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 Review

Introduction

Metagenomics is a term that describes both a field of scientific 
research and a set of techniques that enables the culture-indepen-
dent analysis of a microbial community in any environmental 
sample.1 The field has grown exponentially in the last 10 to 15 
years; allowing researchers unparalleled access to the “uncul-
tured majority”2 of our microbial counterparts in our environ-
ments and closer to home, on and in our own bodies. This review 
aims to provide a concise overview of the principal methods of 

metagenomic analysis and how metagenomics can be used for the 
discovery of novel genetic loci. We will also discuss the potential 
uses of such genes for the creation of bioengineered probiotics, 
as well as the potential for the discovery of novel biotherapeutics 
for human medicine. A wealth of information has been gained in 
the relatively short history of metagenomics and thus, it is timely 
to discuss the future directions of this ever expanding field of 
research.

It has been estimated that there are more than 1030 micro-
bial cells on Earth; 9 orders of magnitude greater than the num-
ber of known stars in the universe.3,4 It is estimated that over 
99% of microbes in many environments are, as yet, uncultured,5 
while cultured prokaryotic representatives are overwhelmingly 
from just four phyla: Actinobacteria, Bacteroidetes, Firmicutes, 
and Proteobacteria.6,7 Metagenomics provides a means to access, 
characterize, and quantify this untapped diversity of microbes 
and discover novel genes, metabolic pathways, and important 
products with biotechnological, pharmaceutical, and medical 
relevance.

Metagenomic analysis can take a sequence-based or a func-
tional approach (or a combination of both) to study a complex 
microbial community, but always begins with the isolation of 
DNA from the environment of interest.

Sample DNA Isolation

Careful and considered isolation of total metagenomic DNA is 
the key step to ensure the sample obtained is truly representative 
of the community as a whole and is of high-quality, high-purity, 
and as unbiased as possible. Due to the obvious heterogeneity 
of environmental samples it is difficult to lyse cells of all species 
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Metagenomics provides a means of assessing the total 
genetic pool of all the microbes in a particular environment, in 
a culture-independent manner. It has revealed unprecedented 
diversity in microbial community composition, which is further 
reflected in the encoded functional diversity of the genomes, 
a large proportion of which consists of novel genes. Herein, 
we review both sequence-based and functional metage-
nomic methods to uncover novel genes and outline some of 
the associated problems of each type of approach, as well as 
potential solutions. Furthermore, we discuss the potential for 
metagenomic biotherapeutic discovery, with a particular focus 
on the human gut microbiome and finally, we outline how the 
discovery of novel genes may be used to create bioengineered 
probiotics.
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with equal efficacy. Harsh lysis methods may result in physical 
damage to DNA, while a more gentle approach is likely to result 
in an under-representation of DNA from more difficult to lyse 
gram-positive and archaeal members of the community.8 This 
is a particular issue with regard to recovery of DNA from low 
abundance species.

Different methods can be used to access the DNA, such as one 
or a combination of mechanical, enzymatic, chemical, or temper-
ature-based cell lysis. Extraction can either be direct or indirect. 
Direct extraction is performed from the environmental sample of 
interest by cell lysis and subsequent separation of the DNA from 
sample particles and cell debris,9 while indirect extraction first 
involves the separation of cells from the environmental sample 
followed by subsequent lysis.10,11 There are numerous methods 
to extract metagenomic DNA that have been optimized to suit 
the nature of the particular sample in question and which take 
into consideration the physico-chemical conditions, microbial 
make-up, and origin of the environmental sample.11-14 For exam-
ple, Salonen and coworkers14 compared 4 different methods of 
metagenomic DNA extraction from a human fecal sample and 
found that the average DNA yield varied from approximately 
40 μg to 1000 μg, depending on the method used, while varia-
tions of 10- to 20-fold between methods were observed for yields 
of archaeal DNA. Two methods were studied in further detail 
and a method using repeated bead-beating and sequential pre-
cipitation steps was deemed most suitable. Despite a lower initial 
DNA yield, it was noted that the effectiveness of cell breakage 
was the main factor affecting the final microbial composition 
and level of diversity.14

Strategies to Identify Novel Genes

Sequence-based metagenomics
Traditional metagenomic sequencing relied upon Sanger 

sequencing, which produces relatively long reads of greater than 
700 base pairs (bp) with a low error rate.15 However, the devel-
opment of next-generation sequencing (NGS) technologies cou-
pled with significant reductions in sequencing costs has resulted 
in a movement away from Sanger sequencing as the gold stan-
dard, primarily due to the relative high cost and intensive clon-
ing required by this approach compared with NGS methods 
such as 454 and Illumina. One of the first large scale metage-
nomic projects employed Sanger sequencing to characterize the 
microbial population of the Sargasso Sea.13 Over 1 billion bp 
of DNA was sequenced and more than 1.2 million novel genes 
identified, including over 700 that encoded bacterial rhodop-
sin proteins (proteorhodopsins). Proteorhodopsins are retinal-
binding membrane proteins that function as light-activated 
proton pumps. At the time, proteorhodopsins had been recently 
discovered in bacteria using metagenomics and were previously 
thought to exist only in halophilic archaea (bacteriorhodop-
sins).16 This discovery prompted a major rethink about carbon 
and energy flux in the world’s oceans, as it became apparent 
that bacteria were able to harness light energy to generate ATP 
non-photosynthetically.17

Next-generation sequencing (NGS) technologies
Ever improving sequencing technologies coupled with dra-

matically decreasing costs means that a “sequence everything” 
approach can be applied to diverse environmental samples, fol-
lowed by assembly and annotation to gain a comprehensive pic-
ture of the abundance and encoded functional potential of the 
microbial community members. Some of the most widely used 
NGS platforms include the GS-FLX 454 pyrosequencer (Roche), 
MiSeq, HiSeq, and Genome Analyzer II platforms (Illumina), 
SOLiD system (Life Technologies/Applied Biosystems), Ion 
Torrent and Ion Proton (Life Technologies), and the PacBio RS 
II (Pacific Biosciences). For detailed information and technical 
aspects of these technologies the reader is directed to comprehen-
sive reviews elsewhere.18-21

