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Summary

A metagenomic approach was taken to retrieve cata-
bolic operons for aromatic compounds from activated
sludge used to treat coke plant wastewater. Metage-
nomic DNA extracted from the sludge was cloned into
fosmids and the resulting Escherichia coli library was
screened for extradiol dioxygenases (EDOs) using
catechol as a substrate, yielding 91 EDO-positive
clones. Based on their substrate specificity for
various catecholic compounds, 38 clones were sub-
jected to sequence analysis. Each insert contained at
least one EDO gene, and a total of 43 EDO genes were
identified. More than half of these belonged to new
EDO subfamilies: 1.1.C (2 clones), 1.2.G (20 clones),
I.3.M (2 clones) and I.3.N (1 clone). The fact that novel
I.2.G family genes were over-represented in these
clones suggested that these genes play a specific
role in environmental aromatic degradation. The 1.2.G
clones were further classified into six groups based
on single-nucleotide polymorphisms (SNPs). Based
on the combination of the SNPs, the evolutionary
lineage of the genes was reconstructed; further,
taking the activities of the clones into account, poten-
tial adaptive mutations were identified. The metage-
nomic approach was thus used to retrieve novel EDO
genes as well as to gain insights into the gene evolu-
tion of EDOs.
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Introduction

Bacteria that degrade aromatic compounds are widely
distributed in the environment and are important for
breaking down both natural and xenobiotic compounds.
Such bacteria also play critical roles in the global carbon
cycle. Aerobic bacterial aromatic compound degradation
pathways commonly have catecholic compounds as inter-
mediates (Smith, 1990). Extradiol dioxygenases (EDOSs),
which catalyse the ring cleavage of catecholic compounds
to produce meta-cleavage yellow compounds, play a key
role in determining the specificity of these catabolic path-
ways (Hirose et al., 1994; Vaillancourt et al., 2004; Fortin
etal.,, 2005). On the basis of amino acid sequence
similarities, EDOs are classified into two evolutionarily
independent families, types | and Il, which have totally
different primary sequences (Eltis and Bolin, 1996). Micro-
bial screening has been used to isolate EDOs, as well as
entire degradation pathways, for use in bioremediation
(Furukawa et al., 2004; Fortin et al., 2005). The majority of
known EDOs are type I: subfamily 1.2.A, which contains
catechol 2,3-dioxygenase, and subfamily 1.3.A, which
contains 2,3-dihydroxybiphenyl dioxygenase (Eltis and
Bolin, 1996; Mesarch et al., 2000; Junca et al., 2004).

More than 99% of microorganisms are thought to be
unculturable or difficult to culture in a laboratory using
standard cultivation methods; it seems likely that these
uncultured microorganisms include diverse microbes that
are distantly related to cultured microorganisms (Amann
etal.,, 1995). A metagenomic approach, in which all
genome sequences in an environment are non-selectivity
cloned into a single library, allows the study of genomes
from organisms that are not easily cultured (Handelsman,
2004). One advantage of this approach is that it can, in
theory, accelerate the identification of novel genes with
industrial value. For example, efforts have been made to
retrieve genes such as chitinase, dehydrogenase, oxi-
doreductase, amylase, esterase, endoglucanase and
cyclodextrinase from metagenomic libraries by functional
screening (10°-10°% Cottrell etal., 1999; Henne etal.,
2000; Knietsch et al., 2003; Yun et al., 2004; Ferrer et al.,
2005).

Coke plant wastewater contains various organic
pollutants, such as phenol, mono- and polycyclic
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nitrogen-containing aromatics, oxygen- and sulfur-
containing heterocyclic compounds, and polycyclic
aromatic hydrocarbons (Stamoudis and Luthy, 1980).
Activated sludge, which is widely used for wastewater
treatment, is a complex microbial community that contains
various microorganisms responsible for decomposing
such compounds (Wagner and Loy, 2002). Metagenomic
libraries from activated sludge should therefore provide a
great opportunity to study novel aspects of the micro-
biological activity in this complex system as well as to
identify novel genes that are difficult to isolate through a
conventional cultivation-based approach.

In this study, we used activated sludge as a metage-
nomic DNA resource and developed a high throughput
screening system using a 96-well plate format. Numerous
EDOs were retrieved, sequenced and characterized.
Based on gene sequence analysis of members of a new
subfamily, 1.2.G, we also discuss the evolution of these
genes.

