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Abstract

The human microbiome project (HMP) reflects the fact that we are supraorganisms composed of
human and microbial components. This international effort emanates from a confluence of
ongoing technical and computational advances in the genome sciences, an evolving focus of
microbiology on the properties and operations of microbial communities, and the notion that rapid,
and marked, transformations in human lifestyles are not only affecting the health of the biosphere,
but possibly our own health as a result of changes in our microbial ecology. HMP is designed to
understand the microbial components of our genetic and metabolic landscape, and how they
contribute to our normal physiology and disease predisposition. It is a global and interdisciplinary
project that promises to break down the artificial barriers between medical and environmental
microbiology. Here, we discuss some the challenges that HMP faces and options for addressing
them.

Introduction

Prior to completion of the human genome sequencing project, some predicted that we would
find ~100,000 genes. For many, feelings of surprise and perhaps humility were associated
with the announcement that our genome only contains ~20,000 protein-coding genes, a
number not greatly different from that of the fruit fly. However, by expanding our view of
ourselves, we can see that the number 100,000 is likely an underestimate. The microbes that
live inside and on us (the microbiota) outnumber our somatic and germ cells by an estimated
10-fold. The collective genomes of our microbial symbionts (the microbiome) provide us
with traits we have not had to evolve on our own?. If we consider ourselves to be a
composite of microbial and human species, our genetic landscape a summation of the genes
embedded in our human genome and microbiome, and our metabolic features a coalescence
of human and microbial traits, the self-portrait that emerges is one of a ‘human
supraorganism’. Thus, understanding the range of human genetic and physiologic diversity
means that we must characterize our microbiome and the factors that influence the
distribution and evolution of our microbial partners. The outcome may provide an additional
perspective about contemporary human evolution, as we assess whether and how our rapidly
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advancing technology, with its transformative changes in our lifestyles and biosphere, is
influencing our ‘micro’-evolution, and thus our health and predisposition to diseases.

The human microbiome project (HMP) is an imposing yet logical conceptual and
experimental extension of the human genome project. HMP is not a single project, but rather
a summation of multiple projects that are now being launched, concurrently, in multiple
areas of the world, including the USA (as part of the next phase of NIH’s Roadmap
Initiative), the European Union, and Asia. It is a manifestation of a thematic expansion in
microbiology. Newly introduced, highly parallel DNA sequencers and mass spectrometers
are propelling microbiology into a new era where it extends its focus from the properties of
single types of organisms in isolation to the operations of entire communities. The new field
of metagenomics embraces genome-anchored characterizations of these communities?.

HMP will address some of the most inspiring, vexing and fundamental questions in 21st-
century science. Importantly, it promises to break down the artificial barriers between
medical and environmental microbiology. The hope is that in addition to providing new
ways for defining health and disease predilection (Box 1), HMP will provide us with the
parameters needed to design, implement and monitor strategies for intentionally
manipulating our microbiota so as to optimize its performance in the context of an
individual’s physiology. This article provides a context for HMP, and discusses some of the
conceptual and experimental challenges that it faces, as well as the rewards it promises. We
focus on the gut to illustrate a number of our points, since this body habitat harbors the
largest collection of our microbial partners.

Ecology and considerations of scale

One anticipated outcome of HMP is that it will inform us about whether principles of
ecology, gleaned from studies of the macroscopic world, apply to the microscopic world we
harbor. To a significant degree, questions about the human microbiome are new only in
terms of the system to which they apply: similar questions have inspired and confounded
ecologists working on macro-scale ecosystems for decades. How stable and resilient is a
microbiota over the course of a day within one individual, and during the course of his or
her lifespan? How similar are the microbiomes between members of a family, a human
community, and between communities living in different environments? Do all humans
share an identifiable ‘core’ microbiome, and if so, how is it acquired and transmitted? What
affects the genetic diversity of the microbiome (Figure 1), and how does this diversity
impact microbial and host adaptations to markedly different lifestyles, and to various
physiological or pathophysiological states?

Temporal and spatial scales need to be considered when sampling the microbiota. For
example, our surface microbial communities have a complex biogeography that can be
defined over a dynamic range of distances: at the micron scale (the distribution of microbes
on undigested food particles in the distal gut, or across a mucosal barrier); at the centimeter
scale (the distribution of communities around different teeth); and over a distance of meters
(the cephalocaudal axis of a gut).

