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Preface

Metagenomics is a key technology to explore the DNAs from not-yet-cultivated microbes
in their natural habitats. Theoretically, the microbial DNA isolated from an environmental
sample represents the collective DNA of all the indigenous microorganisms and is named
the metagenome. Metagenomes can be quite diverse, and, depending on the microbial
community analyzed, several hundred up to several thousand different species and genomes
can be present in a single metagenome. Typically, soil metagenomes are rather complex
with several thousand species present, while microbial communities growing under
extreme conditions (i.e., hot springs) are usually rather limited in their complexity and
biodiversity. The primary goal of metagenomics is to explore this almost unlimited biodi-
versity. The last 10 years have already paved the way for the culture-independent assess-
ment and exploitation of complex microbial populations for basic and applied research.
Metagenomics has been defined as function-based or sequence-based cultivation-indepen-
dent analysis of the collective microbial genomes present in an environment. The devel-
oped metagenomic technologies are used to complement or replace culture-based
approaches and bypass some of their inherent and well-known limitations.

Besides identification of new biomolecules, metagenomics has proven to be a power-
ful tool for exploring the ecology, metabolic profiling, and comparison of complex micro-
bial communities. Profiling the functions encoded by a microbial community rather than
the types of organisms producing them provides a means to distinguish environmental
samples on the basis of the functions selected for by the local environment and reveals
insights into features of that environment. Another application of metagenomics is the
genomic characterization of uncultivated microorganisms and complex communities. In
addition, large-scale sequencing approaches of metagenomic DNA have been applied to
reconstruct genome fragments and near-complete genomes from uncultivated species and
natural consortia.

The main application area of metagenomics is the mining of metagenomes for genes
encoding novel biocatalysts and drug molecules for bioindustries. Due to the complexity
of most metagenomes, new sensitive and efficient high-throughput screening techniques
that allow for fast and reliable identification of genes encoding suitable biocatalysts from
complex metagenomes have been invented. Screens of metagenomic libraries have been
based either on nucleotide sequence (sequence-driven approach) or on metabolic activity
(function-driven approach).

This current book gives an overview and introduction to basic methods commonly
used in laboratories that have a strong background in microbial metagenomics. All chap-
ters are written by experts in the field, and our goal is that this book serves those who are
interested in establishing metagenomics in their laboratories as a manual. Within the book,
we have tried to address all working steps involved in this field: Starting from the DNA
isolation from soils and marine samples to the construction and screening of the libraries,
and finally we offer some advise with respect to the bioinformatic tools available to screen
large sequences. An overview on strategies involved in the isolation of DNAs from envi-
ronmental samples is given in the first four chapters together with the main strategies that
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are currently used for the construction of metagenome libraries. Chapters 5-8 describe
protocols linked to the expression of metagenome libraries in different host strains. Those
include simple protocols for the construction of a library in broad host range vectors but
also rather sophisticated protocols to handle Su/folobus as a host strain. Furthermore, the
book contains a significant number of chapters that describe a wide variety of screening
technologies used for the identification of different enzymes or other biomolecules using
function- and sequenced-based technologies. Altogether, the 15 chapters describe a
diverse range of screening protocols for metagenome libraries. In our view, this is a very
complete description of available screening protocols for all major biocatalysts and allows
an easy setup of these screens in any microbiology lab.

Wolfgang R. Streit
Rolf Daniel
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Chapter 1

Molecular Methods to Study Complex Microbial
Communities

José M. Vieites, Maria-Eugenia Guazzaroni, Ana Beloqui,
Peter N. Golyshin, and Manuel Ferrer

Abstract

Microbes, which constitute a major fraction of the total biomass, are the main source of biodiversity on
our Planct and play an essential role in maintaining global processes, which ultimately regulate the func-
tioning of the Biosphere. Recent emergence of “metagenomics™ allows for the analysis of microbial com-
munities without tedious cultivation efforts. Metagenomics approach is analogous to the genomics with
the difference that it does not deal with the single genome from a clone or microbe cultured or character-
ized in laboratory, but rather with that from the entire microbial community present in an environmental
sample; it is the community genome. Global understanding by metagenomics depends essentially on the
possibility of isolating the entire bulk DNA and identitying the genomes, genes, and proteins more rel-
evant to cach of the environmental sample under investigation. Following on this, in this chapter, we
provide an analysis of methods available to isolate environmental DNA and to establish metagenomic
libraries that can further be used for extensive activity screens.

