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Abstract: Antibiotics have improved survival from previously deadly infectious diseases. Antibi-
otics alter the microbial composition of the gut microbiota, and these changes are associated with
diminished innate immunity and decline in cognitive function in older adults. The composition of
the human microbiota changes with age over the human lifespan. In this pilot study, we sought
to identify if age is associated with differential recovery of the microbiota after antibiotic exposure.
Using 16S rRNA gene sequencing, we compared recovery of the gut microbiota after the 10-day
broad-spectrum antibiotic treatment in wild-type C57BL/six young and older mice. Immediately
after antibiotic cessation, as expected, the number of ASVs, representing taxonomic richness, in both
young and older mice significantly declined from the baseline. Mice were followed up to 6 months
after cessation of the single 10-day antibiotic regimen. The Bray-Curtis index recovered within
20 days after antibiotic cessation in young mice, whereas in older mice the microbiota did not fully re-
cover during the 6-months of follow-up. Bifidobacterium, Dubosiella, Lachnospiraceae_NK4A136_group
became dominant in older mice, whereas in young mice, the bacteria were more evenly distributed,
with only one dominant genus of Anaeroplasma. From 45 genera that became extinct after antibiotic
treatment in young mice, 31 (68.9%) did not recover by the end of the study. In older mice, from
36 extinct genera, 27 (75%) did not recover. The majority of the genera that became extinct and never
recovered belonged to Firmicutes phylum and Clostridiales family. In our study, age was a factor
associated with the long-term recovery of the gut microbiota after the 10-day antibiotic treatment.

Keywords: aging; bacteria; 16S; antibiotics; metronidazole; ciprofloxacin

1. Introduction

The microbial composition of a mature human gut was thought to develop in the
first few years of life and remain relatively stable throughout adulthood [1]. However,
recent studies have shown that as humans age, distinct gut microbiota profiles emerge
that differentiate infants from older children and younger adults, and middle-aged adults
from elderly adults [2–4]. Shifts in microbial community structure evident in elderly adults
may have both acute and long-term functional consequences as these shifts are associated
with diminished innate immunity, overall frailty, and diminished cognitive function [5–8].
In turn, shifts in microbiota community structure during infancy are associated with the
development of several chronic adult illnesses, including diabetes, asthma, and metabolic
syndrome [9–13].

Many sociological and medical factors coincide with aging, including changes in
diet, living and socializing arrangements, the presence of chronic illnesses, and the use

Microorganisms 2021, 9, 647. https://doi.org/10.3390/microorganisms9030647 https://www.mdpi.com/journal/microorganisms

https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-0014-3517
https://doi.org/10.3390/microorganisms9030647
https://doi.org/10.3390/microorganisms9030647
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/microorganisms9030647
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms9030647?type=check_update&version=1


Microorganisms 2021, 9, 647 2 of 12

of medications that may trigger or promote these age-associated microbial community
changes [5,6]. This makes evaluating host-related factors responsible for shaping the gut
microbiota during human aging challenging. Differences in the microbial community
structure reported in elderly individuals have been primarily attributed to dietary changes,
which include a less varied diet consisting of low fiber-containing foods [5]. In the elderly,
the antibiotic (Abx) treatment is also associated with a rapid loss of microbiota diversity.

This decrease in microbiota diversity in combination with dietary changes and Abx
treatment in institutionalized elderly individuals is associated with negative effects to the
patient such as elevated systemic inflammation indices, depression, and general frailty [5].
In infants, the Abx treatment also results in a rapid decrease in microbiota diversity with
subsequent recovery of the microbiota. However, these transient shifts may have perma-
nent consequences to immune and metabolic programming in infants, as the interaction of
the microbiota with the host affects the developing immune system and metabolism and
may be implicated in the development of life-long chronic illnesses [11,14–18].

While external environmental factors are critical to the composition of gut microbiota,
molecular signals within the host gut epithelium associated with aging are also impor-
tant [19]. During aging, microbes may alter host inflammatory and immune functions
through gut-microbial crosstalk, which in turn could feed-back to changes to microbial
species composition and function [20,21]. As humans age, the gut microbiota shifts from
bacterial populations with immune-modulating functions to one with overrepresentation
of pathobionts [5,22,23]. Normal age-associated decline in immune surveillance functions
might promote the pathobiont niche, especially after treatment with Abx. Our objective
was to conduct a pilot experiment to assess the dynamics of microbiota recovery after
broad spectrum Abx treatment in young and middle-aged mice. This study sought to
understand the structural and functional consequences of broad-spectrum Abx utilization
on the recovery of the gut microbiota in two age epochs.

2. Materials and Methods
2.1. Mice and Antibiotic Treatment

Our objective was to study the short-term and long-term effect of the 10-day broad
spectrum antibiotic treatment on the microbiota population in the mouse gut in both
young and older mice. All of the mice used in this work were kept in the University of
Arizona Animal Care, Specific Pathogen Free facility, and handled in accordance with the
university’s guidelines and with an approved IACUC protocol [Kiela, 07-126]. All of the
mice had ad libitum access to food and 12/12 h day/night cycle.

