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Using two forest soils, we previously constructed two fosmid libraries containing 113,700 members in total.
The libraries were screened to select active antifungal clones using Saccharomyces cerevisiae as a target fungus.
One clone from the Yuseong pine tree rhizosphere soil library, pEAF66, showed S. cerevisiae growth inhibition.
Despite an intensive effort, active chemicals were not isolated. DNA sequence analysis and transposon mu-
tagenesis of pEAFG66 revealed 39 open reading frames (ORFs) and indicated that eight ORFs, probably in one
transcriptional unit, might be directly involved in the expression of antifungal activity in Escherichia coli. The
deduced amino acid sequences of eight ORFs were similar to those of the core genes encoding type II family
polyketide synthases, such as the acyl carrier protein (ACP), ACP synthases, aminotransferase, and ACP
reductase. The gene cluster involved in antifungal activity was similar in organization to the putative antibiotic
production locus of Pseudomonas putida KT2440, although we could not select a similar active clone from the
KT2440 genomic DNA library in E. coli. ORFs encoding ATP binding cassette transporters and membrane
proteins were located at both ends of the antifungal gene cluster. Upstream ORFs encoding an IcIR family
response regulator and a LysR family response regulator were involved in the positive regulation of antifungal
gene expression. Our results suggested the metagenomic approach as an alternative to search for novel
antifungal antibiotics from unculturable soil bacteria. This is the first report of an antifungal gene cluster

obtained from a soil metagenome using S. cerevisiae as a target fungus.

Microbial secondary metabolites are good sources for the
discovery of novel antimicrobial compounds, including antifun-
gal compounds (17). Microbial metabolites exhibit versatile
chemical structures with diverse biological activities that ex-
ceed the scope of synthetic organic chemicals (43). As a result
of increasing environmental concerns and the development of
resistance in fungal pathogens to synthetic fungicides (2, 12,
44), exploitation of antifungal agents from microbial metabo-
lites is being considered as an approach to the identification of
novel fungicides which meet environmental requirements (43,
47). Natural substances with antifungal activity could be devel-
oped as fungicides from novel microbial metabolites and could
serve as potential lead compounds with a new mode of action
to control plant diseases and to cure human fungal diseases (8,
10, 14, 20). The conventional strategy for discovering novel
antibiotics from microorganisms depends heavily on the
screening of biological activity from pure cultured microorgan-
isms. Many antifungal bacteria and compounds have been iso-
lated by the classical biological activity-based screening ap-
proach (22). However, this approach is not entirely effective in
searches for novel antifungal compounds based on real micro-
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bial diversity. In fact, there is an ongoing controversy around
the fact that the rediscovery rate of antibiotics from actinomy-
cetes is as high as 99%, indicating that the chance for finding
novel antimicrobial compounds from culturable bacteria is rare
(13, 22).

The recognition of microbial diversity and the importance of
unculturable bacteria in microbial ecosystems have initiated
the screening of unculturable bacterial resources. This requires
a genetic approach to exploring microbial resources from both
aquatic and terrestrial ecosystems (4, 45). The metagenome
approach includes cloning the total microbial genome isolated
directly from microbial ecosystems into a culturable surrogate
host and attempting to screen for valuable microbial resources
(23, 39, 49). The metagenome consists primarily of the uncul-
turable bacterial genome and a minor fraction of the culturable
bacterial genome. This is the case because, in most microbial
habitats, unculturable bacteria are the dominant members of
the total microbial community (57). It has frequently been
estimated that 0.001 to 1% of bacteria in soils and aquatic
habitats are culturable and characterized as a pure culture (1).
Similarly, previous studies with 16S rRNA clone analysis
showed that the most abundant species in a forest was from the
phylum Acidobacteria, which has few cultured representatives
(19, 30, 32).

Compared to the successful discovery of novel enzymes from
metagenomes (11, 18, 27, 28, 31, 45, 53), the discovery of antimi-
crobial compounds is a difficult task, since multiple genes and
entire gene clusters involved in the production of the target com-
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FIG. 1. Map of a 40-kb fragment of pEAF66. (A) Map of pEAF66 carrying 39 ORFs encoding bacterial type II PKS components (gray arrows)
and putative response regulators (dark arrows). Circles at the top of the map indicate the 17 transposon insertion sites causing loss of antifungal
activity of the original pEAF66. (B) Enlarged map of orf20 to orf29. orf20 and orf28 (dark arrows) represent potential response regulators in the
IcIR family and the LysR family, respectively. Two subclones, pEJ101 and pEJ102, from among a high copy number of plasmids are indicated, and
the small dark arrow in the subclones represents the lac-operon promoter. Sp and Xh, Sphl and Xhol sites for subcloning, respectively.

