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Genomic analysis has revealed heterogeneity among bacterial 16S rRNA gene sequences within a single
species; yet the cause(s) remains uncertain. Generalized transducing bacteriophages have recently gained
recognition for their abundance as well as their ability to affect lateral gene transfer and to harbor bacterial
16S rRNA gene sequences. Here, we demonstrate the ability of broad-host-range, generalized transducing
phages to acquire 16S rRNA genes and gene sequences. Using PCR and primers specific to conserved regions
of the 16S rRNA gene, we have found that generalized transducing phages (D3112, UT1, and SN-T), but not
specialized transducing phages (D3), acquired entire bacterial 16S rRNA genes. Furthermore, we show that the
broad-host-range, generalized transducing phage SN-T is capable of acquiring the 16S rRNA gene from two
different genera: Sphaerotilus natans, the host from which SN-T was originally isolated, and Pseudomonas
aeruginosa. In sequential infections, SN-T harbored only 16S rRNA gene sequences of the final host as
determined by restriction fragment length polymorphism analysis. The frequency of 16S rRNA gene sequences
in SN-T populations was determined to be 1 X 10~° transductants/PFU. Our findings further implicate

transduction in the horizontal transfer of 16S rRNA genes between different species or genera of bacteria.

16S rRNA gene sequences are used extensively to construct
phylogenetic trees as well as in the study of microbial commu-
nities (6). These uses of the 16S rRNA gene have been based
upon three assumptions. First, most bacteria contain either a
single 16S rRNA gene or multiple genes that are highly similar.
Second, there has been no horizontal gene transfer (HGT) of
these genes. Third, 16S rRNA genes are unique to prokaryotes
and mitochondria. Comparative nucleotide sequence analysis
has shown the first assumption to be untrue. This was first
reported as intraspecific variation in small-subunit rRNA (3).
It is now recognized that many bacteria possess more than one
and up to 15 copies of the 16S rRNA gene (1, 9). Comparisons
of 16S rRNA gene operons from strains belonging to the same
species have shown nucleotide differences ranging from a single
nucleotide difference in Pseudomonas aeruginosa to 188 nucleo-
tide differences in Thermoanaerobacter tengcongensis (1). The
causes of 16S rRNA gene heterogeneity are suggested to be
twofold: (i) misincorporation of nucleotides into DNA during
replication and (ii) horizontal gene transfer (15). HGT has been
implicated in the transfer of an entire rRNA gene in Ther-
momonospora chromogena (18). Although HGT of 16S rRNA
gene sequences is accepted as a probable cause of 16S rRNA
gene heterogeneity, it is believed to occur at a low frequency.
According to the complexity hypothesis, because 16S rRNA genes
interact with several other gene products, they have a low prob-
ability of successfully undergoing a transfer event (7, 11). It has
also been suggested that even if 16S rRNA genes had a high
frequency of HGT, processes that normalize genes could mask
this (1). Concerning the third assumption, bacteria are not the
only organisms in the environment harboring 16S rRNA gene
sequences; phages in soil have also been shown to contain 16S
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rRNA gene sequences that are assumed to be of bacterial origin
(12). The presence of 16S rRNA gene sequences in phages would
likely add to the overestimation of bacterial cells in microbial
communities.

Broad-host-range, generalized transducing phages are a pos-
sible vector for the transfer of genes between strains, species,
and even genera. In the past, it was thought that phages rarely,
if at all, crossed species boundaries. However, it has recently
been shown that cyanophages are capable of infecting across
species (13). Because of their prevalence, it has been suggested
that phages may play an important role in gene transfer in the
environment. For example, in one study, 9 of 10 phages iso-
lated from sewage were found to display a broad host range
(8). One such broad-host-range phage is SN-T, a phage with a
hexagonal head and a long flexible tail. SN-T was isolated from
sewage and enriched on Sphaerotilus natans (16). In addition to
S. natans, SN-T is capable of infecting Rhodospirillum rubrum,
Shigella flexneri, Proteus vulgaris, P. aeruginosa, and Escherichia
coli (8). While all the bacterial hosts of SN-T belong to the
phylum Proteobacteria, they differ in classes, which include Gam-
maproteobacteria (S. flexneri, P. vulgaris, E. coli, and P. aeruginosa),
Alphaproteobacteria (R. rubrum), and Betaproteobacteria (S. na-
tans). Here, we report that the broad-host-range, generalized
transducing phage SN-T can acquire 16S rRNA gene sequences
from P. aeruginosa and S. natans. We have also determined the
frequency of 16S rRNA gene acquisition by this phage.