Results and discussion
Construction of a metagenomic library

Prior to construction of a metagenomic library, the diver-
sity of microorganisms present in the activated sludge
was evaluated by 16S rDNA sequence analysis. The
rDNA genes were amplified with a set of bacterial univer-
sal polymerase chain reaction primers using the metage-
nomic DNA as a template. Amplicons were subcloned into
a plasmid, a total of 90 Escherichia coli clones were
picked randomly, and the cloned 16S rDNA sequences
were analysed. The metagenomic DNA comprised highly
diverse phylotypes: Proteobacteria (41.5%), Actinobacte-
ria (28.1%), Bacteroidetes (16.9%) and ‘unclassified’
(13.5%). Overall, the composition appeared unbiased and
similar to DNA from other activated sludge samples (Bond
etal.,, 1995; Snaidr etal., 1997; Daims etal.,, 2001;
Juretschko et al., 2002; Wagner and Loy, 2002).

The metagenomic E. coli library was created using a
fosmid as a vector and an average insert size of 33 kb.
The library comprised 96 000 clones covering 3.2 Gb of
metagenomic DNA,; these clones were divided into 10
96-well plates (100 clones well™), which reduced screen-
ing time. An advantage to using cosmid or fosmids is that
they can accommodate longer inserts (30—40 kb) than
can common plasmid vectors (<5 kb) (Entcheva et al.,
2001; Daniel, 2005). As catabolic operons (gene clusters)
for aromatic compounds often range from 10 to 30 kb, we
used a fosmid so that we could clone whole-gene
clusters.

Functional screening of a metagenomic fosmid library

We screened the metagenomic library for EDO activity
using catechol as a substrate. The entire screening

process involved growing fosmid-containing E. coli in
liquid medium, extracting proteins from the cells, mixing
the proteins with catechol and detecting enzymatic activity
by monitoring the yellow colour of the product,
2-hydroxymuconate semialdehyde. This screen identified
85 positive wells. Although the ‘catechol spray method’ is
convenient and therefore frequently used in microbial
screening for aromatic degradation pathways, this
method did not work efficiently in our metagenomic library
screening.

A secondary screen was carried out to isolate positive
clone(s) from the each positive well containing 100 mixed
clones. From each well, an aliquot was taken and cultured
on agar plates. Several hundred colonies were then ran-
domly picked and screened for EDO activity again using
the 96-well format. If multiple clones were obtained from a
single well, the identities of each clone were checked by
restriction fragment length polymorphism analysis. Out of
85 wells, six wells (2C5, 4C2, 4E12, 5B2, 8G4 and 10D8)
had two different positive clones, and the rest had one
positive clone each; thus a total of 91 positive fosmid
clones were obtained.

Substrate specificities of the 91 positive fosmids
(i.e. whether the inserts functioned as a whole operon)
were tested using catechol and its derivatives
(3-methylcatechol, 4-methylcatechol, 4-chlorocatechol
and 2,3-dihydroxybiphenyl) (Fig. 1). All clones developed
yellow colour with catechol, the substrate used in the
initial screening. Three clones (2H2, 5F10 and 9B1)
showed activity with all substrates, and most clones had
different activities with different derivatives. In the case of
catechol, most of the fosmid clones had a yellow colour
after 1 h, which subsequently disappeared as the yellow
product was degraded by the action of a subsequent
enzymatic transformation. On the other hand, most of the
positive fosmid clones transformed 2,3-dihydroxybiphenyl
to the corresponding meta-cleavage yellow compound
(2-hydroxy-6-ox0-6-phenylhexa-2,4-dienoic  acid) after
prolonged incubation (16 h). Based on substrate specific-
ity, 38 fosmids were randomly selected and completely
sequenced using the shotgun method.

Sequence analysis of the metagenome EDO genes

Based on their amino acid sequences, Eltis and Bolin
(1996) classified EDOs into two families, type | and Il. The
35 known EDOs obtained by microbial screening (as of
1996) were classified this way. Type | enzymes are
homologous to each other; the majority of them are clas-
sified into subfamilies [.2.A and [.3.A, which include
catechol 2,3-dioxygenase and 2,3-dihydroxybiphenyl
dioxygenase respectively. There are fewer type Il
enzymes; they lack sequence similarity to each other and
to type | enzymes. DNA sequencing revealed at least one
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substrate Fig. 1. Formation of meta-cleavage yellow compounds from
3MeCAT 2MeCAT 4CICAT 23DHBP
clone name 16 1 16 1 16 1 | 16

