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Functional metagenomics for enzyme discovery: challenges to
efficient screening
Taku Uchiyama1 and Kentaro Miyazaki1,2
Metagenomics has emerged as an alternative approach to

conventional microbial screening that allows exhaustive

screening of microbial genomes in their natural environments.

Despite the potential usefulness of this approach, functional

analysis of the metagenome is often problematic because of

insufficient and biased expression of the cloned genes in

Escherichia coli. This review highlights recent studies on the

screening of metagenomic libraries and discusses some

possible solutions for overcoming the expression problem in

function-based screening.
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Introduction
Enzymes are favorable catalysts for the development of

environmentally benign industrial processes. To date,

most industrially relevant enzymes are of microbial origin.

Therefore, mining for microbial enzymes is a key step in

the development of industrial bioprocesses, but we can

cultivate less than 1% of environmental bacteria through

standard laboratory techniques [1].

Metagenomics has appeared as an alternative approach to

conventional microbial screening. By directly cloning

environmental DNA (or metagenome) in a surrogate

host, one can exhaustively investigate the metagenome,

independent of the culturability of the source organisms

[2,3]. This innovative technology is anticipated to accel-

erate the discovery process of novel useful genes from

microorganisms [4–6]. In fact, various novel enzymes

have been identified that have unique activities and/or

sequences.
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Currently, metagenomes are screened based on either

function (activity) or sequence. Function-based screening

is a straightforward way to obtain genes that have desired

functions, but is often problematic, due primarily to the

biased and insufficient expression of anonymous genomic

fragments in Escherichia coli. By contrast, sequence-based

screening is readily performed using either PCR-based or

hybridization-based procedures, but the genes obtained

through this approach are limited to those having hom-

ologies to the probe sequence and may not allow us to

obtain novel genes. Various efforts have been made to solve

these problems in the screening of useful genes from the

metagenomes. This review highlights recent studies on the

screening of metagenomic libraries and discusses possible

solutions for overcoming these problems.

Functional screening of metagenomic
libraries
Recent studies on function-based screening of metage-

nomic libraries are summarized in Table 1. The prob-

ability (hit rate) of identifying a certain gene depends on

multiple factors that are inextricably linked to each other:

the host–vector system, size of the target gene, its abun-

dance in the source metagenome, the assay method, and

the efficiency of heterologous gene expression in a sur-

rogate host. In this section, we present an overview of

trends in activity-based screening and discuss possible

technical clues to overcome the low hit rate problem. The

more fundamental problem — insufficient, biased

expression of foreign genes in E. coli — will be discussed

in the next section.

For the construction of a library, most researchers use E.

coli as a surrogate host. They lack genes for homologous

recombination (recA, recBC) and restriction (mcrA, mcrBC),

which are useful for cloning variously modified foreign

DNA into E. coli. Various types of E. coli strains are

available as highly efficient competent cells from com-

mercial sources. The choice of a vector depends largely

on the length of the inserts. Plasmids are suitable for

cloning smaller than 10-kb DNA fragments, and cosmids

(25–35 kb), fosmids (25–40 kb), or BACs (100–200 kb)

can be used to clone larger fragments. Despite the differ-

ences in preferred length of inserts, however, the targets

are mainly single-component enzymes, even when using

the latter vectors — a situation that has not changed over

several years. Among these vectors, plasmids have high

copy numbers and strong vector-borne promoters. Never-

theless, these apparent merits do not improve the hit rate

significantly (Table 1). For example, Simon et al. [14�]
www.sciencedirect.com
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Table 1

Activity-based approach to screen enzymes in the period 2007 to early 2009

Environment Target gene Host, vector Average size

of insert (kb)

# of positives/#

of screened

clones

1 positive/Mb

DNA screened

Assay technique Reference

Compost Esterase E. coli, plasmid 3.2 14/21 000 1/4.8 Agar plate assay [7�]

Amylase 13/31 967 1/7.9

Phosphatase 38/31 967 1/2.7

Dioxygenase 2/31 967 1/51.1

Protease 0/31 967 0/102.3

Compost (artificially contaminated

with poly-lactic acid disks)

Esterase E. coli, plasmid 2.5 3/40 000 1/33.3 Agar plate assay [8]

Soil (nonspecified) Xylanase E. coli, plasmid 8.5 1/24 000 1/204 Agar plate assay [9]

Loam soil Oxygenase E. coli, plasmid 5.5 1/65 000 1/357.5 Agar plate assay [10]

Mining shaft, compost soil, sediments

(sewage plant, sea, lake, and river)

Protease E. coli, plasmid 4.0 4/389 000 1/389 Agar plate assay [11]