Five 7-week old and five 40-week old SPF C57BL/six female mice originating from the
same colony were treated with broad-spectrum antibiotics metronidazole (500 mg/L) and
ciprofloxacin (200 mg/L) (Abx, both from Alfa Aesa, Haverhill, MA, USA) for 10 days in
drinking water to simulate broad spectrum antibiotic utilization in humans. Supplemented
water was provided ad libitum and checked daily. Previously, we have described a sexual
dimorphism in response to this antibiotic treatment [24]. Therefore, for this study, we
chose only female mice to avoid confounding by sex. Seven week and 40-week mice are
respectively equivalent to 5-year-old and middle-aged human adults and were therefore
representative of our age groups of interest. Fecal pellets were collected from all of the
mice for 7-days prior to the treatment with antibiotics, as well as on the day of antibiotic
initiation. After 10 days of antibiotic supplementation into drinking water, the mice were
switched back to antibiotic-free, autoclaved drinking water and fecal pellets were collected
over 6 months, as shown in Figure 1A. All of the fecal samples were kept at –80 ◦C.
Microbial genomic DNA from all of the samples was purified with PowerFecal Pro DNA
kit (Qiagen, Germantown, MD, USA; Cat no. 51804) according to the manual provided by
the manufacturer. The samples were homogenized using the provided lysis buffer and the
tubes were pre-filled with the 96-well plate shaker (Mo-Bio, now Qiagen, Germantown,
MD, USA; Cat no. 11996) with 2 mL adapters (Mo-Bio, Cat no. 11990), two times for 10 min
at a speed of 30 Hz each at 4 ◦C.
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Figure 1. (A) Sampling and antibiotic treatment schematic for 6 months. All of the mice were 
treated with the antibiotic cocktail for 10 days (red) and stool samples were collected as shown by 
the collection numbers. The numbers above the time scale depict the day since the antibiotic treat-
ment, whereas the corresponding collection number below depict when the samples were col-
lected. (B) Box plot of amplicon sequence variant (ASV) richness in young and older mice before 
and after 10 days of antibiotic treatment. Points represent the ASV richness of each mouse gut 
microbiota sample. P-values were calculated with the Mann-Whitney test. (C) Bray-Curtis based 
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before and after antibiotic treatment. 

Immediately after Abx cessation, as expected, the number of ASVs, representing tax-
onomic richness, in both young and older mice significantly declined from the baseline 
(Figure 1B). Additional measures of alpha diversity as well as the Shannon and Simpson 
Indices, were also decreased, albeit more significantly in younger mice (Figure S3). These 
latter two indices representing richness/evenness and richness/relative abundance (dom-

Figure 1. (A) Sampling and antibiotic treatment schematic for 6 months. All of the mice were treated with the antibiotic
cocktail for 10 days (red) and stool samples were collected as shown by the collection numbers. The numbers above the
time scale depict the day since the antibiotic treatment, whereas the corresponding collection number below depict when
the samples were collected. (B) Box plot of amplicon sequence variant (ASV) richness in young and older mice before and
after 10 days of antibiotic treatment. Points represent the ASV richness of each mouse gut microbiota sample. P-values
were calculated with the Mann-Whitney test. (C) Bray-Curtis based non-metric multidimensional scaling (NMDS) plot of
distances between young and older mice before and after antibiotic treatment.

2.2. Gut Microbiota Analysis

The hypervariable V4 region of the 16S rRNA gene was amplified from each sample
using unique barcoded reverse primers (806R), the same for each sample forward primer
(515F), and MyFiTM Mix (Bioline Meridian, Memphis, TN, USA; Cat no. BIO-25050). Both
reverse and forward primers are extended with the sequencing primer pads, linkers, and
Illumina adapters [25]. The PCR was performed on LightCycler 96 (Roche) in the final
volume 40 µL. The PCR conditions were as follows: Initial denaturation at 95 ◦C for
120 s followed by 35 cycles of 95 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 30 s, with
the final elongation at 72 ◦C for 300 s. Amplicons were quantified using the Quant-It
PicoGreen dsDNA Assay kit (Thermo Fisher Scientific, Waltham, MA, USA; Cat no. P7589),
according to the manufacturer’s protocol. Equal amounts of amplified DNA (240 ng) from
each sample were pooled and cleaned using the UltraClean PCR Clean-Up kit (MoBio,
now Qiagen, Germantown, MD, USA; Cat no. 12500). Pooled amplicons were diluted,
denatured with NaOH at a final concentration of 0.1 N, and 6.75 pmols of the pooled
library were sequenced at our laboratory on the MiSeq platform (Illumina) using custom
primers [25]. Due to the limited sequence diversity among 16S rRNA amplicons, 5% of the
PhiX Sequencing Control V3 (Illumina, San Diego, CA, USA; Cat no. FC-110-3001) made
from phiX174, was added to the run. The pooled 16S rRNA library was subjected to the
paired-end sequencing using 2 × 150 bp MiSeq Reagent kit v2 (Illumina, San Diego, CA,
USA; Cat no. MS-102-2002). The length of the sequences after merging was 232–233 bp with
a median overlapping fragment of 27 bp (min 26 bp, max 29 bp). De-multiplexing was done
using the idemp script (https://github.com/yhwu/idemp; accessed on 20 November 2020).
Filtering, dereplication, sample inference, chimera identification, and merging of paired-
end reads was done with a reference-free Divisive Amplicon Denoising Algorithm 2 (Dada2,
version 1.16.0) in RStudio (version 1.3.959 with R version 4.0.2) package [26]. The ASVs

