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   Introduction    

 Microbes, being ubiquitous in nature, are 
essential for every part of human life. It is through 

the capacity of these tiny minuscules that our 
planet is replenished with the key elements of life, 
such as carbon, nitrogen, oxygen, phosphorous, 
and sulfur in accessible forms. All plants and animals 
have closely associated microbial communities 
that provide them necessary nutrients, growth 
factors, and vitamins. The billions of benign 
microbes that live in the human gut help us to digest 
food, break down toxins, and  fi ght off disease-
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  Abstract 

 The use of traditional microbiological culturing methods for the study of 
microbes had limited success since it has been estimated that 99% of microbes 
cannot be cultivated easily. Over the past decade, “metagenomics,” which is 
the culture-independent genomic analysis of microbes, has been developed to 
overcome these dif fi culties. Metagenomic analysis involves the basic steps 
like (1) the selection of an environmental niche, (2) the isolation of genetic 
material directly from an environmental sample, (3) manipulation of the 
genetic material, (4) library construction, and (5) the analysis of genetic 
material in the metagenomic library. The screening of clones can be done for 
phylogenetic markers or for other conserved genes by hybridization or mul-
tiplex PCR or for expression of speci fi c traits, such as enzyme activity or 
antibiotic production, or they can be sequenced randomly. This chapter gives 
an overview of metagenomics including its success as well as future biotech-
nological applications in pharmaceuticals, bioactive molecules, biocatalysts, 
biomaterials   , and others. There can be little doubt that the  fi eld of metage-
nomics gene discovery offers enormous scope and potential for both 
fundamental microbiology and biotechnological development.  
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causing counterparts. We also depend on microbes 
to clean up pollutants in the environment, such as 
oil and chemical spills. Microbial communities 
not only play key role in maintaining environ-
mental quality and health but also participate 
in the upkeep of individual plants and animals. 
They can also live in extreme environments, at 
temperatures, pressure, and pH levels in which no 
other life forms can dare to tread.  

 Think about the countless jobs these tiny things 
do for us, starting from making antibiotics, many 
drugs in clinical use, enzymes, and other chemicals 
for industrial use to remediate pollutants in soil 
and water, to enhance crop productivity, to produce 
biofuels, to ferment Variety of foods, and to provide 
unique signatures that form the basis of microbial 
detection in disease diagnosis and forensic analysis. 
This is an endless list, and knowing them well not 
only includes all the processes involved and the 
genes responsible for all kinds of work they do but 
also tapping the vast genetic diversity existing in the 
microbial world. It is, therefore, no surprise that more 
than 900 genomes have already been sequenced. 

 We currently have little information (<1% of all 
bacterial species) on the vast majority of microor-
ganisms present in Earth’s different environments, 
mainly due to our inability to culture them in the 
laboratory. Historically, our inability to culture 
microorganisms is due to lack of knowledge of 
their physiology and environmental cues that 
may help in designing suitable culture medium. 
However, new cultivation techniques are begin-
ning to address this problem (Handelsman  2004  ) . 
Nonetheless, most of our knowledge has been 
gleaned from the relatively small number of pres-
ently culturable representatives. So miniscule is this 
representation that it gives no clues as to what 
constitutes a microbial world and what all can it do. 

 Going back to nature, therefore, what do we 
really want to know in microbial ecology and evolu-
tion? The fundamental questions include what types 
of species are present (phylogenetic questions), how 
many of each type are present at a given time and 
location (genomic questions), what are they doing 
there (metabolic and functional questions), and what 
resources are they using (biogeochemical ques-
tions)? The realization that most microorganisms 
cannot be grown readily in pure culture forced 

microbiologists to question their belief that the 
microbial world had been conquered. 

 Microbiology has experienced a number of 
transformations during its history of three and a 
half century. Each of these stages has altered 
microbiologists’ view of microorganisms and 
how to study them (Handelsman  2004  ) . The roots 
of microbiology are  fi rmly associated with the 
invention of microscope. The  fi rst record of a 
human being seeing a bacterial cell dates back to 
1663, when Antonie van Leeuwenhoek watched 
bacteria that he recovered from his own teeth 
through his homemade microscope. He was a 
keen observer and an outstanding combiner of 
ground glass pieces to obtain a magni fi ed view 
of a sample. His observations and detailed illus-
trations of microbial life prompted many other 
observers (both scientists and nonscientists) to 
take an interest in the microscopic world. His 
colorful descriptions of bacteria made their study 
compelling; in his descriptions of the many 
shapes of the bacteria he sampled from his teeth, 
he marveled that one “shot through the water like 
a pike does through water,”  fi rmly establishing 
that these tiny objects were indeed alive. For the 
next 200 years, re fi nement in microscopy enabled 
microbiologists to view heterotrophs, autotrophs, 
and obligate parasites alike with better details. 
Robert Koch’s postulates and his own innovation 
in developing culture media were instrumental in 
making another shift. From 1880s forward, the 
microbiological world was virtually restricted to 
the culture tubes of a microbiology laboratory. 

 Microbiologists were attracted to the power 
and precision of studies of bacteria in pure cul-
ture, and as a result, most of the knowledge that 
 fi lls modern microbiology textbooks today is 
derived from organisms maintained in pure cul-
ture. Because culturing provided the platform for 
building the depth and details of modern micro-
biological knowledge, for a long time microbi-
ologists ignored the challenge to identify and 
characterize uncultured organisms. They focused 
instead on the rich source of diversity found in 
the readily culturable model organisms, and this 
contributed to the explosion of knowledge in 
microbial physiology and genetics in the 1960s to 
mid-1980s. Meanwhile, the study of uncultured 
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microorganisms remained in the hands of a few 
persistent enthusiasts who began to accumulate 
hints that  fl itted at the edge of the microbiologi-
cal consciousness, suggesting that culturing did 
not capture the full spectrum of microbial diver-
sity. Many of the organisms could not be cultured 
on agar medium because their temperature 
requirements exceeded the melting point of the 
agar. Or that we did not, and still do not, under-
stand their growth requirements. Therefore, elu-
cidating the physiological function of 
microorganisms without culturing them required 
ingenuity. One of the indicators that cultured 
microorganisms did not represent much of the 
microbial world was the often observed “great 
plate count anomaly” – the discrepancy between 
the sizes of populations estimated by dilution 
plating and by microscopy. This discrepancy is 
particularly dramatic in some aquatic environ-
ments, in which plate counts and viable cells esti-
mated by acridine orange staining can differ by 
four to six orders of magnitude, and in soil, in 
which 0.1–1% of bacteria are readily culturable 
on common media under standard conditions. It 
is now widely accepted that the application of 
standard microbiological methods for the recov-
ery of microorganisms from the environment has 
had limited success in providing access to the 
true extent of microbial biodiversity. It follows 
that much of the extant microbial genetic diver-
sity (collectively termed the metagenome) 
remains unexplored and unexploited, an issue of 
considerable relevance to a wider understanding 
of microbial communities. Incessant quest of 
man for newer and newer chemicals, drugs, and 
other resources from microbes that may have 
important bearing to the biotechnology industry 
has provided further impetus to this line of study. 
The recent development of technologies designed 
to access this wealth of genetic information 
through environmental nucleic acid extraction 
has provided a means of avoiding the limitations 
of culture-dependent genetic exploitation. 

 The visualization of microbial world was 
changed radically in 1985 by Carl Woese, whose 
work re fl ected that rRNA gene provides evolution-
ary chronometers (Woese  1987  ) . A new branch of 
microbial ecology was created by Pace and his 

colleagues (Lane  1985 ; Stahl et al.  1985  )     by 
using direct analysis of 5S and 16S rRNA gene 
sequences from different environments. The anal-
ysis of these sequences was used to describe the 
diversity of microorganisms without culturing 
(Pace et al.  1986  ) . The early studies relied on 
sequencing of reverse transcription-generated 
cDNA copies or direct sequencing of RNA. The 
development of PCR technology was the next 
technical breakthrough as by designing the appro-
priate primers virtually any gene and almost the 
entire gene could be ampli fi ed (Giovannoni et al. 
 1990  ) . The new technique accelerated the discov-
ery of diverse taxa as habitats across the earth 
could be surveyed (Barns et al.  1994 ; Eden et al. 
 1991  ) . The application of PCR technology pro-
vided a view of microbial diversity that was not 
distorted by the culturing bias and revealed that 
the uncultured majority is unbelievably diverse 
and contains members that diverge deeply from 
the readily culturable minority. 16S rRNA gene 
sequences also provided an aid to culturing efforts 
in addition to providing a universal culture-
independent means to assess the diversity. 
Culturing efforts have intensi fi ed recently due to 
nucleic acid probes labeled with  fl uorescent tags 
providing such an assay, facilitating quantitative 
assessment of enrichment and growth. Successes 
have included pure cultures of members of the 
SAR11 clade, now termed the genus  Pelagibacter  
(Cho and Giovannoni  2004 ; Connon and Giovannoni 
 2002  ) , which represents more than one-third of 
the prokaryotic cell types in the surface of the ocean 
but was known only by its 16S rRNA signature 
until 2002 (Morris et al.  2002  ) . The Acidobacteria 
phylum (Janssen et al.  2002  )  is the corollary to 
SAR11 in terrestrial environments. Acidobacteria 
are abundant in soil, typically representing 20–30% 
of the 16S rRNA sequences ampli fi ed by PCR 
from soil DNA, but until recently only three 
members had been cultured (Barns et al.  1999  ) . 
Given that many organisms will not be coaxed 
readily into pure culture, a critical advance is to 
extend the understanding of the uncultured world 
beyond cataloging 16S rRNA gene sequences, 
and microbiologists have striven to devise meth-
ods to analyze the physiology and ecology of these 
diverse, uncultured, hitherto unknown organisms.  
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   Metagenomics 

 Among the methods designed to gain access to 
the physiology and genetics of uncultured micro-
organisms, metagenomics, or environmental 
genomics, the genome analysis of a population 
has emerged as a powerful centerpiece. Direct 
isolation of genomic DNA from an environment 
circumvents culturing the organisms under study, 
followed by cloning of genomic fragments into a 
culturable host that captures it for further study 
and preservation. With the feasibility of such a 
technique, numerous advances have been derived 
from sequence-based and functional analysis in 
samples from water and soil from diverse habitat 
and those associated with eukaryotic hosts.  

   De fi nition of Metagenomics 

 What is metagenomics? A review paper published 
in 2004 de fi nes “metagenomics” as functional and 
sequence-based analysis of the collective micro-
bial genomes contained in an environmental 
sample (Handelsman  2004  ) . The report from 
the American Institute of Microbiology (2002   ) 
de fi nes metagenomics as that “entails large-scale 
sequencing of pooled, community genomic mate-
rial, with either random or targeted approaches, 
assembly of sequences into unique genomes or 
genome clusters, determination of variation in 
community gene and genome content or expres-
sion over space and time, and inference of global 
community activities, function, differentiation, 
and evolution from community genome data.” 
Probably the oldest paper that used the term 
“metagenome” was published in 2000 (Woese 
 1987  ) . However, the concept that organisms could 
be identi fi ed without cultivation by retrieving and 
sequencing them directly from nature is much 
older. Metagenomic approaches to capture 
microbial diversity in natural habitats have been 
employed by many researchers for years. The 
terms used to describe such methods include envi-
ronmental DNA libraries, zoo libraries, soil DNA 
libraries, recombinant environmental libraries, 
whole genome treasures, community (environ-

mental) genome analysis, whole genome shotgun 
sequencing, random community genomics, and 
probably others. Among them, metagenomics 
seems to be the most commonly used term to 
describe such studies and was used for the title of 
the  fi rst International Conference titled 
 Metagenomics 2003  organized by Dr. Christa 
Schleper in Darmstadt, Germany. Metagenomics 
combines the power of genomics, bioinformatics, 
and systems biology. Operationally, it is novel in 
that it involves study of the genomes of many 
organisms simultaneously. 

