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++++++ INTRODUCTION 

For more than a century, the gold standard in microbiology has been to 
achieve pure cultures of microorganisms for laboratory study. The central 
role of cultivation in microbiology derives from the origins of the field, 
which were rooted in the study of disease etiology and the uses of 
microorganisms for processes related to making foods and beverages. The 
ecological study of microorganisms has advanced notably where a single 
microbial taxon performs an ecological role of major effect. 

With the revelation over the past two decades of a vast diversity of pre­
viously unsuspected, and largely uncultivated, microflora inhabiting 
diverse natural environments throughout the biosphere, microbiology has 
undergone a revolution. The application of molecular biology methods 
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first revealed convincing evidence for this new view of microbial diversity 
in the biosphere. Now molecular biology methods are providing power­
ful new approaches to address what now looms as one of the major chal­
lenges in microbiology, which is to understand the functions of 
microorganisms that have not been cultivated. 

The use of molecular, culture-independent methods for assessing 
microbial diversity has shown that most microorganisms in the environ­
ment are not readily cultivated (Stahl et al., 1985; Giovannoni et al. , 1990; 
Ward et al. , 1990; Pace, 1996; Suzuki et al., 1997; Hugenholtz et al., 1998), 
and that the diversity of the uncultivated majority (Whitman et al. , 1998) 
is vast (Stahl, 1993; Pace, 1996; Head et al., 1998; Beja et al. , 2002b). For 
example, the readily cultivatable prokaryotes from soil represent 1% or 
less of the total (Griffiths et al., 1996). Estimates indicate that soil contains 
more than 4000 species / g (Torsvik et al., 1990, 1996), many of which fall 
into novel divisions of Bacteria and Archaea (Bintrim et al., 1997; 
Borneman et al. , 1996). Similarly, sea water harbors diverse prokaryotes 
that defy cultivation attempts (Ward et al., 1990; DeLong et al., 1999). 
Analysis of both soil and sea water has revealed new groups of Archaea 
and an unanticipated abundance of Archaea, which may numerically 
dominate the open oceans (DeLong, 1992; DeLong et al., 1994, 1999; 
Mdnerney et al., 1995; Bintrim et al. , 1997; Simon et al., 2000). The emerg­
ing image of the microbial world in natural environments is quite differ­
ent from the one constructed by cultivation alone. 

The challenge that long stumped microbiologists was to learn about the 
biology associated with the 165 rRNA sequences that indicate the high 
degree of diversity of uncultivated microorganisms. The solution lies, in 
part, in the application of genornics to assemblages of ,microorganisms 
using methods that circumvent the need for cultivation. · 

++++++ OVERVIEW OF METAGENOMICS 

Metagenomics is the genomic analysis of the collective genomes of an 
assemblage of organisms, or the 'metagenome'. The approach has also 
been termed 'environmental genomics' (Stein et al., 1996; DeLong, unpub­
lished) and 'community genomics' (Banfield, unpublished). In this chap­
ter, we use the term 'metagenomics' to apply to all studies that fall within 
the definition, whether or not the original study used this term. 

Metagenornic libraries containing DNA extracted directly from an 
environmental sample provide genomic sequences, and phylogenetic and 
functional information. Libraries can be screened for functions, and 
genomic sequence surrounding genes required for those functions can 
provide insight into the organism from which the function was derived. 
Phylogenetic markers such as 165 rRNA, recA, radA and genes encoding 
DNA polymerases or other conserved genes provide indications of the 
origin of the DNA (Schleper et al., 1997; Eisen, 1998; Vergin et al ., 1998; 
Sandler et al. , 1999; Rondon et al., 2000; Beja et al ., 2000b, 2002a). Linking 
phylogeny, sequence and functional analysis provides a multifaceted 
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approach to dissecting and reassembling the uncultivated microbial com­
munity. 

Metagenomic libraries have been constructed from assemblages of 
microorganisms in seawater (Stein et al., 1996; Cottrell et al., 1999; Beja et 
al., 2000a, b; ), soil (Henne et al., 1999, 2000; Rondon et al., 2000; Entcheva 
et al., 2001), and associated with a marine sponge (Schleper et al., 1998). 
Metagenomic analysis has been applied to diverse problems in microbiol­
ogy and has yielded insight into the physiology of uncultivated organ­
isms as well as access to the potentially useful enzymes and secondary 
metabolites they produce (Table 13.1). 