Scale has an additional meaning; the concept of a core microbiome represents whatever may
be common among the microbiomes of all humans. These commonalities may not manifest
as sets of genes or sets of organisms, but rather as functional relationships between the
microbiome and the host. There are currently 6.7 billion humans living on Earth. Due to a
variety of constraints, we will have to characterize our microbiome(s) by comparing limited
types of data collected from a limited set of individuals. If human body habitats, such as the
gut, are viewed as islands in space and time, then island biogeography theory, developed
from studies of macro-ecosystems3, may be useful for understanding the observed microbial
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diversity. This theory posits that community composition can depend strongly on the order
in which species initially enter a community (a phenomenon known as multiple stable
states*). The importance of the initial inoculating microbial community on later community
composition has been demonstrated in animal models. For example, in the mouse gut
microbiota, the effects of maternal transmission (kinship) are manifest over several
generations in animals belonging to the same inbred strain®. Similarly, reciprocal microbiota
transplantation experiments, involving conventionally-raised mouse or zebrafish donors and
germ-free mouse and zebrafish recipients, demonstrate that legacy effects (the microbial
community available to colonize the gut at the time of birth), together with features of the
gut habitat itself, conspire to select a microbiota®. We can start by characterizing a few
specific islands (humans) in-depth, or we can perform the equivalent of a biogeography
experiment in which we perform coarse-grained analysis of a larger number of humans,
selected based on demographic, geographical, or epidemiological factors, to infer general
trends. These strategies are complementary to one another, and as noted below, both will be
needed to fully understand the human microbiome.

What we know about the human microbiome at the present time?

High levels of inter-personal variability in bacterial lineages present

The decreasing cost and increasing speed of DNA sequencing, coupled with advances in the
computational approaches used to analyze complex datasets’11, have prompted a number of
groups to embark on bacterial 16S rRNA gene sequence-based surveys of microbial
communities that reside on our skin, and in our mouth, esophagus, stomach, colon, and
vagina (see refs 12-17 plus other reports in this /nsights). The largest reported datasets come
from the gut, although the number of humans sampled using these culture-independent
surveys is still very limited. The vast majority of the 10-100 trillion microbes in the human
gastrointestinal tract live in the colon. More than 90% of all bacterial phylogenetic types
(phylotypes) belong to just two of the 70 known divisions (phyla) in the domain Bacteria:
the Bacteroidetes and the Firmicutes. Within the colon, differences between individuals are
greater than differences between different colonic sampling sites'®. Moreover, feces are
representative of interpersonal differences®. A recent study of 18,348 fecal 16S rRNA gene
sequences collected from 14 unrelated adults over the course of a year demonstrated a high
level of ‘between-individual® differences in microbial community structure and established
that community membership in each host was generally stable during this time interval®6.
How is such high inter-personal diversity sustained? 16S rRNA-based observations about
diversity in the human gut microbiota may fit with predictions from the neutral theory of
community assembly, which states that most species will share the same general niche, or
the biggest niche, and thus are likely to be functionally redundant!8. Neutral community
assembly predicts highly variable communities as defined by 16S rRNA lineages, but high
levels of functional redundancy between community members and assemblages.

Ecosystem-level functions revealed by metagenomic studies of the microbiome

The first reported application of metagenomic techniques to a human microbiome involved
two unrelated healthy adults. Compared to all previously sequenced microbial genomes and
the human genome, metabolic reconstructions of their gut (fecal) microbiomes revealed
statistically significant enrichment for genes involved in (i) the metabolism of glycans,
amino acids, and xenobiotics, (ii) methanogenesis, and (iii) 2-methyl-D-erythritol 4-
phosphate pathway-mediated biosynthesis of vitamins and isoprenoids?.