pounds should be cloned together with resistance and regulatory
genes in one contiguous segment (52). This implies that relatively
large metagenomic DNA fragments should be cloned and ex-
pressed in a surrogate host. The genes encoding the modular
enzyme type I polyketide synthase (PKS) frequently encompass
DNA fragments of more than 50 kb (23). In many cases, expres-
sion of large DNA fragments would be a barrier in a host bacte-
rium such as Escherichia coli. Nevertheless, several papers have
reported the discovery of antimicrobial compounds and their re-
spective gene clusters by a metagenomic approach from terres-
trial and symbiotic microbial habitats (5, 41, 42). Alternatively, the
selection of metagenomic clones based on DNA sequence ho-
mology can be conducted either by direct PCR amplification or by
screening metagenome libraries with DNA probes. Soil DNA and
metagenome clones encoding type I and type II PKSs have been
detected from soils by sequence-based screening (16, 50, 55).

In this study, Saccharomyces cerevisiae was used as a target
organism to search for antifungal activity from a forest soil
metagenome. This fungus is fast growing and is suitable for
screening the metagenome library using the double-agar-layer
method. Corran et al. (9) reported that 67% of tested fungi-
cides exhibited S. cerevisiae growth inhibition at 5- to 100-
pg/ml concentrations and proposed that S. cerevisiae may be an
excellent indicator organism to search for candidate fungicidal
compounds. Therefore, it may be feasible to use S. cerevisiae as
a model fungus to screen for antifungal activity from metage-
nomes. Here, we describe the isolation of a metagenome clone
with antifungal activity using S. cerevisiae as a target fungus.
The selected clone was characterized to define the gene cluster
involved in antifungal activity expression.

MATERIALS AND METHODS

Microbial strains and growth conditions. E. coli strains were grown at 37°C on
Luria-Bertani (LB) agar or in LB broth supplemented with the appropriate
antibiotics (35). S. cerevisiae Y-139, a wild type with natural chloramphenicol
resistance, was routinely grown at 30°C on YPD agar (1% yeast extract, 2%
peptone, 2% dextrose, 1.5% agar) or in LB broth containing chloramphenicol.
Pseudomonas putida KT2440 (29) was purchased from the American Type Cul-
ture Collection and routinely grown at 30°C on LB agar. Bacillus subtilis strain

JHG642 carrying pBSK185 (a chloramphenicol-resistant plasmid) was routinely
grown at 30°C on LB agar or in LB broth containing chloramphenicol (32). The
following antibiotic concentrations were used for E. coli strains, B. subtilis JH642,
and S. cerevisiae Y-139: chloramphenicol, 25 pg/ml; ampicillin, 100 wg/ml; and
kanamycin, 25 wg/ml.

Recombinant DNA technology, plasmids, and sequencing clone pEAF66. Plas-
mid preparation, restriction endonuclease digestion, DNA ligation, plasmid DNA
transformation, agarose gel electrophoresis, and other standard recombinant DNA
techniques were carried out following standard methods (46). DNA sequencing and
primer synthesis were performed commercially at the DNA sequencing facility of
GenoTech Corp. (Daejeon, South Korea). Complete DNA sequencing of the
pEAF66 clone was performed by the shotgun sequencing method using plasmid
DNA purified from a 500-ml culture of E. coli carrying pEAF66. A shotgun library
was constructed by subcloning mechanically sheared DNA (1.5 to 4 kb) into pUC118
digested with Smal. Insert DNAs were sequenced with a ABI 3730x] DNA analyzer
(Applied Biosystems, Foster City, CA). Chromatograms were processed by the
phred/phrap/consed software package (http://www.phrap.org). The sequencing gaps
were closed by primer walking. The sequence data provided approximately sixfold
coverage of pEAF66 DNA. DNA sequences were analyzed with the BLAST pro-
gram provided by the National Center for Biotechnology Information. Open reading
frames (ORFs) were analyzed with the ORF Finder software at the National Center
for Biotechnology Information. The following criteria were used to identify the
potential ORFs among the potential ORFs detected. Nonoverlapping sequences
longer than 50 amino acids were retained. For overlapping ORFs in different reading
frames, we selected those with BLAST homologues. The start codon was deter-
mined by the presence of conserved Shine-Dalgarno sequences 4 to 10 bp ahead of
ATG codon for the individual ORF.

Two genes encoding response regulators were subcloned in high-copy-number
plasmids such as pUC119 (59) and pUCI129 (26). A 2.58-kb SphI fragment of
pEAF66 was subcloned into pUC119 to generate pEJ101. A 1.25-kb Xhol frag-
ment of pEAF66 was subcloned into pUCI29 to generate pEJ102. Plasmids
pEJ101 and pEJ102 carried genes encoding LysR and IcIR family response
regulators under the control of the lac promoter, respectively (Fig. 1).

