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Antibiotic-induced gut dysbiosis (AID) is a frequent and serious side effect of
antibiotic use and mitigating this dysbiosis is a critical therapeutic target. We
propose that the host diet can modulate the chemical environment of the gut
resulting in changes to the structure and function of the microbiome during
antibiotic treatment. Gut dysbiosis is typically characterized by increases in

aerobic respiratory bacterial metabolism, redox potential, and abundance of
Proteobacteria. In this study, we explore dietary fiber supplements as potential
modulators of the chemical environment in the gut to reduce this pattern of
dysbiosis. Using defined-diets and whole-genome sequencing of female mur-
ine microbiomes during diet modulation and antibiotic treatment, we find that

fiber prebiotics significantly reduced the impact of antibiotic treatment on
microbiome composition and function. We observe reduced abundance of
aerobic bacteria as well as metabolic pathways associated with oxidative
metabolism. These metatranscriptomic results are corroborated by chemical
measurements of eH and pH suggesting that fiber dampens the dysbiotic
effects of antibiotics. This work indicates that fiber may act as a potential
therapeutic for AID by modulating bacterial metabolism in the gut to prevent
an increase in redox potential and protect commensal microbes during anti-

biotic treatment.

Antibiotics are a crucial part of modern medicine allowing for defense
against infection, but their use often results in collateral damage to the
gut microbiome' . This AID can lead to health complications such as
inflammatory bowel disease, aberrant immune function, infection and
metabolic disorders®. Several studies have explored methods to
decrease antibiotic stress to the microbiome using oral drug adsor-
bents and probiotic supplements>®.

However, these approaches can reduce drug efficacy or increase
gut disequilibrium in the case of probiotics®. In this work, we use diet
to modify the gut chemical environment and investigate how fiber
prebiotics can alleviate AID by preventing the increase in gut redox
potential seen post-antibiotic treatment*”%,

The type of carbon source in the diet can determine which elec-
tron acceptors reach bacteria in the gut driving specific and pre-
dictable biochemical reactions’ ™. For example, simple carbon sources
present in the Western high-sugar diet are quickly absorbed by the
host, limiting carbon for microbes in the gut. As these microbes
compete for the limited carbon available, they metabolize host-
derived carbon from mucosal linings in the intestine'>". This, as a
result, increases gut inflammation and changes the structure of the
microbiome by selecting for bacteria that thrive in this inflammatory
and aerobic environment™. This dysbiotic environment can provide
electron acceptors such as 0,, NOs, Fe** and thermodynamically select
for metabolic reactions with higher redox potential energy". On the
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other hand dietary fiber selects for microbes that can metabolize
complex polysaccharides using fermentative metabolism. Short-chain
fatty acids (SCFAs) produced by bacteria through fermentation are
metabolized by colonocytes in an oxygen consuming reaction'*'®, As a
result of this anaerobic environment, metabolic reactions with lower
redox potential energy are thermodynamically favored, such as
fermentation.

A current perspective about bacterial susceptibility to antibiotics
suggests that modifying metabolism could protect from antibiotic
stress. Several in vitro studies have tested this hypothesis and found
that repressing microbial metabolism decreases susceptibility to
antibiotics'’ % These studies suggest that susceptibility is associated
with signatures of metabolic activity such as futile cycle upregulation,
ATP turnover, higher membrane potential and increased radical spe-
cies. Conversely, elevated pH, uncoupling electron transport and
decreasing glucose availability have all been shown to suppress
microbial metabolism and protect from antibiotics?®?2. This
metabolism-driven mechanism of susceptibility has largely been
investigated in vitro, however, recent work also suggests that mod-
ulating the metabolism of gut bacteria in the host could also
impact AID.

Several recent studies have begun to explore the role of host-diet
on AID. Diet derived fibers such as Xanthan gum* have been shown to
protect from the drop in bacterial diversity seen post-antibiotic
treatment. Studies have begun to show that a high-fat, high-sugar
Western style diet can exacerbate AID***, and in vitro supplementa-
tion with prebiotic fiber can protect gut commensals from antibiotics.
These associations are promising but there are significant knowledge
gaps in the mechanisms behind diet and antibiotic interactions in vivo.
In this study, we use metagenomic and metatranscriptomic sequen-
cing of the gut microbiome to acquire high-resolution data of the
bacterial composition and function. We combine this sequencing data
with chemical measurements to provide context for enriched meta-
bolic pathways. We found that fiber supplementation reduced AID
when given before, during or after antibiotic treatment via a redox
driven mechanism.

Results and discussion

Fiber protects from AID before, during and after antibiotic
treatment

We used female C57BL/6 mice to test the effects of purified-plant fiber
supplementation on AID in mice fed the purified AIN-93G diet (Envigo-
Teklad). This diet is prepared at 80% composition, allowing for 20%
supplementation of a carbon source. We used glucose as our low-fiber
unsupplemented condition, and a cocktail of 7 plant fibers including
(cellulose, levan, dextrin, pectin, inulin, beta-glucan, arabinoxylan)
(Fig. 1a) for the fiber-supplemented conditions. Glucose was chosen as
the no fiber addition to maintain carbohydrate:fat:protein ratios and
reduce microbiota accessibility. Fiber-free diets typically contain
simple-sugars in place of complex polysaccharides as shown in Desai
et al.” and Kamada et al.?. Simple-sugars are used because they are
very host accessible and are likely to be processed in the small intestine
limiting access to microbiota'®. Additionally, glucose is a common
dietary component that may have fewer detrimental effects to the host
than other monosaccharides” such as fructose which has been to
shown to have kidney toxicity in the short-term”.

