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Abstract

Antibiotic-mediated perturbation of the gut microbiome is associated 
with numerous infectious and autoimmune diseases of the gastrointes-
tinal tract. Yet, as the gut microbiome is a complex ecological network 
of microorganisms, the effects of antibiotics can be highly variable. 
With the advent of multi-omic approaches for systems-level profiling 
of microbial communities, we are beginning to identify microbiome-
intrinsic and microbiome-extrinsic factors that affect microbiome 
dynamics during antibiotic exposure and subsequent recovery. 
In this Review, we discuss factors that influence restructuring of the 
gut microbiome on antibiotic exposure. We present an overview of 
the currently complex picture of treatment-induced changes to the 
microbial community and highlight essential considerations for future 
investigations of antibiotic-specific outcomes. Finally, we provide 
a synopsis of available strategies to minimize antibiotic-induced 
damage or to restore the pretreatment architectures of the gut 
microbial community.
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Notably, the presence of ARG-encoding pathobionts in the gut is a 
risk factor for recurrent resistant infections post-treatment30. Knowl-
edge regarding the impact of specific antibiotics on gut resistome 
structure and dynamics, with a particular focus on mobilizable ARGs, 
could guide future treatment choices, leading to increased therapeutic 
efficacy long-term and minimizing the dissemination of AMR in the 
gut microbiome.

In this Review, we incorporate primary literature describing human 
cohort studies, animal studies and in vitro bacteriology to provide an 
overview of the factors governing the antibiotic exposure-induced 
restructuring of the gut microbial community. In each case, we high-
light the general patterns of change in bacterial populations and 
encoded resistance traits observed during treatment, while emphasiz-
ing the multiple levels of complexity in understanding antibiotic action 
in a community of diverse, interconnected microorganisms within the 
human host. Finally, we review promising therapeutic avenues aimed at 
minimizing antibiotic-induced damage to the microbiome or restoring 
the community structure post-treatment.

Effects on the gut microbiome
A growing body of research has investigated the structure of the gut 
microbiome and its dynamics after different types of antimicrobial 
exposures (Supplementary Table 1). Antibiotic-specific effects on the 
gut microbiome are increasingly recognized, and both human and 
animal studies have revealed reproducible taxonomic and metabolic 
patterns of community perturbation, particularly in the context of 
broad-spectrum therapies. In this section, we first present general 
trends observed on antibiotic administration. Subsequently, to illus-
trate antibiotic-specific effects on the gut microbiome, we rely on the 
results of a few human clinical trials comparing the effects of distinct 
antibiotics on the microbiome in a controlled manner (Supplementary 
Table 1). Last, we highlight the growth and metabolic characteristics 
of bacterial life cycles in the gastrointestinal tract that alter bacterial 
resiliency during antibiotic treatment.

Generalized and antibiotic-specific principles of microbiome 
community perturbation
In general, exposure to antibiotics (across drug classes) often causes 
important changes in microbiome community structure, species 
composition and metabolic capacity (Fig. 1). Foundational studies 
in healthy adult humans have commonly demonstrated the acute 
decline in alpha diversity31 (in the first couple of days of treatment) 
and the incomplete recovery of the microbiome up to 6 months after 
treatment (often measured by beta diversity between baseline and 
post-treatment)32–37. These community-level changes are accompanied 
by significant decreases in the relative abundance of important mem-
bers of the phyla Firmicutes, Bacteroidetes and Actinobacteria, most 
notably Faecalibacterium prausnitzii, Eubacterium spp., Roseburia spp., 
Bifidobacterium spp., Dorea spp., Anaerostipes spp. and Ruminococcus 
spp.32,34,38,39. These lost species provide critical metabolic functions 
to the gut microbiome, as antibiotic administration in both humans 
and mice is commonly associated with decreased bile acid transfor-
mation capacity (increased primary bile acids) and carbohydrate 
fermentation (decreased short-chain fatty acids (SCFAs))40–45. Addi-
tionally, metabolomic investigations of antibiotic treatment and the 
gut microbiome have noted increased levels of simple carbohydrates 
and amino acids, which is probably due to the loss of species diversity 
in the community45,46. Loss of this metabolic colonization resistance  
through antibiotic treatment precedes opportunistic infections  

Introduction
The human gut microbiome is a microbial organ with substantial influ-
ence over health and disease1. From birth, the gut microbiome works in 
cohesion with the gut epithelium and surrounding organs to digest and 
transform nutrients, provide colonization resistance against pathogens 
and regulate the immune system2–4. Consequently, disruptions in the 
taxonomic and metabolic pathway architecture of the gut microbial 
community (referred to as dysbiosis) have been associated with an 
increased risk of numerous human pathologies, including inflam-
matory bowel disease5, obesity6, colorectal cancer7,8 and numerous 
gastrointestinal infections9–11. Among the most notable aetiologies 
of gut microbiome dysbiosis is antibiotic exposure. In this Review, 
we focus on the relationship between antibiotics and the human gut 
microbiome, the complexities of understanding how antibiotics acutely 
and persistently perturb this microbial community, and strategies for 
remediating these perturbations.

Since the discovery of penicillin by Alexander Fleming12, antibio-
tics have revolutionized modern medicine, saving countless lives from 
otherwise lethal bacterial infections13. For instance, in the USA, the 
antibiotic revolution changed the leading causes of death from infec-
tious diseases (for example, pneumonia, tuberculosis or diphtheria) to 
non-communicable diseases (for example, cardiovascular diseases or 
cancer), adding decades to the average life expectancy13,14. Thus, anti-
biotics have critically enabled our modern ways of living, particularly in 
high-income countries. However, although antibiotics were developed 
to target human and animal pathogens of interest, their molecular tar-
gets (for example, the cell wall, the ribosome and RNA polymerase) are 
highly conserved across the bacterial kingdom. Accordingly, antibiotic 
exposure in the gut can indiscriminately target both pathogenic and 
benign bacteria, thereby disrupting ecological niches that are respon-
sible for myriad metabolic transformations. This change in taxonomic 
composition of the gut microbiome is often a risk factor for the onset 
of other diseases. Most notably, treatment-induced disturbance of the 
gut community enables the growth of potentially infectious pathobi-
onts (opportunistic microorganisms that proliferate on microbiome 
perturbation) with the capacity to cause disease15,16. Some of the most 
dangerous microbial threats (as named by the CDC in 2019 (ref. 17)), 
including drug-resistant Enterobacteriaceae, Clostridioides difficile, 
vancomycin-resistant Enterococcus and Salmonella spp., are respon-
sible for a substantial amount of gastrointestinal disease18. In addition 
to enrichment of overtly pathogenic organisms following antibiotic 
exposure, antibiotics are increasingly considered key contributors to 
more complex immunological manifestations such as graft-versus-host 
disease, inflammatory bowel disease and even allergies in the host5,19–21. 
Understanding how different antibiotics disturb the human gut micro-
biome is thus critical for mitigating diseases related to microbiome 
dysbiosis.