catecholic compounds by EDOs expressed in E. coli. A
metagenomic library of fosmid clones was screened using catechol
as a substrate. The activity level is shown in grey scale: no colour,
no yellow compound formation; light grey, OD < 0.5; medium grey,
OD 0.5-1.0; dark grey, OD > 1.0 at the corresponding absorption
maximum. Values represent the average of three independent
experiments. Thirty-eight fosmids used for subsequent DNA
sequencing are shown in bold. CAT, catechol; 3MeCAT,
3-methylcatechol; 4MeCAT, 4-methylcatechol; 4CICAT,
4-chlorocatechol; 23DHBP, 2,3-dihydroxybiphnyl.

type | EDO gene in each fosmid (Table 1). Other genes,
such as phenol hydroxylases, were found in the flanking
regions. Five fosmids, S-2C5, S-3F10, S-5F10, S-6B9
and S-9E4, contained two EDO genes, to yield a total of
43 genes (40 full-length and 3 partial) from the 38
sequenced clones.

Many rhodococcal strains have multiple EDO genes,
which may account for the unique ability of this bacterial
group to degrade various aromatic compounds (Asturias
and Timmis, 1993; Maeda et al., 1995). The metagenomic
library used here was likely to contain DNA from rhodo-
cocci, as demonstrated by the 16S rDNA sequencing
results (classified as Actinobacteria); thus, the 2C5, 3F10,
5F10, 6B9 and 9E4 clones may be derived from
rhodococci. Our failure to identify any type Il EDO genes
probably reflects their scarcity in the environment, as
reported by Eltis and Bolin (1996). Further sequence
analysis suggested that some of the clones we isolated
contained microbial DNA from unculturable (or yet to be
cultured) species, and this evidence is presented below.

The phylogenetic relationship of 45 metagenomic and
several representative EDOs obtained by microbial
screening is shown in Fig. 2. Eight EDOs (3F-10, 9E4-2
partial, 9B1, 6B9-2, 2H2, 5F10-2, 3A2 and 2C5-2) belong-
ing to subfamily .2.A were identified in our screen;
this subfamily counts as members most of the EDOs
previously identified using agar plate-based screening.
However, our metagenomic approach also identified 37
additional EDOs belonging to other subfamilies, including
EDOs which belong to four newly defined subfamilies:
1.1.C, 1.2.G, 1.3.M and 1.3.N. Approximately half of these
EDOs (20) were in subfamily 1.2.G, which branched at a
deep point in the lineage. These families had not previ-
ously been identified using cultivation-based screening
and were thus missing on the phylogenetic tree, support-
ing the idea that the metagenomic library used here con-
tained genes from a wide variety of microorganisms that
may be difficult to cultivate and which have not been well
studied.

7E11

8C3
8 F11
8 G4-1
8 G4-2

i [IL I]]Ilf[

Functional analyses of metagenomic EDOs

it

Next, functional analysis of the metagenomic EDOs was
conducted. Clones carrying full-length EDO genes that
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Table 1. List of predicted EDOs obtained by metagenomic library screening.