The ability of comparative metagenomics to reveal functional attributes of a microbiome is
further underscored by a recent study, which showed that a host phenotype (obesity) can be
correlated with the degree of representation of microbial genes involved in certain metabolic
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pathways!®. Community DNA was isolated from the distal gut contents of genetically obese
(obl ob) mice and their lean (+/+ or ob/+) littermates and analyzed with a traditional capillary
sequencer, and with a representative of the new generation of highly parallel instruments. /n
silico metabolic reconstructions, based on microbial community gene content, indicated that
the obesity-associated gut microbiome has an increased capacity to harvest energy from the
diet; the ob/ob microbiome was enriched for genes involved in importing and metabolizing
otherwise indigestible dietary polysaccharides to short chain fatty acids, which are absorbed
by the host and stored as more complex lipids in adipose tissue. Biochemical analyses
supported these predictions. Moreover, when adult germ-free wild-type mice were colonized
with a microbiota harvested from obese (ob/ob) or lean (+/+) donors, adiposity in recipients
of the obese microbiota increased to a significantly greater degree than in recipients of a lean
microbiota, supporting the conclusion that the obese gut microbiota has an increased (and
transmissible) capacity to promote fat depositionl®. This marriage of comparative
metagenomics and gnotobiotic animal models illustrates one way to proceed from in silico
predictions to experimental tests of whole community microbiome function.

Metagenomic datasets from very different microbial ecosystems can also be compared to
reveal the traits that are important to each20. Figure 2 compares the two human and five
mouse capillary sequencer-derived gut microbiome datasets described above with datasets
obtained from three environmental communities: one from decaying whale carcasses located
at the bottom of the ocean (three whale falls), another from an agricultural soil community,
and another from a survey of the Sargasso Sea?%-21, Unidirectional (forward) DNA
sequencing reads were culled from each dataset and matched to annotated genes represented
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database?2. The gut
microbiomes cluster together and are enriched for predicted genes assigned to KEGG
categories and pathways for carbohydrate and glycan metabolism (Figure 2A,B). Given the
currently limited sequencing coverage and number of individuals sampled, deeper
sequencing of additional human gut microbiomes will be necessary to determine if these
features are common traits of the human microbiome (see discussion of sampling issues
below).

Moving forward: some of the things that HMP will need

Additional reference genomes

Metagenomic analyses of complex microbial communities are currently limited by the
availability of suitable reference genomes for confident assignment of short sequences
generated by the current generation of highly parallel DNA sequencers, and by knowledge
of the professions (niches) of their component organismal lineages. An ongoing project to
sequence the genomes of 100 cultured representatives of the phylogenetic diversity in the
human gut microbiota23 illustrates how reference genomes will help interpret metagenomic
studies. Capillary sequencing reads from the human and mouse gut microbiome datasets
described above were anchored to previously published microbial and eukaryotic genomes
(KEGG database version 40; ref. 22) and seventeen recently sequenced human gut bacterial
genomes belonging to the Bacteroidetes, Firmicutes and Actinobacteria (BLASTX
homology, e-value<107®). These analyses revealed that the quality, and percentage of
metagenomic read assignments increases significantly with the addition of each individual
gut genome.

Additional reference genome sequences, including multiple isolates of selected species-level
phylotypes, should also help answer questions regarding genetic variation within and
between the major phylogenetic lineages in a given habitat such as the gut. For example,
comparisons of multiple members of the Firmicutes and Bacteroidetes should provide
insights as to the extent of genetic redundancy and/or specialization between these two
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divisions. Given the extraordinary density of colonization in the distal gut (10111012
organisms/ml of luminal content), these additional genomes also provide an opportunity to
determine more accurately the role of lateral gene transfer in the evolution of gut microbes
within and between hosts?4, and the extent to which the gene content of these organisms
reflects their phylogenetic history.

Developing new methods for retrieving previously unculturable organisms will be critical
for obtaining reference genome sequences. Recently, fluorescence in sifu hybridization with
phylogenetic markers, flow cytometry, whole-genome amplification, and shotgun-
sequencing have been used to obtain a partial genome assembly for a member of the TM7
phylum, providing a first look at a group of organisms with no currently available cultured
representatives?®, Additionally, methods such as gel microdroplet technology aim to allow
high-throughput culture of microorganisms in a simulated natural environment26,

Linking short gene fragments to organisms

Another major challenge is to link genes to organisms, or at least to broader taxonomic
classifications, because metagenomic datasets consist of largely unassembled sequence data.
Several approaches currently exist?’~29, but no tools have been developed for the automated
analysis of large datasets containing mostly short sequence reads without relying on
phylogenetic marker genes. Thus, an accurate and scalable way to perform phylogenetic
classification on vast numbers of short reads is essential.