Gypsy moth midgut Production of

N-acylhomoserine lactons

E. coli, plasmid 3.3 1/800 000 1/2640 Reporter assay [12]

Rhizosphere soil from near side of

acid mine drainage

Nickel resistance E. coli, plasmid 2.5 13/726 500 1/139.7 Growth assay [13]

Glacial ice DNA polymerase I E. coli, plasmid 4 230/230 000 1/4 Growth assay [14�]

Ground water from crude-oil storage cavity Aromatic hydrocarbon

catabolic operon

E. coli, plasmid 7 35/152 000 1/30.4 Reporter assay [15]

Intertidal flat sediment Lipase E. coli, fosmid N.A.a 1/6000 Agar plate assay [16]

Deep-sea sediment Lipase E. coli, fosmid 32.3 1/8823 1/285 Agar plate assay [17]

Activated sludge treating coke plant

wastewater

Extradiol dioxygenase E. coli, fosmid 33 91/96 000 1/34.8 Cell lysate assay [18�]

Soil (pasture) Degradation of

N-acylhomoserine lactons

E. coli, fosmid 35 1/10 121 1/354.2 Reporter assay [19]

Activated sludge treating coke plant

wastewater

Bleomycin resistance gene E. coli, fosmid 33 3/96 000 1/1056 Growth assay [20]

Forest rhizosphere soils Fungal antagonism E. coli, fosmid 35 1/113 700 1/3979.5 Growth inhibition [21]

Human fecal from healthy parson and

patients of Crohn’s disease

Epithelial cell growth modulation E. coli, fosmid 43 20/20 725

(inhibition)

30/20 725

(stimulation)

1/44.6 (inhibition)

1/29.7 (stimulation)

Cell lysate assay [22]

Glacial ice DNA polymerase I E. coli, fosmid 36 20/4000 1/7.2 Growth assay [14�]

Surface seawater Esterase E. coli, BAC 70 4/20 000 1/350 Agar plate assay [23]

Pig fecal Tetracycline-resistance gene E. coli, BAC 15 10/9000 1/13.5 Growth assay [24]

Rabbit cecum Cellulase E. coli, cosmid 35.1 11/32 500 1/103.7 Agar plate assay [25]

Soil (wetland and sandbars) 4-Hydroxyphenylpyruvate

dioxygenase

E. coli, cosmid 40 5/30 000 1/240 Liquid-based assay [26]

Cow rumen Mannanase/glucanase/xylanase E. coli, phagemid 3 1/50 000 1/150 Agar plate assay [27]

Soil Degradation of

N-acylhomoserine lactons

E. coli, phagemid 4.3 3/7392 1/10.60 Reporter assay [28]

Oil-contaminated soil Naphthalene dioxygenase Pseudomonas

putida, cosmid

25 2/24 000 1/300 Growth assay [29]

a N.A., not available.
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618 Chemical biotechnology
used both plasmid and fosmid vectors to clone DNA

polymerase I from the same metagenome, but the hit

rates (number of positives per total number of clones

screened) were not very different between the two pro-

cedures (230/230 000 for plasmids versus 20/4000 for

fosmids). In order to double the chances of transcribing

the cloned insert fragments, Lämmle et al. [7�] developed

a plasmid vector with a dual-orientation promoter and

succeeded in increasing the hit rate. The source of the

metagenome also affects the hit rate. Natural or artificial

contamination [8] is an effective way to enrich the

environments with target genes.

Enzyme activities are usually assayed on agar plates

supplemented with substrates. By cultivating a metage-

nomic library on the plates, one can identify positive

clones through visual screening for the appearance of a

clear zone (halo) or color. Screening requires no special

devices and can be performed at high throughput, but the

signals are often faint, which could be a reason for the

common low hit rates.

To improve the sensitivity of agar plate-based screening,

some alternative approaches are applied. One strategy is to

use cell lysates for screening. By growing a library of cells in

96-well plates, followed by preparing lysates by either

chemical [18�] or physical [22] procedures and mixing with

substrates, the sensitivity can be improved dramatically.

Even when using agar plates, if the target activities can be

linked to the survivability of the host organisms, the screen

(or selection) becomes highly sensitive and high through-

put. This method is applied frequently to screening for

resistance genes to toxic compounds, such as antibiotics

[20,24] or heavy metals [13]. One can also apply this

method to screen for essential genes using hosts that lack

the target genes [14�,29]. A third approach is based on the

reporter assay [12,15,19,28]. By linking target biological

events to the expression of a reporter gene, screens can be

conducted based solely on the expression of more sensitive

reporter genes, such as green fluorescent protein

[12,15,30], b-galactosidase [28,31,32], and tetracycline-

resistance gene [32].

