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I. INTRODUCTION

The industrial use of biocatalysts and the recent reemphasis on the isolation
of natural products with desired biological activities are driving the search for
new mechanisms for accessing the metabolic potential of microorganisms. This
emphasis on microorganisms comes from an appreciation of the enormous biodi-
versity found within them [1-4] and the understanding that traditional culturing
techniques to isolate these organisms have only enabled us to access approx-
imately 1% of the microbial population present in a soil environment [5-7].
Further, it is reasonable to assume that this low level of culturability will be
found in many other ecological niches. Due to this limited access to the full
metabolic potential in a targeted environment, there is a clear interest in devel-
oping techniques allowing us access to the metabolic potential of the remaining
99% of microorganisms.

One approach that aims to circumvent the limitations of culturability is the use
of metagenomics. The term metagenome was introduced to define the combined
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FIGURE 1 Construction and functional screening of a metagenomic DNA library from
soil. (See insert for color representation of the figure.)

genomes of all the organisms in a particular environment, with metagenomics
referring to a collection of techniques allowing access to this genomic informa-
tion [8]. The shared features of metagenomic techniques are that the total DNA
of the microbial population is extracted from the environment and cloned into
appropriate bacterial cloning vectors in a culture-independent manner (Fig. 1);
thus, this technique has the potential to access the 99% of the metabolic potential
that has previously been inaccessible.

Once metagenomic DNA has been extracted from an environment of
interest and the associated DNA library has been constructed, there are two
mechanisms for analyzing the metabolic potential present. One approach is to
use sequence-based methods whereby the library is sequenced and analyzed
for genes of interest. Although this approach has been successful in identifying
new homologs of enzymes of interest (e.g., bacteriorhodopsin homologs [9])
and in gaining an understanding of total microbial community present [10], it
does have limitations regarding the identification of new and novel biocatalysts.
Because sequence-based identification of enzymes relies on relatively high
levels of sequence identity, only those enzymes displaying significant homology
to enzymes known to catalyze a specific reaction will be recognized. Thus, those
enzymes displaying low sequence identity to known functional classes, and
novel enzymes that exhibit the desired activity but show no homology to known
functional classes, will not be identified using sequence-based techniques alone.

Alternatively, functional metagenomics is based on detecting a desired bio-
logical activity that has been introduced into the host organism by virtue of the
recombinant metagenomic clone. Using this function-based approach, metage-
nomic clones encoding a variety of desired activities have been discovered; these
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activities include esterases [11,12] and nitrile hydratases [13], enzymes respon-
sible for the production of natural products (e.g., antibiotics [11] and pigments
[14]), and antibiotic resistance genes [15,16]. The power of this approach is
derived from the ability to identify clones encoding the desired biological activity
in a large metagenomic library (often more than 10° recombinant clones) without
prior sequence knowledge and without requiring a large-scale sequencing project.

Although successful, this approach to metagenomic DNA analysis also has
its limitations. The most obvious limitation is the ability to devise a phenotypic
screen to identify clones of interest. The second limitation deals with the heterol-
ogous host itself. Although Escherichia coli has proven to be an extraordinarily
compliant host, it is not always able to express genes and produce functional
proteins from distantly related microorganisms. This limitation can be due to
E. coli lacking the necessary regulatory elements to turn on expression of the
gene clusters or the failure of E. coli to recognize the gene promoters due to
a lack of the appropriate sigma factors. Additional issues arise when screen-
ing for the production of natural products, since E. coli may lack the necessary
cofactors or precursors required for production of the metabolite. The promise of
functional metagenomics is emphasized in this chapter and we provide the reader
with information on the steps that various researchers have taken to circumvent
the limitations discussed above.

The field of metagenomics has grown enormously recently and it is nearly
impossible to adequately summarize all the advances in sequence-based and func-
tional genomics. Instead, what we have chosen to do here is to provide the reader
with information on, and references for construction of, a metagenomic DNA
library from a specific environment (e.g., soils/sediments) and to provide options
for how such a library can be screened using functional genomics approaches.

In discussing the construction and functional screening of a soil metagenome,
we have divided this chapter into several sections. First, we discuss briefly the
choice of source material, which can be important in enrichment for a desired bio-
logical activity. Second, we provide details on how to isolate metagenomic DNA
from soils/sediments and prepare it for cloning. Third, we discuss the construc-
tion of a metagenomic DNA library. Fourth, we provide examples of functional
metagenomic screens used for identifying clones with various biological activi-
ties. Finally, we provide a brief summary and some thoughts on what challenges
lay ahead for metagenomics.

II. CONSTRUCTION OF METAGENOMIC DNA LIBRARIES

A. Choice of Source Material

Our research has focused on functional metagenomics from soil-derived DNA
libraries. Our focus on this environment is driven by two factors. First, it is now
quite evident that the soil environment has enormous biological and metabolic
diversity. One gram of soil has between 4 x 107 and 2 x 10° prokaryotic cells
[17,18]. Furthermore, Torsvik and colleagues have estimated that this vast number
of prokaryotic cells consists of 3000 to 11,000 different genomes [5,6]. This
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estimate is likely to be an underestimate based on the likelihood that there will
be a number of rare and underrepresented members of this population. Thus,
there is enormous metabolic potential from a single gram of soil.

Although we have focused on mesophilic soils/sediments, there are a number
of examples of other soil environments and other ecological niches that have
been investigated. For soils/sediments these include extreme environments such
as high temperatures [19], high and low pH [20], and high salt [21], in addition to
cultivated and uncultivated fields [11,15,22], and different types of soils (e.g., clay
[23], sandy [24], loam [15]). There is also a trans-European project that focuses
on metagenomic analysis of disease-suppressive soils to identify components
produced by soil inhabitants that can be exploited for agricultural purposes [25].

Although there has been a significant focus on soils/sediments, this has not
been the only environment of focus. Other environments include such diverse
areas as animal gastrointestinal tracts for the identity of B-glucanases [26], marine
sponges to identify natural products [27], and the resident microbiota of the gypsy
moth for resistance determinants [16]. In the end, the choice of starting material
can influence the success of a functional metagenomic screen.