The two general marker-independent approaches to phylogenetic assignment are to use
Markov models based on the frequency of short nucleotide sequences, or ‘words’, in the
reads, and to use homology searching to place each fragment in the context of a
phylogenetic tree. The former approach is likely to be relatively insensitive, especially for
short sequences and for sequences from heterogeneous genomes, because of statistical
sampling issues. The latter approach is expected to be more accurate, and provides the
additional advantage of placing each sequence within the context of a multiple alignment
and a phylogenetic tree for downstream studies. However, sequences without identifiable
homologs cannot be analyzed in this way. Some combination of these two general strategies
will likely provide the best approach for understanding the functions present in each
metagenome. The key issues are to (i) understand how accurate the phylogenetic
classification obtained from each method can be, especially in the face of lateral gene
transfer, (ii) find better, faster, and more scalable heuristics for generating huge phylogenetic
trees containing millions of sequences, and (iii) identify the best way of accounting for the
influence of both the genome and the function of each protein on the overall composition of
each sequence. In particular, heterogeneous rates of evolution in different protein families
pose substantial problems for search-based methods: significant similarities at the primary
sequence level may not persist over time and the structures of the proteins are typically
unknown, thus preventing the use of structure-based alignment techniques.

Towards a global comparison of human microbial communities

Understandably, there will be great pressure at early stages of the HMP to focus on disease
states. However, time, resources, and discipline are needed to define ‘normal’ before we can
determine the impact of the microbiota on disease predisposition and pathogenesis.

Several issues need to be considered when designing ways to generate an initial set of
reference microbiomes from healthy individuals: (i) the degree of genetic relatedness among
those that are being sampled (e.g. should the initial focus be on mono-and dizygotic twins-
pairs and their mothers?); (ii) place in family structure; (iii) age; (iv) demographics (e.g.
rural versus urban); (v) ethical, legal and logistical barriers that need to be overcome in
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order to obtain, without exploitation, samples (and metadata) from subjects living in very
diverse cultural and socio-economic contexts; (vi) the types of comparisons that are needed
[within sample (alpha) diversity; between sample (beta) diversity; between-habitat
comparisons within a given individual (e.g., skin, nasal passage, mouth, hypopharynx,
intestine, urogenital tract), and between habitat comparisons among family members]; plus
(vii) the protocols that could or should be used for sampling surface-associated microbial
communities (a major unresolved technical issue is how to reproducibly retrieve sufficient
and representative quantities of microbes, largely free of human cells, from a body surface
such as the skin for metagenomic analysis, and over what temporal and spatial scales this
sampling should occur).

As is the case throughout ecology, we must choose between extensive sampling of a small
number of sites (individual people/body habitats), and the broad sampling that will allow us
to uncover general principles that govern community structure and function. Deep sampling
of body habitats from a few individuals is needed to estimate the distribution of species and
gene abundances: these estimates, in turn, will allow modeling of the results of different
trade-offs between deeper sampling of fewer individuals and shallower sampling of more
individuals. Unlike the situation with the HapMap30, we have no baseline expectation of the
amount of diversity in different communities, and the development of careful sampling
models will be essential for optimizing use of resources. Also, given the rapid pace of
development of new and more massively parallel sequencing technologies, systematic
testing will be required to identify ways for maximizing sequencing coverage at affordable
cost, while maintaining the ability to analyze and assemble genome fragments.

Ultimately, we will need to connect differences in communities to differences in metabolic
function and/or disease. Thus, another key challenge in the HMP is to define the concept
of distance’ between communities, and relate these distances to host biology and a variety
of meta-data. UniFracl1:31:32 and other phylogenetic techniques provide an answer to this
problem for 16S rRNA gene datasets, and may be extensible to metagenomic data. With
distances defined, statistical techniques will have to be developed and refined to integrate
multivariate datasets into a unified framework that allows us to identify components of the
microbiome that could impact human health and disease.

