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Abstract: Studies on human and mouse gastrointestinal microbiota have correlated the composition
of the microbiota to a variety of diseases, as well as proved it vital to prevent colonization with
resistant bacteria, a phenomenon known as colonization resistance. Antibiotics dramatically modify
the gut community and there are examples of how antibiotic usage lead to colonization with
resistant bacteria [e.g., dicloxacillin usage selecting for ESBL-producing E. coli carriage], as shown by
Hertz et al. Here, we investigated the impact of five antibiotics [cefotaxime, cefuroxime, dicloxacillin,
clindamycin, and ciprofloxacin] on the intestinal microbiota in mice. Five different antibiotics were
each given to groups of five mice. The intestinal microbiotas were profiled by use of the IS-pro
analysis; a 16S–23S rDNA interspace [IS]-region-based profiling method. For the mice receiving
dicloxacillin and clindamycin, we observed dramatic shifts in dominating phyla from day 1 to day
5. Of note, diversity increased, but overall bacterial load decreased. For ciprofloxacin, cefotaxime,
and cefuroxime there were few overall changes. We speculate that antibiotics with efficacy against the
abundant anaerobes in the gut, particularly Bacteroidetes, can in fact be selected for resistant bacteria,
disregarding the spectrum of activity.

Keywords: intestinal microbiota; 16S; IS-pro; antibiotics; dicloxacillin

1. Introduction

Medical care is increasingly impacted by colonization and infection of patients by antibiotic
resistant bacteria [1,2]. Furthermore, studies on human and mouse gastrointestinal microbiota have
correlated the composition of the microbiota to a variety of diseases, as well as proved it vital to
prevent enteric infections and possibly colonization with pathogenic, resistant bacteria [1–4]. The latter
is due to a phenomenon known as colonization resistance [1–4]. As such, it is well accepted that the
microbiota plays an essential role in maintaining human health [1–4].

In addition to the diversity within one individual’s microbiota (alpha diversity), there is
great diversity in the microbial composition between individuals (beta diversity) [2]. Yet, most of
the microbiotas are dominated by just four phyla—the Bacteroidetes, Firmicutes, Actinobacteria,
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and Proteobacteria [2]. Firmicutes and Bacteroidetes generally account for more than 90% of the
bacterial population in the colon [2]. One of the most dramatic modifications to the gut community is
that caused by antibiotic treatment, but the impact of antibiotics on the gastrointestinal microbiota
is not fully understood [1,5]. Antibiotic treatment can cause selection of drug-resistant bacteria and
subsequent colonization or infection with multidrug-resistant bacteria, generally regarded as inevitable
collateral damage [6]. Patients receiving antibiotic treatment may develop a dysbiotic gut microbiota,
characterized by a shift in dominating phyla, reduced diversity, and intestinal overgrowth of multi-drug
resistant or opportunistic pathogens, e.g., Escherichia coli and Enterococcus spp. [3,4,7,8]. Colonization
with resistant bacteria causes a risk of infection, especially in patients with co-morbidities [1,2].

The process of colonization of the gut by antibiotic resistant bacteria following the administration
of antibiotics, has been shown in mice where antibiotics administered subcutaneously induced
colonization by orally administered ESBL-producing E. coli (EPE) or vancomycin-resistant Enterococci
(VRE) [4,9]. Even dicloxacillin, which is considered an antibiotic with a narrow-spectrum activity
towards mainly Gram-positive bacteria, was found to select EPE in a mouse intestinal colonization
model [9,10]. To gain a better understanding of the impact of different antibiotics on gut microbiota,
we investigated the impact of five antibiotics (cefotaxime, cefuroxime, dicloxacillin, clindamycin,
and ciprofloxacin) on the intestinal microbiota in mice, by use of the IS-pro analysis; a 16S–23S rDNA
interspace (IS)-region-based profiling method.

2. Results

Results are based either on beta-diversity (mentioned as beta-similarity) between total microbiota
profiles or on the individual species level, stratified per main phylum. The main phyla were Bacteroidetes
(Gram-negative anaerobic, including the Bacteroides spp.), Firmicutes (most Gram-positives including
Clostridia spp., Enterococcus spp., and Staphylococcus spp.) and Proteobacteria (including Enterobacterales
such as Escherichia coli as well as Pseudomonas spp.). Results are presented as profiles per mouse and
antibiotic group (Figures 1–3) or as pooled data for all five mice in each group (Figure 2). The resulting
p-values for similarity are shown in Table 1. The alpha diversity (Shannon index) is illustrated in
Supplementary Figure S1 and p-values are shown in Supplementary Table S1. Of note, Supplementary
Figure S1, shows the alpha diversity for Bacteroidetes, Firmicutes, and Proteobacteria, respectively.
Supplementary Table S1 shows data for all phyla combined.

In brief, antibiotic treatments were given subcutaneously in the neck once a day for
three consecutive days: The first treatment was administered on day 1, the second dose on day
2, and third and final dose on day 3 [9]. The faeces was collected on day 1 (prior to the antibiotic
treatment), on day 3, and finally on day 5 (two days after the end of treatment), respectively.