B. Isolating DNA from Soils and Sediments

There are two general methods by which DNA is obtained from soil samples:
the direct lysis and cell separation (or cell extraction) methods. As their names
imply, they differ according to whether bacterial cells are separated from the
environmental matrix prior to lysis. In the following section we provide overviews
of both methods, including advantages and disadvantages of each. However, for
the purposes of this chapter, we believe the reader may be more interested in the
direct lysis method, and we give a more extensive outline of a protocol in use in
our labs. Although we do not offer a comprehensive review of methods for the
isolation of DNA from environmental samples, we refer the reader to a number
of references that address these techniques in detail [28—33].

Direct Lysis Method The direct lysis method for obtaining DNA reportedly
results in larger quantities of DNA isolated from samples [30] and thus a more
representative picture of the genetic material present in a sample. However,
because lysis is done in the presence of the soil matrix, isolated DNA extracts
typically include contaminants that may hinder downstream DNA manipulation
steps. Further, the harsh chemical and mechanical steps involved in processing
samples typically result in smaller DNA fragments available for cloning [29].
Nevertheless, direct lysis is the more popular method of the two for researchers
interested in functional screening, due primarily to its relative simplicity (com-
mercial kits are available for small-insert DNA library cloning), ease in sample
processing, limited time input, and demonstrated success in producing libraries
from which enzymes of interest can be identified (Table 1). A number of papers
describe individual steps meant to enhance the viability of the DNA during the
processing steps; these papers are noted during the description of the protocol.
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The protocol described below has been used in our laboratories to obtain
DNA sufficient for small- and large-insert libraries; it was developed by Lynn
Williamson (University of Wisconsin—Madison, Department of Bacteriology),
drawing from collaborative research and experimentation with a number of pub-
lished protocols.

10.

11.

12.
13.

14.

15.

. Sieve soil through a fine (ca. 2 mm, sterile) mesh to eliminate roots and

particulates.

Split 100 g of the sieved soil into two 50-g samples, and add each sample
to a sterile 250-mL centrifuge bottle. To each bottle add 75 mL of Z
buffer [at pH 8.0: 100 mM Tris-HCI; 100 mM sodium phosphate; 100 mM
ethylenediaminetetraacetic acid (EDTA); 1.5M NaCl; 1% w/v cetrimonium
bromide (CTAB)].

Lyse the soil samples using two freeze—thaw cycles; freezing must be
complete and can be accomplished using liquid nitrogen or a dry ice/ethanol
bath. The samples can be thawed by incubation in a 65°C water bath.
Freezing in a dry ice bath will take about 40 min; complete thawing will
take about the same amount of time.

To the final thaw at 65°C, add 9 mL of 20% sodium dodecyl sulfate and
4.5 mL of 5 M guanidinium isothiocyanate. Mix by gentle inversion.

Incubate at 65°C for 2 h with occasional mixing.
Centrifuge at 10°C, 20 min at 15,000 x g.

Pipette off the supernatant, containing DNA, into two clean, sterile 250-mL
centrifuge bottles. Be sure to use wide-bore pipette tips when handling the
DNA in this step, and in the remaining steps, to avoid shearing.

. To the DNA-containing solution, add 25 mL of chloloform/isoamyl alcohol

(24 : 1) and mix gently for 10 min at room temperature.

Centrifuge at 10°C, 20 min at 15,000 x g.

Pipette off the supernatant, containing DNA, into two clean, sterile 250-mL
centrifuge bottles.

Precipitate DNA by adding isopropanol to 70% (about 40 mL per bottle)
and mixing gently for 5 min. Let this sample incubate without mixing at
room temperature for an additional 20 min.

Centrifuge at 10°C, 40 min at 15,000 x g.

A visible brownish pellet should form—this is the DNA. Carefully pour
off the supernatant, and remove all of the remaining liquid from the bottle.
Resuspend the DNA pellet gently in a minimal amount of ToE ¢ (at pH 8.0:
10 mM Tris-HCl; 10 mM EDTA) using wide-bore pipette tips. 1 to 2 mL
of TjpE ;o per tube should suffice. Using wide-bore pipette tips, aliquot the
resuspended DNA solution equally into four 1.5-mL Eppendorf tubes.
Extract the DNA with an equal volume of Tris-buffered phenol/chloroform
(commercially available, pH 8.0), invert to mix, and centrifuge at
16,000 x g for 10 min at room temperature.
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16. Remove the aqueous layer (top) containing DNA, and extract with chloro-
form/isoamyl alcohol as above.

17. Verify the presence of DNA by running a small fraction on an agarose gel.
The DNA can be stored at 4°C for a few days, but should be stored at
—80°C for long-term storage.

Cell Separation Method Separating bacterial cells from the soil matrix prior to
lysis is done primarily to obtain larger DNA fragments, eliminate extracellular
DNA, and minimize difficulties associated with using the DNA in downstream
applications. This method, detailed by Liles et al. [29], relies on homogeniza-
tion of the soil sample, followed by differential centrifugation and filtration to
separate bacterial cells from eukaryotic cells, soil particulates, and other con-
taminants. Additional components may be added during the process, such as
poly(vinylpolypyrrolidone) and deoxycholate, to minimize humic contamination
and enhance separation of live bacterial cells from the soil matrix, respectively.
Following the final centrifugation step to pelletize the bacterial cells, they can be
further purified using a Nycodenz cell density gradient, which enhances lysis in
the following steps. The bacterial cells are embedded in an agarose plug that is
incubated in a lysis buffer, then transferred to an EDTA- and protease-containing
buffer meant to eliminate nuclease activity in the lysate plug. The lysate plug is
then treated with protease inhibitors, washed, and stored in TE buffer. To remove
DNA from the agarose plug, the plug is embedded in an agarose gel, and the
DNA is electrophoresed into this gel. The electrophoresis step is also a method
by which the DNA can be verified and size-selected. Appropriately sized DNA
can be extracted from the gel and stored for further use. A number of references
describe cell separation and extraction protocols in greater detail [28—30,33].

C. Preparation of DNA for Cloning

Proceeding from the direct lysis protocol, the DNA can be verified, size-selected,
and purified by agarose gel electrophoresis or pulsed-field gel electrophoresis.
Appropriately sized DNA is carefully excised in a thin band, resulting in an
agarose “noodle.” The DNA can be extracted from the agarose by electroelution
or by enzymatic digestion of the agarose using a commercially available enzyme
(e.g., GELase, Epicentre, Madison, WI) [29]. Prior to removal from the agarose,
however, an optional treatment of the excised agarose noodle with formamide
and NaCl may improve suitability of the DNA for further cloning, presumably
by preventing nuclease activity that remains associated with the DNA [29].

