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ABSTRACT

A common side effect of antibiotic treatment is the depletion of the patient’s endogenous
gut microbiota, which provides critical protection from antibiotic-resistant pathogens that
commonly contaminate hospitals, such as vancomycin-resistant Enterococcus (VRE).
Understanding mechanisms of colonization resistance to VRE are therefore critical for the
development of therapeutic interventions for patients undergoing antibiotic therapy. In this work,
we took 2 different approaches to investigate how colonization resistance is formed by the
commensal microbiota to protect the host.

In the first approach, we utilized a recently designed tail cup device that functioned to
prevent coprophagia during mouse experiments, enabling us to study the dynamics of VRE
colonization without the influence of pathogen recycling. We found that VRE was capable of
engrafting into the small intestine (SI) of antibiotic-treated mice even when coprophagia was
prevented. Using a green-fluorescent protein expressing strain of Enterococcus faecium, we
visualized the association of E. faecium in the SI of non-coprophagic mice and found small
clusters of bacteria colonizing the epithelium directly. Application of these tail cups also allowed
us to characterize how the large intestinal microbiota influences the immune system in the SI,
increasing the stimulation of Reg3g production in the ileum and skewing the helper T cell
populations of the mesenteric lymph nodes towards increased Th17 cells. Despite this, mice in
tail cups were able to resolve VRE infection earlier than mice in mock cups, suggesting that the
less diverse microbiota of their SI and subsequent decreased immune stimulation was still
sufficient to confer protection from VRE when pathogen recycling is inhibited. Conversely, the
increased stimulation and bacteria present in the coprophagic mice was less efficient at clearing

VRE from the GI tract, likely due to the extremely high loads of VRE consumed during the



course of infection. These studies indicate that VRE is quite sensitive to the resistance conferred
by the SI immune system and microbiota, and that de-colonization of this area precedes
clearance of the large intestine.

In our second approach, we investigated ampicillin-resistance in antibiotic-naive gut
microbiota. By using commercially available mouse colonies, we were able to assess the
presence of resistance to antibiotic treatment in healthy microbiota with no history of infection or
antibiotic usage. Of the 7 different colonies we tested, we found that 1 was resistant to
ampicillin-induced dysbiosis, enabling resistance to subsequent infection with VRE. We isolated
3 bacteria from the resistant microbiota, and demonstrated that they are sufficient to confer
protection to an antibiotic-sensitive microbiota. These findings demonstrate that ampicillin-
resistance can be found in diverse, complex microbiota derived from healthy populations
unexposed to antibiotics. Altogether, this project brings insights into mechanisms of indirect
resistance to colonization by VRE, showing that the SI is a distinct niche for colonization, and

demonstrating the potential therapeutic role for antibiotic-resistant commensals.
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CHAPTER 1: Introduction

1.1 Vancomycin-resistant Enterococcus faecium (VRE)

The hospital environment creates a uniquely hazardous breeding ground for multidrug
resistant bacterial pathogens. Many infections with multidrug resistant pathogens originate in the
gastrointestinal (GI) tract, including vancomycin-resistant Enterococcus (VRE) infection, a
Gram-positive facultative anaerobic bacterium highly associated with hospital-acquired
infections'. The healthy intestine is not typically susceptible to infection with VRE due to
colonization resistance, the process by which the microbiota provides protection from
pathogens®. However, during circumstances that perturb the microbiome, such as treatment with
antibiotics, colonization resistance is lost, and patients become highly vulnerable to intestinal
domination with VRE?. Intestinal domination has been shown to precede bloodstream infection®,
and is associated with worse outcomes in stem cell transplant patients®. Understanding
mechanisms of colonization resistance to VRE are therefore critical for the development of
therapeutic interventions for vulnerable patients.

Antibiotic-resistant Enterococcus faecalis (E. faecalis) was first identified as a causative
factor of endocarditis in the 1970s, with the intrinsic resistance of the bacteria leading to issues
even early on with finding effective treatments'. A few decades later, multi-drug resistant E.
faecium began to be isolated from patient infections®. Despite being etiological agents of the
same types of infections, these 2 species of enterococci are quite genetically distinct; they are

more closely related to other harmless enterococcal species than they are to each other’. Other



species of E. faecium and E. faecalis outside of the pathogenic clades are normal commensals
gut microbes that do not dominate the intestine®.

Unlike some pathogenic bacteria in the intestine, such as E. coli and C. difficile,
Enterococcus does not produce any toxins that directly target the gut epithelium and lead to host
damage and ensuing inflammation in the gut’. Instead, the pathogenic qualities of the
Enterococcus isolates have typically been associated with their ability to efficiently colonize and
achieve high density in the intestine of vulnerable patients '* ', Other factors associated with
virulence that have been identified include secreted factors that help with biofilm formation, and
cell surface components that likely interact with the host cells®. However, these factors are not
specific to species isolated in infections, and instead are common amongst gut-residing
enterococcal species.

The success of Enterococcus faecium as an opportunistic pathogen lies more in its ability
to quickly dominate the gut of patients undergoing dysbiosis. Inoculation of a single CFU of
VRE into antibiotic-treated mice showed rapid domination of their fecal microbiota.
Furthermore, the VRE isolate evolved continuously in the intestinal niche, showing expansion
and extinction of multiple SNVs throughout the course of the experiment, including a SNV that
increased resistance to the ampicillin treatment'?. These findings demonstrate how quickly VRE
can adapt to the intestinal niche. The diversification of VRE isolates also suggests that there are

potentially multiple niches throughout the gut that VRE is adapting to.



1.2 Colonization resistance to VRE

Colonization resistance mechanisms can be broadly divided into two categories: direct
and indirect?,'3. Direct colonization resistance refers to mechanisms that involve direct
interactions between the commensal microbiota and the pathogen, such as modification of
secondary bile acids that inhibit C. difficile'*. In contrast, indirect colonization resistance
mechanisms are immune-mediated mechanisms of pathogen inhibition that are induced by the
commensal microbiome, such as the stimulation of the antimicrobial C-type lectin RegllIgamma
(Reg3g) to protect against Listeria monocytogenes infection'?.

There are many different mechanisms through which the commensal microbiome forms
colonization resistance to VRE specifically. Our lab previously identified a consortium of
bacteria that provides direct resistance to VRE through production of a lantibiotic peptide that
can directly kill VRE'S. This consortium was isolated from a mouse colony that had developed
an ampicillin-resistant microbiota (ARM) after 2 decades of treatment with a beta-lactam

antibiotic in their drinking water!”.

1.3 Influence of the gut microbiota and metabolites on the intestinal immune system

To coordinate the response of the immune system to the commensal microbiota, it is
critical for the epithelium to recognize and respond to the presence of the microbiota. The innate
immune system detects the microbiota through stimulation of pattern recognition receptors

(PRRs), such as Toll-like receptors (TLRs) which are transmembrane receptors that recognize



conserved microbial components present on both commensal microbes and pathogens'®.

Previous studies from the Pamer lab have identified TLR stimulation by the microbiota to be a
critical inducer of Reg3g in the small intestine (SI). Reg3g can be stimulated by LPS stimulation
of TLR4', flagellin stimulation of TLR5'°, and double-stranded RNA stimulation of TLR7%°.
The lectin Reg3g is secreted directly by the small intestinal epithelium, and it can directly kill
VRE in the ileum?!. Production of Reg3g can also be induced by host cytokine production of
interleukin-22, which is mainly produced by ILC3s%.

Increasing attention has been given to the role that microbially conjugated bile acids play
in host physiology. Primary bile acids (PBAs) are molecules derived from cholesterol by the host
that are essential for the digestion of dietary fats?>. After synthesis in the liver and subsequent
release into the duodenum via the gallbladder, the vast majority of bile acids are re-absorbed into
the SI. However, a small proportion continue on to the colon, where they are further modified by
commensal bacteria®®. This conversion of primary bile acids into secondary bile acids (SBAs)

t2°. For example,

has been shown to have dramatic consequences on the health of the hos
germination of Clostridoides difficile spores is inhibited by the presence of secondary bile acids,
protecting the host from infection'.

Some bile acids have also been implicated in the differentiation of naive conventional
CD4+ T (Tconv) cells into regulatory T cells (Tregs) of the gut. Researchers have shown that
derivatives of lithocholic acid (LCA) can directly influence the identity of Tconv cells. One
derivative, 3-oxoLCA, inhibits the T helper 17 (Th17) transcriptional program through direct
binding of the key transcription factor RORgt?°. Another derivative of LCA, isoalloLCA,

directly enhances the differentiation of Tconv cells into to Treg cells through its actions on the

nuclear hormone receptor NR4A1?7. Removal of secondary bile acids from the host reduces the



pool of colonic RORgt+ Tregs, which can exacerbate inflammation in the intestine?®. Aside from
the ability of bile acids to directly influence Tconv cell differentiation, research has also found
that they can also influence other immune cells that promote T cell activation. The secondary
bile acid 3B-hydroxydeoxycholic acid (isoDCA) promotes Treg development via inhibitory
effects on dendritic cells (DCs), thus preventing them from promoting inflammatory T cell
phenotypes®’. The ability for the microbiota to induce Tregs is critical for maintaining tolerance
to the microbiome and preventing excessive inflammation in response to commensals®’. These
findings illustrate how metabolites from the microbiota can directly influence intestinal
homeostasis for the benefit of both the host and the microbes.

Certain gut microbes are critical for the induction of pTregs in the gut, and without their
generation, naive CD4+ T cells instead differentiate into more inflammatory T helper 17 (Th17)
and Th1 cells®®. Further investigations have demonstrated that microbiota-induced Tregs often
co-express RORgt, a transcription factor characteristic of Th17 cells, in a manner that is
dependent on microbial activation of intestinal dendritic cells (DCs)*!'*?. These microbiota-
induced Rorgt+Foxp3+ Tregs are essential for suppression of Rorgt+ Th17 cells, and occur at
much lower frequencies in the absence of the microbiome?*. Analysis of the specificity of
intestinal Tregs has shown that they are largely specific for microbiota-derived antigens, and do
not overlap much in specificity with other effector T cells in the colon nor Tregs sampled from
other organ sites®*. Altogether, these studies demonstrate how the intestinal immune system is in
constant dialogue with the gut microbiota to coordinate protective responses against invading

pathobionts.



1.4 Antibiotic-resistance in commensal bacteria

Considerable efforts have been made to develop therapeutic treatments that neutralize the
harmful side effects of antibiotics on the commensal bacteria in the intestine. For example,
researchers have developed a purified beta-lactamase to give to patients to help remove the
antibiotics from their intestinal lumen>>. Mechanisms of resistance to beta-lactams in anaerobic
bacteria include production of inactivating enzymes (beta-lactamases), alteration of penicillin-
binding proteins, and blocking penetration of the antibiotic. However, the most common
mechanisms is beta-lactamase production®.

Another group has demonstrated that a commensal species engineered to express a beta-
lactamase was able to breakdown ampicillin in the gut of mice and shield the commensal gut
microbiota from infection®’, illustrating the potential for probiotics to be utilized as a tool to
protect the healthy bacteria that were in the gut before it becomes irreparably damaged by their
antibiotic treatment regimen.

Rather than engineering new functional properties into bacteria, we can take advantage of
the diversity of functions that already exist in bacteria that are apart of native gut ecosystems>®.
A major advantage of this approach is that these bacteria evolved to perform these functions
already in the context of the complex gut microbial niche®”, making it easier to predict how these
bacteria will function when given to patients. Our lab has previously isolated a 4-member
consortium of bacteria from an in-house mouse colony with an ampicillin-resistant microbiota
(ARM) that rendered ampicillin-treated mice resistant to colonization with VRE!’. Bacterial
members of this consortium degraded ampicillin, allowing the consortium to survive during

antibiotic treatment!’, and secreted a lantibiotic potently active against VRE'® .



1.5 Summary of project rationale

The objectives of this thesis are to 1) characterize the dynamics of VRE infection in the
SI of non-coprophagic mice and 2) identify ampicillin-resistant commensal bacteria that can
protect from VRE infection. The overall goal of this work is to understand how the gut
microbiota provides colonization resistance to VRE, providing new avenues for the development
of future probiotic therapies. Disentangling the colonization dynamics of the small intestine (SI)
vs. the large intestine will provide valuable insights for designing consortia that can uniquely
target these areas. This will enable the eradication of VRE from the entire GI tract, thus
preventing recurrent infection or further organ dissemination in patients. This work also provides
a framework for the investigation into ampicillin-resistant microbiota in healthy, antibiotic-naive
samples, through demonstration that only a few bacteria are required to recreate resistance
phenotypes and protect from VRE challenge. Altogether, these experiments define different
mechanisms through which the gut microbiota provide colonization resistance to VRE infection,
bringing insights into indirect resistance mechanisms including resilience against ampicillin and

induction of antimicrobial peptides in the SI.