EDO

Name subfamily Length (aa) Most similar protein Host organism AA identity (%) Bacterial division
S-1A1 1.2.G 329 Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-1A9 1.2.B 309 Catechol 2,3-dioxygenase Sphingomonas sp. ABAN3 176/310 (56) o-Proteobacteria
S-1D2 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-1D9 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-1E12 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-1F2 I.3.N 297 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bordetella avium 197N 169/292 (57) B-Proteobacteria
S-1H11 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-2A1 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-2B9 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 157/308 (51) Firmicutes
S-2C1 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 157/308 (51) Firmicutes
S-2C5-1 165 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 92/167 (55) Firmicutes
S-2C5-2  1.2A 307 Catechol 2,3-dioxygenase Acinetobacter sp. YAA 213/307 (69) Actinobacteria
S-2H2 1.2.A 308 Catechol 2,3-dioxygenase Ralstonia sp. KN1 182/310 (59) B-Proteobacteria
S-3A2 1.2.A 308 Catechol 2,3-dioxygenase Ralstonia sp. KN1 195/311 (63) B-Proteobacteria
S-3F10-1 I.2.A 309 Catechol 2,3-dioxygenase Delftia tsuruhatensis 305/308 (99) B-Proteobacteria
S-3F10-2 1.2.C 315 3-Methylcatechol 2,3-dioxygenase Pseudomonas putida 295/314 (94) y-Proteobacteria
S-3G3 3242 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-3H5 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-4A3 1.1.C 176 Putative dioxygenase Bordetella avium 197N 61/134 (45) B-Proteobacteria
S-4D5 1.2.B 309 Catechol 2,3-dioxygenase Sphingomonas sp. ABAN3 176/310 (57) a-Proteobacteria
S-4E8 1.2.C 315 3-Methylcatechol 2,3-dioxygenase Pseudomonas putida 294/314 (94) y-Proteobacteria
S-4E12 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-5B2 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-5F2 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-5F10-1 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-5F10-2 1.2.A 308 Catechol 2,3-dioxygenase Ralstonia sp. KN1 182/310 (59) B-Proteobacteria
S-6B9-1  1.2.A 308 Catechol 2,3-dioxygenase Ralstonia sp. KN1 182/310 (59) B-Proteobacteria
S-6B9-2 1.1.C 176 Putative dioxygenase Bordetella avium 197N 61/134 (45) B-Proteobacteria
S-6D4 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-6F5 1.2.B 309 Catechol 2,3-dioxygenase Sphingomonas sp. ABAN3 176/310 (57) a-Proteobacteria
S-6H11 1.2.C 315 3-Methylcatechol 2,3-dioxygenase Pseudomonas putida 294/314 (94) y-Proteobacteria
S-7B2 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-7D12 1.2.C 315 3-Methylcatechol 2,3-dioxygenase Pseudomonas putida 295/314 (94) y-Proteobacteria
S-7E11 1.3.M 314 Dihydroxybiphenyl dioxygenase Terrabacter sp. DPO360 126/294 (42)  Actinobacteria
S-8C3 1.3.M 314 Dihydroxybiphenyl dioxygenase Terrabacter sp. DPO360 126/294 (42) Actinobacteria
S-9B1 I1.2.A 308 Catechol 2,3-dioxygenase Ralstonia sp. KN1 182/310 (59) B-Proteobacteria
S-9B9 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-9C3 1.2.C 315 Catechol 2,3-dioxygenase Pseudomonas sp. K82 288/314 (92) y-Proteobacteria
S-9C8 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-9E4-1 1.2.G 329 2,3-Dihydroxybiphenyl 1,2-dioxygenase Bacillus sp. JF8 156/308 (51) Firmicutes
S-9E4-2 2192 Catechol 2,3-dioxygenase Ralstonia sp. KN1 59/79 (75) B-Proteobacteria
S-9E5 1.2.C 315 3-Methylcatechol 2,3-dioxygenase Pseudomonas putida 295/314 (94) v-Proteobacteria
S-10D8 1.2.B 309 Catechol 2,3-dioxygenase Sphingomonas sp. ABAN3 176/310 (57) o-Proteobacteria

a. Partial sequence; the complete EDO gene sequence was not obtained by shotgun sequencing.

aa, amino acid.

were previously generated for DNA shotgun sequencing
were utilized (Table 2). Because 3-methylcatechol dioxy-
genase (TodE), a well-characterized 1.3.B enzyme from
Pseudomonas putida F1 (Zylstra and Gibson, 1989),
cleaves all five substrates tested, the substrate specifici-
ties of the metagenomic EDOs were compared with TodE
activity. Extradiol dioxygenases in family 1.2 are known to
preferentially cleave monocyclic aromatic compounds
such as catechol (Eltis and Bolin, 1996). As for the
metagenomic clones (S-2C5-3, S-2H2 and S-3A2 in |.2.A;
S-1A9 and S-10D8 in 1.2.B; S-6H11 and S-9C3 in 1.2.C),
they also preferentially reacted with monocyclic
compounds. Exceptions to this were the enzymes in sub-
family 1.2.G, which displayed nearly equal reactivity to

catechol and 2,3-dihydroxybiphenyl. The preference
(3-methylcatechol > catechol > 2,3-dihydroxybiphenyl > 4-
methylcatechol > 4-chlorocatechol) was different from that
of their most similar homologue, 2,3-dihydroxybiphenyl
1,2-dioxygenase from Bacillus sp. JF8 in subfamily 1.2.F
(Hatta et al., 2003), which prefers substrates in the follow-
ing order: 2,3-dihydroxybiphenyl > 3-methylcatechol >
catechol > 4-methylcatechol > 4-chlorocatechol.
Enzymes in family 1.3 prefer polycyclic aromatic com-
pounds (Eltis and Bolin, 1996). EDO S-7E11, belonging
to subfamily 1.3.M, exhibited specificity similar to that of
2,3-dihydroxybiphenyl dioxygenase from Pseudomonas
pseudoalcaligenes KF707 (Taira et al., 1992) in subfamily
I.3.A: both reacted with 2,3-dihydroxybiphenyl, but were

© 2007 The Authors
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Table 2. Activities of metagenomic EDOs with various catecholic substrates.

