Gut microbiota

OPEN ACCESS

» Additional data are
published online only. To view
these files please visit the
journal online (http:/dx.doi.
0rg/10.1136/gutjnl-2012-
303184).

For numbered affiliations see
end of article.

Correspondence to
Professor Andrés Moya,
Cavanilles Institut on
Biodiversity and Evolutionary
Biology, University of Valéncia,

José Beltran 2, 46980 Paterna,

Valencia, Spain;
andres.moya@uv.es

Dr. Manuel Ferrer, CSIC-
Institute of Catalysis, Marie

Curie 2, 28049 Madrid, Spain;

mferrer@icp.csic.es

Received 26 June 2012
Revised 5 November 2012
Accepted 6 November 2012
Published Online First

12 December 2012

=]
Open Access

Scan to access more
free content

To cite: Pérez-Cobas AE,
Gosalbes MJ, Friedrichs A,
et al. Gut 2013;62:
1591-1601.

ORIGINAL ARTICLE

Gut microbiota disturbance during antibiotic
therapy: a multi-omic approach

Ana Elena Pérez-Cobas, "2 Maria José Gosalbes,"? Anette Friedrichs,*

Henrik Knecht,® Alejandro Artacho,' Kathleen Eismann,> Wolfgang Otto,”
David Rojo,°® Rafael Bargiela,” Martin von Bergen,”®? Sven C Neulinger, "
Carolin Daumer,"" Femke-Anouska Heinsen,> Amparo Latorre, " Coral Barbas,®
Jana Seifert,” Vitor Martins dos Santos,'*'* Stephan J Ott,>* Manuel Ferrer,’

Andrés Moya'2

ABSTRACT

Objective Antibiotic (AB) usage strongly affects
microbial intestinal metabolism and thereby impacts
human health. Understanding this process and the
underlying mechanisms remains a major research goal.
Accordingly, we conducted the first comparative omic
investigation of gut microbial communities in faecal
samples taken at multiple time points from an individual
subjected to B-lactam therapy.

Methods The total (165 rDNA) and active (165 rRNA)
microbiota, metagenome, metatranscriptome (mMRNASs),
metametabolome (high-performance liquid
chromatography coupled to electrospray ionisation and
quadrupole time-of-flight mass spectrometry) and
metaproteome (ultra high performing liquid
chromatography coupled to an Orbitrap MS? instrument
[UPLC-LTQ Orbitrap-MS/MS]) of a patient undergoing AB
therapy for 14 days were evaluated.

Results Apparently oscillatory population dynamics were
observed, with an early reduction in Gram-negative
organisms (day 6) and an overall collapse in diversity and
possible further colonisation by ‘presumptive’ naturally
resistant bacteria (day 11), followed by the re-growth of
Gram-positive species (day 14). During this process, the
maximum imbalance in the active microbial fraction
occurred later (day 14) than the greatest change in the
total microbial fraction, which reached a minimum
biodiversity and richness on day 11; additionally, major
metabolic changes occurred at day 6. Gut bacteria respond
to ABs early by activating systems to avoid the
antimicrobial effects of the drugs, while ‘presumptively’
attenuating their overall energetic metabolic status and the
capacity to transport and metabolise bile acid, cholesterol,
hormones and vitamins; host—microbial interactions
significantly improved after treatment cessation.
Conclusions This proof-of-concept study provides an
extensive description of gut microbiota responses to follow-
up B-lactam therapy. The results demonstrate that ABs
targeting specific pathogenic infections and diseases may
alter gut microbial ecology and interactions with host
metabolism at a much higher level than previously
assumed.

INTRODUCTION

The human colon harbours a vast ensemble of
microbes that carry out vital processes for human

Significance of this study

What is already known on this subject?

» Changes in gut microbiota have been shown to
be associated with antibiotic (AB) usage.

» Broad-spectrum ABs result in a significant
reduction in Bacteroidetes and a concurrent
increase in Firmicutes.

» The understanding of the dynamics and
mechanisms underlying functional changes in
the microbiome in response to AB treatments
remains limited.

What are the new findings?

» AB treatment provoked apparently oscillatory
population dynamics with major changes at the
level of gut microbiota metabolism and total
and active microbial fraction compositions at
days 6, 11 and 14, respectively, after the
initiation of the therapy.

» ABs have ecological implications related to the
energy metabolism of colonic bacteria, which
partially improved at day 6 to cope with an
intermittent nutrient supply and AB stress but
decreased at later stages and after treatment
cessation.

» Although no abundant bacteria can be very
active at a given moment in the presence of
ABs, minor community members play a
significant active role in overall gut metabolism
and host interactions.

How might it impact on clinical practice in the

foreseeable future?

