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Abstract of Differential Impacts of Hemin and Free Iron on Amoxicillin Susceptibility in Ex vivo

Gut Microbial Communities, by Francesco Pagano, SCM, Brown University, 01 May, 2025

Objective: The rise of antibiotic resistance infections worldwide has created a need to
enhance the efficacy of existing antibiotics. Modification of metabolism has been shown to
potentiate antibiotic lethality. In this study, we employed a novel ex vivo approach to culture
microbial communities to study the effects of different forms of iron on amoxicillin
susceptibility. Methods: Communities, ranging from known synthetic communities to complex
unknown human stool microbiome samples, were cultured out and treated with amoxicillin and
had their optical densities monitored. These samples were sequenced using an Oxford nanopore
long read 16S rRNA V4-V9 approach and computationally defined using the Emu algorithm.
The validity of this pipeline was confirmed along consortia, murine cecal content, and clinically
relevant patient stool samples. Commercially available stool samples were then treated with
between 0 and 75 uM hemin, FeSOs, or FeCl; for 24 hours alongside amoxicillin (0 — 10 pg/mL)
and profiled to identify the effects of different forms of iron on amoxicillin susceptibility.
Results: Alpha diversity, beta diversity, and normalized relative abundances confirmed the
efficacy of the selected ex vivo pipeline, allowing for ~ 77%% species retention over 24 hours.
Treatment of communities with hemin protected Bacteroides, Escherichia-Shigella,
Parabacteroides, and Parasutterella against amoxicillin. Two forms of free iron matched to this
concentration did not protect these genera from amoxicillin. Conclusions: This study shows
that the ex vivo protocol successfully generates large reproducible data for studying the effects of
metabolic modulators on antibiotic susceptibility. Genera protected against killing through

hemin supplementation are efficient in iron sequestration and produce large siderophore

X



numbers. In the future, metatrascriptomics should be employed in future studies to identify
common metabolic mechanisms of hemin-induced protection. This mechanistic understanding

may lead to hemin-based therapies to modulate antibiotic efficacy in the host.



Chapter 1: Introduction

1.1 The Microbiome & Human Health

The microbiome can be defined as the collection of all microorganisms within a distinct
environment as well as their genetic material and sphere of activity.! Microbiomes exist in
various major sites throughout the human body, including the skin, gastrointestinal (GI) tract,
oral cavity, lung, and vaginal tract, and vary differently in their makeup from site to site.> The GI
tract alone is believed to house over 10'* microorganisms® and hundreds of species.*
Microbiomes vary from person to person drastically, and are influenced by multiple factors such
as age, antibiotic usage, genetics, early life feeding practices, and dietary habits.> Because of
this, there is no defined gut microbial composition that is considered healthy; rather, the

metabolic functions define healthy microbiomes.b

The microbiome of the GI tract performs a variety of functions: the production of short
chain fatty acids (SCFAs), the breakdown of complex nutrients for host use, synthesis of various
bioactive molecules, the production of antimicrobial substances to inhibit infection, and
development of the immune system.? "!! Bacteria growing in the GI tract are influenced by a
multitude of factors. Along the GI tract, pH, oxygen, and nutrient availability drastically change,

t;12-15

creating environmental niches alongside the length of the trac as such, certain species of

bacteria thrive more effectively within certain sections of the gut.!6 17

Oxygen concentrations, in
particular, drastically decrease along the length of the intestinal tract, leading to physiologically
anaerobic conditions within parts of the large intestine, cecum, and colon.!® The anaerobic

nature of these sections of the GI tract lead to unique bacterial niches. The anaerobic bacteria

that colonize these areas are implicated in a variety of important functions that assist in



establishing homeostasis, such as the breakdown of host-undigestible nutrients, starch

fermentation, and the production of short chain fatty acids.!®-2°

When these environments are disturbed, however, dysbiosis is established in these
regions. Dysbiosis can be briefly defined as a shift in the microbial diversity, composition, and
load away from established normal levels, changing the metabolic output of the microbiome.?!
Dysbiosis can be caused by major shifts in diet, xenobiotics, infections, and inflammation.??
High fat high sugar diets, commonly referred to as the Western diet, can alter the makeup of the
microbiome and promote the growth of Proteobacteria.?*2* Xenobiotics such as antibiotics are
extremely effective at causing dysbiosis, sometimes termed antibiotic-induced dysbiosis (AID),
and can drastically reduce microbial diversity and bacterial load.>> Changes in the microbiome

in the short term can lead to acute complications such as diarrhea?? 26

and increase the possibility
of infection.?’” Dysbiosis has also been associated with other diseases such as irritable bowel

disease and diabetes.?” Microbial interventions to alleviate dysbiosis as a treatment strategy have
gathered attention in recent years in the biotech industry. The use of fecal microbiota transplants,

particularly, to treat severe infections such as recurrent Clostridoides difficile infections has seen

recent success in years.?

1.2 Studying Microbial Composition

In order to ascertain the role of microbes and microbial composition on host health,
comparison studies have been performed to look at the makeup of the microbiomes of certain
sections of the gut. These studies are traditionally performed using one of two methods: 16S

rRNA amplicon sequencing, or shotgun metagenomics. 16S rRNA amplicon sequencing



employs the principle of sequencing the highly conserved 16S rRNA gene in bacteria, which
spans 9 hypervariable regions containing many single nucleotide polymorphisms that can be
used to map to specific taxa.?” 16S rRNA gene amplification approaches generally amplify a
200-300bp product of one or two hypervariable regions, most commonly the V4 and/or V5
regions,*® from genomic DNA collected from biological samples and sequence them on the
[llumina MiSeq platform. The Illumina 16S rRNA gene amplification and taxonomic discerning
pipelines are highly optimized for an easy and cheap analysis to gain taxonomic information.
This approach, however, cannot distinguish between species of the same genus particularly well,

leading to a lack of understanding of sample makeup at the species level.

Shotgun metagenomics fragments gDNA and analyzes microbial composition by aligning
detected reads against a microbial database that includes the entire genetic information for
multiple organisms.?! Because of this approach, alignment using the entire genome to taxonomic
databases?? allows for more accurate species information, and allows for clarity down to the
strain level. Shotgun metagenomics also allows for functional analysis of the entire gDNA to
gain community-level functional knowledge.*® Library preparation and sequencing per sample
costs, however, tend to be much higher comparatively due to sequencing depth required to
achieve sufficient organism coverage, and the pipeline is generally computationally taxing to
perform in order to gain high end results. Another limitation of shotgun metagenomics is that

reads without a reliable reference in the database do not get characterized.

The development of third generation sequencers, primarily dominated by PacBio and
Oxford Nanopore Technologies (ONT) since their introductions in the early 2010s, allowed for
the sequencing of long reads without the need for PCR amplification.>* The ONT sequencer

MinlION uses a nanopore to serve as a sensor against single stranded DNA to detect nucleotides



in real-time through changes in electrical current.’®> This has allowed labs to perform whole
genome sequencing on microbial samples,’® as well as sequencing long read versions of the 16S
rRNA gene for genus and species level taxonomic classification.’® 37 The Nanopore sequencing
process, however, is error-prone,®® and thus there is a need for an a software or algorithm to
account for the high errors produced from sequencing reads. One such software that tackles this
error-prone nature is Emu, which is a microbial community profiler that first aligns reads to a
reference database then uses an expectation-maximization algorithm to predict errors and reduce

their impact down to the species level.>®

Microbial composition analysis and the impact stimuli may have on microbial
communities is currently studied under the context of in vitro synthetic communities, stool
samples from animals or patients, or in vivo contents from animals; each of these sample types
have their own benefits and drawbacks. Synthetic communities that mimic the functional
capacities of in vivo communities are relatively easy and cheap to maintain, and allow for real
time monitoring of bacterial growth and the ability to test a myriad of conditions with quick

40-43 These communities do not completely encompass the metabolic and functional

turnover.
capacity of in vivo communities, and therefore struggle in certain aspects of animal and human
translatability. Stool samples collected from patients allow for snapshots of the microbiomes of
the colon at different timepoints and are easy to collect and more closely model the internal
microbiomes of animals and humans, but are not perfect in their representation of their entire GI
tract. In vivo studies provide the most translatable information on microbial makeup and how
this may affect host health; the collection of this form of sample, however, is substantially more

invasive and may require sacrifice of the animal model.** These sample types do not represent

the human microbiome in its capacity and cannot recapitulate the complexity of microbial-



immune system interactions taking place in humans. Samples obtained from humans and
animals also require large numbers of individuals for accurate results, which can lead to drastic

increases in cost.

The development of ex vivo culturing methods has been relatively successful in creating
results that closely resemble host microbiomes by culturing samples under anaerobic conditions
that allow for monitoring of bacterial growth and response to agents and stimuli. These
techniques, however, require passaging multiple times, leading to stable community stocks that
are statistically different than their starting makeup, reducing the translatability of these results.**
45-49 There is also no universally agreed upon media for cultivation of communities, as many
medias produce cultures biased to a group of members as not all bacteria grow equally well in
the same media, and some may not grow at all.’>® Modified Gifu Anaerobic Media (mGAM) is a
relatively successful media that is used to culture a large number of microbes spanning various
phyla, and has been used to establish stable synthetic communities®! and grow ex vivo samples

6

from mice.*®* mGAM uses a higher ratio of fibers to simple sugars, digested proteins, host

factors and hydrogen acceptors through sodium thioglycolate and L-cysteine to support growth

52,53

of anaerobic microbes. The supplementation of mGAM with other components can be used

to support the growth of other microbes that may not otherwise be supported.

