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The bacterial microbiota of the 
human large bowel is a complex 

ecosystem consisting of several hundred, 
mostly anaerobic, species. To maintain 
colonization of the gut lumen and 
maximize growth in the presence of 
nutritional competitors, highly diverse 
metabolic pathways have evolved, with 
each microbe utilizing a different “winning 
strategy” for nutrient acquisition and 
utilization. Conditions and diseases 
leading to intestinal inflammation are 
accompanied by a severe disruption the 
microbiota composition characterized 
by an expansion of facultative anaerobic 
Enterobacteriaceae. Here, we review 
evidence that the local inflammatory 
response creates a unique nutritional 
environment that is conducive to a bloom 
of bacterial species whose genomes encode 
the capability of utilizing inflammation-
derived nutrients.

The human large bowel harbors a 
diverse community of microbes, termed the 
gut microbiota. The collective metabolic 
activity of a balanced gut microbiota 
confers benefit by providing nutrients, 
maintaining immune homeostasis, and 
granting niche protection (reviewed in 
refs. 1 and 2). Understanding processes 
that can lead to a disruption of this 
microbial community during episodes of 
disease would represent a significant step 
forward in the development of treatment 
strategies. However, this task is not trivial 
because the make-up of the gut microbiota 
is complex, exhibiting great diversity 
between individuals from different 
families on the level of bacterial species, 
which makes it difficult to pinpoint the 
identities of beneficial microbes.

Nonetheless, there are some conserved 
features that characterize a balanced gut 
microbiota, including a dominance of 
obligate anaerobic bacteria belonging 
to the classes Bacteroidia (phylum 
Bacteroidetes) and Clostridia (phylum 
Firmicutes).3 Minor constituents 
commonly found within a balanced 
community include members of the 
phyla Actinobacteria, Proteobacteria, and 
Fusobacteria, although members of other 
phylogenetic groupings can be present 
occasionally (Fig. 1, inner circle).

A disruption of this balanced 
community structure during episodes 
of disease is termed dysbiosis. Dysbiosis 
is often characterized by the rise to 
prominence of bacteria that do not 
belong to the classes Bacteroidia or 
Clostridia. The most robust ecological 
pattern observed during inflammation 
in the distal gut is an expansion of 
facultative anaerobic Enterobacteriaceae 
(class Gammaproteobacteria, phylum 
Proteobacteria) within the community.

Enterobacteriaceae normally comprise 
only a small fraction (approximately 
0.1%) of the microbiota in the large 
bowel,3 however a bloom of this family 
can be observed in various settings of gut 
inflammation. For example, the relative 
luminal abundance of Enterobacteriaceae 
is elevated dramatically in mouse models 
of inflammatory bowel disease, in which 
colitis is induced by a chemical trigger or 
by genetic predisposition.4-6 An increased 
prevalence of Enterobacteriaceae is also 
observed in patients with Crohn disease, a 
inflammatory bowel disease of unknown 
etiology.7-10 Antibiotic treatment raises 
the inflammatory tone of the intestinal 
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mucosa of mice, which is accompanied 
by a luminal bloom of Escherichia coli or 
Citrobacter rodentium (both members 
of the family Enterobacteriaceae).11,12 
Similarly, repeated courses of antibiotics 
are associated with the development 
of irritable bowel syndrome in 
humans, a condition characterized 
by low-level intestinal inflammation, 
diarrhea, and a gut microbiota 
containing a heightened abundance of 
Proteobacteria belonging to the families 
Enterobacteriaceae, Pasteurellaceae, 
and Pseudomonadaceae.13-17 
Enterobacteriaceae dominate the gut 
microbiota in preterm infants with 
necrotizing enterocolitis.18 Finally, 
intestinal inflammation induced in mice 
by bacterial enteric pathogens or parasite 
infection results in an uncontrolled 
expansion of Enterobacteriaceae within 

the community inhabiting the lower 
gastrointestinal tract.4,5,19-22

One of the mechanisms responsible for 
a bloom of Enterobacteriaceae in the lumen 
of the large bowel during inflammation is 
that the host response changes the growth 
conditions encountered in this largely 
anaerobic environment. Specifically, 
respiratory electron acceptors generated 
as a by-product of the inflammatory 
host response support bacterial growth 
by anaerobic respiration.23-25 For 
example, reactive oxygen and nitrogen 
species produced by host enzymes 
during inflammation can react to form 
peroxynitrite (ONOO–),26,27 a potent 
antimicrobial that is rapidly converted 
to nitrate (NO