Relative activity (%)?

Clone Subfamily CAT 3MeCAT 4AMeCAT ACICAT 23DHBP
TodE 1.3.B 100 210 13 19 63
S-4A3 1.1.C 12 6.2 1.4 <1.0 <1.0
S-2C5-3 1.2.A 228 30 40 30 21
S-2H2 1.2.A 387 145 201 195 25
S-3A2 1.2.A 2.6 15 13 1.2 <1.0
S-1A9 1.2.B 147 71 97 85 6.7
S-10D8 1.2.B 99 50 81 v 3.0
S-6H11 1.2.C 31 19 6.3 7.1 1.8
S-9C3 1.2.C 439 322 169 121 15
S-1A1 1.2.G 22 36 2.7 1.9 8.6
S-1D2 1.2.G 58 95 8.3 4.5 18
S-2A1 1.2.G 20 33 1.7 <1.0 7.4
S-7B2 1.2.G 16 25 12 1.7 6.3
S-7E11 1.3.M 16 19 5.3 4.1 140
S-1F2 1.3.N 74 65 40 37 134

a. Activities relative to TodE activity for catechol (144.89 U per gram of protein) are shown for cloned EDOs. Values are the average from
three independent experiments. CAT, catechol; 3MeCAT, 3-methylcatechol; 4MeCAT, 4-methylcatechol; 4CICAT, 4-chlorocatechol; 23DHBP,

2,3-dihydroxybiphenyl.

nearly inactive with the other substrates tested. S-1F2,
belonging to subfamily 1.3.N, showed activity with all sub-
strates tested, similar to TodE. Subfamily 1.1 consists of
short EDOs that are approximately half the size of other
EDOs. These EDOs include BphC (I.1.B, Q50912_9SPIN
in Fig. 2) from Sphingomonas xenophaga BN6 (Heiss
etal., 1995); BphC2 (I.1.A, BPHC2_RHOGO in Fig. 2)
and BphC3 (I.1.A, not shown in Fig. 2) from Rhodococcus
globerulus P6 (Asturias and Timmis, 1993); and BphC2
(I.2.A, not shown in Fig. 2) from Rhodococcus erythropo-
lis TA421 (Maeda et al., 1995). Although these enzymes
all prefer 2,3-dihydroxybiphenyl, metagenomic EDO
S-4A3 (1.1.C) hardly reacted with the substrate, indicating
that this enzyme evolved differently from the other short
EDOs and acquired distinct substrate specificity.

Gene evolution of 1.2.G EDOs

It is known that minor changes in primary EDO sequence
can result in marked changes in catalytic activity (Ramos
etal.,, 1987). As demonstrated by directed evolution
experiments and rational protein design, single-amino-
acid substitutions can drastically change the substrate-
and regio-specificities of aromatic hydrocarbon dioxyge-
nases (Suenaga etal., 2002; Furukawa etal., 2004).
Naturally occurring as well as engineered single-amino-
acid changes have also been found to influence catalytic
properties. For example, an EDO belonging to subfamily
I.2.A, which has Tyr at amino acid position 218, has a low
turnover number and high affinity for catechol substrates.
The enzyme is found in both slightly and highly contami-
nated sites. In contrast, a variant having His at position
218 has a high turnover number and low affinity, and is

found only in highly contaminated sites. These observa-
tions imply that specific EDO genes have been positively
selected in response to aromatic compound contamina-
tion (Junca et al., 2004).

In this study, the 1.2.G subfamily was highly repre-
sented, and detailed analysis of these enzymes shed light
on EDO gene evolution. The genes in this subfamily were
not identical to each other; 18 genes (not counting the two
partial genes) carried eight single-nucleotide polymor-
phisms (SNPs) and were further classified into six groups.
Based on the combinations of the SNPs as well as on
their flanking sequences, an evolutionary lineage was
constructed (Fig. 3). Itis evident that these genes evolved
from a common ancestor (group 1) and diverged through
accumulations of single-base mutations (groups 2—6) and
deletion of the 3’-terminal region of a 3’-flanking gene
(S-1D2, S-1D9, S-1E12, S-1H11, S-3H5, S-6D4 and
S-9B9 in group 2).