» The treatment of patients with ABs targeting
specific pathogenic infections and diseases
might influence the global metabolic status of
gut microbes in such a way that could affect
human biology. Integrative omics approaches
represent a promising strategy for preventing
metabolic diseases associated with AB uptake
during therapeutic and clinical interventions.

physiology and nutrition, and the microbes in this
complex ecosystem are defined as the microbiota.
Accordingly, the human colon can be viewed as an
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anaerobic bioreactor in which trillions of microorganisms add a
vast catalogue of genes to the genetic resources of the host to
provide complementary metabolic pathways for energy harvest,
food digestion, detoxification, the production of bioactive com-
pounds and the assimilation of otherwise inaccessible dietary
nutrients.'™ Recent studies have shown that each individual har-
bours a unique and relatively stable gut microbiota, generally
dominated (over 90%) by the Bacteroidetes and Firmicutes, in
addition to minorities of Actinobacteria, Proteobacteria and
Verrucomicrobia, the majority of which have not yet been iso-
lated or characterised.® However, this well engaged bacterial
machinery can be disrupted by external factors such as antibiotic
(AB) treatment.”” AB therapy has been successfully used for
many years to treat bacterial infections, but the emergence of
AB-resistant bacteria has caused enormous public health pro-
blems. Moreover, resistant species can persist in the human gut
for years.” 10-12

AB therapies affect not only the target microorganism but also
the host-associated microbial communities, particularly those in
the intestine. In recent years, the effects of distinct ABs on the
gut microbiota have been evaluated, primarily by 16S rRNA ana-
lysis.” 10 11 1316 The patterns of microbial diversity and
gene-encoded functions are highly intricate,'! and contradictory
reports on the compositions of microbial communities have com-
plicated the identification of functional and molecular hotspots
associated with AB therapy in humans. Recent experiments have
revealed that treatment with broad-spectrum ABs affects the
microbiota composition, resulting in a significant reduction in
Bacteroidetes and a concurrent increase in Firmicutes.'?
Moreover, different studies have reported bacterial resilience fol-
lowing AB treatment, ! 1415 17

The understanding of the dynamics and mechanisms under-
lying functional changes in the microbiome in response to AB
treatments remains limited, primarily because most research to
date has relied on indirect evidence from DNA-based
approaches that fail to provide information on actual gene
expression, protein synthesis and metabolite composition and
variation. Moreover, no integrated metatranscriptomic, meta-
proteomic or metametabolomic surveys on AB-treated human
microbiota have been performed. Specifically, in the gut ecosys-
tem, few studies have focused on metatranscriptomics.
Turnbaugh et al'® focused on gene expression analysis in faecal
samples from a monozygotic twin pair, whereas Booijnk et al’
and Gosalbes et al*° studied the faecal metatranscriptomes of
healthy volunteers using cDNA amplified fragment length poly-
morphism and pyrosequencing, respectively. Proteomic plat-
forms have also been used to separate and identify thousands of
proteins in faecal samples from healthy individuals,>'™>* but
these analyses have not uncovered the effect of ABs on the sta-
bility or expression of core proteins or their functions. Finally,
metabolic changes in mouse—but not human—gut microbiota
following treatment with the broad-spectrum AB enrofloxacin
were recently evaluated using nuclear magnetic resonance based
metabolomics.?> However, this study yielded limited informa-
tion because the faecal samples were only analysed for changes
in eight metabolites, including increased levels of amino acids
and urea caused by the loss of microbial proteases and ureases,
and reduced levels of acetate, butyrate and propionate generated
by lactate-using bacteria.

In this study, we provide the first report of AB-treatment
related changes in the faecal microbiota, including the total
microbiota, active microbiota, metagenome, metatranscriptome,
metametabolome and metaproteome. This  multi-omics
approach yielded a global picture of the microbial community

structure and the metabolic status of the gut ecosystem, which is
paramount to understanding the total effect of a given AB and
to establishing correlations with host physiology. This study of
one patient constitutes a proof of concept for this approach.