https://github.com/yhwu/idemp
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taxonomy was assigned using the RDP classifier against SILVA database release 132 [27]
(https://www.arb-silva.de/documentation/release-132/; accessed on 20 November 2020).
The vegan package (version 2.5.6) [28] was used as a tool for diversity analysis, ordination
methods, for the analysis of dissimilarities, and statistical analysis. The obtained results
were visualized with ggplot2 package (version 3.3.2) [29]. The linear discriminant analysis
effect size (LEfSe, Galaxy platform) was used to determine the different ASVs between
young and older mice before and after the antibiotic treatment by coupling standard
tests for statistical significance with additional tests encoding biological consistency and
effect relevance [30]. Differential abundance of taxa between groups were calculated
using the unrarefied count table with DESeq2 (R package version 1.28.1) [31], and for
statistical analysis the Wald test was used and p-values were corrected with the Benjamini-
Hochberg method.

The total number of sequenced samples was 378, however, only 177 samples belong
to this study. After filtering out all of the unwanted samples, 177 samples were left. After
QC filtering and removing chimeras, the average number of reads per sample was 36,419
(min = 6489, max = 98,258). To even the sampling depth, all of the samples were rarified at
the 6489 reads. Sequences for all of the samples were submitted to and deposited in the
NCBI sequence read archive (SRA) under accession reference PRJNA667480.

3. Results
3.1. Short-Term Gut Microbiota Alterations after Broad-Spectrum Abx Treatment

Short-term changes in the bacterial community structure as a response to the Abx
treatment have been previously described. [32–36] Here, we compare the short- and long-
term differences in the gut microbiotas of young and older mice after the broad spectrum
Abx treatment. Young (4 week-old) and older (9 month-old; n = 5 each) mice obtained from
the same colony of wild-type C57BL/six mice kept in separate cages were treated with
metronidazole and ciprofloxacin for 10 days and the fecal pellets were collected prior to and
on the final day of Abx administration and for up to 6 months of follow-up (Figure 1A).

At the onset of the study (before the Abx treatment), older mice tended to have a lower
amplicon sequence variant (ASV) richness, with significantly decreased Simpson index
(lower evenness), and decreased Shannon index, although the latter did not reach statistical
significance (Figure S1A). Bray-Curtis based non-metric multidimensional scaling (NMDS)
revealed significantly different (ADONIS test, p = 0.006) microbial communities between
young and older mice prior to the Abx treatment (Figure S1B). DESeq2 analysis revealed sig-
nificant changes (adjusted p < 0.05) in the taxonomic composition in young and older mice,
which are depicted in Figure S2 and Table S1. Among the genera with age-related increase
in relative abundance were Ruminoclostridium_6, Lachnospiraceae_NK4A136_group,
Erysipelatoclostridium, Faecalibaculum, and Anaeroplasma, while a significant age-related
decrease was documented for Candidatus_Stoquefichus, Candidatus_Arthromitus (seg-
mented filamentous bacteria, SFB), Butyricicoccus, Ruminoclostridium_6, Lachnoclostrid-
ium, Oscillibacter, Roseburia, Lactobacillus, Ruminococcaceae_UCG-014, and Parabac-
teroides (Figure S2B,C, Supplementary Data File S1).

Immediately after Abx cessation, as expected, the number of ASVs, representing
taxonomic richness, in both young and older mice significantly declined from the baseline
(Figure 1B). Additional measures of alpha diversity as well as the Shannon and Simp-
son Indices, were also decreased, albeit more significantly in younger mice (Figure S3).
These latter two indices representing richness/evenness and richness/relative abundance
(dominance) respectively, had lower values in older mice at the baseline, which may have
impacted the magnitude of change. Non-metric multidimensional scaling (NMDS) on
Bray-Curtis-calculated distances showed that microbial community changes in both groups
had the same direction and that the remaining bacterial communities after the Abx treat-
ment were more similar between the two age groups than prior to the Abx treatment
(Adonis, R = 0.58775, p = 0.001) (Figure 1C). The Abx treatment resulted in the declining
relative abundance of majority of the microbial taxa in the gut, and very similar results

