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Figure 5. A subset of ill-like individuals were heavily perturbed during the study

(A) A 8-month longitudinal analysis of healthy volunteer microbiomes through the PCA space. The red dots are the ICU remnant microbiomes, while the blue dots
represent the starting locations of all of the volunteer microbiomes. The arrows represent passage over time of the microbiomes, with the starting point samples at
day 14, the inflection point is their location at day 6, and the arrowhead is their location at day 185. All of the volunteer trajectories are present, but the 3 that
ended in ICU space are bold. The blue density contour was estimated using the starting coordinates of the volunteer microbiomes and overlaid onto the PCA
space, and the magenta contour represents the density of the ICU microbiomes.

(B) Longitudinal analysis of overall resistance burden for the ICU-like subset of 3 healthy volunteers (represented in purple) and the rest of the volunteers. The error
bar confidence intervals represent 95% bootstrapped confidence intervals of the mean, and a linear model estimate was fit to both groups starting after the end of
antibiotic administration. Shaded regions represent 95% confidence interval for the linear fit for each group.

(C) The changes over time in species diversity for the ICU-like volunteers and the rest of the volunteers, with a linear model fit to both starting after the end of
antibiotic administration.The error bar confidence intervals represent 95% bootstrapped confidence intervals of the mean. Shaded regions represent 95%

confidence interval for the linear fit for each group.
See also Figure S1.

relative abundance after CPD or CPD + AZM treatment, suggest-
ing that this is a primary form of resistance for enteric Bacterio-
des spp. as well. Previous studies had found that cefprozil, a
second-generation cephalosporin, induced increases in Entero-
bacter cloacae in healthy volunteers with low-diversity, Bacter-
oides-dominated microbiomes (Raymond et al., 2016). Our re-
sults indicate that Bacteroides species survive CPD treatment,
likely via cfxA, resulting in a low-diversity, high-Bacteroides envi-
ronment, generating an opportunity for the expansion of patho-
gens such as Enterobacter spp. In comparison, the AZM and
LVX groups were enriched for multiple Gram-positive genera
within the Firmicutes phylum. The increases correlate well with
observed increases in the Bacteriodes:Firmicutes ratio in mice
(Li et al., 2017). These taxonomic changes were implicated in
increased adipogenesis, altered microbiome short-chain fatty
acid production, and other risk factors for obesity.

The recovery of species richness after exposure varied by
treatment, similar to previous studies (Korpela et al., 2016; Pal-
leja et al., 2018). The SRG, which consisted of volunteers given
AZM or AZM + CPD, experienced a 6-day period of extended
lower diversity, approximately the duration of the terminal half-

life for this drug of 5 days (Drew and Gallis, 1992). This is in sharp
contrast to the much shorter half-life of CPD and LVX, which are
reported to be 2-3 and 6-8 h, respectively; this could explain in
part the slower recovery of species richness in the SRG (Borin,
1991; Fish and Chow, 1997). Previous analyses using 16S
rRNA gene amplicon data reported a reduction in species rich-
ness 1 year after children were treated with the macrolides clar-
ithromycin and erythromycin, as well as a reduction in the abun-
dance of Bifidobacterium and Collinsella genera (Korpela et al.,
2016). Our time series data in adults identified both B. longum
and C. aerofaciens as well as E. eligens and D. longicatena
recovered more slowly after AZM. B. longum has been shown
to be reduced in abundance in both the elderly (Woodmansey,
2007; Rampelli et al., 2020) and the critically ill (Shimizu et al.,
2011; Ojima et al., 2016). A recent study found a negative corre-
lation between increased abundance of the Bacteriodes and
Methanobrevibacter genera and the healthy microbiome (Wil-
manski et al., 2021), and the change over time of the 2 species
significantly associated with slow recovery hail from these
genera. The 2 recovery groups had similar cumulative distances
through the PCA space, but the SRG also had a significantly
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Figure 6. Antibiotic perturbation in the healthy volunteer microbiome
(A and C) Bray-Curtis dissimilarity of each time point to the median of the pre-antibiotic composition. Within-patient Bray-Curtis dissimilarity for all healthy
volunteers was compared to the first time point. All time points for the pre-antibiotic period exhibit low dissimilarity, but this increases immediately starting with
antibiotic administration and remains high until the end of the study (day 185). This analysis was conducted for species composition (A) and for resistance gene

composition (C).
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(B and D) Bootstrapped 95% confidence intervals generated for data at each time point.