Construction of a genomic DNA library. The genomic DNA of P. putida
KT2440 was obtained with a genomic-DNA isolation kit (Promega, Madison,
WI) and size-fractionated in a 0.5% low-melting-point agarose gel, and a DNA
fragment (>30 kb) was collected for library construction. The purified genomic
DNA was ligated into a fosmid vector, pEpiFOS-5 (Epicentre, Madison, WI), as
previously described (32). The ligation mixture was then packaged into lambda
phages using MaxPlax lambda packaging extracts (Epicentre). The packaged
library was transduced into E. coli EPI-100, and E. coli transformants were
selected on LB agar supplemented with chloramphenicol. The presence of re-
combinant plasmids and the polymorphism of the insert DNA were examined by
agarose gel electrophoresis of a BamHI digestion of the purified plasmids from
randomly selected E. coli transformants. The library clones were stored in cryo-
tubes as clone pools, with approximately 500 clones per pool.
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Selection of antifungal metagenome clones. To select active antifungal clones
from the previously constructed and stored forest soil metagenome library (32),
the library pool stocks were diluted in buffer (per liter: NaCl, 8.5 g; KH,PO,,
0.3 g; Na,HPO,, 0.6 g; MgSO,, 0.2 g; gelatin, 0.1 g), and metagenomic clones of
E. coli were cultured on LB agar supplemented with chloramphenicol for 3 days
at 37°C. The number of clones per plate was adjusted to approximately 500 by
dilution of the library stock, and at least fivefold the number per initial stock was
bioassayed using the procedure described by Rondon et al. (45). Briefly, the S.
cerevisiae Y-139 culture suspension was adjusted to an optical density at 600 nm
of 0.2 to 0.3 and mixed with LB soft agar at 42°C just before the medium was
poured in order to maintain the viability of the yeast. The precultured E. coli
clones were overlaid with 5 ml of LB soft agar containing 0.5 ml of S. cerevisiae
Y-139 culture. The plates were incubated overnight at 28°C and scored for
activity by looking for zones of growth inhibition in the yeast lawn. One antifun-
gal active clone was selected and designated pEAF66. We further analyzed this
clone by sequencing the whole insert DNA and transposon insertion mutagen-
esis. G+C content (%) was determined by using software available at http://tim
.saraogtim.com/molbio/gccontent.php.

To investigate the effect of transcriptional regulators for antifungal activity
expression of pEAF66, various plasmid constructs were introduced into E. coli
EPI-100 carrying pEAF66. E. coli EPI-100 cells carrying pEAF66 and various
subclones were grown for 2 days at 37°C on LB medium supplemented with 0.15
mM of isopropylthio-B-p-galactoside, and LB soft agar containing S. cerevisiae
was overlaid as described above. Yeast growth inhibition by E. coli EPI-100
carrying various constructs was compared 2 days after incubation.

Transposon mutagenesis of the selected clone. To define the genes involved in
the antifungal activity production from pEAF66, in vitro transposon mutagenesis
was carried out following the mutagenesis protocol provided with the GPS-
mutagenesis system (New England BioLabs Inc., Beverly, MA). Transposon
insertion mutants were selected on LB supplemented with chloramphenicol and
kanamycin. The mutants were subjected to antifungal activity analysis with the S.
cerevisiae Y-139 strain by the double-agar-layer method. Mutants deficient in
antifungal activity were selected, and a transposon insertion site with flanking
DNA fragments was subcloned into pUC119. Transposon insertion sites were
determined by DNA sequencing and restriction analysis of the mutated sub-
clones.

Antifungal activity analysis. E. coli cells carrying pEAF66 were grown in 500
ml LB broth supplemented with chloramphenicol in a shaking incubator at 37°C
for 2 days. Although the cell-free culture supernatant did not exhibit clear
inhibition of S. cerevisiae by double-agar-layer assay, the culture supernatant was
extracted twice serially with an equal volume of n-hexane, ethyl acetate, and
butanol. The residual aqueous fraction was concentrated to dryness. The organic
solvent extracts were also concentrated to dryness. All four residues were dis-
solved in an appropriate solvent and tested for antifungal activity against S.
cerevisiae Y-139. The E. coli cells carrying pEAF66 were also grown in LB agar
medium at 37°C for 2 days. The solid cultures were chopped into small pieces and
submerged overnight in twice the volume of acetone. Acetone extracts were
evaporated to remove the acetone. The residual aqueous fraction was serially
extracted with solvents such as n-hexane, ethyl acetate, and butanol. The residual
aqueous fraction was concentrated to dryness. The organic solvent extracts were
also concentrated to dryness. Residues were dissolved in an appropriate solvent
and tested for antifungal activity against S. cerevisiae.

