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Abstract: The gut microbiome performs many crucial functions for the human host, but the
molecular mechanisms by which host, microbe, and diet interact to mediate health and disease
are only starting to be revealed. Here, we review the literature on how changes in the diet
affect the microbiome. A number of studies have shown that within a geographic region, dif-
ferent diets (such as vegan vs omnivore) are associated with differences in a modest number
of taxa, but do not reliably produce radical differences within the gut microbial community.
In contrast, studies that look across continents consistently find profoundly different microbial
communities between Westernized and traditional populations, although it remains unclear
to what extent diet or other differences in lifestyle drive these distinct microbial community
structures. Furthermore, studies that place subjects on controlled short-term experimental diets
have found the resulting alterations to the gut microbial community to generally be small in
scope, with changes that do not overcome initial individual differences in microbial commu-
nity structure. These results emphasize that the human gut microbial community is relatively
stable over time. In contrast, short-term changes in diet can cause large changes in metabolite
profiles, including metabolites processed by the gut microbial community. These results suggest
that commensal gut microbes have a great deal of genetic plasticity and can activate different
metabolic pathways independent of changes to microbial community composition. Thus, future
studies of how the diet impacts host health via the microbiome may wish to focus on functional
assays such as transcriptomics and metabolomics, in addition to 16S rRNA and whole-genome
metagenome shotgun analyses of DNA. Taken together, the literature is most consistent with
a model in which the composition of the adult gut microbial community undergoes modest
compositional changes in response to altered diet but can nonetheless respond very rapidly to
dietary changes via up- or downregulation of metabolic pathways that can have profound and
immediate consequences for host health.
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Introduction

There is a growing body of evidence that the human microbiome, defined as the set
of microorganisms that live on or in a person, is critically important to health. The
human microbiome is extremely complex, with an estimated 10 microbial cells to
every human cell in the body.' These microorganisms encode 100 times the diversity
of a single human genome, and, as a result, provide many crucial functions for their
host.2 The microbiota has been shown to play a role in immune development and

modulation,**¢ defense against pathogens,” "

and food degradation.'
The key role our gut bacteria play in our nutrition has been particularly well studied.

Bacteria help to break down and utilize nutrients our bodies would not otherwise be
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able to process.'* Among other critical functions, they assist
with foraging nutrients,'* synthesizing vitamins,'>!¢ ferment-
ing carbohydrates to generate short-chain fatty acids,! bile
acid metabolism,'® and regulating energy extraction and
storage.'*! Studies are now beginning to look in the other
direction, at how diet and nutrition affect our bacteria and our
health, and at whether dietary effects on health are mediated
by the microbiome.

Dysbiosis of the gut microbiome has been linked with
several metabolic diseases including diabetes,?? colorectal
cancer,”2 colorectal adenomas,?® inflammatory bowel
disease,”? and obesity.’**32 When populations shift to a
Westernized diet, the prevalence of these diseases markedly
increases.’** However, it is unclear whether the microbial
dysbiosis that may be associated with these diseases is a direct
cause of disease or is simply part of the body’s response to the
disease. Part of the recent intense interest in the microbiome
arises from the intriguing possibility that modulation of the
bacterial community might alleviate disease risk associated
with a Western diet or even reverse symptoms after disease
onset.

The composition of the microbial community in each
adult reflects the history of exposure to microbes, diet, drugs,
and other environmental interactions. In the first few years
of life, the gut microbiome is less distinguished from other
microbes associated with the human host, but by age 23, the
infant gut is more similar to the adult gut with a composition
at the phyla level usually dominated by a mix of Bacteroi-
detes and Firmicutes.*® The human adult gut microbiome is
distinctively individual and distinctively stable. Numerous
16S studies, including the human microbiome project, have
noted a strong individual signature that is often largely stable
over time.3¢%