CHAPTER 2: Materials and Methods

2.1 Experimental model and subject details
2.1.1 Mouse subjects

All mouse studies were approved by The University of Chicago Institutional Animal Care
and Use Committee (protocol 72599). 6—8-week-old female C57BL/6 (B6) mice were ordered
from the AX8, AX4, EMO05, and RB15 mouse colony breeding rooms from Jackson
Laboratories, and the H47, K92, and RO7 mouse colony breeding rooms from Charles River
Laboratory, and were fed a standard chow diet and given autoclaved acidified drinking water.
Germ-free (GF) B6 mice were bred in house in plastic isolators at the University of Chicago’s
Gnotobiotic Research Animal Facility, and were fed autoclaved food and sterile water. GF mice
were transferred into sterile, individually ventilated cages after association with bacteria, where
they remained housed for the duration of the experiment. During experiments, all mice were
housed in BSL2 facilities under specific-pathogen-free conditions at the University of Chicago.

All mice were randomized and single housed in cages containing corncob bedding.

2.1.2 Tail cups and mock cups

1°°. Briefly, a rotary tool was used

Tail cups were designed according to published protoco
to cut a 20 mL syringe and drill a hole into the end, as well as small holes on the side to
encourage desiccation of the fecal pellet. Tail sheaths were fashioned from silicone hose, and a
metal washer was glued to the end of the syringe to build the “cup”. For mock cups, the sides of

the syringe were cut off, allowing fecal pellets to fall back into the cage. Upon initial application,

a small amount of tissue adhesive is applied to the base of the tail, then the silicone sheath is



glued on. Mice are left alone in their cage for 1-2 minutes while adhesive dries, and then
functional or non-functional mock cups are slipped over the silicone sheath, where they rest on
an indention carved into the sheath. Tail cups are emptied once daily, mock cups have their cups
briefly removed daily as well. For weight collection, after removal of cups mice are placed into

sterile cups, then weighed.

2.1.3 Ampicillin Treatment
Mice were treated with 0.5 g/L ampicillin (Athenex NDC: 70860-118-99) mixed with
their autoclaved acidified drinking water. Ampicillin was refreshed every 3-4 days due to

degradation.

2.1.4 Bacterial isolates from human donors

Human bacterial isolates containing similar beta-lactamase genes were identified using
the DFI Symbiotic Biobank website, and genomes are also available in the NCBI RefSeq
database. The DFI Symbiotic Biobank is commensal bacterial strain bank of gut bacteria isolated
from 21 healthy human fecal donors. Collection of these samples, isolation of bacteria, and

genetic analyses performed described previously.

2.1.5 Infection Models

Mice were challenged via oral gavage with approximately 10> CFUs of VRE (E. faecium,
ATCC 700221), CRKp (K. pneumoniaec MH258), or Ef-GFP+ (E. faeciumcom1s-GFP+, gift from
Howard Hang @ Scripps) suspended in 200 uL of phosphate buffered saline. Fecal samples were

collected from mice prior to infection and on the indicated days post-infection.



2.1.6 Fecal microbiota transplant (FMT) into germ-free (GF) mice

Fecal pellets were collected from antibiotic-naive AX8 mice and resuspended in 1mL of
20% glycerol mixed with DPBS per 25mg of feces. Fecal suspensions were then split, with half
of the samples getting mixed with the 3 extra bacteria isolated from the H47 fecal microbiota.
Aliquots of both inocula mixtures were then stored at -80C until ready for use. Samples were
thawed on ice immediately before inoculation into mice by oral gavage. Mice were given 200 pL

of either inoculum 1x/day for 3 consecutive days.

2.2 Experimental method details
2.2.1 16S rRNA gene sequencing and analysis

Fecal pellets collected from mice were stored at -80°C until time of extraction. For
extraction, samples were suspended in lysis buffer and broken up with a bead beater (BioSpec
Product). DNA was purified with the QIAamp PowerFecal PRo DNA kit (Qiagen). With the
purified DNA, the V4-V5 region of the 16S rRNA gene was amplified using universal primers
563F (5‘-nnnnnnnn- NNNNNNNNNNNN-AYTGGGYDTAAA-GNG-3") and 926R (5°-
nnnnnnnn-NNNNNNNNNNNN-CCGTCAATTYHT-TTRAGT-3’), where ‘N’ represents the
barcodes and ‘n’ are additional nucleotides added to offset primer sequencing. Amplicons
containing approximately 412 bp regions were purified in a spin column (Minelute, Qiagen).
Purified amplicons were quantified using a Qubit 2.0 fluorometer and pooled at equimolar
concentrations. I[llumina sequencing compatible Combinatorial Dual Index (CDI) adapters were

ligated onto the pools using the QIAseq 1-step amplicon library kit (Qiagen). Library QC was

10



performed using Qubit and Tapestation and sequenced on Illumina MiSeq platform to generate
2x250bp paired-end reads. For 16S rRNA gene amplicon sequence analysis, we used DADA2
(v1.18.0)84 as our default pipeline for processing MiSeq 16S rRNA gene reads with minor
modifications in R (v4.0.3). Specifically, reads were first trimmed at 210 bp for forward reads
and 150 for reverse reads to remove low quality nucleotides. Chimeras were detected and
removed using the default consensus method in the DADAZ2 pipeline. Then, ASVs with length
between 300 bp and 360 bp were kept and deemed as high quality ASVs. Taxonomy of the
resultant ASVs were assigned to the genus level using the RDP classifier (v2.13)86 with a
minimum bootstrap confidence score of 80. Results were analyzed as using the
Phyloseq(v.1.46.0) R package, Shannon index scores were calculated using the estimate
richness() function, Bray-Curtis dissimilarity was calculated and plotted in R using the ordinate()

and plot ordination() functions, bar plots made using ggplot2 package.

2.2.2 16S rRNA gene gPCR

An aliquot of the samples prepared for 16S rRNA gene sequencing were diluted to 20
ng/uL. The primers 563F (5~ AYTGGGYDTAAAGNG-3") and 926R (5°-
CCGTCAATTYHTTTRAGT-3") for the V4-V5 region of the 16S rRNA gene were used for
amplification. A standard curve was created with a V4-V5 region on a linearized TOPO
pcr2.1TA vector 1solated from Eschericha coli DH5a cells. The vector was serially diluted 5-fold
ranging from 108 to 103 copies/uL. gPCR was performed on a QuantStudio 6 Pro (Applied
Biosystems) using PowerTrack SYBR Green Master Mix (A46109) with the following cycling
conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 52°C for 30 s,and 72°C for

I min. Design and Analysis v2 software was used to calculate the copy numbers for each sample.

11



Copy numbers were normalized based on the weight of fecal pellets the DNA was extracted

from.

2.2.3 Quantitative and qualitative metabolomics

Mouse fecal pellets were collected in 2 mL cryo-microcentrifuge tubes (Sarstedt
72.694.006) on collection days and placed on dry ice until transferred to a -80°C freezer until
sequenced. Fecal samples were weighed and extraction solvent, 80% methanol spiked with
internal standards, was added to make a ratio of 100 mg of material/mL of extraction solvent.
Samples were then homogenized at 4°C using a Bead Mill 24 Homogenizer (Fisher; 15-340-163)
set at 1.6 m/s with 6 thirty-second cycles, 5 seconds off per cycle. Next, samples were
centrifuged at -10°C, 20,000 x g for 15 minutes. The supernatant was used for subsequent
metabolomic analysis. Short-chain fatty acids (SCFAs) and 5-aminovalerate were quantified via
derivatization with pentafluorobenzl-bromide (PFBBr). Methanol containing internal standards
was added to fecal samples at 4 volumes per a milligram of feces. Samples were centrifuged
followed by the addition of x pL borate buffer at a pH of 10. Next, 150 mM PFBBr suspended in
methanol cyanide (acetonitrile) was added to the samples and incubated at 65°C for 1 hour.
Lastly, hexanes were extracted and subjected to gas chromatography-mass spectrometry (GC-
MS) (Agilent 8890/5977B and 7890B/5977B) with chemical ionization and negative mode
detection. Bile acids and ampicillin were quantified via liquid chromatography-mass
spectrometry (LC-MS). 75 uLL was added to mass spectrometry autosampler vials (Microliter;
09-1200) and subsequently dried using a nitrogen stream of 30 L/min (top) and 1 L/min (bottom)
at 30°C (Biotage SPE Dry 96 Dual; 3579M). Dried samples were then re-suspended in 750 puL of

a 50:50 water:methanol mixture. The vials were added to a thermomixer (Eppendorf) to re-
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suspend analytes under the following conditions: 4°C, 1000 rpm for 15 min with infinite hold at
4°C. To remove insoluble debris, samples were centrifuged in microcentrifuge tubes at 20,000 x
g for 15 mins at 4°C. 700 pL was transferred to a new mass spectrometry autosampler vial and
analyzed in negative mode on a liquid chromatography system (Agilent 1290 infinity II) coupled
to a quadrupole time-of-flight (QTOF) mass spectrometer (Agilent 6546) equipped with an
Agilent Jet Stream Electrospray lonization source. 5 pL of sample was then injected onto an
XBridge BEH C18 column (3.5 pm, 2.1 x 100 mm; Waters Corporation, PN) fitted with an
XBridge BEH C18 guard (Waters Corportation, PN) at 45°C. Elution started with 72% A
(Water, 0.1% formic acid) and 28% B (Acetone, 0.1% formic acid) with a flow rate of 0.4
mL/min for 1 min and linearly increased to 33% B over 5 min, then linearly increased to 65% B
over 14 min. Then the flow rate was increased to 0.6 mL/min and B was increased to 98% over
0.5 min and these conditions were held constant for 3.5 min. Finally, re-equilibration at a flow
rate of 0.4 mL/min of 28% B was performed for 3 min. The electrospray ionization conditions
were set with the capillary voltage at 3.5 kV, nozzle voltage at 2 kV, and detection window set to
100-1700 m/z with continuous infusion of a reference mass (Agilent ESI TOF Biopolymer
Analysis Reference Mix) for mass calibration. A 10-point calibration curve was used for
quantification. Data analysis was performed using MassHunter Profinder Analysis software
(version B.10, Agilent Technologies) and confirmed by comparison with authentic standards.
Normalized peak areas were calculated by dividing raw peak areas of targeted analytes by

averaged raw peak areas of internal standards.
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2.2.4 Reg3g quantification from the ileum

1 cm of distal ileum per mouse was harvested in Trizol (Roche) and RNA was prepared
according to the manufacturers’ protocols. RNA was DNase treated (Roche) and cDNA was
reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
cDNA was used as template in a real time PCR reaction using Tagman primer-probes sets on a
QuantStudio6. cDNA was semi-quantitated using the AACT method with Hprt (mouse) as an

internal control for all samples.

2.2.5 Quantification of pathogen burden

Samples collected from VRE infected mice were diluted 10-fold in PBS and plated onto
Difco Enterococcosel agar (supplemented with 8 mg/ml vancomycin; Novaplus and 100 mg/ml
streptomycin; Fisher) and incubated at 37°C for 24 hrs. Efcom15-GFP+ samples were quantified
the same way, but with no antibiotic supplement. Fecal samples collected from CRKp infected
mice were diluted 10-fold in PBS and plated onto LB agar supplemented with 100 ug/mL
carbenicillin (Fisher BioReagents BP2648) and 50 pg/mL neomycin, and incubated at 37°C for

24 hrs. CFUs were then counted and normalized to fecal mass.

2.2.6 Microscopy imaging and analysis

Samples were collected from Ef-GFP+ monocolonized mice 2 weeks post-infection.
Distal ileum and colon samples were flushed of luminal contents with sterile PBS, then fixed in
2% paraformaldehyde for 20 minutes at room temperature. Samples were then stained with
Hoescht and anti-mouse CD326-AlexaFluor594 (Biolegend) for 20 minutes, then sliced into

2mm thick sections, then mounted onto slides (18-well glass bottom, Ibidi) with mounting
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medium (Ibidi). 300um z-stacks were imaged from each section at 20x on a SoRa Marianas
Spinning Disk Confocal. 7 slices were taken from every sample, each at 50um apart. Tiles
stitched using Slidebook 2025, max Z projections made using ImageJ. 3 regions of interest
(100x100um) were drawn onto Ef-GFP+ clusters, then quantification was done using ImageJ

macros.