https://www.arb-silva.de/documentation/release-132/
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of the taxonomic composition between age groups (Figure 2A,B). When the taxonomic
composition before and after the Abx treatment was compared in older and young mice,
we identified different genera significantly declining in older and young mice at the con-
clusion of Abx treatment, as shown by the DESeq2 analysis (Figure 2B, Supplementary
Data File S2). This suggested that the Abx treatment altered the microbiota in both age
groups in disparate ways, but resulted in a similar, new baseline (Figure 2B). During the
treatment with broad-spectrum Abx, the relative abundance of nearly all bacterial taxa
declined. The lists of decreased genera in both younger and older mice were very similar,
with many taxa no longer detected (Figure 2, Tables S2 and S3). The relative abundance of
Lactobacillus, Bifidobacterium, Parabacteroides, Ruminococcaceae_UCG-014 were increased after
the Abx treatment, likely as a reflection of their relative resistance to the used antibiotics
(Figure 2B, Tables S2 and S3).
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Figure 2. Changes in taxonomical composition after the 10-day treatment with Abx cocktail at genus level in (A) young
and older mice. Genera with relative abundance lower than 0.5% were removed from the graphs for clarity. (B) The genus
level differential abundance analysis with DESeq2 showing changes in taxa abundance in young (left panel) and older
(right panel) mice after the Abx treatment. Each dot represents the log2 fold change between “before” and “after” the
antibiotic treatment.
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3.2. Differential Long-Term Recovery from a Single Abx Treatment of Young and Older Mice

Mice were followed up to 6 months after cessation of the single 10-day Abx regimen
to determine the dynamics of the gut microbiota restoration. In both young and older mice,
the Richness index tended to be lower at the end of the experiment compared to the values
before the treatment (Figure 3A). Surprisingly, Shannon and Simpson indices recovered in
older mice to the base level, however, in younger mice these two indices remained lower,
albeit without reaching a statistical difference. Since both Simpson and Shannon indices
incorporate richness and the number of taxa (dominance) or evenness, respectively, the
results indicate that older mice, although having an overall fewer number of taxa, had a
few more highly abundant taxa remaining. Bray-Curtis, a non-phylogenetic dissimilarity
metric, showed a divergence between young and older mice over time during the recovery
period (Figure 3B). The Bray-Curtis index recovered within 20 days after Abx cessation in
young mice, whereas in older mice microbiota did not fully recover during the 6 months of
follow-up.
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Bifidobacterium, Dubosiella, Lachnospiraceae_NK4A136_group became dominant in older
mice, whereas in young mice, the bacteria were more evenly distributed, with only one
dominant genus of Anaeroplasma (Figure 4).
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To determine taxa (ASVs) explaining both short- and long-term differences between
young and older mice recovering from the Abx treatment, we applied the linear discrimi-
nant analysis (LDA) effect size (LEfSe) method (Figure 5). In young mice, the short-term
(10 days of Abx) differences were mostly driven by the lower abundance of genera Feacal-
ibaculum and Candidatus_Stoquefichus both from family Erysipelotrichaceae, as well as genus
Romboutsia from family Peptostreptococcaceae, and genus family_XIII_UCG_001, a member
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of the Family_XIII. Both Peptostreptococcaceae and Family_XIII families are members of the
class Clostridia, phylum Firmicutes. We also observed an increased relative abundance
of Enterococcus genus. In older mice, the LEfSe analysis showed similar changes, how-
ever, the increased relative abundance of Bacteroidales was observed 10 days after Abx
cessation. When the LEfSe algorithm was applied to compare taxa in young mice before
the Abx treatment and after 6 months of recovery, genera Rombustia and Dubosiella were
enriched and Famliy_XIII_UCG_001 and Candidatus_Stoquefichus decreased. However,
those changes were limited mostly to genus and family levels with no detectable changes
in higher taxonomic hierarchy. In older mice, long-term recovery was associated with a
reduced relative abundance of a class of Clostridia (phylum Firmicutes), driven primarily
by the genus Romboutsia, and the expansion of the class Bacteroidetes, driven primarily by
the genus Muribaculum. In contrast, Dubosiella, a member of Erisipelotrichaceae family was
enriched in older mice after long-term recovery.
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We also analyzed the long-term recovery of bacterial genera most severely affected by
the Abx treatment, i.e., brought to below the detection limit, or “extinct” immediately after
the Abx cessation (the complete results of DESeq2 analysis are provided in Supplementary
Data File S3). From 45 genera that became extinct in Abx-treated young mice, 31 (68.9%)
did not recover by the end of the study. In older mice, from 36 extinct genera, 27 (75%) did
not recover. The Venn diagram analysis showed 21 genera that faced long-term extinction
in both age groups, nine genera that remained extinct only in younger mice and three
genera that remained extinct in older mice (Figure S4). The majority of the genera that
became extinct and never recovered belonged to Firmicutes phylum and Clostridiales family.
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4. Discussion

Antibiotics are commonly used as a life-saving treatment for previously fatal infec-
tious diseases. However, due to their availability, patient demand, and relatively low
cost, antibiotics are often inappropriately prescribed, which has had a dramatic negative
impact on the gut microbiota and emergence of antibiotic-resistant bacterial species [37–41].
Different antibiotics have varied mechanisms of action and therefore, have a differential
impact on resident gut microbial populations [37]. In our study, we found that age was
also a factor associated with a differential recovery of the intestinal microbiota after a
10-day exposure to the broad-spectrum Abx treatment. In the short-term, Abx resulted
in a decrease in the overall number of taxa, and in particular, a decrease in the relative
abundance of Firmicutes in both age groups. The age-related differences in microbial
composition apparent at the baseline were no longer apparent and the overall community
composition was similar immediately after the Abx treatment, thus allowing us to infer
the role of the host’s age on the qualitative community recovery. The long-term impact of
Abx treatment differed between the age groups. Mice that were older at the start of our
experiment had only partial recovery of their pre-Abx baseline by 6 months. Mice that
were younger at the start of our experiment showed a more complete recovery of their
baseline microbiota within 20 days after the Abx treatment.