Table 13.1. Applications of metagenomic analysis 

Characterization of phylogenetic diversity 
Characterization of new genome organizations 
Elucidation of new biochemical pathways for primary metabolism or 

energy transduction 
Identification of reservoirs of resistance to environmental pollutants 
Discovery of enzymes 
Discovery of secondary metabolites and other biologically active small 

molecules 
Discovery of polymers 
Elu~idation of trophic structure of microbial assemblages 

++++++ ISOLATION OF ENVIRONMENTAL DNA 

The physical characteristics of a metagenomic library, such as insert size, 
number of clones and storage method, are dictated by the kind of natural 
products to be identified from the library. The method used to isolate 
metagenomic DNA from a natural environment must reflect the desired 
physical characteristics as well as the factors that will affect recovery of 
DNA from the targeted microorganism(s). For example, to identify lipases 
(or other enzymes) present within a microbial community, a library of 
DNA inserts less than 10 kb in size would be sufficient, but the number of 
clones must be sufficiently large to compensate for the relatively low fre­
quency of clones that are active on indicator media (Henne et al., 2000). 
For such small insert metagenomic libraries, harsh extraction methods 
(e.g. bead-beating) may be used to achieve genomic DNA from diverse 
microorganisms in soil or other natural environments (Krsek and 
Wellington, 1999). 

The recovery of high molecular weight metagenomic DNA from nat­
ural environments can be a significant challenge, especially from soil or 
sediments. Metagenomic libraries containing large inserts from marine 
picoplankton have been prepared by lysing bacteria embedded in agarose 
(Stein et al., 1996; Beja et al. 2000b), which is the same method that is com­
monly used to construct BAC libraries from eukaryotes or prokaryotes in 
pure culture (Wang and Warren, 1996; Rondon et al., 1999b). The use of 
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agarose plugs to protect the DNA from shearing during cell lysis and 
restriction digestion facilitates construction of libraries containing large 
inserts, although we have found that cell lysis within agarose plugs con­
taining extracted soil microbes is inefficient, at least from certain soils 
(unpublished data). The choice of method for DNA extraction will bal­
ance maintaining the DNA in large pieces with the diversity of the com­
munity to be represented in the library and the resistance of the targeted 
population to lysis (Krsek and Wellington, 1999; Stach et al., 2001). We 
have found that multiple rounds of freezing and thawing combined with 
hot phenol extraction is effective for recovery of high molecular weight 
genomic DNA from diverse soil microorganisms (Zhou et al., 1996; 
Rondon et al., 2000). Efficiency of restriction digestion is enhanced by 
further purification of DNA by separation of high molecular weight DNA 
on, and recovery from, a preparative agarose gel. Typically, the largest 
genomic DNA recovered in this manner is less than 400 kb, and after 
restriction d igestion the majority of restricted genomic DNA is sized less 
than 50 kb, but size selection can produce inserts as large as 80-155 kb 
(Beja et al ., 2000b; Rondon et al., 2000). We are investigating cloning 
methods that do not require restriction digestion and methods for DNA 
recovery from cells physically separated from soil (Lindahl, 1996) to 
produce metagenomic libraries with inserts greater than 100 kb. 

++++++ VECTORS 

Large-insert vectors 

The design and choice of vectors for construction of metagenomic 
libraries is driven largely by the desired insert size and the relative 
importance of heterologous gene expression. For some analyses, isolation 
of the DNA is sufficient and gene expression is not required. Libraries 
constructed with DNA isolated from sea water (Stein et al., 1996; Vergin et 
al ., 1998; Beja et al., 2000b, 2002a) and soil (Rondon et al ., 2000) have 
provided a source of genomic DNA linked to 16S rRNA genes. The rRNA 
genes were identified by polymerase chain reaction (PCR) analysis, and 
the flanking DNA was analyzed by sequencing, thereby obviating the 
need for gene expression until after the gene of interest was identified. For 
these applications, large inserts are an advantage because larger frag­
ments enhance the probability of the same clone containing a phyloge­
netic marker and a gene encoding an activity of interest (Stein et al., 1996) 
and provide insights into genome organization. Large inserts are also 
required to capture large genes or operons encoding biosynthetic 
pathways for secondary metabolite or for genomic analysis that requires 
large segm ents of genomes (Handelsman et al., 1998; Rondon et al ., 1999a; 
August et al. , 2000). These applications are facilitated by bacterial artificial 
chromosomes (BAC vectors), which were developed for use in eukaryotic 
genomics and can stably maintain inserts as large as 350 kb (Shizuya et al., 
1992). If medium-sized fragments are needed, then fosmids (Stein et al., 
1996) and cosmids (Brady and Clardy, 2000; Brady et al., 2001) are 
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appropriate. An advantage of using these vectors is that the efficiency of 
cloning in fosmids and cosmids is typically 100-1000-fold greater than 
BACs, but they accept fragments up to 40 kb. BACs and cosmids are main­
tained in single copy in E.coli, which is an advantage when cloning genes 
that may be detrimental to the host cell when maintained in high copy. 
Genes for antibiotic synthesis have been cloned successfully from soil in 
the BAC vector, pBeloBAC11, and the cosmid, superCosl (Brady and 
Clardy, 2000; Brady et al., 2001; MacNeil et al., 2001; Gillespie et al., 2002). 