This analysis gave us a ‘snapshot’ of dynamic gene
evolution in an ecosystem, and is the first time such a
result has been obtained using a metagenomic approach.
By carefully comparing the lineage and the enzymatic
activities of some selected 1.2.G clones (Table 2), we
found that the residue at amino acid position 241 is key for
determining protein activity. S-1D2 (group 2), which had
Thr241, exhibited higher activity than rest of the enzymes
(S-1A1 in group 1, S-2Al in group 5 and S-7B2 in group
3) that had Ala at position 241. Therefore, the Ala241
to Thr241 mutation most likely occurred during adapta-
tion to contamination conditions. The crystal structure of a
homologous homoprotocatechuate  2,3-dioxygenase
(from Arthrobacter globiformis; MndD) has been solved
(Vetting et al., 2004). The amino acid sequence of MndD
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Fig. 3. Proposed evolutionary lineage of metagenomic 1.2.G EDOs. The black squares represent genes for upper pathways (encoding the
putative hydroxylase component) and the grey squares represent genes for lower pathways (encoding the putative hydrolase).

is about 30% identical to S-1D2. In MndD, Gly233 corre-
sponds to Thr241 of S-1D2, and is located on the surface
of the protein, far from the active site. Thus, it is not clear
why a residue at this position would influence the EDO’s
activity.

In summary, by conducting a metagenomic screen for
catechol degradation pathways, we identified 91 EDO
genes. Of these, 38 clones were sequenced and we iden-
tified 43 EDO genes, including 25 belonging to four new
subfamilies. In addition, we captured a snapshot of gene
evolution. These results suggest that this approach may
prove helpful for analysing and developing bioremediation
processes.

Experimental procedures
Activated sludge and DNA extraction

Activated sludge was collected from the aeration tank of a
coke plant wastewater treatment plant in Japan. The sludge
sample (50 mg) was re-suspended in 1 ml of TE buffer
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0), followed by disper-
sion of the microbial aggregates by sonification with the
Handy Sonic UR-20P (Tomy Seiko, Tokyo, Japan) at
maximum power for 15 s. Total genomic DNA was purified as
described previously (Gabor et al., 2003).

Cloning and DNA sequencing of 16S rRNA gene

Polymerase chain reaction amplification of the 16S rRNA
genes was performed using purified metagenomic DNA as a

© 2007 The Authors

template and bacterial universal primers (Lane, 1991). Poly-
merase chain reaction products were ligated into a pGEM-
Teasy vector (Promega) transformed into competent E. coli
DH5q. cells. A total of 90 clones were randomly selected and
sequenced. Sequencing was performed with primer 907R
(5-CCGYCAATTCMTTTRAGTTT-3") where Yis Cor T, M is
Aor Cand R is Aor G, aBigDye Terminator Cycle Sequenc-
ing Kit (Applied Biosystems), and an ABI3730XL (Applied
Biosystems). All sequences (500-600 nucleotides) were
compared with those in the GenBank database (http://
www.ncbi.nlm.nih.gov/BLAST) using the BLAST program. To
detect and omit chimeric DNAs, the CHECK-CHIMERA program
of the Ribosomal Database Project (Maidak etal., 1997)
was used.

Construction of the metagenomic fosmid library

A metagenomic library was constructed using a Copy-
Control Fosmid Library Production Kit (Epicentre). Metage-
nomic DNA was first separated by pulsed field gel
electrophoresis and 33-48 kb DNA fragments were excised,
purified, blunt-ended and ligated into the pCC1FOS fosmid
included in the kit. The ligation mixture was then packaged
into lambda phage using MaxPlax Lambda Packaging
Extracts. Escherichia coli EPI-300 T1R was then trans-
formed with the packaged library, and transformants were
selected on LB agar plates containing 12.5 ug ml~* chloram-
phenicol (LB/Cm). Colonies were picked and re-suspended
in separated wells of 96-well plates containing 200 pul of
LB/Cm; each well contained 100 independent clones. A total
of 96 000 colonies were used to construct a library in 10
96-well plates.
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Screening the metagenomic fosmid library for EDO
activity