The antibiotic treatment typically reduces the overall bacterial load in the gut, but
also results in shifts in the relative abundance of the remaining taxa, as seen in our study.
Microbial population analysis based on 16S rRNA amplicon profiling allows identifica-
tion and analysis of the relative abundance of individual taxa. This caveat can lead to
misinterpretation of results when the relative abundance of one or more taxa declines
while the remaining taxa increase. This “virtual” increase is a result of the dramatically
decreased abundance of other groups, therefore the proportion of those which can respond
slower to this particular antibiotic mixture are increased. This phenomenon can lead to
false conclusions, that a taxon is resistant to antibiotics or they overgrow in the presence
of antibiotics. Rather, these taxa became “dominant” within the depleted gut bacterial
community. We observed this phenomenon in our data, represented by changes in the
relative abundance of microbial populations after the antibiotic treatment. However, the
16S rRNA amplicon profiling approach remains valuable in assessing the recovery of the
complex microbial community from an Abx insult over time.

Aging is associated with a shift in the microbiota from a population with immune
modulatory functions to an increase in abundance of pathobionts [5,22,23]. The antibiotic
treatment variably decreases microbial populations, and in the setting of an aging host, it may
result in an altered microbiota in the long-term [22]. Our study is consistent with prior reports
of youth-associated and aging-associated microbial populations. Youth associated microbiota
have an increased relative abundance of bacteria with immune-modulating functions, while
aging-associated microbiota have an increase in the relative abundance of pathobionts and
a decrease in bacterial populations with immune-modulating properties [5,22,23]. In our
study, this trend was seen when we compared younger and older age groups, representing
school-aged children and middle-aged adults. For example, younger mice, as compared
to older mice had an increased relative abundance of Roseburia, a gut symbiont which
promotes and regulates immunity [42]. It is notable, that the younger age group mice in
our study reach the age of our older mice at the end of our long-term antibiotic observation
period. However, the microbiota composition of our young mice post-Abx treatment did
not mirror the baseline microbiota of the older mice observed at the start of our experiment.
This suggests that while the young mice recovered to their prior baseline microbiota after
6 months, that antibiotics disrupted the normal evolution of the microbial community that
occurs with aging. The interpretation of this pilot data needs obvious scrutiny. While the
longitudinal design of the study allows us to attribute the observed differences to age, a
more extensive study is certainly justified. In such an experiment, aging mice originating
from the same cohort at birth, with sex and cage as confounding variables, as well as a
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parallel negative control group without antibiotics would be needed to fully address the
posed questions.

Aging is also associated with a decline in immune surveillance functions, and it
is possible that the host-microbial interface in the setting of less effective host immune
surveillance, results in incomplete recovery of the host microbiota [19,43]. The symbiotic
relationship between the host physiology and microbes appears disturbed by the antibi-
otic use and the aging-associated changes to the immune function, surveillance, and the
intestinal epithelium further resulting in a microbiota that is unable to fully recover [44], as
observed in our study. The decline in immune surveillance that normally occurs with age,
may allow these pathobiont niches to persist after the antibiotic treatment. The persistence
of pathobionts and loss of commensal organisms may increase the risk for older individuals
for acute bacterial or fungal infections, with significant impact on longevity and/or quality
of life. A currently ongoing clinical trial (ClinicalTrials.gov Identifier: NCT04171466) plans
to investigate the effects of the same set of antibiotics (Ciprofloxacin + Metronidazole)
and the recovery of the gut microbial communities with and without a multi-strain sym-
biotic SH-DS01 in patients 18–55 years old. Our data suggest that this and other similar
studies should strongly consider the patient’s age in data analysis and the assessment of
treatment efficacy.
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mice. The dots represent statistically significant (Benjamini-Hochberg adjusted p < 0.05) the Log2
Fold Change of genera in older mice in comparison to young mice (bold line). Figure S3. Box plots of
Shannon and Simpson indices in young and older mice before and after 10 days of Abx treatment.
Figure S4. Venn diagram and the corresponding table depicting the number and classification of
the genera that remained extinct at the time of and 6 months after the cessation of Abx treatment in
young and/or older mice. Table S1. List of the most abundant genera in fecal samples of young and
older mice. Table S2. List of the most abundant genera in fecal samples of young mice before and
after 10-day broad-spectrum antibiotic treatment. Table S3. List of the most abundant genera in fecal
samples of older mice before and after 10-day broad-spectrum antibiotic treatment. Supplementary
data file S1: older vs young mice before Abx. Supplementary data file S2: older mice 10days after
Abx and young mice 10days after Abx. Supplementary data file S3: older mice recovery 6mo and
young mice recover 6 mo.