Another unintended consequence of the steady increase in 
antibiotic utilization worldwide22 has been the concomitant rise 
of antimicrobial resistance (AMR), compromising the treatment of 
resistant bacterial infections23,24. In 2019, an estimated 4.95 million 
deaths were associated with bacterial AMR worldwide25. Enrich-
ment for AMR often begins within the gut microbiome of the patient, 
with antibiotics increasing the abundance of resident bacteria that carry 
antibiotic resistance genes (ARGs) and altering ARG content within the 
gut microbiome (termed the ‘resistome’)26,27. However, the spread 
of ARGs is not exclusively attributed to their primary bacterial hosts: 
ARGs are commonly encoded within mobile genetic elements (MGEs)28, 
which enable their acquisition by new hosts, including pathobionts29.  
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(or blooms if pathobionts were existent at a lower abundance) 
by C. difficile, Enterococcus spp., Candida albicans and other gut 
pathogens46–50. Correspondingly, antibiotic treatment in adult humans 
is often associated with an increase in the relative abundance of fac-
ultative anaerobes that were initially less abundant members of the 
community, such as Enterobacteriaceae, Enterococcus spp., Clostridium 
spp. and Streptococcus spp.34,37,51,52. Although clinical studies of bacterial 
infections often emphasize the species and/or strain of opportunistic 
pathogens or pathobionts53,54, literature describing commensal fluctua-
tions during antibiotic exposure is currently limited to the taxonomic 
resolution of genus or species.

Assessment of gut microbiome composition is confounded by 
numerous host, microbial and environmental factors (both technical 
and biological), rendering comparisons of the reported effects of 
different antibiotics on the gut across studies currently intractable. 
Our understanding of the differential impact of antibiotics is largely 
informed by investigations in which multiple treatment agents are 
analysed in the same study population39,46,55,56. For instance, vancomycin 
has been shown to cause a significant decrease in alpha diversity (more 
than twofold at the operational taxonomic unit level), an increase in 
primary bile acids (approximately threefold in faecal levels) and a 
decrease in the stool butyrate and acetate levels (more than fivefold and 
approximately twofold, respectively) relative to amoxicillin39,55; para-
doxically, of the two drugs, vancomycin has a narrower in vitro spec-
trum of activity. Furthermore, vancomycin significantly decreased the 
relative abundance of Coprococcus eutactus, F. prausnitzii and Anaero-
stipes caccae (SCFA-producing Firmicutes), while increasing the rela-
tive abundance of Enterobacteriaceae and Enterococcus spp.55. Three 
different mouse models have reproduced the superior capacity of van-
comycin to decrease alpha diversity or increase pathogen susceptibility 

compared to more than five other antibiotic agents or combinations 
(including ampicillin, azithromycin, ciprofloxacin and ciprofloxacin–
metronidazole)46,56,57. Relative to cotrimoxazole and nitrofurantoin, 
ciprofloxacin has been shown to cause a greater reduction in spe-
cies richness (less than twofold) and beta diversity58,59, in addition 
to its effect in depleting Bifidobacterium and Ruminococcus spp. 
Azithromycin has been widely explored (in clinical trials of >1,000 
children across sub-Saharan Africa) on its own and in comparison to 
other antibiotics60–66. In a comparative study, azithromycin leads to a 
greater decrease in Simpson’s alpha diversity (less than twofold) 5 days 
post-treatment than amoxicillin or cotrimoxazole67. More recently, in 
healthy adult volunteers, microbiome analysis during four different 
antibiotic regimens identified that azithromycin-containing regimens 
were associated with delayed community recovery following treat-
ment relative to the regimens without azithromycin33. Understanding 
perturbation differences between regimens will be critical to enhanc-
ing antibiotic stewardship, and future studies incorporating more 
control over antibiotic administration parameters (for example, route 
of exposure, duration, dose or bioavailability) will be imperative for 
influencing antibiotic stewardship.

To systematically benchmark magnitudes of community destruc-
tion in the microbiome during different antibiotic perturbations, 
an increased taxonomic resolution of the commensal microbiome 
and a refined appreciation for antibiotic pharmacodynamics are 
required. To date, most studies of the microbiome have relied on stool 
short-read shotgun metagenomics or 16S rRNA amplicon sequencing 
as the main techniques for determining community structure, which 
generally does not provide strain-level resolution of the microbiome 
(a requirement for understanding gut microbiome AMR composition, 
as discussed below)68,69. Metagenome-assembled genomes, particularly 

Urgent threat

Clostridioides di�icile

Carbapenem-resistant
Enterobacteriales

Serious threat

Vancomycin-resistant Enterococcus

ESBL-producing Enterobacteriales

Drug-resistant Campylobacter,
Salmonella and Shigella

ProteobacteriaActinobacteriaBacteroidetes Firmicutes Verrucomicrobia
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Fig. 1 | Antibiotic-mediated destruction of the gut microbiome opens an 
opportunistic niche. Antibiotics often eradicate Bacteroidetes, Firmicutes 
and Actinobacteria taxa responsible for important gut microbiome functions, 
although the species lost are community-specific and antibiotic-specific. 
This loss of diversity leaves an open niche for colonization or proliferation 
by opportunistic bacteria that are associated with gastrointestinal disease,  

namely those from phylum Proteobacteria. These opportunistic bacteria 
often have mobilizable drug resistance or innate properties such as 
spore formation that enable them to survive antibiotic exposure. 
A number of organisms that can colonize an antibiotic-perturbed gut 
microbiome are recognized by the CDC as major threats to public health. 
ESBL, extended-spectrum β-lactamase.
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those incorporating long-read metagenomic sequencing, can provide 
increased strain-level resolution70–72. Additionally, depending on the 
chemical composition, formulation and administration route, antibiot-
ics have different propensities to bioaccumulate in the gastrointestinal 
tract73; this undoubtedly has a role in determining the magnitude of 
microbiome perturbation. For example, the superior ability of oral 
vancomycin administration to perturb the microbiome may be due to 
its poor absorption in mammals and perhaps higher concentration in 
the lumen74. Bioavailability of antibiotics and their administration route 
have been rarely examined as influential variables in comparative stud-
ies of microbiome perturbation75,76. Although published human studies 
provide some grounds for making antibiotic-specific claims about dif-
ferent magnitudes of microbiome perturbation capacity, human and 

animal models require more rigorous control over dosing and route 
of administration of antibiotics to accurately interpret differences in 
effect size across antibiotics77.