MATERIALS AND METHODS

Bacterial strains and bacteriophages. To detect the presence of 16S rRNA
gene sequences in phages, Pseudomonas aeruginosa PAO1 and phages known to
infect this bacterium (D3112, UT1, SN-T, and D3) were used (Table 1). P.
aeruginosa was grown in LB medium or on LB 1.5% agar plates. The broad-
host-range, generalized transducing phage SN-T was chosen and used in all
sequential infection experiments because it is capable of infecting both P. aerugi-
nosa and Sphaerotilus natans ATCC 133388 (Table 1). S. natans was cultivated on
tryptone-yeast (TY) 1.5% agar plates.
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TABLE 1. Bacterial strains and phages

Bacterial characteristic

Phage characteristic

Organism Strain Class Type O.f Host(s) Source
transduction

P. aeruginosa PAO1 Gammaproteobacteria
S. natans ATCC 133388¢ Betaproteobacteria
D3112 Generalized P. aeruginosa Al Darzins
UT1 Generalized P. aeruginosa Cory Pfeiffer
D3 Specialized P. aeruginosa Cory Pfeiffer
SN-T Generalized P. aeruginosa, S. natans, E. coli, Ken Nickerson

S. flexneri, and P. vulgaris

¢ ATCC, American Type Culture Collection.

Phage preparation. Phages were prepared using the top agar technique: 100 .l
of a known dilution of phage was mixed with an equal volume of a culture of P.
aeruginosa grown in broth overnight or resuspended, plate-grown cells of S.
natans. The mixture of bacterial host and phage was immediately added to 4 ml
of 0.7% top agar (LB for P. aeruginosa or TY for S. natans). The top agars were
poured onto LB or TY 1.5% agar plates, and the plates were incubated for 24 h
at 37°C in the case of P. aeruginosa or for 2 days at room temperature for S.
natans. Control plates which contained bacterial cells that had not been infected
with phage were also prepared; these will henceforth be referred to as “phage-
free, cell-only” controls. These phage-free, cell-only controls were processed in
parallel through the phage isolation protocol with cells that had received phage.
Phages were harvested by resuspending the soft agar in 4 ml of LB or TY broth
and vortexing to release phage, followed by incubation on ice for 30 min. Bac-
terial cells were then removed by room temperature centrifugation at 10,000 X
g for 10 min. The supernatant was then filtered through a 0.2-um filter and stored
at 4°C. Sterility of phage preparations was determined by plating 100 wl onto an
LB or TY plate and incubating at the appropriate temperature and time. Phage
preparations that were shown to be free of bacterial host cells were used in
subsequent infections and DNA preparations.

Sequential infection. In order to determine whether a phage could acquire 16S
rRNA gene sequences from two different genera, we used the broad-host-range,
generalized transducing phage SN-T. Several different series of sequential infec-
tions were performed (Fig. 1). The phages harvested from these sequential
infections were given designations based on the order of the bacterial host(s)
used in the infection: SN-TGPP (P. aeruginosa infection twice in sequence),
SN-T$SS (8. natans infection twice in sequence), SN-TGSP (S. natans infection
followed by P. aeruginosa infection), and SN-T$PS (P. aeruginosa infection
followed by S. natans infection). DNA was then extracted from all SN-T phage
preparations as well as from the uninfected, cell-only controls.

DNA preparation and amplification by PCR. Genomic DNA was isolated
from E. coli, P. aeruginosa, and S. natans cells according to the procedure
described previously by Woo et al. (17).

To ensure that only phage DNA was obtained, SN-T lysates were treated with
DNase I prior to lysis of phage particles and DNA extraction (2). Phage-free,
cell-only controls were run in parallel. To test for the presence the entire 16S
rRNA gene, the universal sequence primers 8F (5'-AGAGTTTGATCCTGG
CTCAG-3") and 1525R (5'-AAGGAGGTGATCCAGCC-3') were used (4; N.
Pace, personal communication). This set of primers amplifies a 1,517-bp se-
quence. Tag DNA polymerase was used for the PCR amplifications to determine
the presence of 16S rRNA gene sequences in phages; however, Accuprime Pfx
DNA polymerase was used for amplification from SN-T for restriction fragment
length polymorphism (RFLP) analysis because of its high fidelity. Thermocycler
conditions were as follows: an initial denaturation step (94°C for 12 min) fol-
lowed by 33 cycles of denaturation (94°C for 1 min), annealing (54°C for 45 s),
and extension (72°C for 2 min). Finally, the tubes were incubated at 72°C for 12
min to ensure complete synthesis of the entire sequence.