 Metagenomics is employed as a means of sys-
tematically investigating, classifying, and manip-
ulating the entire genetic material isolated from 
environmental samples. This is a multistep process 
that relies on the ef fi ciency of  fi ve main steps. 
The procedure consists of (a) the selection of an 
environmental niche, (b) the isolation of genetic 
material directly from an environmental sample, 
(c) manipulation of the genetic material, (d) library 
construction, and (e) the analysis of genetic material 
in the metagenomic library. 

 A sample is  fi rst collected that represents 
the environment under investigation because the 
biological diversity will be different in different 
environments. The second step of the procedure 
is the isolation of the DNA. As the samples may 
contain many different types of microorganisms, 
the cells are broken open using chemical methods 
such as alkaline conditions or physical methods 
such as sonication. Once the DNA from the cells 
is free, it must be separated from the rest of the 
materials in the sample. This is accomplished by 
taking advantage of the physical and chemical 
properties of DNA. Some methods of DNA isola-
tion used include density centrifugation, af fi nity 
binding, and solubility/precipitation. Commercial 
kits are now available and are properly used 
for isolation of DNA from mixed samples (Lloyd-
Jones and Hunter  2001  ) . 

 Once the DNA is collected, it is manipulated 
so that it can be introduced in a chosen model 
organism. Genomic DNA is relatively large, so 
it is cut up into smaller fragments using enzymes 
called restriction endonucleases. These are spe-
cial enzymes that cut DNA at a particular 
sequence of base pairs. Depending upon the 
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enzyme used, this results in the smaller, linear 
fragments of DNA carrying either staggered or 
 fl ush ends. The fragments are then combined 
(ligated) with suitable vectors. Vectors are small 
units of DNA that can be transformed into cells 
where they can replicate and produce the proteins 
encoded on the introduced DNA using the 
machinery that the cells use to express normal 
genes. The vectors also contain a selectable 
marker. Selectable markers provide a growth 
advantage that the model organism would not 
normally have otherwise (such as resistance to a 
particular antibiotic) and are used to identify 
which cell contains vectors (transformed). The 
ones which do not contain vector (untransformed) 
are selected out. 

 The next step is to introduce the vectors with 
the metagenomic DNA fragments into the model 
organism, to generate metagenomic library. This 
allows the DNA from organisms that would 
not grow under laboratory conditions to be repli-
cated, expressed, and studied. DNA inserted in 
the vector is transformed into cells of a model 
organism, typically  Escherichia coli . Though the 
 fi rst choice always falls on  E. coli,  it is becoming 
clear that this bacterium cannot express all the 
genes. A search for an alternative host has to be 
kept in mind and should become a part of all 
such protocols. Transformation is the physical 
insertion of foreign DNA into a cell, followed by 
stable expression of proteins. It can be done by 
chemical, electrical, or biological methods. The 
method of transformation is determined based 
on the type of sample used and the required 
ef fi ciency of the reaction. The metagenomic 
DNA in the vectors represents the entire DNA in 
the same sample initially, but the vectors are 
designed such that only one kind of DNA frag-
ment from the sample will be maintained in each 
individual cell. The transformed cells are then 
grown on selective media so that only the cells 
carrying vectors will survive. Each group of cells 
that grows in a unit is called a colony. Each col-
ony consists of many cloned cells that origi-
nated from one single cell. The population of 
cells containing all of the metagenomic DNA 
samples in vectors constitutes what is called 
metagenomic library. Each colony can be used to 

create a stock of cells for future study of a single 
fragment of the DNA from the environmental 
sample. 

 The clones can be then screened for expres-
sion of speci fi c traits, such as enzyme activity or 
antibiotic production (function-based approach), 
or they can be sequenced randomly (sequence-
based approach). The clones can also be screened 
for phylogenetic markers or “anchors,” such as 
16S rRNA and  recA , or for other conserved 
genes by hybridization or multiplex PCR. This 
helps in taxonomic delineation of the source of 
the DNA (uncultured microbe). Each approach 
has strengths and limitations; together these 
approaches have enriched our understanding 
of the uncultured world, providing insight into 
groups of prokaryotes that are otherwise entirely 
unknown.  

   Metagenomic DNA Libraries 

 The basic steps of DNA library construction 
include generation of suitably sized DNA frag-
ments, cloning of fragments into an appropriate 
vector, and screening for the gene of interest 
(Fig.  10.1 ). DNA fragmentation is a signi fi cant 
problem in constructing metagenomic libraries. 
Mainly vigorous extraction methods from envi-
ronmental samples often result in excessive DNA 
shearing particularly when a higher yield is 
desired. An alternative approach uses blunt-end 
or T–A ligation to clone randomly sheared meta-
genomic fragments (Wilkinson et al.  2002  ) .  

 Cosmid and bacterial arti fi cial chromosome 
(BAC) libraries have been widely used for the 
construction of metagenomic libraries because of 
their ability to carry large DNA fragments (Beja 
 2004  ) . Cloning such fragments of metagenomic 
DNA allows entire functional operons to be 
targeted with the possibility of recovering entire 
metabolic pathways. This approach has success-
fully been applied for the isolation of several 
multigenic pathways such as that responsible for 
the synthesis of the antibiotic violacein (Brady 
et al.  2001  ) . Cosmid-sized (35–45 kbp) inserts 
in  E. coli  can also be stably maintained using 
fosmid vectors (Beja  2004  ) . 
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 The limitation of  E. coli  as a host for compre-
hensive mining of metagenomic samples is 
highlighted by the low number of positive clones 
obtained during a single round of screening (typi-
cally less than 0.01%). This suggests that without 
sample enrichment, the discovery of speci fi c 
genes in a complex metagenome is technically 
challenging. 

 The assumption that expression in an  E. coli  
host will not impose a further bias is largely 
untested. Although the  E. coli  transcriptional 
machinery is known to be relatively promiscuous 

in recognizing foreign expression signals, a bias 
in favor of  Firmicutes  genes has been established. 
The further development of host screening systems 
is therefore a fruitful approach for the more effec-
tive future exploitation of metagenomes.  

   Screening of Metagenomic Clones 

 Two strategies are generally used to screen and 
identify novel genes from metagenomic libraries: 
sequence-based analysis and function-based 

  Fig. 10.1    Essential steps to explore and exploit the genomic diversity of microbial communities by metagenomics       
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analysis (Table  10.1 ). Both sequence- and function-
based screenings have individual advantages 
and disadvantages, and they have been applied 
successfully to discover genes from metagenome 
(Table  10.2 ).  

   Sequence-Based Analysis 

 Sequence-based analysis can involve complete 
sequencing of cloned DNAs. As described earlier, 
clones containing phylogenetic anchors indicate 
the probable taxonomic group and identify the 
source of the DNA fragment. Alternatively, random 
sequencing can be conducted, and its function 
could be deduced by comparing it with the entries 
available in databases. Once a gene of interest is 
identi fi ed, phylogenetic anchors can be sought in 
the  fl anking DNA to provide a link of phylogeny 
with the functional gene. Identi fi cation of phylo-
genetic markers is a powerful approach guided 
by sequence analysis. It was  fi rst proposed by the 
DeLong group, which produced the  fi rst genomic 
sequence linked to a 16S rRNA gene of an uncul-
tured archaeon (Stein et al.  1996  ) . Subsequently, 
they identi fi ed an insert from seawater bacteria 
containing a 16S rRNA gene that af fi liated with 

the Proteobacteria. The sequence of  fl anking 
DNA revealed a bacteriorhodopsin-like gene. Its 
gene product was shown to be an authentic 
photoreceptor, leading to the insight that bac-
teriorhodopsin genes are not limited to Archaea 
but are in fact abundant among the Proteobacteria 
of the ocean (Black et al.  1995 ; Bohlool and 
Brock  1974  ) .  

 Sequencing random clones is an alternative 
to phylogenetic marker-driven approach, which 
has produced dramatic insights, especially when 
conducted on a massive scale. Sequence-based 
analysis can infer the distribution and redundancy 
of functions in a community, linkage of traits, 
genomic organization and detect horizontal gene 
transfer. The recent monumental sequencing 
efforts, which include reconstruction of the 
genomes of uncultured organisms in a commu-
nity in the Sargasso Sea (Venter et al.  2004  )  and 
acid mine drainage (Tyson et al.  2004  ) , illustrate 
the power of large-scale sequencing efforts to 
enrich our understanding of uncultured commu-
nities. These studies have made new linkages 
between phylogeny and function, indicated the 
surprising abundance of certain types of genes, 
and reconstructed the genomes of organisms that 
have not yet been cultured. 

 The power of this approach is likely to increase, 
as the collection of phylogenetic markers is 
growing. With the diversity of such markers, it 
became possible to assign more and more frag-
ments of anonymous DNA to the organisms 
from which they could have likely been derived. 
There is limited utility of use of phylogenetic 
markers either as the initial identi fi ers of DNA 
fragments under study or as indicators of taxo-
nomic af fi liation for DNA fragments carrying 
genes of interest because their function is limited. 
Hence, the small number of available markers 
is a deterrent to provide reliable placement of the 
DNA source in the “Tree of Life” (Henne et al. 
 1999 ).  

   Function-Based Analysis 

 In function-based screening, clones expressing 
desired traits are selected from libraries, and 

   Table 10.1    Sequence   -driven versus function-driven 
analysis   

 Sequence-driven analysis  Function-driven analysis 

 Environmental sample  Extract metagenomic DNA 

            
 Construction of gene 
library using PCR 

 Clone into a vector 

            
 Sequencing  Introduce into a speci fi c host 

      
 Metagenomic library 
construction 

      
 Functional screening for 
particular phenotype 
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molecular and biochemical aspects of active clones 
are analyzed. Identi fi cation of clones that express 
a function is a powerful yet challenging approach 
to metagenomic analysis. Faithful transcription 
and translation of the gene or genes of interest and 
secretion of the gene product is required for its 
success, if the screen or assay requires it to be 
extracellular. Functional analysis has identi fi ed 
novel antibiotics (Courtois et al.  2003 ; Gillespie 
et al.  2002  ) , antibiotic resistance genes (Diaz-
Torres et al.  2003 ; Riesenfeld et al.  2004  ) , Na + (Li + )/
H +  transporters (Majernik et al.  2001  ) , and degra-
dative enzymes (Healy et al.  1995 ; Henne et al. 
 1999    ,  2000a,   b     ) , to name a few. The power of the 
approach is that it does not require the gene(s) of 
interest be recognizable by sequence analysis, 
making it the only approach to metagenomics 
that has the potential to identify entirely new 
classes of genes for new or known functions. 
However, function-based screening has several 
limitations. This method requires expression of 
the function of interest in the host cell (e.g.,  E. coli ), 
as well as clustering of all the genes required for 
the said function. Heterologous expression still 
remains a barrier in extracting the maximum infor-
mation from functional metagenomics analyses. 

