
supplementation (Day 14). (e,f) Competitive index of C. comes MSK.11.23 (LRS-negative) over
MSK.11.50 (LRS-positive) in gnotobiotic mice with (e) or without Nisin supplementation (f),
colonized with 1:1 ratio of C. comes pair and two Bacteroidetes strains on Day 0. Each point
represents one mouse. Dashed line indicates starting competitive index (1). Solid line plots
median at each time point. (g,h) Competitive index of C. comes MSK.11.23 (LRS-negative) over
MSK.11.50 (LRS-positive) in IgA*/~ (g) or IgA7 (h) gnotobiotic mice without Nisin supplementation,
colonized with 1:1 ratio of C. comes pair and two Bacteroidetes strain on Day 0. Each point
represents one mouse. Dashed line indicates starting competitive index (1). Solid line plots
median at each time point. Paired t-tests with Holm-Sidak method for a-d. *P < 0.05, **P < 0.01,
***P < 0.001; ns, not significant (P > 0.05). For a-d, box edges indicate 25 and 75 percentiles,
horizontal line indicates median, and whiskers indicate min and max.
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Extended Data figure legends

Extended Data Figure 1. Impact of dietary Nisin on gut microbiome and metabolome. (a) PCoA
plot of fecal metagenomes of SPF mice without (Control) or with supplemented with 10 mg/L
Nisin before (Day 0) or after 14 days of Nisin supplementation (Day 14). Colors indicate
supplementation day and shapes indicates supplementation group. Ellipses indicate 95%
confidence level of each group. (b,c,d) Alpha diversity of fecal metagenomes of SPF mice without
(Control) or with supplemented with 10 mg/L Nisin before (Day 0) or after 14 days of Nisin
supplementation (Day 14), measured as Richness (b), Shannon Diversity Index (c), or Simpson
Diversity Index (d). (e,f,g) Fecal concentration measurement of acetate (e), propionate (e), and
butyrate (g) from SPF mice supplemented without (Control) or with 10 mg/L Nisin before (Day 0)
or after 14 days of supplementation (Day 14). Paired t-tests with Holm-Sidak method for b-g. *P
<0.05, **P < 0.01, ***P < 0.001; ns, not significant (P > 0.05). For b-g, box edges indicate 25 and
75 percentiles, horizontal line indicates median, and whiskers indicate min and max.

Extended Data Figure 2. Prevalence of Lantibiotic resistance systems (LRS) among human gut
metagenomes. (a) RPKM of each LRS gene and /anA in metagenomes of each healthy human
donor of DFI collection. Each column represents one donor. Colors indicate gene identity. (b,c)
Correlation between RPKM of each LRS gene and RPKM of /anA in HMP cohort (b) or metaHIT
cohort (c). Correlation coefficient R and significance p of each correlation are labeled on the right.
Colored lines plot linear regression.

Extended Data Figure 3. Genomic context of LRS and co-speciation of LRS with host. (a)
Genomic context of LRS genes. Top 15 most frequent annotations of flanking genes within 10
open reading frames of all LRS in DFI collection are ranked for their occurrence frequency. Genes
associated of Integrative Conjugative Elements (ICE), peroxide stress, and others are colored in
red, blue and grey, respectively. (b,c,d,e) Procrustes superimposition of PCoA plot of 16S rRNA
gene (orange) and that of /lanF (b), lanE (c), lanG (d) and lanl (e), respectively. Lines connect the
same genome on two PCoA plots. Significance test of Procrustes analysis was performed with
999 permutations with row and column swapping.

Extended Data Figure 4. Sensitivity of human gut isolates LRS provides towards lantibiotics and
antimicrobial peptides in vitro. (a,b,c) Minimal Inhibitory Concentration (MIC) of Nisin and
Blauticin on Dorea formicigenerans (a), Faecalicatena fissicatena (b) and Blautia luti (c) isolates
from human gut. Each circle represents one independent measurement. Horizontal dashed lines
indicate upper and lower limit of concentration tested, respectively. Color indicates presence or
absence of LRS genes. (d,e,f,g) Minimal Inhibitory Concentration (MIC) of human antimicrobial
peptide LL-37 on Coprococcus comes (d), Anaerostipes hadrus (e), Blautia obeum (f) and Blautia
luti (g) isolates from human gut. Each circle represents one independent measurement.
Horizontal dashed lines indicate upper and lower limit of concentration tested, respectively.
Color indicates presence or absence of LRS genes. Identities of C. comes and A. hadrus isolates
are annotated.
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Extended Data Figure 5. Expression of LRS genes in response to lantibiotic in vitro. (a-k) Relative
expression level of lanF (a,d,h), lanE (b,e,i), lanG (c,f,j) and lan!/ (gk) in Coprococcus comes
MSK.11.50 (a,b,c), Anaerostipes hadrus MSK.14.29 (d,e,f,g) and Blautia obeum MSK.20.66 (h,l,j,k),
respectively, in the presence or absence of Nisin, normalized to the expression level of ftsZ. Each
point represents one biological replicate. Error bars plot standard deviation. Color indicates
presence or absence of Nisin in culture. (I-v) Relative expression level of lanF (l,0,s), lanE (m,p,t),
lanG (n,q,u) and lanl (r,v) in Coprococcus comes MSK.11.50 (l,m,n), Anaerostipes hadrus
MSK.14.29 (o,p,q,r) and Blautia obeum MSK.20.66 (s,t,u,v), respectively, in the presence or
absence of Nisin, normalized to the expression level of respective gene in the absence of Nisin.
Each point represents one biological replicate. Error bars plot standard deviation. Color indicates
presence or absence of Nisin in culture.