We used longitudinal 16S rRNA sequencing of feces to assess the
optimal stage of fiber supplementation on post-amoxicillin recovery
(150 mg/kg ad libitum in water) (Fig. 1b). Non-significant differences in
weight were observed between groups (Supplementary Fig. 1a). Glu-
cose in the absence of antibiotic was observed to decrease microbial
diversity throughout the experiment (Fig. 1c). Fiber supplementation
before antibiotic (AB) treatment ([S1]:Before) had a significantly
lower (p<0.05) initial reduction in diversity and a more complete
recovery compared to the glucose group (Fig. 1d). Similarly, fiber

supplementation during antibiotic treatment ([S2]:During) also con-
ferred significant protection in both the treatment (p<0.01) and
recovery stage (p<0.001). Finally, fiber supplementation post-
antibiotic treatment ([S3]:After) led to improved recovery with an
increase in microbial diversity compared to the glucose group (Fig. 1d).
Effect size of antibiotics was significantly lower during treatment with
fiber supplementation (Fig. le) [S1]:Before and [S2]:During. Supple-
mentation of fiber post-treatment reduced antibiotic effects only
during recovery (Fig. 1e). Accordingly, we found that supplementation
with fiber at various stages led to significant changes in microbial
composition during treatment. Taxonomic features also indicated a
lower microbiome disruption under fiber supplementation (Fig. 1f). In
addition to the above data, we observed that supplementing single-
purified fibers at 5% composition (Supplementary Fig. 1b) was also
beneficial to microbiome recovery post-antibiotic treatment (Supple-
mentary Fig. 1c-f). These observations imply that fine modification to
diet can affect microbiome recovery post-antibiotic treatment. From a
translational perspective it is particularly beneficial that supple-
mentation at the time of antibiotic administration is as effective as
prior to treatment.

Fiber reduces AID and glucose exacerbates

To expand taxonomic and functional resolution’®? we used metage-
nomic and metatranscriptomic sequencing of mouse cecal contents
day 1 and day 5 post-antibiotic treatment of a replicate experiment
in the [S2]:During group (n=6) (Fig. 2a). Mice had non-significant
changes in intestinal histopathology day 5 post-antibiotic treatment
(Supplementary Fig. 2a, Supplementary Data 1) or bacterial load by day
5 (Supplementary Fig. 2b). Here we also found that mice on the glucose
diet had a significantly greater decrease in alpha diversity after anti-
biotic administration at both timepoints (Fig. 2b). In addition, anti-
biotic effect size on microbiome composition and function from
metagenomic and metatranscriptomic data respectively, had a larger
shift on glucose supplemented mice compared to fiber day 1 and day 5
post-antibiotic treatment (Fig. 2c, Supplementary Fig. 2d-g). Glucose
supplementation was associated with a greater increase of bacterial
species in the Proteobacteria phylum(red) in the metagenomic and
metatranscriptomic data, day 1 and day 5 post-antibiotic treatment
(Fig. 2d-g) (Supplementary Data 4). By day 5 of the experiment, we
observed glucose to have large shifts in species composition and
function largely from Proteobacterial species (Fig. 2e, g). In the short-
read metagenomic data Proteobacteria and Verrucomicrobia phyla
were increased in the glucose supplemented mice (Fig. 2k, I) (Sup-
plementary Data 3) while fiber supplementation led to increases in
Archaea and Actinobacteria (Fig. 2m, I). The association with Proteo-
bacteria and dysbiosis™ suggests that antibiotic disruption is exacer-
bated by glucose and limited by fiber. Archaeal species are sensitive to
aerobic environments® and their increase in abundance with fiber
supplementation suggests fiber helps to maintain gastrointestinal (GI)
anaerobicity. We observed similar patterns of taxonomic changes
using de novo gene assembly of short-read metagenomic data. We
assembled 54 high-quality metagenome-assembled genomes (MAGs)
across our samples (Supplementary Fig. 3a, b). Using linear dis-
criminant analysis of the relative abundance of MAGs, we identified
significant changes in microbiome composition associated with glu-
cose and fiber supplementation during antibiotic treatment 5 days
after antibiotic administration (Supplementary Fig. 3g). These shifts
agree with short-read analysis (Supplementary Fig. 3c-f) and suggest
that there are robust compositional differences between glucose and
fiber supplementation during antibiotic treatment.

Diet has divergent metabolic responses on the gut microbiome:
Glucose increases oxidative metabolism and Fiber represses

Prior in vitro and in vivo studies have identified that a change in
bacterial metabolism has the capacity to promote tolerance or
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susceptibility to antibiotics. In general, active metabolism is associated
with increased susceptibility while metabolic dormancy confers
protection'*?, To determine changes in metabolic function in the gut
microbiome, we used metatranscriptomic sequencing of mouse cecal
samples. We observed unique metabolic signatures in the gut micro-
biomes of mice fed glucose and fiber. Using the SEED subsystem
database, we found significant increases in pathways involved in

respiratory metabolism in glucose supplemented mice during anti-
biotic treatment (p<0.05) (Fig. 3a, b). Conversely, fiber supple-
mentation was associated with increased metabolic pathways assigned
to dormancy, carbon-fixation and fatty-acid metabolism. This indicates
that glucose and fiber have divergent effects on the bioenergetics of
gut bacteria, and this may contribute to the observed differences in
taxonomic response. Using the HUMANN3.0 database we identified
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Fig. 1| Fiber supplementation alleviates antibiotic-induced dysbiosis before,
during, and after antibiotic treatment. Modified versions of the AIN-93G purified
rodent diets supplemented with purified fibers were used to modulate carbon
source to the gut microbiome. The O-fiber received no fiber supplement, and 100%
glucose was added at a 20% ratio to the diet. The fiber-supplemented mice received
a cocktail of 7 purified-plant fibers in the ratios depicted. (a) Mouse diet and (b)
antibiotic intervention schematic. Mean Shannon diversity (n =12 for day 0,7)(n=6
for remaining timepoints) shown for Stage 1 (pink), Stage 2 (green), and Stage
3(purple) are shown with SEM intervals in control (c). Colored stars correspond to
magnitude of p value according to Two-Way Mixed model ANOVA & Dunnett.