Formamide Treatment Procedure
1. To a 15-mL Falcon tube, add the agarose noodle and cover it with the

formamide solution (80% v/v formamide; 0.8 M NaCl; 20 mM Tris-HCI,
pH 8.0). Incubate this mixture at 14°C for 24 h.
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2. Following this treatment, decant the formamide solution and dialyze the
noodle in 1 L of T|oE; buffer (at pH 8.0: 10 mM Tris-HCl; 1 mM EDTA)
at 4°C with gentle stirring for 24 to 48 h with one buffer exchange.

Removal of the DNA from the Agarose Noodle by Electroelution

1. Cut small pieces of dialysis tubing to a size slightly larger than the agarose
noodle; prepare by rinsing in cold, sterile Tris—acetate—EDTA (TAE)
buffer. Store in TAE buffer on ice.

2. Clip one end of the dialysis tubing and fill with sterile TAE buffer at a
concentration slightly lower than 1x (to prevent the accumulation of water
inside the tubing). Load gel pieces of about 3 cm into their respective
dialysis tubes, aligning the long side of the gel parallel with the long side
of the tubing. Squeeze out the bubbles and remove as much liquid as
possible, then clip the remaining end of the tubing. Keep the tubing with
the gel piece wet at all times.

3. Place the tubing with gel in an electrophoresis chamber, with the long side
of the gel facing toward the positive electrode. Run for 4 h at 5 V/cm at
4°C in 1 x TAE. At the end of the run, reverse the current for about 1 min
to free the DNA from the wall of the dialysis tubing.

4. Rinse the membranes in chilled, sterile milliQ (MQ) H,O before opening,
then remove the clip from one end. Using a wide-bore pipette tip, remove
all of the buffer from the inside of the membrane; this contains the eluted
DNA. Store the DNA at 4°C. The presence of DNA can be verified by
running an agarose gel on a portion of the eluted DNA. This also serves
to confirm that the DNA is of appropriate size. If necessary, the DNA can
be concentrated by ethanol precipitation; however, this step will result in
some DNA loss.

Conversely, DNA can be removed from the agarose noodle by treatment with
commercial enzymes that catalyze removal of the agarose matrix (in this case,
low-melting-point agar is recommended); examples of these enzymes include
GELase (Epicentre) and agarase (multiple sources). Note, however, that borate
ion (a component of TBE buffer) is inhibitory to GELase and that the GELase
buffer supplied can be inhibitory to lambda phage packaging reactions, which
may be used in further steps.

Because environmental and cellular contaminants can have a significant
effect on the success of enzymatic manipulation of the DNA, hybridization
of the DNA, and polymerase chain reaction (PCR) amplification of the DNA
[31], it may be worthwhile to test the cleanliness of the DNA at this point.
The purity can be tested spectrophotometrically, by observation of specific
absorbance ratios (Aago/A230 compares DNA/humic materials and Asgo/A2s0
compares DNA/protein [30]). Further, subjecting a small portion of the DNA to
enzymatic digestion using a restriction endonuclease, or using the DNA in a
PCR inhibition assay [32], are additional methods to determine if the DNA is
clean enough for downstream applications.
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D. Cloning the DNA into an Appropriate Vector

There are a number of considerations to be taken into account when deciding
which cloning vector to be used in library construction, the most evident being
the size of the DNA inserts being cloned. The protocol outlined above is designed
to generate DNA fragments with sizes suitable for cloning into fosmid, cosmid,
or bacterial artificial chromosome (BAC) vectors: called large-insert vectors.
For the purposes of this chapter, we describe further manipulations to generate
fosmid metagenomic libraries using DNA that has been size-selected at greater
than 20 kb.

Large-insert libraries are less likely to result in truncated open reading frames
(ORFs) and typically contain enough DNA to make generalizations about the
source from which the DNA came, offering the possibility of linking phylogeny
with function. Large inserts will also be necessary if you wish to identify mul-
tiple genes simultaneously: for example, those in a biosynthetic or catabolic
operon. Popular vectors for large-insert libraries include the fosmids pCC1FOS
and pCC2FOS (Epicentre, Madison, WI) and the BAC pCC1BAC (Epicentre).
Epicentre markets a kit designed for generating fosmid-based genomic libraries in
the vectors pCC1FOS or pCC2FOS; these kits work well for generating fosmid-
based metagenomic libraries as well. Other common cosmid vectors are available
from the companies Stratagene and Invitrogen. Small-insert libraries are popular
due to their ease in cloning and manipulation. DNA isolated using commercial
kits is of appropriate size and purity for small-insert cloning. Many functional
screens looking for relatively small enzymes (e.g., lipases) have been successful
in using such libraries. Commercially available kits for construction of metage-
nomic DNA libraries include Mo Bio Laboratories’ PowerSoil DNA kit and
Qbiogene’s FastDNA SPIN kit. Both kits use physical methods for lysis, which
will result in some shearing of genomic DNA, but our laboratories have had suc-
cess using the PowerSoil DNA kit to generate small-insert metagenomic libraries
up to about 10 kb in size.

There are many useful features that can be included in vectors to simplify
issues with DNA maintenance and gene expression, such as sequence informa-
tion required for integration into the chromosome, which may increase stability
and reduce the need for antibiotic selection [34,35]. Other features can include
the ability to induce copy number, induce gene expression through addition of
promoters upstream and downstream of the multicloning site, inclusion of recog-
nition sites for recombinases useful in conjunction with transposons for later
deletions, and addition of sites that allow retrofitting with helper plasmids for
movement and stability in heterologous hosts [36]. Because phage transfection
is common in metagenomic DNA library construction, COS sites are common
components of vectors, allowing phage packaging and transduction into E. coli.
Phage packaging size selects DNA to produce average insert sizes varying from
30 to 40 kb, depending on the vector [34,36], and is an efficient way to generate
a large-insert library in E. coli from many sources.

Although E. coli is by far the most popular host organism for functional
metagenomic screening, metagenomic libraries can be screened in many other
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hosts. As such, vectors designed specifically for the host are often required.
As screening of metagenomic libraries in alternate hosts becomes more com-
mon, the diversity of vectors and available hosts continues to grow. Currently,
vectors are available for cosmid libraries in a broad range of proteobacteria,
including Rhizobium leguminosarum [37], Sinorhizobium meliloti [38], Ralsto-
nia metallidurans [39], and Pseudomonas [40]. Vectors have also been designed
for Streptomyces sp. and Thermus thermophilus [34,35]. BAC (bacterial artificial
chromosome) vectors have also been developed for screening of metagenomic
libraries in Pseudomonas putida and Streptomyces lividans [41].

