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ABSTRACT Antibiotics are known to induce gut dysbiosis and increase the risk of
antibiotic resistance. While antibiotic exposure is a known risk factor leading to com-
promised colonization resistance against enteric pathogens such as Clostridioides dif-
ficile, the extent and consequences of antibiotic perturbation on the human gut
microbiome remain poorly understood. Human studies on impacts of antibiotics
are complicated by the tremendous variability of gut microbiome among individ-
uals, even between identical twins. Furthermore, antibiotic challenge experiments
cannot be replicated in human subjects for a given gut microbiome. Here, we
transplanted feces from three unrelated human donors into groups of identical
germfree (GF) Swiss-Webster mice, and examined the temporal responses of the
transplanted microbiome to oral clindamycin challenge in gnotobiotic isolators
over 7 weeks. Analysis of 177 longitudinal fecal samples revealed that 59% to
81% of human microbiota established a stable configuration rapidly and stably in
GF mice. Microbiome responses to clindamycin challenge was highly reproducible
and microbiome-dependent. A short course of clindamycin was sufficient to
induce a profound loss (;one third) of the microbiota by disproportionally elimi-
nating minority members of the transplanted microbiota. However, it was inad-
equate to disrupt the global microbial community structure or function, which
rebounded rapidly to resemble its pre-treatment state after clindamycin discon-
tinuation. Furthermore, the response of individual microbes was community-
dependent. Taken together, these results suggest that the overall gut microbiome
structure is resilient to antibiotic perturbation, the functional consequences of
which warrant further investigation.

IMPORTANCE Antibiotics cause imbalance of gut microbiota, which in turn increase
our susceptibility to gastrointestinal infections. However, how antibiotics disrupt gut
bacterial communities is not well understood, and exposing healthy volunteers to
unnecessary antibiotics for research purposes carries clinical and ethical concerns. In
this study, we used genetically identical mice transplanted with the same human
gut microbiota to control for both genetic and environmental variables. We found
that a short course of oral clindamycin was sufficient to eliminate one third of the
gut bacteria by disproportionally eliminating minority members of the transplanted
microbiota, but it was inadequate to disrupt the overall microbial community struc-
ture and function, which rebounded rapidly to its pre-treatment state. These results
suggest that gut microbiome is highly resilient to antibiotic challenge and degrada-
tion of the human gut ecosystem may require repeated or prolonged antibiotic
exposure.
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Antibiotics are known to alter gut microbiota, select drug resistant organisms, and
decrease colonization resistance against enteric pathogens. The impact of antibi-

otics on colonization resistance is particularly relevant in Clostridioides difficile infection,
a leading cause of hospital-acquired infections responsible for half a million cases and
29,000 deaths in the United States annually (1, 2). Exposure to antibiotics is a major risk
factor leading to compromised colonization resistance against C. difficile, and thus a
detailed understanding of the impact of antibiotics on gut microbiome is critically
important. With increasing appreciation of gut-brain, gut-liver, and gut-immune axes,
antibiotic-induced perturbation of gut microbiota may have a far-reaching impact on
host physiology and immune functions (3–6). Thus, to improve health outcomes, the
therapeutic effects of antibiotics and the associated unintended consequences and
perturbation on the gut microbiome will require a thorough investigation.

The impacts of antibiotics on gut microbiota depend on the antibiotic class, dose,
duration of exposure, pharmacological action, and the spectrum of the targeted bacte-
ria (7, 8). Microbiome composition generally experiences drastic changes following an-
tibiotic administration. In some studies, the majority of the microbiota returns to its
pre-exposure level within 2 to 4 weeks (9, 10). In others, it remains altered despite dis-
continuation of antibiotics (follow-up duration ranging from 14 days to 24 months)
(11–13). Whether repeated use of antibiotics leads to permanent alterations of the
microbiome is unclear, but seems likely given the elevated risk of C. difficile colitis asso-
ciated with frequent antimicrobial therapy. In-depth investigation of the impacts of an-
tibiotic exposure is thus essential to better understand this process. However, such
investigations in human subjects are hampered by the tremendous variability of gut
microbiome among individuals, even between identical twins, because both genetic
and environmental factors play an important role in shaping the microbiome (14–17).
In addition, exposing healthy volunteers to unnecessary antibiotics for research pur-
poses carries ethical and clinical concerns. Therefore, germfree (GF) mice colonized
with human fecal microbiota is an ideal model for investigating the role of human-
associated microbiota in host physiology and pathology (18–22). Humanized mice in a
controlled gnotobiotic environment provide the ability to control both genetic and
environmental variables to allow for systematic investigations of the effect of antibiot-
ics on microbiome composition, structure, and function.

