APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 1998, p. 2780-2787

0099-2240/98/$04.00+0

Vol. 64, No. 8

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Gene Transfer by Transduction in the Marine Environment

SUNNY C. JIANGT anp JOHN H. PAUL*
Marine Science Department, University of South Florida, St. Petersburg, Florida 33701

Received 6 January 1998/Accepted 11 May 1998

To determine the potential for bacteriophage-mediated gene transfer in the marine environment, we estab-
lished transduction systems by using marine phage host isolates. Plasmid pQSRS50, which contains transposon
Tn5 and encodes kanamycin and streptomycin resistance, was used in plasmid transduction assays. Both
marine bacterial isolates and concentrated natural bacterial communities were used as recipients in trans-
duction studies. Transductants were detected by a gene probe complementary to the neomycin phosphotrans-
ferase (nptIl) gene in Tn5. The transduction frequencies ranged from 1.33 x 10~7 to 5.13 x 10~° transduc-
tants/PFU in studies performed with the bacterial isolates. With the mixed bacterial communities, putative
transductants were detected in two of the six experiments performed. These putative transductants were
confirmed and separated from indigenous antibiotic-resistant bacteria by colony hybridization probed with the
nptll probe and by PCR amplification performed with two sets of primers specific for pQSR50. The frequencies
of plasmid transduction in the mixed bacterial communities ranged from 1.58 x 107® to 3.7 x 10~® trans-
ductants/PFU. Estimates of the transduction rate obtained by using a numerical model suggested that up to
1.3 x 10'* transduction events per year could occur in the Tampa Bay Estuary. The results of this study suggest
that transduction could be an important mechanism for horizontal gene transfer in the marine environment.

A virus is little more than nucleic acid encapsulated in a protein
coat. The recent discovery of the abundance of viruses in the
marine environment (5, 14, 42, 47, 48) has led to speculation
regarding the involvement of viruses in gene transfer. In the
process of viral propagation, viruses transfer nucleic acid synthe-
sized in one bacterium to another bacterium. If a virus infecting a
new host contains genetic material from the previous host rather
than its own DNA, the extra genetic information may be trans-
mitted to the new host, resulting in transduction.

Bacteriophage-mediated horizontal transduction has been
known for nearly half a century (55). Transduction has been
found to occur in many phage-host systems (6), and well-
studied transduction systems have been routinely used as mo-
lecular cloning tools (37). However, in most transduction stud-
ies workers have focused only on the development of tools for
better understanding bacterial genetics (3, 7, 9, 25, 26, 34, 41,
49). The role of phage transduction in microbial ecology was
not an area of interest until very recently.

To assess the risk associated with the spread of genetically
engineered microorganisms in the environment, the potential for
gene transfer by transduction was studied in soil and freshwater
environments. Using an Escherichia coli-phage P1 transduction
system, Zeph et al. (54) studied transduction in sterile and non-
sterile soils. The results of these authors demonstrated that trans-
duction occurred in the soil and that the resulting transductants
survived in soil environments for 28 days. Almost all studies of
transduction in aquatic environments have been performed by
Miller’s group (for a review see reference 29). These researchers
demonstrated that both chromosomal and plasmid DNAs of
Pseudomonas aeruginosa were transduced during in situ incuba-
tion in a freshwater lake (31, 36, 39, 40). Cell-free phage lysates,
as well as temperate phages spontaneously released from lyso-
gens, were capable of transduction (40). Also, both lysogenic and
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nonlysogenic bacteria can serve as recipients, but lysogenic recip-
ients have higher transducing frequencies, possibly due to lyso-
genic protection from lysis (homoimmunity [29]). More recently,
Ripp and Miller (35) also suggested that the presence of sus-
pended particulates in the water column facilitates transduction
by bringing the host and phage into close contact with each other.

Little is known about transduction in the marine environ-
ment. Although transducing phages have been isolated from
seawater previously (16, 23, 24), the focus of these studies was
to develop a gene transfer system to study the genetics of
Vibrio spp. rather than to investigate the potential for gene
transfer in the environment.

Viruses are abundant and active members of microbial eco-
systems. The dynamic interactions of viruses with their hosts
may contribute significantly to the genetic diversity and com-
position of microbial populations. For many years, studies of
gene transfer in the environment have largely focused on the
process of conjugation (2, 15, 32) and transformation (13, 33,
43). Gene transfer via transduction was considered negligible
because of the lytic effect of phage infection (29). However,
Zeph et al. (54) suggested that gene transduction is as impor-
tant or more important than conjugation and transformation in
the environment. In contrast to transforming DNA, transduc-
ing DNA is packaged inside phage capsids, which prevents
nuclease degradation. Thus, viruses may serve as reservoirs for
exogenous genes (44).

