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Abstract: The aim was to describe the safety of indefinite administration of antibiotics, the so-called
suppressive antibiotic therapy (SAT) and to provide insight into their impact on gut microbiota.
17 patients with SAT were recruited, providing a fecal sample. Bacterial composition was determined
by 16S rDNA massive sequencing, and their viability was explored by PCR-DGGE with and without
propidium monoazide. Presence of antibiotic multirresistant bacteria was explored through the
culture of feces in selective media. High intra-individual variability in the genera distribution regard-
less of the antibiotic or antibiotic administration ingestion period, with few statistically significant
differences detected by Bray-Curtis distance-based principle component analysis, permutational
multivariate analysis of variance and linear discriminant analysis effect size analysis. However,
the microbiota composition of patients treated with both beta-lactams and sulfonamides clustered
by a heat map. Curiously, the detection of antibiotic resistant bacteria was almost anecdotic and
CTX-M-15-producing E. coli were detected in two subjects. Our work demonstrates the overall
clinical safety of SAT and the low rate of the selection of multidrug-resistant bacteria triggered by
this therapy. We also describe the composition of intestinal microbiota under the indefinite use of
antibiotics for the first time.

Keywords: suppressive antibiotic therapy; gut microbiota; PCR-DGGE; bacterial viability; propidium
monoazide; antibiotic multirresistant colonization

1. Introduction

Increased life expectancy with an acceptable quality of life is a relevant characteristic
of current society. The rate of joint replacement surgery is increasing worldwide, with
estimates of up to 80,000 operations annually in Spain and an incidence of further prosthetic
joint infection of 3–4% [1]. Prosthetic infection increases not only morbidity and mortality
rates (approximately 2–7% for patients over 80 years of age) but also healthcare costs [2].
The factors that contribute to implant associated infections are related to the implanted
biomaterial, surgical procedure, soft tissue and immunological system status, and infective
microorganism-related factors [2]. Managing this situation, including the surgical and non-
surgical approaches, is complex. A curative approach is not possible for a small proportion
of patients, whose only option for controlling symptoms and maintaining functionality is
the indefinite administration of antibiotics, also know as suppressive antibiotic therapy
(SAT), an apparently safe and well-tolerated treatment [3–6]. The antimicrobial impact of
SAT is not limited to the infection site; one of the most concerning adverse effect is the
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disturbance of the commensal gut microbiota. Although several studies have assessed
the long-term and short-term effects of particular antibiotics on gut microbiota [7–11], this
feature has not been explored in patients undergoing SAT, who are usually elderly and
have numerous comorbidities and are therefore candidates for colonization/infection by
pathogens such as Clostridioides difficile and multidrug-resistant bacteria. The aim of this
study was to describe the safety of SAT over extended periods and its ecological impact on
gut microbiota.

2. Materials and Methods
2.1. Study Design

We conducted a prospective observational study at our center’s Department of Infec-
tious Diseases from 2016 to 2018 on patients undergoing SAT due to unresolved implant-
associated infection managed with implant maintenance. The inclusion criteria were an
age over 18 years, regular follow-up in our consultation, signing the written informed
consent document and undergoing SAT for at least an entire month. The exclusion criteria
were a history of inflammatory bowel disease (IBD), colorectal cancer, C. difficile infection
in the previous 3 months and the consumption of other antibiotics due to a different in-
fectious episode in the previous 30 days. Each patient provided a fecal sample, and their
demographic and clinical characteristics were recorded from their clinical charts in an
anonymous confidential database. This study was approved by the center’s local ethics
committee (27 March 2017 acta 321).

2.2. Sample Processing

After collecting the feces, the samples were divided into two aliquots and immediately
frozen at −80 ◦C. One aliquot was employed to determine the colonization of viable
antibiotic multidrug-resistant bacteria by conventional microbiological cultures, whereas
the remaining aliquot was reserved to determine the whole bacterial composition by
16S rDNA amplification and massive sequencing.

To select multidrug-resistant bacteria, the samples were cultivated in M-Enterococcus
agar plates supplemented with 6 mg/L of vancomycin, mannitol-salt agar plates supple-
mented with 4 mg/L of oxacillin, MacConkey agar plates supplemented with 1 mg/L of
cefotaxime and with 2 mg/L of imipenem. We performed extended incubation at 37 ◦C for
at least 5 days to allow for the growth of fastidious organisms. Colonies were identified by
matrix-assisted laser desorption/ionization-time of flight Mass Spectrometry (Bruker Dal-
tonics, Leipzig, Germany), and their antibiotic susceptibility was determined using the
MicroScan WalkAway system (Beckman Coulter, Brea CA, USA).