In this study, we generated three groups of gnotobiotic mice harboring different
human microbiota by transplanting fecal samples from three healthy volunteers into
GF mice. We then challenged the humanized mice in gnotobiotic isolators with clinda-
mycin, an antibiotic frequently associated with C. difficile infection, and examined the
impact of oral clindamycin on human-associated gut microbiota.

RESULTS
Transplantation of human fecal microbiota into GF mice. To evaluate the repro-

ducibility of human fecal microbiota transplantation without environmental contami-
nation, we generated three sets of ex-GF mice with distinct human microbiota (groups
B, C, and D) (Fig. 1). Fecal samples from three unrelated human donors were trans-
planted into a set of otherwise identical GF male Swiss-Webster mice (n = 12 in each
group). The animals were maintained in three separate gnotobiotic isolators through-
out the experiment. A fourth group (group A) was orally gavaged with reduced sterile
phosphate-buffered saline (PBS) to serve as a control. The control mice remained GF
over the duration (7 weeks) of the entire experiment, as assessed by standard culture
and 16S rRNA PCR of fecal samples.

As expected, transplantation of human fecal microbiota reduced the cecum of GF
animals compared with control gavage. To assess temporal variation and stability of
human gut microbiota, fecal pellets were collected longitudinally and a subset of fecal
samples analyzed by 16S rRNA sequencing. A total of ;7.3 million 16S rRNA sequence
reads with a total of 610 bacterial phylotypes (averaging 41,500 reads per sample).
Rarefaction analysis showed that the sequencing depth was sufficient and further
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sampling would likely yield few additional operational taxonomic units (OTUs) (23).
Good’s coverage estimates approached 1.00 for all samples (0.9853 to 0.9996).

Human microbiota established a stable microbiome configuration rapidly in
GF mice. We first examined the assemblage and temporal variation of human fecal
microbiota transplanted in the murine gut (Fig. 2A). Unifrac analysis showed that donor
microbiota underwent an initial brief (;3 days) and dynamic transition, then achieved
a stable microbiome configuration within 7 days in the murine gastrointestinal tract.
The tight clustering of microbial communities from day 3 through day 20 for each do-
nor group demonstrates reproducibility and stability of the transplanted human micro-
biota in GF mice. In addition, the clear separation of the transplanted microbiota
according to donor microbiota showed that the establishment of the final microbiome
configuration in the murine gut was donor microbiome-dependent. Furthermore, the
microbial community structure in mice was distinguishable from that of their respec-
tive donor microbiota, suggesting that the assemblage and structure of gut micro-
biome may be species-dependent, although factors such as diets could have also con-
tributed to these differences. Comparison of individual bacterial taxa between donor
and murine microbiomes showed that 59% to 81% of human-associated bacterial phy-
lotypes (OTUs) were successfully transplanted in mice and that the transplanted micro-
biota in mice had lower diversity than the donor microbiota (Fig. 2B). However, there
were detectable differences in alpha diversity between groups.

Clindamycin challenge decreased species richness but not biodiversity of gut
microbiota. Prior to antibiotics challenge experiments, one animal from each cage
(i.e., six mice from each group) was removed and used for a separate study (Fig. 1). In

