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Phage metagenomes isolated from wastewater over a 12-month period were analyzed. The results suggested
that various strains of Proteobacteria, Bacteroidetes, and other phyla are likely to participate in transduction.
The patterns of 16S rRNA sequences found in phage metagenomes did not follow changes in the total bacterial

community.

Bacteriophages are key biological entities that control the
size of bacterial populations, establish lysogeny (temperate
phages), and introduce horizontal gene transfer via the trans-
duction processes. Phages have been shown to exist in most
environments, including wastewater (9), and transduce various
genetic markers, including antibiotic resistance (3). Several
studies point out that the bacterial rRNA gene can be packed
into generalized transducing phage particles (2, 5, 13). We
recently showed that an analysis of 16S rRNA gene sequences
in the phage metagenome can be successfully used to study
bacteria included in horizontal gene transfer mediated by
transduction (4). In the current study, we analyzed 16S rRNA

genes present in bacteriophage-derived (PH) and total (TOT)
bacterial metagenomes isolated from wastewater over a 1-year
period in order to assess the likely extent of transductional
transfer in this environment.

Water from an oxidation tank of a municipal wastewater
treatment plant located in Belfast (Northern Ireland) was an-
alyzed. Samples (15 liters) were collected in August 2009
(A09), September 2009 (S09), January 2010 (J10), March 2010
(M10), and July 2010 (Jull0). Isolation and purification of
phage particles was carried according to the protocol described
by Thurber et al. (17) with modifications as described in our
previous work (4). The removal of bacterial DNA from phage

TABLE 1. Enumeration of 16S rRNA gene sequences representing various bacterial phyla detected in metagenomic libraries

No. of analyzed clones in 16S rRNA gene library (no. of unique sequences)*

Phylum and class TOT PH
A09 J10 M10 Jul10 A09 J10 M10 Jull0

Proteobacteria

Alphaproteobacteria 11 (3) 0 303 8(7) 28(3) 9(2) 8(3) 2(2)

Betaproteobacteria 24 (4) 16 (2) 31(8) 1(1) 16 (2) 14 (2) 6(3 3(2)

Gammaproteobacteria 0 6(2) 2(2) 2(1) 29 (4) 7(1) 15 (3) 17 (5)

Deltaproteobacteria 3(2) 1 4(2) 8(3) 0 1 0 1
Actinobacteria 41 (5) 4(1) 1 23 (5) 7(1) 0 0 0
Firmicutes 0 0 0 0 14 (1) 2(1) 0 3(2)
Nitrospirae 1 0 0 1(1) 0 0 0
Planctomycetes 6(2) 0 0 0 0 0 0
Bacteroidetes 0 21(2) 23 (3) 5(2) 0 14 (2) 4(2) 1(1)
Chloroflexi 0 0 0 3(2) 0 4(2) 0 2(2)
Cyanobacteria 0 0 0 0 0 0 0 23 (1)
Gemmatimonadetes 0 0 0 1(1) 0 0 0 0

¢ Numbers of the sequenced 16S rRNA genes are presented; numbers of unique sequences are given in parentheses. PH, phase-derived library; TOT, total bacterial

library; A09, August 2009; J10, January 2010; M10, March 2010; Jul10, July 2010.
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FIG. 1. Phylogenetic analysis of 16S rRNA gene sequences of Proteobacteria from the oxidation tank of a wastewater treatment plant. The
phylogenetic tree was inferred using the neighbor-joining method (11). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1,000 replicates) is shown next to the branches. Phylogenetic analyses were conducted with MEGA4 (15). Sequences
from phage (PH) and total (TOT) metagenome libraries are labeled as follows: August 2009 (A09), August-September 2009 (AS09), January 2010
(J10), March 2010 (M10), and July 2010 (Jul10). Only one sequence from each metagenome is presented when the 16S rRNA gene sequence
identity was higher than 99%. 16S rRNA gene sequences of these clones were aligned with representatives of Alphaproteobacteria (Rhizobium sp.
PF-M, GenBank accession number DQ202284; Beijerinckia indica ATCC 9039, NC_010581; Rhodobacter sphaeroides KD131, NC_011958),
Betaproteobacteria (Dechloromonas aromatica RCB, NC_007298; Variovorax paradoxus S110, NC_012791; Delftia acidovorans SPH-1, NC_010002;
Rhodoferax ferrireducens T118, NC_007908; Zooglea ramigera 106, NR_026130), Gammaproteobacteria (Acinetobacter junii S33, AB101444),
Bacteroidetes (Flavobacterium johnsoniae UW101, NC_009441), Chloroflexi (Dehalococcoides sp. GT, NC_013890), and Actinobacteria (Ilumato-
bacter fluminis YM22-133, AB360343; Acidimicrobium ferrooxidans DSM10331, NC_013124). The bar at the bottom of the figure shows estimated

sequence divergence.