Given the role of bacteria in human health and metabo-
lism, and the potential to impact disease risk and progression
by changing the microbiome, it is intriguing to consider the
degree to which the adult human gut microbiota can be influ-
enced by changes in lifestyle and diet. In the popular scientific
literature, it is becoming an increasingly prevalent idea that
changes in the microbiome induced by improved lifestyle can
improve overall health. However, given the reported stability
of the gut microbiome over time, it is unclear to what extent
dietary manipulations can in fact alter the microbiome, how
long a new diet would need to be adhered to in order to
influence the microbiome, and whether such changes would
themselves be permanent if the new diet were abandoned.
Here we review the evidence in the literature describing how
diet can change the microbiome and how the microbiome

can at times display resilience in the face of dietary change.
We find that while short-term changes in diet are robustly
associated with changes in biomarkers of health outcomes
and metabolic profiles, there are only modest changes to
microbial community structure in response to diet change
as measured by 16S-based sequencing surveys. While adult
individuals with radically different lifestyles on different
continents harbor very distinct microbiota, and the overall
health benefits of improving diet are inarguable, it remains to
be established that changes in diet can radically restructure
the adult microbiota and that changes to microbial community
composition are the direct cause of improved health outcomes
from improved diet.

Evolution of the gut microbiome

in response to diet

Several studies have analyzed the influence of diet on the
microbiome in the context of evolution and development. Using
16S rRNA sequencing, Ley et al*® analyzed the fecal microbial
community of 106 individuals representing 60 species. They
found that community composition clustered both with phy-
logeny and host diet (carnivore, omnivore, or herbivore), with
herbivores having the most diversity and humans clustering
with other omnivores. This study suggests that the microbiome
has evolved with its host in response to host diet. In a follow-up
study analyzing shotgun sequences from 33 mammalian spe-
cies, Muegge et al* confirmed this finding and showed that the
microbiota adapts to diet across lineages. Thus, these papers
provide evidence that the gut microbial community structure
is associated with diet across phylogeny, suggesting a strong
interaction between what a host eats and its microbiome across
a wide evolutionary space.

Early effects of diet in infants

Given that the microbiome has evolved with its host in
response to diet, it is important to consider where the micro-
biome originates. Several studies have shown that the bacte-
rial colonization of a baby begins at birth. Furthermore, it
appears that there is a significant difference in the microbiota
when comparing breastfed and formula-fed babies (reviewed
by Collado et al*’). A more recent study followed infants from
birth to 12 months and showed progression of the microbiome
with time, starting with differences in community compo-
sition based on the mode of birth (C-section compared to
vaginally).* Not only was a difference in the microbiome
between breastfed and formula-fed babies observed, but also
the cessation of breastfeeding was shown to have the largest
effects on the microbiome, resulting in a community most
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similar to the mother. In fact, cessation of breastfeeding had
a larger effect than the introduction of solid food. It is unclear
what effects these differing communities may have later in
life, but it seems that the influences of diet begin early.

Effects of specific diets in animal

models

Animal models are a powerful tool to specifically look at the
effects of a particular diet, as it is possible to precisely con-
trol their food intake. Furthermore, using gnotobiotic mice,
it is possible to control the starting microbial community,
eliminating the variation seen between individual humans.
In fact, using gnotobiotic mice introduced to a 10-member
community of sequenced human gut bacteria and providing
a diet in which the amount of macronutrients (protein, fat,
polysaccharide, and simple sugar) were controlled, Faith
et al** were able to develop a linear model that could predict
how the microbiome would respond to changes in the diet.
This model predicted more than 60% of the species variation
between diets.

In addition, several studies have analyzed the effects of a
high-fat Western diet on the microbiota of mice. In a study
comparing mice on a low-fat diet to mice on a high-fat West-
ern diet, Turnbaugh et al* found the microbiome clustered by
diet. The Western diet was characterized by high abundance
of Firmicutes, which was dominated by a bloom of Mol-
licutes, and low abundance of Bacteroidetes. By reducing
either fat or carbohydrates in the Western diet, they found an
association between weight and the reduction of Mollicutes
abundance with an increase in Bacteroidetes. Additionally,
they found that fructose and mannose metabolism and phos-
photransferase systems increased with the Western diet while
cell motility decreased. Thus, in mice, the amount of fat in
the diet appears to affect the microbial composition.