To estimate the potential for transduction in the marine
environment, we developed marine transduction systems by
using marine phage host isolates. Transduction assays were
performed by using marine bacterial isolates, as well as mixed
natural bacterial communities, as recipients. This work estab-
lished that transduction is a mechanism for horizontal gene
transfer among marine microbial communities.

MATERIALS AND METHODS

Bacteria, phages, and plasmids. The bacteria, phages, and plasmids used in
this study are listed in Table 1. Marine bacterial strains HSIC and D1B were
isolated from Mamala Bay, Hawaii, on artificial scawater (ASWIJP) agar plates
containing 5 g of peptone per liter and 1 g of yeast extract per liter. HSIC is an
unidentified gram-negative coccus, while D1B is a gram-negative slender rod
which was identified as a Flavobacterium sp. by using an API-NFT test kit
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TABLE 1. Bacteria, plasmids, and phages used in this study

Strain, plasmid, or phage Description Reference
Bacterial strains
HSIC Isolated from Mamala Bay, Hawaii (carrying plasmid upon isolation) 17
HSIC HSIC spontaneous mutant of rifampin-resistant strain This study
D1B Isolated from Mamala Bay, Hawaii 17
D1B"f D1B spontaneous mutant of rifampin-resistant strain
E. coli RM1259(pQSR50) Km" Sm" 26
E. coli CA60(pNJ5000) Tet" 52
HOPE-1 HSIC"(pQSR50) This study
HOPE-2 D1B"(pQSR50) This study
Plasmids
pQSR50 R1162::Tn5 Km" Sm" 26
pNJI5000 Tet" Mob* 52
Phages
T-$HSIC Isolated from Mamala Bay, Hawaii, on bacterial host HSIC 17
T-6D1B Isolated from Mamala Bay, Hawaii, on bacterial host D1B 17

(BioMerieux Vitek, Inc., Hazelwood, Mo.). Phages T-$HSIC and T-$D1B were
isolated by using HSIC and D1B as hosts, respectively. Both of these phages are
temperate and contain double-stranded DNA. Detailed information about these
phages and their hosts has been published elsewhere (17).

E. coli RM1259 contains plasmid pQSR50, which encodes resistance to kana-
mycin and streptomycin. The kanamycin resistance gene, nptll, is on transposon
Tn5. A detailed description of this plasmid and a plasmid map have been
published by Meyer et al. (27). E. coli RM1259 was used as a plasmid donor in
triparental mating, and E. coli CA60 was used as a helper strain for triparental
mating (52). E. coli CA60 contains a conjugative plasmid, pNJ5000, which en-
codes tetracycline resistance. HOPE-1 and HOPE-2 are wild-type strain HSIC
and D1B derivatives containing plasmid pQSRS50, respectively, which was intro-
duced into the bacterial cells by triparental mating (see below).

Plasmid pQSRS50 contains a Tn5 transposon insertion which codes for the
neomycin phosphotransferase gene (nptII). Plasmid pNJ5000 has a mobilizing
function and was used as a helper plasmid for mobilization of other plasmids.

Triparental mating. Rifampin-resistant mutants of bacterial strains HSIC and
D1B were selected on ASWJP nutrient plates containing 500 wg of rifampin per
ml and were used as recipients for triparental mating. One milliliter of an
overnight rifampin-resistant cell culture was transferred to 10 ml of ASWJP
nutrient broth containing 500 pg of rifampin per ml, and the preparation was
incubated with shaking until the optical density at 600 nm was 0.8. One milliliter
of this culture was mixed with 1 ml of a log-phase culture of plasmid donor strain
E. coli RM1259 and 1 ml of a log-phase culture of helper strain E. coli CA60 in
a sterile 15-ml tube. The mixture was filtered onto a 47-mm-diameter 0.2-pm-
pore-size filter under a vacuum (~150 mm of Hg). After filtration, the filter was
placed on an ASWIJP nutrient plate, and incubated overnight at 28°C. The filter
was then transferred to 5 ml of artificial seawater medium in a sterile tube. Cells
were washed off by vortexing the filter for 30 s. The cell suspension was plated
onto ASWJP nutrient plates containing 250 wg of kanamycin per ml, 250 pg of
streptomycin per ml, and 500 pg of rifampin per ml. The plates were incubated
at 28°C for at least 48 h. Colonies that grew on the selection plates were picked,
and we confirmed that they contained pQSRS50 by colony hybridization, plasmid
preparation, and Southern hybridization with radiolabeled probe nptII (see be-
low). The sensitivities of these plasmid-containing bacterial hosts to their corre-
sponding phages were tested by phage typing. Strain HSIC containing plasmid
pQSR50 was designated HOPE-1, and strain D1B containing plasmid pQSR50
was designated HOPE-2 (Table 1). Both strain HOPE-1 and strain HOPE-2
were used as donors in the transduction assays.