HMP will also require us to move beyond comparative genomics to an integrated ‘systems
metagenomics’ approach that accounts for microbial community structure (the
‘microbiota’), gene content (the ‘microbiome”), gene expression (the ‘meta-transcriptome’
and ‘meta-proteome’), and metabolism (the ‘meta-metabolome”). Some progress has been
made in generating ‘functional gene arrays’ with the goal of interrogating microbiomes for
the relative abundance of specific genes or transcripts33-3%, More work is needed to improve
array sensitivity, and to apply these approaches to complex communities such as the human
microbiome. cDNA library construction and sequencing present an alternative approach, and
have already been applied to microbial and eukaryotic mMRNA from environmental
samples36:37. However, high-throughput methods for eliminating highly abundant transcripts
(e.g. rRNAS) are needed. Proteomic tools are available for analyzing complex samples [e.g.
Elucidator (Rosetta) and SEQUEST]. Comprehensive microbial protein sequence databases
are undergoing continuous development (e.g. NCBI Protein Clusters). In addition, custom
databases can be created from metagenomic datasets, and used to interpret mass
spectrometry datasets38. Given the limited knowledge about the biotransformations that
human microbial communities support, ‘meta-metabolomics’ will likely prove to be very
challenging. Despite highly accurate instrumentation (e.g., Fourier transform ion cyclotron
resonance mass spectrometers have a mass accuracy of <1-10 ppm), tools and databases for
metabolite identification need to be developed. This situation should be helped by efforts
currently underway to catalog all human-associated metabolites, and generate a searchable
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database3?. Together, these complementary measurements will allow a far richer
characterization of human microbial communities, and will allow us to identify the variation
that is typical of a healthy state so that we can then search for deviations associated with
disease.

Data deposition and distribution

The vast amounts of information that will emanate from an international HMP, together with
the avalanche of data from metagenomic surveys of the environment, necessitates new
procedures and expanded capabilities for depositing, storing, and mining different types of
data. Goals include, but are not limited to: a minimal set of standards for annotation; a
flexible, simple and open format for depositing meta-data (taking a lesson from clinical
studies because the important relevant parameters are presently unknown); widely useful
and efficient analysis tools for the general user (including tools for meta-analyses of varied
types of data); and the development of an adequate cyber-infrastructure to support the
computing needs of the broad community.

Model systems

Although HMP is by definition human-focused, model organisms and other experimental
systems are needed to define how communities operate and interact with their hosts, to
characterize the determinants of their robustness and to identify biomarkers of community
composition/performance. Gnotobiotic animals, both wild-type and genetically engineered,
colonized at various stages of their life cycles with intentionally designed simplified
communities composed of a few sequenced members, or with more complex enumerated
communities, should be very useful. /n vitro models, including micro-fluidic-based
techniques for single cell sorting and measurements, should be informative for defining the
biological properties of microorganisms and the consequences of microbial-microbial
interactions.

A scenario for staging the HMP

Based on these considerations, Table 1 outlines one potential scenario for staging HMP. The
search for data will be global in many senses of the word: it embraces the planet and its
(human) inhabitants; it requires the participation of individuals from the clinical, biological
and physical-engineering sciences with expertise in disciplines ranging from mathematics, to
statistics, computer science, computational biology, microbiology, ecology, evolutionary
biology, comparative genomics and genetics, environmental and chemical engineering,
chemistry and biochemistry, human systems physiology, anthropology, sociology, and law/
ethics, among others; it mandates coordination among scientists, governments, and funding
agencies; and it represents one element of a world-wide effort to document, understand and
respond to the consequences of our human activities - not only as they relate to our own
health but to the sustainability of our biosphere. We hope that just as microbial observatories
have been established to monitor world-wide changes in terrestrial and oceanic ecosystems,
an early manifestation of HMP will be to establish ‘human observatories’ to monitor our
microbial ecology in different settings.

Many outcomes of HMP can be envisioned, ranging from new diagnostic biomarkers of
health, to a 21st century pharmacopeia that includes members of our microbiota and the
chemical messengers they produce, to enzymes manufactured by our microbiota that are
able to process substrates in ways that have important industrial applications. We anticipate
that one important outcome will be a deeper understanding of the nutritional needs of
humans, and the generation of viable options for matching changes in our agricultural
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practices and food supply, mandated by changes in climate and economic growth, with an
understanding of our microbial ecology.
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Box 1

A few examples of functional contributions of the gut microbiota, based on
studies of gnotobiotic animals, and their implications for human health

Harvest of otherwiseinaccessible nutrients/energy from the diet; synthesis
of vitaminsl-19:42-4444

Implications: The nutrient/energetic value of food is not an absolute term but
rather one that is influenced in part by the digestive capacity of the consumer’s
microbiota. This has implications for identifying individuals at risk for
malnourished states and obesity, and treating them based on more personalized
view of nutrition that considers host microbial ecology.

