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Abstract The metagenomic approach has greatly accel-

erated the discovery of new enzymes by giving access to

the genetic potential of microorganisms from various

environments. Function-based screening depends on ade-

quate expression of the foreign genes in the heterologous

host, which can be challenging in large-insert libraries.

In this study, the shuttle cosmid vector pFX583 was used

for the construction and screening of a metagenomic

library. This vector allows T7 RNA polymerase-directed

transcription of the cloned DNA and can be used in

Escherichia coli and Streptomyces lividans. The DNA used

for the library construction was obtained from an enriched

biomass. The library was screened for lipolytic and pro-

teolytic activities using E. coli and S. lividans as hosts.

Numerous E. coli clones with lipolytic activity were

detected. Unfortunately, proteases could not be detected in

both hosts. From the lipolytic activity screen, a gene coding

for a new lipase was isolated, and partial characterization

was conducted.
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Introduction

Considering that nearly 99% of the microorganisms in

nature are not readily culturable [1], a large genetic res-

ervoir remains untapped despite years of culture-depen-

dent screening studies. To gain access to this genetic

information, methods were developed based on the anal-

ysis and direct isolation of nucleic acids from uncultured

microorganisms. Among those methods, metagenomics,

the analysis of the collective microbial genomes present in

a given habitat, has emerged as a powerful approach [37].

Metagenomics usually involves direct isolation of geno-

mic DNA from an environment, construction of a library

by cloning the DNA into a suitable vector, and subsequent

high-throughput sequencing or screening. Screens of

metagenomic libraries can be based on either sequence- or

function-driven approaches. Sequence-based screening

relies on the use of a conserved DNA sequence for

designing hybridization probes or polymerase chain reac-

tion (PCR) primers to detect specific sequences [35]. The

main advantage of sequence-driven screening methods is

their independence toward expression of the cloned gene

by the heterologous host. However, it tends to recover

sequences related to known genes and does not select for

complete gene sequences and functional products [9].

Function-driven analysis depends on the detection of a

specific phenotype expressed by a clone. To be successful,

it requires transcription of the cloned genes and efficient

translation by the heterologous screening host, which are

the main limitations of the function-driven approach [18].

Expression can be driven by the vector’s host-specific

promoter in plasmid libraries, but limited in cosmid,

fosmid or BAC libraries due to the size of the DNA

insert. Nevertheless, those large-insert libraries cover

longer DNA sequences with fewer clones and are more
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F. Denis � P. Juteau � R. Beaudet � F. Shareck

INRS-Institut Armand-Frappier, 531 boul. des Prairies,

Laval, QC H7V 1B7, Canada

e-mail: francois-xavier.lussier@iaf.inrs.ca

123

J Ind Microbiol Biotechnol (2011) 38:1321–1328

DOI 10.1007/s10295-010-0915-2



appropriate to recover complex pathways encoded by large

gene clusters.

The detection of a target gene in a metagenomic library

often involves screening many thousands of clones.

To increase the chances of finding positive clones, it is

possible to generate a laboratory enrichment culture from

an environmental sample, prior to DNA isolation. By using

particular growth conditions, it is possible to increase the

proportion of organisms harboring the target trait [13–15].

However, this must be balanced against the overall loss of

population diversity [11].

The Escherichia coli T7 expression system developed

by Studier and Moffatt [38] is commonly used to achieve

high-level protein production. The system is based on the

T7 bacteriophage RNA polymerase (T7 RNApol), which

directs the selective transcription of genes cloned down-

stream of the major T7 late promoter. The T7RNApol is

characterized by very high activity, elongating messenger

RNA (mRNA) chains about five times faster than the

E. coli RNA polymerase [17]. The phage RNA polymerase

can also generate very long mRNAs and is poorly termi-

nated by unrelated transcription terminators [31]. Since

the original publication of Studier and Moffatt, the T7

expression system has been adapted to mammalian cells

and several bacteria [3, 6, 10, 12, 16, 21, 22]. Lussier et al.