To determine the whole microbiota composition, we completely solubilized portions
of 0.5 mg of feces in 5 mL of sterile water and employed 0.5 mL of this solution to obtain
total DNA using the QIAamp kit (Qiagen, Hilden, Germany), determining their concen-
tration and quality using the Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). We amplified the V3-4 region of the bacterial 16s rDNA gene by PCR and then used
the amplicons to prepare the sequencing library, following the Illumina 16S Metagenomic
Sequencing Library Preparation Guide. Lastly, 16S rDNA massive sequencing was per-
formed on a MiSeq platform (Illumina, San Diego CA, USA) at the Foundation for the
Promotion of Health and Biomedical Research (FISABIO) in Valencia, Spain.

2.3. Bioinformatics and Statistical Analysis

The 16S rDNA sequencing data analysis and statistics were performed using the
QIIME2 (version 2018.4) software package [12]. Taxonomic annotation of the operational
taxonomic units was performed by employing the classify-sklearn naïve Bayes taxonomy
classifier via the “q2-feature-classifier” plugin for QIIME2, using the SILVA 132 database
as reference [13]. The relative abundance and contingency tables included singletons and
very low represented taxons. Alpha and beta diversity parameters were calculated using
the “diversity” plugin for QIIME2. The taxonomic alpha diversity and community richness
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were estimated using the Shannon and Chao1 indices, respectively. Significant differences
in these parameters, according to the type of antibiotic employed for treatment, were tested
using a Kruskal-Wallis pairwise analysis. Values were considered statistically significant
if <0.05. The bacterial composition between samples (or beta diversity) was estimated
using the Bray-Curtis distance, which determines a matrix of dissimilarity scores based
on the taxa present and their relative abundance [14]. After grouping the samples by
antibiotic therapy type, a permutational multivariate analysis of variance was applied to
test whether the intragroup distances differed significantly from the intergroup distances.
We also graphically explored the Bray-Curtis distances by a principal coordinate analysis
using the “emperor” plugin for QIIME2 [15]. We built a heat map using the 50 genera
with a higher median relative abundance using the “heatmap” plugin for QIIME2. Lastly,
we performed a linear discriminate analysis effect size (LEfSe) to assess the differential
abundance of selective taxa between the antibiotic therapy groups [16]. The alpha value
for the factorial Kruskal-Wallis test was 0.05, and the threshold for the logarithmic linear
discriminant analysis score for discriminative features was set at 2.0. All sequencing reads
that map to the human reference genome have been removed from the sequencing files.

2.4. Bacterial Viability

As bacterial viability cannot be inferred from the high-throughput sequencing data, we
aimed to evaluate the SAT impact on alive bacteria using propidium monoazide (PMA), a
photoreactive DNA dye that does not interact with intact biological membranes, instead tar-
geting free DNA and dead cells. Once PMA is intercalated into a DNA molecule, it prevents
its amplification by PCR, obtaining only positive amplification from viable bacteria.

Consequently, all fecal samples were processed in parallel with and without PMA
in addition to a control group of dead bacteria after boiling for 15 min. The PMA was
subsequently activated by incubating in the dark for 5 min and photoactivating for 30 min
with blue LED light. We then extracted total DNA using the QIAamp kit (Qiagen, Hilden,
Germany) and performed universal bacterial amplification using rDNA 16S primers. Am-
plicons were further separated and visualized on a gradient of denaturing acrylamide gel
(DGGE) to differentiate live and dead bacterial species.

3. Results
3.1. Clinical Data and Adverse Effects

Of the 20 patients treated in our department who met the inclusion criteria, 17 of
them signed the informed consent and provided a fecal sample. Table 1 shows the patients’
demographic and clinical data, with a homogeneous sex distribution (8 female and 9 male
patients) and a mean age of 75.9 ± 12.5 years. One of the patients (34 years old) was
considerably younger than the others, who were between 66 and 88 years old. The Charlson
index that predicts 10-year survival in patients with multiple comorbidities had a median
value of 1.24 ± 1.48/IQR 1 (0–1.5), estimating a probability of 10-years survival of 96%. The
unresolved prosthetic infections were mainly caused by Staphylococcus aureus (8 patients,
47.1%), and Staphylococcus epidermidis (3 patients, 17.6%). By the sample collection time, the
patients had taken antibiotics for a median of 32 months (range, 1–109 months).

Each antibiotic therapy was individually considered based on the patients’ character-
istics, tolerability, safety profile, drug-drug interactions, and the antibiotic susceptibility of
the infective microorganism. The prescribed oral antibiotics were beta-lactams (6 patients,
35.2%), cotrimoxazole (4 patients, 23.5%), fluoroquinolones (4 patients, 23.5%, one of them
in combination with rifamycin), tetracyclines (2 patients 11.7%), and clindamycin (1 patient
5.8%). The remaining patient was hospital-admitted with cancer, had a central catheter and
was administered intravenous teicoplanin.

The patients were questioned as to SAT-related adverse effects, with 5 (29.4%) re-
porting mild gastrointestinal symptoms. Three patients had asymptomatic bacteriuria,
whereas a fourth patient experienced a single episode of urinary tract infection caused by a
microorganism resistant to the antibiotic used in the SAT regimen (doxycycline); however,
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intestinal colonization by the infective microorganism was not demonstrated. Lastly, one
of the female patients reported vaginal candidiasis and weight gain, in clear association
with amoxicillin intake (Table 1).