E. Plasmid Library Production

Methods for production of metagenomic libraries in plasmid vectors are much
more variable than fosmid/cosmid or BACs, as numerous vectors are suitable for
construction, and small pieces of DNA can be efficiently transformed into a host
cell using a variety of techniques, including heat shock, electroporation, conjuga-
tion, and phage transfection. In general, DNA insert sizes should be smaller than
10 kb for stability and efficiency in transformation, yet large enough to harbor
full-length genes. Most plasmid libraries fall in the range 3 to 5 kb; however, this
fragment size is dictated largely by the size of DNA fragments resulting from the
method of DNA isolation. Successful combinations of vector with transformation
protocol include pZErO-2 with electroporation [42] and LambdaZAP with phage
transfection [43]. The pZErO-2 cloning vector (Invitrogen) is small (3.3 kb) and
utilizes positive selection to prevent self-ligation. The multiple cloning site (MCS)
is acceptable for blunt-end cloning and falls within the E. coli —lethal ccdB gene,
and kanamycin is used for positive selection. The LambdaZAP vector (Strata-
gene) contains a pBluescript phagemid within a reconstructed phage genome.
Metagenomic DNA up to 10 kb can be ligated into the pBluescript MCS, then
the resulting mixture containing DNA to about 50 kb can be packaged into phage
for transfection into E. coli, where the phagemid will be excised, producing a
small-insert metagenomic library in E. coli.

F. Fosmid/Cosmid Library Production

Fosmid and cosmid vectors are designed for construction of genomic DNA
libraries. They are capable of carrying large DNA inserts (40 kb range) and
can contain DNA features appropriate for packaging and transfection using com-
mercially available bacteriophage. We describe here a process for construction
of a fosmid library from the purified metagenomic DNA. We have had success
using Epicentre’s copy control fosmid library construction kit; literature can be
found at epicentre.com. Because phage packaging is most efficient with DNA of
about 50 kb, DNA should be size-selected to about 40 kb for efficient fosmid
library construction in Epicentre’s pCC1FOS or pCC2FOS vectors (about 8 kb).
Size selection can be done by pulsed-field gel electrophoresis followed by gel
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extraction or by random shearing (the size must then be verified by agarose gel
electrophoresis).

Proceeding from the DNA isolation step with appropriately sized DNA, the
cleaned DNA will need to be end-repaired prior to ligation. This step serves
to blunt the DNA fragments and provide a 5’ phosphorylation site for ligation.
Following end repair, the reaction mixture should be quenched and the DNA
purified by isopropanol precipitation. At this point, proceed to the ligation reac-
tion with pCC1FOS or pCC2FOS (Epicentre) as the vector. These vectors differ
by the arrangement of their respective PCR priming sites used for sequencing the
resulting DNA insert. These vectors can be purchased as linearized, dephospho-
rylated “ligation-ready” products meant to eliminate self-ligation in the ensuing
reaction. Epicentre recommends that 0.25 g of size-selected DNA be used in
the ligation with 0.5 pg of the ligation-ready fosmid backbone. Following the
ligation reaction, the DNA can be stored or you can proceed directly to the
phage packaging reaction and transfection. This protocol involves incubation of
the ligation mixture with phage Lambda packaging extract, then transfecting the
resulting mixture into a culture of growing E. coli cells. The recombinant metage-
nomic library is then selected on media containing chloramphenicol, which is the
selectable marker for the fosmid backbone. The Epicentre fosmid kit provides
the necessary reagents and protocols for end repair, ligation, phage packaging,
and transfection.

G. BAC Library Production

BAC (bacterial artificial chromosome) libraries offer the advantage of stabilizing
the largest pieces of DNA (about 150 to 350 kb). These vectors are useful for
large-scale DNA sequencing projects and genomic libraries, but have found little
success in functional screening of environmental metagenomic DNA libraries.
This situation appears to be due to the inability to obtain and clone DNA
fragments of appropriate size from environmental samples (Lynn Williamson,
personal communication). Studies using BACs as metagenomic vectors have
reported DNA insert sizes that are similar to those found in fosmid and cosmid
vectors, and the total clone output is lower than those typically found with fosmid
and cosmid libraries. Nonetheless, improvements in metagenomic DNA prepara-
tion protocols may render BAC-based libraries more useful in future endeavors.
Published studies using BAC metagenomic libraries in functional metagenomic
screens include those of Rondon et al., Allen et al., and Williamson et al. (Table 1)
[11,16,44].

H. Plating and Storage of the Recombinant E. coli Metagenomic Library

Things to be considered prior to screening or selecting the recombinant E. coli
metagenomic library include efficiency in transformation and desired plating den-
sity. The Epicentre fosmid library production kit provides control DNA from
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which it is possible to determine an overall efficiency in fosmid packaging and
E. coli transfection. For plasmid libraries using electroporation or heat shock as a
means of transformation, commercially available strains should be provided with
a transformation efficiency value. Further, this can be determined experimentally
using a control plasmid, preferably one with a size appropriate to that seen with
the metagenomic DNA library. When screening, desired plating density is entirely
dependent on the nature of the screen or selection. For those screens dependent on
individual colonies being observed on a standard agar petri plate, it is desirable to
plate at a density such that the phenotype being observed [e.g., green fluorescent
protein (gfp)—positive colony, or a colored halo surrounding a colony] can be
readily differentiated (i.e., 100 to 500 CFU per plate). Conversely, when growth
of the recombinant clone is dependent on the presence of a fully functional gene
being expressed from the metagenomic library (i.e., a selection-based strategy,
see below), the plating density should be dependent on the estimated likelihood
of the particular gene being present. For example, the study of Allen et al. [16]
was directed at identifying genes from a metagenomic library that conferred
resistance to antibiotics on the recombinant E. coli host. In this case, the library
was plated at about 500,000 CFU per plate for a selection-based strategy. In
many cases it is possible to conduct dilution plating of the transformation mix,
while storing this mixture overnight, followed by full-scale plating at the desired
dilution the next day. For library storage purposes, the entirety of the library
can be plated on appropriate selective media at a density low enough to ensure
efficient selection. From these plates, colonies can be scraped from the media
using a sterile microspatula, pooled in an appropriate storage tube, and stored at
—80°C in the presence of 10% glycerol or another cryoprotectant.

