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Gut Microbes Make for Fattier Fish

Rachel N. Carmody1 and Peter J. Turnbaugh1,*

1FAS Center for Systems Biology, Harvard University, 52 Oxford Street, Cambridge, MA 02138,
USA

Abstract
The mammalian gut microbiota influences both sides of the energy balance equation, salvaging
energy from undigested nutrients and directing the host to accumulate adipose tissue. Semova et
al. (2012) use zebrafish to demonstrate that the gut microbiota also promotes dietary lipid
absorption, emphasizing the many host-microbial interactions contributing to adiposity.

The rapid rise in the global incidence of obesity has prompted efforts to more carefully
consider the many genetic and environmental factors that influence dietary energy harvest.
Recent studies have emphasized that human nutrition may be better understood as a series of
complex interactions between diet, host genotype, and the trillions of microorganisms that
inhabit our gastrointestinal tracts, collectively referred to as the gut microbiota. Notably,
germ-free mice that are inoculated with a gut microbiota harvested from conventionally
raised mice show a marked increase in body fat within two weeks despite a reduction in
chow consumption and higher overall levels of metabolic expenditure (Bäckhed et al.,
2004), a response enhanced upon colonization with a microbial community harvested from
obese donor animals (Turnbaugh et al., 2009). The various mechanisms contributing to the
microbial stimulation of adiposity are thought to include the fermentation of complex plant
polysaccharides to short-chain fatty acids that can be assimilated by the host (Martens et al.,
2011), acetogenesis (the production of acetate from H2 and CO2) (Rey et al., 2010),
methanogenesis (the production of methane from H2 and CO2) (Samuel and Gordon, 2006),
and microbial factors that direct the host to increase fat deposition (Bäckhed et al., 2004)
(Figure 1).

Despite these compelling links between host body fat and the gut microbiota, it remains
unclear to what degree gut microorganisms, or microbial consortia, can influence the
absorption, metabolism, and/or systemic distribution of dietary lipids. One reason for this
oversight is that the emulsification, digestion, and subsequent absorption of lipids in the
small intestine is thought to be highly efficient, suggesting little room for a microbial
contribution. Secondly, it can be difficult to distinguish dietary, host-derived, and microbe-
derived lipids in vivo when studying human cohorts or rodent models. Thirdly, the study of
model commensals, e.g. Bacteroides thetaiotaomicron, have provided a detailed view of
carbohydrate metabolism (Martens et al., 2011), whereas relatively little is known about the
genes and metabolic pathways required for microbial lipid metabolism in the human gut.
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New research by Semova et al. (2012) indicates that the absorption of dietary lipids, and
potentially their impact on energy balance, may have more to do with the gut microbiota
than previously appreciated. The authors took advantage of a recently developed method
that enables the tracking of fatty acids during absorption by the intestinal epithelium in live
zebrafish, coupled to methods for rearing germ-free zebrafish. They fed fluorescent fatty
acids to transparent zebrafish larvae and then visualized the extent of lipid assimilation and
lipid droplet (LD) formation in the intestinal epithelium and liver under various dietary and
microbial colonization scenarios. They found that ‘conventionalized’ zebrafish exposed to a
gut microbiota displayed increased fatty acid uptake and LD formation in their enterocytes
and liver compared with germ-free animals (Figure 1). The increased uptake in
conventionalized zebrafish was enhanced in fed relative to starved animals, coincident with
an expansion in the relative abundance of the Firmicutes phylum. Interestingly, Semova et
al. (2012) found evidence of at least two distinct mechanisms for the microbial promotion of
lipid assimilation, as colonization of animals with a representative Firmicutes strain (genus:
Exiguobacterium) resulted in increased LD number whereas colonization with individual
strains of either Bacteroidetes or Proteobacteria resulted in increased LD size.

Lipid droplets were once believed to be inert lipid depots, but research over the last decade
has shown them to be dynamic organelles serving a range of cellular functions with
energetic implications: regulation of intracellular level of free fatty acids and cholesterol,
lipid synthesis and metabolism, protein storage and degradation, as well as viral replication
(Walther and Farese, 2012). Whether microbial promotion of LD size versus number in
enterocytes influences the energetic potential of the assimilated dietary lipids remains to be
determined; however, many LD functions depend on interactions that happen at interface
between the hydrophobic interior of the LD and the surrounding aqueous cytoplasm. Since
small but numerically abundant LDs have a higher surface area to volume ratio, they may be
more efficient at lipid mobilization, including delivery of lipids from the intestinal
enterocytes into systemic circulation. Washout experiments performed by Semova et al.
(2012) may provide some initial support for this hypothesis, as lipid export from the
intestinal epithelium reduced the proportion of small LDs compared with medium and large
LDs.