Figure 1 illustrates the bacterial profiles per mouse and antibiotic group, established by 16S rRNA
analyses, on the bacterial species level (shown as individual bars) and sorted per phylum (colours) to
demonstrate the influence of antibiotic treatment on the entire microbiota. The five antibiotics used here
had different effects on the microbiota as a whole and dissimilar effects on the different bacterial phyla.
Clindamycin and dicloxacillin had a large impact on the Bacteroidetes community. In the clindamycin
exposed group, Bacteroidetes from all five mice were affected. In the dicloxacillin group, Bacteroidetes
from three of five mice were severely affected, while the impact in the remaining two mice was less
outspoken. Interestingly, some Bacteroidetes species were unaffected in all mice receiving dicloxacillin.
The impact on species within the phylum Firmicutes was heterogenous. In none of the mice did we see
the elimination of the entire phylum. However, clindamycin, dicloxacillin, and ciprofloxacin appeared
to inhibit some genera in the Firmicutes, while others proliferated. In the phylum, Proteobacteria,
a lot of variation was observed between different days, in all groups, including the control group.
Of note, in the clindamycin and dicloxacillin groups, the proliferation of E. coli was seen (Figure 1).
In contrast, ciprofloxacin eliminated all species from the Proteobacteria phylum in four out of five mice
on day 3, and in all mice on day 5 (Figure 1). The two cephalosporins, cefotaxime and cefuroxime,
had the most limited effects on the murine gut microbiota. An impact on Proteobacteria was seen
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in the cephalosporin groups, but these variations were similar to those observed among mice in the
control group. Furthermore, the cephalosporins had almost no effect on Bacteroidetes, the phylum
dominated by anaerobic bacteria, nor on Firmicutes (Figure 1).

Antibiotics 2019, 8, x FOR PEER REVIEW 3 of 11 

were similar to those observed among mice in the control group. Furthermore, the cephalosporins 
had almost no effect on Bacteroidetes, the phylum dominated by anaerobic bacteria, nor on 
Firmicutes (Figure 1). 

 
Figure 1. Bacterial phylum profiles per mouse and antibiotic group (five mice per antibiotic or 
control), established by 16S rRNA analyses. Colour intensity of the bands indicates quantities of 
respective species. Each band represents a microbial interspace (ITS) fragment, corresponding to an 
operational taxonomy unit (OTU). Fragments are sorted into their corresponding phylum. No bands; 
indicate the absence of bacterial species. “1” = Day 1, “3” = Day 3, and “5” = Day 5. Numbers below 
indicate that data are shown for each individual mouse. Five mice in two different cages. Blue boxes 
indicate the shift in Bacteroidetes composition for clindamycin and dicloxacillin. Red boxes indicate 
the shift in Firmicutes composition for ciprofloxacin, clindamycin, and dicloxacillin. Black boxes 
show depletion of Proteobacteria in most antibiotics groups (and in controls). We have indicated the 
concurrent invasion of E. coli in clindamycin and dicloxacillin treated mice. Control: No antibiotics 
given; CFR: Cefuroxime; CIP: Ciprofloxacin; CLI: Clindamycin; CTX: Cefotaxime; DIC: Dicloxacillin. 

Figure 2 shows the cosine similarity, as a measure of similarity, of gut microbiota at day 3 and 5 
compared to the initial (pretreatment) microbiota composition. Hence, Figure 2 depicts the normal 
variation for the control group, as well as the variation induced by antibiotic treatment.  
 

Figure 1. Bacterial phylum profiles per mouse and antibiotic group (five mice per antibiotic or control),
established by 16S rRNA analyses. Colour intensity of the bands indicates quantities of respective
species. Each band represents a microbial interspace (ITS) fragment, corresponding to an operational
taxonomy unit (OTU). Fragments are sorted into their corresponding phylum. No bands; indicate the
absence of bacterial species. “1” = Day 1, “3” = Day 3, and “5” = Day 5. Numbers below indicate that
data are shown for each individual mouse. Five mice in two different cages. Blue boxes indicate the
shift in Bacteroidetes composition for clindamycin and dicloxacillin. Red boxes indicate the shift in
Firmicutes composition for ciprofloxacin, clindamycin, and dicloxacillin. Black boxes show depletion of
Proteobacteria in most antibiotics groups (and in controls). We have indicated the concurrent invasion
of E. coli in clindamycin and dicloxacillin treated mice. Control: No antibiotics given; CFR: Cefuroxime;
CIP: Ciprofloxacin; CLI: Clindamycin; CTX: Cefotaxime; DIC: Dicloxacillin.

Figure 2 shows the cosine similarity, as a measure of similarity, of gut microbiota at day 3 and 5
compared to the initial (pretreatment) microbiota composition. Hence, Figure 2 depicts the normal
variation for the control group, as well as the variation induced by antibiotic treatment.

We observed a large variation in the effects of treatment with different antibiotics on the microbiota
(Figure 2). For mice receiving dicloxacillin and clindamycin, the gut microbiota was impacted most
markedly after treatment, as can be seen by the low cosine correlations and wide intervals in the box
plot of Figure 2.

Finally, the principal coordinates analysis (PCoA) was used to visualize the similarity of all
gut microbiota profiles of mice from all groups on all days (Figure 3). Here, the most outspoken
dissimilarities, or distances, among samples were seen in the groups receiving dicloxacillin and
clindamycin, on day 3 and 5. Figures 1–3 show that clindamycin and dicloxacillin induced
major shifts among all phyla, shifts that were sustained throughout the study. For ciprofloxacin,
cefotaxime, and cefuroxime we observed a high similarity between pre- and post-treatment microbiota
(Figure 2; Figure 3).
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The beta similarity between samples were calculated by a cosine correlation. The microbiota
similarity for all timepoints and all mice within an antibiotic group was calculated. Resulting similarity
scores were compared for timepoint 1 vs. 3 and 3 vs. 5 for each antibiotic group against the same
values from the control group. A two-tailed t-test was used to calculate the p-values for R between
Control T1–T3 and antibiotic T1–T3 and R between Control T1–T5 and antibiotic T1–T5.Antibiotics 2019, 8, x FOR PEER REVIEW 4 of 11 
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Figure 2. Box plot of the similarity of gut microbiota at day 3 and 5 compared to the initial microbiota.
The y-axis represents cosine similarity values, for pairs of IS-profiles of the microbiota at different dates
(higher value means higher similarity to pretreatment microbiota). Shown here is the normal variation
and the variation induced by antibiotic treatment. Boxes represent the cosine similarity values for all
five mice in each group.