Table 1. Epidemiological and clinical data of the 17 patients with SAT.

Patient Sex
(Age in Years)

Charlson
Index Location of Infection Microorganism Antibiotic (Family)

[Months of Antibiotic Intake]
Symptomatology

Attributable to SAT

1 male (79) 1 Abdominal (mesh) MSSA Cefadroxil (betalactam) (17) Flatulence

2 male (73) 1 PJI (Knee) MSSA Doxycycline (glycopeptide) (10) Urinary infection

3 female (83) 0 PJI (Hip) Enterobacter cloacae Ciprofloxacin (fluorquinolone) (17)

4 female (83) 0 PJI (Hip) MSSA Cephalexin (betalactam) (18) Asymptomatic bacteriuria

5 male (89) 1 PJI (Hip) MSSA Cephalexin (betalactam) (14)

6 female (79) 0 PJI (Knee) MRSE Cotrimoxazole (109) Diarrhoea and
Asymptomatic bacteriuria

7 female (80) 1 PJI (Knee) MSSA Levofloxacin (fluorquinolone)
/Rifamycin (1)

8 female (88) 0 PJI (Knee) Escherichia coli Cotrimoxazole (62) Asymptomatic bacteriuria

9 male (73) 1 Vertebral Instrumentation Unidentified Cotrimoxazole (54) Constipation

10 male (84) 3 PJI (Hip) MSSA Cephalexin (betalactam) (19)

11 female (70) 1 PJI (Shoulder) Enterococcus faecalis Amoxicillin (betalactam) (11) Weight gain and
Candidiasis

12 male (66) 2 PJI (Hip) MSSE Doxycycline (tetracycline) (48) Diarrhoea

13 female (82) 1 PJI (Shoulder) Cutibacterium granulosum Moxifloxacin (fluorquinolone) (20) Intestinal distension

14 female (74) 0 PJI (Knee) MSSA Clindamycin (macrolide) (21)

15 male (72) 6 Osteosynthesis material
(Humerus) MRSE Teicoplanin (glycopeptide) (1)

16 male (34) 1 Vertebral Instrumentation Polymicrobial Cotrimoxazole (102)

17 male (81) 2 Osteosynthesis material
(Tibia) MSSA Cefadroxil (1)

MSSA: methicillin-susceptible S. aureus; MRSA: methicillin-resistant S. aureus; MSSE: methicillin-susceptible S. epidermidis; MRSE:
methicillin-resistance S. epidermidis; PJI: Prosthetic join infection. Charlson index estimated the 10-years survival: 0 = 98%, 1 = 96%,
2 = 90%, 3 = 77%, 4 = 53%, 5 = 21%, and 6 = 2%.

3.2. Fecal Colonization by Antimicrobial Resistant Bacteria

The fecal carriage of antibiotic multidrug-resistant microorganisms was not detected
by selective culturomics, with the exception of two extended-spectrum beta-lactamase
(ESBL) producing Escherichia coli isolates in patients 7 and 15, which were further char-
acterized as CTX-M-15. Both patients were treated with non-beta-lactams antibiotics:
levofloxacin/rifamycin and teicoplanin, respectively.

3.3. Gut Microbiota Composition

For the gut microbiota characterization, we evaluated the richness and diversity of the
gut microbiota using the Shannon and Chao1 alpha diversity indices (Figure 1), detecting
a similar pattern for beta-lactam and sulfonamide-treated patients, whereas tetracyclines
(and particularly fluoroquinolones) provoke a considerable decrease in the Chao1 index.
The most aberrant ecosystem corresponded to patient 7, who had been taking levofloxacin
plus rifamycin for a single month. On the contrary, patient 15 was also treated with
intravenous teicoplanin during a month but he presented high alpha-diversity values.

Figure 2 shows the phyla distribution according to the massive sequencing analysis.
There was high variability among all patients and phyla, particularly for Firmicutes (median
value, 76.6%; range, 45–95%), Bacteroidetes (8.7%, 0.7–45%), Proteobacteria (2.1%, 0.006–28%),
Actinobacteria (3.1%, 0.2–22%), and Verrucomicrobia (0.01%, 0–15%). The abundance of the
referent genera from the each phyla was compared by the prescribed antibiotic and the intake
duration: Faecalibacterium from Firmicutes, Bacteroides from Bacteroidetes, Escherichia/Shigella
from Proteobacteria, Akkermansia from Verrucomicrobia, and Bifidobacterium from Actinobacteria
(Figure 3). As expected, the analysis showed high intraindividual variability; however,
Akkermansia was more depleted by sulfonamides, whereas quinolones appeared to nega-
tively affect Bifidobacterium abundance. A low abundance of Escherichia/Shigella was observed
in all patients, except for patient 10.
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The beta diversity analysis using the Bray-Curtis distance-based principle component
analysis and the permutational multivariate analysis of variance detected no clustering pat-
terns according to antibiotic class or SAT duration (Figure 4). There were also no significant
differences in the LEfSe analysis using default settings; however, to identify the microor-
ganisms affected by each antibiotic, we performed a less strict comparison (Figure 5). The
analysis revealed that beta-lactams inhibit Escherichia/Shigella, Dorea and Solobacterium
genera, the Acidaminococcaceae family and the Actinomyces phyla while favoring the expan-
sion of Flavonifractor, Sutterella, Christensenella, Anaerofustis, Haemophilus and Gelria genera.
The impact of sulfonamides was considerably lower, only inhibiting the IncertaeSedis and
favoring Faecalibacterium, Prevotella, Pseudobutyrivibrio, Dorea, Collinsella, Mogibacterium,
Alloprevotella, Olsenella and Howardella.