 When the functions of interest do not provide 
the basis for selection, high-throughput screens 
can substitute them. For example, active clones 
display a characteristic and easily distinguishable 
appearance on certain indicator media, even 
when plated at high density. Henne et al.  (  1999 ) 
detected clones that utilize 4-hydroxybutyrate 
in libraries of DNA derived from agricultural or 

river valley soil with the indicator dye tetrazolium 
chloride (Henne et al.  1999 ). Very rare lipolytic 
clones in the same libraries were detected by 
production of clear halos on media containing 
rhodamine and either triolein or tributyrin Henne 
et al.  (  1999 ). Catabolic enzyme genes can also be 
screened by substrate-induced gene expression 
(SIGEX). 

 High-throughput screening can also be done 
to identify compounds that induce the expression 
of genes under the control of a quorum-sensing 
promoter. This is a very powerful approach as the 
screen is intracellular, thus detecting that metag-
enomics DNA which is in the same cell as the 
sensor for quorum-sensing induction (Handelsman 
 2004  ) . One of the very good examples of such a 
sensor comprises  lux R promoter, which is induced 
by acylated homoserine lactones, linked to  gfp.  
Promoter  lux R resides on a plasmid in an  E. coli  
strain that cannot induce quorum sensing. However, 
if an inducer of the luxR-mediated transcription 
of  gfp  is expressed from metagenomics DNA, the 
cell  fl uoresces and can be captured by  fl uorescence 
microscopy. 

 This sensor system can also detect inhibitors 
of quorum sensing, if acylated homoserine lactones 
are added to medium and  fl uorescence-activated 
cell sorting is set to collect the non fl uorescent 
cells. Arrays of genes have been identi fi ed from 
the metagenomics libraries of mid gut of the 
gypsy moth and microbiota of the soil. 

 The discovery of new biological motifs is depen-
dent in part on functional analysis of metagenomic 
clones. Assignment of functions to numerous 

   Table 10.2    Merits and demerits of sequence- and function-based analysis   

 Sequence-driven analysis  Function-driven analysis 

  Merits  
 (1) Sequence-driven analysis overcomes the limitation 
of heterologous expression 

 (1) Function-driven analysis secures a complete form of 
gene or gene cluster required for desired traits 

 (2) Similar screening strategies can be used for different 
targets, for example, colony hybridization and PCR 

 (2) Completely novel genes can be recovered 

  Demerits  
 (1) Sequence-driven analysis requires a database to 
analyze the DNA sequence, and it does not guarantee 
the acquisition of complete forms of gene 

 (1) Function-driven analysis must satisfy the expression 
conditions like transcription, translation, folding, and 
secretion 

 (2) Recovered genes are related to known genes  (2) It requires production of a functional gene product by 
the bacterial host 
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“hypothetical proteins” in the databases has been 
done through functional screens of metagenomic 
libraries. To identify and overcome the barriers to 
heterologous gene expression and to detect rare 
clones ef fi ciently in the immense libraries that 
represent all of the genomes in complex environ-
ments, further innovations in the techniques will 
be required. An emerging and powerful direction 
for metagenomic analysis is the use of functional 
anchors, which are the functional analogs of 
conventional phylogenetic anchors. Functional 
anchors de fi ne the functions that can be assessed 
rapidly in all of the clones in a library. When a 
collection of clones with a common function is 
assembled, they can be sequenced to identify 
phylogenetic anchors and genomic structure in 
the  fl anking DNA. Such an analysis can provide 
a slice of the metagenome that cuts across clones 
with a different selective tool, determining the 
diversity of genomes containing a particular func-
tion that can be expressed in the host carrying the 
library. Technological developments that promote 
functional expression and screening are bound to 
advance this new frontier of functional genomics 
(Handelsman  2004  ) . Although function-driven 
screens usually result in identi fi cation of full-length 
genes (and therefore functional gene products), 
one limitation of this approach is its reliance on 
the expression of the cloned gene(s) and the func-
tioning of the encoded protein in a foreign host. 

 Metagenomic studies have also been applied 
to environmental transcriptomes, where direct 
retrieval and analysis of microbial transcripts is 
done. In this approach, environmental mRNA 
is isolated. These mRNAs were then reverse tran-
scribed, ampli fi ed with random primers, cloned, 
and functionally analyzed. This is a means of 
exploring functional gene expression within nat-
ural microbial communities without bias towards 
known sequences and provides a new approach 
for obtaining community speci fi c variants of key 
functional genes (Pace et al.  1986  ) . 

 Phage-display expression libraries provide a 
means for isolating DNA sequences by af fi nity 
selection of the surface-displayed expression prod-
uct. This method is ef fi cient and amenable to high-
throughput screening, offering the potential to enrich 
even rare DNA sequences in the metagenome. 

Phage display was pioneered by George Smith in 
1985, and it leads to full realization of the value 
of protein–ligand interaction. Phage display is 
used for many purposes. As a natural selection 
procedure, it is useful for generating targets 
for drug discovery (Benhar  2001   ; Trepel et al. 
 2002 ; Gnanasekar et al.  2004   ), epitope mapping 
(Matthews et al.  2002 ), and for screening anti-
bodies (Prinz et al.  2004 ). Antibodies were one 
of the  fi rst proteins to be displayed on a phage 
surface (McCafferty et al.  1990 ), and the isolation 
of monoclonal antibodies has been one of the most 
successful applications of phage display to date 
(Hoogenboom et al.  1998 ). 

 Bacteriophages are estimated to total 1,031 
virus particles (Brussow and Hendrix  2002 ). Due 
to the bacteria-killing activity of some phages, 
and to the diminishing power of antibiotics to 
treat disease, phage therapy is becoming commer-
cially popular (Alisky et al.  1998 ; Miedzybrodzki 
et al.  2007 ; Capparelli et al.  2007 ; Easton  2009 ), 
and several important studies have been carried 
out on the possibility of developing phage as an 
alternative to antibiotics (Weber-Dabrowska et al. 
 2000 ; Wagenaar et al.  2005 ). Bacteriophages are 
used for phage display due to their natural ability 
to infect bacterial cells and because they can 
incorporate foreign DNA into their circular 
genome and transport them into a bacterial cell 
during infection (Smith and Petrenko  1997 ). 
However, phage display is limited by the expres-
sion capacity of the bacteriophage, a protein size 
with an upper limit of around 50 kDa (Crameri 
and Suter  1993  ) . Filamentous phage display 
allows assembly in, and secretion from, an infected 
bacterium without compromising the host cell 
membrane (Mullen et al.  2006 ).  E. coli  cells 
infected with such bacteriophage become a fac-
tory for phage production, as the host machinery is 
commandeered to generate phage virions.   

   SIGEX 

 In 2005, Uchiyama et al. introduced a third type 
of function-based screen, which was termed as 
SIGEX. It has been developed for isolating novel 
catabolic genes from environmental metagenomes, 
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particularly genes that are dif fi cult to obtain using 
conventional gene cloning methods. This high-
throughput screening approach employs an operon-
trap  gfp  expression vector in combination with 
 fl uorescence-activated cell sorting. In SIGEX, 
restriction enzyme-digested metagenome frag-
ments are ligated into an operon-trap vector 
(e.g., p18GFP), and a library is constructed and 
grown in a liquid culture by transforming a clon-
ing host (e.g.,  E. coli ). The library is subjected to 
a substrate-dependent gene-induction assay, and 
positive cells are selected by detecting activity of 
a co-expressed marker (e.g., GFP) encoded in the 
vector. High-throughput screening is possible if 
FACS is used to select GFP-expressing cells 
(Fig.  10.2 ).  

 In this way,    Uchiyama and Miyazaki isolated 
aromatic hydrocarbon-induced genes from a 
metagenomic library derived from groundwater 
(Uchiyama et al.  2005 ). 

 Limitations of this method are (1) only genes 
homologous to known genes can be obtained, 
(2) genes obtained may be partial, (3) many enzymes 
are dif fi cult to be expressed in a heterologous 
host as an active form, (4) catabolic genes that 

are distant from a relevant transcriptional regula-
tor cannot be obtained, and (5) it is sensitive to 
the orientation of genes with desired traits (Yun 
and Ryu  2005  ) .  

   METREX 

 A similar type of screen, designated metabolite-
regulated expression (METREX), has been 
published by Williamson et al.  (  2005  ) . The goal 
of this study was to design and evaluate a rapid 
screen to identify metagenomic clones that 
produce biologically active small molecules. To 
identify clones of interest, biosensor detecting 
small, diffusible signal molecules that induce 
quorum sensing is placed inside the same cell 
as the vector harboring a metagenomic DNA 
fragment. If the clone produces a quorum-sensing 
inducer, the cell produces GFP and can be identi fi ed 
by  fl uorescence microscopy or captured by 
 fl uorescence activated cell sorting. METREX 
detected quorum-sensing inducers among metag-
enomic clones that a traditional overlay screen 
would not. One inducing clone carrying a LuxI 

  Fig. 10.2    Schematic representation of SIGEX       
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homologue has been identi fi ed. This way, later, 
Guan et al.  (  2007  )  identi fi ed a new structural class 
of quorum-sensing inducers from the mid-gut 
bacteria of gypsy moth larvae by employing this 
method. A monooxygenase homolog which pro-
duced small molecules that induced the activities 
of LuxR from  Vibrio  fi scheri  and CviR from 
 Chromobacterium violaceum  has been detected 
(Williamson et al.  2005 ; Guan et al.  2007  ) .  

   PIGEX 

 In 2010, Uchiyama and Miyazaki introduced 
another screening based on inducer gene expres-
sion known as product-induced gene expression. 
It is a reporter assay-based screening method for 
enzymes, which was used to screen metagenomic 
library containing large number of clones. In this 
case, enzyme activities are detected by expres-
sion of  gfp , which is triggered by product forma-
tion. In their study, transcriptional activator BenR 
was replaced upstream of  gfp. E. coli  cells 
harboring the benR-gfp cassette would  fl uoresce 
in the presence of a benzoate precursor compound 
if they expressed an enzyme capable of actively 
transforming the precursor into benzoate. This 
reporter assay system would allow the identi fi cation 
of desired enzymatic activities by linking product 
formation to reporter gene expression. Using this 
system, amidases were targeted which can con-
vert benzamide to benzoate. Ninety-six thousand 
clones were screened, and 11 amidase genes were 
recovered from 143  fl uorescent wells, 8 of which 
were homologous to known bacterial amidase 
genes, while 3 were novel genes (Uchiyama and 
Miyazaki  2010  ) . 

   Sample Enrichment 

 In a metagenomic screening process (e.g., expres-
sion screening of metagenomic libraries), the target 
gene(s) represent a small proportion of the total 
nucleic acid fraction. Pre-enrichment of the sample 
thus provides an attractive means of enhancing 
the screening hit rate. The discovery of target 
genes can be signi fi cantly improved by applying 

one of several enrichment options, ranging from 
whole-cell enrichment to the selection and enrich-
ment of target genes and genomes (Miller et al. 
 1999  ) . 