MATERIALS AND METHODS

Fresh faecal samples were collected from a patient who had not
taken ABs within the previous 3 months. The patient
(a 68-year-old man) was admitted to the Department for
Internal Medicine at the University Hospital Kiel (Germany)
due to an infected cardiac pacemaker. A clinical examination
identified inflamed skin and subcutaneous tissue around the
pacemaker, and laboratory findings revealed an elevated
C-reactive protein level (CRP 19.7 mg/litre; normal value
<8 mg/litre) and a full blood count within normal ranges. The
patient did not present any intestinal disorders. The pacemaker
had been placed to treat the patient’s sick sinus syndrome, first
diagnosed in 1994. His cardiovascular risk factors were arterial
hypertension and non-insulin-dependent diabetes mellitus. The
patient was regularly taking amlodipine, ramipril, hydrochlor-
othiazide and glimepiride on a daily basis and Marcumar
according to his international normalised ratio values. AB
therapy was initiated with a combined intravenous therapy of
ampicillin/sulbactam and cefazolin on the day of admission as a
single dose and continued with intravenous cefazolin alone for
the next 14 days. The patient’s CRP level returned to normal
within 1 week after the beginning of AB therapy. Faecal samples
were collected on the day of admission, prior to AB treatment
(day 0, FS-0), on days 3, 6, 11 and 14 of AB treatment (FS-3,
FS-6, FS-11 and FS-14, respectively) and 40 days after AB
therapy (FS-40). Fresh faeces were collected, frozen immediately
and stored at —80°C until further processing. Informed consent
was obtained from the patient, and the study was approved by
the Ethical Board of the Medical Faculty of the Christian-
Albrecht-University, Kiel, Germany. The patient provided
written informed consent. Full descriptions of the materials and
methods used for the following are available in the Materials
and Methods in the online supplement: nucleic acid and RNA
extraction; 16S rDNA and 16S rRNA sequencing; metagenome
sequencing; mRNA purification, amplification and sequencing;
metagenomic and metatranscriptomic analysis; protein extrac-
tion, separation and identification and data processing; and
metabolite extraction, separation and identification and data
processing. All sequences have been entered in the European
Bioinformatics Institute database, under accession number
ERP001506.

RESULTS

Total and active faecal microbiota

We used 16S rDNA and 16S rRNA analyses to characterise the
total bacteria (16S rDNA) and metabolically active bacteria (165
rRNA), respectively, in each faecal sample.>*® As shown in
figure 1, there were large fluctuations in the relative abundances
of the various bacterial taxa in the total and active microbiota
throughout the follow-up study. In the first days of treatment,
the majority of the total microbiota comprised species from the
phylum Firmicutes, with the exception of FS-11 (11 days after
AB treatment), which exhibited a remarkable shift towards
Bacteroidetes (Parabacteroides and Bacteroides genera) and a sig-
nificant increase in Betaproteobacteria (figure 1 and figure 1 in
online supplement). The Lachnospiraceae and Ruminococcaceae
families constituted the most abundant taxa on days 3 and 6 of
AB treatment. Meanwhile, the Firmicutes represented the most
abundant active phylum in most samples. However, the shift

1592

Pérez-Cobas AE, et al. Gut 2013;62:1591-1601. doi:10.1136/gutjnl-2012-303184



]

Gut microbiota

Actinobacteria Bifidobacterium
Actinobacteria Slackia
Actinobacteria uc_Actinobacteria
Bacteroidetes Alistipes
Bacteroidetes Bacteroides
Bacteroidetes Barnesiella
Bacteroidetes Parabacteroides
Bacteroidetes Paraprevotella
Bacteroidetes uc_Bacteroidales
Bacteroidetes uc_Bacteroidetes
Bacteroidetes uc_Porphyromonadaceae
Bacteroidetes uc_Prevotellaceae
Firmicutes Blautia
Firmicutes ClostridiumXIVa
Firmicutes Coprococcus
Firmicutes Dialister
Firmicutes Enterococcus
Firmicutes Eubacterium
Firmicutes Faecalibacterium
Firmicutes Lachnospiracea_incertae_sedis
Firmicutes Oscillibacter
Firmicutes Roseburia
Firmicutes Ruminococcus
Firmicutes Streptococcus
Firmicutes Subdoligranulum
Firmicutes uc_Bacilli
Firmicutes uc_Clostridiales
Firmicutes uc_Firmicutes
Firmicutes uc_Lachnospiraceae
Firmicutes uc_Lactobacillales
Firmicutes uc_Ruminococcaceae
= Proteobacteria Gemmiger
= Proteobacteria uc_Betaproteobacteria
Proteobacteria uc_Burkholderiales
= Verrucomicrobia Akkermansia

B N EEEEEEEEEN N EEEEEEREENEGDR

Others
< < < < < < < < < < < <
: 2 5 : 5 £ 5 = &8 £ & =
s 5 2 85 3 ¥ 58 = % ¢°8
A
Before During After

Figure 1

Total and active bacterial composition based on 165 rDNA and 16S rRNA analyses, respectively, in the follow-up study. Samples FS-0,

FS-3, FS-6, FS-11 and FS-14 correspond to the materials collected on days 0, 3, 6, 11 and 14 of antibiotic (AB) treatment, respectively. The FS-40
sample corresponds to the materials collected 40 days after cessation of the AB treatment.

towards the Bacteroidetes was even more distinct and occurred
later, at the 14th day (FS-14) of AB treatment, among the active
bacteria, with the Parabacteroides genus (74%) being the pre-
dominant taxa.