[29] have developed a bifunctional vector, pFX583, that

allows T7 RNApol-directed transcription in E. coli and in

the filamentous Gram-positive bacterium Streptomyces

lividans. As pFX583 features a k cos sequence, it can be

used as a cosmid vector for cloning of large DNA frag-

ments. The different characteristics of pFX583 make it

very attractive for the construction of metagenomic

libraries and for function-driven screening. To use with this

vector, a S. lividans strain that inducibly produces T7

RNApol was also developed by the same group. S. lividans

is known as a very useful alternative host to expand the

number of genes detected in metagenomic function-based

screening [30].

Here, in order to isolate new lipolytic and proteolytic

enzymes, a metagenomic cosmid library was constructed

with pFX583 using DNA extracted from the biomass of an

enriched fed-batch reactor. The resulting library was

screened for enzymatic activity in E. coli and S. lividans.

The approach described in this paper combined biomass

enrichment and multihost screening, strategies known to

increase gene detection frequency [9]. The use of pFX583

has allowed T7 RNApol-directed transcription of the

cloned metagenomic DNA fragments, which has poten-

tially enhanced the expression of the foreign genes. Many

clones with lipolytic activity were detected, from which a

new lipase was isolated and partially characterized. For

unknown reason, no protease was detected.

Materials and methods

Bacterial strains, culture media, and growth conditions

Bacterial strains and vectors used in this study are listed in

Table 1. E. coli strains were grown in 2xTY medium (16 g/l

tryptone, 10 g/l yeast extract, 5 g/l NaCl) with or without

agar at 37�C. Screening was performed on 2xTY agar sup-

plemented with 1% tributyrin (Sigma) or 2.5% skim milk

(Difco). S. lividans was grown at 34�C, and R5 medium [23]

supplemented with 2.5% skim milk was used for protoplast

regeneration and for direct screening of proteolytic activity.

Antibiotics were added to the growth media at the following

concentrations: kanamycin at 50 lg/ml or 200 lg/ml, thio-

strepton at 50 lg/ml (solid medium) or 5 lg/ml (liquid

medium), and apramycin at 50 lg/ml. The culture medium

used for biomass enrichment was an adaptation of Basal

Salts Medium [33] supplemented with ground meat extract.

Sequencing fed-batch reactor enrichment

A 10-l sequencing fed-batch reactor (SFBR) was inoculated

with 10 g black soil, 10 g shrimp compost, 50 ml biomass

from a SFBR for phosphor elimination in swine waste,

50 ml biomass from an aerobic thermophilic sequencing

batch reactor for swine waste treatment [20], and two swabs

from the cafeteria of the INRS-Institut Armand-Frappier.

The biomass of the SFBR was enriched with ground meat

extract solution as a source of carbon. The solution was

prepared with extralean ground beef composed of 10% lip-

ids, 20% proteins, and 0% carbohydrates, based on the

product label. In 1 l ion-free water, 100 g meat was

homogenized, and pH was adjusted to 7.0 with NaOH. The

resulting solution was filtered by 850-lm sieve (20 mesh).

The SFBR biomass was submitted to 30 cycles of 72 h in

which the pH gradually shifted from 7 to 8.5 and back to 7.

Simultaneously, the temperature increased from 50�C to

70�C and returned to 50�C.

Library construction

The DNA used for the construction of the metagenomic

library was obtained from the biomass of the SFBR. The

method used to extract high-molecular-weight DNA

included lysozyme digestion, freeze/thaw cycles, and

phenol/chloroform extractions. Total DNA was partially

digested with BamHI to generate fragments of 35–45 kb,

and ligated with pFX583 linearized with the same restric-

tion enzyme. The concatemeric DNA was packaged using

the MaxPlaxTM Lambda Packaging Extracts (Epicentre

Biotechnologies) and transduced into E. coli Rosetta-

Blue(DE3)/pLysS (Novagen).
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Functional-based screening and gene isolation

Transductants were replica-plated on 2xTY agar supple-

mented with tributyrin or skim milk and 0.4 mM isopropyl

b-D-1-thiogalactopyranoside (IPTG). After 48 h of incu-

bation at 37�C, colonies showing a zone of clearance

indicated lipolytic or esterolytic activities. The cosmids

from the positive colonies were extracted for analysis.