preparation was achieved as described previously (1, 4). All
DNA manipulations were performed using standard tech-
niques (12). PCRs were carried out using universal 16S rRNA
gene primers, and 1.4-kbp fragments were obtained from both
total bacterial and phage metagenomic DNA preparations. By
using these fragments, eight 16S rRNA gene libraries were
constructed in the pJET1.2 vector (Fermentas). These libraries
were analyzed as described before (4), and the summary of the
analysis is presented in Table 1. Sequences from libraries PH
A09 and TOT A09 were reported previously (4), and 16S
rRNA sequences from libraries PH M10, PH J10, PH Jull0,
TOT M10, TOT J10, and TOT Jull0 were deposited in the
EMBL database. Various phylogenetically diverse species of
bacteria were detected in wastewater, corresponding to previ-
ously published results (6, 14, 18). Phage-borne 16S rRNA
genes were found for most bacterial groups, excluding Nitro-

spirae, Planctomycetes, and Gemmatimonadetes (Table 1). It is
notable that phage-derived 16S rRNA genes were found for
groups that seem to be present in the minority in the waste-
water environment (e.g., Firmicutes and Cyanobacteria, which
are not detected in total bacterial metagenome libraries) (Ta-
ble 1). However, corresponding species were always detected
in the total community by using PCR with species-specific
primers (results not presented). Phage-derived sequences of
Alpha-, Beta-, and Gammaproteobacteria were present in all
samples taken over a 12-month period, whereas Cyanobacteria
sequences were found in the July 2010 sample only. Actinobac-
teria sequences were not detected in July 2010 phage samples,
although Actinobacteria were present in significant numbers in
the total metagenome obtained from the same sample (Table
1). These results indicate that during the 1-year period, trans-
duction in wastewater was likely to encompass a significant
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FIG. 2. DGGE analysis of 16S rRNA gene sequences from waste-
water samples isolated from 2009 to 2010. Designation of samples is
the same as in Fig. 1. Samples were analyzed as described in the text.
DGGE images were digitalized using the Phoretix 1D v10.3 (TotalLab
Ltd.) software package. Cluster analysis of 16S rRNA DGGE profiles
was performed using the UPGMA clustering and Ochiai coefficient-
based similarities with cophenetic correlation coefficients shown at the
nodes. The pairwise comparison is based on 22 matching bands.

part of the inhabiting bacteria; however, it did not correlate
directly with dominant bacterial groups inhabiting this envi-
ronment.

Phylogenetic analyses of the 16S rRNA gene sequences were
conducted with MEGA software version 4 (MEGA4) (15).
Trees were generated by neighbor joining (11) using the max-
imum composite likelihood model (16). Phylogenies were also
evaluated by the maximum parsimony method and the un-
weighted pair group method with arithmetic mean (UPGMA)
and found to be similar. Figure 1 shows the phylogenetic tree
for Proteobacteria species found in TOT and PH libraries. It is
clear that in Alpha- and Betaproteobacteria in particular, a
number of diverse strains likely participate in transductional
gene transfer. A number of highly homologues sequences were
also observed for various metagenomes analyzed over the 12-
month period. Examples of these are TA28 and UW42c
(Alphaproteobacteria), which were detected in the total bacte-
rial metagenome in August 2009 (TOT A09) as well as in the
phage metagenome in July 2010 (PH Jull0), and TOTMW7c
(TOT M10) and UW55¢ (PH Jull0) (Fig. 1).

To further analyze the changes in 16S rRNA gene patterns
in the wastewater environment, denaturing gradient gel elec-
trophoresis (DGGE) analyses were performed with a CBS
Scientific system. Polyacrylamide (6%) gradient gels were
formed as described previously (7, 8) and a urea gradient range
of 20 to 100% (100% denaturant contained 7 M urea and 40%
deionized formamide) was used. DGGE profiles were analyzed
using various approaches to quantify the similarity between
lanes, including the Jaccard coefficient, the Dice similarity, and
the Ochiai coefficient, which minimizes the effect of different
numbers of bands in various lanes. Analysis was performed
using the Phoretix 1D v10.3 (TotalLab Ltd.) software package.
The results of the DGGE analyses are presented in Fig. 2. It is
notable that bands representing 16S rRNA gene patterns in
phage metagenomes isolated in August and September 2009
and in March and July 2010 are clustered together and distinct
from those from total metagenomic libraries. The number of
phage-derived 16S rRNA gene sequences from January 2010
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seem to be lower than in other samples, although the number
of bands in the total bacterial metagenome was higher in the
same sample and the pattern was similar to that of March 2010.
Although total bacterial profiles for August and September
2009 samples are very similar, profiles of phage metagenomes
showed more pronounced differences.

In this work, we chose a typical municipal wastewater treat-
ment plant to analyze changes in phage-borne 16S rRNA gene
patterns in a complex bacterial community over a 1-year pe-
riod. We were exploiting the facts that generalized transducing
phages can pack any region of the host’s genome (2) and that
activated sludge phage metagenomes indeed contain large
amounts of bacterial sequences (10). By using a similar culture-
independent approach, it was previously demonstrated that
Aeromonas and Acinetobacter species appear to participate in
transduction in wastewater (13) and that a number of distinc-
tive bacterial strains belonging to several bacterial taxa appar-
ently have transducing phages (4). Here, analysis of the 16S
rRNA patterns over a 12-month period demonstrated that a
large number of phylogenetically distant bacterial strains are
very likely to participate in transduction in the wastewater
environment. Closely related sequences are found in meta-
genomic samples taken in different periods. It was observed
that changes in the 16S rRNA gene patterns found in phage
metagenomes over the analyzed period did not mirror the
changes in the total bacterial community of the studied envi-
ronment. It is important to note that other mechanisms of gene
exchange (i.e., conjugation and possibly transformation) may
play important roles in the wastewater environment. An anal-
ysis of the relative significance of these types of horizontal gene
transfer will be essential for understanding the functioning of
microbial communities.

Nucleotide sequence accession numbers. 16S rRNA se-
quences from libraries PH M 10, PH J10, PH Jul10, TOT M10,
TOT J10, and TOT Jull0 were deposited in the EMBL data-
base under accession numbers FR774592 to FR774635.
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