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ABSTRACT

Background: Diabetes, obesity, and the metabolic syndrome are multifactorial diseases dependent on a complex interaction of host genetics,
diet, and other environmental factors. Increasing evidence places gut microbiota as important modulators of the crosstalk between diet and
development of obesity and metabolic dysfunction. In addition, host genetics can have important impact on the composition and function of gut
microbiota. Indeed, depending on the genetic background of the host, diet and other environmental factors may produce different changes in gut
microbiota, have different impacts on host metabolism, and create different interactions between the microbiome and the host.

Scope of review: In this review, we highlight how appropriate animal models can help dissect the complex interaction of host genetics with the
gut microbiome and how diet can lead to different degrees of weight gain, levels of insulin resistance, and metabolic outcomes, such as diabetes,
in different individuals. We also discuss the challenges of identifying specific disease-associated microbiota and the limitations of simple metrics,
such as phylogenetic diversity or the ratio of Firmicutes to Bacteroidetes.

Major conclusions: Understanding these complex interactions will help in the development of novel treatments for microbiome-related
metabolic diseases. This article is part of a special issue on microbiota.

© 2016 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The potential importance of gut microbiota in human disease was
recognized more than 1000 years ago in China where fecal trans-
plants, referred to as “yellow soup”, were used to treat gastrointestinal
disorders. Over the past two decades, the scientific community has
begun to rediscover the fact that not all gut bacteria are harmful and
that transplantation of intestinal or fecal bacteria can be clinically
useful in treatment of recurrent Clostridium difficile infection and
possibly other diseases [1]. A key question is how important are gut
microbiota in the control of metabolism and in the pathogenesis of
obesity and diabetes.

The human body is a complex ecosystem hosting trillions of microbiota
amounting to about 1.5 kg in mass. These colonize all surfaces of the
body but especially the gastrointestinal tract. Using genetic techniques
such as 16S sequencing, more than 1000 bacteria have been iden-
tified in the intestine, with ~200 defining the core gut microbiome,
i.e., constituting at least 0.5% of the microbial sequences detected
[2,3]. These bacteria exhibit important functions in the defense against
foreign pathogens and the breakdown of otherwise indigestible dietary
polysaccharides to produce short chain fatty acids, such as acetate,
butyrate, and propionate, which can serve as important metabolites, a
direct energy source for intestinal epithelial cells, modifiers of insulin

resistance and modulators of insulin secretion [4—6]. Moreover,
bacteria produce a wide range of other metabolites, as well as
modifying human produced metabolites, such as bile acids, that can be
taken up into the bloodstream where they have the potential to
modulate host metabolism and other functions, including even
behavioral and neural functions [7—11]. The microbiome can also
influence the immune system [12,13] and the integrity of the intestinal
epithelium allowing bacterial products, including endotoxins, to enter
the blood stream, leading to insulin resistance and other immune
mediated disorders [4,14].

The core gut microbiome in humans is established within the first three
years of life and is subject to multiple influences (Figure 1) [15,16]. The
initial colonization occurs during birth with vaginal microbiota from the
mother, or, in the case of children born via cesarean section, with skin
microbiota [17]. Not surprisingly, breast versus formula feeding also
results in differences in the gut microbiota [18,19]. The gut microbiota
acquired during early life are further modified by environmental fac-
tors, such as diet, antibiotic treatment, and the microbiome of close
family members. This early transfer of the microbiome allows it to
potentially contribute to what is viewed as the inheritability of a disease
[20]. These can be distinguished by twin studies, since, in contrast to

"JRG Adipocytes and Metabolism, Institute for Diabetes and Obesity, Helmholtz Diabetes Center at Helmholtz Zentrum Miinchen, 85748 Munich/Garching, Germany 2German
Center for Diabetes Research (DZD), 85764 Neuherberg, Germany First Department of Internal Medicine, University of Toyama, 930-0194 Toyama, Japan “Section on
Integrative Physiology and Metabolism, Joslin Diabetes Center, Harvard Medical School, Boston, MA, USA

*Corresponding author. Section on Integrative Physiology and Metabolism, Joslin Diabetes Center, One Joslin Place, Boston, MA 02215, USA. Fax: +1 (617) 309
2593. E-mail: C.Ronald.Kahn@joslin.harvard.edu (C.R. Kahn).