Species and community determinants of susceptibility during 
antibiotic exposure
From the perspective of an individual species of the gut microbiome, 
several intrinsic growth properties may enable a subset of bacterial 
species to persist on antibiotic treatment (Fig. 2). Members of the 
Clostridium and Peptostreptococcus genera (along with several other 
species in the phylum Firmicutes) have the capacity to form endospores, 
which are non-replicating forms of the cell that are intrinsically resistant 
to antibiotics, heat and oxygen78–80. Spore-forming pathobionts such as 

Single species

• Innate resistance
• Spatial or growth-related 

resistance
• Acquired resistance from 

previous antibiotic exposure 
(SNPs or genes)

Multi-species population

• Taxonomic and resistome 
composition

• Nutrient availability and 
complexity

• Metabolic networks of 
cross-feeding or competition

• Horizontal gene transfer 
 of resistome elements

Host gut microbiome

• Demographic information
 and immune status
• Drug metabolism and 

bioavailabilty in the 
gastrointestinal tract

• Host consumption 
 (diet, medication, etc.)

System
complexity

Antibiotic Nutrient

Drug

Drug metabolite

Fig. 2 | Integrated understanding of how antibiotics remodel the microbiome. 
Mechanistic investigation into taxonomic, metabolic and resistome restructuring  
during antibiotic exposure requires multiple levels of study: single organisms, 
multi-species dynamics and in vivo microbiome studies in animal and human 
hosts. The susceptibility of a single organism is governed by physiological 
properties such as spore-forming capacity, the presence of drug resistance 
genetic elements, or defined differences in nutrients and minerals. Examination 
of bacterial interactions has revealed that the surrounding environment 
can influence differential susceptibility through provocation of horizontal 
gene transfer, metabolic conditioning or cell–cell signalling. In increasingly 
complex communities, the metabolic network of cross-feeding interactions 

imparts unknown consequences on microbial susceptibility (at the species 
or community level). The exchange of antimicrobial resistance genes or 
other mobile genetic elements could also drive the outcome of community 
perturbation. Finally, at the whole-organism level, factors external to 
the microbial community may determine the magnitude of an antibiotic 
perturbation. Host genetics and immune status are likely to influence drug 
metabolism and absorption, in addition to drug-specific properties of 
absorption. Additionally, dynamic influences such as host consumption 
of dietary elements and medications are likely to change community 
trajectories during antibiotic perturbation. Other factors not discussed 
here are highlighted in Table 1.
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C. difficile and Clostridium perfringens sporulate in response to popu-
lation density and nutrient availability81. These spores survive antibiotic 
exposure in the gastrointestinal tract, and the presence of free nutrients 
and primary bile acids (as discussed above) provides molecular signals 
for spore germination and subsequent pathogenesis82,83. Apart from 
spore-mediated persistence, many gut microorganisms can tolerate 
antibiotics through various resiliency mechanisms, including persister 
cell formation, perhaps in a mucin-embedded biofilm or deeper tissue 
niche where they can resist antibiotics84–87. Antibiotic susceptibility of 
a gut commensal may thus be determined by its surrounding nutrient 
milieu (Box 1), a concept that remains difficult to investigate in vivo88–92. 
Although it is often speculated that Bacilli and Enterobacteriaceae are 
more likely to bloom on antibiotic treatment of the gut microbiome 
because they possess more encoded resistance, these suppositions 
are based on resistance databases with likely overrepresentation of 
pathogens (discussed below) and do not account for the growth and 
metabolism of single organisms and communities.

In clinical practice, in vitro susceptibilities for respiratory 
and enteric pathogens serve as the gold standard for treatment of 
such infection and predict pathogen killing reasonably well. Yet, 
the in vitro spectrum of activity of an antibiotic does not always predict 
in vivo species trajectories in a multi-species microbiome during anti-
biotic exposure93–96. For example, despite the in vitro Gram-positive-
specific action of vancomycin, its oral administration (in human and 
animals) results in distinct loss of several Gram-negative gut micro-
biome commensals including Bacteroides, Prevotella and Alistipes 
spp.97. These observations underline the complexity of microbial 
metabolic networks in the microbiome, built by a diversity of mutu-
alistic and competitive relationships across phyla. These community 
networks almost certainly alter antibiotic killing in the microbiome98. 
In vitro studies of interactions between two gut commensals during 
antibiotic treatment indicate that symbiotic relationships can have 
multiple outcomes in effecting differences in antibiotic tolerance in 
one99 or both members of the community100,101. Although these studies 
provide a high-resolution view of model gut microbiome relationships, 
extrapolating these findings to much larger networks of relationships 
within the human gut microbiome remains a critical hurdle in the field. 
This phenomenon is further complicated given that different investiga-
tions of microbiome perturbation by the same antibiotic often do not 
agree (Supplementary Table 1).

Host-related contributions
Synergy between antibiotics and metabolic or dietary elements can 
further shape microbiome dynamics and alter susceptibility to anti-
biotics within the community, leading to clinically relevant differences 
in disease102 (Fig. 2). Investigations into ‘Western-style’ diets (high in 
fat and simple sugars) have revealed that these diets correlate with an 
increased risk for obesity and heart disease, among other poor health 
outcomes103,104. Antibiotic treatment of mice on a high-fat diet pro-
vokes pathological inflammation at the gut mucosa and increased 
levels of Enterobacterales, a taxonomic order that contains common 
pathobionts of the microbiome105. These mice displayed immuno-
logical symptoms of pre-inflammatory bowel disease, which is pro-
bably due to the combined metabolic influence of the high-fat diet 
on the gut epithelial cells and the change in microbiome structure. 
From several other mouse studies using both dietary and chemical 
interventions to simulate the effects of a Western-style diet, it is clear 
that the combination of both diet and antibiotics changes microbial 
and host metabolism106. Specifically, in one model, such synergistic 

interventions freed up simple sugars and ethanolamines through an 
altered fatty acid metabolism, ultimately increasing susceptibility to 
enteric infection by Salmonella enterica107. Alternatively, modulation 
of polysaccharide or microbiota-accessible carbohydrate levels in diet 
is highly influential over antibiotic treatment outcomes. Without fibre, 
mice with a conventional microbiome or a humanized microbiome have 
a delayed recovery in alpha diversity after ciprofloxacin treatment96.  
In humans, volunteers fed omnivore and vegan diets during combina-
tion antibiotic treatment displayed an expedited microbiome recov-
ery (as measured by alpha and beta diversity) relative to those on a 
fibre-free liquid diet. Specifically, fibre-containing diets encouraged 
a rapid restoration of stool butyrate levels and a return of Firmicutes 
with distinct amino acid metabolism108.