A small aliquot of cells from each well of the metagenomic
library was transferred to a second set of 96-well plates
containing 1 ml of 2xYT plus 12.5 ug ml™* chloramphenicol
(2xYT/Cm) and incubated at 37°C for 18 h without agitation.
Subsequently, 200 pl of the overnight culture was transferred
to fresh 96-well plates containing 800 pul of 2xYT/Cm, grown
at 37°C for 30 min with mild agitation at 250 r.p.m. (Taitec,
BioShaker M-BR-024), and 1 ul of CopyControl Induction
Solution (Epicentre) was added. The solution increases the
copy number of fosmids in E. coli, which may promote protein
expression in the cells. Cells were grown with vigorous agi-
tation (1200 r.p.m.) at 37°C for 2 h, harvested by centrifuga-
tion (3000 r.p.m., 15 min, 4°C), re-suspended in 50 mM
phosphate buffer (pH 7.5) and disrupted by addition of
150 ul of BugBuster Plus Benzonase Nuclease (Novagen).
For each sample, cell debris was removed by centrifugation
(3000 r.p.m., 15 min, 4°C) and the supernatant transferred to
a clean plate. Substrate (5 pul of catechol; 0.5 mM final) was
added to 100 pl of each cell extract, and the reaction plates
were incubated with mild agitation (250 r.p.m.) at 25°C. Posi-
tive clones were identified after incubation for 1 h or 16 h.

Isolation of single positive fosmid clones from
positive wells

As each well comprised 100 different fosmid clones, a
second screen was carried out to isolate single positive
fosmid(s) from the positive wells. A small sample of culture
was taken from the positive wells, diluted and cultured on
LB/Cm agar plates. Several hundred colonies were then
screened for EDO activity in the same manner as for the first
screen. When several colonies were picked from the same
wells, they were further subjected to restriction fragment
length polymorphism analysis using EcoRI and Pstl.

DNA sequencing and gene annotation

Shotgun DNA sequencing of positive fosmid clones was per-
formed at Dragon Genomics Center, Takara Bio. The result-
ant nucleotide sequences were used for similarity searches
with BLASTX software and the NCBI database using the
default parameters. Annotation was carried out based on the
BLASTX results. Multiple sequence alignment was carried out
using CLUSTALX software, and a phylogenic tree was gener-
ated by the neighbour-joining method (Saitou and Nei, 1987).
In the classification system for type | EDOs, enzymes belong-
ing to the same subfamily exhibit greater than 54% amino
acid identity in pairwise comparisons (Eltis and Bolin, 1996).

Enzyme activity assays

Cells extracts were prepared from E. coli EPI-300 T1R cells
carrying positive fosmids as described above. Enzyme activi-
ties were determined by the formation of ring meta-cleavage
products using 0.5 mM catechol or related compounds. After
1 h or 16 h, absorbance, as a measure of enzymatic activity,
was measured on a Molecular Devices plate reader (VERSA

max). Plasmids containing various EDO genes in pUC118
were obtained in shotgun sequencing experiments, and
were introduced into E. coli JM109. Recombinant E. coli
were then grown in 96-well plates containing 1 ml of LB
medium, 50 pg mI™  ampicillin  and 0.1 mM isopropyl
B-b-thiogalactoside. Enzymes were extracted from the cells
in the same manner as for fosmid-carrying E. coli, and
activities were determined using 0.5 mM catechol and
related compounds. The relative ring-cleavage activities
were determined from the absorption coefficients of
the ring-cleavage product formed from the following sub-
strate: catechol, 375 nm (e=33 000 M*cm™); 3-methyl
catechol, 388 nm (e =13 400 M-*cm™); 4-methyl catechol,
379 nm (e =28 100 M*cm™); 4-chloro catechol, 379 nm
(=36 100 M*cm™); and 2,3-dihydroxy biphenyl, 434 nm
(e =13 200 M*cm™) respectively (Hirose et al., 1994). One
unit of enzyme activity was defined as the amount of enzyme
that catalysed the formation of 1 umol of the product per
minute. Protein concentration was determined using Quick
Start Bradford Dye Reagent (Bio-Rad) and bovine gamma
globulin for the standard curve.

Nucleotide sequences accession number

The 38-nucleotide sequences reported in this article have
been deposited in GenBank/EMBL/DDBJ under Accession
No. AB266111 to AB266148.
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