Transduction assays. Strains HOPE-1 and HOPE-2 were used as plasmid
donors, and transducing particles were produced by infecting these strains with
the corresponding temperature phages by the soft agar overlay method. The
phages were eluted from the plates after overnight incubation by using warm 0.5
M Tris-HCI (pH 8.0). A second round of phage lysate was produced with the
same donor strain to ensure that the transducing particles contained DNA only
from the donors (28). The transducing lysates were filtered (pore size, 0.2 pm)
to remove residual donor cells. A subsample of the transducing lysate was treated
with UV radiation (NIS G15T8 15-W germicidal lamp; peak wavelength, 256
nm) to reduce the phage titer to 1% of the original titer (28). UV-treated and
untreated phage lysates were digested with 50 U of DNase I per ml before they
were used in the transduction assays to prevent transformation from occurring.

Both bacterial hosts isolated from Mamala Bay, Hawaii, and concentrated
bacterial communities from Tampa Bay, Florida, the Gulf of Mexico, and Dry
Tortugas, Florida, were used as recipients for transduction. For cultured recip-
ients, 10- to 100-ml portions of log-phase cultures were mixed with transducing
phage particles at multiplicities of infection (MOI) ranging from 0.01 to 10. Each
control contained an equal volume of the recipient cell culture and 1 ml of 0.5 M
Tris-HCI (pH 8.0). After a 10-min adsorption period, the unabsorbed phages
were removed by three rounds of centrifugation and three washes with artificial

seawater. The final washed cell pellet was resuspended in 0.5 to 1.5 ml of ASWJP
nutrient broth, and the cells were allowed to recover (phenotypic expression) in
this nonselective medium for 10 to 20 min before they were plated onto selective
seawater nutrient plates containing 250 pg of kanamycin per ml and 250 pg of
streptomycin per ml. The transducing phage lysate (containing no recipient) was
also plated onto selective plates as a control.

For transduction assays in which indigenous marine bacterial communities
were used as recipients, natural populations (in 20 to 100 liters of water) from a
variety of marine environments were concentrated to volumes of approximately
50 ml by vortex flow filtration by using a 100-kDa-cutoff filter (21). One milliliter
of transducing phage lysate was added to 10 ml of a concentrated microbial
population and incubated at room temperature for 10 min to allow phage
adsorption. The mixture was then filtered onto a 47-mm-diameter 0.2-wm-pore-
size filter. An equal volume of concentrated sample was used as a control. The
filter was rinsed with sterile ASWJP to wash off the unabsorbed phages and was
transferred to 2 ml of sterile ASWJP nutrient broth in a 15-ml tube. Bacteria on
the filter were resuspended in medium, and the suspension was plated onto
selective medium plates containing 500 pg of kanamycin per ml and 1,000 pg of
streptomycin per ml. The phage lysate was also plated onto selective plates as a
no-recipient control.

Purification of plasmid DNA and gene probe construction. Plasmid DNAs
from the E. coli strains and from marine bacteria were purified by the alkaline
lysis miniprep method (37) or with the Promega plasmid DNA purification
system (Promega, Madison, Wis.).

A BamHI- and HindIII-digested fragment of the neomycin phosphotransfer-
ase gene (nptll) of plasmid pQSR50 was cloned into Riboprobe vector pPGEM 4Z
(Promega) by using the manufacturer’s recommended procedure. A detailed
description of cloning and the location of this fragment on the plasmid map have
been published elsewhere (10). A 3°S-RNA probe was prepared by transcription
of the fragment with T7 polymerase by using 3°S-UTP (12). This probe, desig-
nated the nptIl probe on the basis of the complementary gene sequence in the
plasmid (12), hybridized with the Tn5 region of the plasmid.