**Corresponding author. JRG Adipocytes and Metabolism, Helmholtz Center Munich, Parkring 13, 85748 Munich/Garching, Germany. E-mail: Siegfried.ussar@helmholtz-
muenchen.de (S. Ussar).

Received July 11, 2016 « Accepted July 12, 2016 » Available online 18 July 2016

http://dx.doi.org/10.1016/j.molmet.2016.07.004

MOLECULAR METABOLISM 5 (2016) 795—803 © 2016 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

795


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:C.Ronald.Kahn@joslin.harvard.edu
mailto:Siegfried.ussar@helmholtz-muenchen.de
mailto:Siegfried.ussar@helmholtz-muenchen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2016.07.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com
http://dx.doi.org/10.1016/j.molmet.2016.07.004

Birth/Perinatal
Colonization

Diet and
Food Quality

Host
Susceptibility

Familial
Exposure

/
—|

Nar=

Antibiotics &
Other drugs

Figure 1: Factors contributing to the development of the microbiome. The development and composition of the gut microbiome is highly dependent on a multitude of
environmental and host factors, especially those present in early life. Although core components of the gut microbiome tend to remain stable in adults, they continue to rapidly

respond to alterations in the envrionment such as diet, medication and other factors.

classical genetic traits, transmission of gut microbiota is similar be-
tween mono- and dizygotic twins [21]. However, in most genetic
studies, such as those used for genome wide association (GWAS)
analysis, how transfer of microbiota between family members affects
interpretation of data on the genetics of diabetes and obesity remains
to be determined. Likewise, to what extent these initial differences in
colonization result in altered risk for developing obesity or other dis-
eases later in life remains controversial since the microbiome con-
tinues to remodel. However, as discussed below, this programming of
the microbiome can lead to persistent effects even generations later.
As the number of studies measuring microbiota composition in states
of health and disease steadily rises, we are beginning to understand
both the complexity of this system and its potential to interact with
many physiological and pathological processes. Despite the ability of
fecal transfer to mimic some disease characteristics, establishing
causality, remains a challenge when evaluating the impact of individual
gut microbiota on the regulation of host metabolism and metabolic
disease. In an ideal case, a potential causative gut microbe involved in
diabetes/obesity should be able to fulfill Koch’s postulates, i.e., one
can demonstrate that the specific microorganism is present in diabetic
and/or obese individuals and that after isolation from an affected in-
dividual, it produces the same disease when reintroduced into a
normal recipient (Figure 2, left panel). For metabolic diseases, such as
diabetes, obesity, and metabolic syndrome, however, it appears that
the effect of the microbiome is mediated through an interaction with
larger microbial communities that together create a functional
network. Moreover, many gene functions contributed by the gut
microbiome are likely not present in just one microbe but are found in
several bacterial strains. Conversely, the machinery involved in
metabolic pathways may be split among different species of microbes,
requiring the co-occurrence of multiple species to metabolize dietary
components into specific metabolites (Figure 2 right panel). Further-
more, this community may interact with critical host factors and other
environmental factors ultimately modifying disease development and
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progression. Determining the relative impact of these components,
their hierarchy and interactions is a challenging task.

1. GENETICS AND ENVIRONMENT IN THE PATHOGENESIS OF
OBESITY AND DIABETES

Obesity and its associated morbidities, such as type 2 diabetes, car-
diovascular disease, and metabolic syndrome, are increasing in
numbers worldwide. Despite the fact that knockout or overexpression
of many single genes can lead to obesity and/or diabetes in mice [22—
24], in humans less than 5—7% of individuals appear to have disease
due to single gene alteration [25,26]. Indeed, genome-wide associa-
tion studies in humans have identified a large number of genetic
polymorphisms associated with increased risk for obesity and dia-
betes, with each gene having very small effects [27]. In fact, even if
one considers all common gene variants combined, they explain only a
small part of the development of obesity and type 2 diabetes. These
findings point to the strong role of environmental factors driving the
growth in disease prevalence. Much epidemiological evidence sug-
gests that two important environmental drivers are a more sedentary
lifestyle and a changing diet. Together, increased consumption of
refined sugars, saturated fats, and, most importantly, total calories
strongly correlate with the increased prevalence of obesity, diabetes,
and other components of the metabolic syndrome.