1.3 Antibiotics & The Role of Metabolism in Antibiotic Susceptibility

Antibiotics are one of the most commonly prescribed class of drugs in the US, and
constitute over 200 million prescriptions a year to treat infections.>* Antibiotics range in their

function and efficacy against specific microbes; bacteriostatic antibiotics act through inhibition



of growth, while bactericidal antibiotics eliminate bacteria in an active manner.> Since the

initial discovery of penicillin in 1928 by Alexander Fleming,>¢

many classes of antibiotics from
various sources have been discovered. Some of these classes include aminoglycosides and
tetracyclines, which target ribosomal subunits; glycopeptides, cephalosporins, carbapenems and
penicillins, which target cell wall synthesis; and fluoroquinolones, which target DNA
synthesis.’”%* Of these, amoxicillin is the most commonly prescribed antibiotics in the United
States.** Amoxicillin is a broad-spectrum antibiotic of the penicillin group and operates through
targeting penicillin-binding proteins to inactivate and shut down synthesis of peptidoglycan,
leading to lysis and cell death.®>% Amoxicillin is clinically used to treat a myriad of infections,

including those caused by Streptococcus species, H pylori, Pneumococcus species, E faecalis,

and E coli.t”"?

Due to the overprescription of antibiotics over the years, strains of bacteria that are
resistant to different classes of antibiotics have arisen. In 2019 alone, 4.95 million deaths
occurred globally as a result of drug-resistant infections.”® Patients are affected not only through
increased risk of mortality and morbidity from direct infection but also from a change in medical
practice that may result from an inability to utilize antibiotics either prophylactically or clinically
in many routine medical procedures.?>->”-7* In order to overcome increasing rates of antibiotic
infections and the rise of more serious antibiotic-resistant infection, it is important for the
scientific community to identify ways to make antibiotics more effective against various

microbial infections.

One such avenue to modify antibiotic susceptibility of microbes and communities has
been through modifying metabolism. Over the past 15 years, it has been identified that

modifying the metabolic flux in bacteria can drastically affect the killing efficacy of antibiotics.”

6



Early work in the field identified that genetically modifying E. coli to increase their basal
respiration aerobically led to an increase in antibiotic susceptibility to ampicillin;’* 7# this
phenomena in part may be due to an increase in oxidative stress.”> This observation is further
supported with the observation that B. thetaiotaomicron blooms in response to amoxicillin and
upregulated complex sugar utilization.”® Anaerobically in vitro, B. thetaiotaomicron becomes
more sensitive to amoxicillin when fed glucose, and is protected against amoxicillin when
supplemented with pectin; when grown in media with both glucose and pectin, however, the
effects of glucose dominate and amoxicillin susceptibility was increased.”® 7’ In more complex
communities in vivo, high fiber diets reduced dysbiosis as a result of amoxicillin treatment
compared to standard diets, and glucose exacerbated antibiotic-induced dysbiosis through
blooms in Proteobacteria.”® Metabolically, it was identified that glucose increased oxidative
metabolism while fiber repressed this increase in oxidative metabolism.”® Work conducted in E.
coli indicates that the beta-lactam-induced metabolic burden results from a futile cycle of
peptidoglycan synthesis to degradation, and that removing this activity through direct inhibition
or the reduction of ATP synthesis results in reduced toxicity.5® 77> Knowing this, it stands to
reason that overloading the electron transport chain to force microbial communities into futile

cycling can potentiate the response of microbes in complex communities to antibiotics.

Iron is an essential metal for most living organisms. Iron can exist in a ferric (Fe**) or
ferrous (Fe?") form, as well as can be parts of cofactors involved in various biological
processes.”® ¥ One such way that iron is able to react within its environment is through the
Fenton reaction, where ferric or ferrous iron can react with hydrogen peroxide to produce
hydroxyl radicals that are highly reactive.3! This production of hydroxyl radicals are highly

reactive with DNA, and have been shown to kill many cell types through DNA strand



breakage.3?%* The Fenton reaction can also occur anaerobically at lower efficiency,® and iron
reactions have been shown to be able to participate in nitrate reduction through iron oxidation in
anoxic conditions.®® Anaerobically, ferric iron can act as a terminal electron acceptor in the
electron transport chain to help produce ATP.*”-88 The role iron may have in antibiotic
susceptibility has been explored, though results are conflicting. Traditional approaches used to
look at the role of iron in antibiotic susceptibility include the addition of a known concentration
of iron to media or the addition of an iron chelator to remove iron from media.®* Depending on
the approach, results are conflicting in nature; for example, the removal of iron from the media
was found to cause a decrease in E. coli’s resistance to clindamycin, mupirocin, tetracycline, and
clarithromycin, while approaches using chelators found that decreasing iron lead to an increase
in resistance to cephalosporin, ampicillin, chloramphenicol, methicillin, and vancomycin while
having no effect on susceptibility to erythromycin, spectinomycin, chloramphenicol, rifampicin,
and tetracycline.?®* Other species such as P. aeruginosa show similar conflicting results. The
addition of iron to media caused reduced resistance to ampicillin, norfloxacin, gentamicin,
ofloxacin, and cefsulodin; the opposite was also observed, however, where addition of iron has

also caused increased resistance to tobramycin and tigecycline.®%- %37

In complex communities
in vivo, oral supplementation with iron sulfate through diet post-antibiotic exposure lead to an
initial decrease in alpha diversity and has been found to lead to an increase in Parasutterella and
Bacteroides genera.”® The particular role that many other forms of iron like hemin on complex
microbial communities has yet to be elucidated. In this study, we propose a novel culturing
pipeline that allows us to monitor the role various forms of iron have on antibiotic susceptibility

in complex communities ex vivo. The relationship iron in its ferric form, ferrous form, and as

part of a cofactor with amoxicillin was evaluated through this pipeline, allowing for the



identification of four unique genera protected against amoxicillin killing in response to increased

hemin, and not free iron, in media.



Chapter 2: Methods

2.1 Media Preparation

Minimal Gifu Anaerobic Broth Media (mGAM) (Hyserve 1005433) was prepared per
manufacturing instructions; briefly, 41.7g was suspended per liter of H>O and heated to allow to
dissolve before autoclaving at 121°C for 15min. All mGAM was supplemented with Im of
mucin (Sigma-Aldrich M1778) prior to autoclaving to allow for dissolving. Media was placed in
anaerobic chamber at least 24 hours in advance to experimentation to allow for exchange of
gases. Desulfovibrio Postgate Medium (DPM) was prepared using a modified version of a
DSMZ established protocol;” briefly, Solution A (0.5g/L KoHPO4, 1.0g/L NH4Cl, 1.0g Na,SO4,
0.1g CaCl; x 2H»0, 2.0g MgSO4 x 7H>0, 2.0g Na-L-lactate, 1.0g Yeast extract, 980mL H>0),
Solution B (0.5g FeSO4 x 7H20, 10mL H>0), and Soluction C (0.1g Sodium thioglycolate, 0.1g
Asocrbic acid, 10mL H20), were prepared while spinning. Solution A was filter sterilized using
a 0.22 pm bottle vacuum filter (Corning 430015) using sterile flame technique followed by
autoclaving at 121°C for 15min, and Solutions B and C were filter sterilized using 0.22 um
centrifuge tube filters (Millipore SCGP00525) by sterile flame technique. Solutions B and C
were added to room temperature Solution A and immediately placed in anaerobic chamber and
allowed to exchange gases. Working media for culturing (10%DPM/mGAM-+mucin) was
created by diluting a ratio of ImL DPM in 9mL of mGAM + Img/mL mucin) using sterile flame

techniques.

10



2.2 Anaerobic Chamber Conditions

A Coy Lab Products vinyl anaerobic chamber (Coy Labs 7150000) was used to create
anaerobic conditions for all cultures and culturing conditions. The vinyl anaerobic chamber is
outfitted with an incubator (Coy Labs 6100000) set at 37°C, a recirculating HEPA atmospheric
filtration system (Coy Labs 8537025V), an anaerobic gas infuser (Coy Labs 8100110) and a
dehumidifier (8533110) to ensure anaerobic conditions. The chamber is also outfitted with an
anaerobic monitor, model 12 (Coy Labs 6250000) to allow for monitoring of anerobic conditions
and hydrogen % content. Atmospheric makeup of the machine is created using a mixture of two
gases: pure nitrogen gas, and a mixed gas containing 5% CO2, 5% Ha, and balance N>. Gases are

mixed into the chamber to obtain a 2.0-2.5% hydrogen content, and an O> = 0-10 ppm.

2.3 Establishment of Consortia

Eight bacterial species were chosen to create a synthetic community: Akkermansia
muciniphila, Bacteroides fragilis, Bacteroides thetaiotaomicron, Bifidobacterium longum,
Desulfovibrio desulfuricans, Escherichia coli, Lactobacillus johnsonii, and Roseburia hominis.
Please see Table 1 for information on bacteria species and vendor. All species, except for D.
desulfuricans and B. longum, were grown in SmL mGAM +1mg/mL mucin media for 24 hours,
with the two exceptions being grown in SmL DPM for 48H. 150uL of culture were plated and
diluted with equal parts sterile filtered PBS, and ODsoo measurements were taken using the
Molecular Devices SpectraMax M3 Spectrophotometer using SoftMax Pro v6, blanking the
culture to its original medium. Cultures were then consolidated in the following ratios in 10%

DPM/mGAM + Img/mL mucin to achieve an ODsoo of 0.1: 1 part each B. thetaiotaomicron, B.

11



fragilis, E. coli, and B. longum to 5 parts each R. hominis, L. johnsonii, D. desulfuricans, and B.

longum. Consortia was then run through downstream sequencing protocol.