Author Contributions: Study concept and design, P.R.K. and F.K.G.; experimental design and inter-
pretation of results, P.R.K., D.L., and K.T.; performed experiments, D.L. and M.M.-K.; data analysis,
D.L., K.T., C.B., A.B., and P.R.K.; manuscript preparation, D.L., K.T., and P.R.K.; obtained funding,
F.K.G. and P.R.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH 5R01 DK109711 (P.R.K. and F.K.G.), and PANDA
Endowment in Autoimmune Diseases (P.R.K.).

Institutional Review Board Statement: All animals were handled in accordance with the university’s
guidelines and with an approved IACUC protocol [Kiela, 07-126].

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequences for all of the samples were submitted to and deposited in
the NCBI sequence read archive (SRA) under accession reference PRJNA667480.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

https://www.mdpi.com/2076-2607/9/3/647/s1
https://www.mdpi.com/2076-2607/9/3/647/s1


Microorganisms 2021, 9, 647 11 of 12

References
1. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,

R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [CrossRef]
2. De la Cuesta-Zuluaga, J.; Kelley, S.T.; Chen, Y.; Escobar, J.S.; Mueller, N.T.; Ley, R.E.; McDonald, D.; Huang, S.; Swafford, A.D.;

Knight, R.; et al. Age- and Sex-Dependent Patterns of Gut Microbial Diversity in Human Adults. mSystems 2019, 4. [CrossRef]
[PubMed]

3. Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480–1485. [CrossRef] [PubMed]

4. Odamaki, T.; Kato, K.; Sugahara, H.; Hashikura, N.; Takahashi, S.; Xiao, J.Z.; Abe, F.; Osawa, R. Age-related changes in gut
microbiota composition from newborn to centenarian: A cross-sectional study. BMC Microbiol. 2016, 16, 90. [CrossRef] [PubMed]

5. Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.B.; Coakley, M.; Lakshminarayanan,
B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178–184.
[CrossRef] [PubMed]

6. Jeffery, I.B.; Lynch, D.B.; O’Toole, P.W. Composition and temporal stability of the gut microbiota in older persons. ISME J. 2016,
10, 170–182. [CrossRef]

7. Jackson, M.A.; Jeffery, I.B.; Beaumont, M.; Bell, J.T.; Clark, A.G.; Ley, R.E.; O’Toole, P.W.; Spector, T.D.; Steves, C.J. Signatures of
early frailty in the gut microbiota. Genome Med. 2016, 8, 8. [CrossRef]

8. Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, C.; Ferrari, C.; Guerra, U.P.; Paghera, B.; Muscio, C.; et al.
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively
impaired elderly. Neurobiol. Aging 2017, 49, 60–68. [CrossRef]

9. Borbet, T.C.; Zhang, X.; Muller, A.; Blaser, M.J. The role of the changing human microbiome in the asthma pandemic. J. Allergy
Clin. Immunol. 2019, 144, 1457–1466. [CrossRef]

10. Livanos, A.E.; Greiner, T.U.; Vangay, P.; Pathmasiri, W.; Stewart, D.; McRitchie, S.; Li, H.; Chung, J.; Sohn, J.; Kim, S.; et al.
Antibiotic-mediated gut microbiome perturbation accelerates development of type 1 diabetes in mice. Nat. Microbiol. 2016, 1,
16140. [CrossRef]

11. Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, F.; Perez-Perez, G.I.; Chen, Y.; et al.
Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra382. [CrossRef]
[PubMed]

12. Nobel, Y.R.; Cox, L.M.; Kirigin, F.F.; Bokulich, N.A.; Yamanishi, S.; Teitler, I.; Chung, J.; Sohn, J.; Barber, C.M.; Goldfarb, D.S.;
et al. Metabolic and metagenomic outcomes from early-life pulsed antibiotic treatment. Nat. Commun. 2015, 6, 7486. [CrossRef]
[PubMed]

13. Arrieta, M.C.; Stiemsma, L.T.; Dimitriu, P.A.; Thorson, L.; Russell, S.; Yurist-Doutsch, S.; Kuzeljevic, B.; Gold, M.J.; Britton, H.M.;
Lefebvre, D.L.; et al. Early infancy microbial and metabolic alterations affect risk of childhood asthma. Sci. Transl. Med. 2015, 7,
307ra152. [CrossRef] [PubMed]

14. Korpela, K.; Salonen, A.; Saxen, H.; Nikkonen, A.; Peltola, V.; Jaakkola, T.; de Vos, W.; Kolho, K.-L. Antibiotics in early life
associate with specific gut microbiota signatures in a prospective longitudinal infant cohort. Pediatr. Res. 2020, 88, 438–443.
[CrossRef] [PubMed]

15. Ruohtula, T.; de Goffau, M.C.; Nieminen, J.K.; Honkanen, J.; Siljander, H.; Hamalainen, A.-M.; Peet, A.; Tillmann, V.; Ilonen, J.;
Niemelä, O.; et al. Maturation of Gut Microbiota and Circulating Regulatory T Cells and Development of IgE Sensitization in
Early Life. Front. Immunol. 2019, 10, 2494. [CrossRef] [PubMed]