Within the population, however, it is clear that there is significant in-
dividual variation in response to these environmental challenges.
Perhaps the best example is the study by Bouchard et al. in which
identical twins were kept relatively sedentary and challenged by
overfeeding 1000 kilocalories (4.2 MJ) per day, six out of seven days
for 100 days [28]. While weight gain between individuals in a given
twin pair correlated very closely, there was more than a two-fold
difference in weight gain between the twins that gained the most
weight and those that gained the least weight, indicating that some
factor(s) accounts for major differences in caloric efficiency. Likewise,
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Figure 2: Co-dependency of gut microbiota to modulate host metabolism. To identify individual bacterial taxa causally linked to specific host phenotype, one might anticipate
a model which fulfills Koch’s postulates, much like traditional views from genetics with one gene yielding one mRNA and then one protein with a defined and unique function.
However, like modern cell biology the association of microbial taxa with host phenotypes is likely complex and impacted by the interaction of the microbiota themselves supporting
their growth. Moreover, individual functions and metabolic pathways are either shared or split among different microbiota, and in most cases several microbiota and their functions

may be required to impact specific host phenotypes.

many other studies have shown that once weight gain occurs, while
there is a strong correlation between excessive body fat as measured
by BMI and the development of insulin resistance, there are many
individuals who are very insulin resistant despite being only minimally
overweight and a number of very obese individuals who remain
metabolically healthy [29]. This indicates that in addition to factors that
regulate food intake, insulin sensitivity, and beta cell function, among
individuals, there are important differences in how caloric excess re-
lates to weight gain and in the relationship between excess body fat
and the development of insulin resistance.

At least three factors that contribute to these differences are the in-
dividual differences in basal energy expenditure, probably related to
the ability to induce brown/beige energy burning fat [30—33], intrinsic
genetic differences in insulin resistance, and how body fat is distrib-
uted [34]. Thus, central obesity correlates best with insulin resistance
while accumulation of subcutaneous fat may have a protective effect.
Indeed, we and others have demonstrated that transplantation of
subcutaneous adipose tissue into the abdominal cavity can exert
beneficial metabolic effects, although increasing total fat mass, sug-
gesting differences in adipose tissue depots beyond their anatomical
location [35,36]. Subcutaneous and intraabdominal fat display distinct
gene expression signatures with developmental genes linked to
important metabolic functions [37]. These findings are further sub-
stantiated by studies in mice demonstrating that maintaining subcu-
taneous adipocyte function during weight gain results in a
metabolically healthier obese phenotype [38,39]. Hence, whereas the
development of type 2 diabetes, insulin resistance, and obesity are
linked, the individual risk determining the speed and severity of pro-
gression is dependent upon a complex mixture of genes and
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environmental interactions. Host genetics, diet, and other environ-
mental factors interact with each other in the regulation of weight gain
and insulin resistance but also impact the composition of the gut
microbiota (Figure 3). While recent advances in integrating metab-
olomics, genomic, and taxonomic data suggest solutions to the
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Figure 3: Obesity and its associated co-morbidities are the result of a complex
interaction of host genetics, environment and gut micrbiota. The development of
obesity, insulin resistance, type 2 diabetes and the metabolic syndrome in general are
the consequence of a complex multidirectional interaction between host genetics,
environment, diet and the gut microbiota.

797


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

challenge of establishing causal relationships between microbiota and
host phenotypes [40—42], a major question remains as to which as-
pects of this complex pathophysiology are directly regulated or
modified by the gut microbiome, which reflect co-regulation by the
microbiome and host factors, and which are intrinsic to the host or are
driven by factors independent of the microbiome.

2. DEVELOPING MURINE MODELS TO STUDY GENE/
ENVIRONMENT/MICROBIOME INTERACTIONS

To begin to define the role of the microbiome in gene/environment
interaction in obesity, diabetes, and metabolic syndrome, we set out to
create a mouse model system that captures some of the complexity
observed in human populations. C57BI/6J mice, or B6J for short, are
the most commonly used mouse strain to study metabolism. B6J mice
develop rapid and reproducible features of the metabolic syndrome
when exposed to a high fat diet (HFD). They also develop adipose
tissue inflammation, hepatosteatosis, insulin resistance, and hyper-
glycemia, all of which can be greatly enhanced by high fat diet feeding.
However, compared to other strains, C57BI/6J mice do not develop
beta cell failure and uncontrolled type 2 diabetes. Rather, they develop
a massive expansion of beta cells, which at least partially compensates
for the peripheral insulin resistance [43].