Large-scale sequencing projects employing such technolo-
gies generate huge datasets that can consist of millions of gene 
sequences, and owing to the nature of metagenomes, a large 
proportion of these will be novel, but with no known function. 
This initial, untargeted sequencing approach can be subsequently 
used in combination with a more targeted approach which aims 
to identify a specific type of gene or gene family. It should be 
noted that we mean untargeted in relation to identifying spe-
cific genes initially, but focused rather on the overall community 
composition, phylogeny, and/or functional capacity. In addi-
tion, metagenome sequencing using NGS technologies followed 
by annotation, homology searches, and phylogenetic clustering 
will uncover genes that are more divergent and more interesting 
than the consensus genes with known sequences used to design 
probes or primers for initial gene-focused studies.22 For exam-
ple, Hess and coworkers sequenced 286 gigabytes (Gb) of cow 
rumen metagenomic DNA using Illumina GAIIx and HiSeq 
2000 platforms. They then searched for carbohydrate active 
enzyme (CAZymes) sequences bioinformatically and minimized 
the dependence on known CAZyme sequences by searching for 
individual functional domains of such enzymes rather than over-
all sequence similarity. This approach revealed 27 755 potential 
candidate genes from over 2.5 million predicted open reading 
frames (ORFs). Interestingly 24% of the genes were most simi-
lar to “hypothetical proteins” or “predicted proteins” in the non-
redundant NCBI database. The sheer volume of candidate genes 
identified and the novelty of many sequences validates the ini-
tial high-throughput bioinformatic search. A sub-group of genes 
were subsequently amplified by PCR and the activity of their 
encoded proteins was assessed through functional heterologous 
expression.23

Gene targeting or metagene analysis
Identification of novel genes for particular gene families or 

enzyme classes can be achieved by using DNA probes or PCR. 
First a multiple sequence alignment of many sequences of the 
type of gene of interest is generated to identify the most con-
served regions. Consensus primers are then designed and used 
to amplify target sequences from isolated metagenomic DNA. 
Subsequently, gene-specific primers can be designed and genome-
walking can be performed to retrieve the full gene sequence and 
those of neighboring genes if desired.24 This method is effective 
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as large libraries do not need to be constructed and screened and 
novel genes can be identified irrespective of gene expression, 
which is a major hurdle to function-based screening (discussed 
later). Furthermore, full-length sequences are not required to 
identify genes initially, although they will have to be determined 
at a later stage.25 This approach suffers from bias due to primer 
and probe design being limited to known sequences of similar 
gene family members as well as prejudices due to over-represen-
tation of dominant species in the metagenomic library. This will 
lead to PCR bias and less chance of amplification of genes from 
less abundant community members. Furthermore, it is unlikely 
that functionally homologous genes that have arisen due to con-
vergent evolution will be identified.26 While a significant limita-
tion of this approach is its inability to uncover completely novel, 
non-homologous genes, this approach has nonetheless been used 
successfully to identify genes that encode biotechnologically 
and industrially relevant enzymes such as esterases, lipases, and 
oxidoreductases.9,27,28

Of therapeutic relevance, a number of sequence-based screens 
have focused on identifying novel antimicrobial compounds. 
Type I and type II polyketide synthases (PKS) which are encoded 
on operons for biosynthesis of antibiotics and anti-cancer com-
pounds are often the target genes. In one study, a soil metage-
nomic library was screened by PCR for type I PKS genes using 
primers that target regions flanking the highly conserved active 
site of the ketoacyl synthetase domain. Eleven novel type I PKS 
sequences were identified, with amino acid identity to known 
sequences ranging from 46% to 61%.29 Feng and coworkers used 
degenerate primers to amplify ketosynthase β chain length factor 
(KS

β
) genes from a metagenomic library and used the amplicons 

as probes to identify PKS containing clones. Functional analysis 
of the clones revealed both known and unknown antimicrobial 
compounds, some of which had potent activity against methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomy-
cin-resistant Enterococcus (VRE).30 In a recent extensive study, 
conserved domains within non-ribosomal peptide synthetase 
(NRPS) and PKS genes were used as targets to screen a >15 mil-
lion member cosmid mega-library. Multiplex sequencing of PCR 
products, followed by clustering and BLAST analyses to identify 
sequences of most interest, revealed 18 gene clusters predicted 
to encode novel glycopeptide- and lipopeptide-like antibiotics, 
as well as anti-cancer and immunosuppressive compounds.31 A 
PCR-based approach was used to identify genes encoding OxyC 
enzymes, which are often found on biosynthetic gene clusters for 
glycopeptide antibiotics such as vancomycin and teicoplanin. In 
a twist on the previous examples, modifying enzymes found on 
these gene clusters were used to create 15 new sulfated glycopep-
tide antibiotic derivatives.32,33 Development of analogs, which 
could substitute for last-line antibiotics such as vancomycin is an 
important research finding. Finally, Iwai et al. used a number 
of sets of degenerate primers for PCR, coupled with 454 pyrose-
quencing to identify genes encoding aromatic dioxygenases. This 
approach provides a more comprehensive view of the diversity of 
sequences present in the environment and this sequence informa-
tion can be used to design probes to recover full-length genes 
subsequently.34

Data mining and “synthetic metagenomics”
An innovative approach to identify novel genes has been 

described in recent years which involves mining existing sequence 
databases and/or metagenomic data sets for sequences of interest, 
followed by chemical synthesis of selected genes.35 The authors 
name this process “synthetic metagenomics” and successfully 
applied it to identify novel methyl halide transferase (MHT) 
enzymes, which are important in agriculture and industrial 
applications for more efficient production of biofuels. Eighty-
nine putative MHTs were identified, with amino acid identities 
to a known MHT as low as 18% and an average of 28% amino 
acid identity between sequences. The genes included 61 bacte-
rial, 13 fungal, 1 archaeal, and 14 from plants. The genes were 
codon optimized for heterologous expression in Escherichia coli 
and yeast cells and then chemically synthesized. Only 6% of the 
synthesized genes showed no MHT activity, which is remarkable 
considering only one was actually annotated as a MHT and only 
55% were annotated as generic methyltransferases.35 A similar 
study has also applied this approach to glycoside hydrolases.36 
Both demonstrate the utility of “synthetic metagenomics”, which 
of course could be applied to any gene of interest.