Nucleotide sequence accession number. The nucleotide sequence of the DNA
insert of pEAF66 was deposited in the GenBank database under accession
number EU099626.

RESULTS

Selection of the antifungal active clone. An antifungal active
clone was selected by screening the two previously constructed
metagenomic libraries of 113,700 clones using the double-agar-
layer method (32). The active antifungal clone pEAF66 was
selected from the metagenomic library of pine tree rhizosphere
soil in Yuseong forest. The E. coli colony containing pEAF66
was indistinguishable in colony morphology and growth rate
from the E. coli colony with a fosmid vector. E. coli carrying
pEAF66 also exhibited weak growth inhibition of B. subtilis
JH642 by the double-agar-layer method. However, E. coli car-
rying pEAF66 did not exhibit any growth inhibition of Agrobac-
terium tumefaciens SK563 carrying chloramphenicol-resistant
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plasmid pKHtl (37) by the double-agar-layer method. This
result suggested that our clone pEAF66 expresses a selective
antifungal activity. When the purified plasmid pEAF66 was
reintroduced into E. coli EPI-100, the E. coli cells exhibited the
same antifungal activity against S. cerevisiae. The clone
(pPEAF66) was further analyzed to identify the active antifun-
gal compound. Crude culture and cell extracts of E. coli car-
rying pEAF66 from solid culture and broth culture were par-
titioned through organic extraction. Each fraction was then
concentrated and tested for antifungal activity. However, nei-
ther fraction exhibited antifungal activity. To date, various
extractions and partitioning to isolate the active component
have been unsuccessful.

Characterization of the antifungal clone. Since efforts to
isolate and identify active antifungal components produced
from clone pEAF66 were not successful, we analyzed the genes
responsible for antifungal activity from pEAF66 by transposon
insertional mutagenesis and subsequent bioassays of the inser-
tion mutant clones. Among 120 mutant clones tested, 17 were
deficient in activity against S. cerevisiae. All 17 mutants also
lacked activity against B. subtilis, whereas the original pEAF66
clone inhibited B. subtilis growth. This result indicated that the
same locus might be responsible for both antifungal and anti-
bacterial activity. Partial DNA sequences of the transposon
insertion sites were determined as described in Materials and
Methods, and they were similar to the genes of bacterial type
II PKSs or bacterial fatty acid synthases. Therefore, DNA
sequences of the full-length insert of pEAF66 were determined
and analyzed. The overall G+C content of pEAF66 was
63.7%. We defined the potential ORFs and their organization
by a BLAST search (Fig. 1A). The size of the insert DNA is
40,225 bp, and 39 OREFs, including two partial ORFs at both
ends of the insert, were identified. The 17 transposon insertion
sites were clustered in a potential single transcriptional unit
from orf29 to orf35 (Fig. 1A). Two transposon insertions oc-
curred in the promoter area of the antifungal gene cluster. In
fact, in silico promoter sequence analysis revealed that the two
transposon insertions were exactly in the middle of promoter
consensus sequences of the transcriptional unit (data not
shown). Therefore, the gene cluster from orf29 to orf35 ap-
peared to be directly responsible for producing the antifungal
component. The close relatives of the pEAF66 genes and the
identities of deduced amino acid sequences are summarized in
Table 1. Since there are no phylogenetic marker genes in the
insert DNA, the pEAF66 organism of origin was not known.
However, most of the ORFs were highly similar to genes of
Proteobacteria.

Antifungal gene cluster and transporters. The antifungal
gene cluster as a potential single transcriptional unit contained
OREFs similar to the genes of bacterial type I PKSs. Bacterial
type II PKSs contain a set of three genes referred to as the
minimal PKS. The three genes encode two ketoacyl synthases,
KS,, and KSg (chain length factor) and the acyl carrier protein
(ACP) (34). Homologs of all three core enzyme genes were
identified in our gene cluster (Table 1 and Fig. 1A). Our
antifungal gene cluster comprised a potential operon with 11
OREFs, since most start codons either overlapped a preceding
stop codon or were several bases from the preceding stop
codon. The cluster consisted of a gene for ACP (orf29) and
four similar genes encoding ketoacyl synthases (from orf30 to
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TABLE 1. List of ORFs from antifungal clone pEAF66, gene function, and similar genes in GenBank