Table 1. P-values for the beta similarity between day 1 (T1) and day 3 (T3), as well as day 1 and
day 5 (T5).

Groups Receiving Antibiotics vs. Controls T1–T3 T1–T5

CFR 0.47194285 0.79228912

CIP 0.00086195 7.16 × 10−5

CLI 5.12 × 10−35 1.72 × 10−34

CTX 0.00590382 0.43879666

DIC 1.45 × 10−6 9.86 × 10−8
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Figure 3. The principal coordinates analysis (PCoA) based on cosine distance between samples
from all mice on all days. Each dot represents a gut microbiota profile. Colours show the antibiotic
group and day. The further dots are separated, the larger the dissimilarity between associated gut
microbiota profiles. The group to the right (red and orange) represent individual profiles from mice
in the clindamycin and dicloxacillin groups at days 3 and 5. These are clearly separated from the
rest of the samples. PCoA starts by putting the first point at the origin, and the second along the
first axis (e.g., PC1). Each axis can represent a phylum or bacterial species. Further points can be
added, which usually means adding a second axis followed by a possible third axis and so forth
(e.g., PC2 and PC3 etc.). A successful PCoA will, therefore, generate a 2–3 axes. Each object has a ‘score’
along each axis. The combined scores delivering the position in the plot. Via PCoA, we visualize
the dissimilarities, or distances, between samples from mice receiving antibiotics. Interpretation of
a PCoA plot is straightforward: Objects closer to one another are more similar than those further away.
The points illustrate the normal variation for controls and the variation induced by antibiotic treatment.
Antibiotic treatments were given once a day for three days (day 1 to day 3). The faeces was collected
on day 1 (prior to the antibiotic treatment), on day 3, and finally on day 5 (two days after the end of
treatment), respectively. “1” = Day 1, “2” = Day 2, and “5” = Day 5. Control: No antibiotics given;
CFR: Cefuroxime; CIP: Ciprofloxacin; CLI: Clindamycin; CTX: Cefotaxime; DIC: Dicloxacillin.

3. Discussion

The background for this study was our previous observation in the intestinal colonization model
in mice where we compared the ability of the five antibiotics used in the present study (cefotaxime,
cefuroxime, dicloxacillin, clindamycin, and ciprofloxacin) to select for an orally administered EPE
during and after treatment with the antibiotics administered for three days only [9]. While the
two cephalosporins were selected for EPE as predicted, the two narrow-spectrum antibiotics dicloxacillin
and clindamycin to our surprise were selected for EPE, equally well. The choice of dicloxacillin as the
standard antibiotic for staphylococcal infections in Denmark, has been based on its excellent effect
in these infections and on the assumption that it is a narrow-spectrum antibiotic with minor effect
on the normal flora. While the impact of clindamycin and ciprofloxacin treatment on the mouse gut



Antibiotics 2020, 9, 191 6 of 11

microbiome has been studied in detail before, usually in context with medical or probiotic interventions,
we have found no studies on the effect on the mouse gut microbiome of cefuroxime or dicloxacillin
(or any other isoxazoyl penicillin (oxa-, cloxa-, flucloxa-, or nafcillin)). There are studies focusing
on the mouse gut microbiome using other cephalosporins or clindamycin and studies focusing on
the human gut microbiome using cephalosporins and ciprofloxacin [11–13]. Most of these studies
have focused on susceptibility to infection, yet to our knowledge there are no studies investigating
the effect of dicloxacillin on the gut microbiome nor have any study compared the effect with other
antibiotics [11–13]. Finally, the majority of studies have focused on susceptibility to infection with
specific pathogens such as Clostridium difficile, enterococci spp., salmonella spp., EPE, etc. and not the
overall impact on the microbiota [9,11,12,14,15].

In this study, we found that the five antibiotics had very different effects on the different phyla in
the murine gut microbiota. We observed that dicloxacillin and clindamycin had a dramatic impact on
Bacteroidetes with possibly secondary proliferative effects on Proteobacteria. Inversely, ciprofloxacin
reduced Proteobacteria to below the detection limit with minor effects on the remaining phyla, while the
cephalosporins had limited and transitory effects on all phyla. Figure 1 highlights the vast differences
between effects of antibiotics on the phyla, while Figures 2 and 3 show how treatment induces a shift
in the composition of the microbiota, as a whole. While this 16S rRNA-based study revealed which
phyla and genera were present and how they were affected, this study did not include the aim of
metagenomic sequencing to describe the presence of specific genes or sub-divide species [16].