*p <0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. p values at day 11: pink - 0.0014,

green - 0.0118. p values at day 12: pink - 0.0002, green - 0.0004, purple 0.0309. p
values at day 16: pink - 0.0003, green - 0.0006, purple 0.0003. p values at day 22:
pink - 0.0001, green - <0.0001, purple 0.0207. Antibiotic treated mice shown in
(d). p values at day 8: pink - 0.0452. p values at day 11: pink - 0.0363, green -
0.0060. p values at day 12: green 0.0428. p values at day 22: green 0.0001. Each
stage is compared to O-fiber unsupplemented diet. Antibiotic effect size calculated
with PERMANOVA at all supplementation stages was calculated using Bray-Curtis
distance values and the PCoA method. Color intensity represents p value (scale
displayed). Full results shown in source data (e). Relative abundances of bacterial
families shown throughout the course of the experiment (f).

a d f
Day 1-DNA:Species Glucose Day 5-DNA:Species al
ucose
[ Habituation | Antibiotic Treatment . 34 1 ; ﬁ;mgf:;:;m:ﬁi;gs 200 5 ; En:aro:ac:er cloacaz CO‘mplex sp.
[ B 5 Dehalobactersp. OF 3 2 Enterobacteiaceao bacierum
- = = 150
=6  pavo L ® S : X:;fg::c”.ﬁuﬂs“ggﬁ s 4 Enterobacter sp. DKU_NT_01
Metagenomics  D@{_ | DAY1 DAY 5 24 ] 2 5 Bacteroides thetaiotaomicron
® ctatranscriptomics ™, PostAB PostAB 3§ Fiber oo Fiber
S S
1 Delftiasp. Cs1-4 S
g2 o e i T 3 1 Chryseobacterium camipullorum
° L.-.d.2% 2 reticuli ° # ©
b Day 1 Day 1 3 Streptomyces sp. M56 L 0 2 Leclerdla sp. LSNIH1
5 5 . : y ) o Lzl “"_.z.-. 3 Francisella hispaniensis
a4, 2= 244 ns 7 3 4 s 5 Nakamurella panacisegetis o o 0 oo 4 Lectob
> > —_— N . 5 Tenacibaculum sp. DSM 106434
234 0 £34 e Day 1-RNA:Species Day 5-RNA:Species
£.0 ¢ 2 § Glucose g - Glucose
1 Enterobacter mori
S 4 '] s 4] 1 Citrobacter
g 1 & 1 P 2 Kiebsiella oxytoca T 2 Candidatus Regiella
20 i T g0 T ' 3 ‘1 3 Klebsiella H i Zacri:l:(gzasger baumannii
& 3 g 4 Serratia liquef Z
Control GAB Control (AB G 24 [} N4 s, & Condidatis Mactor & 4 5 Pedobacter himalayensis
3 g
Day 5 Day 5 e 3 Fiber < Fiber
3 3 S s 1 1 Legionella lansingensis 2 3 1 Arcobacter porcinus
B4, X2 EBa.  ns 8 5 . i S el mea e 2 ) 2 Acinetobacter calcoacetious
z 3 ‘ E —_ H 3 whittenburyi 53 Y 3 Barnesiella intestinihominis
|4 2 0 ; 4 Muribaculum intestinale [ .. — 4 Enterococcus
22 . &2 § - e T 5 Olleya marilimosa > o . o 5 Cl sp. ASF502
§1 § 14 log2(fold change) log2(fold change)
£ 0 . . H 0 . T Glucose
£ 2 )
©  Control AB. “  Control GAB Fiber .
i k m
c PERMANOVA - AB Effect Size Bacteroidetes Verrucomicrobia ~ Firmicutes Proteobacteria Actinobacteria Archaea
\ W - __100 *x __ 50 204 _ 20 il 20 *_ 0.0015 .
S S ok S . S o ¥ S ° 2 -
‘ o - < S a0l — < 3 — < 3 o
0.15 z g 0 5 ] ® ¢ e 8 15 Sas{ed e g15 g
= 5 . - s 5 e § o ls 5 5 0.0010
00 ® £ £ £ g ] 5
2 a 3 104 ° 3 10 ° 210 2
: 2w F <2 < < < $ 0.0005
PN P \ ° ®
0.60 2 2 2 ° ; 2 2 ° 2 >
) A A AR R g 10 8 =° pg” ° 8 5051, s 2.8
FE E] : {eE®y = {8 : lagagl 2
0 0 T T T [ e s 0.0-——T—T1 0. T T T
o0 o ° @ o 1515 1.5 1 1515 1.5 1 1515 1515
. . . e Day Day Day Day Day Day
o c}“‘; S Q\\éio‘?’ Glucose Glucose
2 0\* 9Q°Q5\ < «/@o Q@Qﬁ Fiber Fiber
<

Fig. 2 | Fiber supplementation reduces antibiotic-induced drop in diversity and
Proteobacteria abundance. a Mouse experiment schematic (n = 6). b Antibiotic-
induced drop in diversity D1 and DS during experiment in glucose and fiber-
supplemented mice (n = 6). Kruskal Wallis with Dunn’s Correction. Day 1 Glucose
adj p value = 0.0031. Day 5 Glucose adj p value = 0.0049. ¢ Antibiotic effect size
calculated from PERMANOVA analyses of Bray—-Curtis distances using the PCoA
method from metagenomic and metatranscriptomic data sets (n = 6). Plot displays
effect size (size of the dot) with significance from adj p values denoted by sig-
nificance stars. Full results shown in source data. DESeq2 of significant species
associated with each group day 1and day 5 of experiment from metagenomic (d, f)

and metatranscriptomic (e, g) data of antibiotic effect on glucose vs fiber. Pro-
teobacteria species are in red. log2 FC >1 and p-adj <0.05 (n = 6). Full results
available in supplementary information and visualized in Rshiny (https://
belenkylab.shinyapps.io/shiny). h Changes in Bacteroides phylum at D1 and D5 of
experiment, adj p value = 0.0049. i Verrucomicrobia phylum, adj p value = 0.0004.
j Firmicutes phylum k Proteobacteria phylum, Glucose day 5 vs Fiber day 5 adj p
value = 0.0014, Fiber day 1 vs Fiber day 5 adj p value = 0.0478. I Actinobacteria
phylum, adj p value = 0.0330. m Archaea, adj p value = 0.0002. For h-m (n=6)
Mean + SEM Kruskal Wallis with Dunn’s Correction *p < 0.05; **p < 0.01; **p < 0.001;
***n < 0.0001.