ORF Gene function Close relative (protein, identity, organism)
1 Membrane protein, partial Small-conductance mechanosensitive channel, 54%, Burkholderia dolosa
2 Fatty acid desaturase Stearoyl coenzyme A desaturase oxidoreductase, 63%, R. solanacearum GMI-1000 genome
3 Putative beta-lactamase Hypothetical beta-lactamase, 46%, Robiginitalea biformata genome
4 50S ribosomal protein L33 50S ribosomal protein L33, 87%, R. solanacearum GMI-1000 genome
5 50S ribosomal protein L28 50S ribosomal protein L28, 90%, R. solanacearum GMI-1000 genome
6 Transporter Putative Mg”" transporter, 57%, Bordetella parapertussis genome
7 Unknown, hypothetical Unknown
8 Hypothetical protein Hypothetical protein, 24%, Methanosarcina barkeri
9 RadC, DNA repair DNA repair protein RadC, 64%, Azoarcus sp.
10 Peptidylprolyl isomerase Peptidylprolyl isomerase, FKBP type, 53%, Burkholderia phytofirmans genome
11 Drug tolerant protein Hydroxymethylbutenyl pyrophosphate reductase, 82%, Herbaspirillum seropedicae genome
12 ABC transporter Branched amino acid transporter, 69%, R. solanacearum GMI-1000 genome
13 ABC transporter Amino acid permease component, 62%, R. solanacearum GMI-1000 genome
14 ABC transporter Amino acid-transporting ATPase, 73%, R. solanacearum GMI-1000 genome
15 ABC transporter Amino acid ATP binding transporter, 70%, R. solanacearum GMI-1000 genome
16 Phasin, polyalkanate binding Polyhydroxyalkanoate granule-associated protein, 49%, R. eutropha genome
17 Transmembrane protein Transmembrane protein, 56%, R. solanacearum GMI-1000 genome
18 Oxidoreductase Probable oxidoreductase, 66%, R. solanacearum GMI-1000 genome
19 Endopeptidase D-Alanyl-p-alanine carboxypeptidase, 56%, R. solanacearum GMI-1000 genome
20 IcIR regulator Transcriptional regulator, 77%, R. solanacearum GMI-1000 genome
21 Diacylglycerolkinase Diacylglycerol kinase. 52%, P. putida KT2440 genome
22 Hypothetical Predicted esterase, 57%, R. solanacearum GMI-1000 genome
23 Antioxidant Peroxiredoxin (oxidoreductase, peroxidase), 76%, R. solanacearum GMI-1000 genome
24 Permease Transmembrane protein, 60%, R. solanacearum GMI-1000 genome
25 ABC transporter Sulfate transporter, 76%, R. solanacearum GMI-1000 genome
26 ABC transporter Permease component, 79%, R. solanacearum GMI-1000 genome
27 ABC transporter Sulfate transporting ATPase, 71%, R. solanacearum GMI-1000 genome
28 LysR family regulator CysB, activator, 71%, R. solanacearum GMI-1000 genome
29 Acyl carrier protein Acyl carrier protein, 39%, Pseudomonas putida KT2440 genome
30 B-Ketoacyl ACP synthase 11 3-Oxoacyl-(acyl-carrier-protein) synthase 11, 44%, P. putida KT2440 genome
31 B-Ketoacyl ACP synthase B-Ketoacyl synthase, 29%, P. putida KT2440 genome
32 B-Ketoacyl ACP synthase 11 3-Oxoacyl-(acyl-carrier-protein) synthase 11, 53%, P. putida KT2440 genome
33 B-Ketoacyl ACP synthase B-Ketoacyl synthase, 31%, P. putida KT2440 genome
34 Aminotransferase Pyridoxalphosphate dependent aminotransferase class 111, 44%, P. putida KT2440 genome
35 ACP reductase 3-Oxoacyl-(acyl-carrier-protein) reductase, 52%, P. putida KT2440 genome
36 Ketoreductase Oxidoreductase, 52%, P. putida KT2440 genome
37 Hypothetical protein Hypothetical protein, 32%, P. putida KT2440 genome
38 Membrane protein Outer membrane lipoprotein-sorting protein, 32%, P. putida KT2440 genome
39 Membrane transporter, partial Transporter, 49%, P. putida KT2440 genome

orf33) as core enzymes of type II PKS. In addition, genes
similar to those encoding aminotransferase, ACP reductase,
and ketoreductase (from orf34 to orf36) were identified in the
downstream region. Although four genes encoding ketoacyl
synthase were detected, they were not highly similar to each
other. The highest identity of deduced amino acid sequences
among the four genes was 34% between orf30 and orf32 (data
not shown). Ketoreductases are probably involved in the hy-
droxylation of the poly-keto-acyl chain before cyclization, al-
though transposon insertion at orf36 abolishing antifungal ac-
tivity was not identified. No transposon insertion mutant
defective in antifungal activity was identified from orf36 to
orf39. We could not find any cyclase or dehydratase homologs
in our gene cluster.