I. Alternative Hosts for Screening of Metagenomic Libraries

The greatest challenges with detection of bioactivity using functional metage-
nomics are gene expression, production of functional protein, and metabolite
production in a host that may be evolutionarily distant from the original organism.
Choice of host dictates the precursors, sigma factors, rare tRNAs, and cofac-
tors available for natural product biosynthesis, gene expression, and enzyme or
molecule synthesis [15]. One study comparing expression of antibiotic biosyn-
thesis clusters contained on BAC constructs in the hosts Streptomyces lividans,
E. coli DHI10B, and Pseudomonas putida found that expression of the same
antibiotic clusters varied among the three hosts [41]. The host plays a criti-
cal role in determining what activities are found when functionally screening
metagenomic libraries.

As discussed previously, the common host for functional metagenomics,
E. coli, has proven suitable for many selections and screens. But while E. coli
is an excellent choice when looking for enzymes or compounds commonly
found in Proteobacteria, the ability to produce functional proteins or compounds
for the degradation of unusual carbon sources or assembly of natural products
can rely on components that are not found in E. coli.
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One approach to increase detection of functional clones during screening of
metagenomic libraries is the use of alternative hosts [15]. A suitable heterolo-
gous host should have several attributes, including simplicity of use, favorable
growth characteristics, genetic tools, and cellular machinery needed for protein
production and activity [45].

Which host is the best choice depends largely on the source of DNA and
intended results. For example, when screening for biosynthesis of natural products
from a soil-derived metagenomic library, a natural product—rich actinomycete
may be the optimal host, as they are prominent members of the soil microbial
community. One notable example of using an actinomycete for functional metage-
nomics is the study by Wang et al. [46]. In this study, S. lividans was used as
an alternative host, and 1020 clones were screened using a rapid HPLC-ESIMS
screening method. A total of 18 recombinants that produced members of the ter-
ragine/norcardamine natural product families, including five novel compounds,
were found (Fig. 2). With almost 2% of the metagenomic clones producing nat-
ural products of this family, the hit rate is significantly higher than in previously
published screens using E. coli as a host [47].

Several other studies have used functional screening of metagenomic libraries
using hosts other than E. coli to discover that host specificity is common. Li et al.
used defined tryptophan auxotrophs of the heterologous hosts Rhizobium legumi-
nosarum and E. coli to look for cosmids in a wastewater metagenomic library
that complemented mutations in one of three mutations in the three separate trp
operons [48]. Several cosmids were found that complemented auxotrophy of one
or more R. leguminosarum but not the corresponding E. coli strains. Further,
one cosmid complemented all E. coli auxotrophs but none of the corresponding
R. leguminosarum auxotrophs.

Host specificity in screening metagenomic libraries for bioactivities was fur-
ther demonstrated by Wang et al., who selected a library from activated sludge
and soil bacterial communities for complementation of a Sinorhizobium meliloti
bdhA mutant, responsible for critical D-3-hydroxybutyrate dehydrogenase activ-
ity, allowing growth on D-3-hydroxybutyrate [38]. Clones that conferred D-3-
hydroxybutyrate utilization on E. coli were also isolated. The selection found 25
unique clones in Sinorhizobium and nine in E. coli. Of the 25, one clone was
able to confer D-3-hydroxybutyrate utilization on E. coli, and none of the clones
isolated in E. coli were able to complement Sinorhizobium. The results show a
surprising level of host specificity among the genes discovered.

The well-studied genus Pseudomonas has also been utilized as an alternative
host for functional metagenomics. Ono et al. utilized Pseudomonas putida
in a functional selection to discover naphthalene catabolism genes in a
metagenomic library derived from oil-contaminated soil. This study used
complementation of auxotrophs for naphthalene dioxygenase genes (nahAc)
[40]. P. putida was chosen because of unpublished data showing that expression
of the complete set of naphthalene-catabolic (nah) genes in E. coli does not
confer the ability to use naphthalene as a sole carbon source. Moreover, P.
putida has approximately 20 types of sigma factor compared to the seven
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libraries.

found in E. coli, which could suggest that P. putida is a more suitable host for
efficient expression of foreign genes [49,50]. Using a P. putida nahAc auxotroph,
two nahAc-complementing cosmids were discovered in P. putida transformants
grown on M9 agar plates supplemented with naphthalene as the sole carbon

source.
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P. putida was also used by Henning et al. to select a small insert soil-derived
metagenomic library for clones encoding benzoylformate decarboxylases that
grow on benzaldehyde as the sole carbon source [51]. One recombinant clone
harbored an open reading frame whose deduced protein exhibits 72% identity
to the amino acid sequence of a putative benzoylformate decarboxylase from
Polaromonas naphthalenivorans.

The beta-Proteobacteria Ralstonia metallidurans has also been utilized for the
discovery of pigment and antibiosis from soil-derived metagenomic libraries. A
recent study found a yellow pigmented clone and another producing a novel
putative type III polyketide that inhibits growth of both Bacillus subtilis and
Staphylococcus aureus [39]. When transformed into E. coli, both cosmids did
not confer the production of any detectable clone-specific small molecules.

Alternative hosts to E. coli for functional screening of metagenomic libraries
have expanded to include diverse organisms, including the extreme thermophile
T. thermophilus [35]. After construction of a cosmid vector allowing transforma-
tion of libraries into T. thermophilus and initial screening for cosmids conferring
xylanase activity, libraries were screened in both E. coli and T. thermophilus,
resulting in 12 and 20 active clones, respectively. When these clones were tested
in the other host, 10 of the 12 clones (83%) found in E. coli conferred xylanase
activity on 7. thermophilus, whereas 10 of the 20 clones (50%) found in T. ther-
mophilus conferred activity on E. coli.

Discoveries made using alternative hosts provide further support for their uti-
lization, as these studies show that host specificity on enzyme or small-molecule
detection is a critical component of functional screening. Future studies should
carefully consider the source of DNA and intended results before deciding on an
appropriate host or vector for functional screening.

