





What’s Going On?

Many researchers are now
standing on the growing moun-
tain of data related to the mi-
crobiome’s components and
trying to devise methods for
mining and analyzing these
data. However, some research-
ers aim to move beyond exam-
ining the microbiome’s compo-
nents and toward studying the
microbiome as a whole. Boren-
stein’s group is one of those tak-
ing a systems-biology approach
to microbiome research and
analyzing the microbiome as
an ecosystem. “We are all cap-
tivated when we hear about an
explorer who is traveling to a remote location of the planet and
finding interesting and exciting ecosystems,” he says. “Now, we
are realizing that we have equally (if not more) amazing ecosys-
tems inside and on our bodies. There is something intriguing about
the concept of humans as walking, talking habitats for a complex
and diverse ecosystem that is actually affecting our health in many
different ways.”

Although scientists are still focused primarily on studying
and cataloging the many components of the microbiome, in-
cluding which species are there, which genes are expressed,
and which proteins and metabolites are present, Borenstein
contends that a glaring omission remains: a comprehensive
systems-level view of how all those different elements work to-
gether. “When you're studying a system, especially one as com-
plex as the human microbiome, the most challenging and excit-
ing thing to understand is how all those elements that you've
identified jointly work to create an emergent behavior observed
at the system level.”

Such a broad view is pivotal, especially if researchers hope
to exploit the microbiome for possible clinical applications, says
David Relman, Thomas C. and Joan M. Merigan Professor in the

FIGURE3 Rob Knight is cofounder of the American Gut Project, a
huge crowdsourced, citizen-science project whose aim is to dis-
cover the components of the microbiome, how they vary, and their
roles. (Photo courtesy of the University of California, San Diego.)
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FIGURE2 The American Gut Project encourages people to send
in microbiome samples for analysis. Here, a participant follows
the directions to swab her tongue, before sending in her sam-
ple. (Photo courtesy of the University of California, San Diego.)

Department of Medicine and
the Department of Microbiol-
ogy and Immunology at Stan-
ford University (Figure 5).
“We need a more integrative
understanding of how all of
these organisms work togeth-
er as a single unit, but I'm still
seeing resistance to the idea,
because a fair number of re-
searchers want to reduce these

communities to the sum of a
bunch of parts: growing each
of the individual members in
the laboratory, characterizing
them as individuals, and then
maybe reconstructing simple
communities using these cul-
tivated members. It tends to be a reductionist approach, and
that kind of approach will only get us so far.” Relman asserts
that a more progressive and productive path forward is one that
concentrates on understanding interactions and communities
as a whole.

Borenstein is tackling that challenge by trying to develop
computational models of the microbiome (Figure 6), which he
believes are essential if researchers hope to exploit the micro-
biome’s potential for clinical applications. He remarks, “If we
ever want to get to a point where we can truly design personal-
ized and tailored microbiome-based interventions, we need to
have a model of the microbiome that will allow us to generate
hypotheses as to what kind of interventions might work and to
rationally design specific compositions of species that might be
able to carry out some desired metabolic task or synthesize a
required vitamin.”

Specifically, Borenstein and his group aspire to model the
metabolism of the microbiome. “This is a process that we know
how to model well for a single species, but we need to move
forward and model a system with two species—or ten species or
1,000 species—as well as the interactions among these species
to capture the complexities of the microbiome. Hopetully, by do-
ing that, we will ultimately obtain a predictive, comprehensive,
system-level model of the microbiome, which will allow us then
to make accurate predictions about how the microbiome will
behave in different settings.”

Complementary to this model development, Borenstein'’s
group is also working on computational methods to integrate
different omics, such as those that measure metabolites and
gene-expression levels. “The idea is not just to identify statisti-
cal associations—for instance, finding that when the concen-
tration of a certain metabolite is high, the abundance of some
species is low,” Borenstein says. “Instead, it’s really about try-
ing to integrate such data using a mechanistic model that will
allow us to understand why this metabolite’s concentration is
high when this species” abundance is low, or more generally
how ecological shifts in the composition of species in the mi-
crobiome are translating into shifts in its metabolic capacity
and function.”



0.1

0.01
: O%1;83:llmumn.......‘,....|"||||||||||||||||||IIIIlIIIIIIIIIIIII|||||||||||||||||||||||||||m|mm|m

-

[T | —

1

0.1
4 0.01
] o%gg:“"lllllllllllllll e N ——,

1
0.1

: 0.001

... Actinobacter

1 1
milllllln..... inonfusmmsm... Tuellhus.

g
=
=
I}
s}
EX
5}
o
o
o

FIGURE4 Knight (in silhouette) points out some of the data on microbes gathered as part of the American Gut Project. (Photo courtesy

of the University of California, San Diego.)

Borenstein and his group have already gained some in-
sights. One study, published earlier this year [2], explored the
use of a series of simple models and a straightforward frame-
work to predict the concentration of metabolites, based on the
composition of species in the microbiome and on available
genomic data. He says, “We weren’t optimistic that it would
work, but it turns out that even if we apply this simple frame-
work, we are able to explain observed variation in a large num-
ber of metabolites across samples. That suggests that, in some
cases, there’s a strong enough signal to mechanistically under-
stand why a specific community produces a specific metabolite
and another community produces another.” Other recent work
introduced a new framework for characterizing strain-level ge-
netic variations in the microbiome and revealed extensive and
widespread differences in strains—in addition to differences in
microbial species—among individuals [3].