While low copy number is an advantage for preventing cell death due 
to genes that are toxic in high copy and for stability of large inserts, it is a 
disadvantage for vector purification, insert sequencing and detection of 
products from poorly expressed genes. To combine the advantages of 
high and low copy plasmids, we developed a new vector, superBACl 
(Figure 13.1). This plasmid is maintained at low copy number in strain 
JW366, a genetically modified version of E. coli strain DHlOB (Wild et al. , 
1998, 1999) and can be induced with arabinose to 50-100 copies per cell. 
superBAC carries the pBeloBACl l backbone with its oriS origin of 
replication as well as oriV from the lncP plasmid RK2. oriV requires the 
transcription factor TrfA, and the trfA gene is under control of an 
arabinose-inducible promoter in strain JW366. Therefore, replication of 
superBACl in the absence of arabinose is mediated by the oriS origin, 
which maintains the plasmid at one copy per cell. When arabinose is 
added to the medium, trfA is expressed and replication is mediated by 
oriV. As expression from the arabinose-inducible promoter can be modu­
lated by titrating glucose and arabinose concentrations, the copy number 
can be modulated between 1 and 100 copies per cell. The low copy 
plasmid facilitates construction dnd maintenance of large insert libraries, 
while the ability to attain high copy has several advantages for sequence 
and expression analysis of the resulting libraries. The difficulties 
associated with the purification of large, low copy BACs for sequencing, 
subcloning and other manipulations is alleviated by the induction of high 
copy. In addition, activities undetected on a low copy BAC may be 
identified more readily when maintained at high copy. Increased levels of 
antimicrobial agent synthesis might be obtained if the genes encoding the 
pathway were maintained in high cell copy number, thereby facilitating 
detection of activity in a functional assay that might be below the level of 
detection if the genes were maintained at single copy. However, the 
clones can be grown in the absence of arabinose prior to screening, 
thereby reducing the likelihood of cell death due to high level production 
of a toxic product. If a copy of the clone bank is always maintained with­
out arabinose, then self-poisoning by the copy of a clone that produces 
high levels of an antimicrobial agent under arabinose induction does not 
prevent further study of the clone. 

Expression vectors 

Although there is ample evidence that diverse genes from diverse 
organisms are expressed in E.coli (Ding and Yelton, 1993; Ferreya et al., 



1993; Black et al., 1995; Chavez et al., 1995), expression of some traits in 
metagenomic libraries requires transcription or translation machinery or 
chemical substrates that are lacking in E. coli. While the genetic code is 
nearly universal, transcription factors are specialized for organism and 
gene type, and translation is affected by organism-specific codon usage, 
which is co-ordinated with the availability of the cognate tRNAs in the 
cell. Moreover, biosynthesis of some secondary metabolites is dependent 
on products of primary metabolism that are not universal. · 

Expression vectors can be used to overcome the barrier of recognition 
of foreign promoters by £. co/i's transcription machinery (Newman and 
Fuqua, 1999). To avoid the detrimental effects of constitutive expression 
of toxic products, many expression vectors contain inducible promoters 
whose expression can be regulated by amendments to the medium. 
Expression vectors typically accept small fragments of DNA and the pro­
moter in the vector will drive only genes adjacent to it and in the correct 
orientation. Cloning small fragments of DNA from environmental 
sources is appropriate when the goal is isolation of single genes or very 
small operons. Many expression vectors are available for cloning small 
fragments (<10 kb) that are maintained at low, medium or high copy 
number. For example, libraries constructed with soil DNA cloned into 
pBluescript SK(+) contain clones expressing lipase, esterase, and 4-
hydroxybutyrate dehydrogenase activities (Henne et al., 1999, 2000). 