Problems with heterologous gene expression
in E. coli and possible solutions
Since the metagenome is a complex mixture of genomes

from a diverse array of microorganisms, the host’s genetic

machineries often cannot recognize transcriptional/trans-

lational signals in the metagenome and fail to decode

certain genetic information therein. Currently, the extent

of incidental transcription arising from natural regulatory

sequences in cloned DNA remains largely unknown and

whether we get a hit from the metagenome depends

largely on luck.

Gabor et al. [33] presented a set of formulas that describe

the chance of isolating a gene by random expression
Current Opinion in Biotechnology 2009, 20:616–622
cloning. Thirty-two complete genome sequences of pro-

karyotic organisms were analyzed for the presence of

expression signals functional in E. coli hosts using bioin-

formatics tools. They found significant differences in the

predicted expression modes between distinct taxonomic

groups of organisms and suggested that �40% of the

enzymatic activities may be readily recovered by random

cloning in E. coli.

The translational initiation codon is biased toward AUG

in E. coli (91%), but some organisms favor GUG and UUG

as well. Villegas and Kropinski [34�] analyzed reported

microbial genomes and found no tendency between

initiation codon usage and the %[G + C] of the genomes.

Taking the biased usage of AUG in E. coli, non-AUG

initiation codons may not be recognized efficiently.

Warren et al. [35�] compared the transcription levels of

foreign DNA in E. coli. They used programmable micro-

arrays and RT-PCR to measure the transcription of Hae-
mophilus influenzae, Pseudomonas aeruginosa, and human

DNA propagating in E. coli as BACs. At least half of all

H. influenzae genes were transcribed in E. coli. Highly

transcribed genes frequently had promoter regions similar

to E. coli s70 (RpoD)-binding sites. Compared to H.

influenzae, a smaller proportion of P. aeruginosa genes were

transcribed in E. coli, and punctuated transcription of

human DNA was observed.

Synthetic genes can also be used as models to investigate

the factors affecting heterologous gene expression in E.

coli. Recently, Kudla et al. [36��] synthesized 154 variants

of GFPs having altered (yet synonymous) codons over the

entire sequence (226 of 240 amino acids). They expressed

them in E. coli and compared the GFP expression levels,

which varied by 250-fold across the library. They also

compared the mRNA expression levels, mRNA degra-

dation patterns, and bacterial growth rates. They found

that the codon bias did not correlate with gene expression.

Rather, the stability of mRNA folding near the ribosomal

binding site accounted for more than half of the observed

variation in protein levels. They concluded that mRNA

folding and the associated rates of translation initiation

played a predominant role in shaping the expression

levels of individual genes, whereas codon bias influenced

the global translation efficiency and cellular fitness.

All of these studies indicate clearly that the expression of

metagenomes can be severely biased in E. coli. One

possible solution for the global expression of foreign

genes in E. coli may be to engineer the transcription/

translation machinery of E. coli. Bernstein et al. [37�]
evolved one of the ribosome proteins, S1 (coded by rpsA)

and succeeded in obtaining variants able to recognize

genes of Rhodopseudomonas palustris, which has a high

[G + C] content, with 12 times greater efficiency. They

concluded that the variant S1 protein became able to
www.sciencedirect.com
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Table 2

Sequence-based approach to screen enzymes in the period 2007 to early 2009

Environment Target gene Method Number of

retrieved

clones

Identity to

known

enzyme

Reference

3-Chlorobenzoate enrichment Benzoate 1,2-dioxygenase,

chlorocatechol 1,2-dioxygenase

Degenerate PCR 2 74, 88% [46]

Sediment from hot spring Pullulanase Degenerate PCR 1 48% [47]

1,2-Dichloroethane enrichment Reductive dehalogenase Degenerate PCR 1 98% [48]

Bioreactors treating gold-bearing

concentrates

Sulfur oxygenase reductase Degenerate PCR 2 48, 53% [49]

Deep-sea sediment Alkane hydroxylase Degenerate PCR 2 55, 56% [50]

4-Chlorobenzoate enrichment 4-Chlorobenzoyl-CoA dehalogenase Degenerate PCR 2 77% [51]

Marine sponge Related polyketide synthesis Degenerate PCR 3 50% [52]

Marine sponge Related polyketide synthesis Degenerate PCR 5 43% [53]

Deep-sea hydrothermal vents Integron gene casette Degenerate PCR 46 N.A.a [57]

Tar pond Integron gene casette Degenerate PCR 708 N.A.a [58]

Grassland soil Nitrite reductase, nitrous oxide

reductase

Probe hybridization 9 75–84% [54]

Sequence database Methyl halide transferase In silico data mining 89 Average 28% [59��]

a N.A., not available.
recognize the 50-untranslated region including the ribo-

some-binding site. Several studies have reported altered

translational profiles in E. coli through engineering ribo-

some proteins [38–40]. On the basis of an Actinomycetes

platform, Ochi’s research group reported an altered

expression profile as revealed by the appearance of the

novel antibiotic, piperidamycin, which was not produced

in native strains [41�]. The piperidamycin-producing

mutants all carried mutations in RNA polymerase and/

or the ribosomal protein S12. In addition to the transcrip-

tion/translation matter, the folding of the nascent poly-

peptide into the proper form is also critical for its activity.