In contrast, 129/Sv mice, a strain traditionally used to generate
knockout animals due to the availability of well-established ES cell
lines, are resistant to diet induced obesity and the development of the
metabolic syndrome [44—49]. 129 mice also remain insulin sensitive
on HFD and are protected from the development of type 2 diabetes
even when they are made genetically insulin resistant by inactivation of
one allele of both the insulin receptor and IRS-1. This is in contrast to
B6J mice in which 90% of the double heterozygous IR/IRS1 KOs
develop overt diabetes by 6 months of age [50].

Mapping of quantitative trait loci (QTL) from F2 intercrosses between
C57BI/6J and 129Sv mice revealed several loci linked to the devel-
opment of diabetes [44]. One QTL on chromosome 14 showed the
highest association with the development of hyperinsulinemia and
insulin resistance. One of the genes in this locus, PKC3, was identified
as being differentially expressed between B6J and 129 mice, with
higher levels in the B6J mice on chow diet and a more robust increase
in level following HFD feeding. Subsequent studies identified PKCJ,
and other members of the novel subclass of PKCs, as an important
regulator of hepatic insulin sensitivity through its direct action on in-
sulin signaling [45,51b]. Conversely, several other factors tended to
protect 129 mice from obesity and insulin resistance, including a lower
tendency to develop adipose tissue inflammation than B6J mice with
aging or HFD and an increased presence of brown/beige adipose
tissue, leading to higher metabolic rates, which protects 129 mice
against the development of obesity [44—49]. Thus, some of the
metabolic differences between B6J and 129Sv mice are the result of
genetically driven risk and protective variations.

2.1. Where does the gut microbiome fit in the pathogenesis of
obesity and insulin resistance?

The first studies to focus on the role of the microbiome in obesity and
diabetes in humans and rodents revealed significant differences be-
tween lean and obese subjects in the two most abundant phyla of
intestinal microbiota, most notably an increase in the ratio of Firmi-
cutes to Bacteroidetes [51a,52,53]. This difference, however, is not
observed in all studies [54—56], and, in fact, the obesity-resistant
129Sv mice have a higher ratio of Firmicutes to Bacteroidetes than do
B6J mice ([57] and see below). Nonetheless, Turnbaugh and
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colleagues demonstrated that transfer of gut microbiota from obese
humans or obese mice to germfree C57BI/6 mice resulted in greater
weight gain in the recipient mice compared to mice receiving micro-
biota from lean individuals [58], suggesting a causal relationship be-
tween these alterations in the gut microbiota and the development of
obesity.

No universal microbe has been identified leading to the difference in
weight gain, but, in various studies, associations of weight gain with
different individual bacterial taxa, including Akkermansia muciniphila,
Faecalibacterium prausnitzii [14,59—61] and Lactobacillus reuteri and
Roseburia intestinalis [57] have been observed. Some of the
complexity in determining cause and effect is illustrated by a recent
study by Goodrich and colleagues [62b], which demonstrated a strong
association of BMI in humans with microbiota of the Christensenella-
ceae family. Transplantation of microbiota from donors into germfree
mice produced reduced weight gain upon the presence of Chris-
tensenellaceae, which could be mimicked by administration of one
member of this family Christensenella minuta. Despite this apparent
link, the observed effects do not appear to be due to the Christense-
nellaceae themselves but to the altered composition of the microbial
ecosystem, which occurred in presence or absence of these bacteria.
Indeed, other studies have shown that identification of individual
bacterial families or species associated with a specific disease or host
function, such as obesity, is strongly impacted by the ethnicity, so-
cioeconomic status, and geographical region of the subjects, making
replication of some of the associations observed in specific studies
difficult [62a, 63—66].

Recent research has suggested that rather than specific organisms, it
is a loss in microbial diversity, which is related to the development of
obesity and other metabolic diseases [67]. A loss of microbial diversity
has also been identified as a risk factor for inflammatory bowel disease
and other non-metabolic disorders [68,69]. As will be apparent in the
discussion below, whether this low diversity is cause or consequence
of metabolic disease is difficult to address as animals with similar
diversity scores can have very different propensity to obesity and
diabetes [57]. Reduced dietary diversity, which is common in most
countries with raising obesity rates, can result in a similar loss of
microbial diversity [70], again indicating the strong interactions among
the four driving forces in the pathogenesis of metabolic disorders
(Figure 3).