 Culture enrichment on a selective medium 
favors the growth of target microorganisms. The 
inherent selection pressure can be based on nutri-
tional, physical, or chemical criteria, although 
substrate utilization is most commonly employed. 
For example, a fourfold enrichment of cellulase 
genes in a small insert expression library was 
obtained by culture enrichment on carboxym-
ethyl cellulose (Miller et al.  1999  ) . Although 
culture enrichment will inevitably result in the 
loss of a large proportion of the microbial diver-
sity by selecting fast-growing culturable species, 
this can be partially minimized by reducing the 
selection pressure to a mild level after a short 
period of stringent treatment.  

   Nucleic Acid Extraction and Enrichment 
Technology 

 Numerous community nucleic acid extraction 
methods have been developed. Mainly two prin-
cipal strategies for the recovery of metagenomes 
are (a) cell recovery and (b) direct lysis. Extraction 
of total metagenomic DNA is essentially a com-
promise between the vigorous extraction required 
for the representation of all microbial genomes 
and the minimization of DNA shearing and the 
co-extraction of inhibiting contaminants as isola-
tion of individual cell is rather a dif fi cult process. 
Chemical lysis is a gentler method in comparison 
to mechanical bead beating, recovering higher 
molecular weight DNA. Chemical lysis can also 
select for certain taxa by exploiting their unique 
biochemical characteristics. 

 Total DNA extraction does not typically con-
tain an even representation of the population’s 
genome within a given environmental sample. 
The dominant organism overshadows the rare 
organisms. This could lead to bias towards conclu-
sion and downstream manipulations such as PCR. 
This can be overcome by means of experimental 
normalization. Separation of genomes can be done 
by caesium chloride gradient centrifugation in 
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the presence of intercalating agent, such as bisben-
zimide, for the buoyant density separation. The 
separation of genome is based on their %G + C 
content. Equal amount of each band on the gradient 
is combined to represent a normalized metagenome. 
Normalization can also be achieved by denatur-
ing the fragmented genomic DNA  fi rst, then 
reannealing them under very stringent conditions 
(68°C for 12–36 h). The concept being, abundant 
ssDNA will anneal more rapidly as their number 
is higher than the rare dsDNA species. The ssDNA 
strands will be separated from dsDNA, resulting 
in enrichment of rarer sequences within the envi-
ronmental sample.  

   Genome Enrichment Strategies 

 Many strategies are being employed for genome 
enrichment. One strategy is to target the active 
component of microbial populations. Such a 
strategy is aimed to tell us which species are 
functionally active in speci fi c processes (Miller 
et al.  1999  ) .   

   Stable-Isotope Probing (SIP) 

 Genome enrichment strategies can be used to 
target the active components of microbial popu-
lations. Stable-isotope probing (SIP) techniques 
involve the use of a stable-isotope-labeled sub-
strate and density gradient centrifugal separation 
of the “heavier” DNA or RNA. After growing a 
mix of different microbial species on a simple 
 13 C-labeled substrate like  13 C-methanol, the  13 C 
DNA produced by methanol-utilizing species can 
be clearly separated from the  12 C DNA originating 
from species unable to utilize methanol. After 
DNA extraction from the growth medium, the 
newly formed (“heavy”)  13 C DNA can be separated 
from the (“light”)  12 C DNA by density-gradient 
centrifugation. The  13 C DNA can then be identi fi ed 
by comparing with DNA libraries and subse-
quently linked to the active microbial species. 
This method is called stable-isotope probing 

(DNA-SIP). Actively growing microorganisms 
can also be labeled with 5-bromo-2-deoxyuridine 
(BrdU), and the labeled DNA or RNA is separated 
by immunocapture or density gradient centrifu-
gation (Urbach et al.  1999  ) .  

   Suppressive Subtractive 
Hybridization (SSH) 

 This technique identi fi es the differences between 
different DNAs derived from microorganisms. 
Adaptors are ligated to the DNA populations, 
and subtractive hybridization is carried out to 
select for DNA fragments unique to each DNA 
sample. It is completely PCR based and elimi-
nates the step of single-stranded tester cDNA 
puri fi cation by streptavidin–biotin or hydroxy-
apatite. For cDNA subtraction, the tester pool is 
divided in two fractions, and a different adaptor 
is ligated to each fraction. An excess of driver 
cDNA, without linkers (adapters), is denatured 
and hybridized with each tester (with linkers) 
cDNA pools ( fi rst hybridization). Both samples 
are mixed together with addition of more single-
stranded driver (second hybridization). The 
resulting pool is a mixture of single stranded, 
double stranded with only one linker, double 
stranded like the original pools, and double 
stranded with both linkers corresponding to the 
tester-speci fi c fragments. Filling the ends of the 
linkers allows creating templates to be ampli fi ed 
by PCR. Conception of the adaptors is such that 
the cDNA possessing the same kind of adaptor 
on both sides will form a hairpin preventing 
ampli fi cation. Only the ones possessing both 
linkers will be ampli fi ed exponentially. The 
resulting PCR product is enriched in tester-
speci fi c cDNAs. The products are cloned and 
characterized to con fi rm their speci fi city by 
cDNA microarray. This is a powerful tool for 
genome enrichment, but the complexity of meta-
genomes makes this detection dif fi cult. Using 
multiple rounds of subtractive hybridization can 
increase the sensitivity of the process (Green 
et al.  2001  ) .  
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   Gene Enrichment Strategies 

 To selectively enrich for a speci fi c target gene 
within a metagenome, a more practical approach 
would be to use one of several differential 
expression technologies that rely on the isolation 
of mRNA to target transcriptional differences in 
gene expression. For example, differential expres-
sion analysis (DEA) is a very effective tool for 
gene enrichment (Ochman et al.  1993  ) . 

   Differential Expression Analysis (DEA) 

 In this approach, the expression of genes upregu-
lated for the speci fi c activity can be identi fi ed. 
DEA targets transcriptional differences in gene 
expression. Many variations in the basic concept 
exist today which include selective ampli fi cation 
via biotin and restriction-mediated enrichment 
(SABRE), integrated procedure for gene identi-
 fi cation (IPGI), serial analysis of gene expression 
(SAGE), tandem arrayed ligation of expressed 
sequence tags (TALEST), and total gene expres-
sion analysis (TOGA). These techniques have been 
effectively applied for eukaryotic gene discovery, 
but none have been applied in a metagenomic con-
text. Their high sensitivity and selectivity should 
enable small differences in expression of single 
copy genes to be detected (Futamata et al.  2001  ) .  

   Gene Targeting 

 A number of PCR-based approaches designed to 
recover the  fl anking regions of a DNA fragment 
once its sequence is known have been reported 
(Futamata et al.  2001  ) . Although suitable for 
use at a single-genome level, these methods are 
technically more dif fi cult to apply at the metage-
nomic level due to the increased complexity of a 
multigenomic DNA sample. A desire to simplify 
this process led us to look at the development of 
other novel approaches. 

 One potentially powerful approach is based on 
in vitro hybridization of a genomic DNA sample 
with the target gene fragment acting as a probe. 

Genomic DNA is fragmented, and priming sites 
are introduced by ligation of adapters. The gene-
speci fi c PCR product is then used as a driver to 
selectively hybridize to full-length gene fragments 
in the DNA sample. These partially double-
stranded full-length gene fragments can then 
be selectively separated from the single-stranded 
background (genomic DNA). To remove any 
residual background, the adapters are removed; 
because the full-length gene fragments are only 
partially double stranded, the priming sites will 
remain intact as the restriction enzyme can only 
act on double-stranded DNA within the priming 
site. The full-length gene can then be ampli fi ed. 
This method is particularly powerful for multig-
enomic cloning as the use of degenerate gene-
speci fi c primers on a metagenomic sample 
typically yields a population of target gene frag-
ments. Genes coding for catabolic enzymes such 
as methane monooxygenase, ammonia monoox-
ygenase, catechol dioxygenase, and phenol 
hydroxylase have been retrieved from the envi-
ronment in order to gain insight into the genetic 
diversity of catabolic populations. It is currently 
expected that such genetic information could aid 
in understanding and advancing bioremediation 
(Daniel  2005  ) . 

 However, as a tool for biocatalyst discovery, 
gene-speci fi c PCR has two major drawbacks. 
First, the design of primers is dependent on exist-
ing sequence information and skews the search 
in favor of known sequence types. Functionally 
similar genes resulting from convergent evolu-
tion are not likely to be detected by a single gene-
family-speci fi c set of PCR primers. Second, only 
a fragment of a structural gene will typically 
be ampli fi ed by gene-speci fi c PCR, requiring 
additional steps to access the full-length genes. 
Amplicons can be labeled as probes to identify 
the putative full-length gene(s) in conventional 
metagenomic libraries.   

   Environment Niche Selection 

 The microbial diversity of both cultured and 
uncultured microorganisms is a direct re fl ection 
of the environment from where they are derived. 
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Though highly variable, two major communities 
taken into consideration are soil and marine 
ones. To this is added another community that 
exists in association with or parasitic to eukaryotic 
organisms.  

   Metagenomics of Soil 

 Phylogenetic surveys of soil ecosystems have 
shown that the number of prokaryotic species 
found in a single sample exceeds that of known 
cultured members. Soil metagenomics, which 
comprises isolation of soil DNA and the produc-
tion and screening of clone libraries, can pro-
vide a cultivation-independent assessment of 
the largely untapped genetic reservoir of soil 
microbial communities. This approach has 
already led to the identi fi cation of novel biomol-
ecules. However, owing to the complexity and 
heterogeneity of the biotic and abiotic compo-
nents of soil ecosystems, the construction and 
screening of soil-based libraries is dif fi cult and 
challenging. This review describes how to con-
struct complex libraries from soil samples and 
how to use these libraries to unravel functions of 
the resident microbial communities (Dunbar 
et al.  1999  ) . 

 The recovery of microbial soil DNA that 
represents the resident microbial community 
and is suitable for cloning or PCR is still an 
important challenge, considering the diversity 
of microbial species (both cultured and uncul-
tured), the large populations of soil microor-
ganisms, and the complex soil matrix, which 
contains many compounds (such as humic 
acids) that bind to DNA and interfere with the 
enzymatic modi fi cation of DNA. By using uni-
versal primers for bacteria and archaea, phylo-
genetic surveys can be carried out by PCR 
ampli fi cation of 16S rRNA genes from soil 
DNA. These results have allowed cataloging 
and comparison of the microbial diversity in 
different soil habitats and the comparative anal-
ysis of changes in community structure owing 
to altered environmental factors (Ovreas  2000 ; 
Dunbar et al.  2002 ; Zhou et al.  2002 ; Yeager 
et al.  2004 ; Henne et al.  1999 ).  

   Construction of Soil DNA Libraries 

 Same steps are involved in constructing soil-based 
libraries, as the cloning of genomic DNA of 
individual microorganisms, that is, fragmentation 
of the soil DNA by restriction-enzyme digestion 
or mechanical shearing, insertion of DNA frag-
ments into an appropriate vector system, and 
transformation of the recombinant vectors into a 
suitable host. 