In addition to understanding macronutrient dietary influences 
on antibiotic perturbations, consumption of antibiotics is likely to 
be accompanied by consumption of other medications, differential 
micronutrient intake and differential xenobiotic exposure. The interac-
tions between these non-antibiotic factors and the microbiome have 
been reviewed elsewhere109. Metagenomic analyses of large cohorts of 
humans with gastrointestinal inflammatory conditions reveal strong 
taxonomic and metabolic pathway associations with a proton-pump 
inhibitor, metformin (a type 2 diabetes medication) and laxative 
exposure110. These extrinsic host influences are not typically accounted 
for in antibiotic–microbiome investigations, despite the clear capacity 
of many of these xenobiotic compounds to affect growth promotion 
or inhibition in a species-specific manner111,112. Correspondingly, some 
pharmaceuticals have the capacity to antagonize or synergize with 
antibiotics. For instance, dicumarol, an anticoagulant, was demon-
strated in vitro and in vivo to antagonize the erythromycin-mediated 
killing of Bacteroides vulgatus, while allowing the killing of the oppor-
tunistic pathogen Enterococcus faecalis in a 12-member defined 
community113. Future human studies on coadministered medications 
and antibiotics will be critical, especially in immunocompromised 
hosts, to understanding the risks and benefits of coadministration 
related to microbiome consequences.

Effects on the gut resistome
Antibiotics have a pronounced but highly variable effect on the gut 
resistome (the suite of ARGs encoded by the microbiome)33. Here, we 
summarize key insights from the literature regarding the effects of anti-
biotics on the resistome, while highlighting factors that correlate with 
variability in treatment outcomes. Although resistome composition 
is intimately connected to the taxonomic structure of the gut micro-
biome (defined by a distinct population of bacterial strains encoding 
resistance-conferring elements)52, our increasing understanding of 
horizontal gene transfer (HGT) has revealed that this connection is not 
absolute and that changes in the resistome are not fully explained by 
concurrent taxonomic shifts. In this context we focus on HGT within 
the microbiome, discussing the potential roles of MGEs in the spread 
of ARGs post-antibiotic challenge and emphasizing the challenges 
accompanying the investigations into the impact of antibiotics on HGT.

Antibiotics commonly enrich the gut resistome
Changes to the gut resistome through antibiotic exposure could pro-
voke pathological blooms of drug-resistant pathobionts in the micro-
biome. Because of these phenomena, the composition and dynamics of 
the gut resistome have been the foci of numerous studies (Table 1), which 
have revealed a few general patterns of antibiotic-induced changes in 
the resistome. Notably, antibiotic treatment most commonly results 
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Box 1

Examples of metabolite–microorganism–antibiotic dynamics 
relevant to the gut microbiome
Host-derived metabolites and bacterial signalling molecules have the 
capacity to change the intrinsic antibiotic susceptibility of bacterial 
species. In phylum Bacteroidetes, Bacteroides thetaiotaomicron 
is more tolerant of amoxicillin in the presence of polysaccharides  

such as pullulan, whereas glucose consumption is sensitizing88 
(see the figure, part a). Human milk oligosaccharides cause changes  
to membrane permeability, sensitizing Streptococcus agalactiae to  
trimethoprim89 (see the figure, part b). As this species is not a 
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in acutely increased ARG burden (as measured by changes in relative 
abundance) in the gut microbiome33,51,114–118. Despite increasing the total 
resistome burden, antibiotics can concurrently lead to a substantial loss 
of specific ARGs119 and reduced resistome diversity116, which is probably 
due to taxonomic loss. Antibiotics expectedly enrich for ARGs that 
confer resistance to the treatment agent33,34,51,62–66,114,115,117,119–123 through 
selection of bacterial strains encoding these genes121,124,125. However, 
concurrent enrichment of ARGs unrelated to the administered drug is 
common33,34,51,114,115,119–121,123. This latter enrichment of ARGs after antibio-
tics is often species-specific, and the set of ARGs enriched on treatment 
can be attributed to specific multi-drug resistant (MDR) taxa52,126. For 
example, the enrichment of most ARGs in the guts of preterm infants 
treated with meropenem and ticarcillin–clavulanate was found to be 
highly correlated with the enrichment of Staphylococcus epidermidis or 
Klebsiella pneumoniae52. However, it should be noted that ARG carriage 
is a strain-specific trait, and it is likely that individual MDR traits within 
these species are being selected for124. Another factor driving the enrich-
ment of genes unrelated to the treatment is the localization of diverse 
ARGs within MDR genetic clusters, which ensures the co-enrichment of 
groups of genes on selection for at least one of the encoded ARGs52,127. 
However, such co-selection of ARGs is often short-lived: with prolonged 
treatment, ARGs conferring resistance to the administered antibiotic 
remain enriched even after years, but the abundance of enriched ARGs 
unrelated to treatment can diminish with time62. This suggests that over 
time, microorganisms undergo more specialized adaptation, isolating 
and maintaining the ARGs conferring growth advantage to the host 
while putatively shedding the genes unrelated to the treatment (likely 
due to the fitness costs associated with carriage of some ARGs)128.

Importantly, the effects of antibiotics on the gut resistome 
vary substantially depending on the nature of the administered 
drug33,52,59,114,123. For instance, in one study involving healthy adults, 
oral administration of azithromycin (a macrolide) or cefpodoxime 
(a cephalosporin) resulted in an increased relative abundance of ARGs, 
whereas no changes in the relative ARG abundance were observed 
on oral administration of levofloxacin (a fluoroquinolone)33. Simi-
lar post-treatment effects of macrolides62–66,123, cephalosporins119,120 
and fluoroquinolones59 on the relative abundance of ARGs have been 
reported elsewhere for diverse population segments (for example, 
children and elderly, healthy and diseased). Nonetheless, the effects 
of various antibiotic classes and individual antibiotics on the human 
gut resistome remain largely unexplored; reports focusing on 
single-treatment agents remain few and far between33,59,62,119–121,123, 
with investigations of the resistome changes commonly involving 
combinations of antibiotics32,34,122 or with retrospective cohorts with 
variable treatment regimens, doses and durations114,116,118,129 (Table 1). 
Moreover, factors beyond the treatment agent can affect resistome 
dynamics during treatment, further obscuring our understanding of 
the antibiotic-induced resistome changes. Notably, administration 

route is a potentially important determinant of the extent of resistome 
restructuring by antibiotics. In mice treated with tetracycline or ampi-
cillin, relative to intravenous injection, oral administration of the 
same doses of drugs resulted in faster and higher increases in relative 
abundance of ARGs125. To achieve a more in-depth understanding of 
antibiotic-specific effects on the gut resistome, there is a need for future 
research involving single-treatment agents tested within the same 
study populations with controls over dose and administration routes.