To isolate the putative lipase or esterase encoding genes, a

subcloned library was generated in the plasmid pCR4-

TOPO using the TOPO Shotgun subcloning kit (Invitro-

gen). The subcloned library was rescreened in E. coli

TOP10 (Invitrogen), and the plasmids from positive colo-

nies were sequenced at the McGill University and Génome

Québec Innovation Centre.

Partial enzymatic characterization

Enzymatic assays were done with supernatant from an

overnight-grown culture of the E. coli TOP10 clone con-

taining lipF5–11, which was obtained from the subcloned

library. A clone with an empty plasmid was used as neg-

ative control. Assays were performed at 50�C in a 96-well

microplate with 5 ll of supernatant in a final volume of

100 ll. The reaction mix contained 1 mM of a particular

p-nitrophenyl (pNP) acyl ester (Sigma) in 50 mM Tris–

HCl pH 8, 0.05% (m/v) CaCl2, 0.5% (v/v) Triton X-100.

Absorbance was read at 405 nm after 48 min of incubation

with a Fusion microplate reader (Packard). Substrates with

different acyl chain length were tested: pNP-acetate (C2),

pNP-butyrate (C4), pNP-caproate (C6), pNP-caprylate

(C8), pNP-caprate (C10), pNP-laurate (C12), pNP-myris-

tate (C14), pNP-palmitate (C16), and p-nitrophenyl

stearate (C18). The influence of pH was tested with pNP-

palmitate using 50 mM Tris–HCl buffer for pH 6, 7, and 8

and with 50 mM glycine-NaOH buffer for pH 9, 10, and

11. The thermostability of LipF5–11 was evaluated by pre-

incubating the culture supernatant for 2 h at temperatures

ranging between 50�C and 70�C. The enzymatic assay was

then conducted as described above.

Results

Metagenomic library construction

The library was constructed using genomic DNA extracted

from the biomass of a sequencing fed-batch reactor enri-

ched for bacteria able to grow at alkaline pH and temper-

atures ranging between 50�C and 70�C. The genomic DNA

was cloned in the vector pFX583, which featured a k cos

sequence, a T7 promoter, and a kanamycin/neomycin

selection marker. Because of the pMB1 and pJV1 replicons

of pFX583, the library can be screened in E. coli and

Streptomyces species.

Function-based screening

The packaged library was transduced into E. coli Roset-

taBlue(DE3)/pLysS, a recA strain harboring the T7RNApol

encoding gene under the control of the lacUV5 promoter.

Transductants were replica-plated on 2xTY agar supple-

mented with tributyrin and skim milk. From approximately

2,000 screened colonies, 17 showed esterolytic/lipolytic

activity, but no proteolytic activity was detected. The same

number of cosmids was transferred to Streptomyces livi-

dans 10T7 by protoplast transformation. Approximately

10,000 colonies were screened on R5 agar supplemented

with skim milk. As for E. coli, no colonies showed prote-

olytic activity.

Table 1 Strains and plasmids used in this work

Strain or plasmid Genotype and description Source or reference

Strains

E. coli RosettaBlue(DE3)/pLysS endA1 hsdR17(rK12
– mK12

? ) supE44 thi-1 recA1 gyrA96
relA1 lac (DE3) [F0 proA?B? lacI qZDM15 ::Tn10]

pRARE (CamR, TetR)

Novagen

E. coli TOP10 F- mcrA D(mrr-hsdRMS-mcrBC) u80lacZDM15
DlacV74 recA1 araD139 D(ara-leu) 7697 galU
galK rpsL (StrR) endA1 nupG k-