Therefore, the coexpression of molecular chaperones may

also be effective in enhancing this final step [42].

Some researchers use hosts other than E. coli. More

precisely, they use E. coli for library construction and a

second host for functional screening. By using shuttle

vectors, this approach is effective for retaining the size of

libraries while complementing the low-level gene expres-

sion of the metagenome. Wang et al. [43] used an E. coli–
Sinorhizobium shuttle vector and screened for clones that

utilize D-3-hydroxybutyrate in a bdhA� mutant of Sinor-
hizobium meliloti and atoC�mutant of E. coli, both of which

lacked the ability to utilize D-3-hydroxybutyrate. Li et al.
[44] used an E. coli–Rhizobium shuttle vector and screened

for tryptophan synthetic pathway genes using two differ-

ent trp� mutants of E. coli and Rhizobium leguminosarum.

In both studies, most of the clones selected using non-E.

coli hosts failed to complement the deficiency of E. coli
(and vice versa), indicating different expression profiles

depending on the hosts and demonstrating the advantage

of using a second host for functional screening. To this

end, it is important to develop novel shuttle vectors that

have extended host ranges. Ono et al. [29] used a cosmid,

which contained both colE1 and RK2 replicons so that it
www.sciencedirect.com
can replicate in a range of Gram-positive and Gram-

negative bacteria. Aakvik et al. [45] also used the RK2

replicon to modify fosmid and BAC vectors so that they

were stably maintained in alternate hosts.

Mining for useful enzyme genes based on
sequence homology
Recent sequence-based screenings of metagenomes are

listed in Table 2. The common procedure is to use a set of

degenerate oligonucleotide primers that are designed

based on the consensus amino acid sequences [46–54].

Since this method only targets part of the internal gene

sequence, one needs to clone the flanking regions to

obtain the whole gene. Some methods have been devel-

oped for efficient gene walking [55,56]. If one uses a

metagenome library as a template, tedious gene walking

steps can be omitted [50–54].

In some cases, one can design primers outside the target

gene sequence. For example, one of the mobile genetic

elements, integron, carries gene cassettes. Genes con-

tained in the cassettes are highly variable, but are com-

monly flanked by attC (or 59-be) sequences that are

required for the translocation and recombination of inte-

grons. By designing primers based on the attC sequences,

it is possible to clone various genes included in the

cassettes [57,58].

A most radical, yet straightforward approach has been

reported recently by Voigt’s group [59��]. Methyl halides

are valuable industrial and agricultural chemicals, and

they can also be used as precursors for the synthesis of

more complex hydrocarbons. In an attempt to obtain such

value-added methyl halides, they screened for methyl

halide transferases in the public NCBI sequence database

in silico. They collected 89 functionally uncharacterized
Current Opinion in Biotechnology 2009, 20:616–622
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proteins possibly having the activities from various organ-

isms (not restricted to microorganisms), of which only one

gene was annotated as a methyl halide transferase and

55% were annotated as methyltransferases. Next, they

synthesized all of the candidate genes with codons

optimal for E. coli and Saccharomyces cerevisiae and

expressed them in the hosts. Unexpectedly, 94% of the

proteins showed methyl halide transferase activities with

various halide (Cl, Br, I) specificities.

Future prospects
As has been described, recent activity-based screenings of

metagenomes share a common problem because of the

insufficient, biased expression in E. coli. Unlike the over-

expression of a specific gene, the unbiased (or less biased)

expression of foreign genes at sufficient levels requires a

totally different approach. Ribosome engineering, as well

as targeted engineering of factors related to transcription/

translation, will provide possible solutions. As for the

sequence-based approach, taking advantage of progress

in synthetic biology, we will be able to take a more radical

approach — to retrieve all possible candidate genes from

the database, synthesize the genes, and test the activities.

A vast and increasing volume of uncharacterized proteins

exists in the public sequence databases that are rich,

unexplored genetic resources, along with genes still unex-

plored in natural environments. Not a simple BLAST

search, but rather structure-guided functional prediction,

will be a key technology for obtaining novel enzymes.
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