FIG 1 Study design. Swiss-Webster germfree (GF) mice were gavaged with fecal samples from three unrelated healthy human
donors or reduced PBS as mock control, and maintained in four different isolators. After 4 weeks, two groups of ex-GF mice and
one group of GF mice were challenged with clindamycin or given sterile drinking water as controls (n = 3 per group) for 5 days.
Murine fecal samples were collected longitudinally throughout the experiment and stored in a 220°C freezer for 16S rRNA analysis.
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addition, three animals from group B were sacrificed due to suspected gavage injuries,
and thus group B was not included in the clindamycin challenge study. For the remain-
ing animals (n = 6 for each group), three were treated with clindamycin in drinking
water and three animals received mock treatment with sterile water. To examine the
impact of antibiotics on gut microbiota in the absence of environmental microbial con-
tamination, all animals remained in gnotobiotic isolators and fecal pellets were col-
lected longitudinally for 16S rRNA sequence analysis. GF mice (group A, GF gavage
control) was also treated with clindamycin or mock treatment (n = 3/group). Standard
culture and 16S rRNA PCR of their fecal samples showed no contamination of environ-
mental microbes throughout the experiment. No diarrhea or changes in food intake or
body weight were observed in any of the animals throughout the experiment.
Longitudinal 16S rRNA analysis demonstrated that both species richness (observed
OTU numbers) and biodiversity (Shannon entropy) decreased rapidly and sharply fol-
lowing clindamycin treatment (P , 0.01; compared with controls) (Fig. 3). After clinda-
mycin was removed on day 5, OTU numbers and Shannon indices gradually increased
and plateaued at ;12 days, and remained stable until the end of the experiment (day

FIG 2 Unifrac analysis of fecal microbiota from human donors and recipient mice. Human fecal samples from three unrelated healthy volunteers
(highlighted dots) were gavaged into male Swiss Webster GF mice in three separate isolators (n = 12 mice per isolator) and fecal samples were collected
from each animal longitudinally. Temporal variation in fecal microbiota was examined using 16S rRNA analysis (four to five time points from three animals
per group were analyzed). (A) Unweighted (left) and weighted (right) Unifrac was used to generate distances among all microbiome samples. Scatterplots
were then generated using principal coordinate analysis (PCA). The percentage of variation explained by each principal coordinate (PC) is indicated on the
axes. Each point represents a microbial community. d1, day 1 postcolonization; d3 to d20, day 3 through day 20; each color represents a unique donor
inoculum. (B) Microbial richness (% OTUs) and diversity (Shannon Index) were compared between donor human microbiota (D) and transplanted
microbiota established in GF mice.
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21). Although microbial diversity rebounded to the pre-treatment level by the end of
the experiment (Fig. 3B), species richness did not. No temporal change in OTU num-
bers or Shannon entropy was detected in the mock challenge (sterile water) group.

Clindamycin rapidly induced gut dysbiosis in mice. To further evaluate the mi-
crobial population structure impacted the most by clindamycin challenge, we utilized
the Unifrac approach. We posited that because changes in weighted Unifrac analysis
are driven predominantly by abundant taxa and unweighted Unifrac is sensitive to
changes in all members of the community including minority species, comparison of
weighted and unweighted analysis should provide insight into the relative effects of
clindamycin on dominant and minority microbial populations. In weighted Unifrac
analysis, microbial communities before and after clindamycin challenge clustered
tightly, indicating little impact of clindamycin on dominant members of the microbiota
(Fig. 4). Using PICRUSt (a bioinformatics tool to predict gene functions based on 16S
rRNA information) (24), comparison of the predicted functional metagenome before
and after clindamycin challenge showed only 25 to 42 of 328 (8% to 13%) gene cate-
gories differentially abundant with an LDA score of .2, indicating only minor impact
of clindamycin on the overall microbiome function. In contrast, unweighted Unifrac
analysis revealed a clear separation between communities before and immediately af-
ter clindamycin challenge, followed by a gradual rebound of microbiome after discon-
tinuation of clindamycin to resemble, but not cluster with its pretreatment state
(Fig. 4). These changes were reproducible between mice within each group, and the
same pattern of microbiome evolution was observed in the two groups of mice that
harbored two different donor human microbiota. No temporal change in microbial
communities was observed in the control groups.