2.4 Collection of Mouse Cecal Content into Chamber

Cecums from male C57BL/6J mice (Charles River) were collected; in brief, mice were
anesthetized via isoflurane, followed by cervical dislocation per the approved IACUC protocol
23-05-0013. Mice were then dissected, and the entire intestinal tract was collected into a sterile
plate and transferred to the anaerobic chamber. In the anaerobic chamber, the cecum was
isolated from the rest of the GI tract and its contents (approximately 200 uL) were transferred
into approximately 15 mL of 10% DPM/mGAM + Img/mL mucin media and cultured for

approximately 2H. After 2 hours, cultures were treated (see section 2.6 for further details).

2.5 Human Material Processing

For human communities used to verify protocol, human stool samples were obtained
through an active research collaboration between the Department of Molecular Microbiology and
Immunology at Brown University and the Pediatric Inflammatory Bowel Disease Center at
Hasbro Children’s Hospital (IRB 1930822-3) by Rahiya Rehman, and immediately frozen at -
80°C. Approximately 130 mg of stool samples were weighed out and placed into 20mL of
10%DPM/mGAM + Img/mL mucin, pipetted to break up the matter, and grown for 24 hours
while shaking at ~400rpm. Cultured content was then frozen at -80°C in 1mL aliquots in 20%

filtered glycerol (Fisher Sci G331) until the start of the experiment. On the day of the

12



experiment, frozen cultures were diluted 1:200 in media prior to the start of the experiment (see

section 2.6 for further details).

For cultures treated with iron and amoxicillin, human stool samples were obtained
through vendor BiolVT (BiolVT HUMANFECES-0000263); donor information was
deidentified prior to receival of material. Samples upon arrival were immediately frozen at -
80°C. Approximately 130mg of stool samples were weighed out and placed into 20mL of
10%DPM/mGAM + Img/mL mucin, pipetted to break up matter, and grown until exponential
growth phase for 5 hours while shaking at ~400rpm. Content is then frozen at -80°C in 1mL
aliquots in 20% filtered glycerol (Fisher Sci G331) until the start of the experiment. On the day
of the experiment, frozen culture content is diluted 1:200 in media and allowed to grow until
once again at the exponential growth phase (~6 hours) before treatment (see section 2.6 for

further details).

2.6 Ex vivo Culturing of Microbial Samples

Input cultures, prior to plating, were first grown to exponential phase before treatments.
Cultures were then treated with hemin (Fisher Sci AAA1116503), FeSO4 (Sigma-Aldrich F8633)
or FeCls (Fisher Sci AC169430050), and are then plated 300 uL/well in a 96 well flat bottom
plate (Corning 3370) and treated with amoxicillin (Millipore A8523) at concentrations of 50
pg/mL, 10 pg/mL , 12.5 pg/mL, 3.125 pg/mL, 2pug/mL, or 0 pg/mL using amoxicillin stocks
diluted in DMSO (Fisher Sci BP2311). Cultures’ optical densities are monitored for 24H using
the Cerillo Alto Kinetic Microplate Reader while incubating at 37°C in the anaerobic chamber

and cultures are collected at 24 hours post treatment for downstream applications.
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2.7 DNA Cleanup

Cultures collected post treatment are processed via a selected portion and kit of an
established protocol from ZymoResearch (Zymo D4310). Briefly, 300 uL of sample were
centrifuged at 2250xg for 8 minutes to pellet the sample and supernatant is removed. A DNase
enzyme (Zymo D4310350) was added in buffer (Zymo D431025) to the pellet, vortexed, and
incubated for 15min at 37°C. Samples were then treated with a Proteinase K (D30012125),
vortexed, and incubated at 55°C for 10min, and diluted in DNA/RNA Shield (R1100250) 1:1 and

frozen at -80°C until further use.

2.8 E. coli Nissle Spike-In & DNA Cleanup Test on Synthetic Community

E. coli Nissle 1917 (see Table 1 for more information) was grown to stationary phase in
mGAM + 1 mg/mL mucin then diluted to an ODgoo of 0.5. These E. coli cultures were then
treated for 30 minutes with amoxicillin (Millipore A8523) at a concentration of 100 pg/mL and
then mixed 1:1 into the synthetic communities derived from Section 2.3 that were also mixed to
a final ODgoo of 0.5 before. These spiked communities were then treated with or without the
DNA Cleanup step detailed in Section 2.7 and had their 16S rRNA gene amplified and sequenced

as outlined in section 2.9.

2.9 16S rRNA Amplification Prep and Sequencing

DNA for all samples was extracted using the ZymoBIOMICS Quick-DNA Fecal/Soil
Microbe 96 Kit (Zymo D8011) following manufacturer instructions. Total DNA was eluted into

nuclease-free water and quantified using the dSDNA-BR kit on a Qubit 4.0 fluorometer
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(ThermoFisher Scientific, Waltham, MA, USA) before use in downstream amplicon and library

preparations.

16S rRNA V4-V9 hypervariable regions were amplified from total DNA using barcoded
515F forward primers from the Earth Microbiome Project®® and using a matched set of reverse
barcodes alongside the 1492R primer. See Table 2 for reverse barcoded primer sequences used.
Amplicons were created using 5X Phusion HF DNA Polymerase (Fisher Sci FS30L) under the
following PCR conditions: an initial denaturation at 98°C for 30s followed by 25 cycles of 98°C
for 10s, 57°C for 30s, and 72°C for 30s. Amplicons then underwent a final extension at 72°C for
5 min. Amplicons were visualized for confirmation of successful amplification via gel
electrophoresis, and pooled at equal DNA weight before PCR cleanup using Macherey-Nagel
Gel and PCR Clean-Up kit (Macherey-Nagel 740609.250) per manufacturer specifications.
Amplicons then underwent library preparation and secondary barcoding and run on the Nanopore
MinlON MKI1B (ONT MIN-101B) per manufacturer instructions using the Native Barcoding 24

v14 kit (ONT SQK-NBD114-96).

2.10 Coding Pipeline

16S rRNA sequences were first basecalled using Nanopore’s Guppy Software v6.5.7
through the guppy basecaller function. These reads were then demultiplexed using Nanopore’s
Guppy Software v6.5.7 using the guppy_barcoder function, and barcodes and adapters were
trimmed. Primary demultiplexed reads were then secondarily demultiplexed using Porechop
with custom barcode inputs denoted from the Earth Microbiome Project*® and Table 2.

Taxonomic assignments were performed along the SILVA database®? using Emu.*® Alpha
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diversity (Shannon Diversity) and beta diversity (Bray-Curtis dissimilarity) were performed

using the phyloseq package v1.46.0' in RStudio v12.1.100- 101

2.11 Percent Survival Determination

Bacterial species denoted in Table 1 were grown in mGAM + Img/mL mucin for 24
hours prior to experiment anaerobically. Bacterial species were then treated then diluted 1:1000
in media containing no iron or supplementations of different concentrations of hemin (Fisher Sci
AAA1116503), FeSO4 (Sigma-Aldrich F8633) or FeCls (Fisher Sci AC169430050), and are then
plated 150 pL/well in a 96 well flat bottom plate (Corning 3370) with the top row receiving 285
pL of inoculated bacteria; the top row is then treated with amoxicillin (Millipore A8523) to a
starting concentration of 250 pg/mL to a total volume of 300 pL before serially diluting at a ratio
of 1:1 to achieve a concentration range of 0 — 250 pug/mL. Plates are then incubated at 37°C for
20 hours before diluting 1:1 with 1XPBS (Fisher Sci BP39920) and ODsoo measurements were
taken using the Molecular Devices SpectraMax M3 Spectrophotometer using SoftMax Pro v6.
Percent growth was then calculated against 0 pg/mL treated cultures, and Gompertz Equation for

MIC Determination was employed to determine MICqo using Prism GraphPad v10.4.1.

2.12 Statistic Analyses and visualizations

Specific details pertaining to statistical analyses for all experiments are detailed in the
figure legends and results section. All sample numbers represent technical replicates.

MaAsLin2!%? was used to analyze outputs from Emu. Statistical T tests and Gompertz Equation
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for MIC Determination were performed in Prism GraphPad v10.4.1. All other graphs were

created using Prism GraphPad v10.4.1.
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Chapter 3: Results

3.1 An Ex Vivo Culturing Approach Allows for the Successful Cultivation and Sequencing

of a Synthetic Consortia Community and Murine Cecal Communities

To properly discern the effects of various sources of iron on microbial communities while
reducing the use of mice, we developed and validated an ex vivo protocol to study the
microbiome. Ex vivo culturing techniques have been used in the past to identify changes in the
microbiome,*- 4>’ but a significant drawback of these techniques is the large number of
passages that, though stabilizing the microbiome, cause the passaged communities to differ
substantially from original community inputs.*®*° A protocol is thus necessary for cultured
communities to better resemble the original communities in question. A brief overview of the
protocol developed is seen in Figure 1A. Known synthetic bacteria communities and unknown
human stool microbiome samples were cultured for 24 hours and treated with amoxicillin, with
their optical density monitored. The cultured samples then have their 16S rRNA V4-VO region
amplified using a double barcoding approach modified from the Earth Microbiome Project® and
run on the Nanopore MinION and demultiplexex and aligned using the Emu algorithm. 3° The
Emu algorithm was used for in taxonomic alignment to more accurately discern species

taxonomic information and overcome the more naturally error prone results of the Nanopore.