J. Identification of Enzymes Through Functional Screening of Metagenomic
Libraries

While we use the generic term screen when referring to the process of identifying
genes of interest, functional metagenomics relies on both selection-based and
screening strategies to identify genes of interest. In the following sections we
point out the advantages and disadvantages of each and describe a number of
screens and selections that have yielded enzymes of interest from metagenomic
DNA (see Table 1).

III. FUNCTIONAL SCREENING

Screening strategies rely on a measurable difference in phenotype among those
recombinant metagenomic clones carrying the gene of interest. These strate-
gies require that all recombinant clones grow under the same conditions, after
which the differences in phenotype become apparent either by visual scoring or
other assaying techniques. Because all recombinant clones are grown and ana-
lyzed by the same technique, these strategies are typically time and resource
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intensive. Further, phenotype scoring can become cumbersome as the number
of plates/cultures increases. Depending on the nature of the screen, unforeseen
problems can result in recovery of false positives as well. In these cases, metage-
nomic DNA inserts can harbor genes that have an unanticipated effect on the host
strain, causing it to appear as a positive phenotype. One example will be given
below regarding a screen for protease enzymes. Nonetheless, screening strate-
gies are more popular than selection strategies due to a number of perceived
advantages, including the relative ease involved in most screens (they typically
do not require genetic manipulation of the host strain) and because many enzyme
classes of interest already have well-characterized chromogenic and fluorogenic
substrates available. Further, existing substrates can often be easily modified for
the identification of a different enzymatic activity.

A. Screening Strategies

The in vivo use of chromogenic substrates is a common practice in molecular
biology research. For example, the widespread use of blue—white colony
screening is based on hydrolysis of X-gal (5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside) by recombinant B-galactosidase inside a host cell. In this case,
the X-gal is present in the medium and is taken up by growing cells. Hydrolysis
of X-gal liberates S5-bromo-4-chloro-3-hydroxyindole, which spontaneously
dimerizes to produce a blue dye, ultimately giving the colony a characteristic
blue color (Fig. 3). Similar principles can be applied in metagenomic screens—in
fact, both X-gal and the structurally related X-phosphate have been used to
identify enzymes in a metagenomic library [52,53]. The most straightforward
screens utilize a substrate that is cell permeable and uncolored; substrate is
provided in the growth medium with the expectation that a colony (or culture)
with the color indicative of the enzymatic activity harbors a gene encoding the
enzyme of interest.

In addition to the screen in which pB-galactosidase enzymes were identified
based on cleavage of X-gal, a number of fairly straightforward chromogenic
screening techniques have proved to be successful. One technique relies on use
of the compound syringaldazine (Fig. 3) as a means to identify phenol oxidase
enzymes [54]. Upon oxidation of syringaldazine, a reaction characteristic of a
number of phenol oxidase—type enzymes, the compound turns a deep purple
color. Beloqui et al. were able to identify a novel polyphenol oxidase from a
Bovine rumen metagenomic library using a simple agar plate—based screen.

The strategies used for chromogenic screens can be applied with fluorogenic
substrates as well. For example, Le Cleir et al. screened a metagenomic library
for enzymes able to cleave 4-methylumbelliferyl--D-N,N’-diacetylchitobioside,
a reaction characteristic of chitinase enzymes. Chitinase activity was scored by
the appearance of a fluorescence phenotype, indicating cleavage of the substrate
to produce 4-methylumbelliferone [55]. Similarly, the cellobioside analog of this
substrate has been used to screen for cellobiohydrolases [56].
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Many chromogenic/fluorogenic substrates are too large to cross a cell mem-
brane; this includes polymeric substrates approximating polysaccharides, such as
Ostazin brilliant red hydroxyethyl cellulose [11] and Remazol brilliant blue xylan
[57]. In these cases, screens must either rely on export of the enzymes of interest
from the host cell or permeabilization of the cell membrane to allow the enzyme
access to the substrate. For example, a study by Yun et al. [58] used a functional
screen for amylase enzymes that required successful secretion of the enzymes to
detect the degradation of starch. Recombinant metagenomic clones were plated
on starch-containing medium and grown to form colonies. The plates were over-
laid with D-cycloserine to permeablize the cell membrane, and then flooded with
Gram’s iodine solution. Positive clones demonstrated a bright halo surrounding
colonies upon illumination with fluorescent light. Liquid culture—based screens
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have also used cell lysis to optimize enzyme access to substrate [59]. In a
liquid culture—based screen to detect catechol dioxygenase activity, Suenaga
et al. grew recombinant metagenomic clones in 96-well plates. Following growth
to sufficient density, the plates were centrifuged to pellet cells, and the cells
were resuspended in buffer and lysed using a mild detergent. Catechol dioxy-
genase activity was detected, after adding catechol, by monitoring yellow color
formation as a result of catechol ring opening to form 2-hydroxymuconate semi-
aldehyde [59].

A number of functional screens use formation of “zones of clearing” on agar
plates supplemented with a substrate that imparts an opaque character to the
media. Perhaps the most straightforward screen for lipase enzymes is a zone-of-
clearing assay in which a lipid or ester compound is present in the solid medium:
for example, the compound tributyrin (Fig. 3). Following colony growth, positive
clones are identified based on formation of a clear zone surrounding the colony,
indicating hydrolysis of the lipid or ester substrate [60]. One further example of
a zone-of-clearing assay involves the use of skim milk agar to identify proteases.
Skim milk is included in the solid medium at a minimal percentage and, following
colony growth, positive clones are identified based on a clear zone surrounding
the colony [60]. However, careful analysis of this screen by Jones et al. has
established that the skim milk screen will give false-positive clones as well as
clones with authentic protease activity [52]. In this study, the authors identified a
number of other factors that result in a clearing zone using skim milk agar; these
include production of recombinant glycoside hydrolases from the metagenomic
DNA insert and expression of genes that induce acid production by the host strain.