Xenobiotic metabolism and other ‘metabotypes

Implications: The microbiota is a largely under-explored regulator of drug
metabolism/bioavailability. Bioremediation functions carried out by the
microbiota, such as detoxification of ingested carcinogens, may affect
susceptibility to various neoplasms within and outside of the gut. Oxalate
metabolism by the microbiota has been linked to predisposition to
nephrolithiasis (renal stones; ref. 45). Microbial modification of bile acids
affects host lipid metabolism*4. Metabotypes (metabolic phenotypes) ascribable
to the microbiota should expand our repertoire of personalized biomarkers of
health and disease susceptibility.

Gut epithelial cell renewal (slower in germ-free animals) | mplications: This
phenotype is influenced in part by microbiota-immune cell interactions, and
could have a range of effects ranging from susceptibility to neoplasia“® to the
capacity to repair a damaged mucosal barrier*’. Comparisons of microbial
communities physically associated with neoplasms with those having varying
degrees of remoteness from the tumors, may provide new mechanistic insights
about pathogenesis, including adaptive microbial and host responses.

Maturation and activity of the innate®® and adaptive*® immune systems
Implications: Impacts disorders that are manifest within and outside of the gut:
e.g., (i) inflammatory bowel diseases, where a there is an apparent dysregulated
immune response to the gut microbial community (genome wide association
studies of patients with Crohn’s disease have identified a number of human
genes involved in both innate and adaptive immunity; ref. 50): (ii) the capacity
of the microbiota to influence host expression of antimicrobial compounds
produced by components of the innate immune system influences susceptibility
to colonization by enteropathogens*®:51: and (iii) correlations have been
demonstrated between the incidence of asthma, exposure to bacteria®2, and
treatment with broad-spectrum antibiotics during early childhood®3

Cardiac size (smaller asa fraction of body weight in germ-free animals; ref.
54) Implications: The mechanism underlying this phenotype has yet to be
defined but the phenomena emphasizes the importance of expanding studies of
how much of our physiology is modulated by our microbiomes.

Behavior (germ-free mice have greater locomotor activity than their
colonized counter parts; ref. 43)

Implications: Has the microbiota evolved ways to benefit itself and its host by
influencing human behavior? Is altered production of neuroactive compounds,
either directly by the microbiota, or through its modulation of host genes
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community
members
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Figure 1. The concept of a core human microbiome

The core (orange) is viewed as a set of shared genes found in a given habitat (e.g. gut,
mouth, skin) in all humans. The core is surrounded by a set of variably represented genes
(blue): this variation could be influenced by a combination of factors (arrows) including
transient populations of microbes that are not able to persistently colonize (allochthonous
organisms), lifestyle (including diet), various environmental exposures (place of residency
or work), host genotype, host physiologic status including the properties of the innate and
adaptive immune system, and disease. The hazy line surrounding the core indicates the
possibility that over the course of human ‘micro-evolution’ new genes may be added to the
core microbiome while others may be lost.
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Figure 2. Functional comparisons of the gut microbiome ver sus other sequenced
micr obiomes}19-21

(A) Rélative abundance of predicted genes assigned to KEGG categoriesfor
metabolism. Analyses were performed on the combined mouse gut dataset (n=5 animals),
both human gut datasets, and three ‘environmental’ datasets: the combined Whale fall
dataset (n=3 samples), agricultural soil, and the combined Sargasso Sea dataset (n=7
samples). Forward sequencing reads were culled from each dataset and mapped onto
reference microbial and eukaryotic genomes from the KEGG database?? (version 40;
BLASTX best-blast-hit e-value<107°). Asterisks indicate categories that are significantly
enriched or depleted in the combined gut dataset versus the combined environmental dataset
(the distribution of ~15,000 KEGG pathway assignments across each of the six datasets was
used to construct two combined datasets of ~45,000 KEGG pathway assignments each; X2
test using the Bonferroni correction for multiple hypotheses, p<10™4). (B) Hierarchical
clustering based on the relative abundance of predicted proteinsassigned to KEGG
pathwaysreveals specific differences between gut (green) and environmental (red)
microbiomes. The relative abundance of pathways that exceeded a threshold of >0.6%
(assignments to a given pathway divided by assignments to all pathways) in at least two
environments was transformed into a z-score (yellow=enrichment; blue=depletion), and
clustered by environments and pathways?? using a Euclidean distance metric (Cluster 3.040).