These results were confirmed by Hildebrandt et al,*
who compared wild-type and RELMf knockout mice on
a high- or low-fat diet. Similar to Turnbaugh et al,* they
found that microbial composition clustered by genotype
and diet, and they observed that a high-fat diet results in
increased abundances of Firmicutes class Clostridiales and
Delta-Proteobacteria and decreased abundances of Bacte-
roidetes class Bacteroidales compared to a low-fat diet.
They also saw an increase in Mollicutes, but not the large
bloom identified by Turnbaugh et al.** Also similar to the
study by Turnbaugh et al,*® these results were confirmed
with whole-genome sequencing, which they also used to
find decreases in amino acid and carbohydrate metabolism
and increases in signal transduction and membrane transport

(particularly ABC transporters) upon switching to the high-
fat diet.** Furthermore, this increase in Firmicutes at the
expense of Bacteroidetes on a Western diet, and the increase
in transporters, was also found in gnotobiotic humanized
mice containing microbiota transplanted from human stool.*
Several other studies have since confirmed these findings.*4”
Interestingly, some Bacteroidetes transplanted from lean
humans into gnotobiotic mice appear to be able to invade
the microbiome of mice with a human obese community
composition, preventing weight gain.* This suggests a direct
and reversible correlation between Bacteroidetes and obesity.
However, the invasion and protection from increased body
mass was diet-dependent and only occurred on the low-fat
diet and not high-fat diet. One caveat to many of these stud-
ies is that they have not ruled out a caging effect, which can
result in strong confounding effects.* Nevertheless, these
studies provide compelling evidence that, at least in mice,
high levels of fat in the diet can affect microbial community
composition, particularly increased Firmicutes and decreased
Bacteroidetes, which in turn results in alterations in carbo-
hydrate metabolism and transport.

Similar studies have been performed analyzing the
effects of fiber on the murine microbiome. For example,
it appears that the additional fiber in the diet decreases
Firmicutes while increasing Bacteroidetes,*** opposite the
effects seen with fat. These effects are often tied to levels
of short-chain fatty acids, which play a role in protection
from pathogenic bacteria, provide energy to the host, and
protect against gut inflammation, cancer, and weight gain.>*
Other groups have shown similar effects in rats®>° and
pigs.®® Furthermore, these changes appear to be correlated
to changes in the metabolome.®! Given the beneficial effects
of dietary fiber compared to fat, and the fact that they have
opposing effects on the microbiome, decreasing the number
of Firmicutes compared to Bacteroidetes appears beneficial
to the host.

Effect of specific diets in human trials
Animal models provide valuable insights into the effects of
diet on the microbiome, but they cannot replace human stud-
ies. Several groups have studied dietary effects in humans,
often confirming the results of studies performed in other
mammals, although often the interindividual variation
between humans is stronger than the diet effect, unlike in
animal models, which have controlled environments with
low interindividual variation. One study focusing on 14 over-
weight men found no diet effect on the ratio of Firmicutes to
Bacteroidetes when using a diet containing resistant starch,
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nonstarch polysaccharides, or reduced carbohydrates,® in
contrast to the animal studies discussed above. However,
they did identify changes at lower taxonomic levels, such as
increased Eubacterium rectale and Ruminococcus bromii on
diets with resistant starch and decreased Collinsella aerofa-
ciens with the low-carbohydrate weight loss diet.*?> Although
the small sample size limits the interpretation of these find-
ings, they have been confirmed by other groups, which have
also observed a decrease in E. rectale, Bifidobacterium, and
Roseburia upon decreasing carbohydrate in the diet.®

Another aspect of the diet that has also been studied in
detail in both mice and humans is L-carnitine, which is pres-
ent in high abundance in red meat.® This study showed that
the amount of L-carnitine in the diet affects some members
of the microbiome and leads to increases in atherosclerosis
through trimethylamine-N-oxide synthesis. Intriguingly,
the long-term dietary habits of the subject affected trimeth-
ylamine-N-oxide synthesis, and the risk of cardiovascular
disease was affected by antibiotics and the composition of the
microbiome, suggesting a direct link between diet, microbial
composition, and disease.