While Borenstein is happy to talk about his group’s successes,
he is the first to concede that modeling a system as complex as the
microbiome is complicated and rather daunting. “We know it’s
not something we'll fully accomplish in the next few years, but
we need to start building the infrastructure to do that [4]. Oth-
erwise we'll never get this done,”
he says. “That’s why we're trying to
come up with the building blocks,
technologies, and algorithms to
see what a model like this would
look like. We also know it would
likely not be one simple modeling
solution.” He anticipates a need to
integrate many different types of
techniques, data, and frameworks
to discern the different processes in
the microbiome and adds, “What
we're trying to do is to build those
steps toward a large-scale model.”

Relman'’s approach to the micro-
biome is one of temporal dynamics:
measuring microbial community
attributes, including functions, and
learning how these attributes are
preserved over time, especially in
the face of disturbance. The work

involves longitudinal studies of  CISAC/Stanford.)

FIGURE5 David Relman of Stanford University would
like to see more microbiome research that focuses

on understanding interactions and communities as a
whole. (Photo provided by David Relman, courtesy of

healthy subjects composed of three phases: 1) monitoring mi-
crobial communities at multiple sites around the body and over
a sufficient period of time in the absence of overt disturbance to
get a good picture of what the undisturbed state looks like, 2)
exposing the subject’s microbial communities to one of several
kinds of disturbances and assessing that impact on the micro-
biome, and 3) assessing the ability of the microbiome to recover
previous functions and seeking to understand the basis for resil-
ience [5], [6].

Such longitudinal studies have included antibiotics as a se-
lective chemical disturbance; a colonic cleanout (the procedure
done before a colonoscopy) as a flash-flood type of disturbance,
because it mechanically washes away microbes; and a drought-
like disturbance, in which subjects take a medication that makes
the mouth dry [7]. The first two disturbances are examined via
fecal analyses and the latter through samples taken from tooth
surfaces. Relman explains, “The idea is that for any one dis-
turbance, there might be specific kinds of rules that determine
whether a community will be stable or destabilized, but that
there also may be more general rules that apply to many differ-
ent kinds of disturbance.”

Relman’s group is gathering
data now and has formed some
impressions and hypotheses about
what happens to the microbiome
over time, but defining sets of rules
is still a way off. “I think there are
going to be several kinds of chal-
lenges,” he explains. “One is, of
course, to exploit these multiple
forms of data to the greatest degree
possible, because we're measur-
ing taxa, and also genes, genomes,
transcripts, proteins, and metabo-
lites. We want to be able to look at
many attributes of these communi-
ties in a thoughtful and holistic way
with respect to time. Meanwhile,
time-series analysis is a field of ana-
lytical theory and practice worthy
of attention unto itself.”

Another challenge is in the assess-
ment of microbial community-wide
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FIGURE6 Borenstein’s research group is developing computational models of the micro-
biome, which he believes are critical to the development of clinical applications. (Photo
courtesy of the Borenstein lab.)

functions. Relman suggests that the genomic and postgenomic
microbiota features most commonly measured are only surrogates
for function and “do not adequately reflect the synergistic activi-
ties of microbial community members, as well as their net effects
on their host.” A third challenge lies in the design of an effective
longitudinal study, according to Relman. “There are some major
issues surrounding selection of human subjects, collection of rel-
evant clinical, demographic, and environmental data about them,
and how to control for or even recognize some of the possible com-
pounding factors that might skew the data in one direction or an-
other without you even knowing it.”

For now, Relman is planning a careful examination of cer-
tain population subsets to help inform his study design.

How Do We Benefit?

Although understanding of the microbiome has grown enor-
mously over the past decade and continues to do so, the field is
nascent when it comes to exploiting the microbiome’s potential
for clinical applications. Even so, work is advancing on many
fronts, including that focusing on illnesses, notably inflam-
matory bowel diseases (see the article “Omics Tech, Gut-on-a-
Chip, and Bacterial Engineering” on page 9).

For Borenstein’s part, he doesn’t see a comprehensive com-
puter-modeling framework making its way into the clinical set-
ting over the next few years. “Having an off-the-shelf system
that takes information about a disease, host genetics, and the
composition of the microbiome and computationally suggests
beneficial microbiome changes will not be available for a while
yet. That said, it doesn't have to be all or nothing. There could
be partial solutions that may be able to accurately model specific
processes in specific diseases, and that could become available in
the shorter term.”
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Regardless of how it makes its
entrance, Borenstein predicts that
the microbiome will have a clear
influence in the clinic of the future.
“I do believe that the next couple
of decades will see dramatic chang-
es in the way that we think about
health and medicine, changes that
take into account the microbiome
and that promote therapies that we
never considered before, as well as
an understanding of human physi-
ology, nutrition, and disease that is
perhaps very different from our cur-
rent understanding.”

Relman is also confident that the
microbiome will be recognized as an
intimately interwoven factor in hu-
man health but asserts that it likely
will not be the sole explanatory fac-
tor for why one person is healthy
and another is sick, because other
fundamentally important forces are
also in play. He adds with a laugh,
“It’s a note of caution that we should
definitely get excited about the microbiome’s potential, but
not too excited.”

Leslie Mertz (Imertz@nasw.org) is a freelance science, medical, and
technical writer, author, and educator living in northern Michigan.
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