3. DEVELOPING MORE COMPLETE MODELS OF THE COMPLEX
INTERACTION BETWEEN GENETICS AND THE MICROBIOME IN
MICE

One of the first attempts to investigate the relationship of intestinal
microbial community structure to host genetics took advantage of the
“collaborative cross”, a study involving a diversity outbred population
of mice developed from 8 inbred mouse strains (C57BL/6J, A/J, NOD/
ShiLtJ, NZO/HILtJ, WSB/EiJ, CAST/EiJ, PWK/PhJ, and 129S51/SvimJ)
[71]. 16S RNA profiling of enteric microbial communities revealed
strain-driven differences in enteric microbial communities, which were
retained with dietary intervention. Diet-strain interactions were seen
for a core group of microbial taxa, and some of these could be linked to
cardiometabolic phenotypes. Using QTL mapping in different outbred
strains of mice, several loci were identified that were associated with
immune pathways that impacted on intestinal microbiota [72,73].

To more precisely define the interaction between host genetics,
environment (including both housing conditions and diet), and the
microbiome, we developed a new model comparing the C57BI/6J (B6J
for short) from Jackson Laboratories to two substrains of 129Sv mice,
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one the 129S1/SvimJ (or 129J) also from Jackson Laboratories and
the other the 129S6/SvEvTac (129T) mice from Taconic Farms [57].
These two 129 mouse lines are nearly genetically identical; however,
these substrains have now been reared apart for over 30 years and are
bred and housed in different commercial facilities, which use different
diets and other nutritional supplements. Interestingly, while 129J mice
are both obesity- and diabetes-resistant and insulin sensitive when
challenged with a HFD, 129T mice become as obese as B6J mice
when fed a HFD but retain insulin sensitivity and normal glucoses
similar to those in the obesity-resistant 129J mice (Figure 4A, bottom
panel). However, when both substrains of 129 mice were bred in a
common animal facility for three generations to “normalize” their
environments, the 129T mice lost their tendency to become obese and
became resistant to HFD-induced similar to 129J mice, highlighting
the significance of gene/environment/microbiome interactions in the
phenotypes of these two substrains of 129 mice. By using these three
strains/substrains of mice before and after environmental normaliza-
tion (i.e., as they come from the vendor vs. after breeding in a common
facility for 3 generations) and challenging them with HFD, we were able
create a novel “Interaction Model” with 12 independent, but interre-
lated, properties (3 genetic backgrounds x 2 sites of breeding x 2
diets). This allowed us to dissect the interaction between host genetics,
diet, and the gut microbiome on key metabolic traits, such as obesity,
diabetes, and insulin resistance.

This Interaction Model provides insight into a number of important
aspects regarding the gut microbiome in the pathogenesis of metabolic
syndrome. First, while many early studies focused on the ratio of
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Firmicutes to Bacteroidetes (F/B) as a marker of an obesogenic
microbiome with a high F/B ratio being more likely to support obesity,
this is clearly not true when one considers these mice. Thus, when
these three strains of mice arrive from the vendor, the F/B ratio is
lowest in the B6J mice from Jackson (about 60/40) and is highest in
the 129T mice from Taconic (about 90/10), although both strains are
equally prone to development of obesity on HFD, whereas the obesity-
resistant 129J mice are intermediate between the other strains (about
70/30) (Figure 4A, top). Following breeding in a common environment,
all three strains have similar F/B ratios (about 70/30), despite the fact
that one (the B6J) remains obesity-prone, while the two 129Sv sub-
strains are obesity-resistant. Likewise, although low diversity of gut
microbes is said to be a risk factor for metabolic and other diseases,
both the obesity- and diabetes-prone mice and the obesity- and
diabetes-resistant mice had similar low phylogenetic diversity when
bred at the commercial vendor site and similar higher phylogenetic
diversity when bred in our academic facility (Figure 4A, middle panel).
Indeed, phylogenetic diversity increased over time in the vendor-bred
mice as they were housed in our academic facility whether they
became obese or not, although it did increase more slowly or to a
lesser extent in mice on HFD [57]. Hence, neither changes in the
Firmicutes/Bacteroidetes ratio nor diversity score were reliable pre-
dictors of metabolic outcome in the host, but much more reflected
differences in diet and/or environment, irrespective of their impact on
host metabolism.

