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Background and Significance

The soil environment harbors a vast number of uncharacterized microorganisms. It is estimated that only
1% or less of the microorganisms that are known to exist in the soil environment have been cultured (Amann
et al., 1995; Whitman ef al., 1998; Dunbar et al., 2002; Torsvik et al., 2002). One-third of the ~40 bacterial
divisions recognized to date consist entirely of so-far uncultured bacteria which have been described solely
by their 16S rRNA gene sequences (Hugenholtz et al., 1998; Dojka et al., 2000). In addition, only a small
fraction of organisms that can be cultured have been at least partially characterized (Rossell6-Mora and
Amann, 2001). A major challenge faced by microbiologists today is to develop new strategies and
technologies that enable access to the uncultured fraction of microbes in nature. Expanded access to these
microbes and their metabolic capabilities is crucial to further our understanding of the role that microbes play
in our environment.

Many important organisms that may drive environmental processes are known to exist but cannot be
cultivated with traditional methods (Giovannoni and Rappe, 2000; Beja et al., 2002). Organisms relevant to
remediation, biogeochemical cycles, climate changes, energy production and biotechnology are of
considerable interest.

Classic and Molecular Methods: Merits and Drawbacks

The enrichment and cultivation techniques developed by Koch, Beijerinck, and Winogradsky facilitated
new discoveries in microbiology for over 100 years. Traditional enrichment and isolation techniques have
captured representatives from a diverse array of bacterial and archaeal phylogenetic groups that inhabit a
wide range of niches. Cultivating such a variety of different microbial species in the laboratory has been
paramount to our understanding of microbial physiology and our appreciation of the metabolic capabilities of
the prokaryotic world. These methods were adequate until molecular technologies, particularly PCR
amplification of small subunit ribosomal RNA genes directly from DNA extracted from a microbial
community, revealed that traditional techniques were only “scratching the surface” when used to describe the
diversity of microbes inhabiting a particular niche.
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Table 1. Comparison of different approaches used to “access” microbial diversity.

Access Total Single Single Total
Methods biodiversity community organism organism community
genome genome physiology physiology
Traditional - - ++ ++ -
cultivation
Community DNA + - - + J+
extraction/PCR
FISH' + - - I+ I+
FISH-MAR’ + - - o I+
BAC? sequencing + + -/+ - -/+
GMD-based + + ++ ++ ++
platform*

! Fluorescence in situ hybridization

? Microautoradiography

3 Bacterial artificial chromosome

* Gel microdroplet-based cultivation platform

To overcome the limitation of traditional culturing, a variety of cultivation independent approaches have
been developed in the last 20 years to study microbial ecology (Table 1). In conjunction with the
development of phylogenetic analysis based on 16S rRNA analysis, methods such as fluorescence in situ
hybridization (FISH) have been developed to study the microbial composition in complex microbial habitats
(Amann and Ludwig, 2000). This technology allows researchers to better determine the true composition of
microbial communities since single cells can be detected directly within the environmental sample. However,
correlating the composition and structure of a microbial community to its functions is still limited to a very
few time-consuming techniques. Physio-chemical parameters in a sample can be measured at sub-millimeter
scales by microsensors and linked to community composition with 16S phylogenetic FISH probes
(Santegoeds et al., 1999). The combination of FISH probes and microautoradiography (FISH-MAR) aims to
link, at the single cell level, the uptake of radioactively labeled substrates to phylogenetic information (Lee et
al., 1999; Ito et al., 2002; Nielsen et al., 2002). However this method is restricted to very few substrates,
which can be labeled radioactively with a low radiation such as tritium or He.

In recent years, shotgun, fosmid, or BAC cloning and sequencing of DNA extracted directly from
environmental samples, or enrichments from samples, has been used to gain information on the possible or
potential function of uncultivated microbes in the environment (Beja et al., 2000; Quaiser et al., 2002).
Obviously, open reading frames that are linked to a 16S rRNA sequence can be immediately associated with
an organism (Beja et al., 2000). But difficulties remain in linking a particular cloned pathway to a specific
organism (Rondon et al., 2000). Assembly of complete (or even partial) genomes from a complex mixture of
genomic clones of 100s to even 1000s of different organisms in an environmental sample has not yet been
reported. Even with high throughput sequencing and advanced assembly programs, sequencing of cloned
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community DNA is problematic because communities are uneven; for example, a given microbe playing a
critical role in the environment may be present at 0.01% to 10% of the total population. This means that the
great majority of sequencing is done on the few most dominant microbes, and sequence coverage of any
non-dominant genome will be one to several orders of magnitude lower. If the dominant microorganisms (i.e.,
those present at 10% of the total population) are sequenced to 10x depth, the great majority of the microbes
will be sequences at 1x to 0.01x depth. Thus, with the exception of the few dominant microbes, community
(BAC or shotgun) sequencing provides fragmentary genes and pathways, but results in little information on
the physiology of the organisms as a whole. For this reason, methods to segregate specific microbes or groups
of microbes prior to extraction of DNA are needed to avoid the unevenness problem and to reduce
complexity.