To use our nascent understanding of the antibiotic-mediated 
changes to the resistome in any predictive manner, the field would ben-
efit from establishment and broader implementation of standardized 
approaches for resistome characterization. Recent investigations of 
the gut resistome have primarily relied on whole-metagenome shotgun 
sequencing with subsequent alignment of sequencing reads or anno-
tated open reading frames from assembled contigs against one or  
a few of the available databases of known ARGs32–34,59,62,114,117–119,123,129,130. 
ARG databases vary considerably in size (that is, the number of rep-
resented resistance determinants) and composition131, and, conse-
quently, resistome classification is not consistent across databases132. 

member of the gut microbiome, it is possible that streptococci and 
other organisms in the gut experience differences in membrane 
permeabilization due to fluctuations in dietary polysaccharides. 
Indole-3-acetic acid, which is a derivative of microbial-derived 
tryptophan metabolism, can sensitize Staphylococcus aureus to 
ciprofloxacin90 (see the figure, part c). In phylum Proteobacteria, 

indole (another microbially produced tryptophan derivative) is 
produced by Enterobacteriaceae and can induce tolerance to 
quinolones in nearby Enterobacteriaceae91,92 (see the figure, part d). 
These examples highlight representative and simple nutrient–
microorganism relationships but remain difficult to generalize to the 
complex community within the gut microbiome.

Table 1 | Biological variables that influence gut microbiome 
dynamics in response to antibiotics

Variable Example Refs.

Antibiotic type or class Azithromycin (macrolide) versus 
levofloxacin (fluoroquinolone)

33,39,52,123, 
126,210–214

Spectrum of activity Broad versus narrow spectrum 55

Drug pharmacokinetics Biliary elimination rate 215

Administration route Oral versus intravenous 125,216

Antibiotic dose Low-dose versus high-dose 
treatment

59,211,217

Duration of treatment Short-term versus prolonged 
treatment

62–66,218

Concurrent medication 
or medications

Virostatic agents 59

Baseline microbiome 
composition

Abundance of Bacteroides 59,68,219

Diet Low-fibre diet; breast milk 52,96,108,220

Host age Postmenstrual age 52,126

Health status Clinical Risk Index for Babies 
(CRIB) II score

52

Host organ system activity Kidney and liver function 59

Sex Male versus female 56,221,222

Host genetics C57BL/6J mice versus 129S6 mice 223

Host type Drug clearance rate in humans 
versus mice

224

(continued from previous page)
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There are instances of the same gene annotated by different names 
across databases133, which further impedes accurate comparative 
analysis of corresponding resistome studies. Furthermore, such data-
bases are typically curated from the existing biomedical literature134,135, 
which suggests a strong bias in these collections towards ARGs from 
human pathogens and underrepresentation of ARGs from commen-
sals and environmental organisms. These shortcomings could be 
addressed through functional metagenomic screens, which identify 
novel ARGs in a sequence-agnostic, function-centric manner136. Future 
efforts to establish the effects of antibiotics on the gut resistome 
would benefit from enrichment of antimicrobial resistance data-
bases with ARGs from a broader range of organisms and habitats, 
and from ongoing consolidation, cross-checking and benchmarking 
of these databases.

Horizontal gene transfer facilitates post-antibiotic resistome 
enrichment
The antibiotic-induced expansion of the gut resistome may also be 
driven by ARG-encoding MGEs114,137,138. In the short term, the increase 
in resistome burden after antibiotic treatment is primarily driven by 
the enrichment of chromosomally encoded ARGs (that is, the expan-
sion of resistant bacterial lineages). However, the abundance of 
micro organisms with chromosomal ARGs declines sharply shortly 
thereafter (~1 month)68. Conversely, MGE-encoded ARGs persist for 
longer periods after therapy cessation, which is probably due to the 
parasitic nature of MGEs (that is, their persistence among bacterial 
populations despite the absence of antibiotic-mediated growth advan-
tages or presence of fitness defects conferred on the bacterial host)32,68. 
Antibiotics can increase the abundance of MGE-encoded ARGs in the 
gut59 and lead to more frequent and broader (involving more diverse 
taxa) dissemination of ARGs and MGEs in patients138. Overall, higher 
rates of horizontal transfer of ARGs are found in populations with 
higher reported clinical use and environmental antibiotic exposure139.  

Such increased HGT rates are of concern owing to their potential 
implication in the spread of ARGs to both resident commensals and 
pathobionts within the gut microbiome140, thus increasing the future 
risk of opportunistic infections.

Antibiotics can reportedly facilitate all three mechanisms of HGT: 
transformation141–143, transduction144 and conjugation145,146, the last 
being the best-studied form of horizontal transfer of ARGs138,147–152 
(Box 2). ARGs are commonly encoded on conjugative plasmids, which 
can be transferred between taxonomically distinct residents of the gut 
microbiome137. Low doses of antibiotics have been reported to facilitate 
plasmid conjugation within bacterial communities145,146. Increased rates 
of conjugation can result from the antibiotic-mediated induction of the 
bacterial SOS response and increased membrane permeability153–157, 
which may stem from the DNA damage inflicted by certain antibiotics. 
However, the effects of antibiotics on the rates of HGT (particularly 
conjugation) are contested, with other studies demonstrating highest 
plasmid transfer rates in the absence of antibiotics158–161. These con-
flicting reports are likely to arise from the difficulty of disentangling 
the effects of antibiotics on HGT rates from the antibiotic-mediated 
selection of transconjugants (Fig. 3), which suggests that the reported 
post-antibiotic enrichments of ARG-encoding MGEs often result from 
the growth advantage conferred on transconjugants, not higher HGT 
rates per se162.

Investigation of HGT rates within the gut microbiome is still in 
its nascency; our understanding of how the frequency of horizontal 
transfer is affected by antibiotics is very limited, let alone our grasp on 
the variability of this impact across drug classes. Further investigation 
into the effects of antibiotics on HGT are needed, with careful experi-
mental design that enables the precise determination of the frequency 
of HGT while controlling for the effects of antibiotics on other aspects of 
bacterial biology (such as the growth rate). Furthermore, although 
shotgun sequencing has enabled a comprehensive characterization of 
the taxonomic and resistance profiles of microbial communities (albeit 
with limitations noted earlier), technological limitations of short-read 
sequencing make it ill-suited for investigations of HGT (Box 3). For one, 
short-read metagenome assemblies are highly fragmented and can-
not be used for identification of genetic origins (that is, whether from 
chromosome or plasmid) and taxonomic origins of ARGs151. Hybrid 
assemblies (based on both short and long reads) can address many 
of these limitations, enabling the contextualized characterization of 
ARGs28. Additionally, because of the total DNA extraction step that typi-
cally precedes sequencing library preparation, shotgun metagenomic 
sequencing does not enable the efficient linking of MGEs with bacterial 
hosts, obscuring community HGT dynamics. These limitations can be 
addressed through Hi-C, a technique in which crosslinking before cell 
lysis preserves interacting DNA molecules and the information regard-
ing the MGE–bacterial host associations138. Hence, in addition to the 
aforementioned controls, future investigations into HGT dynamics 
would benefit from application of long-read sequencing and Hi-C plat-
forms, offering further insight into the frequency and direction of ARG 
mobilization within the context of an antibiotic-perturbed microbiome.