 Construction of libraries from soil DNA and 
screening of these libraries by functional and 
sequence-based approaches was the major break-
through in soil metagenomics. This technology 
paved the way for elucidating the functions of 
organisms in soil communities, for genomic anal-
yses of uncultured soil microorganisms, and for 
the recovery of entirely novel natural products 
from soil microbial communities. In landmark 
studies, novel genes that encoded useful enzymes 
and antibiotics were recovered by direct cloning 
of soil DNA into plasmid, cosmid, or BAC vectors 
and screening of the generated libraries (Brady 
and Clardy  2000 ; Rondon et al.  2000 ; Ogram 
et al.  1987  ) . The genes were identi fi ed using 
functional screens, and some having little homology 
to known genes were identi fi ed. This illustrates 
the enormous potential of the analysis of soil-based 
metagenomic libraries. 

 Several factors are important for the success of 
projects to generate and screen soil derived metage-
nomic libraries. For example, composition of the 
soil sample, collection and storage of the soil sam-
ple, the DNA extraction method used for high qual-
ity DNA recovery, representation of the isolated 
DNA from the microbial community present in the 
original sample, the host vector systems used for 
cloning, maintenance and screening and the 
screening strategy, all may affect the fi nal outcome. 

 Many soil DNA extraction protocols have 
been published, and commercial soil DNA extrac-
tion kits are available (Lloyd-Jones and Hunter 
 2001  ) . Two main methods are known for the 
DNA extraction from soil: direct lysis of cells 
contained in the sample matrix followed by sepa-
ration of DNA from the matrix and cell debris, 
pioneered by Ogram et al. (Gabor et al.  2003  ) , or 
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separation of the cells from the soil matrix 
followed by cell lysis. The crude DNA recovered 
by both methods is puri fi ed by standard procedures. 
The amounts of DNA isolated from different soil 
types using a selection of protocols range from 
less than 1  m g to approximately 500  m g of DNA 
per gram of soil (Brady and Clardy  2000  ) . More 
DNA is recovered using the direct lysis approaches, 
perhaps because of the loss of biomass during 
separation. For example, Gabor et al. (Delong  2005  )  
recorded a 10- to 100-fold reduction in the DNA 
yield using the cell separation approach compared 
with the direct lysis approach.  

   Metagenomics of Marine Microbial 
Community 

 Marine microbial communities were among the 
 fi rst microbial communities to be studied using 
cultivation-independent genomic approaches. 
Ocean-going genomic studies are now providing 
a more comprehensive description of the organisms 
and processes that shape microbial community 
structure, function, and dynamics in the sea. 
Through the insight of microbial community 
genomics, a more comprehensive view of uncul-
tivated microbial species, genes and biochemical 
pathways, distributions, and naturally occurring 
genomic variability is being brought into sharper 
focus. Besides providing new perspectives on 
oceanic microbial communities, these new studies 
are now poised to reveal the fundamental principles 
that drive microbial ecological and evolutionary 
processes (Béjà et al.  2000  ) .  

   Marine Microbial Case Studies 

 Several studies have used either large-insert DNA 
cloning techniques or whole genome shotgun 
(WGS) approaches or both to characterize marine 
microbial assemblages. The outcomes of these 
studies include the discovery of unsuspected 
mechanisms of light-driven energy generation 
in the ocean (Béja et al.  2002 ; Preston et al.  1996  ) , 
a massive survey of the gene complement of Sar-
gasso Sea microorganisms, and the characterization 

of metabolic pathways of methane-oxidizing 
archaea in deep-sea sediments (Hallam et al.  2004 ; 
Falkowski and de Vargas  2004 ; Kruger et al. 
 2003 ; Teeling et al.  2004  ) .  

   Photobiology of Marine Picoplankton 

 Early forays into environmental genomics demon-
strated the feasibility of obtaining informative 
genomic “snapshots” from uncultivated marine 
microorganisms (Beja et al.  2000 ; Nelson et al. 
 1999  ) . Several surprising discoveries have come 
to light through recent surveys of genome frag-
ments from bacterioplankton that were archived 
in BAC libraries. To identify genome fragments 
containing phylogenetic markers (for instance, 
rRNAs) and sequence  fl anking the genomic 
regions, a type of phylogenetically anchored 
chromosome walking (Kawarabayasi et al.  1999 ; 
Stein et al.  1996  )  has been one of the important 
approaches. A 130-kb BAC clone was isolated 
from an uncultivated SAR86 bacterium (Zhou 
et al.  2002  )  (an abundant component of  a -pro-
teobacteria in ocean surface waters) using this 
method. Sequencing of the 130-kb fragment 
revealed a new class of genes of the rhodopsin 
family (named proteorhodopsin) that had never 
before been observed in bacteria as a whole or in 
the ocean community. The new genes have simi-
larities to the known genes called rhodopsins that 
capture light energy from the sun and couple this 
with carbon cycling in the ocean through non-
chlorophyll based pathways. When the bacterial 
proteorhodopsin was expressed in  E. coli , it func-
tioned as a light-driven proton pump (Zhou et al. 
 2002  ) . So this genomic survey of uncultivated 
marine bacteria led directly to the discovery of 
a new type of light-driven energy generation in 
oceanic bacteria. Later studies con fi rmed the 
presence of retinal-bound proteorhodopsin in 
the ocean and showed that optimized spectral 
“tuning” of bacterial rhodopsins matches depth-
speci fi c light availability. Shotgun sequencing 
from the Sargasso Sea has now veri fi ed both the 
abundance and diversity of this new class of 
photoproteins. The emerging understanding of 
proteorhodopsin taxonomic and environmental 
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distributions is providing new insights into gene 
and genome evolution in microbial populations 
(Tamas et al.  2002  ) .  

   Sargasso Sea Metagenomics 

 The Sargasso Sea is a part of the North Atlantic 
Ocean, lying roughly between the West Indies 
and the Azores. Here, the heart of the Bermuda 
Triangle is covered by the strongest and most 
notorious sea on the planet – the Sargasso Sea so 
named because there is a kind of seaweed, which 
lazily  fl oats over its entire expanse, called 
 Sargassum . Environmental investigations in the 
nutrient-poor waters near Bermuda in the 
Sargasso Sea led to the discovery of 1,800 new 
species of bacteria and more than 1.2 million new 
genes. Scientists used a whole-genome shotgun 
sequencing technique to clone random DNA 
fragments from the many microbes present in 
the sample, generating a treasure-house of new 
information. 

 The Sargasso Sea is a complex and physically 
sprawling ecosystem. The phylogeny of the com-
munity members of this diversity has not been 
exhaustively surveyed, and the inputs and outputs 
are more dif fi cult to quantify. Craig Venter, who 
pioneered the Human Genome Project, led a 
group of scientists who embarked on the largest 
metagenomics project to date, in which they 
sequenced over 1 billion bp and claim to have 
discovered 1.2 million new genes (Venter et al. 
 2004  ) . They placed 794,061 genes in a conserved 
hypothetical protein group, which contains genes 
to which functions could not be con fi dently 
assigned. The next most abundant group contained 
69,718 genes apparently involved in energy trans-
duction. Among these were 782 rhodopsin-like 
photoreceptors, increasing the number of sequenced 
proteorhodopsin genes by almost 10-fold. Linkage 
of the rhodopsin genes to genes that provide 
phylogenetic af fi liations, such as genes encoding 
subunits of RNA polymerase, indicated that the 
proteorhodopsins were distributed among taxa 
that were not previously known to contain light-
harvesting functions, including the  Bacteroides  
phylum (Venter et al.  2004  ) . 

 An intriguing initial observation is that many 
of the genomes in the Sargasso Sea contain genes 
with similarity to those involved in phosphonate 
uptake or utilization of polyphosphates and pyro-
phosphates, which are present in this extremely 
phosphate-limited ecosystem. The phosphorus 
cycle is not well understood, and this collection 
of genomes provides a new route for discovery of 
the mechanisms of phosphorus acquisition and 
transformation. The resulting data represent the 
largest genomic data set for any community on 
earth and offer a  fi rst glimpse into the broad 
ensemble of adaptations underlying diversity in 
the oceans. Because microbes generally are not 
preserved in the fossil record, genomic studies 
provide the key to understanding how their bio-
chemical pathways evolved (Vezzi et al.  2005  ) . 

 Future studies will allow more insights into 
how these molecules function as well as oppor-
tunities for mining and screening the data for 
speci fi c applications. The vast data set provides 
a foundation for many new studies by other 
researchers. Analyses using iron-sulfur proteins 
as benchmarks led one group, for example, to 
conclude that these data re fl ect diversity equal 
to that in all the currently available databases, 
suggesting that microbial diversity thus far has 
been vastly underestimated (Beja et al.  2000  ) .  

   Practical Approach 

   Large-Insert Bacterial Arti fi cial 
Chromosome and Fosmid Libraries 

 Several strategies for cultivation-independent 
genomic survey of marine microbial communi-
ties have been used. More recently, fosmids and 
bacterial arti fi cial chromosomes (BACs) have been 
applied in genomic analyses of naturally occurring 
marine microorganisms (Béja et al.  2002 ; Preston 
et al.  1996  ) . These vectors are particularly useful 
for stable, high- fi delity propagation of large DNA 
inserts. DNA fragments of up to 200 kb can be 
stably cloned in these vectors; therefore, one 
clone could represent 5–10% of the entire genome 
of a small bacterium. BAC clones prepared from 
microbial assemblage DNA can be easily screened 
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to identify and characterize the cloned gene 
fragments for functions or to evaluate phylogeny. 
The  fi rst example of characterization of a micro-
organism using this approach examined an abun-
dant but uncultivated group of planktonic marine 
archaea (Stein et al.  1996  ) . Several studies have 
expanded the characterization of uncultivated 
archaeal species using this general approach. 
BAC libraries are repositories of genomic mate-
rial and can also serve as a valuable reference 
resource for further sequencing and in vitro bio-
chemical experimentation.  

   Small-Insert Whole-Genome Shotgun 
Libraries 

 Another approach for cultivation-independent 
microbial genome characterization is a variant of 
whole-genome shotgun (WGS) sequencing. For 
pure bacterial cultures, the WGS approach has 
been important for obtaining complete genome 
sequences, including those of several marine bac-
teria and archaea. WGS sequencing has also been 
used to sequence microbial symbionts and, in 
one case, an extremely simple microbial bio fi lm 
assemblage (Chen et al.  2003  ) . WGS sequencing 
relies on the preparation and end sequencing 
of small-DNA-insert libraries and subsequent 
sequence assembly  in silico . The high-throughput 
nature of this approach makes it extremely attrac-
tive. Variations on this theme, using linker liga-
tion and subsequent ampli fi cation techniques, 
have also been used to generate shotgun libraries 
from naturally occurring viral populations. 

 Till now, it seems that WGS approaches alone 
cannot adequately deconvolute whole genome 
sequences from complex microbial assemblages. 
As with the human genome sequencing effort, 
the most complete and reliable datasets will prob-
ably result from a combination of sequencing 
and analysis strategies. These will also probably 
include front-end cell puri fi cation strategies to 
reduce inherent complexity, followed by combined 
WGS and large-insert sequencing strategies. In 
combination, these approaches could enhance 
the accuracy, coverage, and reliability of genomics-
based efforts to understand complex microbial 

communities. Nevertheless, WGS sequencing of 
microbial communities represents a powerful, even 
if expensive, approach for high-volume, single-
pass gene survey and sampling (Delong  2005  ) .  