Key words: Mctagenomics, Cosmid, Fosmid, Phage library, Screening

1. Introduction

Microbes, the most abundant organisms on Earth, play a major
role in maintaining global element cycling processes and facilitat-
ing the self-sustainable functioning of the Biosphere. From this
point of view, it is crucial to generate a thorough understanding
of these key microorganisms and processes they facilitate.
However, at present, we simply do not know the extent of the
functional diversity that microbes encompass: a classical theoreti-
cal analysis endeavors a population of prokaryotes on Earth of
about 10°° bacteria, few order of magnitude higher than the

Wolfgang R. Streit and Rolf Daniel (eds.), Metagenomics: Methods and Protocols, Methods in Molecular Biology, vol. 668,
DOI 10.1007/978-1-60761-823-2_1, © Springer Science+Business Media, LLC 2010
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number of stars in the known Universe (estimated 1022-10%*)
(1-3), with most microbes being members of complex communi-
ties. Invertebrate guts are certainly one of the most dense and
diverse niches [10°-10"" cells per mL of gut fluid (4)], followed
by soil [107-10° cells per gram (5)], and oligotrophic superficial
sea- and freshwater [ 10°-10¢ bacteria per milliliter (6)]. Any indi-
vidual survey to study such diversity is limited due to the relatively
poor capacity of growth of most microorganisms that is offered
even by rather sophisticated resources available for culturing (7).
To circumvent this problem, a wide range of approaches collec-
tively described as “metagenomics” have been developed to study
communities through the analysis of their genetic material with-
out culturing individual organisms (8). Metagenomics is analo-
gous to genomics with the difference that it does not deal with
the single genome from a clone or microbe cultured or character-
ized in laboratory, but rather with that from the entire microbial
community present in an environmental sample; it is the commu-
nity genome. Metagenomics represents a strategic concept that
includes investigations at three major interconnected levels (sample
processing, DNA sequencing, and functional analysis), with an
ultimate goal of getting a holistic view of the functioning of
microbial World. While many of the technical limitations to pro-
cessing of samples have been overcome in the last decade (multi-
well DNA extractions, single-cell isolation, sequence analysis by
technologies such as 454 or Solexa platforms), we believe that the
major hurdles still are (1) the adequate metagenome coverage,
since genes of different organisms are be present in very different
concentrations in the DNA used to construct the libraries or for
sequencing, (2) the integrating and filtering gene sequences and
experimental evidences to facilitate functional assignments of
unknown genes, organisms, and communities and to recreate
functional networks, and (3) the computational aspects of data
archiving, analysis ,and visualization of vast numbers of DNA
sequences which are released to databases. In this respect, lessons
from 20 years of metagenomics and four of high-throughput
DNA sequencing [ first analyses of microbial communities through
massive sequencing were published in 2004 (9, 10)] tell that
giga-base amounts of environmental sequences can easily be gen-
erated to a large extent, but only a fraction of them can properly
be annotated in terms of gene functons (~50% of the potential
protein-coding genes lacked any functional assignment). More
importantly, DNA sequences per se are not that helpful in linking
genes to specific functions as we know that more than 60% of
genes are ubiquitous and have similar housekeeping functions in
different organisms. Therefore, in this chapter, we try to provide a
broad view on current technical issues to illustrate the potential of
getting appropriate metagenomic material to create representative
gene libraries, as the first step for analysing community genomes.
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Following the above observations, the principal measure of
phylogenetic relatedness, and thus of biodiversity, is the sequence
of the 168 ribosomal RNA gene in prokaryotes and its equivalent
18S rRNA gene in eukaryotes. Determination of very large numbers
of such sequences has revealed that natural environments contain
vast numbers of diverse microorganisms, but only a fraction of them
can properly be analyzed (11). This “great plate count anomaly”
(12), in fact, observed from early 1930s stimulated the development
of new efficient tools to circumvent problems linked to the culti-
vation of microbes in artificial medium, the so-called metagenomics
(13). These are often described as culture-independent approaches
and, in terms of the organisms being accessed and mined, this is
the case. However, the need for large amounts of cell biomass for
gene and genomic analysis always requires cultivation of a producer
microbe, except for DNA sequencing which requires direct separa-
tion of cells and bulk DNA. The difference here is that cultivation
refers to that of a surrogate organism, the host exploited as a reser-
voir for archiving the harvested genetic resources. Considering
these requirements, metagenomics is often based on a general
strategy of producing large amount of environmental DNA to
achieve two goals: (1) discovery of new gene sequences coding for
enzymes and drugs and (2) random sampling and archiving of the
genomes from a small subset of organisms present in an environ-
ment for subsequent in silico analysis (14, 15). Both research
windows are essential as the microorganisms are known to be the
“gatekeepers” of environmental processes. However, it is essential
to note that the relative abundance of representatives of a certain
group of microbes is not necessarily linked to the importance of that
group in the community functioning: common organisms may not
necessarily play a critical role in a community despite their numbers,
and organisms that only muster 0.1% fraction (e.g., nitrogen fixers)
can be of pivotal importance. What this means, in terms of microbial
ecology, is that the structural and functional information based on
more reductionist approach, that is, classical functional genomics
based on single organisms, may not provide appropriate under-
standing of complex communities.