Clindamycin eradicated a large number of minority taxa from the gut microbiota.
The species richness and Unifrac analysis (Fig. 3 and 4) suggest that a certain number

FIG 3 Changes in gut microbial diversity and richness in response to oral clindamycin challenge. (A)
Species richness (observed OTUs) and (B) Shannon diversity (entropy) of fecal microbiota before and
after 5 days of clindamycin or mock treatment are shown on the y-axes. Mean values are compared
between the clindamycin group (solid circles) and the saline controls (empty squares). No statistically
significant difference was observed in OTU numbers or Shannon entropy between the two groups at
the three time points prior to clindamycin treatment (P . 0.05). A single asterisk indicates a P value
of ,0.05 at the corresponding time points, and double asterisks indicate a P value of ,0.01.
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of minority taxa in the transplanted microbiota was eradicated by clindamycin. To fur-
ther examine the fate of these minority taxa, we applied the following criteria to define
species eliminated by clindamycin: (i) it must be present at baseline (i.e., day 0, just
prior to clindamycin challenge) in at least two (of three) mice within groups; (ii) it must
be present in at least one other pre-treatment time points (8 or 5 days before clinda-
mycin challenge); (iii) it must be absent at the final time point (day 22); and (iv) it must
also be absent in at least one of the two time points prior to day 22 (i.e., day 12 and 15,
demonstrating persistent absence). Using these criteria, 52 species in microbiome com-
munity C and 43 species in community D were eliminated by clindamycin, constituting
62% (52/84) and 43% (43/100) of the species that were suppressed by clindamycin,
and 39% (52/134) and 29% (43/148), or approximately one third, of all species at

FIG 4 A single course of oral clindamycin induced a rapid and reproducible disturbance in gut microbiota. Ex-GF mice harboring human gut microbiota
were treated with oral clindamycin for 5 days and longitudinal fecal microbiota compared using 16S rRNA sequence analysis. Weighted (right) and
unweighted (left) analyses are shown as scatterplots using Unifrac principal coordinate analysis (PCA). The percentage of variation explained by each
principal coordinate (PC) is indicated on the corresponding axes. Each color point represents a microbial community and samples from the same animal
are shown using the same color dots. In unweighted Unifrac (top left), microbial communities before clindamycin treatment, 3 to 5 days after clindamycin,
and 2 weeks after clindamycin clustered separately. In contrast, weighted Unifrac (top left) showed tighter clustering of microbial communities before and
after clindamycin challenge. Circles and arrows in blue and red represent microbial communities from two different donor microbiome, C and D,
respectively. Fecal microbiome before and after clindamycin challenge were compared and the statistical significance of the microbiome difference before
and after clindamycin was determined using permutational multivariate analysis of variance (PERMANOVA) and the P values for group C and D are shown
in blue and red, respectively. Ex-GF control mice treated with sterile water showed no appreciable changes in gut microbiome throughout the experiment
(bottom left and right).
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FIG 5 Clindamycin challenge disproportionally eliminates minority members of the transplanted microbiota. Two groups of
humanized mice (group C and group D, see Fig. 1) were challenged with 5 days of clindamycin, and longitudinal fecal
microbiome were analyzed. (A) For each group (C and D), two heatmaps are shown. The heatmap on the left shows the
relative abundance of OTUs (red: high abundance; black: low abundance), and the heatmap on the right indicates OTUs
detected (red) or not detected (black). Each column represents samples from a specific time point (from left to right, before

(Continued on next page)
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baseline in communities C and D, respectively (Fig. 5 and supplemental figure and
data). The majority of these species were members of the Lachnospiraceae,
Bacteroidaceae, and Ruminococcaceae families, which accounted for 94% and 84% of
all species eliminated by clindamycin in communities C and D, respectively.
Interestingly, these minority species constituted only 0.01% to 0.59% of the total mi-
crobial community abundance (proportions based on sequence reads) at baseline in
community C, and 0.01% to 3.37% in community D, thus consistent with the results
from weighted and unweighted Unifrac analysis (Fig. 4).

Thus, together with the observed changes in alpha diversity indices (Fig. 3) and
microbiome structure (Fig. 4), these data suggest that a short course of oral clindamy-
cin challenge was sufficient to induce a profound loss of transplanted microbiota by
disproportionally eliminating minority members of the microbiota, but was inadequate
to perturb the global microbial community structure (and possibly function), thus sup-
porting the hypothesis that gut microbiome is resilient to a single short course of anti-
biotic perturbation.