Invitrogen

S. lividans 10T7 msiK-, T7 RNApol codon-optimized gene

under the control of tipAp (ApR, ThR)

Lussier et al. [29]

Plasmids

pFX583 KmR; ori/rep pJV1, ori pMB1, T7 promoter

and terminator, k cos, RK2 oriT
Lussier et al. [29]

pCR4-TOPO AmR/KmR; ori pUC, lac promoter Invitrogen

CamR, TetR, ApR, ThR, KmR, AmR: resistance genes for chloramphenicol, tetracycline, apramycin, thiostrepton, kanamycin, and ampicillin,

respectively
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Subcloning and sequence analysis

Cosmids from positive clones were sheared by nebulization

[39] into 1–6-kb fragments and subcloned into pCR4-

TOPO via topoisomerase-directed ligation. The resulting

libraries were introduced in E. coli TOP10, and plasmids

from clones showing activity were sequenced. Nucleotide

sequences were analyzed by BLASTX (NCBI) using the

nonredundant protein sequences database. Some of the

clones contained lipase genes previously isolated from

another metagenomic library constructed by our group

[32]. One of the plasmids contained a new secreted lipase-

encoding gene (lipF5–11) (GenBank accession no.

HQ009871) showing the highest similarity with predicted

lipases from Streptomyces pristinaespiralis (EDY64232),

Thermomonospora curvata (ACY99099), and Conexib-

acter woesei (ADB52323), with identities of 42%, 39%,

and 39%, respectively. Downstream of lipF5–11, the

plasmid also contained two open reading frames (ORFs)

that showed homology with PpiC-type peptidyl-prolyl cis–

trans isomerase and lipase chaperone genes. The amino

acid sequence of LipF5–11 featured a predicted signal

peptide (residues 1–26) and the conserved pentapeptide

Ala-Xaa-Ser-Xaa-Gly (residues 99–103) typical of lipases

from Bacillus [2] (Fig. 1). Multiple sequence alignment

performed with ClustalW2 [25] also revealed a putative

oxyanion hole sequence (H34-G35) and the catalytic resi-

dues Asp171 and His193.

Partial biochemical characterization

A high-throughput assay was used for fast partial charac-

terization of the unpurified lipolytic enzyme LipF5–11. The

results presented here are representative of what was

obtained in independent assays, although the global lipo-

lytic activity of the supernatant could vary. To evaluate the

substrate specificity of the enzyme, pNP-acyl esters with

carbon chain length varying between 2 and 18 were tested

(Fig. 2). Hydrolysis was detected for all substrate tested,

but was clearly more important for the long-chain pNP-

acyl esters. Optimal pH was determined by incubating

crude protein extract with pNP-palmitate (C16) at pH

ranging from 6 to 11. LipF5–11 was most active between

pH 6 and 9, with highest activity at pH 8 (Fig. 3). Ther-

mostability was evaluated by looking at the residual lipo-

lytic activity in the supernatant after pre-incubation of 2 h

at temperatures ranging from 50�C to 70�C (Fig. 4). Pre-

incubation below 55�C did not have an important effect on

the activity of LipF5–11. More than 50% of the activity

remained after 2 h at 60�C, but it dropped to 5% at 70�C.

Fig. 1 Multiple amino acid sequence alignment performed with

ClustalW2. LipF5–11 was aligned with the three putative lipases that

showed the highest similarity and with a lipase from B. subtilis.