To test the validity of this pipeline, we cultured a synthetic community containing eight
microbial species combined to act as the initial community input for the pipeline: A. muciniphila,
B. fragilis, B. thetaiotaomicron, B. longum, D. desulfuricans, E. coli, L. johnsonii, and R.
hominis. These microbes were chosen to represent a wide range of phyla, and more information
on these species can be found in Table 1. When this community was treated with 10 pg/mL

amoxicillin for 24 hours, there was a noticeable increase in the relative abundance of E. coli in
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the community (Figure 1B). Because the community was treated for 24 hours with a bactericidal
drug, it was possible that DNA from dead microbes, including E. coli could be represented
downstream in the taxonomic abundances. To reduce the impact of DNA from killed microbes,
we chose to use a DNA cleanup step comprising of a DNase treatment followed by a Proteinase
K treatment prior to DNA extraction. To test this step, we spiked our synthetic community with
an equal ODeoo of E. coli killed with 100 pg/mL of amoxicillin for 1 hour and treated with or
without the DNA cleanup steps to eliminate free floating DNA (Figure 1C). Treating the
community with the DNA Cleanup alone caused a limited shift in the relative abundance of the
community and a general reduction in the relative abundance of E. coli. When a mixture of dead
and viable E. coli was spiked into the base community, £. coli dominated the overall relative
abundance as expected. Performing a cleanup on this “spike-in” community reduced the
abundance of E. coli to mirror the community that had not been spiked with killed E. coli,

indicating that the proposed cleanup was effective at eliminating killed bacteria.

While this cleanup step worked well for a known synthetic community, we still needed to
confirm its effectiveness for mammalian samples. Additionally, we needed a way to compare
relative abundance with the overall growth of the culture. In order to accomplish this, murine
cecal samples were collected to be used as the complex community input detailed in Figure 1A
and treated with different amoxicillin concentrations for 24 hours followed by the
presence/absence of our DNA Cleanup step prior to amplification and sequencing (Figure 1D).
Data generated from the pipeline was normalized to ODeoo to integrate overall community
growth with the relative abundance data. Treatment of the communities with amoxicillin created
a stepwise reduction in total normalized relative abundance of the murine cecal samples. The

implementation of the DNA cleanup step showed changes in a few families of bacteria within the
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communities. Families in bold reduce in normalized relative abundance as a result of the DNA
cleanup, indicating that these families are overrepresented and experience more drastic killing as
a result of the culturing and antibiotic treatment; these families identified include
Anaerovoracaceae, Bacteroidaceae, and Enterobacteriaceae. Families underlined indicate an
increase in normalized relative abundance as a result of the DNA cleanup, indicating that these
families are normally underrepresented without it; these families include Acholeplasmataceae,
Akkermansiaceae, Butyricicoccaceae, Desulfovibrionaceae, Lactobacillaceae, and o _Clostridia

UCG-014.

3.2 Ex Vivo Culturing Pipeline Successfully Cultures Bacteria in Clinical Human Stool

Samples Over a 48 Hour Period

The pipeline was also tested using clinically relevant patient stool samples obtained from
a collaborator at Hasbro Children’s Hospital that were cultured and frozen in 20% glycerol to act
as starting communities in the pipeline. The overall alpha diversity, depicted in Figure 2A
through Shannon diversity, indicates that the patient donor stool sample contained a Shannon
diversity of 3.25. When cultured out for 24 hours and frozen, these samples retained a Shannon
diversity that was similar to that of the initial stool sample, and further culturing of the samples
out to 48 hours reduced the variance of the culture while also not significantly altering the
Shannon diversity over these 24 hours. The variance between samples plotted using Bray-Curtis
beta-diversity (Figure 2B) showed similar and close clustering of the three groups in terms of
their similarity/dissimilarity, leading to the conclusion that culturing out the microbiome for up
to 48 hours did not have a significant change on the overall diversity of the samples. A closer

look at the abundance makeup of the communities, shown in Figure 2C, shows shifts in a few
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families as a result of culturing, though the communities as a whole are once again not
drastically different; Bifidobacteriaceae, Sutterellaceae, and Tannerellaceae increase as culturing

times are increased, while Muribaculaceae increase, then decrease over the 48-hour time frame.

In order to identify species retention over time of these samples, a “Percent of Species
Still Present from Baseline” value was calculated (Figure 2D), where the percentage of species
that retained at least 1% of their relative abundance values compared to the donor stool sample
was identified. Culturing of the stool sample for 24 hours allowed for a 1% species retention
threshold of about 77%, while culturing the communities further out to 48 hours resulted in a 1%
species retention threshold of 43.25%. This data particularly highlights the effectiveness of the
culturing portion of the pipeline to retain species over time; it should be noted that increasing
total culturing times begins to cause a degradation in the total number of species represented, so

special care should be taken to reduce total culturing time.

3.3 Hemin protects four genera against Amoxicillin-Induced Death

Iron is a critical factor in bacterial metabolism, and previous research has shown that it
may influence antibiotic efficacy.?>>?® Given that human-derived components are a major source
of iron in mMGAM media, we selected hemin as a potential modulator of antibiotic lethality.
Since iron can serve as a terminal electron acceptor in metabolic processes and anaerobic

respiration, 88 103

we hypothesized that altering hemin concentrations within the media could
push microbial communities toward a more energy-productive state, thereby enhancing antibiotic

lethality. To test this hypothesis, we used a human microbiome biospecimen obtained from

BioIVT as the input community.
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We found that hemin supplementation alone slightly reduced the initial growth rate of the
microbiome culture but ultimately resulted in a higher final ODgoo. When combined with 2
pg/mL or 10 pug/mL amoxicillin, hemin had a modest effect on early culture inhibition kinetics
but led to higher final ODs compared to antibiotic treatment alone. This suggests that hemin
facilitates microbiome recovery following initial AMX inhibition, potentially aiding post-

antibiotic microbiome restoration or supporting bacterial survival in the presence of antibiotics.

We sequenced this community and first profiled alpha diversity at 24 hours, finding that
AMX led to the expected significant drop in Shannon diversity in both the + 0 uM and + 15 uM
hemin groups (# p < 0.05). On the other hand, the + 60 uM hemin cultures started with a
significantly lower Shannon diversity (* p < 0.05) without amoxicillin treatment compared to the
+ 0 uM hemin group and exhibited no significant changes in Shannon diversity as a result of
amoxicillin treatments (Figure 3B). The Bray-Curtis dissimilarity beta diversity plot of the
samples showed distinct concentration-driven separation along PC2 for amoxicillin either at zero
or 15 uM hemin (Figure 3C). The presence of 60 uM hemin shifted the community into the
positive PC1 quadrant. The low amoxicillin concentration was also shifted into that quadrant,
while the high AMX concentration returned the hemin community to the zero-iron AMX-treated

group.

We next examined the OD-normalized relative abundance of the communities and
observed shifts in four major genera in response to the combined effects of increased hemin and
amoxicillin: Bacteroides, Escherichia-Shigella, Parabacteroides, and Parasutterella, shown in
bold in the Legend (Figure 3D). The significance of these changes was confirmed through
MaAsLin2, and independently graphed and shown in Figure 3E-G & Figure S1A. The

Bacteroides genus, without additional hemin, initially bloom in low amoxicillin but are
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eventually reduced at higher amoxicillin concentrations. The addition of + 15 uM hemin
changes this dynamic, stabilizing the relative abundance numbers for the group when treated
with antibiotics. When given + 60 uM hemin, Bacteroides are further stabilized, and even bloom
with AMX (Figure 3D-E). We tested the MIC of two representative species of this genus, B
fragilis and B thetaiotaomicron. The addition of increasing amounts of hemin to culture media
did not significantly shift the MICo of either of these species (Figure S1C-D). It should be noted
that the Bacteroides genus shifting in Figure 3D is comprised almost exclusively of an
undetermined species of Bacteroides, and this phenomenon originally observed may be unique to

this species.

In the presence of amoxicillin, Escherichia-Shigella does not expand until supplemented
with + 60 uM hemin, allowing for a shift in overall resistance to amoxicillin and allowing for
major growth in 2 pg/mL of amoxicillin. High hemin concentrations also support a large bloom
in normalized relative abundance of Escherichia-Shigella without the presence of AMX (Figure
3D, 3F). We also found with E. coli Nissle 1917 that hemin supplementation increased the MICog
at least 10-fold (Figure S1E). It should be noted that this strain of E. coli is not the same strain
seen in our dataset. Parabacteroides and Parasutterella both exhibited a bloom in the presence
of amoxicillin and high hemin concentrations in the media (Figure 3G, Figure S1A). indicating
that the hemin may be having a protective effect against these genera against amoxicillin

susceptibility.

The genus Enterococcus showed no significant change to amoxicillin susceptibility in
response to increasing amoxicillin but did show interesting nonsignificant trends, leading us to
the impact of hemin on the MICoq of an E. faecalis strain. We found that giving this strain hemin

at any concentrations lead to a drastic drop in the MICyo to about 1/10 of control conditions
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(Figure S1B, SIF). indicating that hemin drastically sensitized this strain of E. faecalis to

antibiotic killing.