An identical organization from orf29 to orf39 was found in
the operon (PP2777 to 2788) of the P. putida KT2440 genome,
which is probably related to the biosynthesis of secondary
metabolites such as antibiotics (38). The identity of deduced
amino acid sequences between genes of pEAF66 and those of
P. putida KT2440 ranged from 31% to 53% (Table 1). A
fosmid library of P. putida KT2440 was constructed and sub-
sequently screened for antifungal activity. Screening of more

than 20,000 clones did not select any active antifungal clone. It
is interesting that a similar gene organization of the region
upstream of the antifungal gene cluster was not found in the
genome of Gammaproteobacteria such as P. putida KT2440.
Instead, the upstream part of the gene organization (from orfI
to orf28) was found in the genomes of Betaproteobacteria, such
as Ralstonia solanacearum and Ralstonia metallidurans (Table
1). Whereas the average G+C content of pEAF66 was 63.7%,
there were some regions with a relatively AT-rich (50 to 55%
G+C) satellite. These were located mostly in the intergenic
area, which may be the promoter region (Fig. 2). A long in-
tergenic space (804 bp) found in front of orf29 with a G+C
content of 50.6% may be the promoter area for the antifungal
gene cluster. The relatively high G+C content (67.8%) in the
antifungal gene cluster (orf29 to orf35) was recognized in
the area from 27 kb to 36.5 kb (Fig. 2).

The results indicate that orf38 and orf39 were similar to
the transporters of orf24 to orf27, and they encode the putative
permease and ATP binding cassette (ABC) transporters, re-
spectively. Since orf38 and orf39 are physically linked to the
antifungal gene cluster, they may be involved in the secretion
of an antifungal component or the uptake of a primary metab-
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FIG. 2. G+C percentage of a 40-kb insert DNA of pEAF66. Note that the G+C content in the antifungal gene cluster (from 27 to 36.5 kb)
is relatively high and the potential promoter region is relatively AT rich.

olite required for biosynthesis of the antifungal component.
However, transposon insertion mutants deficient in antifungal
activity were not obtained from either locus.

Positive regulation for antifungal activity. DNA sequence
analysis revealed that two genes encoding transcriptional reg-
ulators were located upstream of the antifungal gene cluster.
orf20 and orf28 encode IcIR and LysR family response regu-
lators, respectively. Deduced amino acid sequences of both
genes exhibited a conserved DNA binding domain such as the
helix-turn-helix motif (data not shown). We subcloned each
gene in the high-copy-number plasmid, where the gene expres-
sion is driven by the lac promoter of the pUC plasmid. The
subclone pEJ101 carried orf28, encoding the LysR family re-
sponse regulator in pUC119, and pEJ102 carried orf20, encod-
ing the IcIR family response regulator in pUCI129. Introduc-
tion of either pEJ101 or pEJ102 into E. coli carrying pEAF66
apparently increased the yeast growth inhibition zone by
the double-agar-layer method compared to E. coli carrying
pEAF66 and pUCI119 or pUCI129 (Fig. 3). The negative con-
trol with E. coli carrying pEPI-FOSS and pEJ102 did not show
any yeast growth inhibition (Fig. 3). Similarly, E. coli carrying
pEPI-FOSS5 and pEJ101 did not exhibit any yeast growth inhi-
bition (data not shown). Repeated experiments with E. coli
carrying the various subclones exhibited the consistent results.

The deduced amino acid sequence of orf28 revealed over
60% identity to many LysR family response regulators from
bacterial genome analysis data (data not shown). orf28 was
tightly linked to the upstream region of three ORFs from orf25
to orf27. From orf25 to orf28, the stop codons of the preceding
OREF overlapped with the start codon of the following ORF,
indicating that at least those four ORFs constituted one tran-
scriptional unit. orf25, orf26, and orf27 were highly similar to

©

ABC transporter genes. The deduced amino acid sequence of
orf20 revealed over 70% identity to many putative IcIR family
response regulators from cultured bacterial genomic se-
quences. Alignment of IcIR from pEAF66 with other function-
ally characterized response regulators in the IcIR family (36)
showed an amino acid sequence identity of 24 to 30% (data not
shown). It is likely that the orf20, encoding the IcIR family
response regulator, constitutes a single ORF transcriptional
unit, and it is divergently transcribed from other putative oper-
ons from orf21 to orf28. Thus, it is likely that the antifungal
gene cluster of pEAF66 encompasses a DNA fragment greater
than 21 kb when we include the regulatory genes and potential
transporters.