Towards predictive models
The growing body of research directed at elucidating antibiotic-induced 
microbiome perturbations could ultimately grant us the capacity to 
model the post-treatment microbiome dynamics and to forecast 
off-target therapeutic effects, guiding the selection of treatments 
that minimize collateral microbiome damage. However, the immense 
complexity and interindividual variation of the gut microbiome is 

Box 2

Mechanisms of horizontal gene 
transfer in the gut microbiome
Transformation involves bacterial uptake of extracellular DNA 
(see the figure, part a). During transduction, bacteriophages serve 
as vectors for the horizontal transfer of genetic material, including 
antimicrobial resistance genes, between bacterial hosts (see the 
figure, part b). Conjugation describes the direct transfer of genetic 
material from a bacterial donor to a bacterial recipient, a process 
that necessitates physical contact between the two cells (see the 
figure, part c).

a bTransformation Transduction Conjugationc
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well established, with its composition affected by innumerable fac-
tors. Consequently, and as we describe in previous sections, the 
post-antibiotic community dynamics depends on (and is confounded 
by) numerous treatment, microbial, host and environmental factors 
(Table 1), making it currently non-trivial to generate accurate gener-
alized predictive models of microbiome or host outcomes related to 
antibiotic exposure. Nonetheless, some early efforts in generating 
predictive models of microbiome perturbation in specific cases and 
populations have been made by accounting for and, when possible, 
controlling for the variables of interest (Table 1). For instance, in a study 
involving a cohort of preterm infants from a single hospital, and test-
ing over 70 metadata variables, a model based on only six predictors 
(postmenstrual age, breast milk consumption, CRIB (Clinical Risk Index 
for Babies) II score, and administration of meropenem, cefotaxime 
and ticarcillin–clavulanate) explained 33% of the variance in the spe-
cies richness in this cohort52. Another investigation involving infants 
within the same hospital system similarly found that a predictive model 
based on day of life (age) and antibiotic treatment information alone 
could account for 57% of the variability in Shannon diversity126. Thus, 
despite the complexity of the compositional dynamics of the micro-
biome, control over deterministic factors through careful selection of 
the study cohort can enable the development of accurate predictive 
models in specific settings. Conversely, careful selection of variables to 
control often decreases the generalizability of the study (for example, 
successful prediction of microbiome outcomes may be confined to  
only preterm infants in the region or hospital under investigation). 
To generate models with higher predictive accuracy and breadth, it 
is important that future investigations into the compositional conse-
quences of microbiome perturbation integrate extensive metadata on 
treatment, microbial and host variables, some of which are outlined 
in Table 1. Moreover, it is imperative to subject the resulting models 

to cross-cohort validation to determine the generalizability of the 
underlying predictors.

Ameliorating perturbations
The gastrointestinal tract requires a high, diverse microbial load to carry 
out requisite microbiome functions163. Thus, efforts towards the main-
tenance or restoration of richness and diversity in the gut micro biome 
on antibiotic exposure are of extreme medical importance113,164,165. 
Here, we present an overview of approaches (established and in 
development) aimed at either minimizing antibiotic-induced dam-
age to the gut community during treatment or restoring microbiome 
diversity post-exposure (Fig. 4). Furthermore, alternative strategies 
with improved precision and decreased off-target effects relative 
to antibiotics are urgently needed and could be used to mitigate 
treatment-induced gut dysbiosis. Engineered probiotic microorgan-
isms have shown great promise in treatment and prevention of patho-
genic colonization with increasing precision, and may offer an avenue 
for the development of the aforementioned alternative anti-infective 
strategies166. Given this potential, we discuss the use of engineered pro-
biotic therapies with demonstrated anti-pathogen activity167,168. Based 
on the shortcomings of many of these approaches, or the likelihood 
of community evolution to outpace a given therapy, we expect that 
the most successful therapies in the future are likely to come from a 
combination of approaches in mitigating gut dysbiosis and preventing 
gastrointestinal infections.

Minimizing antibiotic-induced perturbations to the gut
Given that antibiotics vary in their spectrum of activity against the 
diverse members of the commensal gut microbiome, the choice of treat-
ments with a narrower spectrum could result in less perturbation to the 
microbiome and faster community recovery169. For instance, relative 

a

b

c

No antibiotic
Donor

Recipient

Transconjugant

Antibiotic

Conjugation
promotion

Fraction of total cells
represented by transconjugants

Antibiotic

Selection

Fig. 3 | Assessing the effect of antibiotics on horizontal gene transfer rates.  
a, A community in equilibrium is depicted. In the absence of an antibiotic selection 
pressure, the basal horizontal gene transfer rates are maintained. The chart on 
the right depicts transconjugants as a fraction of the total cells in the community. 
b,c, During antibiotic treatment, either conjugation rates are increased (part b) 

or selection promotes the growth of plasmid-containing populations (part c); 
these two outcomes could also take place concurrently. Both cases result in a 
higher fraction of transconjugants relative to the community in the absence of 
antibiotics. This leads to difficulties in distinguishing the effects of antibiotics 
on conjugation rates from those of antibiotic-mediated selection.
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to vancomycin treatment (broad spectrum), fidaxomicin treatment 
(narrow spectrum) resulted in a smaller shift from the pretreatment 
taxonomic structure of the mouse gut, promoted a faster recovery of 
the taxonomic structure and preserved the C. difficile colonization 
resistance capacity of the gut to a higher extent169. However, it should 

be noted that the in vitro spectra of activities do not directly translate 
in vivo, and, as mentioned previously, higher levels of gut microbiome 
perturbation may result from agents with narrower in vitro spectra. The 
specificity of antibiotics can also be modulated through coadministra-
tion of other antibiotic and non-antibiotic medications: combination 

Box 3

Approaches for profiling the mobile fraction of the community 
resistome
To perform shotgun sequencing, the total metagenomic DNA of the 
community is first extracted and then sequenced to produce short 
(~150–300 bp) sequencing reads149. The reads can subsequently 
be assembled into larger contigs, which are then grouped into 
bins based on the predicted common microbial origin149 (see the 
figure). Despite computation advancements in assembly, binning 
and classification, many of the assembled contigs, particularly 
those corresponding to mobile genetic elements (MGEs), remain 
unbinned, obscuring their taxonomic origins150. Furthermore, the 
relatively short length of the assembled contigs makes it impractical 
to determine the genomic origins (chromosome versus plasmid) of 
these contigs151. Consequently, although shotgun metagenomics 
enables a comprehensive characterization of antibiotic resistance 
genes (ARGs), the information regarding the taxonomic and genomic 
origins of ARGs is lost. Recent developments in long-read sequencing 
can address many of these limitations. Longer reads often enable the 

assembly of complete (that is, circular) plasmidic contigs and yield 
much more informative (if not complete) chromosomal contigs152. 
This increases the efficiency of identification of the genomic origins 
of ARGs and pairing of chromosomal ARGs to taxa of origin. The 
longer contigs also reveal the genetic context of ARGs and their 
potential localization within MGEs151. However, it should be noted that 
the sequencing error rates of long-read sequencing platforms are 
often substantially higher than those of short-read methods; hence, 
a hybrid approach, taking advantage of longer contigs of long-read 
sequencing and higher accuracy of short-read sequencing, presents 
an optimal approach151. Last, given that the total metagenomic DNA 
is similarly extracted before sequencing, the information regarding 
the MGE–chromosome associations is lost. To this end, crosslinking 
of interacting DNAs before cellular lysis preserves the chromosome–
MGE pairs. Hi-C, in which this strategy is used, yields hybrid contigs 
that can be used to identify the MGE hosts138.