More extensive experiments with culturable microbial isolates from zebrafish may help
reveal the extent to which the ability to stimulate LD size or number is conserved among
members of the same bacterial phylum, in addition to elucidating the underlying
mechanisms responsible. Of note, both gram-negative strains stimulated increased LD size,
potentially suggesting a role for lipopolysaccharides or other components of the bacterial
outer membrane. Interestingly, the response to the Firmicutes strain Exiguobacterium did
not require live bacteria, suggesting that there may be a secreted factor that stimulates LD
number.

The zebrafish larvae employed by Semova et al. (2012) are an elegant model system. Apart
from their transparency, which allows real-time visualization of lipid assimilation, the
aqueous environment in which the larvae develop can be tightly controlled, allowing
microbial composition in the gut versus the environment to be evaluated separately across
the range of feeding conditions. For instance, the authors found that the increased relative
abundance of Firmicutes associated with feeding occurred solely within the gut and not the
surrounding water, suggesting that factors secreted by the zebrafish gut, or its nutritional
composition, promoted the expansion of the Firmicutes. This ability to control the microbial
and nutritional properties of the environment precisely lends itself to future studies. For
example, monitoring the disappearance of fluorescent fatty acids from the environment
could help to discriminate whether observed increases in lipid uptake were due to more
efficient assimilation or, alternatively, higher overall levels of lipid ingestion among
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conventionalized zebrafish. Such monitoring would also allow accountancy for very small
LDs, beginning at ~12 nm diameter, which may be present in high quantities but are below
the resolution limit of microscopy (Suzuki et al., 2011). It would thus permit the total
amount of lipid uptake to be quantified, which is likely to be related to overall host energy
harvest.

Extending such inquiry to other model organisms will also prove useful in interpreting these
data in the context of human digestion. Recent work has demonstrated clear functional
analogues between sections of the zebrafish gut and the small and large intestines of humans
(Wang et al., 2010). Yet the zebrafish gut differs structurally from that of humans, existing
as a simple tapered tube that bears no stomach. Moreover, microorganisms are thought to be
distributed evenly throughout the zebrafish gut, whereas the vast majority of the human gut
microbiota resides within the colon. The lower relative abundance of microorganisms in the
human proximal small intestine could imply that the gut microbiota can less readily
influence lipid absorption in humans than in zebrafish. However, even if their presence at
the site of lipid absorption is limited, the human gut microbiota could conceivably influence
total lipid assimilation through mechanisms initiated in the colon, e.g. effects on transit time.

Lipids represent a substantial caloric fraction of global human diets and differences in fatty
acid intake have been implicated in the development of obesity, diabetes, and coronary heart
disease (Micha and Mozaffarian, 2009). Illuminating the mechanisms of host-microbial
interactions in lipid absorption could thus have profound economic and social benefits. We
anticipate that the exciting results of Semova et al. (2012) will likely stimulate much
additional research in this direction, with the end goal of identifying conserved microbial
mechanisms that might be exploited to promote fattier fish and leaner Homo sapiens.
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Figure 1. An expanded model for the contribution of the gut microbiota to energy harvest from
dietary lipids, carbohydrates, and proteins
In this issue, Semova et al. (2012) show that the gut microbiota stimulates lipid absorption in
the zebrafish proximal intestine. Compared with germ-free animals fed the same diet,
enterocytes of animals conventionalized with a gut microbiota accumulated larger and more
numerous lipid droplets. Increased lipid accumulation was also observed in the liver of
conventionalized animals, suggesting greater uptake of lipids into systemic circulation.
Microbial processes in the distal gut (colon) are also known to contribute to host energy
gain. Carbohydrates and protein that resist digestion in the small intestine are fermented by
the colonic microbiota, producing short-chain fatty acids (SCFA) that can be assimilated and
used as energy by the host (Martens et al., 2011). The H2 and CO2 released during
fermentation are consumed as substrates by some microbes in acetogenesis (Rey et al.,
2010), which produces a secondary source of SCFA, as well as methanogenesis (Samuel and
Gordon, 2006). Consumption of H2 and CO2 reaction products helps to drive the continued
production of SCFA.
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