Despite each individual having their particular microbiota and the fact that the an-
tibiotic effect might not be generalizable to all individuals (mostly due to the differing gut
resistome of each participant), we decided to interconnect the bacterial abundances with
the SAT antibiotic using a heat map analysis (Figure 6). The results demonstrated that 3 out
of 6 patients receiving beta-lactam clustered together, whereas in the 4 patients receiving
sulfonamides the grouping occurred in pairs.
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3.4. Bacterial Viability

Lastly, we assessed the viability of the fecal bacteria using PCR-denaturing gradient
gel electrophoresis (with and without PMA) to inhibit the amplification of non-viable
cells, thereby avoiding unspecific DNA amplifications of transient bacteria (Figure 7). We
observed a similar intensity of bands in the experiments with and without PMA, which
makes us presuppose that most of the intestinal bacteria preserved their viability, without
significant differences between patients.



Genes 2021, 12, 41 9 of 13

Genes 2021, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 6. Heat map of the relative abundance and distribution of the 50 most abundant genera among samples. Each dot represents the overall bacterial community 
in each sample Y axis shows individual samples, tagged according to class of antibiotic and displayed following a dendrogram (left side of the graph) constructed 
by clustering analysis of Bray-Curtis distances among samples. X axis represents the 50 most abundant genera in terms of median of relative frequencies. Genera 
dendogram was constructed following Unweighted Pair Group Method using Arithmetic averages (UPGMA) clustering analysis, which groups genera according 
to their co-occurrence among samples. 

Figure 6. Heat map of the relative abundance and distribution of the 50 most abundant genera among samples. Each dot represents the overall bacterial community in each sample Y axis
shows individual samples, tagged according to class of antibiotic and displayed following a dendrogram (left side of the graph) constructed by clustering analysis of Bray-Curtis distances
among samples. X axis represents the 50 most abundant genera in terms of median of relative frequencies. Genera dendogram was constructed following Unweighted Pair Group Method
using Arithmetic averages (UPGMA) clustering analysis, which groups genera according to their co-occurrence among samples.
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for alive bacteria respect to the same preparation but boiled to destroy bacterial cells. (B): Fecal
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experiments with and without PMA suggests that the bacteria were viable.

4. Discussion

The short and long-term impact of antibiotics on intestinal microbiota has been docu-
mented by nonculture-based techniques [17–22], demonstrating high intraindividual and
interindividual variability, even for similar antimicrobial compounds. Most of those studies
indicated an individual antibiotic response strongly influenced by the gut ecosystem’s
initial diversity and strength [23]. In the present study, we explored for the first time (to our
knowledge) the impact of SAT on the gut microbiota of an aging population (all less one)
with comorbidities (median Charlson index of 1.24) and unresolved bacterial infections.
Our expected results included fecal colonization by antibiotic multidrug-resistant bacte-
ria, not only by continuous antibiotic selection but also as a consequence of the frequent
hospital visits of these elderly patients, as well as the disruption of the gut ecosystem.
Surprisingly, neither of these two expectations came true.

SAT is not just a therapeutic option but is in fact the last option for treatment for
implants-associated infections when the curative surgical approach is not feasible. SAT
safety was our first goal, and we observed no serious complications in our cohort except
for patient 11, who reported vaginal candidiasis and weight gain after amoxicillin intake.
One of the most relevant consequences of prolonged antibiotic therapy is the infection by
toxigenic C. difficile due to disruption of the commensal microbiota. The protective role
of Barnesiella genera and the Lachnospiraceae family has been reported [24], and both were
abundant in our cohort (0.7 ± 1.8%; range, 0–6.9% for Barnesiella; and 19.3 ± 15%; range
3.6–72.0% for the Lachnospiraceae family), and that could be the reason of the low C. difficile
prevalence among our patients.

The weight gain and vaginal candidiasis reported by patient 11 (who had taken
amoxicillin for 11 months) are related to major changes in gut microbiota. The growth-
promoter property of antibiotics is well known because the property has been extensively
employed for livestock but at low doses. Although other patients in our study had been
treated with beta-lactams, patient 11 was unique in taking amoxicillin, and we cannot
rule out that an increase in body mass index was related to the SAT intake, as has been
previously published by other authors [25–27]. Lastly, the mild intestinal adverse effects
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such as diarrhea and flatulence observed in our study tended to disappear during the
follow-up or were controlled.