   Viral Metagenomics 

 Viruses, most of which infect microorganisms, 
are the most abundant biological entities on the 
planet. Identifying and measuring the community 
dynamics of viruses in the environment is com-
plicated more so, because less than 1% of micro-
bial hosts have been cultivated. Also, there is no 
single gene that is common to all viral genomes, 
so total uncultured viral diversity cannot be moni-
tored using approaches analogous to ribosomal 
DNA pro fi ling. Metagenomic analyses of uncul-
tured viral communities circumvent these limita-
tions and can provide insights into the composition 
and structure of environmental viral communities. 

 Viral metagenomes mostly comprise novel 
sequences. Viral metagenomics, which also 
focuses on shotgun sequencing of metagenomes, 
gives insight into the vast and previously untapped 
diversity of viral communities in, for example, 
near-shore marine water samples (Breitbart et al. 
 2004  ) , marine sediment sample (Breitbart et al. 
 2003  ) , human fecal sample (Cann et al.  2005  ) , 
and other fecal sample (Pedulla et al.  2003  ) . 
When the marine sequences were  fi rst published, 
approximately 65% of them had no signi fi cant 
similarity to any sequence in the GenBank nonre-
dundant database. Analyses 2 years later revealed 
that most of the viral sequences are still unique, 
despite the fact that the GenBank database has 
since more than doubled in size. Likewise, in the 
equine fecal metagenome, 68% of the sequences 
have no similarity to any sequence in GenBank 
(Pedulla et al.  2003  ) . Genomic analyses of cultured 
phages also show that most of the open reading 
frames (ORFs) are novel (Wommack et al.  1999  ) . 
By contrast, only about 10% of the sequences 
from environmental microbial metagenomes 
(Homann et al.  2004  )  and cultured microbial 
genomes (Tyson et al.  2004  )  are novel when analyzed 
in similar ways. These observations indicate that 
while much of the global microbial metagenome 
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is being sampled, the global viral metagenome is 
still relatively uncharacterized. That there is an 
even greater amount of biodiversity than that 
attributed to prokaryotic communities allows 
further hypotheses to be developed about the role 
of viral communities. Daubin and Ochman have 
gone on to hypothesize that the unique genes in 
microbial genomes in fact were acquired from 
the phage genomic pool (Wommack et al.  1999  ) . 

 Isolation of viral community DNA representa-
tive for metagenomic analyses is complicated by 
the presence of free and cellular DNA. If the free 
DNA is not removed, the viral DNA signal will 
be lost. Similarly, at ~50 kb long, the average 
viral genome is about 50 times smaller than the 
average microbial genome (2.5 Mb), so any 
cellular contamination will overwhelm the viral 
signal (Homann et al.  2004  ) . By an estimate, 
200 L of seawater or 1 kg of solid material is a 
typical starting sample consisting of fecal, soil, 
and sediment samples suspended in osmotically 
neutral solutions before  fi ltration. To separate the 
intact viral particles from the microorganisms 
and free DNA, a combination of differential 
 fi ltration with tangential  fl ow  fi lters (TFF), DNase 
treatment, and density centrifugation in cesium 
chloride (CsCl) is used. Viruses sensitive to CsCl 
will disintegrate in this step, and very large or 
very small viruses will be lost in the  fi ltration 
step. As assessed by pulse- fi eld gel electrophoresis 
(Stahl et al.  1985  )  and epi fl uorescence micros-
copy, this protocol seems to capture most of the 
viral community. Once intact virions have been 
isolated, the viral DNA is extracted and cloned. 
Cloning of viral metagenomes representative is 
challenging, due to low DNA concentrations 
(~10–17 ng DNA per virion), modi fi ed DNA 
bases, for example, 5-(4-aminobutylaminomethyl) 
uracil and 5-methyl cytosine, and the presence of 
lethal viral genes such as holins and lysozymes. 
In order to circumvent these problems, it is 
necessary to concentrate virions from several 
hundred liters, in most water samples, to obtain 
enough DNA for cloning. The linker-ampli fi ed 
shotgun library (LASL) technique includes a 
PCR ampli fi cation step, which makes it possible 
to clone small amounts of DNA (1–100 ng). The 
PCR step also converts modi fi ed DNA into 

unmodi fi ed DNA. A shearing step disrupts lethal 
virus genes by shearing DNA into small fragments 
(~2 kb) and provides the random fragments 
necessary for cloning. It is possible to make 
representative metagenomic libraries, using this 
protocol, that contain viral fragments that are 
proportional to their concentrations in the original 
sample. LASLs typically contain millions of 
random clones. RNA and single-stranded DNA 
(ssDNA) viruses, however, cannot be cloned using 
this approach. Preliminary studies with random-
primed reverse transcriptase and random-primed 
strand-displacement DNA polymerases indicate 
that these viral groups could be analyzed using 
metagenomic approaches (Homann et al.  2004  ) .  

   Host-Associated Bacteria: Genomic 
Insights into Pathogenesis and 
Symbiosis 

   Pathogenesis 
 The amenability of host-associated microbes to 
physical separation makes them well suited to 
this approach, which is in contrast to organisms 
that reside in complex environmental communi-
ties. The  fi rst complete genome of an uncultured 
bacterium, the syphilis spirochaete,  Treponema 
pallidum , was published in 1998 – a landmark in 
genome sequencing. Although the bacterial origin 
of syphilis was recognized a century ago, the 
infectious agent could not be isolated in continuous 
culture. The DNA that was used for sequencing 
the intracellular pathogen was obtained from the 
testes of infected rabbits by a series of lysis and 
centrifugation steps that eventually resulted in an 
essentially pure bacterial preparation. Sequence 
analysis immediately identi fi ed potential contrib-
utors to virulence and aided the development of 
DNA-based diagnostics (Piel  2004  ) . 

 A year and a half of painstaking growth in 
coculture with human  fi broblasts was necessary 
to obtain suf fi cient DNA to sequence the genome 
of the Whipple disease bacterium,  Tropheryma 
whipplei . The sequence revealed de fi ciencies 
that indicated an explanation for the failure to 
propagate in culture. Based on these genomic 
insights, Renesto et al. ( 2003 ) used a standard 
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tissue-culture medium, supplemented with amino 
acids that were implicated by the sequence analysis, 
to successfully cultivate  T. whipplei  in the absence 
of host cells, shortening their doubling time by an 
order of magnitude. This is one of many cases in 
which DNA sequence information has been used 
to improve culture techniques, diagnostics, and 
therapies for fastidious organisms (Wommack 
et al.  1999  ) .  

   Symbiosis 
 Many bacterial symbionts that have highly spe-
cialized and ancient relationships with their hosts 
do not grow readily in culture. Many of them live 
in specialized structures, often in pure or highly 
enriched state, in host tissues, making them ideal 
candidates for metagenomic analysis because the 
bacteria can be separated readily from host tissue 
and other microorganisms. This type of analysis 
has been conducted with  Cenarchaeum symbiosum , 
a symbiont of a marine sponge, a  Pseudomonas -
like bacterium that is a symbiont of  Paederus  
beetles,  Buchnera aphidicola , an obligate symbi-
ont of aphids, the Actinobacterium,  Tropheryma 
whipplei , the causal agent of the rare chronic 
infection of the intestinal wall, and the  Proteo-
bacterium  symbiont of the deep-sea tube worm 
 Riftia pachyptila . These systems provide good 
models for metagenomic analysis of more com-
plex communities and thus warrant further atten-
tion in this review, although the term metagenomics 
typically connotes the study of multispecies 
communities (Handelsman  2004  ) .    

   Tube Worm Symbiosis: 
 Proteobacterium  

  Riftia pachyptila , the deep-sea tubeworm, lives 
2,600 m below the ocean surface, near the thermal 
vents that are rich in sul fi de and reach tempera-
tures near 400 °C. The tube worm does not have 
a mouth or digestive tract, and therefore it is 
entirely dependent on its symbiotic bacteria, 
which provide the worm with food. The bacteria 
live in the trophosome, a specialized feeding 
sac inside the worm (Piel  2004  ) . The bacteria 
and trophosome constitute more than half of the 

animal’s body mass. The bacteria oxidize hydrogen 
sul fi de, thereby producing the energy required to 
 fi x carbon from CO 

2
 , providing sugars and amino 

acids (predominantly as glutamate) that nourish 
the worm (Piel  2004  ) . The worm contributes to 
the symbiosis by collecting hydrogen sul fi de, 
oxygen, and carbon dioxide and transporting 
them to the bacteria. 

 The bacterium is a member of the  g -Proteobac-
teria, as identi fi ed by 16S rRNA gene sequence. 
The bacteria have not been grown in pure culture 
in laboratory media, but they provide an excellent 
substrate for metagenomics because they reach 
high population density in the trophosome and 
exist there as a single species. Hughes et al. 
( 1997 ) isolated DNA from the bacterial symbiont 
and constructed fosmid libraries that were used 
to understand the physiology of the bacteria. 
Robinson et al. ( 1998 ) identi fi ed a gene with sim-
ilarity to ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO) from the same fosmid 
library. All the residues associated with the active 
site are conserved in the protein sequence deduced 
from the DNA sequence, and it has highest simi-
larity with the RubisCO from  Rhodospirillum 
rubrum . The characterization of this gene lends 
further support to the premise that the chemoau-
totrophic bacterial symbiont in  R. pachyptila   fi xes 
carbon for its host. The libraries were also screened 
for two-component regulators with a labeled 
histidine kinase gene as a probe. They identi fi ed 
a two-component system whose components 
complemented an  env Z and a  pho R  cre C double 
mutant, respectively. 

 The discovery of a functional  env Z homologue 
indicates that the symbiont carries a response 
regulator that is typical of  g -Proteobacteria, 
although the signals eliciting responses from these 
proteins have not yet been functionally identi fi ed 
(Handelsman  2004  ) . 

   Gut Microbiome 

 Our body surfaces are home to microbial commu-
nities whose aggregate membership outnumbers 
our human somatic and germ cells by at least an 
order of magnitude. The majority of microbes 
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that reside in the gut, have a profound in fl uence 
on human physiology and nutrition, and are cru-
cial for human life   . Furthermore, the gut microbes 
contribute to energy harvest from food, and 
changes of gut microbiome may be associated 
with bowel disease or obesity. They synthesize 
essential amino acids and vitamins and process 
components of otherwise indigestible contribu-
tions to our diet such as plant polysaccharides 
(Qin et al.  2010  ) . 

 To understand and exploit the impact of the 
gut microbes on human health and well-being, it 
is necessary to decipher the content, diversity, 
and functioning of the microbial gut community. 
16S ribosomal RNA gene sequence-based 
methods revealed that two bacterial divisions, 
Bacteroidetes and the Firmicutes, constitute over 
90% of the known phylogenetic categories and 
dominate the distal gut microbiota. Metagenomic 
sequencing represents a powerful alternative to 
rRNA sequencing for analyzing complex micro-
bial communities (Gill et al.  2006  ) . 