significant increases in pathways for peptidoglycan biosynthesis at day
1 post-antibiotic treatment (Fig. 3d). These data suggest that gut bac-
teria supplemented with glucose are entering a peptidoglycan bio-
synthesis futile cycle with an overactive metabolism. Peptidoglycan
cycling has been observed in vitro but here we show that complex
microbial communities in vivo follow the same phenomenon®. By day
5 of the experiment glucose supplementation led to increased
expression of fatty-acid biosynthesis pathways as well as heme bio-
synthesis (Fig. 3e). Fiber supplementation led to increases in ubiquinol
biosynthesis (Fig. 3d) as well as an increase in carbon-fixation pathways
annotated as Calvin-Benson-Bassham (Fig. 3d) despite lack of photo-
synthetic machinery in MAGs (screened protein sequences in Supple-
mentary Data 2). The ribulose monophosphate (RuMP) cycle is another
elevated carbon-fixation pathway likely arising from Archaeal

methanogenesis which is typically downstream of fiber fermentation®
(Fig. 3e). Ubiquinol and heme biosynthesis both assemble iron-sulfur
cluster proteins for biochemical reactions, however an increase in
heme biosynthesis suggests that the chemical environment contains
higher energy electron transfers® potentially from the increased
aerobic metabolism. This further adds to the data displaying that
glucose supplementation promotes an aerobic inflammatory Gl
environment.

To further understand this increase in respiratory metabolism, we
quantified the gene expression of proteins involved in the electron
transport chain (ETC) (Fig. 3c). Using differential abundance analysis of
transcriptomic reads aligned to the RefSeq database (Supplementary
Data 6), we found that glucose was significantly associated with
increased ETC activity during antibiotic challenge.
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Fig. 3 | Fiber reduces usage of oxidative metabolism and electron transport
chain during antibiotic treatment. DESeq2 analysis of metatranscriptomic
dataset aligned to the SEED database (n = 6). Significant increases in the glucose
(orange) and fiber (blue) diets D1 (a) and D5 (b) during antibiotic treatment. Log2
FC + SEM padj < 0.05 and log2 FC > 2. Antibiotic effect on glucose vs fiber is shown.
Full results in Supplementary Information. ¢ Schematic of proteins involved in
bacterial electron transport. Significant pathways increased in fiber (left) and

glucose (right) as determined by HUMANN3.0 and MaAsLin2. Day 1 (n=6) (d) and
day 5 (n=6) (e) qval = FDR, Coefficient shown on x-axis. See Supplementary
Information for full results. Significant changes in expression of electron transport
proteins (complex 1, flavoproteins, cytochromes) aligned to the Refseq database D1
(n=6) (f) and DS (n = 6) (g) during antibiotic treatment. padj < 0.0001 and log2
FC>2. Log2 FC + SEM. Antibiotic effect on glucose vs fiber is shown. Full results in
Supplementary Information.

Expression of complex 1, flavoproteins and cytochromes was
greater in glucose supplemented mice post-antibiotic treatment
(p < 0.0001) (Fig. 3f, g). These iron-sulfur cluster proteins are crucial to
the energy-converting electron transfer reactions that bacteria utilize
for energy®. The overall decrease in these transcripts in the fiber diet
suggests that this community has less respiratory metabolism. As an
internal control we utilized RNA polymerase subunit beta as a house-
keeping gene and found no-significant differences between any groups
(Supplementary Data 5).

We quantified antibiotic resistance gene(ARG) expression in our
treatment groups and found that the fiber diet had greater ARG
expression from Proteobacterial species compared to glucose (Sup-
plementary Fig. 4). However, despite this ARG expression pattern
Proteobacteria abundance decreases by day 5 of the experiment
strengthening the role of bacterial metabolism in the observed
phenotypes.

Fiber supplementation increases fermentative metabolism and
buffers gut redox potential

To better elucidate the mechanism behind this metabolic shift in
response to the tested diets, we used HUMANN3.0 and MaAsLin2 to

identify changes in biochemical processes across the bioenergetic
scale associated with diets under antibiotic treatment. Disentangling
metabolism and bioenergetics in the gut microbiome is challenging
due to the limited understanding of bacterial biochemistry of the many
unculturable species in the gut. However, large shifts in bacteria with
varying functions in the metabolic ecology of the gut may accurately
predict gut biochemistry®"*% In this study, we searched our meta-
transcriptomic dataset for biochemical reactions based on electron
acceptors and redox potential. We observed significantly increased
transcription of pathways involving oxygen and nitrate as terminal
electron acceptors post-antibiotic treatment (Fig. 4a) in the glucose
diet compared to the fiber diet. We also observed increased respiration
and ETC activity indicating more oxidative metabolism (Fig. 4f, g)
(Supplementary Fig. 6a, Supplementary Data 8). This increase in gut
redox potential thermodynamically selects for increased respiratory
activity and restricts biochemical activity of bacteria that pre-
dominantly rely on fermentative metabolism. Multiple studies have
found that gut commensals associated with improved health utilize
fermentation to create short-chain fatty acids and maintain an anae-
robic environment in the gut®***. We found that fiber supplementation
was associated with increased expression of carbohydrate active
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enzymes* (CAZymes) that were involved in polysaccharide degrada-
tion. The fiber cocktail was associated with increased expression of
total CAZymes as well as fiber-specific CAZymes involved in the
degradation of pectin and inulin (Supplementary Fig. 5a, b). This
indicates that the microbiome of fiber-supplemented mice has
increased expression of enzymes that could contribute substrates for
fermentation.