Plasmid and integron capture
Horizontal gene transfer (HGT), mediated by mobile genetic 

elements such as plasmids and integrons play a crucial role in bac-
terial evolution, adaptation, and survival.37 Plasmids are likely to 
contain genes necessary for niche colonization and encode func-
tions important in that environment. Furthermore, genes encod-
ing antibiotic resistance, virulence and antimicrobial production 
can often be found on plasmids. Developed to capture plasmids 
from the human gut mobile metagenome, the TRACA (transpo-
son-aided capture) method identified a number of novel plasmids 
of both gram-positive and gram-negative origin.38,39 TRACA 
could be applied to any environment once sufficient quantities 
of DNA can be isolated and would provide a valuable means to 
identify novel mobile genes within specific environments. Indeed, 
TRACA has been recently used to identify plasmids from bacteria 
in the human oral cavity and activated sludge.40,41

Integrons are gene recombination and expression systems. 
They encode an integrase protein and contain a integration site 
(attI) to capture genes from what are known as mobile gene cas-
settes which contain a conserved site-specific recombination 
sequence called a 59-be (base element).42 By targeting conserved 
sequences associated with integron-gene cassettes using PCR one 
can retrieve full-length, novel genes from metagenomes in the 
absence of any other sequence information.43 The overwhelm-
ing majority of integron-associated genes lack known homologs 
or cannot be assigned a function. A recent study found that 
85% of Treponema-associated integron genes from the Human 
Microbiome Project (HMP) data set were of unknown func-
tion.44 Furthermore, proteins with novel structure and folds have 
been identified among integron-gene cassettes which belong to as 
yet uncharacterized protein families.45

Suppressive subtractive hybridization
Suppressive subtractive hybridization (SSH) is a PCR-based 

approach that can be used to compare and identify differences 
in the genomes of closely related bacterial species or differentially 
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expressed mRNA transcripts within a cell.46,47 Differences 
between “driver” (control) and “tester” sequences are highlighted 
by the removal of sequences or transcripts of similar abundance. 
This approach has been used to identify novel sequences from 
complex metagenomic samples. Ninety-six bacterial and archaeal 
DNA fragments were identified from a rumen metagenome using 
this approach, of which 39 had no significant similarity to any 
database sequences.48

More recently, SSH has been adapted to recover full-length, 
novel genes from metagenomes.49 Degenerate primers are first 
used to generate multiple target-gene amplicons (“driver DNA”), 
which are then used as hybridization probes to capture full-
length genes. “Driver DNA” is biotinylated and immobilised on 
streptavidin-coated magnetic beads. Metagenomic DNA (“tester 
DNA”) is then added to the coated beads to capture full-length 
genes of interest. This approach has greater specificity and less 
non-specific amplification compared with other PCR-based 
techniques, but does require the creation of a genomic DNA 
library. Nevertheless, this approach can retrieve numerous gene 
targets in a single reaction.49

Functional metagenomics
The second main area of metagenomic analysis is functional 

metagenomics. The oft-stated, broad aims of metagenomic anal-
yses are to discover “who is there?” and “what are they doing?” 
Large scale NGS projects can tell us about the former, but is lim-
ited with regard to the latter, due to the dependence on known 
sequences already in the databases. Functional metagenomics 
on the other hand suffers no such reliance on previous sequence 
information and is a powerful approach with the potential to dis-
cover new functions for known genes and also, completely novel 
genes, gene families, and their encoded proteins.

Functional metagenomics requires the creation of a metage-
nomic library containing fragments of community metagenomic 
DNA. The process follows the same general steps for the creation 
of a genomic DNA library; enzymatic digestion or random shear-
ing of DNA, ligation to a suitable vector and transformation to 
a heterologous host.50 One of the biggest technical challenges is 
constructing a library with sufficient coverage of the community 
metagenome and requires an extremely large number of clones, 
especially for complex environments. This is compounded fur-
ther when one considers a library would need to contain 100- to 
1000-fold coverage in order to possess a significant proportion 
of clones carrying sequences form rare (<1%) community spe-
cies.51 Nonetheless, it is achievable; cosmid megalibraries have 
been created from soil which contain >1.5 × 107 unique clones. 
At clone densities such as this, it is believed the library approaches 
saturation.31

Insert size and vector
Two types of library can be constructed depending on the type 

of screen to be performed and the desired library size. Libraries 
can be small insert libraries, created using plasmids and contain-
ing inserts of <10 kb, or large insert libraries, created using fos-
mid (25–45 kb inserts) or cosmid (15–40 kb inserts) vectors, or 
BAC (bacterial artificial chromosome; 100–200 kb inserts) vec-
tors.52 Small insert libraries are maintained on high copy num-
ber plasmids with strong promoters, which are usually used in 

activity screens where a single gene is responsible for the activity. 
Large insert libraries are suitable for the identification of multi-
gene encoded products, operons, and entire biochemical path-
ways and usually utilize low-copy number or inducible vectors. 
Inducible vectors are advantageous in that the library may be sta-
bly maintained at low copy, but can be induced to high copy for 
downstream applications such as transposon mutagenesis, as well 
as DNA extraction, cloning, and sequencing. Large inserts also 
facilitate gene neighborhood analysis and increase the probability 
of phylogenetic and taxonomic assignment of sequences.53,54

Cloning host
To date, E. coli has been the cloning host of choice for the 

vast majority of metagenomic projects. E. coli possesses a number 
of desirable attributes that make it the host of choice; in depth 
knowledge of its physiology and biochemistry following decades 
of intensive research being primary among them. Furthermore, 
E. coli (1) has a high transformation efficiency, (2) is somewhat 
promiscuous with regard to the diversity of foreign expression 
signals it recognizes, (3) lacks genes for restriction modification 
and homologous recombination, and (4) is capable of translating 
mRNA with diverse translation signals because the normal trans-
lational dependency on the degree of complementarity of the 
3′ terminus of the 16S RNA and the Shine–Dalgarno sequence 
does not apply in E. coli.55,56 Despite these advantages, E. coli, like 
any expression host, is unable to express all foreign DNA due to 
differences in the transcriptional, translational, and posttransla-
tional machinery of the originating organism. For example, cis-
acting factors such as a promoter and a ribosome binding site 
(RBS) compatible with the host machinery, as well as factors that 
may need to be supplied in trans by the host cell, such as chaper-
ones, transcription factors, or a compatible secretion system, are 
all potentially negative effectors of efficient expression.