 Illumina-based metagenomic sequencing has 
been used by Qin et al. ( 2010 ), where assembling 
and characterization of 3.3 million nonredundant 
microbial genes, derived from 576.7 gigabases of 
sequence, have been done from fecal samples 
of 124 European individuals. The gene set, ~150 
times larger than the human gene complement, 
contains an overwhelming majority of the preva-
lent microbial genes of the cohort and includes a 
large proportion of the prevalent human intestinal 
microbial genes. The genes are largely shared 
among individuals of the cohort. Over 99% of 
the genes are bacterial, indicating that the entire 
cohort harbors between 1,000 and 1,500 prevalent 
bacterial species and each individual at least 
160 such species, which are also largely shared. 
It has been found that gut microbiome has signi fi -
cantly enriched metabolism of glycans, amino 
acids, and xenobiotics; methanogenesis; and 
2-methyl-erythritol 4-phosphate pathway-medi-
ated biosynthesis of vitamins and isoprenoids. 

 The application of metagenomics to the medi-
cal  fi eld has led to a highly productive integration 
of clinical, experimental, and environmental 
microbiology. The functional roles played by 
human microbiota are closely looked into either 

through animal models or studies of human 
populations. Of particular interest is the fact that 
several human diseases have been linked to alter-
ations in the composition and dynamics of human 
microbiota. The inputs from human microbiome 
and these based on human gene expression and 
variability and their application are a subject 
of great scienti fi c challenge and interest (Frank 
et al.  2011  ) .  

   Biogeochemical Cycles 

 Metagenomics provides an important insight into 
the community-wide assessment of metabolic 
and biogeochemical function. Analysis of speci fi c 
functions across all members of a community can 
generate integrated models about how organisms 
share the workload of maintaining the nutrient 
and energy budgets of the community in an envi-
ronment. The models can then be tested with 
genetic and biochemical approaches. An example 
of such an analysis is the nearly complete sequenc-
ing of the metagenome of a community in acid 
drainage of the Richmond mine. This mine is 
known to be representing one of the most extreme 
environments on Earth. The microbial community 
forms a pink bio fi lm that  fl oats on the surface of 
the mine water. The drainage water below the 
bio fi lm has a pH between 0 and 1 and high levels 
of Fe, Zn, Cu, and As. The temperature around 
the bio fi lm water is 42 °C and is microaerophilic, 
having no source of carbon or nitrogen other than 
the gaseous forms in the air. Few of the most 
prominent bacterial members of the community 
are  Leptospirillum ,  Sulfobacillus , and sometimes 
 Acidimicrobium , one archaeal species,  Ferro-
plasma acidarmanus , and other members of its 
group, the Thermoplasmatales. The mine is rich 
in sul fi de minerals, including pyrite (FeS 

2
 ), which 

is dissolved as a result of oxidation, and is cata-
lyzed by microbial activity. Tyson et al.  (  2004  )  
were able to clone total DNA, because of its 
simple community structure, and sequenced most 
of the community with high coverage. The G + C 
content of the genomes of the dominant taxa in 
the mine differs substantially, thus providing the 
good indicator of its source. Sequence alignment 
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of 16S rRNA and tRNA synthetase genes 
con fi rmed the organismal origins of the clones. 
Nearly complete genomes of  Leptospirillum  
group II and  Ferroplasma  type II were recon-
structed, and substantial sequence information 
for the other community members could be 
obtained (Tyson et al.  2004  ) . 

 The metagenomic sequence substantiated a 
number of signi fi cant hypotheses. First, it appears 
that  Leptospirillum  group III contains genes with 
similarity to those known to be involved in nitro-
gen  fi xation, suggesting that it provides the com-
munity with  fi xed nitrogen. This was a surprise 
because the previous supposition was that a 
numerically dominant member of the community, 
such as  Leptospirillum  group II, would be respon-
sible for nitrogen  fi xation. However, no genes for 
nitrogen  fi xation were found in the  Leptospirillum  
group II genome, leading to the suggestion that 
the group III organism is a keystone species that 
has a low numerical representation but provides a 
service that is essential to community function. 
 Ferroplasma  type I and II genomes contain no 
genes associated with nitrogen  fi xation but con-
tain many transporters that indicate that they 
likely import amino acids and other nitrogenous 
compounds from the environment. 

 Energy appears to be generated from iron oxi-
dation by both  Ferroplasma  and  Leptospirillum  
spp. The genomes of both groups contain elec-
tron transport chains, but they differ signi fi cantly. 
The genomes of  Leptospirillum  group II and III 
contain putative cytochromes that typically have 
a high af fi nity for oxygen. The cytochromes may 
play a role in energy transduction as well as in 
maintaining low oxygen tension, thereby protect-
ing the oxygen-sensitive nitrogenase complex. 
All of the genomes in the acid mine drainage are 
rich in genes associated with removing poten-
tially toxic elements from the cell. Proton ef fl ux 
systems are likely to be responsible for maintain-
ing the nearly neutral intracellular pH, and metal 
resistance determinants pump metals out of the 
cells, maintaining nontoxic environment in the 
interior of the cells (Tyson et al.  2004  ) . 

 The acid mine drainage community provides a 
model for the analysis of other communities. 
Determining the origin of DNA fragments and 

assigning functions may be more dif fi cult for 
communities that are phylogenetically or physi-
ologically more complex and variable, but the 
approach will be generally useful for all commu-
nities (Tyson et al.  2004  ) .   

   Metagenomics and Industrial 
Application 

 Besides the vast academic output, one of the major 
interests in metagenome analysis is its immense 
economic potential. Different industries have 
different motivations to explore the enormous 
resource that constitute the uncultivated microbial 
diversity. Currently, there is a global political 
drive to promote white (industrial) biotechnology 
as a central feature of the sustainable economic 
future of modern industrialized societies. This 
requires the development of novel enzymes, pro-
cesses, products, and applications. Metagenomics 
promises to provide new molecules with diverse 
functions, but ultimately, expression systems 
are required for any new enzymes and bioactive 
molecules to become an economic success. 

 Metagenomics (Barns et al.  1999  )  has the 
potential to substantially impact industrial 
production. The dimensions of the enormous 
biological and molecular diversity, as shown by 
Torsvik and Venter (Lorenz and Eck  2005  )  and 
their coworkers, are truly astonishing. A pristine 
soil sample might contain in the order of 10 4  dif-
ferent bacterial species. More than one million 
novel open reading frames, many of which may 
encode putative enzymes, could be identi fi ed in a 
single effort such that sampled marine prokary-
otic plankton retrieved from the Sargasso Sea. 

 Different industries are interested in exploiting 
the resource of uncultivated microorganisms 
that has been identi fi ed through large-scale envi-
ronmental genomics for several reasons detailed 
below. 

   The Ideal Biocatalyst 

 For any industrial application, enzymes need to 
function suf fi ciently well according to several 
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application-speci fi c performance parameters. With 
the exception of yeasts and  fi lamentous fungi, 
access to novel enzymes and biocatalysts has 
largely been limited by the comparatively small 
number of cultivable bacteria.  

   Novelty 

 For industries that produce bulk commodities 
such as high-performance detergents, a single 
enzyme backbone with superior functionality that 
has an entirely new sequence would be useful to 
avoid infringing competitors’ intellectual prop-
erty rights.  

   Maximum Diversity 

 The pharmaceutical and supporting  fi ne-chemicals 
industries often seek entire sets of multiple, 
diverse biocatalysts to build in-house toolboxes 
for biotransformations (Lorenz and Eck  2005  ) . 
These toolboxes need to be made rapidly accessible 
to meet the strict timelines of a biosynthetic-
feasibility evaluation in competition with tradi-
tional synthetic chemistry.  

   Elusive Metabolites 

 Many pharmacologically active secondary 
metabolites are produced by bacteria that live in 
complex consortia or by bacteria that inhabit 
niches that are dif fi cult to reconstitute in vitro. So 
although there are reports on how to circumvent 
this general problem of microbial cultivation 
either by mimicking natural habitats (Lorenz and 
Eck  2005  )  or by allowing for interspecies com-
munication after single cell microencapsulation 
(Kaeberlein et al.  2002  ) , the cloning and heterol-
ogous expression of biosynthetic genes that 
encode secondary metabolites (usually present as 
gene clusters) is the most straightforward and 
reproducible method of accessing their biosyn-
thetic potential.  

   White Biotechnology 

 “Industrial” or white biotechnology is currently a 
buzzword in the European biobusiness commu-
nity. The term was coined in 2003 by the European 
Association for Bioindustries (EuropaBio), based 
on a case study report, and it denotes all indus-
trially harnessed bio-based processes that are 
not covered by the red biotechnology (medical) 
or green biotechnology (plant) labels. White 
biotechnology has its roots in ancient human 
history, and its products are increasingly a part of 
everyday life, from vitamins, medicines, biofuel, 
and bioplastics to enzymes in detergents or dairy 
and bakery products. It is the belief of industrial 
promoters, analysts, and policy makers that white 
biotechnology has the potential to impact indus-
trial production processes on a global scale. 
The main long-term applications of white bio-
technology will be focused on replacing fossil 
fuels with renewable resources (biomass conver-
sion), replacing conventional processes with 
bioprocesses (including metabolic engineering), 
and creating new high-value bioproducts, including 
nutraceuticals, performance chemicals, and bioac-
tives. While the possibilities are immense, some 
success stories are already being cited (Zengler 
et al.  2002  ) .  

   Screening Enzymes for Industrial Use 

 Diversa, the largest and most prominent spe-
cialist biotech company for the commercializa-
tion of metagenome technologies, has described 
several approaches to access “uncultivable” 
microorganisms. Applying a classical growth-
selection-based expression strategy, diverse 
environmental libraries were constructed in  E. coli  
using phage  l  or Bac vectors. After growth in media 
containing nitriles as the sole nitrogen source, 
more than 100 new and diverse nitrilase genes 
were recovered (Zengler et al.  2002  ) . The resulting 
enzyme library is marketed to serve the  fi ne-
chemical and pharmaceutical industries (Robertson 
et al.  2004  ) . 
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 In addition to new technologies to amplify 
DNA from limited resources using random prim-
ers and strand-displacing DNA polymerase from 
phage  F 29 (DeSantis et al.  2002  ) , a strategy pro-
moted by Lucigen (Middleton, Wisconsin, USA), 
it is clear that current mass-sequencing efforts 
in several laboratories will facilitate the  in silico  
identi fi cation of open reading frames that might 
encode potentially useful enzymes (Zhou et al. 
 2002  ) . 

 Once new genes are cloned and screened for 
activity, the main stumbling block is the expression 
of pure protein in suf fi cient amounts at reasonable 
costs. A cheap and ef fi cient enzyme, usually 
produced in ef fi cient expression systems like 
bacilli or  fi lamentous fungi, is a key factor for 
success, particularly when the enzyme functions 
as part of the  fi nal (bulk) product such as in deter-
gents. In the  fi ne-chemical industry, there might 
be a similar consideration for bulk product synthe-
sis. Particularly in the pharmaceutical industry, 
the time taken for a target compound to come to 
the market is decisive, and in these applications, 
it might be even more important for a company 
to have a large collection of biochemically diverse 
catalysts, even if these molecules are not 
expressed in large amounts. 