The broad antibacterial effect on anaerobes is well known for clindamycin, explaining the decrease
in Bacteroidetes during treatment. It is, however, expected that dicloxacillin has an inadequate effect on
anaerobic Gram-negatives, but has shown some activity against the anaerobic Gram-positive bacteria,
i.e., various Streptococci spp. and Clostridia spp. [17,18]. This could explain the decrease in Firmicutes
seen here. The susceptibility of different genera belonging to Bacteroidetes towards dicloxacillin may
vary depending on production of beta-lactamases, but whether Bacteroidetes are susceptible or the
impact here is derived effect is not clear [17]. Furthermore, species of the Bacteroidetes phylum very
often encode beta-lactamases related to cephalosporinase [19]. It has been shown, in vitro, that when
these beta-lactamases are carried by outer membrane vesicles (OMVs), they help protect other species in
the environment, as these surface-associated beta-lactamases could degrade cephalosporins nearby [19].
This could potentially be the phenomenon we see in mice receiving cephalosporins, with a minimal
impact on Bacteroidetes and other phyla, irrespective of time (Figure 1) [17,19]. Yet, we would then
expect surface-associated beta-lactamases to protect the microbiota against dicloxacillin, as well.

The broad spectrum of activity of clindamycin, including Bacteroidetes, explains the pronounced
effect on the gut microbiota, with a marked shift in Proteobacteria towards dominant colonization
with E. coli and a shift in Firmicutes species. This clearly illustrates a potential for colonization with
ESBL-producing E. coli (EPE) and vancomycin-resistant Enterococci (VRE). Furthermore, clindamycin
has been associated with Clostridium difficile enterocolitis in patients. As C. difficile also belong to
Firmicutes, our results demonstrate a potential high risk for collateral damage during antibiotic
treatment, which could have a severe consequence for patients receiving clindamycin treatment [8].
Largely, clindamycin overturns the microbiota, changing the composition and even though the diversity
of the microbiota is still high for some phyla, there are fewer bacteria overall (Supplementary data 1).

We demonstrate that dicloxacillin has the potential to select for EPE (Figure 1). This has previously
been shown in a mouse model but was not reproduced in a case-control study of urinary tract infection
(UTI) caused by EPE. However, a few patients only received dicloxacillin [9,20]. Dicloxacillin seems to
inhibit various species of the gut microbiota, creating a niche for opportunistic colonizers such as E. coli.
Yet, we lack evidence to firmly claim that any changes in Proteobacteria are caused by changes in other
phyla. Nonetheless, we observe that dicloxacillin has the ability to inhibit the gut microbiota, providing
a potential risk of colonization with EPE. Surprisingly, dicloxacillin inhibited most Bacteroidetes in
three out of five mice, indicating a potential for profound impact on the microbiota and considerable
collateral damage. Dicloxacillin (similar to oxacillin, cloxacillin, or flucloxacillin) is often prescribed
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for skin and soft-tissue infections, with a treatment duration of ≥2 weeks. Thus, this could lead to
a profound alteration of the composition of gut microbiota and allow for colonization of opportunistic
pathogens [21] which would be an obvious subject of a clinical study. In this current study, all antibiotics
were administered for three consecutive days only. A longer period of administration and subsequent
comparison of results between “short” and “long” treatment duration could have provided more
evidence for the impact on the microbiota. This may well be the scope of succeeding studies, especially
since previous studies for ciprofloxacin showed that the changes persisted for several weeks with the
extent of restoration to the baseline composition of the microbiome as highly subject-dependent [11].

The high diversity of the microbiome has been associated with a healthy gut and a reduced
risk of colonization with VRE, ESBL, as well as a low risk of C. difficile infection [3,4]. Yet, we see
here an impact on the gut microbiota, creating a microbiota which contains fewer bacteria overall
(Supplementary data 1). Hence, it is not the diversity of the microbiota only, but also the total load
of bacteria and likely the contributions of specific bacterial species, which are specifically related to
colonization resistance [1,2].

The compositions of the intestinal microflora of laboratory mice have been examined by Krych et al.
to evaluate the similarities to the flora of the human gut [22]. There were some quantitative differences,
but mouse and human feces, to a large extent, had similar representatives of phyla and a substantial
segment of common genera. Hence, lab mice and humans share the same basic bacterial species in
the gut [22].

Colonization studies of the mouse gut by bacteria have been used in a range of mouse models,
with many similarities between methods [23,24]. It has previously been shown, that a human-simulated
dosing of antibiotics gives the most constant levels of the drug in mice—who have a higher elimination
rate [25]. Yet, a single daily subcutaneous dose can produce similar levels of drugs in mouse feces,
to those seen in humans [26]. This dosing frequency of antibiotic, nonetheless, does not precisely
mimic the exposures seen in patients [26]. Therefore, all mouse dosages were calculated based on
human doses (in mg per kg of body weight) from our own pharmacokinetic (PK) studies or from
previously published mouse studies [26–33]. This study has several limitations. We did not investigate
changes in the levels of different proteins, short-chain fatty acids, or possible anti-microbial molecules
produced by the commensal microbiota [2,4]. Furthermore, mice are coprophagic which could alter
phyla distribution among mice living together in the same cages and could lead to rapid recolonization
of the gut after antibiotic administration. Thus, coprophagy may explain why we see some mice with
complete eradication of the microbiota and some with apparently intact microbiota.

We did not measure the antibiotic concentration in the faeces. Thus, any day-to-day changes
or mouse-to-mouse differences in the faecal antibiotic concentration are unknown. Finally, we do
observe some variability among mice receiving the same antibiotics, as illustrated by mice receiving
dicloxacillin and Bacteroidetes data, indicating some intra-group unpredictability.