As shown in figure 1, there was a general tendency towards the
restoration of the original (day 0) untreated total and active bac-
terial composition at 40 days after cessation of the AB treatment.
However, certain taxa, such as Actinobacteria (Slackia and
Bifidobacterium genera), Betaproteobacteria (Gemmiger genus),
Streptococcaceae  (Streptococcus  genus),  Lachnospiraceae
(Roseburia genus), Porphyromonadaceae (Barnesiella genus) and
Clostridiales (Eubacterium and Subdoligranulum genera) were
lost. The heat map and clustering analysis (see figure 1 in online
supplement) results support the restoration of the microbiota
because untreated samples clustered together regardless of
whether we considered the total bacterial composition or the
active bacterial composition. The results of a correspondence
analysis of the relative abundance of each taxon in the total and
active microbiota fractions are shown in figure 2 in the online
supplement. Approximately 55.90% of the total variation can be
bundled in two axes (CA1 and CA2), each of which contributed
a similar degree of variation. CA1, bundling 23.81% of the vari-
ation, indicates how divergent a given sample is from the average
abundance of taxa, whereas CA2, bundling 22.09% of the vari-
ation, clearly differentiates the composition of the total (DNA)
and active (RNA) microbiota. Moreover, the active microbiota
clearly behaved in a more homogeneous manner than the total
microbiota, and samples FS-40 and FS-11 exhibited the most
divergent microbiota among the samples analysed.

As shown using the Chaol richness estimator (table 1), the
diversity of the total bacterial community decreased during AB
treatment and reached a minimum value after 11 days of AB treat-
ment (FS-11). At this time point, the microbiota also exhibited a
lower Shannon index value, indicating that there were fewer and
more heterogeneously distributed bacterial families in the FS-11
sample compared with the other samples (figures 1, and figures 1
and 2 in online supplement). Interestingly, the biodiversity even-
ness and richness of the active bacteria remained essentially
uniform until the 14th day of treatment (FS-14), at which time
there was a marked decrease in bacterial taxa and richness.

Table 1 Biodiversity measures of total and active microbiota
Genetic material Sample N Shannon Chao1 SD
DNA FS-0 41 35 46.9 5.4
Fs-3 17 2.7 2138 5.6
FS-6 21 2.8 23.0 3.8
Fs-11 13 1.2 14.5 03
FS-14 21 3.2 215 1.4
FS-40 38 3.1 439 6.8
RNA FS-0 30 33 383 9.5
FS-3 31 3.6 384 7.6
FS-6 39 39 50.7 1.9
FS-11 32 33 45.1 12.0
FS-14 18 1.5 26.1 9.0
FS-40 35 3.7 47.8 133

The number of observed taxa (N), the biodiversity index value (Shannon) and the
richness estimator (Chao1) are shown, with the SD.

Pérez-Cobas AE, et al. Gut 2013;62:1591-1601. doi:10.1136/gutjnl-2012-303184

1593



Gut microbiota

A B
e FS-40 .
g N - :
n
-
0
o
°
c 7] 0
o
<
(o} -
r?' - o
o .
< £
© 3 o
I ©
e
T
i N
G °
0 D3
T \ G-
8
4
g — il o (=} ~— < o m
' \ & @ & % & @
FS-6 L b bl
| | | \ 1 | T
-1.0 -05 0.0 05 1.0 15 20
CA1
Figure 2 (A) Correspondence analysis of the expressed genes in each sample. (B) Clustering of the samples based on the type and abundance of

expressed genes, applying the Bray—Curtis distance.

At the species level, the principal component analysis (PCA)
showed that the total bacterial community (16S rDNA) profiles
of samples FS-0 and FS-40 differed from those of the other
samples (see figure 3 in online supplement). Together, the two
axes projected 69% of the total variance in the data. Fourteen
operational taxonomic units (OTUs) responsible for the differ-
ences between the samples were identified by the lengths of their
vectors in the PLS-DA (see figure 4 in online supplement). Before
and after AB treatment, OTUs with homology to
Faecalibacterium prausnitzii and Blautia wexlerae, belonging to
the phylum of Firmicutes, were highly abundant. However,
Enterococcus durans, an abundant OTU in FS-3, FS-6 and FS-11,
was absent in the FS-0 and FS-40 samples. Furthermore, we
observed an increase in OTUs with homology to different species
of Bacteroides and Parabacteroides such as B fragilis, P merdae, B
dorei, P distasonis, B uniformis and B ovatus in the FS-11 and
FS-14 samples. Thus, during AB therapy, the relative abundance
of Bacteroidetes increased, whereas OTUs with homology to
Firmicutes regained their dominance after cessation of the AB.