higher distance between their first and last samples. The stability
of the post-antibiotic microbiome is well documented (Jernberg
et al., 2007; Moya and Ferrer, 2016), but the effect of time-
induced drift associated with 1 antibiotic versus another is not
well understood. Our results confirm that antibiotic treatment
produces ecological opportunity in healthy individuals, reshap-
ing even robust fecal microbiomes through increased resistance
gene content and altered taxonomic composition. The increased
net compositional distance exhibited by the SRG is likely due to
the longer bioavailability of AZM driving prolonged niche discor-
dance and ecological opportunity. Increased intrapatient tempo-
ral variation in stool and skin microbiomes has been significantly
associated with adverse infectious outcomes after patients with
acute myeloid leukemia underwent induction chemotherapy
(Galloway-Pena et al., 2017). Co-option of the community insta-
bility inherent in ecological opportunity by pathogenic organisms
has been theorized to drive pathogen virulence and adaptation
(Scanlan, 2019). The SRG was also associated with lower counts
of the Bacteriodes pentose phosphate pathway, as well as the
alternative, MEP/DOXP pathway from the genus Bifidobacterium
(of which B. longum, one of the species identified as recovering
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slower in this group, is a part) (Milani et al., 2014). This pathway is
also present in many pathogens (Hale et al., 2012), and is
currently being investigated as a target for antibiotic develop-
ment due to its absence in humans and the known ability of fos-
midomycin to inhibit 1-deoxy-D-xylulose 5-phosphate reducto-
isomerase, a key enzyme in the pathway (Zinglé et al., 2010). It
is hypothesized to be a method to modulate host response
and lower the chance of an immunogenic reaction to commensal
bacteria (Eberl et al., 2003).

When we compared antibiotic resistance composition, we
found that immediately after a 5-day course of antibiotics, the
AR gene burden in healthy microbiomes increased and remained
elevated for the length of the study in volunteers receiving CPD,
AZM, and CPD + AZM. This initial increase in AR gene burden
was not unexpected, and similar increases have been described
(Palleja et al., 2018). The length of elevated AR burden varied
from previous studies; Palleja et al. (2018) reported no significant
increases in total AR burden by 45 days in adults; however,
D’souza et al. (2019) reported significant increases in AR
prevalence by 6 months in HIV-exposed, uninfected infants
receiving weekly clotrimoxazole prophylaxis. The reason for
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these differences in severity and duration of AR elevation is likely
to be governed by the maturity, stability, and health of the micro-
biomes under study, and the effects of each specific antibiotic
treatment, as LVX did not increase resistance gene burden.

While AR gene burden was in general higher in ICU patient mi-
crobiomes, certain classes of AR genes in healthy volunteers
were enriched compared to ICU patient microbiomes, including
AR gene classes specific to the antibiotics given during the
study, such as the B-lactam resistance gene cfxA (CPD) and
23S ribosomal RNA methyltransferase resistance (AZM). ICU pa-
tients were instead enriched for multi-drug resistance. In the
generalist-specialist game theory model of ecological succes-
sion, generalists initially dominate environments with high
ecological opportunity during population expansion (Angell and
Rudi, 2020). Remodeling of the healthy individual resistome after
antibiotic exposure resulted in increases in 3 genes, tetO, cfxA,
and tet40, 2 of which do not convey resistance to any of the an-
tibiotics given in the study, confirming that antibiotic perturbation
creates opportunities for species with generally broad antibiotic
resistance to dominate transiently. While some AR genes can
reliably be used as signatures of specific bacteria, such as
ampC for Enterobacteriaceae (Jacoby, 2009; Pitout, 2008),
tetO may instead be an indicator of previous antibiotic exposure
and subsequent microbiome-wide increase in AR gene burden
and selection (Forsberg et al., 2015). Short courses of antibiotics
could trigger the acquisition or entrenchment of diverse resis-
tance genes, leading to increased AR seen in some ICU patients
and the elderly (Shimizu et al., 2011; Choy and Freedberg, 2020).
The persistent increases in overall AR burden, in tandem with
reduced microbiome diversity and similarity to ICU microbiomes
of a subset of volunteers, could be used as biomarkers for future
adverse reactions to antibiotic treatment, or for the higher risk of
hospital-acquired infection as has been proposed for other dis-
eases (Zhou et al., 2019).