3.4 Free, Soluble Iron Provides Minimal Impact on Microbial Community Makeup

Iron can exist in many forms, both trapped in molecules like hemin, or in soluble forms in
both ferric and ferrous iron. To test whether the phenomena identified with hemin was
conserved amongst iron species or unique compared to free iron sources, the communities were
grown and monitored for 24 hours in the presence of either Fe(I1)SO4 or Fe(IIT)Cl3. The
presence of free iron, either ferrous (II) or ferric (III), did not affect overall optical density of the
cultures (Figure 4A). This holds true between amoxicillin treated groups, where it is shown that
amoxicillin causes a stepwise reduction in ODegoo but this drop is not influenced by the presence
of free iron. The 24 hour cultures showed a drop in Shannon diversity in response to amoxicillin
treatment in control iron groups, and this trend does not change between introduction of different
sources and concentrations of iron, except the introduction of + 75 uM FeCls, which causes a
reduction in the base Shannon diversity compared to the control iron group without amoxicillin,
and a significant drop (# p < 0.05) in diversity when 2 pg/mL amoxicillin is added (Figure 4B).
The Bray-Curtis dissimilarity PCoA plot showed that samples clustered by presence or absence
of amoxicillin on the PC1 axis, and no difference in clustering between iron concentrations or
groups (Figure 4C). The normalized relative abundance breakdown of the treated communities
can be seen in Figure 4D, with the Bacteroides, Escherichia-Shigella, Enterococcus, and

Parabacteroides genera shown separately (Figure 4E-F, Figure S2A-B).
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Looking at the OD normalized relative abundance we found that in the absence of added
free iron, Bacteroides was elevated by 2 ng/mL AMX but was fully eliminated at 10 pg/mL
AMX. Iron supplementation in both free forms led to an elimination of Bacteroides at the
protected low AMX concertation. This is a direct contradiction to the protection we observed
with hemin, where further increases in hemin lead to increased amoxicillin protection. Percent
growth curves generated for B. fragilis and B. thetaiotaomicron show that there is no change in
MICyo values for either species when grown in different concentrations and types of free iron
(Figure S2C-D), indicating that iron in these strains does not increase amoxicillin susceptibility
in the presence of different free iron sources. It should again be noted that the species identified
within these samples contains mostly an unidentified species, and the unique effect hemin has as

well as the lack of protection for free iron may be specific to this strain.

Similarly, Escherichia-Shigella did not show the same level of protection with free iron
(Figure 4D, F) as with hemin (Figure 3D, F). We did observe that a higher concentration of FeCls
limits the growth of Escherichia-Shigella when grown without amoxicillin (Figure 4F), though
amoxicillin susceptibility did not significantly change as a result of different forms of iron. The
MICyp of E. coli Nissle however does not change when given any type or concentration of iron
(Figure S2E). This contradicts what was seen with hemin, where additions of hemin increased
the MICop at least 10-fold. This indicates that E. coli is particularly adapted to using hemin to

resist amoxicillin killing and not matching concentrations of free ferric or ferrous iron.

Parabacteroides do not grow well with the addition of any free form of iron, regardless
of amoxicillin introduction (Figure S2A), which is contrary to the result seen with hemin in
Figure 3D & Figure S3G where the bacteria was protected by supplementation and bloomed with

hemin. The Enterococcus genus was also isolated and monitored. The addition of amoxicillin in
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media with no iron supplementation cause a stepwise reduction of Enterococcus (Figure S2B).
The genus also experienced a slight bloom in response to a small amount of amoxicillin when
given FeSO4 but not when given FeCl; and experienced a drop afterwards with large amounts of
amoxicillin. The MICoo for E. faecalis showed no changes in response to the introduction of
different iron supplementations (Figure S2F). This contradicts the results seen in Figure S1F,
where supplementation of hemin immediately potentiated the susceptibility of amoxicillin. This
strain is not the dominant strain or species identified in our dataset and it should be noted that

this may unique to E. faecalis UWH 1921.
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Chapter 4: Discussion & Conclusion

4.1 Discussion

In this study, we aimed to (1) create a pipeline that uses ex vivo culturing techniques to
allow for the study of the relationship between antibiotics and metabolic modulators on complex
microbial makeup, and (2) deploy this pipeline to understand the relationship between different
form of iron and amoxicillin susceptibility on complex microbial communities. The role
metabolism has on antibiotic susceptibility has not been fully explored. Approximately 25% of
individuals worldwide suffer from some form of anemia, with a majority of cases caused from
iron deficiency,!* so studying the effect antibiotics have on individuals requiring iron
supplementation is important for global human health. This pipeline, in its current state, can
successfully discern between bacteria at the species level in both synthetic communities and
unknown complex microbial communities derived from murine and human samples. A dual
barcoding approach allows for the multiplexing of 2304 samples generated from a single
community input to be placed onto a single chip, drastically reducing the per sample cost in
generation of data. This pipeline may be used to test the effects of other metabolic modifiers,
such as carbon source. The culturing portion of the pipeline also allows for real-time monitoring
of community growth, which cannot be conventionally performed in murine models. The
implementation of a DNA cleanup step was also shown to be successful in removal of dead
bacteria’s DNA that otherwise would be represented in the data and confound results. The
generation of frozen stool cultures derived from stool samples cultured to exponential growth
phase allows for us to generate substantially more data from a single stool sample as each frozen
stool culture aliquot can generate large numbers of consistent individual cultures for treating and
sequencing. The culturing of human stool samples showed that the ex vivo culturing does not
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alter the alpha or beta diversity of the community over 48 hours. These cultures are also
relatively stable, and can support 78% of species over 24 hours, validating this particular pipeline
as an alternative method for gaining preliminary data on combinational effects between
antibiotics and metabolic modulators. As culture times increase, however, the power of this
approach to retain species diminishes, and reducing culturing times should be taken into

consideration.

Treatment of microbial communities with amoxicillin mirrored results seen in vivo,
where introduction of antibiotics caused a bloom of Bacteroidetes and Proteobacteria.”® 7% %
These blooms can likely be attributed to a combination of intrinsic resistances and metabolically
induced tolerance. When cultures were treated with various forms of iron, hemin was shown to
have the most drastic effect on the communities’ growth and community makeup when combined
with amoxicillin. Treatment of communities that were co-supplemented with hemin with higher
amounts of amoxicillin displayed increased overall growth that rivaled ODgoo values of
untreated, unsupplemented cultures after 24 hours. These communities were dominated by four
particular genera when treated with a combination of hemin and amoxicillin: Bacteroides,
Escherichia-Shigella, Parabacteroides, and Parasutterella. These genera were protected against
amoxicillin killing in the presence of hemin. The increase in Bacteroides and Parabacteroides
due to iron and antibiotic combination effects has been previously reported in murine models,

though this increase was reported due to the addition of iron (II) sulfate to murine diets, rather

than hemin.”®

Bacteroides are abundant in the gut microbiome,'>-1%7 meaning that major alterations in

abundances can lead to dysbiosis and issues to health; they can also act as opportunistic

105, 106, 108

pathogens and have been isolated from infections across the body. Bacteroides are
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capable of sequestering iron and harnessing the use of siderophores produced by not only
themselves, but other bacteria, in order to obtain iron.!%- 10 In particular, B. vulgatus can avoid
spending energy on iron retrieval resources through using siderophores produced from other
species.!!!' B. vulgatus also has been shown to employ a specific ferrous iron transporter FeoAB

112

to resist metronidazole through the import of iron molecules."'* Heme molecules have been

shown to further support the growth of B. thetaiotaomicron, though this had no effect on overall

13 The Parasutterella genus blooms in the presence of higher

MICyp values in our data in vitro.
concentrations of amoxicillin when the media is supplemented with higher concentrations of
hemin. Parasutterella are considered key members of the GI tract microbiome in humans,!'* and
major increases in Parasutterella levels have been implicated in various disease states such as
Crohn’s Disease and obesity.!!>!'7 In previously reported data, the genus Parasutterella and P,
excrementihominis both increase in high iron environments when treated with amoxicillin,
though this is due to free iron.”® The genus Parabacteroides also blooms in the presence of
amoxicillin when supplemented with high concentrations of hemin. The Parabacteroides genus
is also a major component of the healthy gut microbiome,!!® much like Bacteroides. The
Escherichia-Shigella genus also exhibited a shift in antibiotic susceptibility with increasing
hemin concentrations and shifted the elimination of Escherichia-Shigella from less than 2 pg/mL
to greater than 2pg/mL in vivo, and increased the MICoo of E. coli 10-fold in vitro. The addition
of much higher concentrations of FeCls, however, has been shown to have no effect on the MLC
of E. coli,'” hinting that this effect is unique to hemin. While some E. coli and Shigella strains
are key food-borne pathogens, others tend to be relatively harmless or beneficial to the

microbiome’s homeostasis.!?"122 Some studies have shown that high iron supports the growth of

E. coli in vitro and in vivo.'?*2* Other studies used iron chelators aerobically to show that
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reductions in iron reduced ampicillin killing, another antibiotic of the penicillin class.”” The
difference in observed results may be explained by different forms of iron used or that our work
was performed anaerobically where the production of hydroxyl radicals from the Fenton reaction

is less applicable.