Unexpectedly, antibiotic multidrug-resistant microorganisms were not detected in
feces, except for two ESBL producing E. coli isolates but in two patients who had not been
treated with a beta-lactam. Despite the oral intake, most of the antibiotic dose is absorbed
in the small intestine, passing to the blood compartment, with only small amounts of the
antibiotic reaching the colon. However, non-modified antibiotic molecules could also be
reintroduced into the lumen through biliary excretion, particularly the lipophilic antibiotics
such as tetracyclines and fluoroquinolones. Available data on the selection process of
antibiotic-resistant bacteria are inferred from in vitro experiments, and some discrepancies
can occur in vivo [24]. One factor to consider is that antimicrobials (such as azithromycin)
can exert adverse effects regardless of their antimicrobial activity, as well as potent anti-
inflammatory effects [28]. The interplay between microbiota and immunity is one of the
main factors influencing homeostasis [29,30]; although the potential antibacterial activity
of other drugs or foods should also be considered [31].

Despite previous efforts, specific intestinal microbiota targets have not yet been es-
tablished for each family of antimicrobials. Aminoglycosides appear to select Bacteroidetes
and Firmicutes phyla, whereas quinolones activity largely varies in different individu-
als [32]. Fluoroquinolones appear to have a deeper impact [20,22], although other authors
have reported a low effect for fluoroquinolones and vancomycin (intravenous), whereas
trimethoprim-sulfamethoxazole had very little impact [33]. The addition of a carbon-
derived supplement that absorbs excess antibiotic in the lumen has been proven to protect
intestinal microbiota [34], and this strategy should be considered for extended antibiotic
therapies such as SAT. All available data indicate individualized activity of the antibiotics
in the gut microbiota according to the previous individual composition of the micro-
biota [20,35]. Our population was characterized by their advanced age and clinical status,
the median value of Charlson index was 1.24 ± 1.48/IQR 1 (0–1.5). Despite the lack of
a baseline sample for all patients prior to starting the SAT, we observed a remarkable
conservation of the bacterial alpha-diversity and beta-diversity after the extended antibi-
otic exposure. Moreover, we detected certain patterns, mainly in the beta-lactams and
sulfonamide, despite those being the most widely used antibiotics.

The long-term antibiotic effects on the entire gut ecosystem have not been extensively
studied, and bacterial signaling is probably different when they are excited/stimulated
by antimicrobial molecules. Bacteroidetes, Bifidobacterium, strict anaerobes, and minority
populations seem to be the most fragile bacterial populations [18,36–39], and our results
showed the disparity in the abundance of some of these populations.

Our study’s main limitations are the small number of patients for each antimicrobial
type, the specific clinical features of each individual that prevent an homogeneous com-
parison and the lack of baseline samples to better determine the long-term impact of the
antibiotics. In contrast, the study’s strength was the inclusion of the PMA technique to
assure bacterial viability, which was demonstrated as high and comparable in all patients.

5. Conclusions

In summary, our study demonstrates the overall safety of SAT and the low-rate
of antibiotic multi-drug resistant bacterial selection triggered by this therapy. We also
described the composition of the intestinal microbiota under the indefinite use of antibiotics
for the first time. Our data suggest that SAT is safe in a clinical context of specialized
clinical follow-up that monitors adverse effects, interactions and toxicity, introducing the
necessary modifications in the treatment.

Author Contributions: Conceptualization, R.E.-S. and R.d.C.; methodology, R.E.-S., M.P.-A., H.B.-P.
and M.I.M.; software, M.P.-A.; validation, M.P.-A. and H.B.-P.; formal analysis, R.E.-S., R.C., J.C. and
R.d.C.; resources, R.d.C.; data curation, R.E.-S. and M.P.-A.; writing—original draft preparation,
R.E.-S., M.P.-A., and R.d.C.; writing—review and editing, all authors; funding acquisition, R.d.C. and
M.P.-A. All authors have read and agreed to the published version of the manuscript.



Genes 2021, 12, 41 12 of 13

Funding: This research was funded by the project PI17/00115 which recipient is R.d.C. and by Plan
Nacional de I+D+i 2013–2016 and Instituto de Salud Carlos III, Subdirección General de Redes y
Centros de Investigación Cooperativa, Ministerio de Economía, Industria y Competitividad, Spanish
Network for Research in Infectious Diseases (REIPI, RD16/0016/0011) cofinanced by European
Development Regional Fund “A way to achieve Europe” (ERDF), Operative program Intelligent
Growth 2014–2020. RE-S is supported by REIPI. M.P.-A. was supported by the Programa Operativo
de Empleo Juvenil, co-financed by the European Social Fund Investing in your future (ESF) and
ERDF (PEJD-2018-PRE/BMD-8237), and by a Rio Hortega contract (CM19/00069) from the Instituto
de Salud Carlos III.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Ramón y Cajal Hospital (27 March
2017 acta 321).