One particularly interesting area with significant opportunity for development
comprises the use of engineered biosensor host strains for screening. In this
scenario, metagenomic DNA libraries are screened in a host strain that has been
genetically modified to sense and report a specific stimulus. The stimuli could
be any number of things, such as the product or substrate of an enzymatic
reaction. One example of such a screen is the METREX biosensor screen of
Williamson et al., which was used to identify genes involved in acylhomoserine
lactone—mediated quorum sensing (Fig. 4) [44]. In this screen, the E. coli
host strain carries a biosensor plasmid that has been specifically engineered to
sense acylhomoserine lactones. This plasmid carries three genes of interest:
an antibiotic-resistance selectable marker, the [uxR transcriptional activator,
and a green fluorescent protein (gfp) variant gene directly upstream of the
lux promoter. The [uxR gene is constitutively expressed from the plasmid,
and the LuxR protein, in the absence of acylhomoserine lactone, exists as
an inactive monomer in the cell. Upon binding acylhomoserine lactone,
however, the luxR protein dimerizes, forming an active complex that activates
expression of the gfp gene from the /ux promoter. Thus, in the presence
of acylhomoserine lactone (either provided directly to the cell in trans, or
produced via an acylhomoserine lactone synthase gene on the metagenomic
DNA insert) the recombinant clone will exhibit a gfp-positive phenotype.
Williamson et al. used this biosensor strain to identify 12 acylhomoserine lactone
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FIGURE 4 METREX biosensor screen based on acylhomoserine lactone—mediated
quorum sensing. (A) In the presence of a metagenomic clone harboring an AHL syn-
thetase, the recombinant LuxR binds the AHL and activates expression of the gfp gene
from the /ux promoter. (B) When exogenous AHLs are added, hydrolysis of the AHL by
an AHL lactonase yields an inactive compound, giving rise to a gfp-negative phenotype.
(From [44].) (See insert for color representation of the figure.)
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synthase genes from a metagenomic DNA library by virtue of this gfp-positive
phenotype [44]. Conversely, the screen can also be used to identify mechanisms
for interfering with acylhomoserine lactone—mediated quorum sensing. In this
screen, acylhomoserine lactone is provided to the cells in trans, and the screen is
used to identify those clones that exhibit a gfp-negative phenotype. Williamson
et al. were able to identify two acylhomoserine lactone hydrolases from this
screen that catalyzed a lactonase reaction, rendering the acylhomoserine lactone
inactive [44].

B. Selection-Based Strategies

Selection-based strategies rely on a gene or genes from the metagenomic DNA
insert to bestow the ability of the recombinant clone to grow under the conditions
specified. In contrast to the screening strategies described above, only the posi-
tive clones will grow, and as such, it is feasible to plate the recombinant clones
at much higher density than would be practical for a screen. Thus, these strate-
gies are typically less resource intensive than corresponding screens. Moreover,
identification of positive clones does not require any additional instrumentation,
as the positive clones are simply identified as those that grow under the specified
conditions. Understandably, selection strategies are therefore limited to identify-
ing activities that are necessary for growth; examples of these strategies are given
below. However, some of these issues have been circumvented creatively by using
specific auxotrophic host strains or by otherwise engineering the host strain.

As utilization of X-gal is a common screening practice in molecular biology,
antibiotic resistance as a selectable marker is also a common practice among those
using recombinant DNA technologies and provides an ideal example of selection-
based identification of genes of interest from metagenomic libraries. An interest in
identifying and characterizing antibiotic resistance genes from soil led Allen et al.
to use a selection strategy to identify f-lactam resistance genes from a remote,
pristine soil. By plating a recombinant E. coli metagenomic library on media
containing lethal levels of f-lactam antibiotics, Allen et al. were able to identify
13 novel B-lactamase genes, including the first described bifunctional B-lactamase
[16]. This strategy has been used to identify genes that confer resistance to a
variety of antibiotics, including the p-lactams, aminoglycosides, and tetracycline
[15,16].

Menadione is a polycyclic aromatic compound that is toxic to bacteria at high
concentrations, due reportedly to its ability to generate reactive oxygen species
in the cell. Using a strategy similar to that above, Mori et al. grew a recombinant
E. coli metagenomic library under conditions of menadione toxicity and recov-
ered four recombinant clones that allowed for growth under these conditions
[61]. While previous studies had identified mechanisms of menadione resistance
involving overexpression of genes that prevent buildup of excess reactive oxygen
species in the cell, characterization of one of the positive clones from this study
revealed that the resistance, somewhat surprisingly, was conferred by a recom-
binant UDP-glucose 4-epimerase. The authors went on to describe a potential
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biological mechanism whereby the enhanced UDP-glucose 4-epimerase activity
may decrease cell permeability, leading to a decrease in the menadione concen-
tration in the cell. This example demonstrates one interesting aspect of functional
metagenomics: that is, the recovery of a gene or genes that are shown to confer a
particular function (e.g., menadione resistance), but whose mechanism of action
is unclear at the time of discovery.

In addition to selections based on growth in the presence of a toxin, selection-
based strategies can include those that confer growth on unusual or complex
sources of essential nutrients. The study of Robertson et al. identified a large
collection of nitrilase enzymes by selecting for growth of recombinant E. coli
metagenomic clones in minimal media supplemented with various nitriles as the
sole source of nitrogen. The structure of one of these compounds, adiponitrile, is
shown in Figure 3 [43]. Thus, nitrilase activity was required to liberate nitrogen,
in the form of ammonia, for growth. Selection for growth recovery was also used
in a study by Wang et al. in which the authors were able to identify enzymes from
a metagenomic library that are used in metabolism of the natural microbial carbon
storage compound poly-3-hydroxybutyrate [38]. E. coli does not naturally harbor
the enzyme D-3-hydroxybutyrate dehydrogenase, which is required to convert the
polymeric compound into the more easily metabolized compound acetoacetate.
However, in the presence of the enzyme, E. coli can use the resulting product
as a sole carbon source. From this E. coli selection, Wang et al. identified nine
recombinant clones that were able to grow on poly-3-hydroxybutyrate [38].

A related selection strategy utilizes auxotrophy of the host strain as a means
for obtaining enzymes of interest. For example, the study of Gabor et al. took
advantage of leucine auxotrophy in their host E. coli TOP10 [A(ara-leu)7697] as
a means for identifying enzymes that catalyze amidase reactions [42]. The recom-
binant metagenomic library was selected in the presence of various amide-linked
leucine derivatives: To enable growth, amidase activity was required to liberate
leucine from these compounds. Six amidase-positive recombinant clones were
recovered in this way [42]. In another example of engineered E. coli auxotrophy
used for selection, 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS) activ-
ity in E. coli was knocked out using a kanamycin resistance cassette that was
inserted into the aroA gene [62]. This gene encodes the enzyme EPSPS, a key
enzyme in the shikimate pathway required for aromatic amino acid biosynthe-
sis. EPSPS is also the target for the herbicide glyphosate. Jin et al. constructed
metagenomic DNA libraries from glyphosate-contaminated soils, and selected
for growth of the recombinant metagenomic library in the presence of 50 mM
glyphosate. Three recombinant clones were recovered that harbored EPSPS activ-
ity that was resistant to glyphosate. One of these clones conferred growth at
glyphosate concentrations up to 150 mM [62].