16. Tamburini, S.; Shen, N.; Wu, H.C.; Clemente, J.C. The microbiome in early life: Implications for health outcomes. Nat. Med. 2016,
22, 713–722. [CrossRef]

17. Yassour, M.; Vatanen, T.; Siljander, H.; Hamalainen, A.M.; Harkonen, T.; Ryhanen, S.J.; Franzosa, E.A.; Vlamakis, H.; Huttenhower,
C.; Gevers, D.; et al. Natural history of the infant gut microbiome and impact of antibiotic treatment on bacterial strain diversity
and stability. Sci. Transl. Med. 2016, 8, 343ra381. [CrossRef]

18. Dogra, S.; Sakwinska, O.; Soh, S.E.; Ngom-Bru, C.; Bruck, W.M.; Berger, B.; Brüssow, H.; Karnani, N.; Lee, Y.S.; Yap, F.; et al. Rate
of establishing the gut microbiota in infancy has consequences for future health. Gut Microbes 2015, 6, 321–325. [CrossRef]

19. Aleman, F.D.D.; Valenzano, D.R. Microbiome evolution during host aging. PLoS Pathog. 2019, 15, e1007727. [CrossRef]
20. Li, H.; Qi, Y.; Jasper, H. Preventing Age-Related Decline of Gut Compartmentalization Limits Microbiota Dysbiosis and Extends

Lifespan. Cell Host Microbe 2016, 19, 240–253. [CrossRef]
21. Galley, J.D.; Bailey, M.T. Impact of stressor exposure on the interplay between commensal microbiota and host inflammation. Gut

Microbes 2014, 5, 390–396. [CrossRef]
22. Claesson, M.J.; Cusack, S.; O’Sullivan, O.; Greene-Diniz, R.; de Weerd, H.; Flannery, E.; Marchesi, J.R.; Falush, D.; Dinan, T.G.;

Fitzgerald, G.F.; et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc. Natl. Acad.
Sci. USA 2011, 108 (Suppl. S1), 4586–4591. [CrossRef]

23. Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkïla, J.; Monti, D.; Satokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]

http://doi.org/10.1038/nature11053
http://doi.org/10.1128/mSystems.00261-19
http://www.ncbi.nlm.nih.gov/pubmed/31098397
http://doi.org/10.1016/j.cub.2016.04.016
http://www.ncbi.nlm.nih.gov/pubmed/27185560
http://doi.org/10.1186/s12866-016-0708-5
http://www.ncbi.nlm.nih.gov/pubmed/27220822
http://doi.org/10.1038/nature11319
http://www.ncbi.nlm.nih.gov/pubmed/22797518
http://doi.org/10.1038/ismej.2015.88
http://doi.org/10.1186/s13073-016-0262-7
http://doi.org/10.1016/j.neurobiolaging.2016.08.019
http://doi.org/10.1016/j.jaci.2019.10.022
http://doi.org/10.1038/nmicrobiol.2016.140
http://doi.org/10.1126/scitranslmed.aad7121
http://www.ncbi.nlm.nih.gov/pubmed/27306664
http://doi.org/10.1038/ncomms8486
http://www.ncbi.nlm.nih.gov/pubmed/26123276
http://doi.org/10.1126/scitranslmed.aab2271
http://www.ncbi.nlm.nih.gov/pubmed/26424567
http://doi.org/10.1038/s41390-020-0761-5
http://www.ncbi.nlm.nih.gov/pubmed/31954376
http://doi.org/10.3389/fimmu.2019.02494
http://www.ncbi.nlm.nih.gov/pubmed/31749800
http://doi.org/10.1038/nm.4142
http://doi.org/10.1126/scitranslmed.aad0917
http://doi.org/10.1080/19490976.2015.1078051
http://doi.org/10.1371/journal.ppat.1007727
http://doi.org/10.1016/j.chom.2016.01.008
http://doi.org/10.4161/gmic.28683
http://doi.org/10.1073/pnas.1000097107
http://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d


Microorganisms 2021, 9, 647 12 of 12

24. Harrison, C.A.; Laubitz, D.; Midura-Kiela, M.T.; Jamwal, D.R.; Besselsen, D.G.; Ghishan, F.K.; Kiela, P.R. Sexual Dimorphism
in the Response to Broad-spectrum Antibiotics During T Cell-mediated Colitis. J. Crohns Colitis 2019, 13, 115–126. [CrossRef]
[PubMed]

25. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; Fraser, L.; Bauer,
M.; et al. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6,
1621–1624. [CrossRef] [PubMed]

26. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

27. 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. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]

28. Okansen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos,
P.; et al. vegan: Community Ecology Package. R package version 2.5-4. Available online: https://cran.r-project.org/web/
packages/vegan/index.html (accessed on 10 February 2021).

29. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
30. 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] [PubMed]
31. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef]
32. 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]
33. Theriot, C.M.; Koenigsknecht, M.J.; Carlson, P.E., Jr.; Hatton, G.E.; Nelson, A.M.; Li, B.; Huffnagle, G.B.; Li, J.Z.; Young, V.B.