 There is ample demand for novel enzymes and 
biocatalysts, and metagenomics is currently 
thought to be one of the most likely technologies 
to provide the candidate molecules required 
(Detter et al.  2002  ) . The diversity of potential 
substrates for enzymatic transformations in the 
 fi ne-chemical industry and the short time that is 
usually available to propose viable synthetic 
routes (particularly for the pharmaceutical indus-
try) make it useful to produce pre-characterized 
enzyme libraries using generic substrates, before 
screening for a speci fi c enzyme that is required 
for biotransformation of a particular substrate of 
interest (Lorenz et al.  2002  ) . 

 Since the inception of two pioneering com-
mercial metagenomics ventures in the late 1990s 
(Recombinant Biocatalysis Ltd of La Jolla and 
TerraGen Discovery Inc. of Vancouver), these 
technologies have been taken up by several of the 
biotechnology giants and have been the focal area 
of several start-up companies. Recombinant 

Biocatalysis Ltd, now Diversa Corporation, is the 
acknowledged leader in the  fi eld with impressive 
lists of libraries derived from global biotopes and 
of cloned enzymes in a range of enzyme classes. 
Several other smaller biotechnology companies 
appear to be competing in the same market 
sector, and others are obviously knocking at the 
door. The relatively small size of the industrial 
enzyme market compared with the pharmaceuti-
cals market suggests that a switch in product 
focus might not be unexpected. Although the 
authors are unaware of any successfully commer-
cialized therapeutics derived from metagenomic 
screening programs, the normal timelines for 
the identi fi cation, development, evaluation, and 
approval of products for the pharmaceuticals 
market are longer than the existence of metage-
nomics as a research  fi eld (Vakhlu et al.  2008  ) .   

   Next-Generation Sequencing 
Approaches to Metagenomics 

 Next-generation sequencing approaches enable 
us to gather many more times sequence data 
than was possible a few years ago. The  fi rst next-
generation high-throughput sequencing technology, 
the 454 GS20 pyrosequencing platform, which 
was developed by Roche, became available in 
2005. The GS20 platform has now been replaced 
by GSFLX platform. Illumina released Solexa 
GA in early 2007, and more recently, SOLiD and 
Heliscope were released by Applied Biosystems 
and Helicos. Rapid advances in sequencing tech-
nology are fueling a vast increase in the number 
and scope of metagenomics projects. Most meta-
genome sequencing projects so far have been based 
on Sanger or Roche-454 sequencing, as only these 
technologies provide long enough reads, while 
Illumina sequencing has not usually been consid-
ered suitable for metagenomic studies due to a 
short read length of only 35 bp. However, now 
that reads of length 75 bp can be sequenced in 
pairs, Illumina sequencing has become a viable 
option for metagenome studies as well. A new soft-
ware MEGAN has been evolved for metagenome 
analysis that allows one to process sequencing 
reads in pairs and makes assignments of such 
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reads based on the combined bit-scores of their 
matches to reference sequences. By using next-
generation sequence data in metagenomics 
experiments, a wide range of new analyses are 
possible. Metagenomic study has an increasingly 
powerful partner in the next-generation sequence 
technology, and this partnership is likely to get 
more productive as softwares and hardwares 
mature (MacLean et al.  2009 ; Mitra et al.  2010  ) . 

   Metatranscriptomics 

 As metagenomic DNA-based analyses cannot 
differentiate between expressed and non-expressed 
genes, it is unable to re fl ect the actual metabolic 
activity. To identify RNA-based regulation 
and expressed biological signatures in complex 
ecosystems, sequencing and characterization of 
metatranscriptomics have been employed. There 
are several dif fi culties associated with the pro-
cessing of environmental RNA sample mainly 
due to the recovery and enrichment of high qual-
ity mRNA by the removal of other RNA species. 
Short half-lives of mRNA and low yield of cDNA 
include technical challenges in the isolation pro-
cedure. Initially, metatranscriptomics had been 
limited to the microarray and high-density array 
technological analysis of mRNA derived cDNA 
cloning. Detection sensitivity of microarray is 
not equal for all imprinted sequences as it can 
give information about those sequences for which 
it was designed and the result is also dependent 
on chosen hybridization condition. Transcript 
cloning avoids some of the problems, but it intro-
duces other biases associated with cloning sys-
tem and library construction. Substantial progress 
for the ef fi cient analysis of more complex 
expression pro fi les has become available with 
the development of next-generation sequencing 
technologies like Roche’s 454, Illumina’s SOLEXA, 
and ABI’S SOLiD (Schloss and Handelsman 
 2003 ; Warnecke and Hess  2009  ) . 

 In 2006, Leininger and colleagues were the 
 fi rst employing pyrosequencing to unravel active 
genes of soil microbial communities. This study 
has revealed that archaeal transcripts of key enzyme 
for ammonia oxidation were several magnitudes 

higher in soil than the bacterial version of it. 
In 2008, Friaz-Lopez et al. produced  ³ 50 Mbp by 
454 pyrosequencing – still using  fi rst generation 
of this technology (MacLean et al.  2009  ) . Gilbert 
et al. followed shortly afterwards with  ³ 300 Mbp 
of sequence data using second generation called 
GS-FLX (Gilbert et al.  2008 ). Other metatran-
scriptomic studies employing direct sequencing 
of cDNA have targeted the ocean surface water 
from North Paci fi c subtropic gyre, a phytoplankton 
bloom in the Western English Channel, coastal 
waters of a fjord close to Bergen, Norway, 
etc. All these studies demonstrated successful 
application of high-throughput sequencing tech-
nologies to exploit unknown transcripts that have 
been isolated directly from complex environment 
(Simon and Daniel  2011  ) .  

   Metaproteomics 

 With the availability of metagenomic sequences, it 
is now possible to apply postgenomic techniques – 
particularly proteomics – to complex microbial 
communities as well. In 2004, Wilmes and Bond 
coined the term “metaproteomics” as a shotgun 
for large-scale characterization of the entire 
protein complement of environmental microbiota 
at a given time point. Protein expression is a 
re fl ection of speci fi c microbial communities. 
Elucidation of metaproteomic expression is 
supposed to be central to functional studies of 
microbial consortia. In this study, an outer mem-
brane protein and an acetyl coenzyme A acyl 
transferase were produced by a microbial com-
munity derived from activated sludge. These are 
highly expressed and putatively originated from 
an unculturable polyphosphate-accumulating 
 Rhodocyclus  strain dominating in the activated 
sludge (Mitra et al.  2010 ; Simon and Daniel  2011  ) . 

 The landmark metaproteomic investigation 
successfully combined “shotgun” MS proteomics 
with the community genome analyses. This study 
analyzed the protein complement of a low-
complexity natural bio fi lm, growing inside the 
Richmond Mine at Iron Mountain, CA (USA), 
having very low pH (0.8), a temperature of 42°C, 
and high level of heavy metals (Detter et al.  2002  )    . 
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It was found that sampled bio fi lm was dominated 
by  Leptospirillum  group II along with the pres-
ence of  Leptospirillum  group III,  Sulfobacillus , 
and Archaea related to  Ferroplasma acidar-
manus.  Using the genome dataset, a total of 
12,148 protein sequences were constructed. 
Challenges for metaproteomic analysis include 
uneven species distribution, large heterogeneity 
within microbial community, and broad range of 
protein expression levels within microorganisms. 
Despite these hurdles, metaproteomics will pro-
vide a new dimension of environmental catalysis 
(Simon and Daniel  2011 ; Leininger et al.  2006  ) . 

 Metagenomics is a burgeoning  fi eld with new 
challenges encountered at every step in each 
instance. The gamut of challenges runs from 
inef fi ciencies in sampling, DNA extraction meth-
ods, and construction of libraries to inadequacies 
in data analysis and visualization tools. Added to 
this are limited computational power and data 
storage constraints due to the huge amounts of 
genomic data  fl ooding in from initiatives world-
wide. Some of these intricacies will have to be 
kept in mind, while garnering the full advantages 
of the metagenomic analyses, both from aca-
demic and application point of view (Leininger 
et al.  2006  ) .  

   Low Abundance Species Overlooked 

 The high complexity environment of the Sargasso 
Sea comprising ~1,800 different species was 
daunting in terms of metagenome assembly and 
analysis. Many current assembly software are 
befuddled by the large numbers of complex, poly-
morphic metagenomic data, as are the annotation 
software, which are designed for use on “closed” 
(completely assembled) microbial genomes. 
Assembly is also hampered by shallow sequence 
coverage resulting from failures to sample uni-
formly, particularly in high-complexity environ-
ments where relative abundance of individual 
species varies. Most of the sequences obtained 
may be from the most predominant species in 
the environment, while sequences from low-
abundance species may go undetected. These 
low-abundance species may well play a critical 

role in the ecophysiology of the habitat (Leininger 
et al.  2006 ; Wilmes and Bond  2004  ) .  

   Lack of Reference Genomes 

 Sometimes, assembly can be assisted by the 
availability of a preexisting reference genome 
that can serve as a blueprint for piecing environ-
mental genomic data together. Of course, such 
reference genomes are presently only available 
for a subset of cultured species, so assembling 
genomes of more divergent or novel species is 
not always an easy task. Finally, intraspecies 
heterogeneity or polymorphisms, or high levels 
of sequence conservation between phylogeneti-
cally unrelated genomes, all can confound 
the assembly software and result in false or 
chimeric assemblies (  http://web.camera.calit2.
net/cameraweb    ).  

   Standardizing Metadata 

 Metadata refers to the temporal, spatial, and 
physicochemical data associated with the sam-
pling site from which organisms were derived for 
the metagenomics study. Typical examples are 
time, date, latitude, longitude, temperature, pH, 
salinity, etc. The purpose of making such metadata 
available is to enable correlation of deciphered 
ecology with the environmental conditions that 
may favor one population structure over another. 
Presently, there are no established standards 
for submission of metadata, and a Genomics 
Standards Consortium is involved in soliciting 
opinions from the research community to de fi ne 
a minimal set of metadata required for every 
genomic and metagenomic project (  http://web.
camera.calit2.net/cameraweb    ).   

   Conclusions 

 It is perhaps too early to state that metagenomic 
gene discovery is a technology that has “come of 
age.” New approaches and technological innova-
tions are pouring in on a regular basis and many 
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of the technical dif fi culties still waiting to be 
fully resolved. However, there can be little doubt 
that the  fi eld of metagenomics gene discovery 
offers enormous scope and potential for both fun-
damental microbiology and biotechnological 
development. 

 The genomes of the total microbiota found in 
nature contain huge untapped genetic information, 
which is accessible by metagenomic approaches. 
Yet the surface of this resource has been barely 
scratched as far as microbial genomes are concerned. 
The awareness of the real scope of microbial 
genome diversity and growing interest in biotech-
nological application of microbial products as 
pharmaceuticals, bioactive catalysts, biomaterials, 
and so forth must prompt the development of new 
research techniques for the direct and indirect 
acquisition of these genomes. Although there 
is unarguably a great need for future leaps in 
techniques for isolating and culturing novel 
microorganisms, the recent development of meta-
genomics, a  fi eld that effectively circumvents 
the microbial isolation and culturing, has been a 
major breakthrough.      
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