Abundance and diversity of gene transcripts by
metatranscriptome analysis

To identify the major regulated pathways and processes under
AB pressure, we evaluated the microbiota-regulated genes
(mRNAs) (see table 1 in online supplement).”’ 3° Figure 2A
shows the correspondence analysis for the expressed genes in
each sample, independent of the gene functions. The two axes,
CA1 and CA2, bundle 39.91% and 33.12% of the total
observed variation, respectively, which represents a substantial
percentage (73.03%) of the total variation. The mRNA tran-
script contents of samples FS-6 and FS-40 were clearly distinct
(figure 2B). Moreover, at the expression level, a drastic shift

occurred on the 6th day of AB therapy, and the initial profile
was recovered on the 14th day.

Using a self-organising map package,®’ the gene expression
profiles were analysed and yielded six groups (figure § in online
supplement). The genes included in clusters 0 and 1 exhibited
increased expression only on the 3rd day following AB treatment
and returned to basal levels at later stages of the treatment. These
genes were functionally categorised to have roles in protein trans-
port and binding (potassium uptake protein, TonB-dependent
receptor, nitrile hydratase propeptide microcin bacteriocin
system ATP-binding cassette transporter, peptidase/ATP-binding
protein), toxin production and resistance (resistance-nodulation-
cell division superfamily and hydrophobe/amphiphile efflux-1
transporters), detoxification (heavy metal efflux and CzcA per-
meases), mobile and extrachromosomal elements (phage lambda
tail tape measure protein) and protein fate determination (TolC
type I secretion outer membrane protein). Genes belonging to
clusters 2, 3 and 4 (DNA metabolism/DNA replication, recom-
bination and repair, protein fate/protein and peptide secretion
and trafficking and protein synthesis/tRNA and rRNA base modi-
fication) presented a more uniform profile before, during and
after AB treatment. The genes in cluster 5 remained constant but
exhibited a relatively higher expression level on the 14th day fol-
lowing the beginning of AB treatment, returning to the basal
level after the discontinuation of AB treatment; these genes func-
tioned in molecule renewal and transport (proteins, peptides,
amino acids, polysaccharides, purines, purine ribonucleotides,
pyrimidines and glycopeptides (bio)synthesis, secretion, traffick-
ing, transport, binding and/or degradation) and DNA metabol-
ism/DNA replication, recombination, and repair and cellular
processes related to sporulation and germination.

As illustrated in figure 3, the taxonomic assignment of
expressed genes showed that the compositions of the FS-6 and

1
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Figure 3 Taxonomic assignments of mRNAs for each sample according to the lowest common ancestor algorithm.

FS-40 samples were clearly different. The FS-6 sample contained
primarily Streptococcaceae (27%), Clostridiaceae (13%) and
Bacteroidaceae (13%). In the FS-40 sample, Burkholderiaceae
(46%) (phylum Proteobacteria) were the most abundant, despite
the low abundance of 16S rRNA from these organisms (figure 1).
However, in the other samples (FS-0, FS-3, FS-11 and FS-14),
the Bacteroidaceae family was the major taxon responsible for
the observed gene expression. This family contains genera, such
as Parabacteroides and Bacteroides, that are resistant to ampicillin
and cephalosporins, as previously reported.>” These results
account for the three clusters shown in figure 2B.

We statistically evaluated the changes in gene expression fol-
lowing treatment according to various functional categories by
applying a regression analysis in the ShotgunFunctionalizeR
package.>® The categories that demonstrated significant changes
in expression during treatment are shown in figure 6 in the
online supplement. Samples FS-6 and FS-40 exhibited major
differences, whereas the rest of the samples were more closely
related. This observation was further supported by the corres-
pondence analyses (see figure 7 in online supplement), in which
the first two axes, CA1 (56.72%) and CA2 (34.13%), accounted
for 90.85% of the total variation.

Abundance and diversity of metabolites by

metametabolome analysis

The metabolite contents (type and abundance) of samples FS-6
and FS-40 were clearly different (figure 4), consistent with
the correspondence analysis of the observed gene expression
(figure 2). Of the 382 different features identified (29 being
common), the FS-40 sample revealed the greatest number (280)
of associated mass features, followed by the FS-6 sample, with