Mathematical formulae have been developed to predict the 
chance of a given gene of interest being expressed in E. coli. 
Thirty-two sequenced bacterial genomes from three different 
phyla (Actinobacteria, Firmicutes, and Proteobacteria), as well as 
10 archaeal genomes were used in the analysis. Approximately 
40% of genes in total were predicted to be functional in E. coli, 
but this ranged from 7% of actinobacterial genes, to 73% of 
genes from Firmicutes.57

Hit rates
The hit rates (i.e., the chances of identifying a gene of inter-

est through functional metagenomic expression) are tradition-
ally quite low and can vary widely. Several factors influence the 
hit rate such as the source of the metagenomic DNA, the size of 
the gene of interest, its abundance in the metagenome and con-
sequently the library, the vector system and host of choice, the 
screen itself, and the ability of the host to successfully express the 
gene.58 Hit rates have been shown to range from one positive hit 
per 2.7 megabases (Mb) of DNA screened to 1 per 3979.5 Mb.58-60

Strategies to Improve Heterologous Expression

Alternative or dual hosts
The use of different cloning hosts or the use of one host to 

maintain the library followed by transfer of the library to a 
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different host (usually from a different phylum or genera) for 
screening have been shown to be successful, while demonstrating 
the “different host, different hit” effect.55 Considering the envi-
ronment of study in choosing a suitable host can increase the suc-
cess of a functional metagenomic screen. Streptomyces species are 
commonly found in soil, are genetically amenable and produce a 
diverse range of medically relevant secondary metabolites such as 
antibiotics. Thus, numerous studies have employed Streptomyces 
species as screening hosts. McMahon and coworkers modified 
an integrative E. coli–Streptomyces cosmid vector to increase its 
recoverability and used it to create a cosmid metagenomic library. 
Initially the library was created in E. coli and then transferred 
via conjugation to a Streptomyces lividans mutant strain, which 
was defective in pigmented antibiotic production (increasing the 
ability to identify active clones). Screens for hemolytic activity 
and the production of secondary metabolites and pigments iden-
tified 12 biologically active clones due to functional expression of 
metagenomic DNA. The key observation however, is that none 
of the phenotypes were detectable in E. coli, demonstrating the 
utility of using a different host system.61 A functional metage-
nomic screen to identify antibiotic production, altered colony 
morphology, and pigmentation identified a number of clones 
expressing the desired traits using a cosmid library maintained 
in six different proteobacterial hosts (E. coli, Pseudomonas putida, 
Burkholderia graminis, Caulobacter vibrioides, Ralstonia metal-
lidurans, and Agrobacterium tumefaciens). Interestingly, there 
was little overlap between the active clones, revealing substan-
tial interphylum variations in gene expression, even among more 
closely related species.62 Other alternative hosts include Bacillus 
subtilis, Rhizobium leguminosarum, and a dual E. coli–Thermus 
thermophilus system for screening extremophilic microorgan-
isms.63-65 Development of different hosts and molecular tools 
to make them genetically malleable will expand the repertoire 
and diversity of novel genes that can be recognized and heterolo-
gously expressed.

Modified vectors
The use of alternative hosts is often coupled with the use or 

creation of novel expression vectors that can function in mul-
tiple hosts or maximize the chances of expression in said hosts. 
One example of a broad host-range fosmid and BAC vector is 
pRS44. Created for metagenomic screening, pRS44 contains 
two origins of replication, can be induced from low- to high-
copy with l-arabinose and contains an origin of transfer to 
allow conjugation to additional hosts, as well as a stabilization 
element (parDE). A 20 000 member clone library with insert 
sizes of up to 200 kb was successfully created and subsequently 
transferred to two other putative host organisms, Pseudomonas 
fluorescens and Xanthomonas campestris.66 Similarly, Kakirde 
et al. (2010) created a BAC vector capable of replication and 
expression in diverse genera of gram-negative bacteria such as 
Escherichia, Salmonella, Enterobacter, Pseudomonas, Serratia, and 
Vibrio.67 Recently, viral gene expression elements have been used 
to increase the expression and hit rate of metagenomic clones. 
Using phage T7 RNA polymerase to drive transcription and an 
inducible phage anti-termination protein to bypass many tran-
scriptional terminators present on the insert, a 6-fold increase 

in the number of carbenicillin-resistant clones identified in the 
screen was observed.68 Furthermore, the use of a vector with dual-
orientation promoters allows for bi-directional transcription and 
the possibility to significantly increase the hit rate. Such expres-
sion does not rely on the presence of a native, insert-borne pro-
moter, or on the orientation of the cloned insert.59

Codon optimization
The majority of organisms have a particular preference for 

certain translation initiation codons and for overall codon usage, 
which is known as codon usage bias.69 E. coli for example uses 
AUG as a start codon to initiate approximately 90% of transla-
tion, therefore non-AUG start codons such as GUG and UUG 
may not be efficiently recognized.58 Foreign genes highly tran-
scribed in E. coli have been shown to possess similar promoter 
sequences that bind the sigma factor RpoD (σ70) of E. coli.70 The 
effect of codon usage bias on expression has been investigated by 
introducing synonymous mutations to the third base position of 
the gene encoding green fluorescent protein (GFP). Expression 
levels between the 154 protein variants differed by up to 250-
fold. Variable expression however, did not correlate with codon 
bias but rather, with the stability of mRNA folding near the ribo-
somal binding site. Codon bias on the other hand influenced the 
overall translation efficiency and cellular fitness.71 Interestingly 
a recent study suggests (on the basis of analyzing 11 diverse 
metagenomes) that regardless of phylogeny, microbes in the same 
environmental niche share common preferences for synonymous 
codon usage at the community level. These codon usage signa-
tures differ between different metagenomes and can be used to 
predict functionally relevant genes for the community as a whole 
and also identify and characterize unknown genes with similar 
codon usage patterns to those genes.72

Knowledge of such issues and data mining large metagenomic 
data sets will enable the design of the most suitable expression 
systems with the greatest chance of success and also enable the 
creation of novel metagenome-derived synthetic genes or operons 
that are optimized for expression in E. coli or another relevant 
host.35,36 An overview of the main methods to identify novel 
genes through metagenomics is presented in Figure 1.