The drawback of all these molecular methods is that they provide information on only a portion of the
organism’s biochemical capabilities or genetic potential. In this regard, conventional cultivation of
microorganisms is preferable except that it is selective and biased for the growth of specific microorganisms
(Ferguson et al., 1984; Eilers et al., 2000). The majority of cells obtained from nature and visualized by
microscopy are viable, but they do not generally form visible colonies on plates (Xu et al., 1982; Eilers et al.,
2000). Visible colonies on plate count medium require at least 105 cells and these media strongly select for
microbes that are fast-growing, grow to high density, are resistant to high concentrations of nutrients, and are
able to grow in isolation. Dilution to extinction liquid medium culturing requires 106 cells for turbidity-based
spectroscopic detection of growth and is prone to the same selection biases. We argue that these culturing
strategies are counter to the normal growth habit of many microbes, and are a major contributing factor for
why most microorganisms have not been cultivated in pure culture. It has been shown recently that some
previously uncultivable microorganisms can be grown in pure culture if care is taken to provide them with the
chemical components of their natural environment (Connon and Giovannoni, 2002; Kaeberlein et al., 2002;
Rappé et al., 2002). In addition, studies using modified media demonstrated the recovery of organisms not
previously identified in culture by traditional cultivation methods (Bruns ef al., 2002; Janssen et al., 2002;
Bruns et al., 2003). These studies highlight that attempts to closely simulate the microbes natural
environment in the laboratory arc bringing increasing success to cultivating previously uncultivated
microorganisms.

Gel Microdroplet Cultivation as a Technology Platform to Study Uncuitivated
Microbes

In an effort to combine the merits of both cultivation and molecular analyses, and to gain greater access to
uncultivated microorganisms and their genes, proteins, and biochenustries, Diversa has developed a
technology based on encapsulation of single (or a small number) of cells within individual gel microdroplets
(GMDs). The microbial commur* : is then reconstituted by loading the GMDs into a column. The
community is grown in the ¢ .lu-m under very low nutrient flu. conditions using basal medium
supplemented with low concentr: ... 1s of nutrients extracted from the <ampling site. Over time, each cell
capable of growth under the condiions in the column forms a microcolony within its GMD. The high
throughput nature of this technology is the use of a high-speed flow cytometer and cell sorter to identify
GMDs containing microcolonies of 20 cells, and sort each positive GMD into a well of a microtiter plate for
further analysis. Diversa has demonstrated that novel, previously uncultured organisms, can form
microcolonies within the GMDs (Zengler et al., 2002). Moreover, the GM.Js provide a common technology
platform for genomic, transcriptome, proteome, and metabolite studies of these novel, previously uncultured
organisms.
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The GMD cultivation technology can be thought of as a “high throughput” version and extension of
Button’s oligotrophic medium-limiting dilution approach using glass tubes (Button et al., 1993). Several
important advantages are realized by replacing glass tubes with microscopic “polymer cages” (i.e., the GMD),
and collectively these advantages result in improved cultivation and greater access to microbial diversity.
These advantages are:

= The GMDs allow the reconstituted microbial community to be simultaneously cultivated ‘together’
and ‘apart’ because each “caged microcolony” can later be separated and analyzed. In contrast the
limiting dilution approach physically isolates individual cells in glass tubes.

= The ability to reconstitute the community in the column of GMDs allows for diffusive cross-feeding
of metabolites and other molecules (e.g. regulatory molecules) between members of the community.
This feature also simulates the natural environment, and thus preserves some of the community
interactions and other specific requirements that may be needed for successful cultivation.

=  Microbes are grown in a flowing open system that simulates natural environments, where microbes
are exposed continually to a very low concentration of nutrients. This is in contract to a closed batch
system where microbes receive a high concentration of nutrients at one point in time and metabolic
byproducts can build up to unnaturally high and inhibitory concentrations. The low concentration of
nutrients also minimizes overgrowth of fast-growing organisms, thereby allowing propagation of
microorganisms with extremely slow growth rates and/or that only grow to low cell densities.

It should also be noted that the GMD approach incorporates or can be made to incorporate any of the
medium techniques recently used by others (Bruns et al., 2002; Connon and Giovannoni, 2002; Janssen et al.,
2002; Kaeberlein et al., 2002; Rappé et al., 2002; Bruns ef al., 2003). The production and screening/sorting
of GMD:s is automated, high throughput, and easily and economically scaleable.

As stated above, microcolonies of previously uncultivated microbes can be readily interrogated with
genomic, transcriptome, proteome, and metabolite studies. We are currently pursuing the development and
application of methods to:

*  Perform whole-genome amplification and sequencing from a GMD microcolony.

= Segregate GMD microcolonies of a given species by FISH identification and flow cytometry
sorting.

¢ Conduct expression profiling on one or a small number of GMD microcolonies of a given
species.

Anticipated Results and Benefits

The described work will allow us to apply this technology in combination with fluorescence in situ
hybridization to target so far uncultivated microorganisms. By amplifying DNA directly from a microcolony,
the microorganism will become accessible to whole-genome amplification. In combination with subsequent
gene expression studies, this will not only enable us to get inside the genomes of so far uncultured
microorganisms but also to study their physiological responses to environmental perturbations within a
complex microbial community. Since every single organism is — within its own GMD - incubated in
conjunction with the natural microbial community of the respective sample, environmental processes can be
mimicked under any desired growth condition in vitro. This novel GMD microcolony platform could also be
integrated into an ultra-high resolution proteomics platform and therefore allow the use of the GMD
microcolony platform to provide proteome level information on novel previously uncultured microbes. We
anticipate that this work will contribute to the understanding of metabolic capacities in complex microbial
communities. Furthermore, it will enable us to predict community response and adaptation to certain
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environmental changes. To identify the role of so far uncultured microorganims within environmental
samples of interest might open new potential within areas of bioremediation, climate changes, energy
production and biotechnology.
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