Although antibiotics caused an average decrease in species
richness, volunteer microbiomes returned to a pre-antibiotic
level within 2 months. This resilience is similar to previous
studies, which reported that antibiotic exposure yielded only a
short-term effect on species richness (Dethlefsen et al., 2008;
Dethlefsen and Relman, 2011). Despite this general trend of resil-
ience, the microbiome of 3 individuals recovered slower than the
rest of the volunteers. Instead, they exhibited substantial move-
ment over time through the PCA space, ending the observation
window within the PCA space dominated by ICU patient micro-
biomes, and had significant changes to their metabolic output,
with reduced pathway abundance from the Eubacterium genera,
an important gut commensal, but increased abundance of path-
ways from the genus Erysipelotrichaceae. Erysipelotrichaceae
species are known to be highly immunogenic (Palm et al,
2014), linked to inflammatory bowel disease (IBD) and an in-
crease in relative abundance post-antibiotics (Zhao et al.,
2013). The PCA distance between the first and last sample of a
volunteer was negatively correlated with 18 Eubacterium meta-
bolic pathways, which suggests that functional pathways origi-
nating from that genus could be important to reducing the large
changes over PCA space that the 3 ill-like volunteers underwent.
The concept of antibiotic scarring has been used in previous
work (Gasparrini et al., 2019) to describe long-term AR gene
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accumulation in pediatric microbiomes; we propose a modified
definition in which scarring is characterized as a significantly
altered, perturbed taxonomic composition with increased AR
burden (a generalized response containing on- and off-target
resistance elements) after antibiotic exposure. We further
identify that antibiotic scarring pushes some low-diversity micro-
biomes toward an ill-like phenotype, demonstrating that long-
term microbial community perturbation can occur from a single
dose of antibiotics in healthy individuals. This definition has the
potential to be integrated into patient care models optimized
for selecting antibiotic treatment personalized to the unique mi-
crobiome composition of an individual, an important goal of anti-
biotic stewardship.

Limitations of the study

Although this is a pilot study and is limited in scope, we believe
that it creates a usable framework for studying the universal ef-
fects of antibiotics on the healthy human microbiome, as well
as for identifying microbiome compositions that may be more
prone to potential antibiotic-induced dysbiosis. One limitation
of short-read shotgun metagenomic DNA sequencing lies in its
inability to determine what microbiota functions are actively be-
ing expressed. While our data suggest that relatively few AR
genes increase in abundance long term after AP, future studies
leveraging metagenomic RNA (cDNA) sequencing or long-read
sequencing could determine whether this correlates with
increased gene expression or horizontal transmission within
the microbial community, respectively (Anthony et al., 2020; Leg-
gett et al., 2020). The small treatment group size and 6-month
study window of our study also limit the ability to discern whether
the observed alterations to the taxonomy and resistome persist
to longer intervals, although other studies have recorded similar
trends years after antibiotic exposure (Dethlefsen and Relman,
2011; Gasparrini et al., 2019). Regardless, our results illustrate
a dynamic but somewhat incomplete recovery process that is
dependent on the specific antibiotic regimen and highlight the
potential intrinsic resilience of particular gut microbial commu-
nity architectures. Strain-level dynamics during antibiotic pertur-
bation provide an extra layer of complexity and may help explain
the remarkable change in the composition of the resistome (Yas-
sour et al., 2016). The ICU comparator group was collected dur-
ing routine C. difficile surveillance testing, and thus no clinical
metadata were collected that could help identify patient covari-
ates or further explain the variation in antibiotic perturbation in
healthy volunteers. Although any observation of differential resis-
tance elements between ICU patients and healthy volunteers is
impossible to correlate to previous ICU antibiotic exposure
without extensive knowledge of their clinical history, this
comparator group serves as an example of the low-diversity,
high-MDR taxonomic state found in ill patients, and thus of a
general dysbiosis phenotype (Mcdonald et al., 2016).

In conclusion, our findings indicate that short courses of anti-
biotics commonly used for the treatment of bacterial infections
can cause both short- and longer-term perturbations and scar-
ring of the microbiome in healthy human volunteers, resulting
in the prolonged increase in AR in healthy microbiomes. We
further refine the definition of antibiotic scarring, identifying resis-
tance genes that could be used to detect previous perturbation
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through the expansion of broadly AR-resistant organisms.
Finally, we observed that AZM administration resulted in delayed
recovery and greater compositional distance by the end of the
study.

Further study and interventions are necessary to mitigate the
development of AR and better identify individuals at risk of
developing long-term negative effects after treatment. The ap-
proaches described in this work may be applicable for
measuring the impact of existing and newly developed antibi-
otics on the gut microbiome and resistome, with such perturba-
tion measures incorporated into antibiotic lead compound
selection and development (Jia et al., 2008; Andremont et al.,
2021). The long-term increase in resistance burden observed
in this study is an example of events that can push a low AR re-
sistome toward higher AR. With the continued development of
AR, novel methods to understand and prevent AR are necessary,
and these data form a resource for studying both the short- and
long-term effects of antibiotic perturbation on the healthy micro-
biome and resistome.
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