Data Availability Statement: Metagenomic sequencing datasets generated and analyzed during
the current study are available in the European Nucleotide Archive under accession number:
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA633161.

Acknowledgments: We are grateful to Marta Cobo for their technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ministerio de Sanidad, Consumo y Bienestar Social. Subdirección General de Información Sanitaria e Innovación. Registro

de Atención Especializada/Conjunto Mínimo Básico de Datos (RAE-CMBD) de los hospitales del Sistema Nacional de Salud.
Available online: http://icmbd.es (accessed on 21 June 2020).

2. Kapadia, B.H.; Berg, R.A.; Daley, J.A.; Fritz, J.; Bhave, A.; Mont, M.A. Periprosthetic joint infection. Lancet 2016, 387, 386–394. [CrossRef]
3. Escudero-Sanchez, R.; Senneville, E.; Digumber, M.; Soriano, A.; Del Toro, M.D.; Bahamonde, A.; Del Pozo, J.L.; Guio, L.; Murillo,

O.; Rico, A.; et al. Suppressive antibiotic therapy in prosthetic joint infections: A multicentre cohort study. Clin. Microbiol. Infect.
2020, 26, 499–505. [CrossRef] [PubMed]

4. Leijtens, B.; Weerwag, L.; Schreurs, B.W.; Kullberg, B.J.; Rijnen, W. Clinical outcome of antibiotic suppressive therapy in patients
with a prosthetic joint infection after hip replacement. J. Bone Jt. Infect. 2019, 4, 268–276. [CrossRef] [PubMed]

5. Prendki, V.; Ferry, T.; Sergent, P.; Oziol, E.; Forestier, E.; Fraisse, T.; Tounes, S.; Ansart, S.; Gaillat, J.; Bayle, S.; et al. Prolonged
suppressive antibiotic therapy for prosthetic joint infection in the elderly: A national multicentre cohort study. Eur. J. Clin.
Microbiol. Infect. Dis. 2017, 36, 1577–1585. [CrossRef] [PubMed]

6. Wouthuyzen-Bakker, M.; Nijman, J.M.; Kampinga, G.A.; van Assen, S.; Jutte, P.C. Efficacy of antibiotic suppressive therapy in
patients with a prosthetic joint infection. J. Bone Jt. Infect. 2017, 2, 77–83. [CrossRef] [PubMed]

7. Jernberg, C.; Löfmark, S.; Edlund, C.; Jansson, J.K. Long-term ecological impacts of antibiotic administration on the human
intestinal microbiota. ISME J. 2007, 1, 56–66. [CrossRef]

8. Jakobsson, H.E.; Jernberg, C.; Andersson, A.F.; Sjölund-Karlsson, M.; Jansson, J.K.; Engstrand, L. Short-term antibiotic treatment
has differing long- term impacts on the human throat and gut microbiome. PLoS ONE 2010, 5, e9836. [CrossRef]

9. Burdet, C.; Nguyen, T.T.; Duval, X.; Ferreira, S.; Andremont, A.; Guedj, J. Impact of antibiotic gut exposure on the temporal
changes in microbiome diversity. Antimicrob. Agents Chemother. 2019, 63, e00820-19. [CrossRef]

10. Becattini, S.; Taur, Y.; Pamer, E.G. Antibiotic-induced changes in the intestinal microbiota and disease. Trends Mol. Med. 2016, 22,
458–478. [CrossRef]

11. Lange, K.; Buerger, M.; Stallmach, A.; Bruns, T. Effects of antibiotics on gut microbiota. Dig. Dis. 2016, 34, 260–268. [CrossRef]
12. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;

Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef] [PubMed]

13. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucl. Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

14. Bray, J.R.; Curtis, J.T. An ordination of the upland forest communities of Southern Wisconsin. Ecol. Monogr. 1957, 27, 325–349.
[CrossRef]

15. Vázquez-Baeza, Y.; Pirrung, M.; Gonzalez, A.; Knight, R. EMPeror: A tool for visualizing high-throughput microbial community
data. Gigascience 2013, 2, 16. [CrossRef]

16. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

17. Jernberg, C.; Lofmark, S.; Edlund, C.; Jansson, J.K. Long-term impacts of antibiotic exposure on the human intestinal microbiota.
Microbiology 2010, 156, 3216–3223. [CrossRef]