4. Materials and Methods

4.1. Mouse Model

We used a mouse model based on a mouse intestinal colonization model, as previously
described [9]. The present study was carried out at identical settings as the preceding study, according
to current guidelines and with outbred NMRI mice (Harlan, the Netherlands) [9]. In this current study,
we used five antibiotics, each given to five mice (cefotaxime, cefuroxime, clindamycin, dicloxacillin,
and ciprofloxacin). All mouse-doses were chosen to mimic the serum antibiotic concentrations achieved
in humans, as previously described (Table 2) [9]. Antibiotics were administered subcutaneously once
a day for three consecutive days. We included a control group consisting of five mice who received
saline only. This group was used as the baseline for natural variability of the microbiota.
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Table 2. Antibiotics used for treatment.

Antibiotic Dose
Human

Cmax, Human
µg/mL

Needed Dose Per Mice
mg/kg

Cmax, Mouse
µg/mL

Dose Given. Calculated
by Weight Per Mouse

in mg/day

Cefuroxime 1.5 g iv 65 120 50–60 4
Cefotaxime 1 g iv 40 60 100 2

Dicloxacillin 1 g iv 30–40 60 90 2
Clindamycin 1.8 g iv 6 36 8 1.4
Ciprofloxacin 0.4 g iv 4 15 2 0.5

The use of animals was approved by the Danish Centre for Animal Welfare and treatments
given subcutaneously in the neck once a day for three consecutive days (day 1 to day 3) as doses of
0.25 mL [9]. The faeces was collected on specific preselected days of the study: Day 1 (prior to the
antibiotic treatment), day 3, and day 5 (two days after the end of treatment), respectively. The faeces
collection was performed directly from each mouse during bowel movements.

Table 2. Antibiotics used for treatment. All doses were administered subcutaneously once a day for
three consecutive days. Doses were calculated from an expected average weight of mice (weight given
by the provider), except for clindamycin, which was administered as in a previously published study [8].
We included a control group consisting of five mice who did not receive antibiotics. This group was
used as the baseline for natural variability of the microbiota.

4.2. IS-Profiling of the Intestinal Microbiome

The intestinal microbiome was profiled by an analysis of faeces samples by use of IS-pro, introduced
by Budding et al. in 2010 [34]. IS-pro is a clinically validated gut microbiota analysis tool based on
the species-specific length polymorphism of the 16S-23S interspace (IS) region and phylum-specific
sequence polymorphisms of 16S rDNA. All samples were analyzed with phylum-specific fluorescently
labelled primers. Resulting IS profiles consist of a set of peaks with: (A) A specific length, measured in
nucleotides reflecting lengths of IS fragments and (B) a specific height, measured in relative fluorescence
units, thus reflecting the quantity of the PCR product and a specific fluorescent label, corresponding to
the bacterial phylum. Quantitative results can, therefore, be given per species, per phylum group, or per
operational taxonomic unit (OTU), corresponding to individual peaks. In this present study, specific
optimizations were made for murine gut microbiota. DNA isolation, amplification, and capillary gel
electrophoresis were performed as described by Budding et al. 2010 [34]. All data optimization and
analysis were performed by IS Diagnostics Ltd. with the in-house developed software in combination
with the Spotfire software package (Tibco). We used a Student’s t-test to compare the quantitative 16S
PCR analysis between mice [7]. Diversity was calculated with unrarefied data, as rarefication is not
relevant to the IS-pro data. For alpha diversity the Shannon index was used, for beta diversity both the
cosine correlation (nonphylogenetic) and principal coordinate analysis (nonphylogenetic) were used.

4.3. Principal Coordinates Analysis (PCoA)

The principal coordinates analysis (PCoA) is a method to explore and visualize similarities or
dissimilarities among samples from a different time-point [35]. PCoA starts by putting the first
point at the origin, and the second along the first axis (e.g., PC1). Each point represents a single
sample and each axis can represent a phylum or bacterial species. Further points can be added,
which usually means adding a second axis followed by a possible third axis, etc. (e.g., PC2 and
PC3) [35]. A successful PCoA will, therefore, generate a 2–3 axes. Here, we show the two first principal
coordinates (PC1 and PC2). Each object has a ‘score’ along each axis. The combined scores delivering
the position in the plot. Via PCoA, we visualize the dissimilarities, or distances, between samples
from mice receiving antibiotics [35]. Interpretation of a PCoA plot is straightforward: Points that are
closer together represent microbial communities that are more similar in composition and the distance
between points represent how compositionally different the samples are [35].
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4.4. Statistical Analyses

The alpha diversity was calculated per mouse, per timepoint, and per antibiotic as the Shannon
diversity index. A two-tailed paired t-test was used to calculate the p-values for alpha diversity
between T1 and T3 and for diversity between T1 and T5.

The beta similarity between samples were calculated by the cosine correlation. The microbiota
similarity for all timepoints and all mice within an antibiotic group was calculated. Resulting similarity
scores were compared for timepoint 1 vs. 3 and 3 vs. 5 for each antibiotic group against the same
values from the control group. A two-tailed t-test was used to calculate the p-values for R between
Control T1–T3 and antibiotic T1–T3 and R between Control T1–T5 and antibiotic T1–T5. Of note,
the gut microbiota counts per OTU cannot be normally distributed, based on the data sparsity and
zero inflation. However, Shannon diversity is a transformation of the data which reduces these data to
a range of values. These values do show a normal distribution and a t-test can be performed. Similarly,
we do not directly assess beta-diversity. Instead, we are comparing measured sets of beta-diversity
measurements (beta-diversity over timepoints in the control set vs. beta diversity over time for each
antibiotic). These measures are also a transformation of the data that follow a normal distribution.
Here too, a t-test is warranted.