Linear discriminant analysis identified similar metabolic sig-
natures at the pathway level. Fiber is associated with increased carbon-
fixation pathways classified as Calvin-Benson-Bassham cycle (Supple-
mentary Fig. 7b, Supplementary Data 7) and pathways involved in
increased production of Coenzyme A (Supplementary Fig. 7b, d) which
could be another indicator of increased carbon fixation. In addition,
metabolic pathways unique to an anaerobic environment were sig-
nificantly associated with the fiber group suggesting that this diet
reduces oxygen in the gut and protects from respiratory metabolism.
This increase in carbon fixation could be due to increased CO, over O,
as suggested by a recent study exploring the reverse TCA cycle path-
ways found in bacteria®**. These data contrast with the aerobic oxi-
dative pathways induced in the glucose diet. Catabolic oxidative
pathways such as glycolysis, TCA, and the pentose phosphate pathway
(Supplementary Fig. 7a, c) were associated with the glucose diet by day
5 of the experiment. In short, the glucose diet is more associated with
catabolic oxidative metabolism while the fiber diet was associated with
anabolic reductive metabolism. This suggests that fiber

supplementation can encourage protective fermentative metabolism
by reducing gut redox potential and oxygen and leading to protection
from the damaging respiratory metabolism seen post-antibiotic
treatment.

Glucose increases abundance of complex 1 bacteria post-
antibiotic treatment

The transcriptomic data suggest that ETC activity, specifically complex
1, is involved in the metabolic shift observed in our data. Recent phy-
logenomic studies have found that ~50% of bacteria have complex 1*’%,
and these are mostly in the Proteobacteria phylum. Presence of com-
plex 1 can be an indication of their bioenergetic capacity. Complex 1
contains large iron-sulfur clusters making this protein responsible for
high-energy electron transfers. Based on the observed significant
increase in genes for subunits of complex 1 (Fig. 3f, g) (Supplementary
Fig. 6a), and the larger shift in redox potential (Fig. 4a), we hypothe-
sized that glucose may be driving the community composition for
increased abundance of complex 1 bacteria. To understand how the
metabolic shift observed in the respective diets was contributing to the
community composition, we used Phylophlan3.0 to search our 54
MAG:s for presence of complex 1. We found 6 MAGs in our dataset that
we determined to contain complex 1 and observed significant changes
in their relative abundance. Compared to the abundance of complex 1
in all bacterial genomes, the anaerobic environment of the gut likely
explains the lower abundance in our samples (6/54). We found that
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both diets led to a spike in complex 1 bacteria 1-day post-antibiotic
treatment (Fig. 4b, d) specifically subunit I (Supplementary Fig. 6).
However, by day 5 of the experiment the glucose diet continued to
have greater abundance of complex 1 bacteria compared to the control
while the fiber diet had a decrease (Fig. 4c, ) (Supplementary Fig. 6). It
is important to note that this increase was limited to 4 of the 6 MAGs
identified as containing complex 1. MAGs classified to Muribaculaceae
and Bacteroidales did not exhibit an antibiotic-induced increase in
abundance. Although presence of complex 1 can improve survival in a
high redox environment, many other factors can play a role in the
fitness of a bacterium such as antibiotic resistance genes, growth rate
and competition for carbon sources. The environment of the gut also
creates chemical gradients and has specific spatial organization of
bacteria that drive composition'"?. Due to this heterogeneity, the
redox environment may not have equal effects on all bacteria found in
the gut. Here, we identify that glucose supplementation can increase
gut redox driving the microbiome composition to contain more
complex 1 bacteria compared to a fiber-supplemented diet. These
bacteria are major contributors to the metabolic shift towards aerobic
respiratory metabolism seen with glucose supplementation during
antibiotic treatment (Fig. 4f, g) (Supplementary Fig. 8a-d).

Fiber supplementation protects from antibiotic-induced
increase in gut redox

Thus far we have relied on sequencing methods to understand the gut
redox environment on glucose and fiber diets. To assess if the
observed changes in our metagenomic and metatranscriptomic data
translate to physiological changes in the gut we used published
methods to measure the chemical redox potential in the cecal contents
of our mice******', We first validated these methods on mice given a
standard chow diet and found that antibiotics increased the chemical
redox potential (Supplementary Fig. 9a—f). These results corroborate
with other studies measuring the effect of antibiotics on redox
potential*. We then measured the chemical redox potential of cecal
contents from mice given our glucose and fiber diets 5 days post-
antibiotic treatment. We chose this time point based on the sequen-
cing data which suggested large changes in complex 1 utilization by
day 5 of the experiment. We found that only the glucose diet post-
antibiotic treatment was associated with a significant increase in gut
redox potential (Fig. 4h) (Supplementary Fig. 9g-i). Because redox
potential (eH) is also affected by the pH of the environment®’, we
measured these in parallel and mapped the data on a Pourbaix diagram
(Fig. 4i). These data suggest that diet drastically alters the chemical
environment of the gut contributing to changes in the biochemical
activity of gut microbes. ATP measurements from these samples
showed non-significant changes between control and antibiotic trea-
ted groups (Supplementary Fig. 9j, k). Antibiotic-induced changes in
the chemical environment of the gut were more significant on the
glucose diet compared to the fiber diet indicating the protective
capacity of fiber to buffer gut redox.

The metabolism-driven mechanism of susceptibility proposes
that active catabolic metabolism in bacteria can affect their suscept-
ibility to antibiotics?. Most microbial studies thus far have docu-
mented this phenomenon in vitro. In this study, we explore the link
between metabolism and antibiotic susceptibility in the complex
population of the gut microbiome. We show how dietary inputs to the
gut microbiome can alter the biochemical output of microbes coin-
ciding with broad changes to the gut chemical environment. Specifi-
cally, we observe that altering bacterial metabolism through dietary
supplementation with fiber can protect from negative antibiotic
effects (Fig. 4j).

Our work demonstrates large diet-dependent metagenomic,
metatranscriptomic and chemical shifts in microbiome structure and
function during antibiotic treatment. The multi-omic methods
employed in this study are well-established in the field, however

chemical measurements of the microbiome are still in their early
stages. While there are limited studies measuring gut redox potential
and pH, these methods require further improvement. Ideally, redox
potential should be measured over time within the gut environment.
This is only possible with in vivo wireless sensors as shown in Baltsavias
et al.*% Further studies to elucidate the dynamics of redox potential
changes in response to diet modification are required to understand
the detailed mechanisms involved in antibiotic protection. Intrinsic to
any dietary modulation, removing a component like fiber requires the
addition of a replacement in order to maintain equivalent nutritional
composition. It is difficult to identify an ideal replacement as most
animal-safe diet additives can be metabolized by the host or the
microbiome. In this publication, we chose glucose as the low-fiber
supplement. However, it is important to note that this is not a true
control but rather a contrasting fiber-free dietary condition®?.