Shuttle vectors 

Although expression vectors effectively address limitations on transcrip­
tion, many other factors are required for expression of traits in a foreign 
host. Translation and post-translational processing must be faithfully 
conducted (Joseph et al., 2001; Karlin et al. , 2001). To perform new bio­
synthetic functions, the substrates must be available in the cell. If the gene 
product must be secreted to be detected, then secretion signals must be 
recognizable to£. coli. Lack of co-ordination of any of these processes will 
result in no observable activity. 

For certain pathways, expression of the authentic product is unlikely. For 
example, synthesis of polyketides in£. coli with genes derived from actin­
omycetes is unlikely because of the differences in promoters and codon 
usage and the lack of the appropriate building blocks (Cane et al., 1998; Tang 
et al., 2000; Pfeifer et al., 2001). To provide a different cellular environment 
and, therefore, facilitate a different range of gene expression, an alternative 
approach is to deliver the cloned genes to a different host species. This 
requires a vector that can be mobilized from E.coli to another species. 

To take advantage of potential host-specific abilities for heterologous 
expression of metagenomic DNA constructs, we have further modified 
superBACl to make it amenable to transfer and maintenance of BAC 
libraries in alternative host species. The inclusion of the origin of transfer, 
oriT, from RK2 on superBACl affords conjugal mating of the plasmid into 
alternative host species, including Bacillus, Enterococcus, Staphylococcus, 
Streptococcus and Listeria strains when the tra gene is supplied in trans 
(Guiney and Yakobsen, 1983; Yakobson and Guiney, 1984; Trieu-Cuot et 
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al., 1987). Conjugal transfer circumvents transformation, which occurs at 
low efficiency in many Gram-positive species. To maintain the transferred 
BACs in an alternative host, the inclusion of a replication origin that is 
functional in the chosen host species is required. Our initial shuttle vector 
is designed to transfer to Bacillus species, using rep60 from Bacillus 
plasmid pTA1060 to mediate replication (Uozurni et al., 1980) and a 
chlorarnphenicol-resistance gene from Bacillus plasmid pC194 for 
selection (Leonhardt and Alonso, 1988; Steinmetz and Richter, 1994). 

Wang et al. constructed metagenornic libaries in an E. coli-Streptomyces 
shuttle vector and discovered an antibiotic biosynthetic pathway that was 
likely derived from a relative of Streptomyces (Wang et al. , 2000). Other 
replication origins that would expand the host range for BAC libraries 
include the broad host range origin host range pAM~l, (3-5 copies per 
cell) (Trieu-Cuot et al., 1987; Poyart and Trieu-Cuot, 1997) and the repA 
gene from pSH71 for streptococci (de Vos, 1987; deVos et al., 1997). 

Hindl ly,Sphl 

! 
otl 

MCS 

CM(Bacillus) 
CM(E.coli) 

rep60 superBACl 

Figure 13.1. superBAC1 : a shuttle vector with inducible copy number in E. coli 
strain JW366. 

++++++ HOST CELLS 

The choice of the host cell in which to construct the library is guided in 
part by the requirements for transformation and stability of the vector. 
Choice of the host cell is also determined by the phenotypes of interest in 
the library. For functional screening or selections, it is essential that the 
host cell itself does not express the characteristic of interest. 
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++++++ STORAGE AND CLONE MANAGEMENT 

The intrinsic complexity of a metagenome, whether derived from a few 
species or from thousands, requires that metagenomic libraries contain 
many clones. The resulting storage and management challenges can be 
daunting if addressed with the standard techniques typically used for 
maintenance of genomic libraries of organisms in pure culture. Libraries 
are ideally maintained with each clone in pure culture in a separate well 
of a 96-well. The cells can be preserved with cryoprotectants, such as 
glycerol or dimethyl sulfoxide and stored at -80°C. This format is 
amenable to high throughput screening with manual or robotic replica­
tors that are designed for the 96-well format. However, for study of 
complex microbial assemblages in typical laboratories that lack facilities 
to handle more than 10 000-20 000 clones, this format is impractical. For 
example, the soil is thought to contain at least 4000 different genomes of 
the size and complexity of that of E.coli. A metagenomic library contain­
ing clones with inserts of an average of 80 kb would require 250 000 clones 
to provide singlefold coverage of the metagenome. To obtain adequate 
representation of all sequences in the metagenome would require 1-10 
million clones. Therefore, for many applications, maintaining libraries in 
pools is the only feasible approach for laboratories lacking extensive 
robotic capabilities. 