DISCUSSION

The metagenome constitutes a valuable microbial resource
derived from many unculturable bacteria that can be used to
search for antimicrobial compounds and their genes (21). Here
we report the first case of selection of an antifungal clone from
a metagenome using S. cerevisiae as a target fungus. The prob-
ability of obtaining desirable antifungal activity from the fos-
mid-based metagenome library in our selection process was
very low. We obtained only one clone out of 113,700 clone
libraries. Obtaining bioactive clones from metagenomes is
more frequently performed by function-driven analysis based
on heterologous expression of the cloned DNA (5, 6, 15, 32).
Since heterologous expression of the cloned DNA still has a
limited ability to obtain bioactive clones from the metage-
nome, the screening of a library with a PCR-amplified probe
could be applied to various metagenome libraries, as shown in
the case of a clone from uncultivated symbiotic bacteria of a

D)

ok
P

FIG. 3. Enhanced antifungal activity of E. coli EPI-100 carrying pEAF66 and genes for transcriptional regulators. S. cerevisiae growth inhibition
by E. coli carrying pEAF66 plus pUC129 (A), pEJ102 (B), pUC119 (C), pEJ101 (D), or pEPI-FOSS and pEJ102 (E) was assessed.
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marine sponge (41, 42). The direct PCR amplification of PKS
gene fragments from soil and their phylogenetic analysis indi-
cate that screening metagenomic libraries with a PCR-ampli-
fied probe is promising for selecting novel bioactive clones
(16). Although we selected an antifungal clone from a pine tree
rhizosphere metagenome by screening 113,700 clones, library
construction from natural suppressive soil samples (56) may be
necessary to increase the probability of obtaining the desired
antifungal activity. In addition, vector modification and screen-
ing improvement would increase the chance of selecting
biologically active clones (33, 51, 58).

The active antifungal clone pEAF66 exhibited clear S. cer-
evisiae growth inhibition. However, the intensive effort to iso-
late the active component failed when E. coli carrying pEAF66
or E. coli carrying pEAF66 and pEJ101 or pEJ102, which gave
increased antifungal activity, was used. We speculated that the
antifungal component of pEAF66 might be unstable during
our extraction process. Instead of characterizing the compo-
nent conferring antifungal activity, the DNA sequence analysis
of pEAF66 indicated that a gene cluster encoding bacterial
type II PKS homologs is involved in the antifungal activity
expression in E. coli. Microbial PKSs are involved in the bio-
synthesis of many natural products of industrial interest and
are classified as one of two structurally different types of en-
zymes (25). Type I PKSs are modular multifunctional enzymes,
while the bacterial type II PKSs are multienzyme complexes
composed of three or more separate mono- or bifunctional
enzymes, which act iteratively during the synthesis of antibiot-
ics. In this study, we identified genes encoding type II PKS
homologs, suggesting that the active antifungal component
from pEAF66 is probably related to the polyketides. So far, we
have been unable to find an extraction procedure that can
separate the active antifungal component. Although we do not
know the chemical nature of the antifungal component from
pEAF66, the gene cluster could serve as a genetic resource for
polyketide engineering from unculturable microorganisms (7,
24, 40, 54). Regardless of the difficulty in purifying the anti-
fungal component, it is also possible to speculate that the
antifungal component could be the result of a hybrid synthesis,
in which some of the enzymes originated from E. coli chromo-
some, while others were from our clone. Due to the presence
of genes encoding three core enzymes for iteratively acting
type II PKS, it is likely that E. coli carrying pEAF66 may
produce polyketide antifungal compounds. However, without
the chemical identity of the active substance, it is difficult to
predict the structure of the potential polyketide compounds.
Because of four ketoacyl synthases (from orf30 to orf33) and
aminotransferase (orf34), the final product will be the result of
repeated addition of two carbons to condense malonyl-ACP to
a certain chain length of polyketide and subsequent addition of
an amine group to the growing acyl chain of the polyketide (3,
24, 25, 40). However, the identification of the final active an-
tifungal components will certainly provide the answer regard-
ing the detailed process of biosynthesis.

Gene organization similar to that of the antifungal gene
cluster of pEAF66 was identified from several genome se-
quences of Gammaproteobacteria such as P. putida KT2440.
Thus, it is logical to expect similar antifungal activity against S.
cerevisiae from the gene cluster of P. putida KT2440. The P.
putida KT2440 operon (PP2777 to PP2788) may be related to
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the production of antibiotics, although the active component
was not isolated nor predicted from strain KT2440 (38). Our
screening of more than 20,000 fosmid clones of P. putida
KT2440 did not yield any active antifungal clone, suggesting
that either the operon (PP2777 to PP2788) of P. putida KT2440
was not expressed in E. coli or the expressed product of the
operon does not have antifungal activity. In fact, when precul-
tured P. putida KT2440 was overlaid with LB soft agar con-
taining S. cerevisiae Y-139 culture, clear growth inhibition of
the yeast was not detected. This result suggested that even
though our antifungal gene cluster showed gene organization
similar to that of the P. putida operon, it is likely that the P.
putida operon encodes a different activity.