Additionally, we focus this study on the activity of gut microbes
and do not elucidate the role of host contribution to GI chemical
environment. A diet low in fiber and high in sugars has been previously
described to be harmful to the host, leading to increased oxygen in the
Gl as well as changes in immune response. This has been shown to
decrease vaccine efficacy*” in humans suggesting that diet has
important immunological impacts. These studies suggest that glucose
alone has vast physiological effects on the host that can affect
Gl environment. In this study, we do not identify if changes in the
gut environment are elicited directly by the diet component, host
processing of the diet, or through activity of the microbiota on
the diet.

However, we do not see significant differences in tissue mor-
phology or cytokine production (Supplementary Fig. 10) between
groups potentially due to the length of the experiment being limited to
5 days. Although there are non-significant differences in morphology
or cytokine production, there are likely metabolic consequences to
host cells as a result of the glucose supplementation that can indirectly
affect microbiome function. We have included additional differential
expression analyses of our ‘omic data to compare microbiome effects
elicited by the diets alone without antibiotics, and have added this data
to an interactive Rshiny app (https://belenkylab.shinyapps.io/shiny).
This will allow for better interpretation of the baseline microbiome
changes from the respective diets.

This work makes important strides in linking changes in diet-
induced redox potential and resulting microbial activity to differential
antibiotic susceptibility. The next important steps are to establish
causation between changes in redox potential and antibiotic suscept-
ibility in the context of the host. Future studies can target investigation
towards the effects of diet directly on host cell metabolism as it relates
to microbiome changes and determine if the observed differences
translate to male mice. Metabolism is intrinsically a balancing act
between growth and the toxic consequences of this activity. We hope
that future anti-AID therapies can target this metabolic balance to
achieve optimal therapeutic outcomes without microbiome related
morbidity.

Methods

Experimental model and subject details

Mice. Experimental procedures involving mice were all approved by
the Institutional Animal Care and Use Committee of Brown University
under IACUC Protocol Number 1706000283. Four-week-old female
C57BL/6) mice were purchased from the Jackson Laboratories (Bar
Harbor, ME, USA). Mice were habituated for two-weeks following their
arrival at Brown University. All animals were cohoused together in
specific-pathogen-free (SPF), temperature controlled (21+1.1°C),
30-70%v humidity, and 12 h light/dark cycling conditions. Mice were
randomized into new cages following the habituation period.
Mice were given the specified diets in powdered form. Mice used in
(Supplementary Fig. 9a-f) for redox potential measurements were
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given the typical laboratory chow (Laboratory Rodent Diet 5001,
LabDiet, St. Louis, MO, USA).

Diet design. Purified diets were designed with veterinarians from
Envigo-Teklad (Madison, WI, USA) based on fiber content present in
the typical mouse laboratory chow. The diet is based on the widely
used purified AIN-93G(TD.180901) diet and modified to contain
reduced carbohydrates with the cellulose completely removed and the
cornstarch reduced. Additionally, the cornstarch supplied in the diet
(Buffalo cornstarch, Envigo-Teklad) is modified to be more host
accessible reducing its prevalence in the cecum and lower Gl tract. This
diet was custom designed at 80% composition to allow for 20% (w/w)
supplementation with other carbon sources without affecting protein,
fat, vitamin and mineral ratios. The diet is powdered and irradiated and
given to mice in feeding jars. Mice were allotted 5 g/mouse per day in
the jars and the food was replenished daily in new autoclaved feeding
jars. This quantity was determined after conversations with Envigo-
Teklad veterinarians and is well over the typical amount consumed by
mice. The glucose diet was used a no fiber condition in all experiments
and supplemented with 20% glucose (Fisher Scientific). The fiber diet
contains 20%(w/w) supplementation of a custom fiber cocktail
including inulin (15%) (Chem-Impex), pectin (15%) (MP Biomedicals),
dextrin (15%) (Sigma-Aldrich), levan (15%) (Realbiotech CO., Ltd), ara-
binoxylan (20%) (Anthony’s Organics), beta-glucan (25%) (Anthony’s
Organics), cellulose (10%) (EMD Millipore). For single-purified fiber
supplementation in Supplementary Fig. 1 a 95% composition of the
same diet was used with 5% (w/w) supplementation of pectin or inulin.

Animal experiments. C57BL/6) mice following the habituation period
were given 1 week to acclimate to the O-fiber diet with 20% (w/w)
glucose. Following this diet acclimation period mice were randomized
into new cages for each diet/antibiotic condition. Amoxicillin was
administered via drinking water (25 mg/kg/day) ad libitum for the
specified timepoints. All drinking water was filter-sterilized prior to
administration. Fecal samples were collected at the specified time-
points and stored at —20 °C until nucleic acid extraction. Cecum con-
tents were collected directly into bead-bashing tubes with DNA/RNA
shield (Zymo Research (Irvine, CA, USA) and stored at —80 °C for
nucleic acid extraction. For the eH, pH measurements total cecal
contents were immediately flash frozen in liquid nitrogen and lyophi-
lized and stored at —80 °C until measurements were taken.

Nucleic acid extraction and quantification. Total nucleic acids (DNA
and RNA) were extracted from samples using the ZymoBIOMICS DNA
Miniprep Kits from Zymo Research (Irvine, CA, USA) using the
extraction protocols as per the manufacturer instructions. For fecal
samples the Fecal 96 Zymo DNA Extraction kit was used. For DNA/RNA
parallel extraction the Zymo Magbead DNA/RNA kit was used. Total
DNA was eluted in nuclease-free water and quantified using the dsDNA-
HS on a QubitTM 3.0 fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA) before use in amplicon/library preparations.