Another study looked at the effects of a plant-based diet
compared to an animal-based diet and found changes in
B-diversity in the animal but not plant diet, with the animal
diet resulting in an increase in Bilophila and Bacteroidetes
(Alistipes and Bacteroides) and a decrease in Firmicutes
(Roseburia, Eubacterium rectale, and Ruminococcus
bromii).” There was also evidence of bacteria from food,
particularly cheese and cured meats, surviving the transit to
the gut, suggesting one possible mechanism for the observed
changes to the microbial community. As in other studies of
the response to the gut microbiota to a short-term change
in diet (discussed later), the differences in microbial com-
munity composition observed in response to diet change
were smaller than differences in microbial community
composition between subjects, and the individual signature
of the microbial community persisted longitudinally across
time despite the change in diet. In terms of gene expression,
subjects on the animal diet had higher levels of vitamin
biosynthesis, polycyclic aromatic hydrocarbon degradation,
and PB-lactamases. Importantly, these differences in gene
expression became established in response to the 5-day
experimental diet, suggesting a rapid response in the tran-
scriptome in response to dietary changes. Thus, in humans,
it appears that although diet affects the relative abundance
of'a few genera, overall these changes are small compared to
the variation between individuals, although changes in gene
expression occur rapidly.

A number of other studies have also reported rapid, mod-
est changes to the microbiome in response to a controlled
experimental diet. For example, Spencer et al’! found little
change in microbial composition when moving subjects from
their normal diet to a low-choline experimental diet, after a
small initial change in microbial community composition
observed in the first 24 hours. In a separate controlled feeding
experiment, Wu et al’? also observed rapid (24-hour) changes
in the gut microbiome, although again the modest short-
term changes that were observed were also not sufficient
to overcome intersubject variation. Additionally, Wu et al”
found very little difference in microbial composition when
comparing vegans to omnivores, despite pronounced differ-
ences in the plasma metabolome. In contrast to the Wu et al”
study, several other groups have identified differences in the
microbiome between vegans or vegetarians and omnivores,
although these differences have generally been modest with
only a few specific organisms identified as statistically differ-
ent between vegans and nonvegans.®’ Most of these studies
did not examine other factors, such as smoking, which are
also known to affect the microbiome, and which could also
cause some of the differences between studies. Nonetheless,
while it appears that very different diets may produce small
but consistent differences in the microbial community, the
literature is most consistent with the hypothesis that radi-
cally different diets do not radically restructure the microbial
community in adults in the same geographic region. Presum-
ably, therefore, other factors such as childhood exposure to
different microbes, childhood diets, exposure to antibiotics,
host genetics, disease history, exposure to different physical
environments, etc explain the distinct gut microbial com-
munity structures across different individuals.

Association between microbiome,
lifestyle, and diet

As societies become more developed and move away from
traditional lifestyles, many factors change, including the
diet and the microbiome of individuals within that society.
For better or worse, these changes become an intrinsic part
of that culture. In contrast to studies within a geographic
region, which tend to show only modest clustering of the
microbial community with diet, numerous studies have
shown that people on different continents with extremely
different lifestyles have distinct microbial communities.
For example, one study found significant differences in
the microbiome when comparing children 1-6 years of age
from either rural villages in Burkina Faso or from Flor-
ence, Italy.>* Children from Burkina Faso were enriched
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for Bacteroidetes at the expense of Firmicutes, and had
increased Prevotella and Xylanibacter but decreased
Enterobacteriaceae. Interestingly, the only samples that
did not cluster separately were the youngest children, who
were still breastfeeding. These samples were intermediate
between the others, suggesting that variation in diet after
weaning may be one of the biggest contributors driving
individual differences in the microbial community. This
overall change in the ratio of Firmicutes to Bacteroidetes
with Westernization is in line with the studies above that
found similar changes with high-fat diets.