Functional Metagenomic Discovery  
of Therapeutically Relevant Compounds

The vast majority of microbes are as yet uncultured and many 
will harbor the ability to produce therapeutically relevant novel 
compounds. By utilizing one or more of the strategies mentioned 
above to increase the chances of successful heterologous expres-
sion, there is potential to discover such novel compounds from 
uncultured members of well-known producers such as the acti-
nomycetes and also from novel microbial species. Nevertheless, 
novel compounds have been successfully discovered using func-
tional metagenomics. The antibiotics turbomycin A and B were 
discovered, somewhat serendipitously, following a functional 
screen for hemolytic clones in an E. coli metagenomic library. 
Turbomycin A had been reported previously as a fungal metab-
olite, but not bacterial, while turbomycin B was a novel com-
pound. The production of both antibiotics is proposed to occur 
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via a single gene on the insert coupled with endogenous indole 
production from the E. coli host. Both antibiotics displayed 
broad-spectrum activity against a number of gram-positive and 
gram-negative pathogens.73

Gene clusters for the biosynthesis of novel compounds have 
often been found to be silent in both culturable organisms and 

also when cloned and expressed in a heterologous host. To over-
come this, clones found to harbor PKS genes were subsequently 
screened for the presence of putative transcription factors in the 
neighboring DNA, which usually tightly regulate such gene 
clusters. By cloning the genes encoding the transcription factors 
(under the control of the strong, constitutive promoter of the 

Figure 1. An overview of the main methods of novel gene discovery using metagenomics. A sample from the environment of interest (e.g., soil, human 
gastrointestinal tract, or ocean) is collected (A), total metagenomic DNA is isolated directly or indirectly from the sample either by harsh or gentle lysis 
(B); metagenomic DNA is subsequently subjected to sequence-based analysis (C), which can include creating a clone library followed by random Sanger 
sequencing or direct sequencing of metagenomic DNA using next generation (NGS) methods (C-1), gene targeting using degenerate primers designed 
from conserved regions of homologous sequences followed by PCR amplification (C-2), data mining of existing metagenomic sequence data sets for 
genes or conserved domains of interest, followed by complete synthesis of host-optimized genes (C-3); capture of novel genes from plasmids using the 
TRACA (transposon-aided capture) method or integron-associated genes using PCR with primers that target conserved integration site sequences (C-4). 
Functional metagenomics (D) involves the creation of a small- or large-insert library using a specific type of vector (plasmid, fosmid, cosmid, or bacte-
rial artificial chromosome [BAC]) depending on the needs of the user or aims of the project (D-1), choosing a suitable heterologous host for expression 
of metagenomic DNA. The most widely used host is E. coli, but species of Streptomyces and Bacillus, for example, have also been utilized. The library is 
maintained in 96- or 384-well micro-titer plates and stored at –80 °C (D-2). Clones containing metagenomic DNA can be screened to identify a pheno-
type of interest by replicating all or a portion of the library into new micro-titer plates or onto agar plates. Growth of library clones can be assessed for 
production of antimicrobials, pigmentation, altered morphology, or increased resistance to various stressors relative to control strains carrying empty 
vectors (D-3). Transposon mutagenesis may be performed on positive clones to identify the gene or genes of interest (D-4), which may be subsequently 
cloned as an isolated gene(s) to confirm the phenotype (D-5). Novel genes are discovered using sequence-based or functional metagenomic strategies, 
or a combination of both (E).
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erythromycin resistance gene ermE) and subsequently transform-
ing the corresponding PKS clone with the expression plasmid, a 
dramatic increase in expression was observed and a clone produc-
ing an antibacterial metabolite was identified. The compound, 
tetarimycin A, is a gram-positive specific antibiotic with potent 
activity against MRSA. The authors suggest that there are likely 
to be more members of this class of novel antibiotic encoded by 
similar gene clusters present in the environment.74 A combination 
of sequence-based metagenomics and heterologous expression 
using a transcription factor (similar to the example above) has 
identified a compound with inhibitory activity against disease-
related protein kinases, while another study identified a com-
pound with potent anti-tumor activity.75,76

Therapeutics from Within: “Bioprospecting”  
the Human Microbiome

A microbiome is the totality of all microbes, their genes and 
interactions in a particular environment. The sequencing of the 
human genome was a historic scientific achievement and her-
alded exciting opportunities to decipher many of the intricacies 
of human diseases and conditions. It soon became apparent, 
however, that studying the human genome and organism as a 
single entity gave an incomplete picture without considering the 
role of the human microbiome.77,78 While the previous examples 
have dealt with the identification of novel genes that encode sec-
ondary metabolites such as antibiotics, the majority of these have 
been identified in the external environment. Large-scale metage-
nomic research projects, such as Metagenomics of the Human 
Intestinal Tract (MetaHit), the Human Microbiome Project 
(HMP), and ELDERMET, among others,79-83 have focused on 
looking within the human body, not only for novel genes and 
compounds, but also for novel species and for changes in the 
abundance and diversity of extant species of the human microbi-
ome and how these may be “mined” or manipulated in a positive 
way for human health.