2.2.7 Shallow shotgun sequencing and analysis

Bacterial DNA was extracted using the QIAamp PowerFecal Pro DNA kit (Qiagen).
Prior to extraction, samples were subjected to mechanical disruption using a bead beating
method. Briefly, samples were suspended in a bead tube (Qiagen) along with lysis buffer CD1
and loaded on a bead mill homogenizer (Fisherbrand). Samples were then centrifuged, and
supernatant was resuspended in CD2, a reagent that effectively removes inhibitors by
precipitating non-DNA organic and inorganic materials including polysaccharides, cell debris
and proteins. DNA was then purified routinely using a spin column filter membrane and
quantified using Qubit (Life Technologies). Libraries were prepared using 200 ng of genomic
DNA using the QIAseq FX DNA library kit (Qiagen). Briefly, DNA was fragmented
enzymatically using a nuclease into shorter fragments and desired insert size was achieved by
adjusting fragmentation conditions. Fragmented DNA was end repaired to generate blunt end
fragments using a T4 DNA polymerase, and ‘A’s’ were added to the 3’ends to stage inserts for
ligation. During ligation step (blunt end AT ligation), Illumina compatible Unique Dual Index
(UDI) adapters were added to the inserts and prepared library was PCR amplified. Amplified
libraries were recovered using magnetic beads, and QC was performed using Tapestation 4200

(Agilent Technologies). Libraries were sequenced on the Illumina HiSEq platform. This
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produced approximately 7-8 million paired-end reads for each sample with a read length of 150
bp. After trimming adapters from raw reads, the quality of reads was assessed and controlled
with Trimmomatic38 (version 0.39). Reads that map to the mouse genome were removed with
kneaddata (version 0.7.10). All reads were then assembled into contigs using MEGAHIT39
(version 1.2.9). In order to assign taxonomy, the filtered reads were run through MetaPhlAn4.30.
Multivariable linear models were fit using MaAsLin2 (version 1.14.1) to identify associations
between bacterial taxonomy and mouse group origin. Features were log-transformed and
normalized; FDR < 0.05 was used to identify significant associations which were plotted using

ggplot2 R package.

2.2.8 Ampicillin-resistance testing of the fecal microbiota

A fecal pellet was collected from an ampicillin-treated H47 mice, and dissociated
anaerobically in DPBS. The H47 fecal suspension was diluted 10°-fold, then 100 uL were plated
onto BHI agar supplemented with L-cysteine (1.0 g/L) and yeast-extract (5.0 g/L) containing
various concentrations of ampicillin. Plates were incubated anaerobically at 37°C for 2 days,
after which plates were scraped. Scrapings from plates of the same ampicillin concentration were

pooled together, then submitted for 16s-sequencing.

2.2.9 Isolation of bacteria from H47 fecal microbiota

To isolate bacteria from H47 fecal pellets, feces were diluted to 10-5 and then plated onto
supplemented BHI containing ampicillin or LKV plates. Colonies were picked and streaked onto
fresh agar to ensure purity. Isolated clones were resuspended in PBS plus glycerol (20%) and

stored at -80°C. Full-length 16S rRNA genes were amplified by colony PCR using primers 8F
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(50-AGAGTTTGATCCTGGCTCAG-30) and 1492R (50-GGTTACCTTGTTACGACTT-30).
The resulting PCR product was Sanger sequenced with primers spanning the full 16S gene (8F
and 1492R) as well as primers specific to the V4-V5 region (517F, 50-
GCCAGCAGCCGCGGTAA-30) and classified using BLAST (98%—100% sequence identity).
For augmentation of FMT, bacteria were individually cultured on Columbia plus 5% sheep blood
agar (BD Biosciences) for 2 days at 37°C under anaerobic conditions, plate cultures were
scraped and resuspended in PBS, mixed in a 1:1 ratio (10°-10° CFU per isolate), then added to

the AX8 fecal suspension.

2.2.10 Isolate susceptibility to ampicillin and beta-lactamase detection assay

To determine MIC of ampicillin for bacterial isolates, bacteria was cultured anaerobically
at 37°C in BHIS containing ampicillin. Optical density was then measured at 600nm after 24
hours. For detection of beta-lactamases, bacterial isolates were cultured under the same
conditions but for 3 days, then 100 uL of each culture were added to a 96-well plate, followed by
the addition with 3 pL of nitrocefin (0.2 mg/ml, Fisher). After 20 mins of incubation at room
temperature while protected from light, supernatants were taken from plates and then optical
density at 490 nm was read. To compare bacterial isolates from previously studied consortia,
frozen stocks for Enterocloster bolteaearm, Bacteroides sartoriiarm, and Parabacteroides

distasonisarMm, were cultured and tested in the same manner.

2.2.11 Whole-genome shotgun sequencing and assembly
Bacterial DNA was extracted using the QIAamp PowerFecal Pro DNA kit (Qiagen).

Libraries were sequenced on an Illumina MiSeq to generate 2x250bp, targeted for 1 to 3 million
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pair-end reads per sample. Adapters were trimmed with Trimmomatic82 using following
parameters: the leading and trailing 3 bp of the sequences were trimmed off, quality was
controlled by a sliding window of 4, with an average quality of 15. Moreover, any read that was
less than 50 bp long after trimming and quality control were discarded. The remaining high-

quality reads were assembled into contigs using SPAdes (v.3.14.0).83

2.2.12 Identification of beta-lactamase genes in bacterial isolate genomes

Putative beta-lactamase gene sequences in H47 isolate genomes were detected using the
tBLASTn program from the BLAST (v 2.13.0+ suite90) with settings against all beta-lactamase
gene sequences found in CARD and the NCBI Pathogen Detection Reference Gene Catalog. The
BLASTn output was further parsed to filter low confidence hits The gene segments identified by
BLASTn were retrieved using BEDtools, then translated using the EMBOSS -getorf function.
HMMER was used to validate the presence of conserved beta-lactamase Pfam domains in these
segments. Annotation of nearby gene domains in the E. bolteaens7 genome was also done using

HMMER search for Pfam domains. Gene operon diagram constructed using Geneius.

2.2.13 Analysis of beta-lactamase genes in metagenomic reads

Beta-lactamase gene sequences from the H47 bacterial isolates were built into a bowtie2
index, then bowtie2 was used to recruit trimmed and host-filtered short reads from fecal
metagenomic samples. Samtools was used to convert resulting SAM files to BAM files, then sort
and index them. The idxstats function was then used to determine the total reads mapped to each
gene per sample, which was then used to calculate the mapped reads per kilobase per million

(RPKM).
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2.2.14 Assessment of genes in other bacterial genomes

Beta-lactamase gene sequences from the H47 bacterial isolates were queried against the
bacterial genomes of all human isolates in the the DFI Symbiotic Biobank using the BLASTx
function on the website. The genomes of isolates with matches were downloaded, then BEDtools
was used to retrieve the matching sequences. Sequences were aligned using the MAFFT
program, using the parameters -max_iterations 1000. The resulting alignment output was then
input into IQ-TREE to build a maximum likelihood tree with settings -m TEST, -bb 1000, -nt

AUTO. The output treefile was then visualized using ggplot2 in R.

2.2.15 In vitro VRE Competition/Suppression Assay with isolates

Bacterial isolates were grown under anaerobic conditions, individually in supplemented
BHI. For co-culture tests, stationary phase cultures of bacterial isolates were normalized to the
same OD, and then ~100 CFUs of VRE was added to 1 mL of each culture. For supernatant test,
1 mL of supernatant from stationary phase cultures of bacterial isolates was inoculated with ~100
CFUs of VRE. After being incubated anaerobically overnight at 37°C, cultures were diluted 10-
fold, plated onto Difco Enterococcosel agar, and then incubated overnight at 37°C for

enumeration of VRE CFUs.

2.3 Quantification and statistical analysis
Statistical analyses were performed using Graph-Pad Prism (version 6.0), and R (v4.3.3).
Data are expressed as mean = SEM. The statistical parameters for each experiment are detailed

in the Figure legends. For the Student’s t test, Mann-Whitney test and Spearman’s correlation
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test, P values < 0.05 were considered significant. The Benjamini-Hochberg method was applied
to control for false discovery rate. No assumption on the distribution of the data were made, and

only nonparametric statistical tests were used.
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CHAPTER 3: Prevention of coprophagia in mice enables full resolution of the

biogeographic distribution of the intestinal microbiota at homeostasis and during

infection with VRE

3.1 Introduction

The commensal gut microbiota can provide colonization resistance to pathogens in an
indirect form via activation of the host’s protective immune responses”. The majority of the
immune cells of the intestine are localized in the small intestine, as well as many specialized
epithelial cells that also actively participate in host defense’’. For example, former research from
the Pamer lab has demonstrated that the commensal microbiota is critical for stimulation of the
host C-type lectin Reglllgamma (Reg3g) from the ileal epithelium !**. Using an ligated ileal
loop model, it was demonstrated that the induction of Reg3g by bacterial LPS was sufficient to
reduce the amount of VRE in the ileum?!. These findings suggest that the small intestine (SI) is a
discrete niche where the microbiota forms colonization resistance to VRE. However, whether
VRE is a pathogen that truly colonizes and dominates the SI during its pathogenesis in the
intestine remains unclear. An obstacle to studying the dynamics of intestinal VRE colonization in
the SI using experimental models has been coprophagia by colonized mice, which results in
reinoculation with fecally-shed bacteria (Figure 3.1A). Coprophagia refers to the ingestion by an
animal of excrement, and mice engage in both autocoprophagia (ingestion of their own feces) as
well as allocoprophagia (ingestion of feces from other mice)*!. In rodents, coprophagy enables
the acquisition and absorption of nutrients in the SI that are synthesized in the large intestine (LI)

by anaerobic bacteria*'. Thus, it remains to be determined whether the SI represents a niche for
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VRE colonization, and how colonization resistance is formed there in comparison to the LI. To

remove this variable from our infection models and properly characterize the niche-specific
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Figure 3.1 Construction and use of functional tail cup devices to prevent coprophagia
in mice A. Model of pathogen recycling in standard mouse experimental mouse models. B.
Schematic of build and application of functional tail cups that prevent coprophagia.
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Figure 3.1 (continued) C. Functional tail cup and D. non-functional mock cups in use. E.
Percentage of weight lost by each mouse throughout the experiment. Mice were weighed
once a day, without the tail cup devices on. Mice outfitted with functional tail cup devices
(Cup) are represented by red triangles, and mice outfitted with non-functional mock cup
devices (Mock) are represented by blue circles. A control mouse with no cup on was
included, shown as a black square. Each line represents 3 mice.

colonization dynamics of VRE, we made use of a previously designed functional tail cup device
to prevent coprophagia*’. By outfitting mice with these tail cup devices prior to infection with
VRE (Figure 3.1), we were able to study the dynamics of VRE in the SI in a setting much closer

to human physiology.

3.2 Construction and use of functional tail cup devices to prevent coprophagia in mice

To reliably prevent coprophagia in mice, we utilized functional tail cup devices that were
shown to be more effective than the wire floor caging system used by most researchers currently
to prevent coprophagia*’. We constructed both functional tail cup devices to prevent coprophagia
and non-functional mock cup devices that do not prevent coprophagia, based on previously
published designs (Figure 3.1B-D). In the original pilot experiment performed by the designers
of the tail cups, mice in both functional tail cup and non-functional mock cups experienced
significant weight loss compared to control mice not in cups*’. However, we did not observe

such weight loss in our experiments (Figure 3.1E).
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3.3: Prevention of coprophagia leads to a loss of anaerobic bacteria in the upper Gl tract

We first wanted to ensure we were able to replicate the findings from the original tail cup
experiments that coprophagia changed the composition of the microbiota in the upper GI tract*.
Furthermore, since the original pilot did not have standardized time points collected across all
mice, we wanted to know how soon these changes occur in mice after application of cups. We
outfitted naive specific-pathogen free (SPF) C57BL/6 mice with either functional tail cup
devices to prevent coprophagia or non-functional mock cup devices that do not prevent
coprophagia (Figure 3.2A), then housed them in separate sterile cages to prevent sabotage of the
device by cage mates.

After 24 hours in their respective devices, luminal content from the jejunum (Figure
3.2B), ileum (Figure 3.2D), and colon (Figure 3.2F) were collected from all mice and then
subjected to 16s rRNA-sequencing analysis. We observed a dramatic change in the composition
of the apparent microbiota in the small intestinal samples, with a total loss of the obligate
anaerobic bacteria seen in the samples of mice with mock cups (Figure 3.2B-F). The change in
composition was also reflected in the change in their alpha diversity scores (Figure 3.2C-G).
The small intestinal microbiota of the non-coprophagic mice was largely dominated by
Lactobacillus, with some Staphylococcus, and some Enterococcus faecalis. Since
Staphylococcus are generally considered to be a skin commensal microbe, it is possible that this
is reflective of the ingestion of skin bacteria through self-grooming habits. Supporting this, their
proportion was significantly decreased in ileum samples compared to jejunal samples (Figure

3.2B-D), suggesting these bacteria do not survive very far into the GI tract. Similarly to mice in

tail cups, mice in mock cup devices also were mostly dominated by Lactobacillus, but with
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relative abundance reaching ~50% at most, rather than the 100% Lactobacillus dominated
microbiota seen in multiple mice in tail cups. Lactobacilli are commonly associated with the
commensal microbiota of the human SI, so their presence in the SI of mice was expected.