In a later study, Yatsunenko et al** confirmed the finding
of differences between Western and African communities
when analyzing the microbiome of Americans, Amerindians
from Venezuela, and Malawians across a larger age range
(070 years). These differences were most pronounced when
comparing Americans to the other two groups, who have a
diet dominated by corn and cassava as opposed to the protein-
rich diet of Americans. Importantly, these changes were
seen even in children less than 3 years of age, emphasizing
how early these effects begin. The ability to differentiate the
microbiome of Western individuals and individuals from
other cultures has also been seen in other studies, and even
between different European countries.”>

A weakness of all association studies is that many other
factors besides diet, such as antibiotic exposure or exposure
to a rural compared to an urban environment, may explain
the differences observed in the microbiome between West-
ernized city dwellers and rural cohorts living traditional
lifestyles. In a recent experiment that directly addressed the
effects of short-term changes in diet, O’Keefe et al” utilized
a crossover design in which they fed African—Americans a
traditional African diet and rural Africans a Westernized diet.
Intriguingly, they found that biomarkers of colon cancer,
including proliferative rates as well as immunohistochemical
markers of inflammation, were substantially altered by this
2 week change of diet, with the Western diet increasing the
markers of risk and the traditional diet decreasing the mark-
ers of risk. O’Keefe et al” demonstrated that these changes
are mediated by the activity of the gut microbial community,
with the traditional diet promoting beneficial butyrogenesis
and the Western diet promoting harmful secondary bile
acids. However, despite these changes in host health with
diet exchange, most likely propagated via the microbial
community, O’Keefe et al” report that “the compositional
changes that were specifically associated to the diet switch
were minor”. This pattern is similar to the studies by Wu
etal’?and Spencer et al,” which also reported minor changes

to the microbial community on exposure to a new diet fol-
lowed by a period of stability.

Taken together, these studies suggest that once the
microbial community in adults is established, changes
in diet may not be enough to completely restructure the
microbial community. A natural question to ask is to what
overall degree the adult gut microbial community is stable.
Are there any changes to diet or lifestyle that can overcome
individual differences in the gut microbial community? Or,
by contrast, once the adult gut microbial community is set,
is it essentially impossible to change through dietary or
lifestyle modifications? One intriguing study suggests that
the microbial community in adults can in fact be changed
with a radical change in lifestyle with a time course on the
order of a year; Claesson et al*® analyzed the microbiota of
elderly (>65 year old) Irish individuals in different residence
settings. They found that subjects who were in long-term
care for over a year had a largely distinct microbial com-
munity from city residents. Intriguingly, subjects who had
been in the nursing home for 6 weeks had a microbial com-
munity intermediate between city residents and residents
of the nursing home who had been there for over a year.
While many other factors besides diet could explain these
temporal variances, these data are consistent with a model
in which lifestyle changes must be applied for a period of
around 1 year before the microbial community completely
responds. However, there is an urgent research need to sepa-
rate the effects of diet form other possible influences shaping
the microbial community over this time scale, although these
are difficult experiments to perform, as controlled dietary
studies that last a year are outside the budget of many stan-
dard grant applications.