3
–) in a reaction catalyzed 

by carbon dioxide (CO
2
).28 In turn, host-

derived nitrate supports luminal growth 
of commensal E. coli or pathogenic 

Salmonella enterica (family 
Enterobacteriaceae) by 
nitrate respiration.12,24,25

The presence of nitrate 
in the inflamed distal gut 
is predicted to enhance 
growth of any bacterial 
species able to perform 
nitrate respiration. Thus, 
the question arises why 
the ecological pattern 
observed most consistently 
during inflammation is an 
uncontrolled expansion of 
Enterobatceriaceae, rather 
than other groupings. To 
address this conundrum, 
we searched 2476 
genomes representing the 
phylogenetic groupings 
that have been described 
within gut-associated 
microbial communities for 
the predicted presence of 
nitrate reductase activity. 
While this activity was 
predicted to be largely 
absent in obligate anaerobic 
bacteria belonging to the 
Bacteroidia and Clostridia, 
it was predicted to be 
present in the majority of 
genomes belonging to the 
classes Betaproteobacteria 
and Gammaproteobacteria 
(Fig.  1, outer circle). 

Strikingly, the highest frequency of 
representatives predicted to encode 
this activity was found within the 
family Enterobacteriaceae (class 
Gammaproteobacteria). The observation 
that Enterobacteriaceae are the group 
most commonly observed to bloom 
during inflammation thus might merely 
reflect the fact that the ability to respire 
nitrate is more highly conserved within 
this family than in any other phylogentic 
group commonly inhabiting the large 
bowel. In other words, the generation of 
host-derived nitrate during inflammation 
in the lower gastrointestinal tract might 
favor Enterobacteriaceae because members 
of this family happen to be more likely to 
encode the enzymes for nitrate respiration.

It should be mentioned that in 
addition to nitrate reductases, the 

Figure 1. Schematic representation of the prevalence of nitrate reductase-encoding genomes within major phyla. 
2476 genome sequences deposited in the Kyoto Encyclopedia of Genes and Genomes (Release 67.1; http://www.
kegg.jp/)29,30 were searched for the predicted presence of respiratory nitrate reductase activity (E.C.1.7.99.4). Phyla 
comprising thermophilic organisms (representing a total of 61 genomes) were excluded from this analysis, as these 
bacteria are unlikely to be present in the mammalian gut. Phyla commonly present in the gut-associated microbial 
community (ubiquitous phyla) and phyla present occasionally (rare phyla) are indicated in the inner circle, but the 
size of each sector is not proportional to their relative abundances. The prevalence of putative nitrate reductase 
activity (coloring of the outer circle) was calculated as the fraction of nitrate reductase-encoding genomes per total 
number of genomes within a given phylogenetic group.
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presence of enzymes for the utilization 
of other electron acceptors, such as for 
S-oxides, N-oxides, and tetrathionate, 
might also provide an advantage in 
the environment of the inflamed large 
bowel.23,25 Nonetheless, the example of 
nitrate reductases illustrates that despite 
the complexity of communities in the 
distal gut, an understanding of the 
mechanisms that control their relative 

composition is starting to provide a 
straightforward explanation for dysbiosis 
in various disease settings. Importantly, 
these findings point to the development 
of drugs that prevent or inhibit anaerobic 
respiration as a possible alternative to 
microbiota transplants for improving 
disease outcome by restoring a balanced 
microbial community structure.
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