Community-dependent response of individual microbes to clindamycin challenge.
Given that a subset of taxa may be shared between two different human microbiota, we
asked if a shared microbe residing in two different communities would respond similarly
to clindamycin challenge. We identified a total of 30 bacterial taxa that were shared
between the two groups of mice harboring two different microbiota communities (sup-
plementary data). For each taxon, we quantified the changes in relative abundance
before and after clindamycin challenge and compared their responses in the two com-
munities (Fig. 6). Surprisingly, while 57% (17/30) of the shared taxa exhibited concordant
responses to clindamycin (Fig. 6A; the shared species were suppressed (I) or enriched (II)
in both mice groups), 43% (13/30) had discordant responses (pattern III and IV). For
example, microbial species was suppressed in one community but remained largely
unaffected in the other in response pattern III. In pattern IV, species were suppressed in
one community but enriched in the other. For most shared species, the impact of clinda-
mycin was transient and the organisms rebounded to a level close to its pretreatment
state. However, several species remained persistently suppressed or enriched through
the end of our experiment. For example, Lachnospiraceae OTU 1342 (pattern I) was per-
sistently suppressed in group C mice (Fig. 6B). Ruminococcaceae OTU 1931 (pattern IV)
was persistently enriched in group C but suppressed in group D mice.

As expected for gut-associated microbes, most of the shared taxa (Fig. 7) were mem-
bers of the Firmicutes and Bacteroidetes phyla. Consistent with clindamycin’s spectrum of
antimicrobial activity, many of the Firmicutes species were suppressed (response pattern
I) and no shared Firmicutes species became more abundant (pattern II) in both groups.
For Bacteroidetes species, differential response to clindamycin challenge (patterns I to IV)
was observed, consistent with their increasing resistance to clindamycin. In contrast, all
shared Proteobacteria species (E. coli, Cronobacter, Enterobacter, and Klebsiella spp.),
which are usually minority constituents of the gut microbiota, were enriched following
clindamycin challenge, which could be due to the suppression of Firmicutes species and/
or a result of clindamycin insensitivity among aerobic Gram-negative bacteria.

DISCUSSION

In recent decades, intense efforts have focused on the mechanisms and effects of antibi-
otics on specific strains of bacteria. It is only in recent years that interests in the field have
expanded to understand the global impacts and clinical consequences of antimicrobial

FIG 5 Legend (Continued)
clindamycin challenge: day 20, 23, 28; during clindamycin challenge: day 29, 30, 33; after challenge: day 35, 37. 40, 43, and 50;
see Fig. 1). Each row is an OTU, ordered from top to bottom by the relative abundance of the OTU on day 20. OTUs were
binned by quartiles (Q1 to Q4). Q1 includes top 25% OTUs in relative abundance on day 20, whereas Q4 includes the bottom
25% OTUs representing minority or low abundance OTUs. (B) The proportion of OTUs eliminated by clindamycin challenge in
each quartile. A high percentage of OTUs in Q4 (i.e., minority OTUs) were eliminated by clindamycin challenge, and a low
proportion of OTUs in Q1 were eliminated. Overall, approximately one third of OTUs were eliminated (“ALL”).
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therapy on the overall host microbiota. In the present study, we transplanted human fecal
microbial communities into groups of otherwise identical GF mice and examined the
responses of distinct human microbiome in identical murine host to oral clindamycin chal-
lenge in the absence of environmental contamination. We showed that a single, short
course of oral clindamycin induced potentially irreversible eradication of gut microflora in
vivo, eliminating predominantly minority populations of the commensal gut microbiota
(Fig. 3 and 5). However, the overall microbiome rebounded rapidly to resemble its pre-chal-
lenge state, suggesting a high resilience of community structure to antibiotic perturbation.
Using genetically identical mice harboring the same transplanted microbiome, we also
demonstrated that microbiome responses to clindamycin challenge is highly reproducible
and is microbiome-dependent.

A particular area of clinical importance is antibiotic-induced loss of colonization re-
sistance to pathogenic species (25, 26), which include Clostridioides difficile and
Salmonella infection during and following antibiotic therapy. It has been widely appre-
ciated that antibiotic disruption of the host microbiota increases the susceptibility to
infection, but a detailed understanding of its impact on microbiome has been compli-
cated by genetic and microbiome differences among people in human studies, and
the difficulty in controlling for microbiome and environmental variables in traditional
animal models. Collins et al. have shown in a humanized mouse model that pretreat-
ment with a 5-antibiotic cocktail increased susceptibility of experimental mice to C. dif-
ficile infection (22). In our study using similar humanized mice, oral clindamycin elimi-
nated a large proportion of minority species from the microbiome. However, dominant
species remained relatively unperturbed or experienced only transient alterations in
abundance. Interestingly, the same bacterial species in different microbial environ-
ments could have differential responses to clindamycin (Fig. 6A, B; response patterns III
and IV), and different species within the same phylum could display differential
responses to the same antibiotic challenge. These findings raise the question of
whether microbial responses to antibiotics are determined by the inherent susceptibil-
ity of their respective species, or the microbial communities in which they reside. In