234 features (see figures 8 and 9 in online supplement); FS-14
(185), FS-11 (121) and FS-0 (139) showed fewer features.
According to the probability of match with the isotopic pattern
shown in table 2 in the online supplement, 49 distinct common
features were tentatively identified. Based on their abundance
level, five groups of molecules were established (see figure 12 in
online supplement). Most long-chain fatty acids and peptides
exhibited increased abundance on the 6th day (sample FS-6) as
well as after the discontinuation of AB treatment (FS-40);
they included two masses corresponding to putative
sphingolipid-related compounds, such as C;7 sphinganine and
dihydroceramide C,, six unsaturated fatty acyls, two fatty acid
amides, a lysophosphatidic acid and a tri-peptide formed by Asp/
Ile/Phe, Asp/Leu/Phe or Phe/Glu/Val. Most of the putative gly-
cerol(lyso)phospholipids (including five putative glyceropho-
spholipids and fatty acid carnitines) exhibited increased
abundance on the 11th and 14th days, but significantly decreased
(from 4 to 20 000 fold) after the discontinuation of AB treat-
ment. Finally, nine putative human-associated derivatives of chol-
esterol, the cholesterol-precursor vitamin D, bile acids,
prostaglandins and sterol lipids appeared only after AB treatment
(FS-40), with production levels of up to six orders of magnitude
higher than that of samples before and during AB therapy.

Abundance and diversity of proteins by metaproteomic
analysis

A total of 3011 proteins (1359 common) were unambiguously
quantified (see table 3 and figure 10 in online supplement).
Considering a threshold of at least 1.5 and —1.5 log, ratios of
abundance levels, we observed that AB treatment reduced the
number of highly abundant proteins compared with the control
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sample (FS-0) over time but promoted the number of low-
abundance proteins (figure 5), with the FS-40 sample containing
the lowest number of high-abundance proteins and the highest
number of low-abundance proteins. Samples FS-11 and FS-40
exhibited clearly different protein expression profiles based on
the correspondence (figure 6A) and clustering (figure 6B) ana-
lysis of differentially expressed proteins (figure 6A), which was
corroborated by the corresponding functional analysis (see
figure 11 in online supplement). These results suggest the restor-
ation of the microbiota because untreated samples (FS-0 and
FS-40) clustered together, indicating that the initial profile was
recovered at the end of the treatment despite the drastic shift

LU}

that occurred on the 11th day (see table 1 in online supple-
ment), consistent with the analysis of the total and active bacter-
ial compositions (figure 1).

According to the lower and over-representation of functional
gene categories (clusters of orthologous groups; COGs), we
found a rather stable distribution between the samples, with sig-
nificantly different contributions from only 29 out of 494 COGs.
As shown in figure 7, we observed specific differences that clearly
indicated drastic shifts on day 6 of AB therapy (FS-6) and after
treatment cessation (FS-40) of proteins assigned to 23 distinct
COGs within the functional categories of glycolysis, pyruvate
and glutamate metabolism, iron uptake and translation
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(figure 7A—-C); a transient increase in expression at day 6 was fol-
lowed by depletion during and after the follow-up period.
AB-treated samples were also characterised by a striking deple-
tion of the translation elongation factors required for protein
synthesis, such as GTPases, which facilitate the release of nascent
polypeptide chains; this depletion was accentuated after treat-
ment cessation (figure 7B). By contrast, samples taken during AB
treatment were characterised by an enrichment of antimicrobial
peptide transporters and multidrug efflux pumps that peaked on
the 3rd day of AB treatment (figure 7D) and were absent in
untreated samples (FS-0 and FS-40). Additional key proteins,
such as aerobic CobN cobaltochelatases (COG1429) essential for
the biosynthesis of vitamin By,, were also found to be depleted
(see table 3 in the online supplement) in samples FS-3, FS-11 and
FS-14 compared with untreated samples.
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DISCUSSION

The effects of ABs and the mechanisms underlying the connec-
tion between AB treatment and microbial gut metabolism
require clarification, which can only be achieved through an
integrated approach that goes well beyond the 16S DNA ana-
lysis that has been the cornerstone of previous research in this
area. Thus, the aims of this study were as follows: to provide a
proof of concept for an integrated workflow to assess the nature
of such changes in the intestines of patients undergoing AB
treatment at the structural and functional levels; and to evaluate
whether there is a relationship between these types of changes.
For instance, changes in the total composition at a given time
point may also be associated with changes in the AB-resistant
bacteria, although not necessarily at the same moment or during
the same interval. Two major active factors that modulate
changes in the microbiota should be considered. First, it is
important to understand how AB treatment determines the
emergence of bacterial species that are resistant to B-lactams
(such as ampicillin and cephalosporins) and how the microbiota
recovers once ABs have been removed. Second, the speed at
which such changes are observed according to the different
levels under consideration should be carefully evaluated.

