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R emembrance of infections past
Host-derived metabolite trains the microbiota to develop 
colonization resistance

By Apollo Stacy

T
he COVID-19 pandemic reminds us 
that viruses and other infectious patho-
gens pose a constant threat to life and 
health. Fortunately, vaccines can bol-
ster our defenses by eliciting immu-
nological memory. Once established, 

memory cells can respond more rapidly and 
robustly to a secondary encounter with a 
pathogen. Although memory was previously 
thought to be a trait restricted to adaptive 
immunity, innate immunity can also undergo 
“training” to achieve an enhanced memory-
like state (1). Likewise, other cellular systems 
across the body are increasingly recognized 
for their capacity to develop memory (2, 3).

Host defense against pathogens relies on 
synergy between the immune system and 
microbiota, the diverse microbial commu-
nities that colonize mucosal surfaces. In 
addition to stimulating immunity against 
pathogens, these communities can directly 
compete with and exclude pathogens. 
This microbiota-dependent “colonization 
resistance” is vital to human health (4). 
Further, antibiotics-induced damage to the 
microbiota can allow for the expansion of 
antibiotic-resistant pathogens. Collectively, 
these pathogens cause a staggering 700,000 
deaths worldwide per year (5). Thus, a clear 
need exists for therapies to sustain or en-
hance colonization resistance.

Like the immune system, the microbiota 
is highly dynamic, maturing in composition 
and function as we age, in part through ben-
eficial interactions between the microbiota, 
diet, and immune system. Undoubtedly, dis-
turbances to the microbiota also affect its 
maturation (6). For example, pathogens can 
remodel infection sites to access nonfer-
mentable substrates, through high-energy 
respiration (7), and thereby outcompete the 
microbiota (8). But despite the frequency 
and potentially long-term effects of infec-
tions on the microbiota, colonization resis-
tance is most often examined in laboratory 
mice reared under artificially pathogen-free 
environments, which raises the question: 
How do pathogens affect the microbiota’s 
resistance to subsequent infections?

One hypothesis is that host organisms and 
their endogenous microbiota (metaorgan-
isms) have coevolved to harness pathogen-
induced disturbances to their advantage. I 
sought to address this hypothesis as a post-
doctoral fellow in the laboratory of Y. Belkaid 
at the National Institutes of Health. We dis-
covered that like the immune system, the 
microbiota’s resistance to pathogens can be 
trained (9). Mechanistically, this “metaorgan-
ism memory” results from the host nourish-
ing the microbiota with the sulfur-containing 
amino acid taurine. In turn, the microbiota 
converts taurine to hydrogen sulfide, a nox-
ious gas that inhibits pathogen respiration. 
We also discovered that taurine can be co-
opted into a microbiota-directed therapy. 
Thus, our exploration into how infection al-
ters colonization resistance unveiled a strat-
egy to “immunize” the microbiota (9).

To assess how prior infection affects colo-
nization resistance, we used two comple-
mentary mouse models: (i) mice harboring 
the microbiota of wild mice (10), because 
they encounter more infections than their 
laboratory counterparts, and (ii) mice tran-
siently infected with a food-borne patho-
gen. Aligning with our hypothesis, both 
models displayed enhanced microbiota-
dependent resistance to gut infection with 
the antibiotic-resistant pathogen Klebsiella 
pneumoniae. Through sequence-based pro-
filing of the gut microbiota’s composition 
and functional potential, we then identified 
in both models an expansion of microbial 
taxa that degrade the metabolite taurine. As 
predicted from the expansion of these taxa, 
metabolite profiling confirmed that taurine 
is indeed enriched in the intestinal tract of 
mice after infection.

In the gut, taurine is often found conju-
gated to bile acids—a class of liver-synthe-
sized metabolites that aid digestion (11). 
Supporting their role as the source of el-
evated taurine after infection, further me-
tabolite profiling revealed an enrichment of 
taurine-conjugated bile acids in transiently 
infected mice. Together, these results sup-
port a model in which, in response to in-
fection, the host supplies taurine by means 
of bile acids to the microbiota, driving an 
expansion of taurine-degrading taxa that 
heighten resistance to subsequent infection.

Our model next led us to consider that 
taurine alone, without prior infection, would 
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be sufficient to enhance colonization resis-
tance. Agreeing with our prediction, supple-
menting mice with taurine enhanced their 
microbiota-dependent resistance against K. 
pneumoniae and Citrobacter rodentium, a 
mouse model for pathogenic E. coli.

To gain insight into how taurine en-
hances resistance, we functionally profiled 
the gut microbiota of taurine-supplemented 
mice, revealing that taurine markedly in-
duces dissimilatory sulfite reductase (DSR), 
an enzyme that performs a key step in the 
degradation of taurine (12). A major by-
product of DSR activity is hydrogen sulfide, 
and we found that microbiota from taurine-
supplemented mice released heightened 
levels of sulfide. These results suggested a 
role for taurine-derived sulfide in enhanc-
ing colonization resistance.

To further elucidate how taurine en-
hances resistance, we performed a high-
throughput transposon mutant screen (7) 
on K. pneumoniae in transiently infected 
mice and found that these mice block aero-
bic respiration by K. pneumoniae. Because 
aerobic respiration is a primary target of 
sulfide (13), we then reasoned that taurine-
derived sulfide, rather than taurine itself, 
directly mediates colonization resistance.

Supporting this model, K. pneumoniae in 
taurine-supplemented mice could no longer 
outcompete an isogenic mutant incapable 
of performing aerobic respiration. Because 
boosting sulfide with taurine could enhance 
resistance, we assessed whether depleting 
sulfide would impair resistance. We treated 
mice with bismuth, a known sulfide seques-
trant (14), and as anticipated, these mice be-
came highly susceptible to K. pneumoniae, 
confirming the pathogen-restricting role of 
sulfide in our model.

Despite the promise of microbiome re-
search for the treatment of human diseases, 
microbiota-directed therapies are still lack-
ing. In my recent work, a key revelation is 
that we can mine how the host regulates the 
microbiota as a natural source of microbi-
ota-directed therapies. By probing one such 
mechanism, we discovered that taurine, a 
host-derived metabolite that trains the mi-
crobiota, can be co-opted into a potential 
therapy to combat infections.

Because taurine leverages a protective 
function (sulfide production) that is endog-
enous to the microbiota, similar metabolite-
based approaches applied to humans could 
overcome the obstacles that hinder probi-
otic therapies, for which success relies on 
introducing completely foreign, exogenous 
taxa to the microbiota (15). An open ques-
tion is whether training of the microbiota, 
through use of taurine or other metabolites, 
occurs at body sites outside the gut. Future 
studies are on the horizon.
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