16S rRNA amplicon preparation and sequencing. The 16S rRNA V4
hypervariable region was amplified from total DNA using the barcoded
515F forward primer and the 806R reverse primers from the Earth
Microbiome Project®’. Amplicons were generated using 5X Phusion
High-Fidelity DNA Polymerase under the following cycling conditions:
initial denaturation at 98 °C for 30 s, followed by 25 cycles of 98 °C for
10s,57°Cfor30s, and 72 °Cfor 30 s, then a final extension at 72 °C for
5 min. Gel electrophoresis was used to visualize amplicons and pooled
in equimolar amounts. The pooled amplicon library was submitted to
the Rhode Island Genomics and Sequencing Center at the University of
Rhode Island (Kingston, RI, USA) for sequencing on the Illumina MiSeq
platform. Amplicons were paired-end sequenced (2 x 250 bp) using the
600-cycle kit with standard protocols.

16S sequencing analysis

Raw 16S rRNA reads were first demultiplexed with idemp. Quality fil-
tering, trimming, denoising with DADA2** (q2-dada2), and merging
using the Qiime2 pipeline (version 2019.10)*. Ribosomal sequence
variants were aligned with mafft*® (q2-alignment), and phylogenetic
tree construction was done with fasttree2*” (q2-phylogeny). Taxo-
nomic assignment was conducted using the pre-trained Naive Bayes
classifier and the q2feature-classifier*® trained on the SILVA 132 99%
database®. Alpha diversity (Shannon, Faith’s phylogenetic diversity)
and beta diversity (Bray-Curtis dissimilarity) were calculated using the
phyloseq package®™ (version 1.30.0) in R (version 3.6.2)°*°",

Metagenomic and metatranscriptomic library preparation. Meta-
genomic and metatranscriptomic sequencing libraries were prepared
as described in ref. 2 Cabral 2020. For metagenomic libraries 100 ng of
DNA was used with the NEBNext® Ultra Il FS DNA Library Prep Kit (New
England BioLabs, Ipswich, MA, USA) as per manufacturer’s instructions
to generate a pool of fragments at 300 bp + 50 bp. Metatranscriptomic
libraries were created with total RNA (1 pg) using the MICROBExpress
kit (Invitrogen, Carlsbad, CA, USA), NEBNext® rRNA Depletion Kit for
Human/Mouse/Rat (New England BioLabs, Ipswich, MA, USA), and the
NEBNext® Ultra Il Direction RNA Sequencing Prep Kit as per the
manufacturers’ instructions to generate a pool of fragments at
300 bp + 50 bp. Metagenomic and metatranscriptomic libraries were
pair-end sequenced (2x150bp) on the Illumina HiSeq X Ten. An
average of 12,928,385 reads per metagenomic sample and 52,848,755
reads per metatranscriptomic sample. A control metagenomic
sequencing library was made using the Zymobiomics Microbial Com-
munity Standard (D6300, Zymo Research) (Irvine, CA United States)
and added to the sequencing run. This data was used to validate the
accuracy of the sequencing run. Sequencing of this standard resulted
in relative abundances near the theoretical composition with all
community members identified.

Metagenome assembly. Metagenome-assembled genomes from the
metagenomic reads were constructed using the metaWRAP pipeline™.
Raw reads were processed using the READ_QC module with FASTQC
0.11.8 and TrmGalore 0.5.0. Assembly was done with the ASSEMBLE
module in metaWRAP with metaSPAdes 3.13.0°°> and MegaHit 1.1.3%.
Assembled contigs were binned with the BINNING module using
CONCOCT 1.0.0, MaxBin2 2.2.6% and metaBAT2 2.12.1°°. The BIN_RE-
FINEMENT and BIN_REASSEMBLY module was used to consolidate bins
and select bins with greater than 90% completion and less than 10%
contamination to attain 54 high-quality MAGs. Quantification was done
using the QUANT BINS module with SALMON 0.13.1°” and classified
with the CLASSIFY_BINS module and taxator-tk 1.3.3e. To improve bin
classification the CAT and BAT 2021-01-07 tool***° was also used.

MAGs phylogenetic tree construction and complex 1 identification.
PhyloPhlAn 3.031 was used to construct a phylogenetic tree from the
assembled MAGs using the high diversity option and the PhyloPhlAn
database. To identify MAGs with complex 1 a custom phylophlan
database was constructed using the Uniref90 sequence clusters for
each of the 14 subunits (A-N) of the bacterial NADH-quinone oxidor-
eductase. Supplementary Data 2 contains the Cluster ID and size
information. PhyloPhlAn was then run using this database to construct
a phylogenetic tree of MAGs to identify complex 1 MAGs.

Metagenomic and metatranscriptomic short-read processing. Raw
metagenomic and metatranscriptomic reads underwent trimming and
decontamination using KneadData (version 0.6.1) as previously
described 1,2,32. lllumina adapter sequences were removed using
Trimmomatic 56 (version 0.36), then depleted of reads that mapped to
C57BL/6J, murine mammary tumor virus (MMTV, accession
NC_001503) and murine osteosarcoma virus (MOV, accession
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NC_001506.1) using Bowtie2 (version 2.2) 1,57. Metatranscriptomic
reads were additionally depleted of sequences that aligned to the
SILVA 128 LSU and SSU Parc ribosomal RNA databases as previously
described 1,2.

Short read classification. Classification of metagenomic reads was
done with NCBI RefSeq using Kraken2 (version 2.0.7-beta, “Kraken2
Standard Database”) with a k-mer length of 35 (Wood et al.*"). Bracken
(version 2.0.0) was then used to calculate phylum- and species-level
abundances from Kraken2 reports, and the R package phyloseq (ver-
sion 1.28.0) was used to calculate a- and b-diversity metrics®*

Metatranscriptomic analysis: SAMSA2. A modified version of the
Simple Annotation of Metatranscriptomes by Sequences Analysis 2
(SAMSA2) pipeline to annotate trimmed and decontaminated reads as
previously described"***, This modified pipeline uses Paired-End Read
Merger (PEAR) utility to merge reads and DIAMOND (version 0.9.12)
aligner algorithm®® to align to the RefSeq, SEED Subsystem, and
CAZyme databases**°.