Stars represent the location of ARGs.

Assembly and binning Assembly and binning

Shotgun sequence
Long-read
sequencing

Crosslinking

Sequencing
Bin 1

Unbinned

Information regarding the genomic 
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Information regarding the genomic 
context and origins of ARGs is
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Hybrid contigs preserve
information regarding the 
association of MGEs with host 
chromosomes

Bin 2 Bin 3
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treatments can have differential effects (neutral, synergistic or antago-
nistic) on the activity of the given antibiotic against microorganisms, 
and this modulation is variable across microbial taxa170. Correspond-
ingly, it may be possible to achieve species-specific treatment by using 
drug combinations that have synergistic effects against pathogens and 
antagonistic effects against commensal microorganisms113,170.

During systemic administration of antibiotics (for example, in 
response to suspected bloodstream infections), reducing the levels 
of antimicrobials in the gut can also minimize off-target treatment 
effects and damage to the gut microbiome. As proof of principle, 
gut commensal Bacteroides spp. can release cephalosporinases that 
protect susceptible members of the community from lethal doses 
of cefotaxime171. Similarly, oral administration of a β-lactamase con-
currently with systemic β-lactam antibiotic treatment maintains the 
taxonomic structure of the gut community164,172. Although coadmin-
istration of the β-lactamase reduced the antibiotic concentrations 
in the gut, the serum levels of antimicrobials remained unaltered164. 
Production and purification of antibiotic-inactivating agents at scale 
is non-trivial; expression and delivery of these agents by engineered 
probiotics provides a viable alternative. The probiotic Lactococcus 
lactis was engineered to express and secrete the TEM1 β-lactamase; 
oral gavage of the engineered microorganism with concomitant 
intraperitoneal injections of ampicillin reduced the gut levels of the 
drug (without affecting the serum concentrations of the antibiotic), 
lessened collateral damage to the gut microbiome and maintained 
C. difficile colonization resistance in mice173. Notably, TEM1 was 
designed to be expressed by two gene segments as two enzymati-
cally inactive components that reconstitute the functional enzyme 

on secretion: this split nature of the gene minimizes the risk of its 
spread through HGT173.

Antibiotic adsorbing agents have also been used in the context 
of the gut microbiome, as they have the advantage of inactivating a 
broad range of compounds. The most notable example is DAV132, 
an adsorbent based on activated charcoal, which reduces the faecal 
concentrations of moxifloxacin and fluoroquinolones without alter-
ing the serum levels of the antibiotics165,174. DAV132 can further adsorb 
antibiotics belonging to five other drug classes ex vivo165. Coadminis-
tration of DAV132 with antibiotics protects gut bacterial richness and 
diversity, impedes the spread of pathobionts and resistant organ-
isms, and maintains the colonization resistance capacity of the gut 
against C. difficile165,174,175. DAV132 can be further modified to achieve 
site-specific inactivation of antibiotics as well: coating of the adsorbent 
in a pH-dependent polymer ensured its release and activity in the colon, 
without compromising the antibiotic activity in the small intestine176.

Prebiotic-mediated expansion of beneficial taxa
Given the metabolic capacity of the microbiome to digest complex 
dietary fibres, prebiotic compounds (which are compounds that stimu-
late the growth of beneficial organisms in the microbiome) have been 
increasingly used to both combat enteropathogens and restore com-
mensal gut microbiome structure during or post-perturbation. Anti-
biotics disrupt the production of SCFAs in the gut. Polysaccharide-rich 
diets can be used to restore the production of these molecules; this 
restoration is largely associated with colonization resistance against 
pathogens49,177,178. Defined polysaccharides have been examined in the 
context of mitigating C. difficile infection. In one study, purified mucin 

Richness Diversity Richness DiversityRichness
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Fig. 4 | Approaches aimed at maintaining or restoring gut microbiome 
structure on antibiotic treatment. Antibiotics reduce the microbial richness 
and diversity of the gut microbiome. The gut community post-antibiotics can 
be restored via community replacement (faecal microbiota transplant (FMT)) 
or prebiotic administration, which may facilitate the growth of commensal 
members of the microbiome and/or prevent the colonization of pathogenic 
bacteria. Alternatively, antibiotic-mediated destruction of the microbiome 
can be prevented by bioengineering approaches targeting the antibiotic. 

Specifically, the gut concentrations of the drugs can be diminished through 
enzymatic degradation or physical sequestration of antibiotics, preventing 
a broader reduction in the richness and diversity of the gut community. Last, 
the narrowing of the spectrum of activity of the treatment regimen might also 
prevent broader damage to the gut microbial community. This could be achieved 
by choosing antibiotics with inherently narrower activity spectra or through 
combinations of antibiotics with other drugs, which may similarly result in a 
narrower spectrum of antimicrobial activity.
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glycans were used to increase community diversity post-antibiotic 
treatment; this activity decreases the proliferation of C. difficile on 
infection179. In another study, dietary xanthan gum demonstrated a 
capacity to increase fibre-degrading taxa, although without signifi-
cantly altering alpha diversity, and prevented C. difficile colonization, 
probably owing to the maintenance of the commensal microbiota dur-
ing antibiotic treatment180. In addition to restructuring the microbiome, 
it is also possible that several soluble non-starch polysaccharides could 
serve as a physical barrier against pathogen adherence to the epithelial 
barrier181,182. Most recently, a symbiotic combination, Bifidobacterium 
infantis and milk oligosaccharides, was used to stably reverse dysbiotic 
human microbiomes183.