Importantly, when complete 16S RNA sequencing was performed,
despite very similar diversity scores, the actual composition of the
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Figure 4: Host genetics and environment shape personalized microbiota. The impact of gut microbiota on host physiology depends on a complex interaction of host genetics,
environment, diet. A) Scores such as phylogenetic diversity or ratio of Firmicutes to Bacteroidetes (F/B) may appear as robust metrics predicting metabolic fitness in a genetically
homogenous population. However, in different genetic backgrounds similar diversity scores or F/B ratios can reflect very different microbial communities, with distinct impact on
host metabolism. B) Assessment of individual taxa or operational taxonomic units (OTUs) can provide more insight into the true nature and diversity of gut microbiota.
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microbiota, i.e., the specific taxa or operational taxonomic units (0TUs)
detected, differed greatly among strains (Figure 4B). This was true
whether the mice were bred at the commercial facilities or bred for
several generations in a single mouse facility. What was also observed
is that the “environmentally normalized” mice maintained some mi-
crobial markers of their previous environmental history, i.e., their
provenance, even after three generations of breeding in a new site and
on a new diet. Thus, in this study, community-based metrics, such as
diversity and F/B ratio, seem to better reflect environmental alterations
and their interaction with host genetics than predicting metabolic
outcome. If we are to find cause and effect relationships between the
gut microbiome and metabolic disease phenotypes, it is important to
consider the specific collection of taxa that are present and their
respective contributions to the bacterial effects rather than just their
phylogenetic diversity or balance between the two dominant phyla.
Going forward, this will require more detailed metagenomics analyses,
more complete bacterial sequencing, or ways to assess the function of
the microbiome, not just its composition, such as PICRUSt analysis
[74].

The Interaction Model also provides a view into the dynamic nature of
the gut microbiome, which is extremely important to consider in both
laboratory-based animal studies and human studies (Figure 5). Thus,
time course studies demonstrate that the microbiome can be very
dynamic, even in adult animals, depending on diet, genetic back-
ground of the host, and other environmental conditions. For example,
frequent sampling of mice imported from commercial vendors to a
typical research laboratory (e.g., our laboratory) reveal that within
days of arrival there is a rapid remodeling of the microbiome, which
proceeds with different kinetics for different organisms and different
diets (Figure 5). Furthermore, the direction and kinetics of change of

Barnesiella species

S
>

Relative Bacterial Abundance

individual microbial taxa depends itself on an interaction with the
host. These data demonstrate how timing of sample collection in
relation to the occurrence of a given phenotype needs to be
considered, in addition to host genetics, when performing correlative
studies. Thus, studying the abundance and dynamics of individual
taxa or microbial communities as they might relate to being causal
factors in specific host phenotypes, i.e., fulfilling Koch’s postulates, is
complex. For example, when studying the response to diet, it is not
clear whether the most relevant microbial pattern is the pattern
before the dietary challenge, at some specific time during the dietary
challenge, or at the end of the dietary challenge. What is clear,
however, is that the microbiome at these three time points is likely to
be quite different. Likewise, the dynamic nature of the microbiome
makes it difficult to define interactions among members of the mi-
crobial community that might be related to specific metabolic
phenotypes.

The complexity, dynamic nature, and redundant functions of gut
microbiota highlight the need to better understand the impact of both
individual bacteria and bacterial communities on the function of the
microbiome and the impact of the whole bacterial ecosystem. Inves-
tigating the entire microbiome, i.e., the sum of all microbial genes,
instead of the phylogenetic assignment, and defining functional gene
groups bioinformatically or experimentally is emerging as a promising
way to bypass the high degree of heterogeneity at the taxa level be-
tween individual subjects. This strategy allows for defining a network
of genes provided by potentially unrelated microbiota that might be
necessary for a specific function, such as bile acid metabolism or
short-chain fatty acid metabolism. This function can then be evaluated
for its impact on host metabolism by changing not only the bacterial
landscape but also by providing or removing key metabolic
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Figure 5: Dynamic nature of diet, host and microbiota interactions. Gut microbiota rapidly reconfigure with highly individual kinetics among taxa upon environmental changes
such as different housing conditions or changes in diet. Some bacterial taxa such as the Barnesiella species illustrated in the upper left panel are present in the microbiota of one
specific vendor versus another [compare B6J (blue line) and 129J (red line) from Jackson to 129T (green line) from Taconic Farms]. In this example, this microbial species in the
two Jackson-bred strains is rapidly lost in the new environment, but the rate of loss depends on the diet with faster kinetics upon high fat diet feeding versus chow diet (dashed
versus solid lines). Other bacterial taxa such as Barnesiella intestinihominis or Lachnospiraceae Butyrivibrio are absent from all the vendor bred mice, but rapidly colonize the gut
upon introduction into a common new environment. In the case of B. intestinihominis (upper right panel) the microbe only colonizes in the chow diet fed group, whereas with
Lachnospiraceae Butyrivibrio (lower left panel) colonization occurs only in the HFD fed group. Some taxa, such as a specific OTU of the Eubacteriaceae (lower right panel) colonize
the gut upon introduction into a new environment independent of type of the diet, but specific to a single genetic background, in this case B6J. Thus, the association of certain
groups of microbiota with specific host phenotypes is the result of a complex interaction of host genetics and various environmental factors at a specific time.
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intermediates that might mimic the effects of the microbiota on
metabolism.