Streptomyces pristinaespiralis (EDY64232), Thermomonospora curv-
ata (ACY99099), Conexibacter woesei (ADB52323), and Bacillus
subtilis (AAA22574.1). Lower case indicates the predicted signal

peptide; the putative oxyanion hole (HG), the pentapeptide (AHSNG)

as well as the aspartic acid and the histidine as putative residues of the

active site are underlined. ‘‘*’’ means that the residues in that column

are identical in all sequences in the alignment. ‘‘:’’ means that

conserved substitutions have been observed. ‘‘.’’ means that semi-

conserved substitutions are observed
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Discussion

In the search for novel biocatalysts or molecules, function-

driven screening is the only strategy that has the potential to

identify completely new genes [9]. However, the functional

approach is limited by its reliance on adequate expression of

the cloned genes in a surrogate host. Aside from the codon

usage of the foreign genes, the regulation of the promoters

and their recognition by the host RNA polymerase can

also impair the detection of positive clones. In the present

study, a metagenomic library was constructed with the

bifunctional cosmid vector pFX583. The T7 promoter/ter-

minator in pFX583 allows the use of the highly effective T7

RNApol to transcribe the cloned DNA. Combined with a T7

RNApol-producing host, pFX583 has the potential to

increase the number of colonies with positive activity.

A similar approach was successfully used by Leggewie

et al. [26], using a transposon harboring bidirectional T7

promoters. Introducing this transposon in a cosmid library

allowed inducible expression of its flanking regions in both

directions, thus enhancing detection of clones with lipolytic

activity. However, this transposon approach normally

requires extraction of the cosmid library, in vitro transpo-

sition, followed by re-introduction into the screening host.

The diversity of the library with transposon is therefore

dependent on the number of cosmids extracted at first. Also,

because the library with transposon is reintroduced into the

screening host, repetition can occur and will require the

screening of an extra number of clones to be sure of

covering the starting clones.

The number of screened clones required to recover genes

of interest is directly linked to the size of the cloned DNA,

but also to the frequency of organisms with the desired

activity in the biomass from which DNA is extracted.

To increase this frequency, biomass can be subjected to

conditions favoring microorganisms harboring the desired

traits, such as carbon or nitrogen sources, pH, and temper-

ature. However, the enrichment step can reduce the genetic

diversity by promoting fast-growing and culturable mem-

bers of a microbial consortia [9]. If conducted too exten-

sively, it can even decrease the probability of discovering

new genes [11]. Nevertheless, well-monitored enrichment

combined with diversified starting material is an efficient

strategy to increase the number of positive clones in a me-

tagenomic library screen [8, 15, 24, 32, 34]. Also, the cul-

tivation step generally facilitates isolation of high-quality

Fig. 2 Effect of chain length on the activity of LipF5–11. Assays

were conducted at 50�C in 50 mM Tris–HCl pH 8.0. Absorbance

measured at 60 min was used for comparison. pNP-acetate (C2),

pNP-butyrate (C4), pNP-caproate (C6), pNP-caprylate (C8), pNP-

caprate (C10), pNP-laurate (C12), pNP-myristate (C14), pNP-palmi-

tate (C16), and p-nitrophenyl stearate (C18)

Fig. 3 Effect of pH on the activity of LipF5–11. Lipase activity was

assayed toward pNP-palmitate (C16) at 50�C in 50 mM Tris–HCl

buffer for pH 6, 7, and 8 and in 50 mM glycine-NaOH buffer for pH

9, 10, and 11

Fig. 4 Thermostability assay. Activity of LipF5–11 was assayed

after pre-incubation of 2 h at temperatures ranging from 50�C to 70�C
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DNA. In the current study, the DNA used for the construc-

tion of the metagenomic library was extracted from a bio-

mass enriched for microorganisms capable of growing at

high temperature and pH between 7 and 8.5. Also, inoculums

were from various sources, ensuring good starting diversity.

The metagenomic library was first introduced in the

common host E. coli. The strain used, E. coli Rosetta-

Blue(DE3), is a recA1 T7 RNApol-producing strain. With

this strategy, approximately 2,000 clones were screened for

esterolytic/lipolytic and proteolytic activity. From a small

number of clones, compared with most metagenomic

screening studies [28], 17 colonies showed cleared zone on

tributyrin agar. The high success rate obtained in this

functional screening experiment showed that the enrich-

ment step was properly conducted. The use of ground beef

extract was likely a good source of carbon for the selection

of bacteria producing lipolytic enzymes. Also, the cosmid

pFX583 used for the construction of the metagenomic

library and the E. coli RosettaBlue(DE3)/pLysS strain

allowed efficient detection of esterase/lipase enzymes,

whose expression could be driven by foreign promoters and

the T7 promoter of the vector. Despite the great success of

the lipolytic enzymes screen, no proteolytic activities were

detected for the same number of clones.