In our study, we demonstrated that the greatest change in the
active microbial fraction occurred later (day 14) than that in the
total microbial fraction, which reached a minimum biodiversity
and richness on the 11th day of AB treatment (figure 1).
Further, oscillatory population dynamics were observed (at both
the DNA and RNA levels). An early reduction in Gram-negative
bacteria at day 6 and an overall collapse in diversity was fol-
lowed by possible colonisation of the upper gut by naturally
resistant Bacteroidetes by day 11, a consequent increase in the
colonisation of the lower gut with dominance at 11-14 days
and eventual re-growth of the Gram-positive bacteria at day 14.
Various studies based on 16S rDNA analysis revealed important
variability in the recovery of the baseline bacterial composition
after AB therapy depending on the individual and the AB used
(type and dose)."" '* 15 The large fluctuations in the relative
abundances of the various bacterial taxa for the total and active
microbiota throughout the follow-up study were most likely
associated with an additive effect of ampicillin/sulbactam and
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FS-14

(A) Correspondence analysis of the expressed proteins in each sample. (B) Clustering of the samples based on the type and abundance

of expressed proteins, with Pearson’s correlation applied to calculate the distances. The two axes, CA1 and CA2, in (A) bundle 33% and 28% of the

total observed variation, respectively.
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Figure 7 Graphical representation of the high-abundance and low-abundance proteins in different pathways, according to the clusters of
orthologous group (COG) number assigned to each protein. (A) Rubrerythrin/ferritin COGs: COG1592 (rubrerythrin) and COG1528 (ferritin-like
protein). (B) Translation factor and translation enzyme COGs: COG0193 (peptidyl-tRNA hydrolase), C0G0264 (translation elongation factor Ts),
COG0050, COG0532 (GTPases—translation elongation factors), C0OG0216 (protein chain release factor A), COG0480 (translation elongation factors
(GTPases)) and C0G0231 (translation elongation factor P/translation initiation factor 5A). (C) Glycolysis, pyruvate, glutamate and other related COGs:
C0GO0126 (3-phosphoglycerate kinase), COG0205 (6-phosphofructokinase), COG0148 (enolase), COG0076 (glutamate decarboxylase and related
proteolipid protein-dependent proteins), COG1830 (DhnA-type fructose-1,6-bisphosphate aldolase and related enzymes), C0G0334 (glutamate
dehydrogenase/leucine dehydrogenase), COG1053 (succinate dehydrogenase/fumarate reductase, flavoprotein subunit), COG0588 (phosphoglycerate
mutase 1), C0G0479 (succinate dehydrogenase/fumarate reductase, Fe-S protein subunit), COG0191 (fructose/tagatose bisphosphate aldolase),
COGO0149 (triosephosphate isomerase), COG0166 (glucose-6-phosphate isomerase), COG0057 (glyceraldehyde-3-phosphate dehydrogenase/
erythrose-4-phosphate dehydrogenase) and COG0469 (pyruvate kinase). (D) Antimicrobial transporters, multidrug efflux pumps and other
transporter COGs: COG0841 (cation/multidrug efflux pump), C0G2825 (outer membrane protein), C0G3292 (predicted periplasmic ligand-binding
sensor domain), C0G3264 (small-conductance mechanosensitive channel), C0G1538 (outer membrane protein) and COG1629 (outer membrane
receptor proteins). Only proteins with values >1.5 or <-1.5 log, ratios were considered.

the first-generation cephalosporin cefazolin as well as the wide- Burkholderiaceae (Proteobacteria phylum). Thus, these bacteria
spread development of B-lactamases (for details, see the may have contributed to the distinct functional profiles and meta-
Discussion in the online supplement).' bolic statuses of colonic bacteria during the follow-up therapy.