Metatranscriptomic analysis: HUMAnNN3. HUMANN3* was used to
identify changes in gene expression from cleaned metatranscriptomic
and metagenomic reads. Reads were aligned to the UniProt/UniRef
2019_01 databases to identify expression of reactions and MetaCyc to
identify expression of pathways. MetaPhlAn 3.0?® and the ChocoPhlan
pangenome database was used to classify reads to bacterial species.
Reads aligning to reactions and pathways are normalized to sequen-
cing coverage and reported as copies per million (cpm, Copm) in the
metatranscriptomic and metagenomic samples.

Redox potential and pH measurements. Redox potential was mea-
sured according to a modified protocol®” from®>***! with an Ag/AgCl
Reference electrode (Radiometer analytical E2IM002, Radiometer
Analytical Pt plate electrode 5 x 5 mm M241 Pt), and a voltmeter. Flash
frozen and lyophilized cecal contents were first rehydrated at 1:10 ratio
in RO water and vortexed for 10 min with 10-min breaks over 60 min.
The samples were blinded and measured in random order. These
extracts were then used to measure eH and pH within 24 h (Fig. 4) or
96 h (Supplementary Fig. 9g-i). Each sample was vortexed for another
minute prior to measurement. A 0.1 M KCL agar plate was used as the
base for the samples. A cut plastic pipette tip was inserted into the agar
to hold 300 pL of the cecal extract. The platinum electrode was
inserted into the sample and the reference electrode was inserted into
the 0.1 M KCL agar. The redox potential was allowed to stabilize for
20 min (Fig. 4) or 15 min (Supplementary Fig. 9g-i) before recording
the voltage. Electrodes were cleaned between each measurement and
placed in the RENOVO cleaning solution (Hach, Loveland, CO, USA) for
1min. The electrode was then rinsed with RO water and used to mea-
sure a 220 mV redox buffer solution to validate integrity of the elec-
trode before measuring the next sample. The same cecal extracts were
used to measure pH using a pH meter and for subsequent validation
with ATP assays, 16S rRNA sequencing and qPCR bacterial load.

ATP assay. Cecal extracts from the eH and pH measurements were
used to measure ATP with the BacTiterGlo Microbial Cell Viability
Assay (Promega, Madison, WI, USA) as per manufacturer’s instructions.
A standard curve was also measured in each assay to validate assay
methods.

qPCR for bacterial load. Quantitative PCR for bacterial load deter-
mination was done as described previously in Vasihnava et al. Q-PCR
analysis of bacterial genomic DNA using iTaq Master Mix (BioRad,
Hercules, CA, USA) and universal 16S rRNA gene primers. A standard
was constructed with reference to cloned bacterial DNA correspond-
ing to a 179 bp section of the 16S rRNA gene that was amplified using

16s RNA specific primers. Sq values were normalized to the amount of
DNA in the sample.

Serum cytokine panel. After animal sacrifice, whole blood was
obtained by cardiac puncture and placed in a microcentrifuge tube to
coagulate for 30 min. The collection tubes were then centrifuged at
13,000 x g for 10 min to separate the serum, which was then trans-
ferred to a new microcentrifuge tube and frozen at —80 °C until further
processing. When ready, the samples were thawed on ice and divided
into a working aliquot and a re-frozen stock aliquot. The working ali-
quot was analyzed for signs of inflammation in mice using the
LEGENDplex Mouse Inflammation Panel (13-plex) (BioLegend, San
Diego, CA) flow cytometry kit, following the manufacturer’s instruc-
tions. The samples were analyzed on the Attune NXT Flow Cytometer
(ThermoFisher, Waltham, MA) and then evaluated using the Legen-
dPlex cloud software tool (BioLegend, San Diego, CA).

Statistical analysis

Specific details of the statistical analyses for all experiments are out-
lined in the figure legends and Results section. All sample numbers
represent biological replicates. PERMANOVA was calculated using the
adonis method on Bray-Curtis distance matrices calculated from
multidimensional scaling of sequencing data using phyloseq. Control
samples were compared against antibiotic treated in each group to
determine antibiotic effect size. LEfSe (version 1.0) was used to analyze
HUMANN3 outputs on the Galaxy web server using default settings
(http://huttenhower.sph.harvard.edu/galaxy). Metatranscriptomic
outputs generated by SAMSA2 were subjected to differential abun-
dance testing using the DESeq2 package (1.24.0) in R (version 3.5.2)
under default parameters and included contrast:interaction
comparisons®®. All DESeq2 results were corrected using the
Benjamini-Hochberg method (FDR = p-adj) to account for multiple
hypothesis testing. ANOVA, unpaired t tests, and Mann-Whitney U,
Kruskal Wallis tests were performed in Prism GraphPad (version 9.0)
without sample size estimation. MaAsLin2 was used to identify sig-
nificant pathway and reaction annotations from HUMANN3 outputs.
FDR = -log(qval).

Data availability

The short-read metagenomic and metatranscriptomic sequencing
data generated in this study have been deposited in the NCBI SRA
database. The metagenome-assembled genomes (MAGs) have been
deposited to NCBI GenBank. The 16s sequencing data has been
depositing to NCBI SRA. BioProject accession code for all sequences
associated with this study is PRINA984334. The DESeq2, LDA, and
MaAsLin2 results generated in this study are provided in the Supple-
mentary Information. Source Data contains all PERMANOVA stats
information. Databases used in this study (MMTV, accession
NC_001503), (MOV, accession NC_001506.1), SILVA 128 LSU and SSU

Parc  ribosomal RNA databases  (https://www.arb-silva.de/
documentation/release-128), RefSeq (https://doi.org/10.1093/nar/
gkt1274.), SEED Subsystem (https://doi.org/10.1093/nar/gkt1226),

CAZyme databases (https://doi.org/10.1093/nar/gkn663), UniProt/
UniRef 2019 01 databases (https://doi.org/10.1093/bioinformatics/
btm098), SILVA 132 99% database (https://www.arb-silva.de/
download/archive/qiime). Source data are provided with this paper.
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