Although E. coli is the most employed host for functional

screening [8], using an alternative host proved to be useful to

expand the range of detected genes [7, 27, 30, 42, 43].

Bacteria with different codon usage and higher protein

secretion capacity than E. coli are of particular interest, as

these characteristics can greatly influence the result of

function-based screens. Because of the bifunctionality of the

pFX583 vector, it was possible to screen the library in

S. lividans 10T7. Like E. coli RosettaBlue(DE3), S. livi-

dans 10T7 allows T7RNApol-directed transcription [29].

This Gram-positive host also has very high secretion

capacity and can produce the foreign protein directly into the

culture medium [4]. Unfortunately, screening in S. lividans

10T7 gave results similar to E. coli and failed to detect

proteolytic activity. This disappointing result contrasts with

the high number of positive hits obtained in the lipolytic

activity screen. Although proteolytic enzymes are present in

all bacteria, intracellular proteases are highly specific [5]

and may not be detected on skimmed milk agar, even if the

cells are lysed. On the other hand, extracellular proteases are

mostly produced as inactive precursors that require to be

activated by limited proteolysis [41]. The activation step

could be suboptimal in a heterologous host and therefore

affect the detection of the enzyme. Also, the skimmed milk

agar method may not be sensitive enough for detection of

small amount of proteases. Still, only a small number of

clones were screened compared with most metagenomic

studies [37], and a more extensive screen could possibly

allow the isolation of a protease encoding gene.

From the lipolytic activity screen in E. coli, a new lipase

encoding gene was isolated. LipF5–11 showed only low

similarity with available amino acid sequences, the highest

identity being 42% for a predicted lipase from Streptomyces

pristinaespiralis. The amino acid sequence of LipF5–11 has

all the characteristics of a true lipase, featuring the

conserved pentapeptide Ala-Xaa-Ser-Xaa-Gly typical of

lipases from Bacillus [2]. A high-throughput microplate

enzymatic assay was conducted on culture supernatant to

evaluate substrate specificity, optimal pH, and thermosta-

bility. LipF5–11 had highest activity for pNP-acyl esters

with long carbon chains ([10), indicating that it is probably

a lipase and not an esterase [19, 40]. However, a natural

substrate should be used to confirm the true substrate

specificity of LipF5–11 [36]. In accordance with the con-

ditions used for biomass enrichment, LipF5–11 showed

highest activity at pH 8. It also retained more than 50% of

its activity after pre-incubation of 2 h up to 60�C. Down-

stream of lipF5–11, sequence analysis of the cosmid

revealed putative PpiC-type peptidyl-prolyl cis–trans

isomerase and lipase chaperone genes arranged in an

operon-type structure. Although the expression of lipF5–11

was sufficient to allow detection and partial characteriza-

tion, the amount produced was still very low (result not

shown). This could be due to improper folding or secretion

in E. coli, possibly because the isomerase and the lipase

chaperone were not well expressed or nonfunctional. For

future purification and characterization, the productivity

problem of LipF5–11 will have to be addressed.

In this study, biomass enrichment combined with the use

of the vector pFX583 allowed a high yield of lipolytic

clones. For the first time, a bifunctional cosmid vector

allowing T7RNApol-directed transcription has been used

for the construction and screening of a metagenomic

library. The cosmid pFX583 has the potential to increase

the transcription of the foreign genes and can be used in

E. coli and S. lividans. These two characteristics can

greatly enhance the gene detection frequency in metage-

nomic library screening. The approach used in this study

led to the identification of a new lipase, a type of biocat-

alyst with great industrial potential.
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