Thuricin CD was discovered from a screen of more than 
30 000 colonies from human faecal samples. Produced by 
Bacillus thuringiensis, thuricin CD is a novel bacteriocin with 
narrow-spectrum, potent antimicrobial activity against clinical 
isolates of Clostridium difficile. Importantly thuricin is as effec-
tive as the clinically-indicated antibiotics, vancomycin, and met-
ronidazole, in killing C. difficile and causes negligible “collateral 
damage” to other members of the gut microbiota in an ex vivo 
colon model, making it an attractive therapeutic compound to 
pursue for clinical application. While thuricin was not identified 
using a metagenomics approach, its discovery and its desirable 
properties indicate that applying sequence-based or functional 
metagenomic approaches (or a combination of both) could iden-
tify similar and also other novel antimicrobials.84,85 Indeed, simi-
lar to the in silico data-mining approach mentioned previously, 
gene clusters similar to that of thuricin have been identified in 
genomic and metagenomic sequence data sets.86 Using the amino 
acid sequences of the radical S’-adenosylmethionine (SAM) 
proteins (TrnC and TrnD) encoded on the thuricin gene clus-
ter as driver sequences, 100 TrnC and 54 TrnD homologs were 

identified in the genomes of 112 unique microbial strains, none 
of which had been previously associated with bacteriocin produc-
tion. Further analysis revealed 15 novel, putative thuricin gene 
clusters. In addition, 365 TrnC and 151 TrnD homologs were 
found in metagenomic data sets from diverse environments indi-
cating the widespread presence of such genes in the environment. 
At the time of publication in 2011, the HMP data set would 
have been unavailable, but it would be interesting to investigate 
the abundance of such gene clusters in the different anatomical 
human microbiomes, particularly the gut microbiome.

Discovery of novel antimicrobials has become of paramount 
importance due to significant increases in global antibiotic resis-
tance and the emergence of multiantibiotic-resistant “super-
bugs”.87 In a recently published annual report on infection and 
antimicrobial resistance, England’s Chief Medical Officer, 
Professor Dame Sally Davies, highlights the seriousness of the 
problem, makes a number of recommendations and states that, 
“it [antimicrobial resistance] should be placed on the national 
risk register [specifically, the National Security Risk Assessment] 
and the Government should campaign for it to be given higher 
priority internationally, including collaborations to ensure the 
development of new antimicrobials and vaccines, such as Private 
Public Partnerships.”88 The full report can be downloaded at 
https://www.gov.uk/government/publications/chief-medical-
officer-annual-report-volume-2. Furthermore, overall societal 
costs due to antimicrobial-resistant infections in the European 
Union, Iceland, and Norway is estimated to be approximately 
€1.5 billion annually.89 Research to identify novel antimicrobials 
or targets thereof has been scaled down or completely abandoned 
by some pharmaceutical companies.90 Payne and coworkers give 
an insight from the perspective of a pharmaceutical company of 
the difficulties and costs associated with such research and the 
poor returns, both financial and of novel products.91 This is com-
pounded by the fact that only two new classes of antibiotics have 
been marketed since 1962.92 Overall, these facts emphasize the 
need for novel and alternative strategies to combat antimicrobial 
resistance.

In a recent study, Eggerthella lenta, a common actinobacterial 
member of the gut microbiota, was shown to be solely respon-
sible for the inactivation of the cardiac drug digoxin.93 A highly 
upregulated, two-gene (cgr1 and 2) operon was likely responsible 
for reducing digoxin to an inactive form, while arginine inhibited 
expression and strains lacking the operon were unable to reduce 
digoxin. Germ-free mice colonized with E. lenta had lower serum 
and urine digoxin compared with mice colonized with E. lenta 
cgr-negative strains. Furthermore, mice fed a high protein diet 
had increased serum and urine digoxin indicating a reduction in 
digoxin inactivation, likely through increased dietary arginine.93

Such studies open up new avenues for future therapeutic strat-
egies. Profiling fecal samples for E. lenta in patients requiring 
digoxin could result in treatment interventions such as dietary 
supplementation with increased protein or arginine. The contin-
ual reduction in sequencing costs may see metagenomic sequenc-
ing become part of a personalized medicine treatment strategy 
or to ascertain the microbiome composition of subjects for clini-
cal trials or before, during, and after a particular drug regimen. 
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Bacterial β-glucuronidases of the human gut microbiota can 
reactivate CPT-11 (a chemotherapeutic agent used to treat colon 
cancer) in the human gut, causing severe diarrhea and limiting 
the dose intensification. Inhibitors of these β-glucuronidases 
have been identified that could increase therapeutic efficacy.94 
The opposite of the E. lenta example could also be exploited; 
identification of a novel probiotic species that positively corre-
lates with drug metabolism (such as activation of a pro-drug) 
or detoxification that could be co-administered as a probiotic 
with the drug. Metagenomics can increase our understanding of 
the structure, function, diversity, and interactions of our micro-
biota which will aid the development of personalized medicine 
programs and the identification of novel drug targets and com-
pounds. Furthermore, metagenomics in combination with in 
vitro assays and animal models may be used to identify specific 
microbes or combinations of microbes responsible for different 
drug interactions.95 However, the inter-individual variability of 
the microbiome, even between healthy subjects remains a chal-
lenge for targeted therapies.96,97

Bioengineered Probiotics

“Let food be thy medicine and medicine be thy food” 
—Hippocrates

There has been an increasing interest in the development of 
bioengineered (also termed designer or recombinant) probiotics 
in recent years.98-106 Probiotics are defined as “live microorgan-
isms which when administered in adequate amounts confer a 
health benefit on the host”.107 Numerous research groups have 
engineered probiotic strains that successfully target specific 
pathogens and toxins, as well as developing probiotics as vaccine 
and drug delivery platforms.