Antibiotic-induced shifts in the mouse gut microbiome and metabolome increase susceptibility to Clostridium difficile infection.
Nat. Commun. 2014, 5, 3114. [CrossRef]

34. Morgun, A.; Dzutsev, A.; Dong, X.; Greer, R.L.; Sexton, D.J.; Ravel, J.; Schuster, M.; Hsiao, W.; Matzinger, P.; Shulzhenko,
N. Uncovering effects of antibiotics on the host and microbiota using transkingdom gene networks. Gut 2015, 64, 1732–1743.
[CrossRef]

35. 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] [PubMed]

36. Doan, T.; Arzika, A.M.; Ray, K.J.; Cotter, S.Y.; Kim, J.; Maliki, R.; Zhong, L.; Zhou, Z.; Porco, T.C.; Vanderschelden, B.; et al. Gut
Microbial Diversity in Antibiotic-Naive Children After Systemic Antibiotic Exposure: A Randomized Controlled Trial. Clin.
Infect. Dis. 2017, 64, 1147–1153. [CrossRef] [PubMed]

37. Korpela, K.; Salonen, A.; Virta, L.J.; Kekkonen, R.A.; Forslund, K.; Bork, P.; de Vos, W.M. Intestinal microbiome is related to
lifetime antibiotic use in Finnish pre-school children. Nat. Commun. 2016, 7, 10410. [CrossRef] [PubMed]

38. Hicks, L.A.; Taylor, T.H., Jr.; Hunkler, R.J.U.S. outpatient antibiotic prescribing, 2010. N. Engl. J. Med. 2013, 368, 1461–1462.
[CrossRef]

39. Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect. Drug Resist. 2019, 12, 3903–3910. [CrossRef]
40. Fuchs, B.B.; Tharmalingam, N.; Mylonakis, E. Vulnerability of long-term care facility residents to Clostridium difficile infection

due to microbiome disruptions. Future Microbiol. 2018, 13, 1537–1547. [CrossRef]
41. Roubaud-Baudron, C.; Ruiz, V.E.; Swan, A.M., Jr.; Vallance, B.A.; Ozkul, C.; Pei, Z.; Li, J.; Battaglia, T.W.; Perez-Perez, G.I.;

Blaser, M.J. Long-Term Effects of Early-Life Antibiotic Exposure on Resistance to Subsequent Bacterial Infection. mBio 2019, 10.
[CrossRef]

42. Patterson, A.M.; Mulder, I.E.; Travis, A.J.; Lan, A.; Cerf-Bensussan, N.; Gaboriau-Routhiau, V.; Garden, K.; Logan, E.; Delday, M.I.;
Coutts, A.G.P.; et al. Human Gut Symbiont Roseburia hominis Promotes and Regulates Innate Immunity. Front. Immunol. 2017, 8,
1166. [CrossRef]

43. Hearps, A.C.; Martin, G.E.; Angelovich, T.A.; Cheng, W.J.; Maisa, A.; Landay, A.L.; Jaworowski, A.; Crowe, S.M. Aging is
associated with chronic innate immune activation and dysregulation of monocyte phenotype and function. Aging Cell 2012, 11,
867–875. [CrossRef]

44. Sovran, B.; Hugenholtz, F.; Elderman, M.; van Beek, A.A.; Graversen, K.; Huijskes, M.; Boekschoten, M.V.; Savelkoul, H.F.J.;
de Vos, P.; Dekker, J.; et al. Age-associated Impairment of the Mucus Barrier Function is Associated with Profound Changes in
Microbiota and Immunity. Sci. Rep. 2019, 9, 1437. [CrossRef] [PubMed]

http://doi.org/10.1093/ecco-jcc/jjy144
http://www.ncbi.nlm.nih.gov/pubmed/30252029
http://doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
http://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
http://doi.org/10.1093/nar/gks1219
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
http://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1038/s41564-018-0257-9
http://doi.org/10.1038/ncomms4114
http://doi.org/10.1136/gutjnl-2014-308820
http://doi.org/10.1016/j.ebiom.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/30478001
http://doi.org/10.1093/cid/cix141
http://www.ncbi.nlm.nih.gov/pubmed/28402408
http://doi.org/10.1038/ncomms10410
http://www.ncbi.nlm.nih.gov/pubmed/26811868
http://doi.org/10.1056/NEJMc1212055
http://doi.org/10.2147/IDR.S234610
http://doi.org/10.2217/fmb-2018-0157
http://doi.org/10.1128/mBio.02820-19
http://doi.org/10.3389/fimmu.2017.01166
http://doi.org/10.1111/j.1474-9726.2012.00851.x
http://doi.org/10.1038/s41598-018-35228-3
http://www.ncbi.nlm.nih.gov/pubmed/30723224

	Introduction 
	Materials and Methods 
	Mice and Antibiotic Treatment 
	Gut Microbiota Analysis 

	Results 
	Short-Term Gut Microbiota Alterations after Broad-Spectrum Abx Treatment 
	Differential Long-Term Recovery from a Single Abx Treatment of Young and Older Mice 

	Discussion 
	References

