
When the going gets tough …
Disturbances of the human microbiota and their gene 
pool, the microbiome, seem to be an increasingly common 
global feature of modern life. Drugs and microbial 
pathogens are among the most widespread and insidious 
causes of microbiota disturbance, but antibiotics deserve 
special attention, not only because of their pervasive 
eff ects on the indigenous human microbiota [1], but 
because of the threats posed by the growing spread of 
antibiotic resistance. Genes responsible for antibiotic 
resistance have been found even in ‘pristine’ environ-
ments [2], such as in soil from a remote Alaskan site, as 
well as in the human microbiome itself [3]. In fact, the 
use of antibiotics can promote the mobilization and 
exchange of resistance genes. Resistance genes are usually 
carried by mobile genetic elements, such as plasmids, 
transposons and phage. Th e majority of phage in the 
human gut as well as those in other mammalian intestinal 
tracts are probably temperate, and therefore spend much 
of the time as integrated prophages [4]. It is well 
established from environmental studies that phage shape 
bacterial community structure and function via predation 
and gene transfer [5]. Temperate phage often contain 
bacterial host genes and spread novel or functionally 
important genes throughout the host population. Phage-
encoded host genes can increase the fi tness of the 

bacterial host, which ultimately improves the fi tness of 
the phage.

Many of the factors responsible for human microbial 
ecosystem disturbance produce conditions of oxidative 
stress for cells of both host and microbe. For example, 
many bactericidal antibiotics kill via production of 
hydroxyl radicals in both Gram-positive and Gram-
negative bacteria [6]. Likewise, pathogens typically 
induce infl ammation and reactive oxygen species in the 
host, and also tend to compete especially well with com-
mensals under these conditions. Interestingly, horizontal 
gene transfer occurs preferentially under exactly these 
conditions. It has been shown that beta-lactam anti-
biotics trigger the bacterial SOS response, induction of 
prophage in Staphylococcus aureus and phage-mediated 
transfer of pathogenicity genes [7]. Similarly, quinolone 
antibiotics induce Shiga toxin-encoding prophage in 
mice infected with lysogenic enterohemorrhagic Escher-
ichia coli, enhanced production of toxin, transfection of 
E. coli nonlysogens within the gut and greater mortality 
of the host [8], with supporting data from studies of sick 
children. Under conditions of gut infl ammation asso-
ciated with salmonellosis, transconjugation of plasmids 
between Salmonella and E.  coli occurs at much higher 
rates than under normal conditions [9]. Th us, horizontal 
gene transfer is eff ected by ecosystem disturbance, and 
suggests a form of adaptive response.

In this context, a recent study by Modi and colleagues 
in Nature [10] provides new insight into the eff ect of 
antibiotics on phage populations in the gut and the role 
of phage in the spread of antibiotic resistance.

Phage as agents of ecosystem homeostasis and 
adaptation
Modi et al. treated two groups of mice with either cipro-
fl oxacin or ampicillin, and included untreated mice as 
controls [10]. Fecal matter from each group was collected 
after 8 weeks and DNA from purifi ed phage communities 
was extracted. A total of 210  Mb of community DNA 
sequence was obtained. Quantitative PCR data indicated 
that <0.1% of the sequences derived from bacterial 
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contamination. To date, this is the first in vivo study of 
the impact of antibiotics on the overall population of 
extracellular phage in the gut.

The study revealed an increased representation of 
phage-encoded genes associated with antibiotic resis
tance after 8 weeks of exposure to each of the two 
antibiotics compared with the control groups. One 
assumes that these resistance genes were present in 
bacterial genomes, perhaps in prophage, or within extra
cellular phage, prior to antibiotic treatment. In addition 
to genes that confer resistance to ciprofloxacin or 
ampicillin, there was enrichment of genes that confer 
resistance to other members of these two classes of 
antibiotics, as well as genes associated with resistance to 
other classes of antibiotics, providing evidence of co-
inheritance of heterologous drug resistance. Antibiotic 
treatment also led to an enrichment of genes related to 
metabolic processes that might mediate the killing effects 
of these drugs (such as oxidative stress), or to beneficial, 
adaptive responses that might mitigate these effects (such 
as DNA repair) or enhance glycan degradation and other 
metabolic capacities of the community [10]. The authors 
then transfected pools of fecal bacterial isolates from 
untreated mice with phage purified from the feces of 
treated mice, and found that the fraction of antibiotic-
resistant isolates increased more than it did using phage 
from untreated mice, thereby demonstrating that the 
phage-encoded antibiotic resistance genes were func
tional. An analysis of the inferred interactions between 
phages and bacterial hosts suggests that antibiotic 
treatment increases the numbers and kinds of inter
actions, and hence the genetic potential of individuals 
and consortia within the bacterial communities.

There are some unresolved questions with regard to 
this study. The increase in phage-encoded host genes 
might result either from blooms in pre-existing anti
biotic-resistant lysogenic bacteria, with subsequent 
phage induction, packaging of host DNA and release of 
phage, or from primary induction of resistance-encoding 
prophage and subsequent phage propagation, or both. To 
disentangle these different mechanisms, one might 
sequence the corresponding bacterial host populations, 
in addition to the phage pools, in order to characterize 
intrinsic resistance genes, the genomes of integrated 
phage and relative abundances of the hosts, before and 
after antibiotic treatment. In addition, the role of other 
extrachromosomal elements in this setting is unclear. 
Comprehensive assessments of the microbial cell-asso
ciated and cell-free metagenomes before and after treat
ment would help address the contribution of plasmids 
and transposable elements to the response to disturbance 
and ecosystem adaptive capacity. From an evolutionary 
perspective, phage populations confer flexibility and 
adaptive capacity upon the microbiota; however, in 

considering the significance of the findings in this study 
we must bear in mind that the concentrations of anti
biotics used here and on humans and other hosts today 
exceed by many orders of magnitude the concentrations 
that have been encountered by naturally occurring 
microbial communities over evolutionary time scales.

In pursuit of further understanding
The findings from the study by Modi et al. lend powerful 
support to the well-established role of bacteriophages in 
horizontal gene transfer within complex naturally occur
ring microbial communities, and in particular, within the 
human microbiome. The enrichment of phage-encoded 
antibiotic resistance genes as well as other beneficial host 
genes following antibiotic exposure suggests that phage 
are key factors in the spread of antibiotic resistance. 
Examination of complete bacterial and phage genomes in 
control and treated animals, especially humans, would 
help elucidate the roles of phage in shaping and re-
shaping the composition and structure of gut microbial 
communities before and after various forms of 
disturbance. Future studies would also benefit from more 
frequent sampling of individual animals before and after 
initiation of antibiotic exposure, as well as shorter drug 
exposures, lower doses, and the use of antibiotics that do 
not induce phages. These study features would enable a 
more detailed appreciation of microbial community 
temporal dynamics, network interactions, community 
stability and resilience, and variation in these microbiome 
characteristics among different hosts. The longer term 
goal of such work is a predictive understanding of 
ecosystem responses and functions, such that health can 
be maintained in the face of perturbations and that 
targeted interventions can be designed to treat or prevent 
disease-associated community disturbances.
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