P. aeruginosa or E. coli purified genomic DNA was used as a positive control
in all PCRs. A negative control consisting of PCR mix with no DNA added was
run to ensure that there were no contaminating 16S rRNA gene sequences in the
reagents. Also, phage-free, cell-only controls were run in parallel with the phage-
containing samples to again make certain that the DNase step was effective and
that there were no contaminating bacterial 16S rRNA gene sequences in the
phage preparations.

RFLP analysis of 16S rRNA gene sequences. To determine the source of the
bacterial donor 16S rRNA genes acquired by SN-T, the 1,517-bp PCR products
were recovered from agarose gels and purified using a QITAEX II gel extraction

kit. RFLP analysis was performed on the purified DNA fragments. The known
16S rRNA gene sequences from P. aeruginosa PAO1 (GenBank accession num-
ber NC_002516) and S. natans (accession number Z18534) were analyzed for
restriction cut sites using NEB Cutter version 2.0 (http://tools.neb.com
/NEBcutter2/index.php). A single unique enzyme that would result in two unique
bands upon digestion of either P. aeruginosa or S. natans 16S rRNA gene
sequences was identified (see Fig. 5). BamHI was predicted to cut the P. aerugi-
nosa sequence once, producing two bands of 600 and 900 bp. Agel was predicted
to cut the S. natans sequence once, producing two bands of 1,300 and 200 bp. 16S
rRNA gene sequences amplified from the genomic DNA of each bacterial donor
were digested and analyzed by agarose gel electrophoresis. In both cases, the
predicted bands were present. This allowed us to then analyze PCR-amplified
16S rRNA gene sequences acquired by SN-T to determine their bacterial origin.
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FIG. 1. Protocol for phage infection (where SN-T$PP denotes se-
quential infection of P. aeruginosa by SN-T, SN-T¢SP denotes sequen-
tial infection of S. natans followed by P. aeruginosa, etc.) and subse-
quent DNA preparation, amplification, and analysis by RFLP.
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FIG. 2. Agarose gel electrophoresis of 16§ rRNA gene PCR-am-
plified region (8 to 1,525 bp). Lanes: 1, 1-kb ladder; 2, E. coli; 3, D3112;
4, UT1; 5, D3; 6, no DNA; 7, 1-kb ladder.

Detection of frequency of 16S rRNA gene sequences in phage populations
using PCR. Viable phages of both SN-T¢PP and SN-T¢SS were enumerated
using standard PFU plate counts. Serial dilutions were then prepared, and the
DNA was extracted from 1 ml of lysates of each dilution as described above. The
highest dilution of phage to contain 16S rRNA gene sequences was determined
by PCR.

RESULTS AND DISCUSSION

Generalized transducing phages acquire 16S rRNA gene
sequences. 16S rRNA gene PCR products of 1,517 bp, repre-
senting >99% of the 16S rRNA gene, were amplified from the
bacteriophage genomic DNA of all generalized transducing
phages: D3112, UT1, and SN-T. In contrast, no PCR product
was amplified from the DNA of the specialized transducing
phage D3 (Fig. 2 and 3). That generalized transducing phage
and not specialized transducing phage carried 16S rRNA gene
sequences was to be expected; this further establishes the ab-
sence of contaminating 16S rRNA gene sequences. Addition-
ally, 16S rRNA gene PCR products were absent in all phage-
free, cell-only controls (Fig. 4) and in control 16S rRNA gene
PCRs containing no DNA. The latter was important, as we had
found some commercial polymerases to be contaminated with
16S sequences resulting in PCR products in the negative PCR
controls. This is not unusual, as Tanner et al. (14) amplified
several different bacterial 16S rRNA genes from PCRs lacking
template DNA. Furthermore, Sander and Schmeiger (12), who
previously showed that generalized transducing phages in ac-
tivated sludge contain 16S rRNA genes, found contaminating
16S rRNA gene sequences to be a problem. We too detected
16S rRNA gene sequences in phages isolated from wetland soil
samples (data not shown) and experienced problems with con-
taminating 16S rRNA gene sequences. We did not detect 16S
rRNA gene PCR products in our phage-free, cell-only DNase-
treated controls. Thus, we concluded that the DNase treatment
was effective at degrading exogenous DNA, which would in-
clude any 16S rRNA gene sequences.

Source and frequency of 16S rRNA genes in SN-T phage
populations. Using RFLP analysis, we were able to determine
the source of the 16S rRNA gene sequence. We found that
SN-T was able to acquire either P. aeruginosa or S. natans 16S
rRNA genes (Fig. 3). Therefore, it is possible for a broad-host-
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FIG. 3. Agarose gel electrophoresis of 16S rRNA gene PCR-am-
plified region (8 to 1,525 bp). Lanes: 1, P. aeruginosa; 2, S. natans; 3,
SN-TPP; 4, SN-TSS; 5, SN-THSP; 6, SN-THPS; 7, 1-kb ladder.