Free iron supplementation into the media on the other hand did not seem to have as
drastic on effect on antibiotic susceptibility as a whole. Overall, the change in optical density
over time was not affected by the presence of any type or concentration of iron that was matched
in concentration to that of hemin previously mentioned. Free iron also did not significantly alter
the diversity of these samples. The presence of 75 uM FeCl; prevented growth of Bacteroides,
Escherichia-Shigella, Parabacteroides, and Parasutterella. The phenomenon we observed with
high concentrations of hemin on antibiotic susceptibility was not present when treated with free
ferric iron. It should be noted that, though murine models have shown increases in Bacteroides
and Parasutterella when given free iron and antibiotics, these mice are given substantially higher
concentrations of dietary FeSO4 (500mg/kg) and are subject to oral metronidazole and neomycin
treatment rather than amoxicillin.”® The genus Clostridium sensu stricto 1, however, does
experience an increase in antibiotic resistance to amoxicillin as a result to supplementation of the
media with free Fe (III). This genus contains a large number of both pathogens like C. botulinum
and C. tetani, as well as beneficial species such as C. butyricum.'?>-128 Some strains of C.
butyricum have been identified as pathogenic, however, through their ability to produce toxins
like botulinum neurotoxin.'?” It is likely that the taxa identified as Clostridium senso stricto 1 in
our dataset is C. butyricum. The genus Bifidobacterium also grows in the presence of free Fe (1)
and further increases of iron sulfate allow for a shift in amoxicillin susceptibility;
Bifidobacterium blooms in the presence of 2 pg/mL amoxicillin when treated with 75 uM FeSOs,
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Many Bifidobacterium species have the capacity to retain iron due to sufficient iron sequestration
mechanisms.!3% *!' In our dataset, these species were identified as B. longum, B.
kashiwanohense, B. adolescentis,and B. breve. Overall, with the exception of 75 uM FeCls, we
saw quite similar results with free ferric and ferrous iron, likely explained through the reduction

of Fe** to Fe?* anaerobically.!*

The bacteria that were protected against amoxicillin killing through the supplementation
of hemin are all robust regulators of iron entering and exiting the cell; thus, they are much more
likely to maintain iron at optimal levels with and without supplementation. However, during
supplementation they are uniquely able to use a variety of techniques for sequestering iron from
their environment. Siderophores produced by these bacteria are also much more efficient at
removing iron from cofactors such as hemin than obtaining free iron.!33-13° E. coli strains have
been shown to produce a variety of iron uptake systems, and more virulent strains are shown to
produce more siderophores.'*% 137 The key question brought up by our work is why doesn’t
hemin induce susceptibility as expected based on the role of iron in elevated metabolism. The
key aspect is the anaerobic nature of our experiment where the added toxicity of iron through
oxidative damage may not play a role in antimicrobial potentiation. In fact, a higher abundance
of iron may support lower levels of metabolic activity required for damage and stress responses.
An additional explanation is that the surviving species may have intrinsic beta-lactam resistance
mechanisms that are either supported by or exaggerated by iron supplementation. In other
words, if a microbe can survive amoxicillin, additional iron supplementation may allow it to
outcompete other members of the community. It is also plausible that these cells are allocating
resources towards iron regulation and uptake that may otherwise be used in futile cycling

processes that would potentiate antibiotic susceptibility. In order to identify if this is the case,
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metatranscriptomics could be performed to identify whether or not this is the case for these
particular genera. In this analysis, it would be important to look for markers of antimicrobial

77,138,139 in combination with

response such as the SOS response or other general stress responses
signatures of metabolic activity.”” For example, if iron availability upregulates metabolism while
amoxicillin does not elicit a stress response, this would indicate that iron-based protection is
acting through a resistance-growth enhancement direction. On the other hand, if iron availability
reduces metabolic activity while the antibiotics do indeed trigger a stress response, this would
indicate that iron leads to reduction through reduction of metabolic activity. Finally, it is also

possible that both metabolism and the stress responses are upregulated at the same time, likely

indicating a protection mediated by an elevated capacity to deal with cellular damage.

4.2 Conclusion

The global rise of antibiotic-resistant infections underscores the urgent need for new
strategies to enhance antibiotic efficacy, particularly within complex microbial ecosystems like
the human gut. Such strategies can be developed and systematically tested using ex vivo systems
that preserve the structure and diversity of native microbial communities while enabling
controlled, high-throughput experimentation. The use of iron to potentiate amoxicillin
susceptibility has promise as a combinational therapeutic approach to eliminate bacteria naturally
resistant to amoxicillin. In this study, we employed a unique ex vivo culturing approach to
monitor the effects of iron on antibiotic susceptibility. This pipeline allows for a high level of
consistency in community inputs for an apples-to-apples comparison in susceptibility. This study
showed that, contrary to expectation, higher concentrations of ferric iron trapped in a cofactor

(hemin) caused communities to bloom when they were treated with amoxicillin. These
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communities were dominated by genera in the phyla Bacteroidetes and Proteobacteria:
Bacteroides, Escherichia-Shigella, Parabacteroides, and Parasutterella. This protection was not
seen, however, when matched concentrations of free iron were added to the communities and
treated with amoxicillin. These findings suggest that the form of iron—mnot just its presence—
can critically shape microbial community resilience under antibiotic stress, likely through

modulation of species-specific metabolic pathways and stress responses.

Given the widespread use of both antibiotics and iron supplements, especially in
vulnerable populations such as those with iron-deficiency anemia, these results have important
clinical implications. Understanding how metabolic context influences antibiotic efficacy may

help optimize therapeutic regimens and minimize off-target impacts on the microbiome.

Furthermore, our ex vivo pipeline offers a powerful platform to test a wide range of
metabolic or dietary interventions in combination with antimicrobials. Future work employing
transcriptomics, metabolomics, and ultimately in vivo validation will be essential to uncover the
mechanisms underlying hemin-mediated protection and determine whether these effects can be

harnessed—or mitigated—to improve clinical outcomes.

While this study demonstrates the utility of ex vivo systems in profiling metabolic
modulation of antibiotic susceptibility, several limitations should be noted. Host factors are
absent in this model, and media composition may bias community growth. Although community
structure was largely preserved in the short time frame, extended culturing reduced species
retention. Only one human-derived microbiome was tested, which enabled experimental
consistency but limited generalizability across diverse hosts. Some taxa remained unclassified at

the species level, and antibiotic susceptibility was validated only for selected isolates. Lastly, the
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protective effects of hemin remain mechanistically unresolved and require functional validation

through transcriptomics or metabolomics.
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Figure Legends

Figure 1: Establishment of pipeline in synthetic consortia community & murine cecal
communities. (A) Experimental design for culturing various community inputs to obtain
sequencing data. Figure was created using Biorender. (B) Average relative abundances of
species comprising a synthetic community treated with or without amoxicillin over 24 hours.
Data are represented as average relative abundance for n = 3 to 5 replicates. (C) Average relative
abundance of species of the synthetic community spiked with E. coli killed from 100 pg/mL
AMX and treated with DNA Cleanup step. Data are represented as average relative abundance +
STD for n =4. (D) Average normalized relative abundances of families within cecal
communities treated with or without amoxicillin and/or the DNA cleanup step for 24 hours.
Families in bold represent families that are reduced in response to the cleanup step, while
families underlined increase in response to the cleanup step. Data are represented as average

relative abundance normalized against the highest ODsoo = STD for n = 6.

Figure 2: Validation of community culturing pipeline shows successful species retention
over a 48-hour period. (A) Alpha diversity of clinical patient derived human stool sample
cultures as measured by Shannon diversity index. Black lines in the box & whisker plot indicate
the mean, with whiskers identifying minimum and maximums of the data for n = 1-16. (B)
PCoA of beta diversity of samples via Bray-Curtis Dissimilarity. (C) Average relative abundance
of bacteria families of culture samples over 48 hours. Data are represented as average relative
abundance = STD for n = 1-8. (D) Percent species still present after culturing samples over 24
and 48 hours. Data are represented as the number of species that retain at least 1% of their input
community’s makeup divided by the total number of species identified in the community makeup

and presented as an average percent.
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Figure 3: Hemin supplementation in media provides protection against amoxicillin
susceptibility for four genera in human microbial sample cultures. (A) Optical density at
600 nm of microbial human stool sample cultures measured every 30 minutes over 24 hours.
Data are represented as means of ODsoo of n = 6. (B). Alpha diversity of sample cultures as
measured by Shannon diversity index. Black lines indicate the mean, with whiskers identifying
minimum and maximums of the data forn=4. ( * p <0.05, compared to 0 pg/mL AMX in + 0
UM hemin concentration; # p < 0.05, compared to 0 pg/mL AMX in same hemin conditions).
(C) PCoA of beta diversity of samples via Bray-Curtis Dissimilarity. (D). Average normalized
relative abundances of genera. Top 23 genera are shown, with all other genera consolidated to
“Other”. Genera in bold showed significance through MaAsLin2 due to the combinational
effects of hemin and amoxicillin (FDR > 0.05). Data are represented as average relative
abundance normalized against highest ODgoo of experiment = STD for n = 4. (E) Average
normalized relative abundance of Bacteroides genus extrapolated from Figure 3D. Data are
represented as average relative abundance normalized against highest ODgoo of experiment +
STD for n = 4. (F) Average normalized relative abundance of Escherichia-Shigella genus
extrapolated from Figure 3D. Data are represented as average relative abundance normalized
against highest ODsoo of experiment £ STD for n = 4. (G) Average normalized relative
abundance of Parabacteroides genus extrapolated from Figure 3D. Data are represented as

average relative abundance normalized against highest ODgoo of experiment = STD for n = 4.

Figure 4: Free ferric and ferrous iron minimally impacts human microbial sample
community makeup. (A) Optical density at 600 nm of microbial human stool sample cultures
measured every 30 minutes over 24 hours. Data are represented as means of ODgoo of n = 6. (B).