Mice given mock cups had large proportions of Lachnospiraceae species in their upper
GI tract, as well as Bacteroidales and Ruminococcaceae, contributing to their increased diversity
scores in these areas (Figure 3.2C-E). These are all obligate anaerobic bacteria, who would not
be able to grow in the increased oxygen levels of the SI, and they are not usually found in the

healthy human SI*?

. This suggests that these bacteria are not actually engrafting into the SI, and
are likely just the result of ingestion of these bacteria from the LI. Despite the dramatic shift seen
in the SI microbiota composition, the composition of the LI remained similar between mice in
tail cup and mock cup devices. Prevention of coprophagia did not alter the diversity of the LI
microbiota (Figure 3.2G), with mice in tail cups maintaining a similar taxonomy to coprophagic
mice, in the same relative proportions (Figure 3.2F). These findings are all in agreement with
what the original tail cup designers observed*’; however these results were seen as early as 24

hours after the application of devices, with the change in microbiota composition in the SI

maintained for the duration of time that mice are kept in the cups.
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Figure 3.2. Prevention of coprophagia leads to a loss of anaerobic bacteria in the upper
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Figure 3.2 (continued) for 24 hours. B. Microbiome composition and C. associated
Shannon Index scores in the jejunum, D-E. ileum and F-G. fecal pellets of each mouse.
Each bar represents the relative abundance of bacteria, determined by 16s rRNA sequencing,
and colored according to taxonomy. Each symbol represents 1 mouse, blue dots = mice
given non-functional mock cups, red triangles = mice given functional tail cups.

3.4 Impact of coprophagia on the microbiome metabolites

We next wanted to characterize how coprophagia influenced the functioning of the
microbiome by measuring the microbially modified metabolites throughout the GI tract. We
hypothesized that similarly to what was observed with the microbiome composition, the
heterogeneity of the metabolomic profile throughout the GI tract would be masked by the re-
ingestion of fecal pellets. Analysis of the relative amounts of short-chain fatty acids in the lumen
of the upper GI tract showed that these compounds are mostly concentrated to the LI, with peak
concentrations seen in the cecum of mice from both groups (Figure 3.3A-B). These results
further support the notion that the anaerobic bacteria seen in the SI of coprophagic mice are not
actively colonizing this area, as these are produced by many of those same bacteria*. Moreover,
despite being coprophagic and potentially consuming leftover metabolites from their feces, very
few mice from the mock cup group had any detectable SCFAs in their SI (Figure 3.3A-B).

Analysis of the LI of mice in functional tail cup devices showed increased relative
concentrations of hexanoate, as well as several other fatty acid derivatives such as 4-
methylvalerate and 5-aminovalerate (Figure 3.3A-B). The increase in metabolites specific to the
LI suggests that while the composition of the LI microbiota appears very similar between mouse
groups, their functional outputs are impacted from the lack of coprophagia. In contrast to the
fatty acid compounds, the amino acids in the gut were more localized to the upper GI tract
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segments, likely from the degradation of dietary compounds**. The SI of mice in mock cups had
the highest relative concentrations of amino acids overall (Figure 3.3A-B). Since amino acids
such as glycine and proline can play a critical role in Stickland fermentation by certain Clostridia
bacteria®’, we quantified their abundance in the ileal lumen of mice after 2 weeks in the cups. We
saw a similar trend again with increased concentrations in the mice with mock cups, but this was
not statistically significant (Figure 3.3C). This increase in free amino acids in coprophagic mice
suggests that ingestion of fecal pellets either increases the degradation of dietary compounds in
the SI by bacteria, or it increases the bioavailability of amino acids due to ingestion of
degradation products of the LI. Further suggesting that there is a functional shift in the large and
small intestinal microbiota during coprophagia, we observed a non-significant increase in
succinate in the ileum and propionate in the feces (Figure 3.3C-D).

We next wanted to determine how removing coprophagia influenced the modification of
bile acid metabolites by the gut microbiota. Bile acids are host-derived compounds involved in
digestion that are modified by the gut microbiota®®. The original tail cup group found that mice
in tail cups had significantly more conjugated bile acids in their SI than the coprophagic mice,
which they attributed to the shift in microbiota composition*’. Their tail cup mice also showed
decreased concentration of total unconjugated bile acids in comparison with mice in mock cups.
However, they did not see differences in the concentrations of secondary bile acids (SBAs)
between mouse groups, and measurements throughout the GI tract were similar regardless of

coprophagic status.
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Figure 3.3. Coprophagia increases the concentrations of free amino acids in the small
intestine. A. Mice were individually housed and outfitted with functional or non-functional
tail cups for 1 day or B. 2 weeks. Heatmap of the normalized median peak value for each
listed fatty acid or amino acid. Each tile represents the median value of 3-4 mouse fecal
samples, as determined by GC-MS. C. Concentration (mM) of proline, glycine, and
succinate in the ileum of mice after 2 weeks in functional tail cups (red triangles) or mock
cups (blue dots). Each symbol represents a single mouse. Values are expressed as
mean+SD, P values calculated using Student’s unpaired t-test.
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To analyze the impact of both short- and long-term tail cup use more closely on the bile
acid profile of the GI tract, we directly measured 44 different bile acid derivatives in the
jejunum, ileum, cecum, and colon of mice (Figure 3.4). Measurement of the conjugated primary
bile acids (PBAs), which are synthesized in the liver and secreted directly into the duodenum by
the gallbladder®*, showed a significant difference in the levels between mouse groups. As early
as 24 hours post-cup application, non-coprophagic mice showed a decrease in their glycine-
conjugated PBAs (Figure 3.4A-C). However we did not see significant differences in the levels
of taurine-conjugated PBAs, contrasting with the findings of Bogatyrev ef al. who saw no
differences in glycine vs. taurine conjugates (Figure 3.4A-C). A similar pattern was observed in
the levels of unconjugated PBAs, with significantly less PBAs detected in the jejunum and ileum
of non-coprophagic mice after 2 weeks (Figure 3.4B-D).

Finally, we measured the levels of secondary bile acids (SBAs), which are products of
modification of PBAs by a small subset of bacteria from the gut microbiota, such as Clostridium
scindens®*. Similar to previous findings, we did not measure significant differences between
most of the SBAs of tail cup vs. mock cup mice (Figure 3.4B-E). However, we noticed stark
differences in the amount of SBAs measured in the SI vs. the LI, with no SBAs measured in the
SI of non-coprophagic mice (Figure 3.4E). This is more in line with the natural physiology of
SBAs, which are known to be modified in the colon. Some coprophagic mice had measurable
SBAs in their upper GI tract, which could be from the SBA being in a recently ingested fecal
pellet, or from the active deconjugation of PBAs by colonic bacteria that are in transit post-

ingestion.
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Figure 3.4. Coprophagia increases the abundance of both host and microbially-
modified metabolites in the SI. A. Mice were individually housed and outfitted with
functional or non-functional tail cups for 1 day or B. 2 weeks. Heatmap of the normalized
median peak value for each listed bile acid compound. Each tile represents the median value
of 3-4 mouse fecal samples, as determined by LC-MS. C. Concentration (pg/mL) of
primary conjugated bile acids, D. primary bile acids, and secondary bile acids in mice with
either functional tail cups or mock cups for 2 weeks. Each symbol represents a single
mouse.
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3.5: Coprophagia increases activation of the intestinal immune system

We next wanted to know how the shift in the SI microbiota of non-coprophagic mice
would impact their intestinal immune system. We hypothesized that the lack of coprophagia
would lead to a decrease in the Reg3g expressed, due to the overall reduction in
immunostimulatory bacterial molecules encountered by the host epithelium and innate immune
cells. Indeed, we found that the expression of Reg3g in the distal ileum of mice in tail cups was
significantly reduced compared to mice in mock cups. This reduction could be observed as early
as 1 day post-application of tail cups, mirroring the rapid shift seen in the composition of the SI
microbiota (Figure 3.5A). The expression of Reg3g in tail cup mice continued to decrease over
time, with even less Reg3g mRNA detected in the ileum of mice after 2 weeks, while levels in
mock cup mice remained undisturbed (Figure 3.5A).

The bacteria colonizing the gut can have a dramatic effect on the immune tone of the
intestine*®*’. Production of Reg3g can be a result of activation of innate immune cells such as
CD103+ dendritic cells*?. The decreased expression of Reg3g in tail cup mice suggested that the
innate immune system in their SI had a less activated phenotype. We hypothesized that this
phenotype would be reflected in the priming of the adaptive immune system, with a shift away
from T helper 17 (Th17) cells, towards more regulatory T cells (Tregs). Analysis of T cell
populations in the mesenteric lymph nodes of mice after 2 weeks in the tail cups showed a
modest reduction in their proportion of Th17 cells compared to mice in mock cups (Figure 3.5B-
C). While there were no statistically significant differences in their proportions of Tregs, there
was a slight decrease in the proportion of Rorgt+ Tregs in mice with tail cups (Figure 3.5D-F).

These data suggest that the absence of ingestion of the microbiota, microbially-modified
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metabolites, and/or bacterial ligands from the LI has functional consequences on the activation of

the immune system in the SI.
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Figure 3.5 Preventing coprophagia in mice leads to a reduction in the stimulation of
the intestinal immune system. A. Expression fold change of Reg3y (normalized to Hprt)
in the distal ileum of mice after 1 day or 14 days post-application of functional tail cups or
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Figure 3.5 (continued) non-functional mock cups. B. Example flow cytometry plot of cells
from the mesenteric lymph nodes of a mouse that wore a tail cup (top) or non-functional
mock cup (bottom) for 14 days. Cells are gated on CD4+TCRbeta+ cells. C. Percentage of
Rorgt+ Th17 cells, D. Foxp3+ Tregs, E. Rorgt+Foxp3+ Tregs, and F. Rorg-Foxp3+ Tregs
out of CD4+TCRbeta+ cells, shown in B. Each symbol represents a single mouse. Values
are expressed as mean+=SD, P values calculated using Student’s unpaired t-test, P > 0.05 = ns

3.6 Coprophagia prolongs VRE infection, but is not necessary for colonization of the antibiotic-

treated SI

Now that we knew how prevention of coprophagia altered the landscape of the intestinal
microbiota and the immune system, we wanted to assess how it impacted the ability for VRE to
colonize the SI. Tail cups or non-functional mock cups were applied to SPF C57BL/6 mice,
followed by challenge with VRE the next morning (Figure 3.6A). Fecal pellets were collected
every hour from 4-10 hours post-infection (p.i.) to assess how quickly VRE was able to transit
through the gut. We found that coprophagic mice had increased fecal shedding of VRE
throughout the first 10 hours p.i. in comparison to non-coprophagic mice (Figure 3.6B).
Enumeration of VRE in the ileal lumen after 24 hours indicated that VRE was unable to colonize
this region at all, regardless of whether coprophagia was inhibited or not (Figure 3.6C). This
data indicates that microbiota-mediated colonization resistance to VRE is effective in the SI of
SPF mice and does not depend on coprophagia.

By 24 hours p.i., all of the non-coprophagic mice in tail cups had cleared VRE from their
colon; while 3 out of 5 coprophagic mice were still colonized (Figure 3.6C). This difference was
reflected in the increased VRE shed in the fecal pellets of mice in mock cups observed in the first

few hours post-infection (Figure 3.6B), and suggests that coprophagia increased the amount of
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VRE being cultured from mice. Moreover, the colonization dynamics of mice in tail cup devices
indicated that VRE was not able to engraft in any part of the GI tract of SPF mice, with no
culturable VRE found in their ileums or colons after 24 hours (Figure 3.6C).

We then compared this to mice who were first treated with ampicillin to deplete their
endogenous microbiota, then given tail cups or mock cups followed by challenge with VRE
(Figure 3.6D). This infection model more closely resembles the dynamics of infection in the
hospital, wherein patients undergoing antibiotic treatment become vulnerable to VRE'.