SN-T ACQUIRES 16S rRNA GENES FROM DIFFERENT BACTERIA 8303
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FIG. 4. Agarose gel electrophoresis of SN-T uninfected cell-only
controls. Lanes: 1, 1-kb ladder; 2, P. aeruginosa genomic positive con-
trol; 3, SN-TGPP; 4, SN-TSS; 5, SN-THSP; 6, SN-THPS.

range, generalized transducing phage to acquire and carry 16S
rRNA gene sequences from different bacterial genera. Inter-
estingly, in all sequential infections, SN-T was found to contain
the 16S rRNA gene sequence from the bacterial host it had last
infected and not more than one detectable 16S rRNA gene
sequence (Fig. 5). However, the 16S rRNA gene (8 to 1,525
bp) was detected only in SN-T populations containing greater
than or equal to 10" PFU/ml (Fig. 6). This was true regardless
of which host was used. Assuming that one copy of the 16S
rRNA gene sequence led to amplification and because only
1/100 of the total DNA extracted from 1 ml of phage lysate was
used, the frequency of SN-T acquiring the 16S rRNA gene is
no less than 1 in 10° phages. This is comparable to the trans-
duction rate of 3 X 10~? transductants/PFU for SN-T as de-
termined through auxotrophic conversion (16). Since the PCR
is not sensitive enough to detect a single copy of a sequence, it
is likely that the actual frequency is actually higher and thus
comparable to transduction frequencies of 10~% to 10~ '° trans-
ductants/PFU that have previously been reported for UT1
transduction of chromosomal alleles in freshwater environ-
ments in P. aeruginosa (10). Thus, our finding that SN-T con-
tained 16S rRNA gene sequences only from the final bacterial
host was not surprising, given the low frequency of 16S rRNA
gene sequence acquisition by SN-T. These results indicate that
the mechanism of acquisition of 16S rRNA genes by SN-T is
likely mistaken packaging of the bacterial 16S rRNA gene
instead of phage genomic DNA.

1 2 3 1 2 3

P. aeruginosa

SN-T¢PP SN-T¢SP

1 2 3 1 2 3 1 2 3
SN-T¢SS SN-TYPS

FIG. 5. Restriction fragments of the PCR-amplified region (8 to
1,525 bp) of the 16S rRNA gene from bacterial and phage genomic
DNA. Lanes: 1, uncut; 2, cut with Agel; 3, cut with BamHI.

8. natans
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FIG. 6. Relative frequencies of each bacterial 16S rRNA gene se-
quence in SN-T. Frequencies were determined by dilution series of
SN-T followed by DNA extraction and PCR amplification. Replicates
were run for each dilution.

Transduction frequency is also known to change with envi-
ronmental parameters and multiplicity of infection. To further
understand the frequency of broad-host-range phages acquir-
ing 16S rRNA gene sequences, various natural environmental
conditions and multiplicities of infection need to be studied.

Evolutionary and ecological implications. We have demon-
strated that a broad-host-range, generalized transducing phage
can acquire and carry 16S rRNA gene sequences from bacteria
belonging to different genera. We believe that SN-T is a good
model phage and that P. aeruginosa and S. natans are good
model hosts for the study of HGT for the following reasons.
First, SN-T was isolated from sewage, and S. natans is also
found in sewage and grows well in fully aerated and low-oxygen
environments (5). Second, P. aeruginosa is ubiquitous in the
environment, including sewage. Therefore, all of these organ-
isms could be expected to cohabitate. Finally, P. aeruginosa and
S. natans are from different classes of the phylum Proteobac-
teria; P. aeruginosa is classified as Gammaproteobacteria, while
S. natans is classified as Betaproteobacteria. Thus, our model
could be extended to study transduction under a variety of
environmental conditions as well as to probe the ecological
significance of 16S rRNA gene horizontal transfer via phages.

It has been suggested that HGT may contribute to the pres-
ence of heterogeneous 16S rRNA gene sequences in bacteria.
Our results support this possibility, although the frequency of
such events appears to be low. Furthermore, the presence of
broad-host-range, generalized transducing phage carrying 16S
rRNA gene sequences from more than one genera of bacteria
could lead to a misrepresentation of microbial diversity in the
environment. Sander and Schmeiger (12) found that phages
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isolated from sewage carry 16S rRNA gene sequences, and we
have seen the same results in samples from wetland soils.
Furthermore, our experiments show that phages can acquire
16S rRNA gene sequences from more than one genera of
bacteria. Thus, assessment of a microbial community based on
16S rRNA gene sequences must take into account the presence
of generalized transducing phages, especially those that are
broad host range, in that community.
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