The apparent oscillations in the population dynamics were shown A notable finding in this study was that protein expression
to further influence the biodiversity and richness of metabolites and appeared to decrease as a consequence of AB treatment; further-
active proteins; these changes, some of which may play essential more, the production of proteins needed for glycolysis, pyruvate
roles in protection against ABs (for details, see the Discussion in the decarboxylation, the tricarboxylic acid cycle, glutamate metabol-
online supplement), may also have important ecological implica- ism, iron uptake, GTP hydrolysis and translation termination
tions. In our study, we observed a drastic shift 6 days after the onset were enhanced at the initial stages of AB treatment (day 6),
of AB treatment, at which time the predominantly active taxa were most likely to cope with an intermittent nutrient supply and the
mainly members of the Streptococcaceae, Clostridiaceae and stress caused by the ABs, but decreased at later stages and after
Bacteroidaceae, and at 40 days after the end of AB treatment, when treatment cessation. Together, these results suggest for first time
the most abundant active bacteria were members of the that AB treatment may ‘presumptively’ negatively affect the
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Figure 8 The 'presumptive’ model related to the follow-up effect of antibiotics (ABs) on the microbial and metabolic composition of the human
gut. The model is based on the combination of experimental multi-omics data. The biliary excretion of ABs triggers a cascade of metabolic events.
At the earlier stages of AB therapy, the bacteria respond by promoting systems to avoid the antimicrobial effects of the drugs (expressing
beta-lactamases, antimicrobial peptide transporters and multidrug efflux pumps and producing glycero(lyso)phospholipids—G(L)PL) and to cope with
an intermittent nutrient supply while decreasing polysaccharides and lipopolysaccharide (LPS) production. Genes involved in cell envelope
biosynthesis and the degradation of peptidoglycan-like components are increasingly expressed until the end of AB treatment but with a time delay
compared with other drug-detoxifying mechanisms. Finally, the bacterial metabolism of the bile acid, hormones and cholesterol synthesised in the
liver and pancreas is attenuated by AB therapy, thus possibly affecting entero-hepatic recirculation and systemic lipid metabolism, that is, the
emulsification, absorption and transport of dietary fats; however, after treatment cessation, the metabolism of these factors improved significantly.
Similarly, the pool of vitamins that are directly synthesised by gut bacteria was significantly improved after treatment cessation. The nutrient supply
mechanisms, such as glycolysis, pyruvate decarboxylation, tricarboxylic acid (TCA) cycle, glutamate metabolism, and iron uptake, that are induced at
earlier stages (day 6) become attenuated during the late stages of the therapy and become significantly attenuated after treatment cessation,
suggesting that the entero-hepatic recirculation system may contain a lower amount of iron, sugars, branched amino acids, short organic acids and
pyruvate produced or transported by colonic bacteria. At the active bacterial structure level, an apparently oscillatory population dynamic was
further observed, with the initially predominant active Bacteroidaceae becoming replaced by Burkholderiaceae after treatment cessation. The broken
line indicates the overall trend in each of the gut bacteria components during the follow-up treatment.

overall metabolic status of the colonic space (for an example,
see the Discussion in the online supplement), although further
studies may be required to further confirm this hypothesis.
Additionally, the expression levels of all the genes belonging to
the ‘mobile and extrachromosomal element functions’ category
were decreased during treatment, and all of them were asso-
ciated with clustered regulatory interspaced short palindromic
repeats (CRISPRs). These genes encode a system that functions
as a type of bacterial adaptive ‘immune’ response.®* Specifically,
the genes that belong to the CRISPR/Cas system are involved in
protecting cells from invasion by foreign DNA (viruses and plas-
mids) through an RNA-interference-like process.>> Thus, the
decreases in the expression of these genes may render the bac-
teria more susceptible to the acquisition of foreign DNA. This
could provide an advantage in an AB-containing environment
because it increases the likelihood of obtaining resistance genes
by horizontal gene transfer.

Of major metabolic significance was the observation that the
production of metabolites that are known to be produced by the
host and further metabolised by colonic bacteria, such as deriva-
tives of bile acids, cholesterol and hormones, was altered during
the AB treatment and was significantly improved after treatment
cessation. In essence, this finding suggests that AB treatment
altered the continual interplay between the liver/pancreas and
bacterial enzymes operating in the colonic space and that AB
therapy may have a positive long-term effect in human biology.
This result is consistent with the finding that the biological pro-
duction of host-beneficial molecules such as vitamin By, and the
uptake of key metals such as Co®>* by colonic bacteria were
affected by AB therapy because the expression of genes and pro-
teins associated with those functions was restored after treat-
ment cessation. This is particularly important because it has
been demonstrated that the microbiota from the distal guts of
different individuals exhibit partial functional redundancy in
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addition to clear differences in community structure in the
absence of ABs.>® By contrast, although further experimental
evidence is required, our results suggest that the presence of
ABs per se may have additional ‘presumptive’ collapse effects in
key metabolic pathways independent of the community struc-
ture and that functional replacement events may be affected
under AB stress.

Although, the investigation reported here was for a single
patient and should generally be considered qualitative, it consti-
tutes a proof of concept for an integrated, multi-omics approach
towards unravelling the dynamics and mechanisms underlying
the response of intestinal microbiota to AB treatment. A ‘pre-
sumptive’ model related to the follow-up effects of ABs on bac-
terial and metabolic composition is summarised in figure 8.
These data may help to identify specific strains of gut microbiota
with potential benefits in human health or to design specific
therapies to decrease intestinal inflammation or normalise dys-
functions of the gut mucosa; for example, minor bacterial taxa
such as Proteobacteria have been shown to play a significant,
active role in overall gut metabolism and host interaction
despite their low number. Further studies investigating different
ABs and (un)related individuals are required to better ascertain
the link between bacterial producers and the presence of par-
ticular proteins and molecules, and the metabolic consequences
of AB treatment; this may serve as a promising focus for thera-
peutic interventions or the treatment of pathogenic infections
and diseases.
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