Extended Data Figure 6. Modulation of fitness dynamics of human gut commensals by LRS. (a,b)
Growth curves of Coprococcus comes (a) and Anaerostipes hadrus (b) isolates in vitro. Solid points
and lines indicate ODgoo mean, dashed lines indicate standard deviation. LRS-positive and LRS-
negative isolates are colored in green and red, respectively. (c,d) Competitive index of C. comes
MSK.11.23 (LRS-negative) over MSK.11.50 (LRS-positive) (c) or that of A. hadrus MSK.14.23 (LRS-
negative) over MSK.14.29 (LRS-positive) (d) in vitro, inoculated with 1:1 ratio of C. comes pair or
A. hadrus pair, and two Bacteroidetes strains on Day 0. Each point represents one biological
replicate. Dashed line indicates starting competitive index (1). Solid line plots median at each
time point. (e,f) Competitive index of A. hadrus MSK.14.23 (LRS-negative) over MSK.14.29 (LRS-
positive) in gnotobiotic mice with (e) or without Nisin supplementation (f), colonized with 1:1
ratio of A. hadrus pair and two Bacteroidetes strains on Day 0. Each point represents one mouse.
Dashed line indicates starting competitive index (1). Solid line plots median at each time point.
(g,h) Competitive index of C. comes MSK.11.23 (LRS-negative) over MSK.11.50 (LRS-positive) in
cecal contents of IgA*/- (g) or IgA”7- (h) mice before (pre-sort) or after enrichment of IgA-bound
fraction (IgA-bound). Each point represents one mouse. Lines connect paired samples. (i) IgA
enrichment ratio of C. comes MSK.11.23 (LRS-negative) over MSK.11.50 (LRS-positive) in cecal
contents of IgA*/- or IgA”" mice, calculated by dividing IgA-bound competitive index by pre-sort
competitive index in g and h.
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Figure 1. Dietary lantibiotic impacts gut microbiome and metabolome.
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Figure 2. Lantibiotic resistance systems (LRS) are prevalent among human gut bacteria.
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Figure 4. LRS provides resistance against lantibiotics and antimicrobial peptides in vitro.
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Figure 5. LRS modulate fitness dynamics of human gut commensals in vivo.
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Extended Data Figure 1. Impact of dietary Nisin on gut microbiome and metabolome.


https://doi.org/10.1101/2023.12.30.573728
http://creativecommons.org/licenses/by-nc-nd/4.0/

lantibiotic

101

Donor ID

metaHIT

HMP

08
=077
0.0077

-0.043,p=0.
0,049, p

~ lanE f=0.084,p=062

~~ lanF R
== lanG R

lan genes
~ lanl R=043,p

u .
sausb ue| jo WxdH

10°

06
0.77
=0.82

-0.034, p

lan genes

< lanE R=-0062 p

= lanF A=

= lanG A=-0026 p

= lanl A=-0.093 p=0.42

1.0

10

seuab ue| Jo WHdH

RPKM of lanA

10

100

RPKM of lanA

a

Extended Data Figure 2. Prevalence of Lantibiotic resistance systems (LRS) among human gut metagenomes.


https://doi.org/10.1101/2023.12.30.573728
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.30.573728; this version posted December 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a Tyrosine recombinase XerC -
putative HTH-type transcriptional regulator YybR
Elongation factor P——(R)-beta-lysine ligase
Methionine--tRNA ligase
putative peptidase
[ y o drial |
Lipid A export ATP-binding/permease protein MsbA | Gene category
M ice
Bacitracin transport ATP-binding protein BcrA - S—
Cytidylate kinase Other
Peroxide-responsive repressor PerR _
Transcriptional regulatory protein WalR
Peroxide stress resistance protein YaaA _
putativeperaxiredoinos | [N
Vitamin B12 import ATP-binding protein BtuD
Transposase from transposon Tn916 _
8 8 e 2 ]
S G S S S
Gene frequency
b c
Procrustes significance = 0.001
” Procrustes significance = 0.001 o acrusies significance = 0.00
] { B
3 '. .’ v
. 7
% A . e
! ] 3\'
20 Y .,< i .
: A Gene o, . Gene
g ‘ © 16SIRNA g ¥ . 5 © 16SIRNA
lanF L) lanE
: o lan ! ! -,’\“-._.. & + « lan
i - - bt 3 o ) PR 2
g » 0.
o
"o, ®
e
-20 -20 o2 ligigg
]
L
o 30 60 o 30 &0
PCoA1 PCoA1
d e
" Procrustes significance = 0.001
e - Procrustes significance = 0.015
. v
@
- l?; .
20 ﬁ‘{ i
- Gene & - Gene
E 1 © 16SrRNA g = 1 © 16SrRNA
¥ - + lanG « lanl
’!:,"v‘ » %
0 . 5 % ” »
L
o2 . LV
0 " = :.' n“ 7
Sev, »
-20 be
-25 »
[ 30 60 40 -20 0 20
PCoA1 PCoA1

Extended Data Figure 3. Genomic context of LRS and co-speciation of LRS with host.
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Extended Data Figure 5. Expression of LRS genes in response to lantibiotic in vitro.
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Extended Data Figure 6. Expression of LRS genes in response to lantibiotic in vitro.
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