++++++ CHARACTERIZING METAGENOMIC 
LIBRARIES 

Phylogenetic analysis 

Once a library has been constructed, it is important to determine which 
microbial genomes are represented within the library. Phylogenetic 
information, in the form of 16S rRNA or other highly conserved gene 
sequences, reveal potential biases in the preparation or cloning of 
genomic DNA, and may suggest alternative hosts for functional screen­
ing. Although a small proportion of the clones in a library is likely to carry 
a rRNA operon, each one that does provides the opportunity to link 
phylogenetic and functional information, and through genomic sequence 
annotation and analysis permits a partial assessment of the metabolic 
capabilities for uncultured microorganisms (Stein et al., 1996; Vergin et al., 
1998; Beja et al ., 2000a, b, 2002; Rondon et al., 2000). 

Identification of rRNA gene-containing BAC clones has been accom­
plished by several methods. Arrays of BAC clones have been probed with 
Archaea-specific probes (Stein et al., 1996), and pools of BAC clones have 
been screened by PCR-based techniques using universal primer sets (Beja 
et al, 2000b; Rondon et al. , 2000). A principal challenge in the PCR amplifi­
cation of rRNA genes from BAC library template is the contamination of 
host chromosomal DNA in each BAC preparation. The presence of non-E. 
coli rRNA genes within a pool of BAC clones may be demonstrated by 
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rRNA intergenic spacer analysis (Beja et al., 2000b), denaturing gradient 
gel electrophoresis or restriction fragment polymorphism analysis 
(Rondon et al., 2000). Furthermore, the amplification of host rRNA genes 
may be prevented by exonuclease digestion of chromosomal DNA (often 
only partially effective) and by incorporating host template-specific, ter­
minally modified oligonucleotides ('terminator' oligos) within a PCR, 
allowing preferential amplification of non-host rRNA genes (Rondon et 
al., 2000) . When screening for rRNA genes from a pool of BAC clones 
representing an entire library, a combination of exonuclease treatment 
and incorporation of terminator oligos provides sufficient reduction of 
interference by E.coli rRNA genes. When screening large numbers of BAC 
clones for unique rRNA genes, division- or taxa-specific primer sets 
provide selectivity for particular phylogenetic groups, eliminating the 
problem of interference of the host cell's rRNA genes. The use of 
superBACl, described above, which has inducible copy permits a greater 
ratio of BAC vector to host chromosomal DNA within BAC preparations. 

Alternative phylogenetic markers can be used to assess the diversity of 
microorganisms that contributed DNA to a metagenomic library. Genes 
that have revealed phylogenetic relationships and unexpected diversity 
include genes involved in DNA repair (recA and radA), replication and 
photosynthesis (Schleper et al., 1997; Sandler et al., 1999; Beja et al., 2002b). 
T,o identify evolutionarily conserved genes, a strategy must be developed 
so that the E.coli copies of the genes do not complicate the screen. In some 
cases, it is possible to use a functional complementation, taking advantage 
of E. coli mutations. Currently, we are screening metagenomic libraries for 
the presence of recA genes, which can be identified on the basis of 
sequence conservation (Eisen, 1998; Sandler et al ., 1999) as well as func­
tional complementation of the E.coli recA gene, selecting BAC clones by 
their ability to confer resistance to ultraviolet radiation or chemical muta­
genesis. Using a combination of markers provides a larger arsenal of tools 
that assess microbial diversity, potentially identifying BAC clones that 
might not be identified by functional or sequence-based analysis that are 
of particular interest owing to the identity of the organism from which 
there were derived. 

Sequence analysis 

The tremendous amount of genomic sequence information contained 
,,vithin metagenomic libraries can provide a window into the 'black box' 
of natural environments. The steep increase in sequencing capacity in 
recent years has reduced the sequencing of microbial genomes to a daily 
routine, and holds the key to unlocking the mysteries of the natural micro­
bial world. At present, the sheer scale of metagenomic libraries necessary 
to represent a microbial assemblage in soil prevents the sequencing of 
entire BAC libraries, although for less complex natural environments this 
is a viable option. For the moment, generation of sequence data from soil 
metagenomic BAC clones relies upon a variety of screening methods to 
identify BAC clones that have a phylogenetic and/or functional linkage, 
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as well as random BAC end-sequencing to acquire a crude census of the 
BAC clones within a metagenomic library. Sequence-based analysis has 
led to surprising discoveries, including the identification of a bacterial 
rhodopsin gene in a bacterial species, which contrasted with all work on 
cultured organisms that indicated that these genes were confined to 
Archaea (Beja et al., 2000a). Analysis of clones from uncultivated Archaea 
has indicated a functional diversity that is not necessarily reflected in the 
165 rRNA genes (Beja et al:, 2002a). 