Alpha diversity of sample cultures as measured by Shannon diversity index. Black lines indicate
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the mean, with whiskers identifying minimum and maximums of the data forn=4. (* p <0.05,
compared to 0 pg/mL AMX in + 0 uM free iron concentration; # p < 0.05, compared to 0 pg/mL
AMX in same free iron conditions). (C) PCoA of beta diversity of samples via Bray-Curtis
Dissimilarity. (D). Average normalized relative abundances of genera. Top 15 genera are shown,
with all other genera consolidated to “Other”. Genera in bold showed reduction to abundances in
response to amoxicillin when given free iron. Data are represented as average relative
abundance normalized against highest ODgoo of experiment = STD for n = 4. (E) Average
normalized relative abundance of Bacteroides genus extrapolated from Figure 4D. Data are
represented as average relative abundance normalized against highest ODgoo of experiment +
STD for n = 4. (F) Average normalized relative abundance of Escherichia-Shigella genus
extrapolated from Figure 4D. Data are represented as average relative abundance normalized

against highest ODgoo of experiment £ STD for n = 4.
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Figures

Figure 1: Establishment of pipeline in synthetic consortia community & murine cecal

communities.
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Figure 2: Validation of community culturing pipeline shows successful species retention over a

48 hour period.
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Figure 3: Hemin supplementation in media provides protection against amoxicillin susceptibility

for four genera in human microbial sample cultures.
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Figure 4: Free ferric and ferrous iron minimally impacts human microbial sample community

makeup.
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Tables

Table 1: List of Bacteria Species Used to Generate Data

Species Strain Origin Origin # Phylum
Akkermansia DSMZ Verrucomicrobiota
muciniphila

Bacteroides fragilis | VPI 2553 ATCC ATCC 25285 | Bacteroidetes
Bacteroides VPI 5482 ATCC ATCC 29148 | Bacteroidetes
thetaiotaomicron

Bifidobacterium E194b DSMZ DSM 20219 | Actinobacteria
longum

Desulfovibrio Essex Type 6 | DSMZ DSM 642 Proteobacteria
desulfuricans

Enterococcus UWH 1921 ATCC ATCC 49532 | Firmicutes
faecalis

Escherichia coli Nissle 1917 Ardeypharm Proteobacteria
Lactobacillus VPI 7960 DSMZ DSM 10533 Firmicutes
johnsonii

Roseburia hominis A2-183 DSMZ DSM 16839 Firmicutes
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Table 2: List of Reverse Primers Used for Multiplexing

Name Barcode Link | 1492R Primer Full Sequence
Rev_ BCO0l | AGCCTTCGTCGC | CC | CGGCTACCTTGTTAC | AGCCTTCGTCGCCCCG
GAC GCTACCTTGTTACGAC
Rev BC02 | TCCATACCGGAA | CC | CGGCTACCTTGTTAC | TCCATACCGGAACCCG
GAC GCTACCTTGTTACGAC
Rev_ BC03 | AGCCCTGCTACA | CC | CGGCTACCTTGTTAC | AGCCCTGCTACACCCG
GAC GCTACCTTGTTACGAC
Rev_ BC04 | CCTAACGGTCCA | CC | CGGCTACCTTGTTAC | CCTAACGGTCCACCCG
GAC GCTACCTTGTTACGAC
Rev_ BCO05 | CGCGCCTTAAAC | CC | CGGCTACCTTGTTAC | CGCGCCTTAAACCCCG
GAC GCTACCTTGTTACGAC
Rev_ BC06 | TATGGTACCCAG | CC | CGGCTACCTTGTTAC | TATGGTACCCAGCCCG
GAC GCTACCTTGTTACGAC
Rev_ BC07 | TACAATATCTGT |CC | CGGCTACCTTGTTAC | TACAATATCTGTCCCG
GAC GCTACCTTGTTACGAC
Rev BCO08 | AATTTAGGTAGG | CC | CGGCTACCTTGTTAC | AATTTAGGTAGGCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC09 | GACTCAACCAGT | CC | CGGCTACCTTGTTAC | GACTCAACCAGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC10 | GCCTCTACGTCG | CC | CGGCTACCTTGTTAC | GCCTCTACGTCGCCCG
GAC GCTACCTTGTTACGAC
Rev_BCl1 | ACTACTGAGGAT | CC | CGGCTACCTTGTTAC | ACTACTGAGGATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC12 | AATTCACCTCCT |CC | CGGCTACCTTGTTAC | AATTCACCTCCTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC13 | CGTATAAATGCG | CC | CGGCTACCTTGTTAC | CGTATAAATGCGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC14 | ATGCTGCAACAC | CC | CGGCTACCTTGTTAC | ATGCTGCAACACCCCG
GAC GCTACCTTGTTACGAC
Rev_BC15 | ACTCGCTCGCTG | CC | CGGCTACCTTGTTAC | ACTCGCTCGCTGCCCG
GAC GCTACCTTGTTACGAC
Rev_BCl16 | TTCCTTAGTAGT |CC | CGGCTACCTTGTTAC | TTCCTTAGTAGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC17 | CGTCCGTATGAA | CC | CGGCTACCTTGTTAC | CGTCCGTATGAACCCG
GAC GCTACCTTGTTACGAC
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Rev_BC18 | ACGTGAGGAACG | CC | CGGCTACCTTGTTAC | ACGTGAGGAACGCCC
GAC GGCTACCTTGTTACGA

C
Rev_BC19 | GGTTGCCCTGTA | CC | CGGCTACCTTGTTAC | GGTTGCCCTGTACCCG
GAC GCTACCTTGTTACGAC
Rev_BC20 | CATATAGCCCGA | CC | CGGCTACCTTGTTAC | CATATAGCCCGACCCG
GAC GCTACCTTGTTACGAC
Rev_BC21 | GCCTATGAGATC | CC | CGGCTACCTTGTTAC | GCCTATGAGATCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC22 | CAAGTGAAGGG | CC | CGGCTACCTTGTTAC | CAAGTGAAGGGACCC
A GAC GGCTACCTTGTTACGA

C
Rev_BC23 | CACGTTTATTCC |CC | CGGCTACCTTGTTAC | CACGTTTATTCCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC24 | TAATCGGTGCCA | CC | CGGCTACCTTGTTAC | TAATCGGTGCCACCCG
GAC GCTACCTTGTTACGAC
Rev_BC25 | TGACTAATGGCC | CC | CGGCTACCTTGTTAC | TGACTAATGGCCCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC26 | CGGGACACCCGA | CC | CGGCTACCTTGTTAC | CGGGACACCCGACCC
GAC GGCTACCTTGTTACGA

C
Rev_BC27 | CTGTCTATACTA | CC | CGGCTACCTTGTTAC | CTGTCTATACTACCCG
GAC GCTACCTTGTTACGAC
Rev_BC28 | TATGCCAGAGAT | CC | CGGCTACCTTGTTAC | TATGCCAGAGATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC29 | CGTTTGGAATGA | CC | CGGCTACCTTGTTAC | CGTTTGGAATGACCCG
GAC GCTACCTTGTTACGAC
Rev_BC30 | AAGAACTCATGA | CC | CGGCTACCTTGTTAC | AAGAACTCATGACCC
GAC GGCTACCTTGTTACGA

C
Rev_BC31 | TGATATCGTCTT |CC | CGGCTACCTTGTTAC | TGATATCGTCTTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC32 | CGGTGACCTACT | CC | CGGCTACCTTGTTAC | CGGTGACCTACTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC33 | AATGCGCGTATA | CC | CGGCTACCTTGTTAC | AATGCGCGTATACCCG
GAC GCTACCTTGTTACGAC
Rev_BC34 | CTTGATTCTTGA | CC | CGGCTACCTTGTTAC | CTTGATTCTTGACCCG

GAC

GCTACCTTGTTACGAC
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Rev_BC35 | GAAATCTTGAAG | CC | CGGCTACCTTGTTAC | GAAATCTTGAAGCCC
GAC GGCTACCTTGTTACGA
C
Rev_BC36 | GAGATACAGTTC | CC | CGGCTACCTTGTTAC | GAGATACAGTTCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC37 | GTGGAGTCTCAT | CC | CGGCTACCTTGTTAC | GTGGAGTCTCATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC38 | ACCTTACACCTT |CC | CGGCTACCTITGTTAC | ACCTTACACCTTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC39 | TAATCTCGCCGG | CC | CGGCTACCTTGTTAC | TAATCTCGCCGGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC40 | ATCTAGTGGCAA | CC | CGGCTACCTTGTTAC | ATCTAGTGGCAACCCG
GAC GCTACCTTGTTACGAC
Rev_BC41 | ACGCTTAACGAC | CC | CGGCTACCTTGTTAC | ACGCTTAACGACCCCG
GAC GCTACCTTGTTACGAC
Rev_BC42 | TACGGATTATGG | CC | CGGCTACCTTGTTAC | TACGGATTATGGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC43 | ATACATGCAAGA | CC | CGGCTACCTTGTTAC | ATACATGCAAGACCC
GAC GGCTACCTTGTTACGA

C
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Rev_BC44 | CTTAGTGCAGAA | CC | CGGCTACCTTGTTAC | CTTAGTGCAGAACCCG
GAC GCTACCTTGTTACGAC
Rev_BC45 | AATCTTGCGCCG | CC | CGGCTACCTTGTTAC | AATCTTGCGCCGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC46 | AGGATCAGGGA |CC | CGGCTACCTTGTTAC | AGGATCAGGGAACCC
A GAC GGCTACCTTGTTACGA

C
Rev_BC47 | AATAACTAGGGT | CC | CGGCTACCTTGTTAC | AATAACTAGGGTCCC
GAC GGCTACCTTGTTACGA

C
Rev_BC48 | TATTGCAGCAGC | CC | CGGCTACCTTGTTAC | TATTGCAGCAGCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC49 | TGATGTGCTAAG | CC | CGGCTACCTTGTTAC | TGATGTGCTAAGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC50 | GTAGTAGACCAT | CC | CGGCTACCTTGTTAC | GTAGTAGACCATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC51 | AGTAAAGATCGT | CC | CGGCTACCTTGTTAC | AGTAAAGATCGTCCC
GAC GGCTACCTTGTTACGA