Auxotrophy can also be included as part of an engineered catabolic pathway
in the host strain, such is the case in the study of glycerol dehydratase activity
in soil metagenomic DNA libraries by Knietsch et al. [63]. To identify glyc-
erol dehydratase activity in the metagenomic libraries, the host E. coli strain
was retrofitted with the anaerobic glycerol breakdown pathway of Citrobacter
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freundii, minus the glycerol dehydratase genes. For the modified E. coli host
strain to grow anaerobically on glycerol as the sole carbon source, a recombinant
metagenomic clone would have to provide the glycerol dehydratase activity. This
engineered catabolic selection strategy resulted in the recovery of two glycerol
dehydratase-positive metagenomic clones [63].

Functional metagenomics is an expanding component of natural product dis-
covery. However, functional screens for natural products rely on expression of
a full natural product biosynthesis pathway, which presents several challenges
for functional metagenomics. First, the vector must allow inserts large enough to
encapsulate the entire pathway, which in many cases can be over 20 kb in length.
For this reason, large insert libraries are a necessity in functional screens for nat-
ural products. Second, the heterologous host used in screening must be capable
of expressing the foreign pathway and producing a fully functional metabolite.
Third, the screen must be sensitive enough to detect the metabolite to a level high
enough to separate it from the background. Finally, the screen must be easy and
cheap enough to use at a large enough scale to locate functional natural product
pathways among a large sample of metagenomic DNA.

The diversity of functional screens for detection of natural product gene clus-
ters is limited only by the creativity of the scientists that are looking for them.
Some of the most successful methods thus far have been the most simple and
intuitive screens. Utilizing tester organisms to detect antimicrobial activity from
a library has been performed using diverse screening hosts, target organisms, and
library types [64]. These screens have generated many activities, some of which
have been associated directly with natural products [11,22,39,65-67].

Another straightforward and effective screen for natural product gene clusters
is detection of pigment production [14,22,39]. Pigments are often associated with
the conjugated bond systems present in natural products and often represent an
additional screen. Pigments also represent a beneficial property for purification of
the natural product that can be used to determine purification protocols without
additional assays to determine in which fraction it is present. Additionally, a
screening method utilizing HPLC-ESIMS was used to locate individual clones
from a metagenomic library expressed in S. lividans, producing four novel natural
products [38].

In contrast to biosynthetic pathways, enzymes involved in catabolic pathways
have been identified primarily through individual functional screens, such as those
described above. Although this area has not been fully explored, one could, in
theory, also identify catabolic pathways from a metagenomic library based on
growth selection: for example, by selecting for the ability to grow on complex
hydrocarbons as a sole carbon source. In a 2005 paper, Uchiyama et al. developed
a screening technology designed to identify catabolic operons from metagenomic
libraries, which they designated SIGEX (Substrate-induced gene expression) [68].
This screen takes advantage of a documented feature of catabolic operons: that is,
that expression of such operons is often induced in the presence of the compound
to be catabolized. Many catabolic pathways encode a transcriptional activator that
is sensitive to the concentration of the relevant metabolite, such that at sufficient
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concentrations, the regulator (which is often genetically proximal to the operon)
will activate expression of the catabolic operon. Uchiyama et al. constructed an
operon-trap gfp-based vector that was used for cloning metagenomic DNA. By
screening the metagenomic library in the presence of benzoate or naphthalene,
they were able to identify metagenomic clones that were genetically activated
in the presence of these compounds based on a gfp-positive phenotype. From
this screen, they identified 62 positive clones, 58 activated in the presence of
benzoate and four activated in the presence of naphthalene [68].

IV. CONCLUSIONS

Metagenomics, and in particular functional metagenomics, is a relatively new
field, but it has already demonstrated significant success identifying both enzymes
of interest and bioactive natural products. Among the best known enzymes in
use in biotechnology are those used in detergents and food processing (e.g.,
lipases/esterases, proteases), those used in industrial processes (e.g., cellulases,
amylases), and those used in biosynthesis of fine and bulk chemicals (e.g.,
nitrilase, glycerol dehydratase). A number of screens and selections have been
developed to identify such enzymes from metagenomic DNA libraries. Table 1
lists relevant functional metagenomics papers according to enzyme and describes
the screening techniques for each, the approximate library size, and the outcome
from the screen. Although a number of studies use similar screening techniques
to identify the same enzymes, we have chosen one reference for each screen
type to demonstrate a representative outcome from each. For example, there are
numerous published studies in which lipase activity was detected on media sup-
plemented with tributyrin; we chose to reference the Lee et al. paper because we
could calculate an approximate metagenomic library size as the reported aver-
age insert size of the metagenomic clones multiplied by the number of clones
screened [60]. From these data it is possible to calculate an approximate “hit
rate” for each screen as the number of positive clones recovered per unit of
metagenomic DNA screened.

Table 1 also indicates the vector and average insert size from those studies in
which this information was published. We note that the size of the metagenomic
libraries shown in Table 1 varies from the low Mb range to the high Gb—and
even, potentially, Tb—range. In the case of proteases and lipases, one might
expect all of the bacterial cells in an environment to harbor such genes. As such,
these studies demonstrate success in screening small-insert metagenomic libraries
in the low-Mb range. To identify less abundant enzymatic activity, we recommend
constructing metagenomic libraries greater than 1 Gb prior to screening. For
example, the study of Allen et al. identified 13B-lactamase enzymes from a 12-
Gb soil metagenomic library, corresponding to about one gene per gigabase of
metagenomic DNA for an activity that is not likely to be abundant in the native
soil environment [16].

Although the hit rate is indeed dependent on the abundance of the desired genes
in a metagenomic library, it is now recognized that a significant population of
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these genes are not properly expressed in a standard laboratory E. coli screening
strain and therefore would not be recovered in a functional screen. As we describe
earlier, a number of studies have tried to address this issue by modification
of the vector backbone or by screening metagenomic libraries in different host
organisms; these studies have met with varying success. Nonetheless, the matter
of enhanced functional expression will continue to be a significant issue as the
field develops and certainly warrants further study.
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