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2008) and can be expanded to be of use for nutritional
and pharmaceutical interventions as well as to discrimi-
nate between health and disease state of the intestinal
tract.

Given the abundance and vast coding capacity of the
intestinal microbiome, it will be of great interest to follow
the developments in the International Human Microbiome
Consortium and see whether it can serve as a model for
other ecosystems where next-generation sequence tech-
nology is applied to expose the coding capacity and func-
tion of the microbial world on our planet.
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Predictive microbial ecology
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Microbial ecology is a science that studies the relation-
ships between microorganisms and their biotic and abiotic
environments. The ultimate goal of microbial ecology is to
predict who is where with whom doing what, why and
when. To achieve this predictive goal, computational mod-
elling and simulation of microbial community dynamics
and behaviour at both the structural and functional levels
is essential. However, in contrast to the intensive model-
ling studies in plant and animal community ecology,
the modelling of microbial community behaviour within
different environmental contexts has not been initiated.
The vast majority of the community studies in microbial
ecology are still at a descriptive level rather than at
a quantitative and predictive level. One of the major

problems is the lack of reliable experimental information
on community-wide spatial and temporal dynamics of
microbial community structure, activities and functions.
Because microorganisms are difficult to directly count,
obtaining enough data required for modelling is extremely
difficult and even impossible with conventional molecular
techniques such as PCR-based cloning, in situ hybridiza-
tion and quantitative PCR. Although applications of such
conventional molecular techniques over the last two
decades have provided new insights into microbial diver-
sity and structure, they have failed to provide community-
wide quantitative information in a rapid fashion for
modelling and predicting microbial community dynamics.
Lack of sufficient reliable data prevents microbial ecolo-
gists from addressing quantitatively important ecological
and environmental questions such as competition, stabil-
ity, succession, and adaptation in microbial communities.
Such questions are extremely important for the applied
manipulation of microbial communities for desired func-
tions related to human health, food, energy production,
environmental cleanup, and industrial and agricultural
practices.

With the recent development and application of large-
scale high-throughput sequencing (see Sogin et al., 2006;
Huber et al., 2007; Hamady et al. 2008) and associated
metagenomics technologies such as GeoChip related
functional gene arrays (He et al., 2007; Zhou et al., 2008;
Handelsman et al.,, 2007), community-wide spatial and
temporal information on microbial community functional
structure and activities can be rapidly obtained. This will
be the first time that microbial ecologists will be not frus-
trated by the paucity of experimental data to address
ecological questions. In turn, microbial ecologists may
very well be overwhelmed by massive amounts of
metagenomics data and will be perplexed as to how to
utilize and interpret the data within ecological and envi-
ronmental contexts. Here, | will argue that we are in the
new era of transforming microbial ecology from descrip-
tive studies to a quantitative and predictive science.

Using high-throughput metagenomics technologies and
computational modelling, it is possible to tackle some
fundamental ecological questions (Zhou et al., 2004),
which have been difficult to address before such as: (i)
How do the phylogenetic and functional structure of
microbial communities change across various spatial
(from micrometers, kilometers to tens of thousands kilo-
meters) and temporal scales and what are the forces
shaping their diversity and structure? (ii) How can the
complex ecological networks in microbial communities be
identified and whether are they important to ecosystem
functioning? (iii) What is the molecular basis for functional
stability and adaptation of microbial communities? (iv)
How is the functional stability of a microbial community
related to its genetic and metabolic diversity as well as

© 2009 The Authors

Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 2, 128-156



environmental disturbance? (v) Can the functional stabil-
ity and future status of a microbial community be pre-
dicted based on the metabolic functional conservation
and differentiation of individual microbial populations? (vi)
Can a microbial community be manipulated to achieve a
desired stable function by manipulating the metabolic
traits of the community? (vii) How can the information be
scaled from molecules to populations, to communities,
and to ecosystems for understanding ecosystem behav-
iours and dynamics? (viii) Can the molecular-level under-
standing of microbial community structure improve our
predictive power of the ecological and evolutionary
responses of microbial communities to environmental
changes, especially global climate changes?

Addressing the above questions in a quantitative and
predictive way requires rigorous experimental designing
and systematic intensive sampling of the microbial
systems studied. Selection of experimental systems with
appropriate complexity and replications could be very
important. | believe that two general strategies can be
employed. One is to focus on surveying complex natural
microbial systems by using high-throughput metagenom-
ics technologies to systematically compare the common-
ality and differences of microbial community diversity
patterns, metabolic capacities, and functional activities
across various spatial and temporal scales. While such
survey-based approach provides rich information on
microbial community diversity patterns and dynamics, it
could be difficult to establish detailed definitive mechanis-
tic linkages between microbial diversity and ecosystem
functioning because the microbial systems in natural set-
tings are generally very complex. Another complementary
strategy is to establish well-controlled laboratory systems
such as bioreactors with simplified communities to sys-
tematically examine the responses of microbial commu-
nities to environmental changes and the impacts of their
responses on ecosystem functioning. Such laboratory
systems are important to establish cause-and-effect rela-
tionships, because they have great advantages in terms
of system controls, monitoring, data collection, replica-
tions and modelling. Determination of cause-and-effect
relationships is much easier with simpler, engineered,
laboratory-based bioreactor systems than with complex
natural communities, as input and output parameters
can be controlled, along with environmental conditions.
Although the community in a controlled system is not a
natural community, such systems would offer the best
opportunity to acquire mechanistic understanding of the
fundamental principles of interactions among various
microorganisms and the molecular level ecological and
evolutionary responses of microbial communities to envi-
ronmental changes. Therefore, well-controlled laboratory
engineered systems will be critical to predictive microbial
ecology studies.
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Predictive microbial ecology requires not only high-
throughput experimental tools but also high performance
computational capabilities. System-level understanding
of the dynamic behaviour of microbial community struc-
ture, functions and their relationships to ecosystem func-
tioning faces several grand computational challenges.
First, microbial diversity is extremely high. The number of
genes in a genome or populations in a community far
exceeds the number of sample measurements due to
high cost of measurements. It is difficult to apply classical
mathematical tools such as differential equations to simu-
late high-throughput metagenomics data because no sole
solution can be obtained for the constructed models. New
mathematical theories and approaches are needed
to deal with such dimensionality problems. Second,
metagenomic data from analyses of transcriptomes,
proteomes and metabolomes, as well as physiological
and geochemical data, are heterogeneous. Synthesizing
various types of large-scale data together to make bio-
logical sense is also difficult. Rapid high performance
parallel computational tools are needed for data process-
ing, computation and visualization. In addition, because
the dynamic behaviours of biological systems at various
levels (cells, individuals, populations, communities, and
ecosystems) are measured on different temporal and
spatial scales, linking cellular-level genomic information
to ecosystem-level functional information for predicting
ecosystem dynamics is even more challenging. Novel
mathematical framework and computational tools are
needed for achieving systems-level understanding and
prediction of microbial community dynamics, behaviour
and functional stability.

With the rapid continuing advances of metagenomics-
based high-throughput experimental technologies and
associated high performance computational tools, micro-
biologists should be able to perform more quantitative
modelling studies of microbial systems as macroecolo-
gists have done since last half century. There is no doubt
that the era of quantitative predictive microbial ecology is
coming.
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