5. Conclusions

We can conclude that different antibiotics alter the microbiota very differently, and the impact on
different phyla varies markedly. We speculate that antibiotics with a presumed narrow-spectrum of
activity, such as dicloxacillin, can in fact be selected for EPE and overall cause substantial collateral
damage as seen with broad-spectrum antibiotics [1,2].

We find a need for more detailed investigations to clarify antibiotic susceptibility of common
gut commensals and investigate the long-term impact of antibiotics and the risk for proliferation of
pathogens such as EPE, VRE, and C. difficile.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/4/191/s1,
Figure S1: Box plot of the alpha diversity of gut microbiota at day 3 and 5 compared to the initial microbiota,
Table S1: The alpha diversity was calculated per mouse, per timepoint, per antibiotic as the Shannon diversity index.

Author Contributions: All authors contributed to the study design, interpretation of the data, intellectual
discussion, and/or revision of the manuscript; F.B.H., A.L.-O., N.F.-M., A.E.B., and P.H.S. participated in
the planning of work in the laboratory and were responsible for the original study idea and study design;
F.B.H. and M.v.d.L.-D. performed laboratory investigations and animal experiments; F.B.H. wrote the initial draft
of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was performed with financial support from The Danish Council for Strategic Research
(DanCARD project #09-067075/DSF), PAR7 (an EU-FP7-Health-2009-Single-Stage project), the SSAC Foundation
(No. SLS-327421 and SLS-251761), and Aase & Ejnar Danielsens Foundation. A.B. and P.S. have propriety rights in
the IS-pro technology.

Conflicts of Interest: F.B.H. reports the ownership of stocks in Novo Nordisk A/S and honoraria from M.S.D.
(not related to the current study). Andries E. Budding and Paul H. Savelkoul have propriety rights in the
IS-pro technology.

References

1. Keith, J.W.; Pamer, E.G. Enlisting commensal microbes to resist antibiotic- resistant pathogens. J. Exp. Med.
2019, 216, 10–19. [CrossRef] [PubMed]

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

3. Buelow, E.; Fuentes, S.; de Steenhuijsen Piters, W.A.; Lahti, L.; Bayjanov, J.R.; Majoor, E.A.; Braat, J.C.;
van Mourik, M.S.; Oostdijk, E.A.; Willems, R.J.; et al. Comparative gut microbiota and resistome profiling of
intensive care patients receiving selective digestive tract decontamination and healthy subjects. Microbiome
2017, 5, 88. [CrossRef] [PubMed]

http://www.mdpi.com/2079-6382/9/4/191/s1
http://dx.doi.org/10.1084/jem.20180399
http://www.ncbi.nlm.nih.gov/pubmed/30309968
http://dx.doi.org/10.1111/imr.12563
http://www.ncbi.nlm.nih.gov/pubmed/28856737
http://dx.doi.org/10.1186/s40168-017-0309-z
http://www.ncbi.nlm.nih.gov/pubmed/28803549


Antibiotics 2020, 9, 191 10 of 11

4. Lewis, B.B.; Pamer, E.G. Microbiota Therapy for Clostridium difficile and Antibiotic Resistant Enteric
Infections. Annu. Rev. Microbiol. 2017, 71, 157–178. [CrossRef]

5. Ullmann, A.J.; Aguado, J.M.; Arikan-Akdagli, S.; Denning, D.W.; Groll, A.H.; Lagrou, K.; Lass-Flörl, C.;
Lewis, R.E.; Munoz, P.; Verweij, P.E.; et al. Diagnosis and management of Aspergillus diseases: Executive
summary of the 2017 ESCMID-ECMM-ERS guideline. Clin. Microbiol. Infect. 2018, 24, e1–e38. [CrossRef]

6. Pietrucha-Dilanchian, P.; Hooton, T.M. Anatomy and Physiology of the Urinary Tract: Relation to Host
Defense and Microbial Infection. Microbiol. Spectr. ASM 2016, 3. [CrossRef]

7. Grazul, H.; Kanda, L.L.; Gondek, D. Impact of probiotic supplements on microbiome diversity following
antibiotic treatment of mice. Gut Microbes 2016, 7, 101–114. [CrossRef]

8. Lange, K.; Buerger, M.; Stallmach, A.; Bruns, T. Effects of Antibiotics on Gut Microbiota. Dig. Dis. 2016, 34,
260–268. [CrossRef] [PubMed]

9. Hertz, F.B.; Lobner-Olesen, A.; Frimodt-Moller, N. Antibiotic Selection of Escherichia coli Sequence Type 131
in a Mouse Intestinal Colonization Model. Antimicrob. Agents Chemother. 2014, 58, 6139–6144. [CrossRef]

10. Gillespie, S.H. Antibiotic resistance protocols. Methods Mol. Biol. 2011, 46, 820–821.
11. Langdon, A.; Crook, N.; Dantas, G. The effects of antibiotics on the microbiome throughout development

and alternative approaches for therapeutic modulation. Genome Med. 2016, 8, 39. [CrossRef] [PubMed]
12. Reeves, A.E.; Theriot, C.M.; Bergin, I.L.; Huffnagle, G.B.; Schloss, P.D.; Young, V.B. The interplay between

microbiome dynamics and pathogen dynamics in a murine model of Clostridium difficile infection.
Gut Microbes 2011, 2, 145–158. [CrossRef] [PubMed]