In striking contrast to our observations in antibiotic-naive mice, ampicillin-treated mice
had dense levels of VRE colonization throughout their GI tract 24 hours p.i., and this was not
affected by coprophagia (Figure 3.6F). Culturing of fecal pellets taken from mice showed that
unlike the non-antibiotic treated mice, there were no observable differences in pathogen burden
between tail cup and mock cup mice (Figure 3.6E). In ampicillin-naive mice, coprophagic mice
maintained a ~log-fold higher number of VRE CFUs in their feces compared to non-coprophagic
mice (Figure 3.6B). Pre-treatment of mice with antibiotics, however, led to equal VRE levels in
fecal pellets following infection (Figure 3.6E-F). The quantity of VRE CFUs in the feces of
ampicillin-treated mice increased over the first 10 hours of infection, rising to 10’ CFUs/mg of
feces (Figure 3.6F), unlike the SPF mice which had the largest quantifiable amount of 10*°10° at
4 hours p.i. (Figure 3.6B).

Mice in both functional and mock cups exhibited the same VRE engraftment levels,
starting with ~10°> CFUs in the duodenum and increasing as the GI tract descends, reaching the
highest levels in the colon (Figure 3.6F). The mice in mock cups displayed more heterogeneity
in their SI levels of VRE, similar to our observations in the fecal levels of the antibiotic-naive

mock cup’s group (Figure 3.6C, 3.6F). Regardless of coprophagia though, ampicillin-treated
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Figure 3.6. Coprophagia prolongs infection with VRE, but is not required to colonize
the antibiotic-treated SI. A. Diagram of experimental design. Mice were outfitted with tail
cups or mock cups, followed by challenge with VRE the next morning. B-C. Abundance of
VRE (CFUs/mg) 4-24 hours post-infection of mice outfitted with mock cups (blue circle) or
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were given ampicillin (0.5g/L) in their drinking water for 3 days prior to application of cups
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mice both had high levels of VRE colonization in their gut. These findings suggest that
coprophagia enables VRE reacquisition, potentially making it appear as though mice that are
resistant to VRE are colonized. However, VRE colonization of the SI does not depend on
coprophagia and thus represents a distinct niche in the gut that is exploited by VRE following

antibiotic-induced dysbiosis.

3.7 Prevention of coprophagia enables faster clearance of VRE in the SI

Now that we knew that VRE was capable of engrafting into the SI, we next wanted to
characterize the dynamics of recovery from VRE in the SI vs. LI. We treated mice with a short
round of ampicillin, then outfitted them with either tail cups or mock cups followed by challenge
with VRE (Figure 3.7A). As quickly as 3 days post-infection (p.i.), mice wearing tail cups
showed differences compared to mice wearing mock cups in the VRE levels of their SI. Half of
the mice in tail cups had no quantifiable VRE in their duodenum by day 3 p.i., and all of them
had cleared VRE from their duodenum by day 10 p.i. (Figure 3.7B). In contrast, half of the
coprophagic mice in mock cups still had quantifiable VRE in their duodenum at day 10 p.i.
(Figure 3.7B). We observed a similar trend in VRE colonization kinetics of the distal ileum,
with near total clearance of VRE in the ileum of tail cup mice by day 10 p.i.. This is in
comparison to the only ~33% of mice in mock cups that showed clearance by the same timepoint
(Figure 3.7C).

The colonization dynamics of the colon indicated slower recovery in this niche compared
to the SI, though non-coprophagic mice still showed reduced VRE levels sooner than

coprophagic mice (Figure 3.7D). By 2 weeks p.i., mice in tail cups had significantly less VRE
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CFUs in their fecal pellets compared to mice in mock cups. In all mice tested, VRE was cleared
sooner the higher the location in the GI tract they were colonizing, remaining in the large
intestine for the longest duration of time in all mice tested (Figure 3.7B-D). The quicker
clearance of VRE in the SI of mice in tail cups implies that coprophagia of VRE colonizing the
LI leads to quantifiable VRE in the upper parts of the GI tract, which is supported by the finding
that VRE densely colonized the LI of non-coprophagic mice up to 14 days p.i. (Figure 3.7D).

These findings suggests that elimination of VRE from the SI is independent of the LI,
with de-colonization of the SI preceding the LI. This trend was observed in both groups of mice
but occurred more quickly in mice outfitted with tail cups (Figure 3.7B-D). We hypothesized
that recovery of VRE in the SI was mediated by the recovery of the host immune system, so we
measured transcription of Reg3g in the distal ileum of mice. We found that the timing of
recovery of Reg3g expression in non-coprophagic tail cup mice mirrored the timing of VRE
clearance of their ileum (Figure 3.7E), suggesting that this lectin was involved in elimination of
VRE in this area. Tail cup mice displayed an increase in their Reg3g expression at day 10,
though the overall amount of Reg3g they expressed was still lower than the mice in mock cups
(Figure 3.7E). Compared to mice with tail cups, mice in mock cups also showed quicker
recovery of their Reg3g expression, with a significant increase in expression by day 7 p.i. This is
in line with our findings in naive, non-antibiotic treated mice, where the prevention of

coprophagia alone decreased the transcription of Reg3g in their SI (Figure 3.5A).
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Figure 3.7 (continued) besides D. represents 1 mouse. E. Host expression in the distal ileum
of Reg3g normalized to Hprt. Values are expressed as mean+SD, P values calculated using
Student’s unpaired t-test.

3.8: Enterococcus faecium colonizes the SI epithelium in small clusters

The findings regarding the dynamics of VRE colonization in the gut indicated that the SI
was a distinct niche colonized by VRE during its domination of the antibiotic-treated gut.
Maintaining stable colonization of the SI is not a simple task for bacteria though—beyond
tolerance of increased oxygen, bacteria must withstand the constant flow of dietary- and host-
derived compounds that constantly move through the gut. Previous research into the related
species Enterococcus faecalis, showed that these bacteria could form microcolonies along the
(coprophagic) mouse epithelium, in the duodenum, ileum, and colon®®. Furthermore, E. faecium
is known to have genes involved in host-adhesion and biofilm formation®. This led us to
speculate that E. faecium could directly engraft onto the SI epithelium, forming discrete

populations in the SI niche.
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Hoescht CD326 Ef-GFP+

Figure 3.8 E. faecium forms small clusters along the SI epithelium. Germ-free mice were
associated with GFP+ Enterococcus faecium strain com15 then outfitted with a functional
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Figure 3.8 (continued) tail cup. Image of a representative sample from the distal ileum,
300 um max-projection Z-stack taken at 20x on a SoRa Marianas Spinning Disk
Confocal microscope. A. Stitched together tiles showing the entire segment of ileum
imaged. B-E. Zoomed in square insets of bacterial clusters.

To test this hypothesis, we utilized a green-fluorescent protein expressing strain of
Enterococcus faecium (Ef-GFP+) to directly visualize associations of the bacterium with the
mouse intestinal epithelium. We applied either tail cup or mock cup devices to germ-free mice,
followed by association with Ef-GFP+. After 2 weeks, we imaged the distal ileums and colons of
mice using a spinning disc confocal microscope. We found that throughout the gut, small
populations of Ef~GFP+ bacteria formed clusters amongst the epithelial cells (Figure 3.8). We
observed these Ef-GFP+ clusters in mice from both cup groups, suggesting that these clusters
persist in the SI without the need for re-seeding from the LI (Figure 3.9A-B). Moreover, we
found the Ef~-GFP+ clusters in the colon of both coprophagic and non-coprophagic mice,
suggesting that this colonization phenotype was not specific to the LI (Figure 3.9C-D). The
formations of Ef-GFP+ in the SI were similar to those formed by E. faecalis, but the clusters
were smaller and less dense overall®. Quantification of the size of the Ef-GFP+ clusters of non-
coprophagic mice indicated that these populations were larger in the ileum than the colon,

despite there being a smaller density of bacteria in this niche (Figure 3.9E-F).
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Figure 3.9 Non-coprophagic mice have increased Ef-GFP+ clusters in their ileum.
Germ-free mice were associated with GFP+ Enterococcus faecium strain com15 then
outfitted with a functional tail cup or mock cup. Representative sample images of the A.
ileum of a tail cup vs. B. mock cup mouse. as well as the C. colon of the tail cup and
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Figure 3.9 (continued) D. mock cup mice. E. Quantification of Ef~-GFP+ CFUs from the
ileum vs. colon of mice from both groups. F. Average (right) and total (left) area of the Ef-
GFP+ clusters in the ileum vs. colon of mice wearing tail cups. Images are all 300 um max-
projection Z-stack taken at 20x on a SoRa Marianas Spinning Disk Confocal microscope.

3.9 Summary of results

We determined that there are distinct colonization and recovery dynamics to VRE
infection in the different regions of the GI tract, and that these dynamics have been obscured in
past experimental models due to mouse coprophagia. We found that removal of VRE from the SI
preceded clearance from the LI, suggesting that this niche is separate from the LI niche, but
likely contributes to overall fecal shedding. The prevention of coprophagia dramatically altered
the composition and metabolomic functioning of the microbiota, leading to a decrease in
stimulation of the intestinal immune system. Though the SI immune system was less activated in
non-coprophagic mice, the prevention of pathogen recycling enabled the decoupling of this
phenomenon from the dynamics of the Reg3g production recovery on VRE clearance, indicating

that this level was still sufficient to eliminate VRE from the SI.
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CHAPTER 4: Commensal bacteria shield the gut microbiota from ampicillin-

induced dysbiosis and preserve colonization resistance against antibiotic-resistant

pathobionts

4.1 Introduction

The collateral damage done to the commensal gut microbiota after antibiotic treatment
has been a widely recognized issue in the field of infectious diseases for decades now, with the
threat of infection with antibiotic-resistant pathogens continuing to escalate over time*°. The
endogenous commensal gut microbiota are critical for providing colonization resistance to
pathogens that contaminate hospitals such as vancomycin-resistant Enterococcus (VRE),
carbapenem-resistant Enterobacteriaceae and Clostridioides difficile’. The vulnerability that
patients are left with after primary treatment with antibiotics remains an ongoing and urgent
public health threat.

Our previous investigations into the microbiota of our mouse colony indicated the
potential for antibiotic-resistant microbiota to be leveraged for the assembly of protective
bacterial consortia. We found that this mouse colony maintained a diverse microbiota during
antibiotic treatment, and this phenotype could be transferred to other ampicillin-treated mice
through fecal microbiota transplant (FMT)'”. Further investigations into this microbiota led to
the isolation of a 4-member bacterial consortium that could degrade ampicillin and impart
colonization resistance to VRE!. However, these mice had experienced prolonged exposure to
beta-lactam antibiotics for the past 2 decades, rendering it unclear as to whether this phenotype

could occur in healthy microbiomes with no prior treatment history. While antibiotic usage
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increases evolutionary pressure>!'-3

, it is not a requirement for the development of these
functions, and antibiotic-resistance can be found in the gut microbiota of people without any
prior history of exposure®. The naturally occurring variations in susceptibility of patients to
antibiotics suggests that there are many healthy individuals with antibiotic-resistant
microbiomes>*>3. Further investigations into the identification of antibiotic-resistant bacterial
consortia derived from healthy, non-antibiotic treated microbiota are therefore warranted.
Studies diving into the unique qualities of the microbiota of individual mouse colonies
from commercial vendors has yielded many insights for researchers, such as the discovery of
segmented-filamentous bacteria in mice from Taconic, which induce a robust Th17 phenotype in
the SI°°. We therefore utilized commercially available mice to assess antibiotic resistance
potential in healthy microbiota unexposed to antibiotics®’. We tested mice from different
colonies for their susceptibility to ampicillin-induced dysbiosis and examined their colonization
resistance to VRE. We found that 1 out of 7 colonies tested was resistant to ampicillin, and we
identified 3 beta-lactamase producing bacteria from the gut microbiota of this colony that could
confer ampicillin-resistance to a different ampicillin-sensitive microbiota. These studies provide

a framework for further investigations into the use of commensal bacterial consortia to shield the

endogenous microbiota from antibiotic-mediated disruption.
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4.2 One out of the seven different mouse microbiota tested was resistant to ampicillin-induced