4. FECAL TRANSPLANTATION — IS IT THE GOLD STANDARD
FOR METABOLIC DISEASE?

Fecal transplantation is generally regarded as the gold standard for
dissecting functional interactions of microbial communities with the
host. Indeed, this is the most direct attempt to assign a cause effect
relationship in gut microbiota related physiological effects. Trans-
plantation of feces from the three vendor derived strains used in the
Interaction Model into germfree B6J mice resulted in increased blood
glucose, increased liver weight (reflecting fat in the liver), and
decreased glucose tolerance when the donor feces came from B6J and
129T mice, consistent with a causal effect. However, there was no
statistically significant difference in body weight, and the changes in
glucose were modest. It is also important to keep in mind that B6J
mice represent only one of the potential host backgrounds, and that in
this background, host genetics is a very important driver of obesity and
insulin resistance that may dominate over microbial effects. To fully
explore the role of the microbiome and the importance of host—
microbiome interactions, one would have to put each of the different
donor microbiota into each of the different potential host backgrounds
starting in a germ-free condition — a truly daunting task.

One also needs to be cautious in interpretation of metabolic effects in
germ-free mice, since germ-free mice are known to have abnormalities
inintestinal epithelial development and in energy balance [75]. From the
study comparing the three strains of mice reared in two different envi-
ronments and fed either chow and HFD, it appears that genetics are a
dominant driver of obesity and insulin resistance in mice which have a
high genetic predisposition for these phenotypes, such as C57BI/6J
(B6J) mice, and that alterations in the gut microbiota have limited
impact. In contrast, in permissive genetic backgrounds, such as 12956
(129T) mice, the gut microbiome may have a stronger impact on the
development of obesity. Thus, future germ-free studies should consider
using mice of this and other permissive genetic backgrounds to explore
the impact of the microbiome. Similar considerations need to be taken
into account in analysis of human data as the microbiome may have
greater or lesser effects depending of genetic and ethnic background.

5. CONCLUSION

Obesity and the metabolic syndrome are multifactorial diseases
caused by a complex interaction of host genetics and a multitude of
environmental factors. Among the many factors determining metabolic
homeostasis and health, diet and total calories consumed are un-
doubtedly the most significant drivers of obesity and its metabolic
complications. However, it has become increasingly apparent that
amount and nature of calories taken up by the intestine are strongly
impacted by the microbiota colonizing it. These observations have
sparked a tremendous number of studies detailing the connections
between food, gut microbiota, and metabolic disease that have
deepened our understanding of how microbial communities are formed
and reconfigure upon environmental changes. These studies in ani-
mals or humans have also shown that inter-individual variations are
not random, but depend on a close relationship between microbiota,
host genetics, and individual habits and behavior. Our Interaction
Model demonstrates that, at least in permissive genetic backgrounds,
gut microbiota play a significant role in modulating the development of
obesity, insulin resistance, and other phenotypes and that groups of
specific bacterial taxa may be involved. However, the field is still
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young, and our understanding is still increasing, almost exponentially.
Clearly we need to move beyond just describing effects of the
microbiome on host metabolism and determine the molecular mech-
anisms that might underlie these interactions. This knowledge will
eventually allow us to put together these trillions of pieces of the puzzle
and assemble a functional understanding of host—microbiome in-
teractions so that we can utilize to manipulate this system to support a
metabolically healthier life.
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