FIG 6 Community-dependent response of gut-associated microbes to clindamycin challenge. (A) Heat map of relative abundance of gut-associated
microbes showing community-dependent, individualized response to clindamycin challenge. Mean values were used for both groups. Relative abundance is
expressed as log10 (percent relative abundance x 100,000) for better visualization of minority species. The log value scale is shown on top. Post-treatment
days are indicated above the heat map with pre-treatment baseline bolded in red and the black arrowhead indicating the start of 5-day clindamycin
treatment. Four major response patterns were observed: (I) suppressed in both mice groups; (II) enriched in both groups; (III) suppressed in one group but
fluctuating or no significant change in the other; and (IV) suppressed in one group but enriched in the other. The taxonomy of each bacterial species is
shown in-between the heat maps. (B) Temporal changes of the relative abundance of a representative species from each group are shown. Black
arrowheads indicate the start of clindamycin challenge.
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the latter case, which component would play a more important role? As shown in
Fig. 6A, the number of species that responded differently to clindamycin is comparable
to the number of species that responded similarly (13 versus 17), suggesting that spe-
cific microbial communities could shape the response pattern of individual species to
antibiotics. Horizontal gene transfer is known to be an important mechanism for the
acquisition of antibiotic resistance in bacteria (27, 28), which may involve transforma-
tion, conjugation, and transduction. Thus, different antibiotic resistance genes may be
transferred between bacteria in different microbial communities, potentially resulting
in antibiotic resistance profiles that are community-dependent. Such a hypothesis war-
rants further investigation, as it potentially generates an added level of complexity
related to environment-bacteria interactions and their potential impacts on antibiotic
susceptibility.

Among the species that were eradicated in both communities (Fig. 3A, 6, and 7),
many belonged to the Bacteroidaceae and Lachnospiraceae families, consistent with
previous studies showing clindamycin profoundly eliminating anaerobic species (29).
As the majority of gut microbiome are difficult to cultivate, the functions of these mi-
nority species and their short- and long-term impacts on host physiology remain
unknown. However, clindamycin-induced perturbation of the gut microbiota is known
to reduce colonization resistance against opportunistic pathogens such as C. difficile.
Given that C. difficile infection can develop both during and after antibiotic therapy,
perturbation of both dominant and minority species may play a role in host suscepti-
bility to C. difficile infection. In our study, the most significant effect of clindamycin on
gut microbiota is the permanent loss of minority species with a transient suppression
on overall abundance. While one can envision how perturbation of dominant species
creates a niche for C. difficile to establish colonization in the host, the impact of

FIG 7 Differential responses of Firmicutes, Bacteroidetes, and Proteobacteria species to clindamycin
challenge. A maximum likelihood tree was constructed using representative 16S rRNA sequences of
the 30 shared bacterial species from Fig. 6. The response patterns (I through IV) to clindamycin
challenge for each species as shown in Fig. 5 is indicated. The three major phyla are depicted in red
(Firmicutes), blue (Proteobacteria), and green (Bacteroidetes) branches.
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minority species on susceptibility to C. difficile is more perplexing. A previous study
using conventional mice showed significant perturbation of gut microbiota after a sin-
gle dose of clindamycin, which conferred long-lasting susceptibility to C. difficile infec-
tion (30). Our study employed a similar experimental design but in a more controlled
environment. Such a long-lasting effect observed in the previous study could be a con-
sequence of the loss of minority species. Buffie et al. proposed a mechanism for com-
petitive inhibition of C. difficile by phylogenetically related Clostridium scindens (a
member of the Lachnospiraceae family) through the production of secondary bile salts
(31). A similar inhibitory mechanism has been reported for Staphylococcus where lug-
dunin, a bio-product of S. lugdunensis, inhibits colonization of S. aureus (32).
Interestingly, both C. scindens and S. lugdunensis were minority species in their respec-
tive microbial communities. Thus, these studies suggest that minority species in a
microbiome may be important and defining their role in host physiology may be criti-
cal for understanding disease pathogenesis.