To date, much of the research has been focused on bulk DNA
sequencing. The analysis of samples at sequence level somehow
has lower resolution but can access much greater genomic infor-
mation of untapped microbial biodiversity in many environments.
In contrast, the second approach shows better options to link spe-
cific microbes to specific ecological functions. In one of the first
examples, the Sargasso Sea genome sequencing project, the authors
performed a size-selective filtration for enrichment of the microbes
ofa certain size (10). Actually, new developments involve the direct
separation of cells or preferably the enrichment using '*C-labeled
compound directly related to primary ecological functions (16).
A particular elegant strategy combines the extraction of almost
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complete genomes from uncultured microbes in complex com-
munities (with up to 5,000 species) by high-resolution stable iso-
tope probing (SIP) to reconstruct their metabolisms and to link
specific microbes, whose DNA is separated by ultracentrifugation,
to specific ecological functions (17). Here, authors provided a
good genome coverage of dominant organisms under dynamic
utlization of different nutrients and were able to link environment-
specific organisms and processes that are catalyzed by these
microbes. However, despite their great potential, the main draw-
back of enrichment methodologies is the danger of a nonpropor-
tional accumulation of fast-growing microbes in the community,
which is not necessarily relevant to the native ecosystem, followed
by the reduction of the natural diversity in the sample.

We should also point out that metagenomics is not limited to
prokaryotes: eukaryotic microbial diversity is also enormously
diverse and are hence of a great interest for exploration of their
functional diversity. Owing to the problem of introns in eukary-
otes, considerable effort has been invested in the isolation of RNA
and its conversion to cDNA, rather than dealing with genomic
DNA. This requires isolation of full-length mRNAs, reverse tran-
scribing them, and analysis of the cDNA libraries. Here, the RNA
extracton technique is critical, since it needs to extract RNA from
thick-walled cells of fungi and yeasts, and their spores. Further, as
a complement to the long-standing trend towards reductionism,
metagenomics seeks to treat the community as a whole. However,
this is not an easy task, specially for sample processing, as we know
that environmental samples also contain picoeukaryotes (size
<2-3 um) whose population composition varies dynamically in
response to both seasonal and spatial gradients in environment
(3, 18). Therefore, a general strategy for sample processing is
recommended for metagenomics analysis in the future, in which
parts of microbial communities are processed separately, using
single microdroplets and cell-free translation systems together
with cell sorting (“single-cell genomics™), accompanied by the
integration these data with those obtained using mixed microbial
communities (19-21). Finally, we should consider that genome
coverage is an ephemeral term in complex communities, since
individual community members are be present in varying num-
bers in a sample and their genomes are extracted with different
efficiencies (see Note 1). Therefore, the genes of different organ-
isms will be present at very different concentrations in the DNA
used as material to construct the libraries or to sequencing. For
this reason, attempts to obtain (or even calculate the size of) a
sample providing good coverage of all genomes present in a sam-
ple are rare and limited to samples from extreme environments
(22), known to contain microbial communities of very limited
complexity/diversity. Further advances in this field are demanded
to appropriately reconstruct the metabolism in more complex