13. Choo, J.M.; Kanno, T.; Zain, N.M.M.; Leong, L.E.; Abell, G.C.; Keeble, J.E.; Bruce, K.D.; Mason, A.J.; Rogers, G.B.
Divergent Relationships between Fecal Microbiota and Metabolome following Distinct Antibiotic-Induced
Disruptions. mSphere 2017, 2, e00005-17. [CrossRef] [PubMed]

14. Chakraborty, R.; Lam, V.; Kommineni, S.; Stromich, J.; Hayward, M.; Kristich, C.J.; Salzman, N.H. Ceftriaxone
administration disrupts intestinal homeostasis, mediating noninflammatory proliferation and dissemination
of commensal enterococci. Infect. Immun. 2018, 86, e00674-18. [CrossRef]

15. Kanwal, S.; Joseph, T.P.; Owusu, L.; Xiaomeng, R.; Meiqi, L.; Yi, X. A polysaccharide isolated from Dictyophora
indusiata promotes recovery from antibiotic-driven intestinal dysbiosis and improves gut epithelial barrier
function in a mouse model. Nutrients 2018, 10, 1003. [CrossRef]

16. Dantas, G.; Sommer, M.O.; Degnan, P.H.; Goodman, A.L. Experimental Approaches for Defining Functional
Roles of Microbes in the Human Gut. Annu. Rev. Microbiol. 2013, 67, 157–176. [CrossRef]

17. Busch, D.F.; Kureshi, L.A.; Sutter, V.L.; Finegold, S.M. Susceptibility of respiratory tract anaerobes to orally
administered penicillins and cephalosporins. Antimicrob. Agents Chemother. 1976, 10, 713–720. [CrossRef]

18. Grayson, M.L.; Crowe, S.M.; McCarthy, J.S.; Mills, J.; Mouton, J.W.; Norrby, S.R.; Paterson, D.L.;
Pfaller, M.A. (Eds.) Kucers´ The Use of Antibiotics, 6th ed.; ASM Press: Washington, DC, USA, 2010.

19. Stentz, R.; Horn, N.; Cross, K.; Salt, L.; Brearley, C. Cephalosporinases associated with outer membrane
vesicles released by Bacteroides spp. protect gut pathogens and commensals against β-lactam antibiotics.
J. Antimicrob. Chemother. 2015, 70, 701–709. [CrossRef]

20. Hertz, F.B.; Schønning, K.; Rasmussen, S.C.; Littauer, P.; Knudsen, J.D.; Løbner-Olesen, A.; Frimodt-Møller, N.
Epidemiological factors associated with ESBL- and non ESBL-producing E. coli causing urinary tract infection
in general practice. Infect. Dis. (Auckl.) 2016, 48, 241–245. [CrossRef]

21. Regionen. Antibiotika—Dosering, forholdsregler og behandlingsrekommandationer—Håndbog Udgiver.
2017. Available online: https://www.regionh.dk/hospitalsinfektioner/nyheder/Sider/region-hovedstaden-
har-f%C3%A5et-ny-f%C3%A6lles-antibiotikavejledning.aspx (accessed on 23 October 2015).

22. Krych, L.; Hansen, C.H.F.; Hansen, A.K.; van den Berg, F.W.J.; Nielsen, D.S. Quantitatively Different,
yet Qualitatively Alike: A Meta-Analysis of the Mouse Core Gut Microbiome with a View towards the
Human Gut Microbiome. PLoS ONE 2013, 8, e62578. [CrossRef]

23. Leatham, M.P.; Stevenson, S.J.; Gauger, E.J.; Krogfelt, K.A.; Lins, J.J.; Haddock, T.L.; Autieri, S.M.; Conway, T.;
Cohen, P.S. Mouse Intestine Selects Nonmotile flhDC Mutants of Escherichia coli MG1655 with Increased
Colonizing Ability and Better Utilization of Carbon Sources. Infect. Immun. 2005, 73, 8039–8049. [CrossRef]
[PubMed]

24. Donskey, C.J.; Helfand, M.S.; Pultz, N.J.; Rice, L.B. Effect of Parenteral Fluoroquinolone Administration on
Persistence of Vancomycin-Resistant Enterococcus faecium in the Mouse Gastrointestinal Tract. Society 2004,
48, 326–328. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-micro-090816-093549
http://dx.doi.org/10.1016/j.cmi.2018.01.002
http://dx.doi.org/10.1128/microbiolspec.UTI-0016-2012
http://dx.doi.org/10.1080/19490976.2016.1138197
http://dx.doi.org/10.1159/000443360
http://www.ncbi.nlm.nih.gov/pubmed/27028893
http://dx.doi.org/10.1128/AAC.03021-14
http://dx.doi.org/10.1186/s13073-016-0294-z
http://www.ncbi.nlm.nih.gov/pubmed/27074706
http://dx.doi.org/10.4161/gmic.2.3.16333
http://www.ncbi.nlm.nih.gov/pubmed/21804357
http://dx.doi.org/10.1128/mSphere.00005-17
http://www.ncbi.nlm.nih.gov/pubmed/28194448
http://dx.doi.org/10.1128/IAI.00674-18
http://dx.doi.org/10.3390/nu10081003
http://dx.doi.org/10.1146/annurev-micro-092412-155642
http://dx.doi.org/10.1128/AAC.10.4.713
http://dx.doi.org/10.1093/jac/dku466
http://dx.doi.org/10.3109/23744235.2015.1103895
https://www.regionh.dk/hospitalsinfektioner/nyheder/Sider/region-hovedstaden-har-f%C3%A5et-ny-f%C3%A6lles-antibiotikavejledning.aspx
https://www.regionh.dk/hospitalsinfektioner/nyheder/Sider/region-hovedstaden-har-f%C3%A5et-ny-f%C3%A6lles-antibiotikavejledning.aspx
http://dx.doi.org/10.1371/journal.pone.0062578
http://dx.doi.org/10.1128/IAI.73.12.8039-8049.2005
http://www.ncbi.nlm.nih.gov/pubmed/16299298
http://dx.doi.org/10.1128/AAC.48.1.326-328.2004
http://www.ncbi.nlm.nih.gov/pubmed/14693559