Antibiotic-induced perturbation of dominant species is of particular interest. In our
study, we did not observe a lasting impact of clindamycin on most of the dominant spe-
cies (Fig. 3B, 5). However, we employed only a short course of clindamycin. It remains to
be seen how a longer duration, higher doses, or repeated uses of antibiotics would influ-
ence the dominant and minority species in well-controlled gnotobiotic animal models.
Thus, additional studies using other commonly used antibiotics are needed to advance
our knowledge of antimicrobial impacts on global microbial communities in different
body habitats. Together, such efforts will provide invaluable insights into appropriate
and judicious use of antibiotics in clinical settings.

Few studies have investigated the effects of antibiotics on gut microbiome using
gnotobiotic mice. In one study, a single dose of clindamycin was given to conventional
mice and longitudinal changes of gut microbiome composition were examined (30).
However, variability in gut microbiome among conventional mice makes it difficult to
compare results directly with ours. We transplanted the same microbiome into identi-
cal GF mice in isolators to avoid acquisition of environmental species throughout the
experiments. Human microbiota associated (HMA) mice are now commonly used in
gut microbiome studies related to metabolic and autoimmune diseases including dia-
betes, obesity, and inflammatory bowel diseases (33). Such a model offers the potential
for determining cause-and-effect relationships between microbiota and phenotype,
rather than correlations that can be deduced using human subjects (34). Although
human microbiota can only be partially reassembled in GF mice (Fig. 2), such a model,
when carefully applied and interpreted, remains the best model available to study
human microbiota related diseases. One limitation of our study was the small number
of human donors, which could potentially contribute to differential responses of bacte-
rial species to antibiotic challenge. Despite this limitation, our results demonstrate a
clear concordant response among biological replicates, suggesting a predictable fate
of specific bacterial species within specific microbial communities. If a larger number
of microbiome donors were used, more subtle trends could have been identified.

This study had limitations. First, the data was limited to the short duration of the
experiments after antibiotic challenge. Our data set showed steady recovery of majority
species, but a longer duration following antibiotic challenge will provide additional data
regarding rebound of minority species long-term. Second, our study employed a 5-day
duration of antibiotic challenge that is commonly done in animals studies. The impacts
of antibiotic duration on gut microbiota was not specifically examined but would be of
great interest in future studies to enable clinical translation. Third, the discordant
responses of species to antibiotic challenge could be partially explained by changes of
other species within the same community. However, similar trends observed in our study
have been reported in other studies, e.g., the enrichment of enterococci after clindamy-
cin treatment, thus suggesting a real trend rather than passive changes (bias). Fourth, it
was unfortunate that group B was lost and was not included in the clindamycin chal-
lenge, which would have strengthened our work. Finally, the present study focused on
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the impact of antibiotics on microbiome composition and structure. The functional
impact on host physiology or susceptibility to opportunistic pathogens such as C. difficile
will require further investigations.

In summary, we showed that a single, short-course clindamycin treatment reprodu-
cibly suppressed and eradicated a large number of minority gut microbes in gnotobi-
otic mice transplanted with human microbiome, but the overall microbial community
structure was resilient to such a challenge. These results support the need for a com-
prehensive evaluation of the impacts of antibiotics on the functions of gut microbiota,
which is now known to play an important role in host physiology both in- and outside
the GI tract.

MATERIALS ANDMETHODS
Colonization of human fecal microbiota into GF mice. GF Swiss-Webster mice (5 to 9 weeks old,

from Taconic Biosciences, Inc.) were housed in gnotobiotic isolators according to standard protocols
employed by Animal Care Service at the University of Florida. To generate mice with humanized gut
microbiota, GF mice (n = 12 per isolator) were orally gavaged in separate isolators with 100 mL aliquot of
human fecal samples prepared from three unrelated volunteers, and a fourth group served as a control
and were gavaged with sterile reduced PBS (Fig. 1). Human fecal samples were freshly collected and im-
mediately transferred into an anaerobic chamber, and resuspended in sterile pre-reduced PBS. Fecal pel-
lets were collected from mice longitudinally and gut microbiome was analyzed using 16S rRNA sequenc-
ing. The study was approved by University of Florida Institutional Review Board and Institutional Animal
Care and Use Committee. Informed consent was obtained from all human volunteers.