dysbiosis

To investigate the potential for ampicillin-resistance in healthy, antibiotic-naive
microbiota, we made use of commercially available in-bred C57BL/6 mouse colonies from two
different vendors (Jackson Laboratory and Charles River Laboratories). These mice are carefully
reared to be disease-free, have no reported history of antibiotic exposure, and generally have
stable, complex microbiota that are consistent across all mice within the breeding colony
group”’. We selected 7 different mouse breeding colony groups across 3 geographically distinct
sites (Figure 4.1A, Table 4.1) and tested their microbiome’s susceptibility to ampicillin-
mediated dysbiosis. We determined the fecal microbiota composition of 4-5 individually-housed
mice from each breeding colony group by 16s rRNA-sequence analysis, prior to ampicillin
treatment (Figure 4.1B-C) and after 3 days of ampicillin in their drinking water (Figure 4.1B-
D). Principal Coordinate Analysis (PCoA) of Bray-Curtis dissimilarity scores showed clustering
along PCoA1 of microbiome samples by the commercial vendor the mice originated from,
regardless of antibiotic treatment status or geographic site (Figure 4.1B). Most microbiome
samples from ampicillin-treated mice separated away from their naive counterpart samples along
PCoA2, except for those from mouse group H47, a breeding colony group reared by Charles
River Laboratories (CR). All fecal microbiome samples of mice from this group clustered tightly
together, with their taxonomy remaining relatively unchanged after the introduction of antibiotics
(Figure 4.1B-D). This is in contrast to the 6 other mouse microbiota groups, which all displayed
a rapid shift in composition after ampicillin treatment, with a dramatic loss of obligate anaerobic

bacterial species belonging to the Bacteroidota phylum and Lachnospiraceae family, key
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Figure 4.1 One out of the seven different microbiota tested were resistant to ampicillin-
induced dysbiosis. A. Map of locations of C57BL/6 mouse groups tested from two
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Figure 4.1 (continued) commercial vendors, Jackson Labs (blue) and Charles-River Labs
(pink). B. Principal coordinate analysis of the Bray-Curtis dissimilarity between mouse
microbiomes pre-ampicillin treatment (circles) and after 3 days of treatment with 0.5g/L of
ampicillin in their drinking water (triangles). Each symbol is colored by group and
represents an individual mouse fecal microbiome, n = 4-5. C. Taxonomic composition of
the fecal microbiomes plotted in B. from each mouse group, before and D. after the start of
ampicillin treatment. Each bar represents the individual fecal microbiome of a single-
housed mouse. E. Shannon index scores of the fecal microbiomes plotted in B-D. F.
Absolute abundance of bacteria in feces, as determined by qPCR for 16s rRNA copies. G.
Ampicillin in the fecal pellets of mice during treatment with ampicillin, as determined by
LC-MS. Each dot represents an individual mouse fecal pellet, raw values normalized to
raw peak area values from each mouse’s feces pre-ampicillin treatment. E-G. Each symbol
represents a single fecal microbiome, pre-ampicillin treatment (circles) or after 3 days of
treatment with ampicillin (triangles). P-values calculated using unpaired t-test.

Mouse group Commercial vendor Location of breeding colony
H47 Charles River Labs Hollister, CA, USA

K92 Charles River Labs Kingston, NY, USA

RO7 Charles River Labs Raleigh, NC, USA

AX8 Jackson Lab Bar Harbor, ME, USA

AX4 Jackson Lab Bar Harbor, ME, USA

EMO5 Jackson Lab Ellsworth, ME , USA

RB15 Jackson Lab Sacramento, CA, USA

Table 4.1. Table of mouse groups and their locations. Mouse groups used for these
experiments, with the commercial mouse vendor that bred the mouse group, and the
location of the breeding facility the mice were born in. Mouse group names correspond to
the individual room that the breeding colony was kept in.

members of a healthy microbiome?®. The residual microbiota from these mice varied
dramatically between groups, but also, to a lesser extent, between mice from the same group
(Figure 4.1D). The differences in the microbiota of mice from the same group after ampicillin

highlight the vast possible trajectories the microbiota can take after perturbation. Mice from the
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ampicillin-susceptible CR colonies, RO7 and K92, were prone to domination by a single taxa
(Lactobacillus or Proteus) (Figure 4.1D). This contrasts with mice from Jax colonies, who
retained a higher number of different species, but at much lower proportions than the non-
ampicillin treated samples (Figure 4.1C-E). The microbiome samples from group R07, also
from CR, clustered with the H47 samples before exposure to ampicillin (Figure 4.1B),
highlighting how similar the microbiomes were in composition before the introduction of
ampicillin (Figure 4.1C-D).

Further suggesting that mice from group H47 harbored a gut microbiome that was
resistant to ampicillin, they retained their same level of fecal bacterial diversity (Figure 4.2E)
and abundance (Figure 4.2F) after the introduction of ampicillin. Resistance to ampicillin in
anaerobic bacteria can be conferred by a variety of mechanisms, such as production of beta-
lactamases that hydrolyze the antibiotic, modification of penicillin binding proteins, and
blocking penetration of the antibiotic>®>’, We hypothesized that the H47 mice contained resistant
bacterial strains in their gut microbiota that were inactivating the ampicillin, protecting the
susceptible bacteria from destruction®®. We therefore measured by LC-MS the amount of
ampicillin present in their feces and compared it to the mice tested from other groups to
determine if the ampicillin from the drinking water was present in the gut of H47 mice (Figure
4.2G). We found that there was significantly less ampicillin present in their feces compared to
mice from the other groups tested, despite all mice receiving treatment with ampicillin water.
These results support the notion that resistant bacteria from the microbiota of H47 mice are
depleting ampicillin in the intestinal lumen, shielding the sensitive bacteria and maintaining

community stability.
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Figure 4.2 Ampicillin-resistant microbiota retain production of most bile acid and
short chain fatty acid metabolite compounds after perturbation with ampicillin. A.
Heatmap of the normalized median peak value for each listed bile acid compound, as
determined by LC-MS. Each tile represents the median value of 3-4 mouse fecal samples,
scaled by compound. P-values * < 0.05, unpaired t-test of median values of each mouse
group before and after starting ampicillin treatment (0.5g/L) in the drinking water. B.
Concentration (mM) of butyrate, C. acetate, D. propionate, and E. 5-aminovalerate in the
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Figure 4.2 (continued) fecal pellets of mice pre-ampicillin treatment (circles) and after 3
days of ampicillin treatment (triangles). Each symbol represents a single individually-
housed mouse. P-values calculated using unpaired t-test.

4.3: Ampicillin-resistant microbiota retain production of most bile acid and short chain fatty

acid metabolite compounds after perturbation with ampicillin.

To further assess the levels of dysbiosis in the microbiota of the different mouse groups,
we examined their microbially-modified metabolite levels. Fecal pellets taken from mice before
and after the introduction of antibiotics were analyzed for their relative amounts of bile acids,
one of the primary groups of metabolic compounds modified by bacteria in the intestine®*
(Figure 4.2A). We found that ampicillin treatment led to a reduction in primary, secondary, and
modified secondary bile acids from mice harboring ampicillin-susceptible microbiota. This likely
reflects the loss of the smaller population of bacterial species within healthy microbiota that
modify bile acids®', and is consistent with the broad reduction in anaerobic bacterial species
observed in susceptible mouse groups after ampicillin treatment (Figure 4.1). In contrast, the
overall bile acid profile of fecal samples obtained from H47 mice remained consistent after
ampicillin exposure, with non-significant reductions in some secondary bile acids, like
lithocholate and its derivates such as 3-oxolithocholate and isolithocholate (Figure 4.2A). These
findings are consistent with our observations that the colony H47 is resistance to ampicillin-
induced dysbiosis, as they are the only group that maintained their bile acid profile during

ampicillin treatment.
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Measurement of short-chain fatty acid concentrations in the feces of mice revealed a
similar trend, with H47 mice maintaining consistent production of butyrate, propionate, and
acetate during treatment with ampicillin (Figure 4.2B-D). A microbially modified compound
that was unique to H47 mice in comparison to the other microbiota groups tested was 5-
aminovalerate (5-AV), which was then markedly reduced by ampicillin treatment (Figure 4.2E).
5-AV is produced by certain bacteria in the gut microbiome such as, Clostridium sporogenes,
from the metabolism of proline by Stickland fermentation®?. The loss of this metabolite is
indicative of the functional changes induced in the gut microbiota by treatment with ampicillin.
These results suggest that while there were not dramatic shifts in taxonomic structure, the
ampicillin treatment was not entirely without impact on the gut microbiota of H47 mice.
Altogether though, the consistency in overall metabolomic profile of the H47 mice during

treatment implies that their gut microbiota was resistant to ampicillin.

4.4: Ampicillin-resistant bacteria isolated from the H47 microbiome

Reduced concentrations of ampicillin in fecal samples from H47 mice (Figure 4.1G)
suggested that there were commensal bacteria in their microbiota degrading the ampicillin®. In
our previously isolated consortium of bacteria from an ampicillin-resistant microbiota (ARM),
the beta-lactamase producing Bacteroidales members (Bacteroides sartoriiarm and
Parabacteroides distasonisarm) provided protection to the ampicillin-sensitive lantibiotic-

producing Blautia member when colonizing ampicillin-treated mice!”. We reasoned that the
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antibiotic-resistance phenotype of the H47 microbiota could similarly be traced to a smaller
subset of resistant bacteria. This notion was supported by the earlier observation that the H47
microbiome samples were similar in overall taxonomic composition to microbiome samples
taken from the ampicillin-sensitive RO7 mice (CR) before ampicillin treatment (Figure 4.1B-C).
To determine which bacteria were uniquely enriched in the ampicillin-resistant H47 microbiota,
we performed metagenomic sequencing on fecal samples taken from mice from both groups, as
well as from the ampicillin-sensitive AX8 microbiome from Jax.

To identify associations between bacterial taxonomy and mouse group origin, we fit
multivariable linear models onto the data using MaAsLin2. Taxa significantly associated with
the H47 microbiota group included many clostridial species including Anaerostipes caccae,
Shaedlerella arabinosiphilia, Enterocloster bolteae, Clostridium symbiosum (Figure 4.3A).
Other significantly enriched taxa included 2 Bacteroidota species (Muribaculum gordoncarteri
and Parabacteroides goldsteinii), Ligilactobacillus murinus, and some Enterococcus species.
Analysis of the H47 microbiome after treatment with ampicillin indicated that E. bolteae was the
most significantly associated taxa (Figure 4.3B). Bacteria that were depleted in the H47
microbiome compared to the ampicillin-susceptible microbiomes included several species of
Lactobacillaceae, as well as Bifidobacterium pseudolongum (Figure 4.3A).

To ascertain the spectrum of ampicillin sensitivity across the H47 microbiota and
determine if any of the enriched species were also resistant, we cultured fecal pellets from H47
mice in media containing various concentrations of ampicillin!’ (Figure 4.3C). We determined
through 16S rRNA gene sequencing that very few bacterial species could grow out from
microbiota cultures containing concentrations of ampicillin exceeding 100 mg/ml (Figure 4.3C),

in contrast to the diverse taxonomy observed when this microbiota was exposed to ampicillin in
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vivo (Figure 4.1D-E). Many of the bacteria that were resistant to high concentrations of
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Figure 4.3. The ampicillin-resistant phenotype is found in only a few bacteria from the
ampicillin-resistant microbiota of mouse group H47. A. Bacterial taxa that are significantly
positively and negatively associated with the ampicillin-resistant mouse group H47, compared
to the ampicillin-susceptible groups R07 and AXS, determined using MaAsLin2. Fecal

55



Figure 4.3 (continued) microbiomes from mouse groups include samples from before and
after 3 days of ampicillin treatment. B. Bacterial taxa that are significantly associated with
ampicillin treatment in the mouse group H47. C. Taxonomy of H47 fecal microbiota
cultured on the indicated concentrations of ampicillin. Fecal pellets from mouse group H47
were diluted and inoculated onto BHIS plates containing ampicillin. Each bar represents 3
cultures grown in triplicate and pooled together for 16s rRNA sequencing to determine
taxonomy. D-F. MICs of ampicillin for the indicated bacterial isolates from the fecal
microbiota of mouse group H47. Bacteria were cultured overnight for 24 hours in BHIS
with the indicated concentrations of ampicillin. Each symbol represents 1 individual
culture, n = 3.

ampicillin were also identified as the most significantly associated with the H47 microbiota
compared to the susceptible microbiotas tested, including Parabacteroides goldsteinii,
Enterocloster bolteae, Ligilactobacillus murinus, and several Proteobacterial species (Figure
4.3A-C). Furthermore, some of these bacteria were similar species to those previously isolated
from the ARM mice, like Enterocloster bolteae and Parabacteroides, despite the radically
different antibiotic treatment histories of these mice'”.

