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A metagenomic library of activated sludge was screened for bleomycin resistance genes. Two genes were
identified that differed greatly from each other, from the genes of bleomycin-producing actinomycetes, and
from those of clinical isolates. Therefore, the nonclinical environment is a rich reservoir of new resistance
elements, and metagenomics can be used to sample the resistome rapidly.

The antibiotic bleomycin (Bm) was first discovered in the
culture broth of “Streptomyces verticillus” (14, 17), an antitu-
mor agent used in clinical settings. Bm-producing actinomyce-
tes have resistance genes (ble) that are often clustered in bio-
synthetic operons (3, 12, 15). However, resistance has spread
to bacteria that do not produce Bm, and the genes that confer
this resistance have been identified in clinical isolates, Tn5 of
gram-negative bacteria (4), and pUB110 of gram-positive bac-
teria (11). Nonetheless, the resistance mechanism is conserved;
the acidic Bm resistance protein (BRP) sequesters the basic
Bm to prevent DNA cleavage by Bm (17).

The natural, or nonclinical, environment is also a reservoir
for various antibiotic resistance genes (1, 2, 8, 10). Because ble
genes have been reported only from clinical isolates and acti-
nomycetes, we explored nonclinical environments for these
genes to better understand the origin and distribution of anti-
biotic resistance. Our aims were to determine the following: (i)
whether ble could be retrieved from a nonclinical environment,
(ii) the evolutionary position of environmental BRPs, and (iii)
the resistance mechanism of environmental BRPs. We pro-
duced a metagenomic library (5) using activated sludge as a
DNA source (13). Activated sludge, which is used to treat
industrial wastewater polluted with phenolic compounds, con-
tains a dense microbial community. To survive in this niche,
each bacterium must develop resistance to myriad natural an-
tibiotics, mostly those produced by actinomycetes (1). The
library contained 3.2 Gb of DNA comprising 96,000 clones of
Escherichia coli EPI300-T1R, each carrying a fosmid with an
�33-kb insert (13). One hundred clones were mixed in each
well of a 96-well plate, and a total of 10 plates were screened
in 100 �l of LB medium containing 12.5 �g/ml chloramphen-
icol and 50 �g/ml phleomycin, in which the host E. coli alone
could not grow. After 14 h at 37°C, three resistant clones were
identified, 4H7, 7A10, and 8D4. For each fosmid, a shotgun

library was produced; each library comprised 388 clones, each
with an �2- to 3-kb insert in pUC118. The libraries were used
for DNA sequencing and functional screening.

The 4H7 fosmid contained a 37.4-kb insert (see Table S1 in the
supplemental material). Putative ble (open reading frame 17
[ORF17]) was identified from among 30 ORFs. For the 7A10 and
8D4 fosmids, sequences were not assembled into a long contig.
However, the read sequences from these two fosmids were iden-
tical. Therefore, we assumed that they shared the same region of
environmental DNA and combined them to generate a single
contig. The 31.07-kb fragment contained 26 ORFs (see Table S2
in the supplemental material), including putative ble (ORF24)
and mobile genetic elements. The G�C content of both fosmids
was much lower (62.9 mol% for 4H7 and 57.5 mol% for 7A10)
than that of actinomycetes (�70 mol%), and the genes involved
in Bm biosynthesis were missing, suggesting that metagenomic ble
is not part of the actinomycete self-resistance gene group. Func-
tional screening of the shotgun libraries at 500 �g/ml phleomycin
identified ORF17 (for 4H7) and ORF24 (for 7A10) as the deter-
minants, as expected. The predicted pI values of these proteins
were 4.57 and 4.51, respectively, suggesting their ability to seques-
ter Bm.

The amino acid sequences of 4H7 and 7A10 showed only weak
similarity (32% and 25% identity, respectively) to known BRPs
(encoded by the ble gene from Streptoalloteichus hindustanus
[Shble] or carried by pUB110 and Tn5) and 30% similarity to each
other. Using these BRPs as queries, we performed BLAST
searches of several public databases, including all nonredundant
GenBank CDS translations, and collected sequences with scores
of �90 (multiple alignment shown in Fig. S1 in the supplemental
material). This resulted in approximately 120 amino acids with
proline near the N terminus, which is critical for dimer forma-
tion in known BRPs (6), and an acidic pI of �5, indicating their
abilities to sequester Bm.

The BRPs and homologs appear to have evolved from a
common ancestral protein (Fig. 1). Because the primary role of
BRPs is to sequester Bm via electrostatic interactions, se-
quences can be very diverse as long as their sequestering abil-
ities are preserved. Numerous hits were obtained that were
homologous to 7A10 BRP and affiliated with Proteobacteria. As
noted above, in 7A10, the ble gene neighbored genes that are
typically found as part of mobile elements. The ORF4 product
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was similar to resolvase from ISXc4 belonging to the Tn3
family of Xanthomonas (7). In addition, there were mercuric
resistance proteins (ORF25 and ORF26) just downstream
from the BRP (ORF24), suggesting that this type of BRP is
likely harbored by some mobile elements (e.g., transposons,
insertion elements, etc.) and is distributed in Proteobacteria. A
large number of hits were also obtained when Tn5 BRP was
used as the query. Therefore, ble seems to be widespread in the
environment, and this is mediated by mobile elements. When
4H7 BRP was used as the query, no closely related (BLAST
score of �90) homologous sequences were identified, giving it
a distinct position in the phylogenetic tree. The closest homo-
logue (gi163787994 A) was included in Fig. 1 (a BLAST score
of 88) but was on a relatively deep branch relative to 4H7.