Interestingly, while the downstream part of pEAF66 in-
volved in antifungal activity has a gene organization similar to
that of the genome of Gammaproteobacteria, such as P. putida
KT2440, the upstream part of the gene organization was sim-
ilar to genes from the genome of Betaproteobacteria, such as R.
solanacearum. This finding raised the question of whether
pEAFG66 is a chimeric metagenome clone that resulted from
the simultaneous ligation of two random DNA fragments orig-
inating from Betaproteobacteria and Gammaproteobacteria.
Through G+C content analysis, we identified a relatively AT-
rich promoter region in front of the antifungal gene cluster of
pEAF66. However, G+C content analysis did not clearly in-
dicate whether two different DNA fragments were coligated to
generate pEAF66. Interestingly, the IcIR family response reg-
ulator (orf20) and the LysR family response regulator (orf28)
appeared to play roles as positive regulators in the expression
of the antifungal gene cluster. Since orf20 is somewhat distal
from and not linked to the antifungal gene cluster but is found
in betaproteobacterial gene organization, the role of the IcIR
regulator in positive regulation of antifungal gene cluster ex-
pression was surprising. The similar IcIR family response reg-
ulator and the LysR family response regulator were not found
in the upstream part of the operon (PP2777 to PP2788) of P.
putida KT2440. The regulators of antifungal gene expression
are located in the upstream part, which is similar to the beta-
proteobacterial genome, while structural genes for antifungal
activity are located in the downstream part. Thus, it is likely
that the insert DNA of pEAF66 comes from one bacterium.

The IcIR family response regulators are widespread among
prokaryotes and act as repressors, activators, and proteins with
a dual function (36). The IcIR family response regulators al-
ways have an N-terminal DNA binding domain and a C-ter-
minal effector binding site. Since a clear consensus sequence
for the IcIR family response regulator has yet to be defined, we
could not determine if there is a consensus sequence for IcIR
protein in the promoter area of the antifungal gene cluster.
The LysR family response regulator is one of the most fre-
quently found positive transcriptional regulators in pro-
karyotes (48). The LysR regulators contained a helix-turn-helix
motif and a coinducer recognition domain. Binding of small
molecules to the LysR activates transcription of target genes.
At this stage, it is not clear whether IcIR and LysR directly
regulate the expression of the antifungal gene cluster in a
cooperative manner or a hierarchical manner. A transposon
insertion mutation in either orf20 or orf28 abolishing antifungal
activity of pEAF66 was not identified. It is likely that the LysR
and IcIR families of transcriptional regulators interact with
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certain chemicals either by an antifungal compound precursor
or by foreign signal molecules and subsequently regulate ex-
pression of the downstream antifungal gene cluster.

The flanking genes of antifungal clusters of pEAF66 were
similar to those for membrane proteins and ABC transporters
probably involved in the secretion of antifungal compounds or
uptake of primary metabolites for the biosynthesis of the an-
tifungal component. Since transposon insertion mutants defi-
cient in antifungal activity were not obtained from either locus,
it is not clear whether they are directly involved in the secretion
of antifungal compounds by pEAF66. Although they are in-
volved in the transport process regarding antifungal activity, if
E. coli transporters can restore the transport of antifungal
activity despite the mutation of orf37 to orf39, the mutation of
transporters of pEAF66 would not disrupt the expression of
antifungal activity.

S. cerevisiae is a fast-growing fungus that is sensitive to sev-
eral fungicides. This yeast could be used as an indicator strain
to search for candidate fungicides (9). In this study, we as-
sessed the utility of S. cerevisiae in selecting clones with anti-
fungal activity from a metagenome, and we succeeded in
screening clones for such activity. On the other hand, the active
antifungal component was not isolated and identified from E.
coli carrying the antifungal clone. However, molecular charac-
terization of the gene cluster indicated the presence of a novel
antifungal gene cluster which may produce a polyketide family
component. Further effort is necessary to isolate and identify
the antifungal component encoded by the pEAF66 gene clus-
ter. If the antifungal substance is identified as a novel com-
pound, the substance could be used as an antifungal lead
compound for novel fungicide development. To our knowl-
edge, this is the first report of an antifungal gene cluster ob-
tained from a soil metagenome.
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