Paton’s group has used host-cell receptor mimicry to bioen-
gineer probiotics that bind and neutralize toxins produced by 
shigatoxigenic and enterotoxigenic E. coli (STEC and ETEC, 
respectively), as well as Vibrio cholerae. Recombinant bacteria 
expressing different oligosaccharide toxin receptor mimics in 
their lipopolysaccharide (LPS) outer core were engineered and 
subsequently shown to bind the toxins (shiga toxin and cholera 
toxin). This proved to be an extremely successful approach with 
up to 100% survival rates in murine models infected with virulent 
STEC or V. cholerae compared with controls.108-110 A key advan-
tage of this approach is that development of resistance is very 
unlikely as a selective pressure is not imposed on the pathogen.111 
Identification of genes that encode specific glycosyl transferases 
and sugar precursors are required to create different structural 
receptor mimics. Metagenomics may be useful to identify novel 
variants of such genes for the construction of diverse mimics 
that can target a broader range of pathogens and toxins. Other 
recombinant probiotics include those that exert immunomodula-
tory effects and target cancer and HIV (for a review, see Paton, 
Morona, and Paton112), that modulate the fatty acid composition 
of host adipose tissue by producing trans-10, cis-12 conjugated 
linoleic acid (CLA), and that promote in vitro intestinal wound 
healing mediated by probiotic secretion of human epidermal 
growth factor (EGF).113,114

The above examples demonstrate the diverse therapeutic 
potential of bioengineered probiotics, which could be made 
even more diverse through the use of food-grade lactococci 
and lactobacilli for receptor mimicry111 and the identification 
and cloning of novel, metagenome-derived genes in probiotic 
microbes.

Metabiotechnology: application of metagenome-derived 
genes to bioengineered probiotics

We have previously coined the term “metabiotechnology” to 
describe the use of metagenomics as a robust method of identi-
fying novel genes for use in biotechnology and the creation of 
bioengineered probiotics.115,116 This is an extension of the patho-
biotechnology concept which aims to exploit stress response, 
host evasion, and virulence determinants of pathogenic microbes 
to enhance both physiological and technological robustness 
and stress resistance, as well as the clinical efficacy of probiot-
ics.101,105,106,117 An increased ability to overcome the many host-
imposed stresses of the gastrointestinal tract (low pH, bile, low 
iron concentrations, and increased osmolarity) is a desirable trait 
in what are sometimes promising, but physiologically or techno-
logically fragile probiotic strains.118

Listeria monocytogenes has been used as the model organism to 
successfully demonstrate proof-of-concept for pathobiotechnol-
ogy. The betL gene (which encodes a betaine transporter involved 
in osmotic stress resistance and virulence119-122) was cloned in 
Lactobacillus salivarius UCC118, resulting in a significant increase 
in tolerance to numerous in vitro and technological stress condi-
tions.123 Furthermore, when expressed in Bifidobacterium breve 
UCC2003, betL also increased low pH and osmotic stress resis-
tance in vitro, while also increasing gastrointestinal persistence 
and protecting against L. monocytogenes infection in a murine 
model.124 Using a similar approach, the bile exclusion system 
(BilE) of L. monocytogenes was used to increase the bile tolerance 
and gastrointestinal persistence of both L. lactis NZ9000 and B. 
breve UCC2003, while B. breve alone reduced the listerial load in 
murine livers.100

The identification of similar genes to those mentioned above 
from the symbiotic gut microbiota using metagenomics could 
provide a large suite of genes for creating novel therapeutic pro-
biotics and concerns regarding the use of genes from pathogens 
may be somewhat alleviated by these “self” genes. It is also likely 
that certain genes from the permanent inhabitants of the human 
gut microbiota will provide more robust protection against vari-
ous GI stresses, as gut microbes will be better adapted for survival 
in this niche. Examples of genes discovered through metagenom-
ics which could be used to create bioengineered probiotics are 
outlined below.

The ability to colonize the gastrointestinal tract is one of a 
number of important characteristics for a probiotic strain to 
possess.125 A functional metagenomics approach has been used 
to identify novel genes which conferred enhanced coloniza-
tion potential when expressed in E. coli.126 An initial screen of 
a BAC library created from the murine gut metagenome iden-
tified a number of clones with enhanced ability to form bio-
films. Further analysis of two clones in detail revealed 4- and 
3-gene operons respectively responsible for the phenotype. The 



www.landesbioscience.com	 Virulence	 407

operons were cloned in isolation and expressed in E. coli. The 
clones exhibited between 4- and 17-fold enhanced adherence to 
HT-29 human cell lines in vitro, as well as enhanced intestinal 
colonization of antibiotic pre-treated mice, with approximately 
6- to 28-fold more colony-forming units (CFUs) recovered from 
plated intestinal homogenates.126 Such genes could be espe-
cially useful for lactococcal-based engineered probiotics; while 
these strains are able to reach the intestine, they cannot usually 
colonize.127

The gastric juice in the stomach is the first major hurdle to 
overcome for potential probiotics. The pH of gastric juice ranges 
from pH 3 to pH 5, but can be as low as pH 1.5 during fasting.128 
The ability to survive this initial challenge significantly influ-
ences microbial numbers that reach the intestine. Metagenomic 
analysis of extreme environments has proved fruitful in identi-
fying novel stress resistance genes. Fifteen novel acid resistance 
genes from 11 clones were identified in a small-insert E. coli 
metagenomic library from the extremely acidic Tinto River.129 
Some clones were conferred with extreme acid resistance to pH 
1.8, with up to 53% survival after 60 min treatment. The various 
genes responsible for the phenotype were both functionally and 
phylogenetically diverse and some could confer broad-host range 
acid resistance to Pseudomonas putida and B. subtilis, in addition 
to E. coli. Increasing the acid resistance of probiotics thus has the 
potential to enable greater persistence and enhanced therapeutic 
effect.

Recent work in our laboratory has identified novel salt tol-
erance genes from the human gut microbiota using functional 
metagenomics.130 From a screen of over 20 000 clones and sub-
sequent transposon mutagenesis and cloning, 5 genes were iden-
tified that could confer increased salt tolerance to E. coli. The 
ability to respond and adapt to increases in external osmolarity 
caused by salt and other solutes is an important survival deter-
minant.131 Like the examples with the betL salt tolerance locus 
mentioned above,123,124 these metagenome-derived genes could 
be used in a similar manner to increase the stress resistance of 
probiotic strains.