To characterize the metagenomic BRPs and Shble, each ble
gene was cloned into pET-28a(�), and N-terminal His6-tagged
proteins were produced in E. coli BL21(DE3) or BL21(DE3)
pLysS. Isopropyl-�-D-thiogalactopyranoside was added (0.01
to 1 mM) during the mid-log phase. Proteins were extracted
using BugBuster (Novagen, Carlsbad, CA) and purified to ho-
mogeneity by successively passing them through Ni-nitrilotri-
acetic acid (Qiagen, Hilden, Germany) and anion-exchange
Resource Q (GE Healthcare, Piscataway, NJ) columns. The
purified proteins were dissolved in 0.1 M Tris-HCl (pH 7.0),
and the concentrations were determined using a Pierce bicin-
choninic acid protein assay kit (Rockford, IL) with bovine
serum albumin as the standard. As judged by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Fig. 2a), all of the
BRPs were indistinguishable in terms of mass (�15 kDa; the
proteins contained an �2.3-kDa His6 tag), which agreed with

predictions from the sequences (13,478 Da for 4H7, 13,543 Da
for 7A10, and 13,796 Da for Shble). The binding of the BRPs
to Bm was confirmed by the gel retardation assay (6). BRP (20
�g) was incubated with 20 �g Bm (�10-fold molar excess of
Bm over BRP) in 30 �l of 10 mM Tris-HCl (pH 7.5) at 16°C.
After 3 h, 6 �l of loading dye (0.25% bromophenol blue, 0.25%
xylene cyanol FF, 30% glycerol) was added, and 10 �l of the
mixture was separated by nondenaturing polyacrylamide gel
(15%) electrophoresis at 4°C. In all cases, the proteins mi-
grated more slowly in the presence of Bm, indicating the for-
mation of complexes (Fig. 2b). A DNA protection assay was
then performed (3). BRP (0 or 10 �M) was mixed with 5 �M
Bm in 10 mM Tris-HCl (pH 7.5). After incubation at 25°C for
5 min, 0.1 �g of EcoRI-linearized pUC19, 0.1 mM FeSO4, and
1 mM dithiothreitol were added for a total volume of 20 �l.
The mixture was incubated at 25°C; after 10 min, 40 mM
EDTA was added. The solution (8 �l) was separated by aga-
rose (2%) gel electrophoresis. The excess BRP prevented
cleavage of the Bm DNA (Fig. 2c).

All of the above physical and biochemical characterizations
imply functional similarity between metagenomic ble and
Shble, regardless of the large sequence diversity. In conclusion,
we identified two novel ble genes from a nonclinical environ-
ment. One gene (4H7) is likely coded on a chromosome, and
the other (7A10) is likely coded on a transposon. We also
found numerous putative ble genes in public databases, sug-
gesting a wide distribution in the natural environment. All of
the functionally characterized BRPs contained approximately
120 amino acids with a proline residue near the N terminus
(see Fig. S1 in the supplemental material) and an acidic pI of

FIG. 1. Phylogenetic tree of BRPs. Using metagenomic BRPs (4H7 and 7A10) and known BRPs (Shble, pUB110, and Tn5) as queries, a
BLAST search of the GenBank database was carried out. Fifty-six proteins with matching scores of �90 were selected. Multiple alignment was
carried out using ClustalX software (16), using the default parameters (see Fig. S1 in the supplemental material). The program TreeView (9) was
used to present the results graphically. Proteins that have been shown experimentally to exhibit Bm resistance are denoted in bold. Sequences are
in GenInfo numbers with suffixes A to E, depending on the query sequence. A, 4H7; B, 7A10; C, pUB110, D, Shble; and E, Tn5.
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�5, which should be used as good clues to predict the functions
of BRP-like sequences found in sequence databases.

Nucleotide sequence accession numbers. The nucleotide se-
quences reported herein were deposited in GenBank/EMBL/
DDBJ under accession numbers AB300377 for 4H7 and
AB331169 for 7A10.
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FIG. 2. Characterization of recombinant BRPs. (a) Sodium dodecyl sulfate-polyacrylamide gel (15%) electrophoresis. Lane 1, Shble; lane 2,
4H7; and lane 3, 7A10. (b) Protein retardation assay (6). Twenty micrograms each of BRP and Bm was mixed in 30 �l of 10 mM Tris-HCl (pH
7.5) and incubated at 16°C. After 3 h, 6 �l of loading dye was added, and 10 �l of the mixture was separated by nondenaturing polyacrylamide
gel (15%) electrophoresis at 4°C. (c) DNA protection assay. BRP (0 or 10 �M) was mixed with 5 �M Bm in 10 mM Tris-HCl (pH 7.5). After
incubation at 25°C for 5 min, 0.1 �g of EcoRI-linearized pUC19, 0.1 mM FeSO4, and 1 mM dithiothreitol were added for a total volume of 20
�l. The mixture was incubated at 25°C; after 10 min, 40 mM EDTA was added. The solution (8 �l) was separated by agarose (2%) gel
electrophoresis.
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