The low number of bacterial species from the H47 microbiota that were found to grow in
high concentrations of ampicillin supported our hypothesis that a smaller subset of resistant
bacteria were shielding the rest of the ampicillin-sensitive commensals. To test this, we isolated
the bacterial strains from the H47 fecal microbiota that grew in the presence of ampicillin:
Parabacteroides goldsteinii (P. goldsteiniinai), Enterocloster bolteae (E. bolteaena),
Enterobacter hormaechei (E. hormaecheina), and Ligilactobacillus murinus (L. murinusnaz). We
determined their ampicillin MICs individually and confirmed that all isolates were ampicillin-
resistant (MIC <16 mg/ml)*, with E. bolteaenss and E. hormaecheinsr having MICs of > 500

mg/ml, P. goldsteiniinar having an MIC of 100 mg/ml, and L. murinusus7 having an MIC of 25

mg/ml (Figure 4.3D-F, Figure 4.4A). The variations in individual resistance to ampicillin
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between bacterial strains is in line with previous research that has shown that bacteria are often

more resistant to ampicillin when together in a community®.
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While resistance to ampicillin in bacteria can be conferred through many genes, beta-
lactamases can inactivate the ampicillin, rendering it harmless to the other commensal bacteria in
the intestinal tract®®3>. Assessment of beta-lactamase production in each isolate by chromogenic
nitrocefin assay indicated that P. goldsteiniinas, E. bolteaenas, and E. hormaecheina7 were all
positive, while L. murinusua7 was not (Figure 4.4B-E). Furthermore, production of beta-
lactamases was constitutive for P. goldsteiniina7 and E. bolteaenss, but only induced in E.
hormaecheina7 upon introduction of the antibiotic (Figure 4.4B-D).

Bacteroidales species are the most well-known members of the commensal gut
microbiota to produce beta-lactamases®’, with reports describing this activity in Bacteroides
fragilis strains dating as far back as 1955%, though there is extreme inter-species and inter-strain
variation in the presence of these genes. Beta-lactamase production is also commonly observed
in E. hormaechei species, which usually possess an inducible ampC beta-lactamase®. However,
beta-lactamase production is not as well described in Enterocloster bacteria, though resistance to
penicillin antibiotics is common’®’!. We compared the ampicillin-resistance of the H47 isolates
to those isolated previously from ARM, and found the E.bolteaearmisolate to have the same
MIC (> 500 mg/ml) as the E. bolteaenass strain (Figure 4.4D, Figure 4.5A), while P. distasonis
ArM and B. sartoriiarm had MICs of 250 mg/ml and 100 mg/ml, respectively (Figure 4.5B-E).
All 3 of these isolates were also positive for beta-lactamase production by nitrocefin test (Figure

4.5B-F).
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Figure 4.5 Ampicillin-resistant bacteria isolated from the fecal microbiota of the
ampicillin-resistant microbiota (ARM) described in Caballero et al. A. MIC of
ampicillin for bacterial isolate Enterocloster bolteae and B. optical density after
incubation with nitrocefin for 20 minutes. C-D. Parabacteroides distasonis isolated
from ARM, and E-F. Bacteroides sartorii isolated from ARM.
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4.5: Beta-lactamase genes in H47 isolates

We next analyzed the genomes of the beta-lactamase positive isolates from the H47
microbiota, P. goldsteiniin, E. bolteaenss, and E. hormaecheinsz, to determine which beta-
lactamase genes were present in these bacteria. The genome of E. bolteaerns7 encoded a putative
beta-lactamase gene that was identical to the b/laCLO]1 gene, a beta-lactamase identified in
several strains of E. bolteae and E. clostridioformis’*. This same gene was also previously found
in an integrative conjugative element (ICE) identified in E. clostridioformis, however the rest of
the ICE was not found in the previously studied E. bolteae isolates’?. The E. bolteaers7 strain
shared only part of the integrase core domain, upstream of the b/laCLO1 gene, with the E.
clostridioformis ICE. However, these were flanked by relaxase and resolvase enzymes,
suggesting potential for horizontal transfer of this gene’>’*. The closest related clostridial beta-
lactamase gene to the E. bolteaers7 blaCLO1 gene here was the b/laCBP-1 gene (65% identity), a
class A beta-lactamase identified from a beta-lactam resistant Clostridium botulinum isolate. The
C. botulinum genome had 2 regulatory genes downstream, in the same orientation as hlaCBP-17°.
Similarly, we located 2 beta-lactamase regulatory genes downstream of b/aCLO1 in the same

orientation, suggesting that this is a common feature for beta-lactamase genes of this phylum

(Figure 4.6).
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Figure 4.6 Structure of the putative b/laCLO1 gene operon from Enterocloster
bolteaensr. The sequence for the blaCLO1 beta-lactamase gene and nearby elements
suggestive of horizontal gene transfer, annotated using NCBI BLAST and Pfam domain
homology.

We analyzed metagenomic short reads from the fecal microbiomes of mice from H47
before and after they were treated with ampicillin and discovered that the 5/aCLO1 gene operon
was only detected after ampicillin treatment (Figure 4.7A). This beta-lactamase operon was not
found in the microbiomes of RO7 or AX8 mice, in line with their susceptibility to ampicillin
(Figure 4.7A, 4.1G). Enterocloster bolteae is known to be a part of the healthy human gut
microbiota’?, prompting us to look for this gene operon in bacteria isolated from healthy human
donors’. We found an identical hlaCLO1 operon in a Lacrimispora isolate, a closely related
Lachnospiraceae species, as well as similar b//laCLO1 operons in E. bolteae and E.
clostridioformis (Figure 4B). This suggests that the b6/laCLO1 gene is present in the healthy
human commensal gut microbiome. We also found the same b/aCLO1 operon in the

E.bolteaearm genome, consistent with their equivalent ampicillin MICs (Figure 4.7B, 4.5A).
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Genomic analysis of the P. goldsteiniins bacterial isolate revealed that this genome
harbored a putative /laMUN gene, a family of class A beta-lactamases found in several different
Bacteroidales species’’. The blaMUN gene from the P. goldsteiniirs7 was similar in length and
most similar in homology to the 5/aMUN gene identified previously in a human P. goldsteinii
isolate’®. However, homology was low enough that the 5laMUN is likely a distinct gene variant
within this family of beta-lactamases (Figure 4.7D). As was the case with blaCLO1, blaMUN
was only detected in microbiome samples from H47 mice that were first exposed to ampicillin
(Figure 4.7C). Comparison of the P. goldsteiniins7 blaMUN gene to the Bacteroidales genomes
of healthy human donor isolates” demonstrated that similar MUN family genes were present, but
distinct from those derived from Parabacteroides goldsteinii species (Figure 4.7D). Similar
analysis of the E. hormaechei genome found that this isolate possessed a variant of the ACT
gene, an inducible ampC beta-lactamase®’, that was found in H47 ampicillin-treated microbiome
samples (Figure 4.7E). Similar ampC ACT genes were also detected in Enterobacteriaceae
bacteria isolated from healthy humans, such as E. coli and Citrobacter (Figure 4.7F). These
results suggest that the beta-lactamase genes found in the H47 microbiome are uncommon for

mouse microbiomes, but not exclusively unique to mouse-derived commensal bacteria.
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Figure 4.7 Beta-lactamase genes from ampicillin-resistant bacteria isolated from the
fecal microbiota of mouse group H47. A. Reads per kilobase per million mapped reads
from the fecal metagenomes of the indicated mouse groups to the gene operon HlaCLO1



Figure 4.7 (continued) from the Enterocloster bolteae isolate. B. Phylogenetic tree of the
evolutionary relationship between the blaCLO1gene in A. from the E. bolteaenss isolated
and the related genes from bacteria isolated from healthy human donor feces. C. Reads per
kilobase per million mapped reads from the fecal metagenomes of the indicated mouse
groups to the blaMUN gene from the Parabacteroides goldsteinii isolate, and D.
phylogenetic tree of the evolutionary relationship between that gene and related genes from
other Bacteroidales species isolated from healthy human donors. E. Reads per kilobase per
million mapped reads from the fecal metagenomes of the indicated mouse groups to the gene
blaACT from the Enterobacter hormaechei isolate, and F. phylogenetic tree comparing this
gene to related genes from commensals of healthy humans.

4.6 Ampicillin-resistant microbiomes retain their colonization resistance to opportunistic

pathogens

The major negative consequence of antibiotic-treatment in patients is the loss of
colonization resistance to opportunistic pathogens that can go on to dominate the intestine®. To
investigate if resistance to ampicillin-mediated dysbiosis also rendered H47 mice resistant to
infection with vancomycin-resistant Enterococcus faecium (VRE), we challenged mice while
they were undergoing ampicillin treatment (Figure 4.8A). Assessment of intestinal burden post-
infection showed that H47 mice were totally resistant, while challenge of mice from ampicillin-
sensitive groups showed consistently high pathogen burdens (Figure 4.8B). These results were
further corroborated by analysis of the fecal microbiota composition after infection by 16s
rRNA-sequencing, which indicated that mice with microbiota susceptible to ampicillin-mediated
dysbiosis became dominated by VRE, while H47 mice remained pathogen-free (Figure 4.8D).
To determine if the colonization resistance H47 mice exhibited towards VRE was specific to the

pathogen, we challenged mice with Klebsiella pneumoniae (CRKp). Just as we saw with VRE,
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the mice from group H47 were resistant to infection with CRKp, while all of the mice with

ampicillin-sensitive microbiomes became heavily dominated (Figure 4.8C-E).
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Figure 4.8 Resistance to ampicillin-mediated dysbiosis enables resistance to infection.
A. Experimental timeline. Mice were treated with 0.5g/L of ampicillin in their drinking
water for the duration of the experiment. After 5 days of ampicillin treatment, mice were
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Figure 4.8 (continued) orally infected with 10° CFUs of either vancomycin-resistant
Enterococcus (VRE) or carbapenem-resistant Klebsiella pneumonia (crKp). B. Abundance
of VRE or C. crKp in fecal pellets of mice from each mouse group, as determined by
culturing of fecal pellets on differential and selective agar. B-C. Each symbol is the average
of 3-5 mice. D. Taxonomic composition of the fecal microbiomes of mice from each group
on day 4 post-infection with VRE or E. crKp. Each bar represents the individual fecal
microbiome of a single-housed mouse.

These results suggest that resistance to ampicillin-induced disruption enabled H47 mice
to maintain colonization resistance to these different pathobionts, a hallmark of a healthy gut

50.2 While the ampicillin-resistant isolates from the H47 microbiome were similar to

microbiota
those isolated from the previously characterized ARM mice®!, they failed to directly kill VRE in
vitro like the ARM consortium (Figure 4.9), which contained an ampicillin-sensitive lantibiotic-
producing Blautia producta species'®'°. This was consistent with colonization resistance in H47
being mediated by their resistance to ampicillin-induced dysbiosis.

We hypothesized that the beta-lactamase producing bacteria isolated from the H47
microbiota were sufficient to confer protection to the rest of the ampicillin-sensitive bacteria in
the gut. To test this, we administered fecal microbiota transplants (FMTs) to germ-free mice to
associate them with the ampicillin-sensitive fecal microbiota of AX8 mice, with or without the 3-
member ampicillin-resistant consortium from H47. The AX8 microbiota was significantly

different in composition to the H47 mice, partially likely due to the drift in their genetic

backgrounds®?.
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Figure 4.9 Suppression of VRE growth in vitro by bacterial isolates from the fecal
microbiota of mouse group’s H47 and ARM. Bacterial isolates were grown under
anaerobic conditions, individually in supplemented BHI. For co-culture tests (black
circles), stationary phase cultures of bacterial isolates were normalized to the same OD,
and then ~100 CFUs of VRE was added to 1 mL of each culture. For supernatants (blue
triangles), 1 mL of supernatant from stationary phase cultures of bacterial isolates was
inoculated with ~100 CFUs of VRE. After being incubated anaerobically overnight at
37°C, cultures were diluted 10-fold, plated onto Difco Enterococcosel agar, and then
incubated overnight at 37°C for enumeration of VRE CFUs. Each symbol represents an
individual culture.