Conclusion

It is clear that even short-term changes in diet can have
immediate and positive effects on host health. A Western-
ized diet, with its emphasis on simple sugars and animal
proteins and fats, is inarguably a risk factor for a number of
metabolic diseases. Even in a period of as little as 2 weeks,
switching from a Westernized diet to a traditional African diet
produced improvement in biomarkers of risk for colorectal
cancer.” Numerous studies have reported, however, that
short-term changes in diet, by and large, produce changes
in the gut microbiome that are modest when compared
to interindividual differences.®>’""”* Thus, although large
changes in response to diet are seen in the controlled setting
of animal models, which have little interindividual varia-
tion, these alterations in the microbiome are less distinct in
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humans undergoing short-term dietary changes. Although
longer term controlled diet studies are urgently needed, the
balance of evidence in the literature suggests that it may take
as long as a year for the gut microbiome to fully respond to
even radical changes in lifestyle.

One of the findings of the Human Microbiome Project was
that the gene profiles of microbes, derived from whole-genome
shotgun sequencing, are much more constant across subjects than
the taxonomic profiles derived from 16S rRNA sequencing.’’
This observation is consistent with results that were identi-
fied in the African and American diet crossover study, which
found substantial evidence for microbiome-mediated changes
to metabolites that were independent of large changes to gut
microbial community composition.” These data are consistent
with a model in which many different gut commensal bacteria
have the genetic potential to perform activities that are either
beneficial or harmful to the host. Under this model, the fuels
we provide to these organisms determine whether the “good”
or “bad” genetic potential of the microbiome is realized regard-
less of the taxonomic makeup of gut commensal organisms.
If this is true, research programs that emphasize RNA-seq
and microbial transcriptomics may be more informative than
experiments which emphasize 16S or whole-genome shotgun
sequencing in revealing how diet-microbial interactions
impact host health.

Urgent questions in need of further research include: 1)
Are the modest changes that occur within a day or two of
exposure to a new diet biologically important and do they
contribute to health effects in the host? 2) In a controlled
feeding experiment in which subjects were placed on identical
diets for a period of a year or more, would the microbiome
of these subjects converge, overwhelming initial individual
differences? Or do factors other than diet structure the
microbial community at this time scale? 3) Even if this
convergence occurred, would it be biologically significant in
providing beneficial effects to the host upon new exposure
to an improved diet? Answering these questions is especially
relevant as more people migrate and become introduced to
a Westernized lifestyle.

These questions are particularly of concern as companies
continue to advertise products meant to alter the microbiome,
such as prebiotics and probiotics. Probiotics are organisms
or substances that improve the microbial balance while pre-
biotics are substances that simulate the growth or activity of
bacteria already present.®!#? The effectiveness of probiotics
and prebiotics has been reviewed in detail elsewhere,*** and
is outside the scope of this paper. It seems clear, however, that
even if certain substances can affect the relative abundance of

specific organisms, the effects of such changes on host health
in general have not been established. If it turns out that the
activation of pathways within commensals matters more than
the identity of particular commensals, probiotics may have
limited effectiveness in impacting human health.

Ultimately, there are two models of how the microbiome
can impact host health and we have as yet insufficient data to
resolve these two models. In the first model there are “good
bacteria”, such as the microbes that exist in rural African com-
munities, and “bad bacteria” such as the microorganisms that
exist in a typical American. Under this model, replacing “bad
bacteria” with “good bacteria” would improve health even
without changes in diet. Under the second model, microorgan-
isms have the potential to be either “good” or “bad” and the
genes that are expressed by bacteria depend on the diet the host
consumes. Under this model, bacteria have the potential to be
friend or foe, and changing the microbial composition would
not have as large an impact on host health as long-term changes
in diet that alter microbial gene expression. These models are
not mutually exclusive, and it could also be possible that the
beneficial effects of altered diet results from changes in both
microbial community composition and gene expression.

While more research will be required to work out the
mechanisms by which host, diet, and microbes interact to
produce health phenotypes, it is clear that those wishing to
enjoy good health can make dietary choices limiting exposure
to meats, fats, and simple sugars. Whether this changes the
microbiome and therefore promotes health or just encour-
ages whatever microbiome we may have already acquired to
perform more beneficial functions, there is overwhelming
support for the hypothesis that good choices in controlling the
diet side of host-microbial interactions can make substantial
contributions in promoting host health.
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