Restoring antibiotic-perturbed gut communities via faecal 
microbiota transplants
The microbiome structure can be restored via whole-community replace-
ment, or faecal microbiota transplants (FMTs), from healthy donors. Orig-
inally designed for its use in the treatment of recurrent C. difficile infection 
(rCDI), the use of FMTs has expanded to other infectious diseases, includ-
ing the treatment of enteric infections, MDR bacterial colonization and 
viral infections (as reviewed elsewhere)184. Following antibiotic treat-
ment, administration of an autologous FMT resulted in faster restoration 
of the microbiome than a 12-member probiotic cocktail, which notably 
delayed the recovery in taxonomic diversity in the gut microbiome185. 
In the context of rCDI, several microbial communities (derived from 
human donor stool or from defined bacterial culture) have shown 
promise in providing decreased risk of recurrent episodes186–189. The 
most recent success story is SER-109 (produced by Seres Therapeutics),  
a compilation of purified Firmicutes spores that shows success against 
rCDI in phase III clinical trials188. Importantly, SER-109 improves the pro-
duction of secondary bile acids, which presumably prevent C. difficile 
germination190,191. Another defined community, VE303 (produced by 
Vedanta Biosciences), is composed of fewer members than SER-109 and 
demonstrates robust restoration of butyrate production and secondary 
bile acid production in dysbiotic human microbiomes engrafted into 
mice; this community is well tolerated when administered with vanco-
mycin to healthy volunteers189. In all, FMTs and defined communities 
have been generally demonstrated to be safe and hold great promise in 
post-antibiotic restoration of the gut community. Nonetheless, there are 
noteworthy therapeutic risks, including the unintended introduction 
of pathogens and ARGs into the gut of the recipient185,192. In the case of 
the microbiome restoration product RBX2660, although there is a clear 
benefit against rCDI, high-resolution profiling of microbiome dynamics 
indicated that it also engrafted donor antibiotic-resistant organisms 
and ARGs into the new host192. These unintended consequences may 
prove dangerous to patients; although rarely, previous FMT adminis-
tration has resulted in severe opportunistic infections from a donor 
pathobiont193,194. As therapies such as SER-109 and VE303 are further 
evaluated, it will be important to identify recipient microbiome-specific 
effects on community trajectory post-administration.

Probiotics as alternatives to antibiotics
Probiotics, which are live microorganisms with potential health 
benefits195, can provide alternatives to antibiotics in treatment and 
prevention of microbial infections. However, probiotics may perform 
less well than whole-community replacement strategies (discussed 
above) in microbiome restoration and could result in resistome 
expansion in an antibiotic-pretreated gut196. Nonetheless, pro-
biotic organisms have been extensively used therapeutically against  

various pathogens, commonly achieving their native anti-infective 
activity through competitive exclusion, sequestration and release 
of antimicrobial compounds (constitutive or induced), as reviewed 
elsewhere166. Recent expansions of the toolsets aimed at genetic 
modification of bacterial and yeast probiotics197–199 have enabled the 
engineering of probiotic organisms with more potent and/or targeted 
anti-pathogenic activities. For instance, probiotic Lactobacillus casei 
strains were engineered to express and display adhesion proteins that 
enabled them to robustly colonize the intestine; the engineered pro-
biotic prevented the intestinal colonization by a foodborne pathogen, 
Listeria monocytogenes, and protected mice from lethal infection167. 
Similarly, the anti-pathogen activity of the probiotic Escherichia coli 
Nissle 1917 was enhanced by expressing nanobodies as bacterial curli 
fibre fusions, which enables the engineered strains to sequester patho-
gens (for example, enteropathogenic E. coli and Shigella flexneri) or 
pathogen toxins (for example, Shiga toxin and C. difficile toxin TcdA)200.

Probiotics can also be engineered to express and release 
pathogen-specific antimicrobial agents201. To further reduce the 
off-target effects of the treatment, the release of antimicrobials 
can be engineered to be induced on sensing of external stimuli pro-
duced by the target pathogen202,203. For example, E. coli Nissle 1917 
was engineered to lyse itself on sensing the Pseudomonas aeruginosa 
quorum-sensing molecules, releasing cytosolic lysis and anti-biofilm 
molecules204. The engineered probiotic reduced gut P. aeruginosa titres 
in both mouse and Caenorhabditis elegans infection models204. The 
release of antimicrobials can alternatively be engineered to be induced 
by molecules characteristic of gut damage (dysbiosis and inflamma-
tion)205. Notably, probiotic E. coli was engineered to sense extracellular 
sialic acid, a proxy for gut dysbiosis, and respond by producing a bile 
salt hydrolase, deconjugating primary bile salts in the gut168. The engi-
neered probiotic reduced the germination of C. difficile endospores, 
resulting in 100% survival and improved clinical symptoms in murine 
models of C. difficile infection168.

Conclusion and future directions
Because the gut microbiome is increasingly linked to human health, 
research on how antibiotics reshape the microbiome and endanger 
the health of the host is of considerable interest for public health. 
Furthermore, a greater understanding of the mechanisms by which 
antibiotics perturb the human microbiome is critical to maximizing the 
therapeutic benefits of these agents while reducing both the damage 
imposed on the commensal gut microbiome and the broader spread of 
antimicrobial resistant pathogens23,24. As we have outlined here, the gut 
microbiome response to antibiotics is highly complex and variable33, 
driven by a multitude of factors33,59,206,207. To quantitatively understand 
and predict the most important biological variables that influence 
antibiotic-mediated destruction of this complex ecology, techniques 
for host-informed sample collection168, sequencing methodologies and 
statistical analyses need to be standardized within the field. Recent 
collaborative advocacy for standardized reporting guidelines for 
microbiome studies will enable the field to move towards this goal208.

In the effort to achieve globally robust predictions of antibiotic–
microbiome outcomes, there lies a difficulty in balancing generalizabil-
ity with reproducibility. Specifically, it is imperative for future models 
of antibiotic-mediated damage to the gut community to control for and 
test the predictive capacities of broader sets of host and microbial vari-
ables to yield more predictive models of the community dynamics52,59,126. 
Among the notable variables that are traditionally overlooked in 
microbiome studies is geographical origin of the studied population. 
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Investigations of the gut microbiome have predominantly focused on 
industrialized populations in the USA and Europe, representing a minor-
ity of the world population. Thus, our current models of microbiome 
dynamics are critically limited in their scope and application209.

The proliferation of high-throughput, low-cost sequencing tech-
nologies in the academic, medical and private sectors provides the 
field with an unprecedented opportunity to further develop predictive 
statistical methods that can be used as part of a public health frame-
work to prevent antibiotic resistance emergence and future infections. 
Complementing such strategies, a wealth of scholarship highlights the 
translational potential of emerging microbiome restorative strate-
gies, such as narrow-spectrum engineered probiotics167,168,173,200,204,205  
or defined FMTs185–188,190–192. To realize the frequently touted goal of 
‘personalized medicine’ in the treatment of infectious diseases, much 
basic and translational work is still needed to accurately understand 
and predict the host, microbial and environmental factors that control 
the response of the microbiome to specific antimicrobials, the restora-
tion of pre-perturbation microbiome composition and function, and 
the response to novel microbiome-directed therapeutics.

Published online: xx xx xxxx
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