C
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Rev_BC52 | CTCGCCCTCGCC | CC | CGGCTACCTTGTTAC | CTCGCCCTCGCCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC53 | TCTCTTTCGACA | CC | CGGCTACCTTGTTAC | TCTCTTTCGACACCCG
GAC GCTACCTTGTTACGAC
Rev_BC54 | ACATACTGAGCA | CC | CGGCTACCTTGTTAC | ACATACTGAGCACCC
GAC GGCTACCTTGTTACGA
C
Rev_BC55 | GTTGATACGATG | CC | CGGCTACCTTGTTAC | GTTGATACGATGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC56 | GTCAACGCTGTC | CC | CGGCTACCTTGTTAC | GTCAACGCTGTCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC57 | TGAGACCCTACA | CC | CGGCTACCTTGTTAC | TGAGACCCTACACCCG
GAC GCTACCTTGTTACGAC
Rev_BC58 | ACTTGGTGTAAG | CC | CGGCTACCTTGTTAC | ACTTGGTGTAAGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC59 | ATTACGTATCAT | CC | CGGCTACCTTGTTAC | ATTACGTATCATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC60 | CACGCAGTCTAC | CC | CGGCTACCTTGTTAC | CACGCAGTCTACCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC61 | TGTGCACGCCAT | CC | CGGCTACCTTGTTAC | TGTGCACGCCATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC62 | CCGGACAAGAA | CC | CGGCTACCTTGTTAC | CCGGACAAGAAGCCC
G GAC GGCTACCTTGTTACGA

C
Rev_BC63 | TTGCTGGACGCT | CC | CGGCTACCTTGTTAC | TTGCTGGACGCTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC64 | TACTAACGCGGT | CC | CGGCTACCTTGTTAC | TACTAACGCGGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC65 | GCGATCACACCT | CC | CGGCTACCTTGTTAC | GCGATCACACCTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC66 | CAAACGCACTAA | CC | CGGCTACCTTGTTAC | CAAACGCACTAACCC
GAC GGCTACCTTGTTACGA

C
Rev_BC67 | GAAGAGGGTTGA | CC | CGGCTACCTTGTTAC | GAAGAGGGTTGACCC
GAC GGCTACCTTGTTACGA

C
Rev_BC68 | TGAGTGGTCTGT | CC | CGGCTACCTTGTTAC | TGAGTGGTCTGTCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC69 | TTACACAAAGGC | CC | CGGCTACCTTGTTAC | TTACACAAAGGCCCC
GAC GGCTACCTTGTTACGA

C
Rev_BC70 | ACGACGCATTTG | CC | CGGCTACCTTGTTAC | ACGACGCATTTGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC71 | TATCCAAGCGCA | CC | CGGCTACCTTGTTAC | TATCCAAGCGCACCCG
GAC GCTACCTTGTTACGAC
Rev_BC72 | AGAGCCAAGAG | CC | CGGCTACCTTGTTAC | AGAGCCAAGAGCCCC
C GAC GGCTACCTTGTTACGA

C
Rev_BC73 | GGTGAGCAAGCA | CC | CGGCTACCTTGTTAC | GGTGAGCAAGCACCC
GAC GGCTACCTTGTTACGA

C
Rev_BC74 | TAAATATACCCT | CC | CGGCTACCTTGTTAC | TAAATATACCCTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC75 | TTGCGGACCCTA | CC | CGGCTACCTTGTTAC | TTGCGGACCCTACCCG
GAC GCTACCTTGTTACGAC
Rev_BC76 | GTCGTCCAAATG | CC | CGGCTACCTTGTTAC | GTCGTCCAAATGCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC77 | TGCACAGTCGCT | CC | CGGCTACCTTGTTAC | TGCACAGTCGCTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC78 | TTACTGTGGCCG | CC | CGGCTACCTTGTTAC | TTACTGTGGCCGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC79 | GGTTCATGAACA | CC | CGGCTACCTTGTTAC | GGTTCATGAACACCCG
GAC GCTACCTTGTTACGAC
Rev_BC80 | TAACAATAATTC | CC | CGGCTACCTTGTTAC | TAACAATAATTCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC81 | CTTATTAAACGT |CC | CGGCTACCTTGTTAC | CTTATTAAACGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC82 | GCTCGAAGATTC | CC | CGGCTACCTTGTTAC | GCTCGAAGATTCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC83 | TATTTGATTGGT |CC | CGGCTACCTTGTTAC | TATTTGATTGGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC84 | TGTCAAAGTGAC | CC | CGGCTACCTTGTTAC | TGTCAAAGTGACCCCG
GAC GCTACCTTGTTACGAC
Rev_BC85 | CTATGTATTAGT | CC | CGGCTACCTTGTTAC | CTATGTATTAGTCCCG
GAC GCTACCTTGTTACGAC
Rev_BC86 | ACTCCCGTGTGA | CC | CGGCTACCTTGTTAC | ACTCCCGTGTGACCCG
GAC GCTACCTTGTTACGAC
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Rev_BC87 | CGGTATAGCAAT | CC | CGGCTACCTTGTTAC | CGGTATAGCAATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC88 | GACTCTGCTCAG | CC | CGGCTACCTTGTTAC | GACTCTGCTCAGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC89 | GTCATGCTCCAG | CC | CGGCTACCTTGTTAC | GTCATGCTCCAGCCCG
GAC GCTACCTTGTTACGAC
Rev_BC90 | TACCGAAGGTAT | CC | CGGCTACCTTGTTAC | TACCGAAGGTATCCCG
GAC GCTACCTTGTTACGAC
Rev_BC91 | TGAGTATGAGTA | CC | CGGCTACCTTGTTAC | TGAGTATGAGTACCCG
GAC GCTACCTTGTTACGAC
Rev_BC92 | AATGGTTCAGCA | CC | CGGCTACCTTGTTAC | AATGGTTCAGCACCCG
GAC GCTACCTTGTTACGAC
Rev_BC93 | GAACCAGTACTC | CC | CGGCTACCTTGTTAC | GAACCAGTACTCCCCG
GAC GCTACCTTGTTACGAC
Rev_BC9%4 | CGCACCCATACA | CC | CGGCTACCTTGTTAC | CGCACCCATACACCC
GAC GGCTACCTTGTTACGA
C
Rev_BC95 | GTGCCATAATCG | CC | CGGCTACCTTGTTAC | GTGCCATAATCGCCCG
GAC GCTACCTTGTTACGAC
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Rev_BC96

ACTCTTACTTAG

CC

CGGCTACCTTGTTAC

GAC

ACTCTTACTTAGCCCG

GCTACCTTGTTACGAC
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Supplementary Figure Legends

Figure S1: Relationship between hemin and amoxicillin susceptibility in some genera and
effect of hemin on amoxicillin MICo in key species. (A) Average normalized relative
abundance of Parasutterella genus extrapolated from Figure 3D. Data are represented as
average relative abundance normalized against highest ODgoo of experiment = STD for n = 4.
(B) Average normalized relative abundance of Enterococcus genus extrapolated from Figure 3D.
Data are represented as average relative abundance normalized against highest ODgoo of
experiment £ STD for n = 4. (C) Percent growth curve of B. fragilis treated with amoxicillin and
hemin. MICo calculated using Gompertz equation for MIC determination where % growth =
10%. Data represented as average percent growth + STD for n = 3-6. (D) Percent growth curve
of B. thetaiotaomicron treated with amoxicillin and hemin. MICy calculated using Gompertz
equation for MIC determination where % growth = 10%. Data represented as average percent
growth + STD for n = 3-6. (E) Percent growth curve of E. coli Nissle treated with amoxicillin
and hemin. MICyo calculated using Gompertz equation for MIC determination where % growth
= 10%. Data represented as average percent growth £ STD for n = 3-6. (F) Percent growth
curve of E. faecalis treated with amoxicillin and hemin. MICy calculated using Gompertz
equation for MIC determination where % growth = 10%. Data represented as average percent

growth + STD for n = 3.

Figure S2: Relationship between free iron and amoxicillin susceptibility in some genera
and effects of free iron on amoxicillin MICy in key species. (A) Average normalized relative
abundance of Parabacteroides genus extrapolated from Figure 4D. Data are represented as

average relative abundance normalized against highest ODgoo of experiment = STD for n = 4.
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(B) Average normalized relative abundance of Enterococcus genus extrapolated from Figure 4D.
Data are represented as average relative abundance normalized against highest ODgoo of
experiment £ STD for n = 4. (C) Percent growth curve of B. fragilis treated with amoxicillin and
free iron. MICy calculated using Gompertz equation for MIC determination where % growth =
10%. Data represented as average percent growth £ STD for n = 3. (D) Percent growth curve of
B. thetaiotaomicron treated with amoxicillin and free iron. MICoo calculated using Gompertz
equation for MIC determination where % growth = 10%. Data represented as average percent
growth £ STD for n = 3. (E) Percent growth curve of E. coli Nissle treated with amoxicillin and
free iron. MICy calculated using Gompertz equation for MIC determination where % growth =
10%. Data represented as average percent growth + STD for n = 3. (F) Percent growth curve of
E. faecalis treated with amoxicillin and free iron. MICy calculated using Gompertz equation for
MIC determination where % growth = 10%. Data represented as average percent growth = STD

forn = 3.
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Supplementary Figures

Figure S1: Relationship between hemin and amoxicillin susceptibility in some genera and effect

of hemin on amoxicillin MICy in key species.
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Figure S2: Relationship between free iron and amoxicillin susceptibility in some genera and

effects of free iron on amoxicillin MICy in key species.
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