18. Palleja, A.; Mikkelsen, K.H.; Forslund, S.K.; Kashani, A.; Allin, K.H.; Nielsen, T.; Hansen, T.H.; Liang, S.; Feng, Q.; Zhang, C.; et al.
Recovery of gut microbiota of healthy adults following antibiotic exposure. Nat. Microbiol. 2018, 3, 1255–1265. [CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA633161
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA633161
http://icmbd.es
http://doi.org/10.1016/S0140-6736(14)61798-0
http://doi.org/10.1016/j.cmi.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31539638
http://doi.org/10.7150/jbji.37262
http://www.ncbi.nlm.nih.gov/pubmed/31966956
http://doi.org/10.1007/s10096-017-2971-2
http://www.ncbi.nlm.nih.gov/pubmed/28378243
http://doi.org/10.7150/jbji.17353
http://www.ncbi.nlm.nih.gov/pubmed/28529867
http://doi.org/10.1038/ismej.2007.3
http://doi.org/10.1371/journal.pone.0009836
http://doi.org/10.1128/AAC.00820-19
http://doi.org/10.1016/j.molmed.2016.04.003
http://doi.org/10.1159/000443360
http://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.2307/1942268
http://doi.org/10.1186/2047-217X-2-16
http://doi.org/10.1186/gb-2011-12-6-r60
http://doi.org/10.1099/mic.0.040618-0
http://doi.org/10.1038/s41564-018-0257-9


Genes 2021, 12, 41 13 of 13

19. Fouhy, F.; Guinane, C.M.; Hussey, S.; Wall, R.; Ryan, C.A.; Dempsey, E.M.; Murphy, B.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C.; et al.
High-throughput sequencing reveals the incomplete, short-term recovery of infant gut microbiota following parenteral antibiotic
treatment with ampicillin and gentamicin. Antimicrob. Agents Chemother. 2012, 56, 5811–5820. [CrossRef]

20. Dethlefsen, L.; Relman, D.A. Incomplete recovery and individualized responses of the human distal gut microbiota to repeated
antibiotic perturbation. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. S1), 4554–4561. [CrossRef]

21. Pérez-Cobas, A.E.; Gosalbes, M.J.; Friedrichs, A.; Knecht, H.; Artacho, A.; Eismann, K.; Otto, W.; Rojo, D.; Bargiela, R.;
von Bergen, M.; et al. Gut microbiota disturbance during antibiotic therapy: A multi-omic approach. Gut 2013, 62, 1591–1601.
[CrossRef]

22. Panda, S.; El khader, I.; Casellas, F.; López Vivancos, J.; García Cors, M.; Santiago, A.; Cuenca, S.; Guarner, F.; Manichanh, C.
Short-term effect of antibiotics on human gut microbiota. PLoS ONE 2014, 9, e95476. [CrossRef]

23. Raymond, F.; Ouameur, A.A.; Déraspe, M.; Iqbal, N.; Gingras, H.; Dridi, B.; Leprohon, P.; Plante, P.L.; Giroux, R.; Bérubé, È.; et al.
The initial state of the human gut microbiome determines its reshaping by antibiotics. ISME J. 2016, 10, 707–720. [CrossRef] [PubMed]

24. Schubert, A.M.; Sinani, H.; Schloss, P.D. Antibiotic-induced alterations of the murine gut microbiota and subsequent effects on
colonization resistance against Clostridium difficile. mBio 2015, 6, e00974. [CrossRef] [PubMed]

25. Li, R.; Wang, H.; Shi, Q.; Wang, N.; Zhang, Z.; Xiong, C.; Liu, J.; Chen, Y.; Jiang, L.; Jiang, Q. Effects of oral florfenicol and
azithromycin on gut microbiota and adipogenesis in mice. PLoS ONE 2017, 12, e0181690. [CrossRef] [PubMed]

26. Thuny, F.; Richet, H.; Casalta, J.P.; Angelakis, E.; Habib, G.; Raoult, D. Vancomycin treatment of infective endocarditis is linked
with recently acquired obesity. PLoS ONE 2010, 5, e9074. [CrossRef]

27. Angelakis, E.; Million, M.; Kankoe, S.; Lagier, J.C.; Armougom, F.; Giorgi, R.; Raoult, D. Abnormal weight gain and gut microbiota
modifications are side effects of long-term doxycycline and hydroxychloroquin. Antimicrob. Agents Chemother. 2014, 58, 3342–3347.
[CrossRef]

28. Ianiro, G.; Tilg, H.; Gasbarrini, A. Antibiotics as deep modulators of gut microbiota: Between good and evil. Gut 2016, 65,
1906–1915. [CrossRef]

29. Sun, L.; Zhang, X.; Zhang, Y.; Zheng, K.; Xiang, Q.; Chen, N.; Chen, Z.; Zhang, N.; Zhu, J.; He, Q. Antibiotic-Induced disruption
of gut microbiota alters local metabolomes and immune responses. Front. Cell Infect. Microbiol. 2019, 9, 99. [CrossRef]

30. Mu, C.; Zhu, W. Antibiotic effects on gut microbiota, metabolism, and beyond. Appl. Microbiol. Biotechnol. 2019, 103, 9277–9285.
[CrossRef]

31. Maier, L.; Pruteanu, M.; Kuhn, M.; Zeller, G.; Telzerow, A.; Anderson, E.E.; Brochado, A.R.; Fernandez, K.C.; Dose, H.; Mori, H.;
et al. Extensive impact of non-antibiotic drugs on human gut bacteria. Nature 2018, 555, 623–628. [CrossRef]