Functional analysis 

Most of the functional screening of metagenomic libraries reported to date 
has involved traditional low-technology screens. Enzymes, such as lipases, 
amylases and esculin hydrolases, have been identified with colorimetric 
or other visually discernible indicators in the medium on which the clones 
are plated (Henne et al., 1999, 2000; Brady and Clardy, 2000; Rondon et al., 
2000; Brady et al., 2001; MacNeil et al., 2001). Pigmented antibiotics have 
been identified by visual inspection of arrayed libraries followed by 
antibiosis assays of selected clones (Brady et al., 2001; MacNeil et al ., 2001; 
Gillespie et al ., 2002). Antibiotics that lack visible color have been identi­
fied by visualizing zones of inhibition around clones plated on sensitive 
indicator organisms (Brady and Clardy, 2000). Clones that either lyse or 
alter the appearance of red blood cells have been identified by replicating 
libraries on to lawns of sheep red blood cells (Gillespie et al., 2002). 

The barriers of heterologous expression and perhaps other factors have 
resulted in a low frequency of metagenomic clones expressing any given 
characteristic for which libraries have been screened. For ixample, in one 
study of 700 000 clones, 65 were found to produce antimicrobial activity 
(Brady and Clardy, 2000); in a library of 3648 clones, one expressed 
DNase, one antibacterial, two lipase and eight amylase activity (Rondon 
et al., 2000); and in another study, a library of 286 000 clones yielded three 
lipolytic clones (Henne et al ., 2000) . Therefore, the ability to screen many 
clones is essential to discovery in metagenomic libraries. Use of selectable 
phenotypes enhances discovery because only clones expressing the 
desired characteristic will grow in culture. Selections can be designed to 
complement a mutation for a normal function in E. coli, such as was done 
to identify new antiporters (Majernik et al., 2001), or to identify a new 
function, such as antibiotic resistance (Riesenfeld et al., unpublished). 

++++++ CONCLUDING REMARKS 

Microbiology has seen three major revolutions, each coupled to develop­
ment of a new powerful technique for 'seeing' microorganisms. The 
invention of the microscope, followed by improvements in optics and 
manufacturing, first revealed the existence of a microbial world. The 
microscope remains a microbiologist's indispensable tool. In vitro 
cultivation opened up a vast suite of powerful experimental approaches for 
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microbiology. The diversity of microorganisms (based on features such as 
colony morphology, pigmentation and growth rates) that were responsive 
to cultivation from many environments was an immediate result of the 
cultivation technologies that today we call plating. Especially in etiology, 
isolation in pure culture of microorganisms that were candidate pathogens 
and their reintroduction as inoculum into healthy hosts resulting in disease 
(followed by reisolation - the four canonical steps of Kochs' Postulates), was 
a major influence on microbiology that continues to dominate microbiology 
150 years after its introduction. The third revolution stemmed from the 
insight of Carl Woese and his colleagues that the sequences of ribosomal 
RNA-genes revealed evolutionary relationships among organisms, and the 
application of W oese' s insight by Norm Pace and his colleagues to microbial 
ecology, confirming previous hints that environmental samples contained 
previously unknown microbial diversity. In each of these revolutions, the 
technology innovation provided direct access to a previously inaccessible 
view of microorganisms. It is a statement that can rarely be made about 
technological innovations in science to note that none of these innovative 
technologies replaced a previous less powerful technology, but instead each 
added to the toolbox of the microbiologist. 

Each of the three innovations also led to further developments that 
built upon the power of the technology. In the case of the application of 
m9lecular biology tools to evolutionary and ecological microbiology, 
pioneered by Woese and Pace, the further developments have included 
powerful new tools for phylogenetic inference based on ribosomal RNA 
gene sequences, and in situ methods (marrying molecular biology to 
microscopy) for detection and ecological analysis of microorganisms in 
the environments, and at the scales, in which they function. 

We view metagenomics as a further example of a powerful new tool 
that derives from the application of molecular methods to microbial ecol­
ogy. Metagenomics presents an opportunity to derive new insights about 
the microbial world by uniting the power of genomics with the study of 
the vast phylogenetic and functional diversity of microorganisms in nat­
ural environments. 
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