Nature. Author manuscript; available in PMC 2013 July 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Turnbaugh et al.

Page 15

The results were visualized in Treeview*!. Environmental clustering was consistent using
multiple distance metrics, including Pearson Correlation (centered/uncentered), Spearman
Rank Correlation, Kendall’s tau, and City-block distance. The twelve most discriminating
KEGG pathways are listed (based on the ratio of average gut relative abudance versus
average environmental relative abundance). Metabolic pathway names are colored based on
KEGG category [pathways not colored include sporulation (cell growth/death) and
phosphotranferase system (membrane transport)]. The gut microbiome is enriched for
pathways involved in importing and degrading polysaccharides and simple sugars (‘starch/
sucrose metabolism’, ‘galactose metabolism’, ‘N-glycan degradation’, and
‘phosphotransferase system’). The gut microbiome is also enriched for genes involved in
‘sporulation’, reflecting the high relative abundance of Gram-positive Firmicutes.
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Table 1

A Scenario for Staging the Human Microbiome Project

Tier 1- Initial data acquisition and analysis

[Pillar 1] - Deep draft assemblies of reference genomes.

Select cultured representatives of divisions in a given habitat from ‘comprehensive’ 16S rRNA-based surveys

Create publicly-accessible database of ‘human-associated 16S rRNA phylotypes’ (‘VIRTUAL MICROBIAL BODY”) to facilitate
selection by allowing comparisons within and between body habitats, within and between individuals, from different studies;
develop faster and better alignment algorithms for building phylogenetic trees

Obtain phylotypes of interest from existing culture collections (public and ‘private’ with consent to deposit sequence data in public
domain)

Improve technology for culturing previously unculturable organisms

Select subset of “species’ for pan-genome analysis (characterize multiple isolates of a species-level phylotype); develop better
methods for detecting LGT

Insure dataflow to, and data capture by the protein structure initiative

Deposit sequenced isolates together with information about habitat of origin, conditions for growth, phenotypes, in public culture
repository capable of maintaining and distributing material

[Pillar 2] - Reference microbiome datasets

Focus on mono- and di-zygotic twin-pairs, and their mothers
Define benefits/drawbacks of different DNA sequencing platforms
Preliminary characterization of within sample (alpha) diversity and between sample (beta) diversity

Ensure availability of user-friendly public databases containing deposited biomedical and environmental metagenomic datasets
together with sample meta-data

Develop and optimize tools for comparing 16S rRNA and community metagenomic datasets to one another (distance metrics):
feedback to pipeline selecting and characterizing cultured/retrieved representatives of habitat-associated communities

Establish specimen and data archives with distribution capabilities
Generate large insert microbiome libraries for present and future functional metagenomic screens

Coordinate with environmental metagenomics initiatives, so that resource/tool developmental efforts can be reinforced and shared

[Pillar 3] - Shallower 16S rRNA and community metagenomic datasets from moderate number of samples

Expand family sampling (e.g., fathers, siblings, children of twins); expand age range; explore demographic, socio-economic/cultural
variables

Establish global sample collection network: include countries undergoing rapid transformation of social structures, technology,
lifestyles

Computational tools and metrics for comparing these diverse multivariate datasets

Tools for transcriptome, proteome and metabolome analyses using biospecimens employed for DNA-level characterization; tools
for higher throughput analyses

Experimental models for identifying principles that govern the assembly and robustness of microbial communities

Tier 2- Choice of individualsthat represent different clustersfor additional deep sequencing

Estimate of sampling depth and number of individuals needed to characterize “full” human microbiome; the granularity of the
characterization needs to match the data

Search for relatives of human-associated microbial species and gene lineages in other mammalian communities and the
environment, for additional genome sequencing (defining niches; feedback to Tier 1)

Tier 3 - Global human microbiome diversity project

Shallow sequencing of a large (to be defined) sample of geographically, demographically, and culturally diverse individuals
Choice of individuals with different clinical ‘parameters’ for association studies and biomarker panning

Large-scale sequencing of reservoirs of microbes and genes (e.g., soils and water sources) to relate the fluxes of energy, materials,
genes, and microbial lineages into the human microbiome (microbial observatories and human observatories)
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Outreach: applications (e.g., diagnostic, therapeutic, global food chain); education (public, governments, present and future workers
for the field)
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