Antibiotics 2020, 9, 191 11 of 11

25. Flückiger, U.; Segessenmann, C.; Gerber, U. Integration of pharmacokinetics and pharmacodynamics of
imipenem in a human-adapted mouse model. Antimicrob. Agents Chemother. 1991, 35, 1905–1910. [CrossRef]
[PubMed]

26. Perez, F.; Pultz, M.J.; Endimiani, A.; Bonomo, R.A.; Donskey, C.J. Effect of antibiotic treatment on establishment
and elimination of intestinal colonization by KPC-producing Klebsiella pneumoniae in mice. Antimicrob.
Agents Chemother. 2011, 55, 2585–2589. [CrossRef] [PubMed]

27. Erlendsdottir, H.; Knudsen, J.D.; Odenholt, I.; Cars, O.; Espersen, F.; Frimodt-Møller, N.; Fuursted, K.;
Kristinsson, K.G.; Gudmundsson, S. Penicillin Pharmacodynamics in Four Experimental Pneumococcal
Infection Models. Antimicrob. Agents Chemother. 2001, 45, 1078–1085. [CrossRef]

28. Knudsen, J.D.; Fuursted, K.; Frimodt-Møller, N.; Espersen, F. Comparison of the effect of cefepime with four
cephalosporins against pneumococci with various susceptibilities to penicillin, in vitro and in the mouse
peritonitis model. J. Antimicrob. Chemother. 1997, 40, 679–686. [CrossRef]

29. Jakobsen, L.; Cattoir, V.; Jensen, K.S.; Hammerum, A.M.; Nordmann, P.; Frimodt-Møller, N. Impact of
low-level fluoroquinolone resistance genes qnrA1, qnrB19 and qnrS1 on ciprofloxacin treatment of isogenic
Escherichia coli strains in a murine urinary tract infection model. J. Antimicrob. Chemother. 2012, 67, 2438–2444.
[CrossRef]

30. Sandberg, A.; Hessler, J.H.R.; Skov, R.L.; Blom, J.; Frimodt-Møller, N. Intracellular activity of antibiotics
against Staphylococcus aureus in a mouse peritonitis model. Antimicrob. Agents Chemother. 2009, 53, 1874–1883.
[CrossRef]

31. Kerrn, M.B.; Frimodt-Møller, N.; Espersen, F. Effects of Sulfamethizole and Amdinocillin against Escherichia
coli Strains (with Various Susceptibilities) in an Ascending Urinary Tract Infection Mouse Model. Antimicrob.
Agents Chemother. 2003, 47, 1002–1009. [CrossRef]

32. Asahi, Y.; Miyazaki, S.; Yamaguchi, K. In vitro and in vivo antibacterial activities of BO-2727, a new carbapenem.
Antimicrob. Agents Chemother. 1995, 39, 1030–1037. [CrossRef]

33. Frimodt-Møller, N.; Thomsen, V. The pneumococcus and the mouse protection test: Correlation of in vitro
and in vivo activity for betalactam antibiotics, vancomycin, erythromycin and gentamicin. Acta Path Microbiol.
Immunol. Scand. 1987, 95, 159–165. [CrossRef]

34. Budding, A.E.; Grasman, M.E.; Lin, F.; Bogaards, J.A.; Soeltan-Kaersenhout, D.J.; Vandenbroucke-Grauls, C.M.J.E.;
Van Bodegraven, A.A.; Savelkoul, P.H.M. IS-pro: High-throughput molecular fingerprinting of the intestinal
microbiota. FASEB J. 2010, 24, 4556–4564. [CrossRef]

35. Goodrich, J.K.; Di Rienzi, S.C.; Poole, A.C.; Koren, O.; Walters, W.A.; Caporaso, J.G.; Knight, R.; Ley, R.E.
Conducting a microbiome study. Cell 2014, 158, 250–262. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/AAC.35.9.1905
http://www.ncbi.nlm.nih.gov/pubmed/1952865
http://dx.doi.org/10.1128/AAC.00891-10
http://www.ncbi.nlm.nih.gov/pubmed/21422202
http://dx.doi.org/10.1128/AAC.45.4.1078-1085.2001
http://dx.doi.org/10.1093/jac/40.5.679
http://dx.doi.org/10.1093/jac/dks224
http://dx.doi.org/10.1128/AAC.01605-07
http://dx.doi.org/10.1128/AAC.47.3.1002-1009.2003
http://dx.doi.org/10.1128/AAC.39.5.1030
http://dx.doi.org/10.1111/j.1699-0463.1987.tb03106.x
http://dx.doi.org/10.1096/fj.10-156190
http://dx.doi.org/10.1016/j.cell.2014.06.037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Mouse Model 
	IS-Profiling of the Intestinal Microbiome 
	Principal Coordinates Analysis (PCoA) 
	Statistical Analyses 

	Conclusions 
	References