Clindamycin challenge of ex-GF mice. To assess the effects of antibiotic perturbation on gut micro-
biota, ex-GF mice from group C and D plus GF controls from group A were given oral clindamycin
(500 mg/mL) in drinking water for 5 days (n = 3) or maintained on sterile drinking water (n = 3) (Fig. 1).
Fecal samples were collected longitudinally over 3 weeks following oral clindamycin challenge and
stored at220°C until microbiome analysis.

Sample preparation and 16S rRNA amplification. Genomic DNA was extracted from each fecal
sample by using the Mobio PowerSoil DNA extraction kit (Carlsbad, CA) according to the manufacturer’s
instructions. For each sample, bacterial 16S rRNA V1-V3 or V3-V5 gene segment was amplified in quadru-
plicates using primer pair 27F (59-AGAGTTTGATCCTGGCTCAG-39) and 534R (59-ATTACCGCGGCTGCTGG-
39), or 515F (59-GTGCCAGCMGCCGCGGTAA-39) and 926R (59-CCGTCAATTYMTTTRAGTTT-39). Both the for-
ward and the reverse primers contained universal Illumina adapter sequences, as well as individual
unique barcodes between PCR primer sequence and the Illumina adapter sequence to allow multiplex
sequencing. Each 20-mL PCR mixture contained 2 mL of the purified DNA template, 1 mL Accuprime PCR
buffer II (Invitrogen), 5 mM (each) the forward and the reverse primer, and 1 U of Accuprime Taq high fi-
delity polymerase (Invitrogen). PCR amplification was performed as follows: a denaturation step at 95°C
for 30 s followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and extension
at 68°C for 5 min.

Sample pooling and Illumina sequencing. Triplicates of barcoded PCR products prepared from
each sample were pooled and analyzed on a 1% SYBR Safe (Invitrogen, Carlsbad, CA) agarose gel. Gel sli-
ces containing amplicons of expected size (;670 bp) were excised and purified using the Qiagen gel
extraction kit (Qiagen, Valencia, CA). Purified PCR products were quantified using a Qubit HS DNA quan-
tification kit (Invitrogen, Carlsbad, CA), pooled with equal molar concentration, and sequenced using the
Illumina MiSeq platform.

Bioinformatics analysis of Illumina MiSeq sequences. MiSeq reads were demultiplexed and
assigned to each sample based on unique forward and reverse barcode combinations using custom R
scripts. Barcode and primer sequences were removed using the following criteria to retain high-quality
reads for subsequent analysis: (i) Q-score of $ 30; (ii) reads that matched PCR primer sequence and
paired barcodes with 100% identity; (iii) paired reads with .=10 overlapping bases for reads joining.
OTUs were formed using a closed-reference OTU picking method where the trimmed reads were clus-
tered against the Silva database version 108 using USEARCH with $ 97% sequence identity and $ 50%
alignable query criteria. Taxonomic assignments were also based upon the reference sequence collec-
tion. Alpha diversity indices were calculated using R version 3.1.0 (23). Unifrac analyses were conducted
using Qiime version 1.3.0 (23), and statistical significance was determined using permutational multivari-
ate analysis of variance (PERMANOVA) with 999 permutations. PICRUSt was utilized to predict gene func-
tions based on 16S rRNA information (24). Linear discriminant analysis effect size (LEfSe) was used to
determine differentially abundant gene categories. Heatmaps were generated using the Matrix2png
web interface (http://www.chibi.ubc.ca/matrix2png/). Phylogenetic trees were generated using inte-
grated models in MEGA (Version 6) (35).

Statistical analysis. Student's t test was used to calculate significance when normality was satisfied,
otherwise Mann-Whitney rank sum test was used. A P value of ,0.05 was considered statistically
significant.

Data availability. Nucleotide sequence accession number. Sequence reads have been deposited at
DANS archive under (https://doi.org/10.17026/dans-xaz-xwzd).
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