Bile resistance is also a desirable trait in a probiotic.125 In 
addition to bile exclusion systems, some microorganisms pos-
sess bile salt hydrolase (BSH) genes which convert conjugated 
bile acids into their unconjugated form.132 Bile acids, and con-
sequently BSH, can influence host physiology in the form of 
lipid absorption and cholesterol homeostasis.132 A comprehen-
sive metagenomic study of the human gut microbiota revealed 
that BSH activity is highly conserved in this environment, being 
found in all major bacteria and archaeal divisions in the human 
gut. Furthermore, BSH activity increased bile resistance in vitro 
and gastrointestinal survival in vivo.133 Consequently probiotics 
and BSH have been investigated as potential cholesterol-lowering 
therapeutics.134,135 Discovery of novel BSH genes and engineering 
probiotics with increased BSH activity may therefore be a viable 
and attractive therapeutic goal.

Finally, the gut–brain axis and the increasing evidence that 
the gut microbiota play a role in influencing processes in the 
brain has received much attention of late.136-139 In addition, 

some microbes are capable of producing many neuroactive com-
pounds such as gamma-aminobutyric acid (GABA), norepi-
nephrine, serotonin, and dopamine.140 A recent study has shown 
that mice administered with a probiotic strain of Lactobacillus 
rhamnosus exhibited reduced anxiety and differential expression 
of GABA receptors in the brain. Animals that underwent vagot-
omy surgery (effectively cutting the main neural link between 
the gut and brain) did not display any of the effects seen in 
non-vagotomised animals when administered L. rhamnosus.141 
Such probiotics have recently been termed “psychobiotics”, a live 
organism that, when ingested in adequate amounts, produces a 
health benefit in patients suffering from psychiatric illness.142 
While much of the data are pre-clinical, it is certainly an excit-
ing area to monitor in the future for further research and clini-
cal trials. Perhaps metagenomics could be used to (1) identify 
genes from pathways that produce neuroactive compounds in 
the gut metagenome, (2) reveal the differences in the abundance 
of microbes capable of producing these compounds in the gen-
eral population, (3) design functional assays to detect clones that 
produce known or novel neuroactive compounds, or (4) create 
bioengineered psychobiotics for specific psychiatric illnesses. 
Some of the potential applications of metagenomic novel gene 
discovery can be seen in Figure 2.

Biological Containment

The potential use of bioengineered probiotics essentially 
involves the use of a genetically modified organism (GMO) and 
raises genuine concerns regarding what would be the deliberate 
release of a GMO into the environment when used as a biothera-
peutic. A number of containment strategies have been developed 
and can be categorized as either passive or active containment. 
With passive containment, an auxotrophic mutant is created 
which cannot grow without the exogenous provision of an essen-
tial metabolite. The most successful example of this is thymi-
dine auxotrophy. Steidler et al. replaced the essential thyA gene 
(encoding thymidylate synthase) in L. lactis, with a gene encod-
ing human interleukin 10 (IL-10) by chromosomal integration.143 
The mutant strain cannot grow in the absence of thymidine or 
thymine, which are absent in the environment, and cell death 
is induced by the phenomenon of “thymineless death”.144 This 
strain has been used in a human clinical trial for the treatment of 
IBD.145 Active containment strategies are usually more complex 
and specific for the microorganism in question, involving many 
gene deletions, tightly regulated gene expression, and an inherent 
“suicide” system.146,147

Conclusions and Outlook

As we have outlined, metagenomic analyses enable compre-
hensive investigations of microbial communities and provide 
unprecedented access to the genetic diversity therein. An incred-
ible amount of information has been gained in a relatively short 
time with regard to the taxonomic, phylogenetic, and genetic 
novelty within diverse metagenomes. The development of new 
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technologies and the continual reduction in sequencing costs 
will expand this at an ever increasing rate in the future, while the 
development of novel hosts and expression systems will increase 
hit rates and the variety of novel genes that can be discovered, 
thus helping to overcome some of the limitations of metagenom-
ics. Development of novel and innovative screening assays will 
facilitate the discovery of previously unknown gene functions 
and novel therapeutic compounds. Greater emphasis will need 
to be placed on correct functional annotation of genes, as this 
already greatly lags behind the generation and deposition of 
metagenome sequences, which hampers subsequent analyses due 
to incorrect or absent database annotations. Synthetic biology is 
likely to come to the fore in the near future,148,149 which will be 

coupled with decreasing costs and new opportunities to com-
bine metagenomics and synthetic biology, possibly to synthesize 
optimized collections of genes mined from metagenome data 
sets for functional experiments. Identification of novel species or 
information from metagenomes will give clues to the metabolic 
and physiological requirements to enable the development of 
culture conditions to grow novel species. Bioengineered probiot-
ics face tough challenges if they are ever to be realized as clinical 
therapeutics; the creation and use of GMOs is a sensitive issue 
and acceptance by consumers would require undeniable dem-
onstrations of biological containment, safety, and ultimately, 
efficacy in large, double-blind, placebo controlled clinical tri-
als.150 Nevertheless, the extreme seriousness of increasing rates 

Figure 2. Applications of novel genes discovered by metagenomics. Novel genes or gene clusters discovered through metagenomics will encode pro-
teins for the production of novel antimicrobial compounds such as antibiotics and bacteriocins (A) and biotherapeutics (B). Novel genes may also be 
used to create bioengineered probiotic strains (C). Bioengineered probiotics can be created that are more resistant host-associated stresses of the gas-
trointestinal tract such as low pH, bile, and increased osmolarity (D-1), which will lead to increased survival and persistence in the gastrointestinal tract 
(D-2). This will ultimately increase their therapeutic efficacy; using them to target specific pathogens or toxins by expressing receptor-mimic structures 
on their surface, thus preventing infection (D-3). The use of probiotics that have a health benefit to persons with a psychiatric illness have been termed 
“psychobiotics”. The creation of bioengineered psychobiotics that can produce neuroactive compounds at an increased level or for a specific illness may 
be possible by identifying novel genes through metagenomics (E).
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of antibiotic resistance and dissemination means that now is the 
time to think outside the box and intensively search out novel 
antimicrobials and therapeutics. It would be unfortunate to 
reach a stage where consumer acceptance of such novel thera-
pies is based solely on a lack of alternatives. Metagenomics is 
likely to play a key role in identifying and developing such novel 
therapeutics.
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