Recipient mice were then treated with ampicillin, followed by VRE challenge (Figure
4.10A). Mice associated with only the AX8 microbiota were susceptible to ampicillin-induced
dysbiosis, as demonstrated by their enlarged ceca (Figure 4.10B-D). This dysbiosis subsequently
rendered mice susceptible to dense colonization with VRE (Figure 4.10E), consistent with the
susceptibility shown by the mice the microbiota originated from (Figure 4.8A). In contrast,

when the AX8-derived FMT was augmented with the 3-member H47 consortium, recipient mice
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were resistant to ampicillin-mediated gut dysbiosis, as evidenced by their lower cecal weight and

resistance to VRE (Figure 4.10C-E). These results suggest that a small subset of beta-lactamase
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Figure 4.10 Bacterial isolates from the fecal microbiota of group H47 protect against
ampicillin-induced dysbiosis and subsequent VRE infection. A. Experimental design.
Individually-housed germ-free (GF) mice were given a fecal microbiota transplant (FMT)
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Figure 4.10 (continued) from the ampicillin-susceptible microbiome of group AX8 with or
without the 3 additional bacterial species Entercloster bolteae, Parabacteroides goldsteinii,
Enterobacter hormaechei isolated from the fecal microbiota of group H47. Mice were then
treated with ampicillin (0.5g/L) in their drinking water for 4 days before oral challenge with
VRE, and maintained this antibiotic regimen for the duration of the experiment. B. Photo of
the ceca of mice associated with FMT from AXS8 alone or C. FMT from AXS8 supplemented
with the 3 isolates from H47, 7 days post-infection with VRE. D. Cecal weights of each
mouse shown in B-C. E. Abundance of VRE in the fecal pellets of mice over time, as
determined by culturing on selective and differential agar. D-E. Each symbol represents a
single mouse, mice treated with FMT from AXS alone are in black and mice treated with FMT
from AXS8 supplemented with the 3 isolates are in red.

producing bacterial strains can protect ampicillin-sensitive members of the microbiota from
ampicillin-induced dysbiosis and maintain colonization resistance to opportunistic pathogens.
These studies further our understanding of antibiotic-resistance in the commensal gut microbiota,

specifically in the context of sensitivity to ampicillin.

4.7 Summary of results

This study demonstrates that resistance to ampicillin can be found in microbiota without
a long history of ampicillin treatment, and that a small number of species from this microbiota
are sufficient to transfer this resistance to an ampicillin-sensitive microbiota. We identified the
protective members of the H47 microbiota, isolated them, and characterized them genetically and
functionally. The ability for this H47-derived consortium to protect an ampicillin-sensitive

microbiota that differed significantly in composition suggests that there is potential in using this
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consortium for probiotic purposes. We also identified bacterial isolates from human donors with
similar beta-lactamase genes, indicating that the ampicillin-resistance phenotype is not unique to
mice and can be detected in humans. These findings highlight the importance of antibiotic-

resistance in commensal bacteria and potential to protect from the microbiota from dysbiosis and

subsequent opportunistic infections.
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CHAPTER 5: Discussion

5.1.1 Conclusions on prevention of coprophagy in mice during homeostasis and VRE infection

In these experiments, we utilized a novel tail cup device that prevents coprophagia in
mice to investigate how colonization resistance to VRE is mediated in the small vs. large
intestine. We found that after antibiotic treatment, VRE is able to densely colonize the SI,
forming small clusters along the epithelium. Furthermore, we saw that de-colonization of the SI
precedes clearance of VRE from the colon, suggesting that resistance in this niche is formed
separately.

Before introducing VRE into mice, we characterized the effects of the tail cups on the
mice to ensure that we were able to replicate the phenotypes observed by the original tail cup
designers. Though we observed the same effects on the composition and density of the
microbiota throughout the GI tract, we also had some differences in key findings. Importantly,
mice in our experiments did not experience weight loss, which was a concerning finding from
the original designers in mice wearing both functional and non-functional mock cup devices.
This could be due to multiple reasons: such as differences in the actual fit of the tail cup, the
layout of the cage interfering with food access while in the cups, or differences in the nutrition
values between diets.

We also observed some differences in our measurements of bile acids throughout the gut,
although direct comparison between experiments is made difficult by the method of pooling used
in their measurement and analysis. Bogatyrev et al. observed an increase in the overall pool of

conjugated bile acids of non-coprophagic mice, and a matching decrease in the deconjugated
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pool of bile acids. In our experiments however, we measured a decrease in the glycine-
conjugated primary bile acids (PBAs) in the SI of tail cup mice, along with the decrease in
deconjugated PBAs observed by the previous group. Glycine-conjugates are more common in
humans than mice?*, and the concentration of these conjugates is many log-folds below the PBAs
conjugated to taurine, which are so high they are outside of the range of reliable quantification.
Since there are much lower concentrations in the glycine-conjugated PBAs, the more modest
shifts in their concentration is easier to measure.

The change in glycine-conjugated PBAs was surprising to see though, as these are
synthesized by the liver, being secreted directly into the duodenum after ingestion of meals to
help with digestion*’. The decrease in PBAs suggests potential changes in tail cup mice to the
reabsorption rates of bile acids through their SI and back into hepato-circulation, or changes in
their overall synthesis rates. Since secretion of conjugated PBAs into the duodenum is a result of
eating, it is also possible that mice in mock cups have increased secretion of PBAs into their SI
as a result of ingestion of feces. Further studies into how coprophagia influences gallbladder
storage will be critical for clarifying the reasons for these differences in PBA conjugates.

We also saw significant differences in the amount of secondary bile acids (SBAs)
measured in the SI of mice from both groups. The original group saw no significant changes in
the amount of SBAs between mouse groups; and similar measurements throughout the GI tract.
In contrast, we saw that there were very few samples with quantifiable SBAs in their SI,
although the few that did were all coprophagic. For the most part though, we did not observe
dramatic differences in the SBAs of the LI. This could again potentially be a result of pooling

together the various SBA compounds, obscuring the subtle differences in different compounds.
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Previous studies from our lab have demonstrated that Reg3g from the SI is critical for
restriction of VRE in the GI tract, so we focused our investigations here on this bactericidal
lectin. This change in microbiome composition of the SI of tail cup mice suggests that the
bacteria that actually engraft in the SI are much less diverse than what is typically seen in
standard coprophagic mouse studies. The consequence of this shift in bacteria can be
immediately measured by the decrease in Reg3g expression of SPF mice in tail cups.

However, the ability for mice in tail cups to eliminate VRE from their ileums more
quickly than their mock counterparts suggests that their lower Reg3g levels were still sufficient
to help re-establish colonization resistance. This is potentially due to the shift in VRE
colonization kinetics from the lack of coprophagia. Since the Reg3g is working on a finite pool
of VRE in the tail cup mice, it likely takes less Reg3g to accomplish the task of removing the
VRE that engrafted into the SI upon infection. Conversely, coprophagia increases the small
intestinal pool of VRE, leading to VRE recycled from the LI to constantly pass through the SI,
creating more potential opportunities for engraftment, and overall taking longer for de-

colonization of the whole GI tract.

5.1.2 Limitations and Outlook

There are several potential barriers to the adoption of these functional tail cup devices as
a universal standard in microbiome mouse models. As the tail cups are currently designed, they
are not ideal for use with female mice due to the placement of their urethra, and modifications

would be required to allow for unimpeded urination of female mice. Another obstacle is the
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time-cost to the researcher, as use of functional tail cups requires daily emptying and cleaning of
the feces that accumulates in the cup. Daily handling during experiments is also not ideal due to
the stress it can cause on the animals, so a design that allows for longer periods between cup
emptying would be better for longer-term experiments. The overall duration of the experiments
is another potential issue with using these cups, as our studies here (and former studies with the
cup) did not keep mice in cups for longer than a few weeks. While some mice appeared
undisturbed by the prolonged cup use, some mice overgroomed at the site of contact with the cup
rim, which could be an indication of discomfort in some animals, especially over time.

Despite the potential issues, utilization of the tail cup devices illustrated how coprophagia
is a radical perturbation of the SI that is not typically seen in healthy humans. The tail cup
devices dramatically altered the microbial and immune landscape of mice, creating a
biogeographic distribution of bacteria much more in line with what is seen in humans*?. In most
experimental mouse microbiome models, coprophagia is usually accounted for by individually-
housing mice to prevent contamination of microbiota between cage mates. However, self-
reinoculation of pathogens is much harder to control for, and contributes to the heterogeneity
seen when quantifying VRE levels of coprophagic mice. Use of tail cup devices presents a useful
opportunity for the researcher to control this variable, further standardizing outcomes across
samples.

The use of these tail cups gave us the unique opportunity to characterize the colonization
of E. faecium in the mouse ileum undisturbed by coprophagia, enabling us to visualize the
heterogeneity in engraftment of the bacteria along the GI tract. The close associations of these
bacteria with the epithelium that we saw illustrate how Reg3g would have the ability to come

into contact with E. faecium and remove the bacteria from this niche, because it is secreted
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directly by the SI epithelium. Our finding that VRE could not engraft into any part of the GI tract
of non-antibiotic treated SPF mice contradicts previous findings into naive and antibiotic-treated
mice challenged with VRE . However, this is more reflective of what we see in human patient
populations, wherein patients only become susceptible after treatment with antibiotics, and

healthy people with a diverse microbiota are not susceptible to colonization'.

5.2.1 Conclusions on ampicillin-resistant bacterial consortia

Our goal for these experiments was to probe the ampicillin-sensitivity of a random
assortment of healthy microbiota, identifying and isolating resistant bacteria that can be built into
protective consortia. We were lucky to identify a single resistant mouse colony group, H47 from
Charles River, out of the 7 different colonies tested. Surprisingly, the composition of the
ampicillin-resistant bacterial consortium isolated from the H47 microbiota was similar to the
resistant consortium we isolated previously, with the inclusion of an E. bolteae species and a
Bacteroidales bacterium. In the case of this previous consortium, we only tested ampicillin-
resistance and beta-lactamase production in B. sartoriiarm and P. distasonisarm'’, as this
bacterial phylum is much more commonly associated with beta-lactamase
expression®® Furthermore, when assessing the roles of each bacterium in that consortium, it was
not clear how E. bolteaearm was assisting the ampicillin-sensitive B. productaarm in engrafting
in the ampicillin-treated mouse gut. We speculate now that this member also participated in
depletion of ampicillin in the gut, allowing persistence of the more sensitive B. productasrm

consortium member during ampicillin treatment. The similarity in composition of these
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ampicillin-degrading bacterial consortia isolated from resistant mouse colonies suggests that the
phenotype of ampicillin-resistance can be achieved with combinations of these bacterial species.
We can use this as a guiding principle in the rational design of beta-lactamase producing
bacterial consortium to be used therapeutically.

Though the microbiota of H47 mice was resistant to overall depletion in their abundance
and diversity of bacteria, the changes we observed in their metabolite production is suggestive of
the shift in function the microbiome undergoes during ampicillin treatment. The significant
reduction in 5-aminovalerate (5-AV) could be caused directly by changes in the fermentation
habits of the ampicillin-resistant bacteria, or indirectly from the change in metabolites available
for cross-feeding of other bacteria*. The slight reductions in secondary bile acids such as 3-oxo-
LCA and iso-allo-LCA could potentially also have effects on the intestinal immune system?®°, so
the full effects of this consortium on the host should be explored.

Interestingly, these studies show though that active treatment with ampicillin is not
required for these bacterial isolates to persist in their complex microbiota, however some of them
become enriched after treatment. The evolutionary advantage of harboring such genes without
the active selection pressure of antibiotics is unclear, but research has demonstrated that these
genes can persist in healthy humans long after the cessation of antibiotics®*.

The 3 ampicillin-resistant bacteria isolated from H47 are all species not typically
associated with mice, and instead are usually found in human microbiota. It is therefore likely
that the H47 mice acquired these bacterial species from their human handlers. Further supporting
this idea, similar beta-lactamase genes were detected in the genomes of bacteria isolated from
healthy human donors. Studies have shown that humans in industrialized nations are reservoirs

for harboring antibiotic-resistant bacteria®>%¢.
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5.2.2 Limitations and Outlook

The beta-lactamase genes identified in the 3 bacterial isolates from H47 became enriched
in their fecal metagenomes during exposure to ampicillin, suggesting that the antibiotic treatment
selects for these genes. This could imply that the genes are being spread to other bacteria within
the gut; supporting this, some mobile genetic elements were found in the blaCLO1 gene operon.
The presence of the antibiotic also activates regulators and other inducible sensors within the
bacteria themselves that leads to an increase in their individual production of beta-lactamases®’.
A limitation of these studies is that without long-read sequencing, it is hard to confidently assign
these genes to specific metagenome-assembled genomes.

Whether or not all of the isolates derived from the H47 microbiota can be considered true
“commensals” is complicated, as Enterobacter hormaechei is a part of the Enterobacter cloacae
complex (ECC), a group of bacteria generally thought of more as opportunistic pathogens, due to
their associations with hospital-associated infection®. However, the antibiotic-resistance genes
commonly associated with virulence in these bacteria are absent in our H47 isolate strain,
including class D beta-lactamases that hydrolyze carbapenems or extended spectrum beta-
lactamases®-%°. Furthermore, E. hormaechei can be found in natural environments, including on

9091 "which is indicative of their potential as more benign members of microbial

plants and insects
communities.

Moving forward, it will be interesting to see if these isolates from H47 can be combined
to protect human gut microbiota that are sensitive to ampicillin. These studies also provide a

blueprint for investigating the phenomena of beta-lactamase mediated resistance in non-

antibiotic treated healthy human samples.
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