32. Ng, K.M.; Aranda-Díaz, A.; Tropini, C.; Frankel, M.R.; Van Treuren, W.; O’Laughlin, C.T.; Merrill, B.D.; Yu, F.B.; Pruss, K.M.;
Oliveira, R.A.; et al. Recovery of the gut microbiota after antibiotics depends on host diet, community context, and environmental
reservoirs. Cell Host Microbe. 2019, 26, 650–665.e4. [CrossRef] [PubMed]

33. Morjaria, S.; Schluter, J.; Taylor, B.P.; Littmann, E.R.; Carter, R.A.; Fontana, E.; Peled, J.U.; van den Brink, M.R.M.; Xavier, J.B.;
Taur, Y. Antibiotic-induced shifts in fecal microbiota density and composition during hematopoietic stem cell transplantation.
Infect. Immun. 2019, 87, e00206-19. [CrossRef] [PubMed]

34. Burdet, C.; Sayah-Jeanne, S.; Nguyen, T.T.; Miossec, C.; Saint-Lu, N.; Pulse, M.; Weiss, W.; Andremont, A.; Mentré, F.; de
Gunzburg, J. Protection of hamsters from mortality by reducing fecal moxifloxacin concentration with dav131a in a model of
moxifloxacin-induced Clostridium difficile colitis. Antimicrob. Agents Chemother. 2017, 61, e00543-17. [CrossRef] [PubMed]

35. Leong, K.S.W.; Derraik, J.G.B.; Hofman, P.L.; Cutfield, W.S. Antibiotics, gut microbiome and obesity. Clin. Endocrinol. 2018, 88,
185–200. [CrossRef]

36. Yi, H.; Kim, H.S. Antibiotic scars left on the gut microbiota from the stringent response. Trends Microbiol. 2018, 26, 735–737.
[CrossRef]

37. Wei, S.; Mortensen, M.S.; Stokholm, J.; Brejnrod, A.D.; Thorsen, J.; Rasmussen, M.A.; Trivedi, U.; Bisgaard, H.; Sørensen,
S.J. Short- and long-term impacts of azithromycin treatment on the gut microbiota in children: A double-blind, randomized,
placebo-controlled trial. EBioMedicine 2018, 38, 265–272. [CrossRef]

38. Kim, S.; Covington, A.; Pamer, E.G. The intestinal microbiota: Antibiotics, colonization resistance, and enteric pathogens.
Immunol. Rev. 2017, 279, 90–105. [CrossRef]

39. Fujisaka, S.; Ussar, S.; Clish, C.; Devkota, S.; Dreyfuss, J.M.; Sakaguchi, M.; Soto, M.; Konishi, M.; Softic, S.; Altindis, E.; et al.
Antibiotic effects on gut microbiota and metabolism are host dependent. J. Clin. Investig. 2016, 126, 4430–4443. [CrossRef]

http://doi.org/10.1128/AAC.00789-12
http://doi.org/10.1073/pnas.1000087107
http://doi.org/10.1136/gutjnl-2012-303184
http://doi.org/10.1371/journal.pone.0095476
http://doi.org/10.1038/ismej.2015.148
http://www.ncbi.nlm.nih.gov/pubmed/26359913
http://doi.org/10.1128/mBio.00974-15
http://www.ncbi.nlm.nih.gov/pubmed/26173701
http://doi.org/10.1371/journal.pone.0181690
http://www.ncbi.nlm.nih.gov/pubmed/28742883
http://doi.org/10.1371/journal.pone.0009074
http://doi.org/10.1128/AAC.02437-14
http://doi.org/10.1136/gutjnl-2016-312297
http://doi.org/10.3389/fcimb.2019.00099
http://doi.org/10.1007/s00253-019-10165-x
http://doi.org/10.1038/nature25979
http://doi.org/10.1016/j.chom.2019.10.011
http://www.ncbi.nlm.nih.gov/pubmed/31726029
http://doi.org/10.1128/IAI.00206-19
http://www.ncbi.nlm.nih.gov/pubmed/31262981
http://doi.org/10.1128/AAC.00543-17
http://www.ncbi.nlm.nih.gov/pubmed/28739791
http://doi.org/10.1111/cen.13495
http://doi.org/10.1016/j.tim.2018.06.003
http://doi.org/10.1016/j.ebiom.2018.11.035
http://doi.org/10.1111/imr.12563
http://doi.org/10.1172/JCI86674

	Introduction 
	Materials and Methods 
	Study Design 
	Sample Processing 
	Bioinformatics and Statistical Analysis 
	Bacterial Viability 

	Results 
	Clinical Data and Adverse Effects 
	Fecal Colonization by Antimicrobial Resistant Bacteria 
	Gut Microbiota Composition 
	Bacterial Viability 

	Discussion 
	Conclusions 
	References