Fragments of T-¢HSIC DNA and T-éD1B DNA were also cloned into a
Riboprobe vector (Promega); 3°S-labeled single-stranded RNA probes, desig-

JP64

FIG. 1. Map of plasmid pQSR50, including the locations of PCR primers.
Arrows indicate primer directions.
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TABLE 2. Oligonucleotides used as PCR primers

Primer Sequence (5'-3") Size (bp) Location (positions)
JP44 GGGTCGGACGACAGGATGAGGATCGTTTCG 30 5473-5490
JP52 CTCGGATCCAGCGGCGATACCGTAAAG 27 6214-6234
JP64 GGATGCATTGAGCCAAATGAGGCGGTCACGC 31 215-238
JP65 CTCGGATCCTGACGGGTGCCGGTATCAAACGC 32 14105-14128

nated the T-¢HSIC probe and the T-$6D1B probe, respectively, were made as
previously described (17).

Colony lift, dot blot, and Southern hybridization. Colonies grown on agar
plates were lifted by using a Magna charged nylon transfer membrane (MSI,
Westboro, Mass.) and were lysed by soaking them in 2X SSC (0.3 M NaCl plus
0.03 M sodium citrate, pH 7.0) containing 5% sodium dodecyl sulfate and
microwaving them for 2 min on gel blot paper (Schleicher & Schuell, Keene,
N.H.). The lysed colonies were then denatured on gel blot paper saturated with
1.5 M NaOH and 1.5 M NaCl, and the pH was adjusted to 8.0 with 0.5 M
Tris-HCl. DNA was fixed on the membrane by baking the membrane in a
vacuum oven at 80°C for 2 h.

Plasmid DNA was dotted onto charged nylon membranes (Zetaprobe; Bio-
Rad, Richmond, Calif.) by using a Bio-Rad Bio-Dot microfiltration apparatus.
The DNA on the membrane was denatured, neutralized, and fixed as previously
described (22). Southern transfer of DNA from agarose gels to charged nylon
membranes (Zetaprobe; Bio-Rad) was performed by using the method of Sam-
brook et al. (37).

Hybridization of DNA with the nptII probe, T-GHSIC probe, or T-¢D1B
probe was performed at 42°C overnight. The wash temperature was 65°C, as
previously described (17).

PCR amplification. When natural bacterial communities were used as recip-
ients in the transduction assays, two sets of primers were employed in PCR
amplification to detect the pQSR50 gene sequence and to differentiate the
putative transductants from the indigenous antibiotic-resistant colonies. The
primer locations and sequences are shown in Fig. 1 and Table 2, respectively.
Primers JP44 and JP52 were designed to amplify the Tn5 region of the plasmid,
which is the region that codes for neomycin phosphotransferase. Primers JP64
and JP65 were used to amplify the region near the EcoRI site, which is the region
farthest from the Tn5 insertion site (Fig. 1). The rationale for this procedure was
to differentiate transposition of Tn5 from maintenance of the rest of the plasmid.

For amplification, the plasmid DNA was diluted 1 to 100 times with double-
distilled deionized water. The PCR mixtures (total volume, 100 pl) contained 10
mM Tris, 50 mM MgCl,, 0.01% gelatin, 0.05% Nonidet P-40, each deoxynucleo-
side triphosphate at a concentration of 37.5 wM, 20 pmol of each primer,
approximately 1 ng of template, and 2.5 U of Tag DNA polymerase. The Taq
DNA polymerase was pretreated with the TaqStart antibody (Clontech, Palo
Alto, Calif.) to reduce amplification artifacts. The reaction mixture was overlaid
with 3 drops of sterile mineral oil. Sterile deionized water (DI) was used as a
template for a negative control. The PCR cycle included a hot start (96°C, 5 min),
40 cycles consisting of 96°C for 45 s, 58°C for 1 min, and 72°C for 1.5 min, and
finally incubation at 72°C for 10 min. The amplification products were analyzed
by gel electrophoresis.

RESULTS

Establishing indigenous marine phage-host transduction
systems. To study the potential for gene transduction among
marine phages and bacterial hosts, we attempted to establish
transducing systems by using marine phage host isolates. Four
marine phage-host systems were isolated from Mamala Bay,
Hawaii (17), and plasmid pQSR50 was successfully introduced

into two of the bacterial hosts; the resulting strains were des-
ignated HOPE-1 and HOPE-2.

Strains HOPE-1 and HOPE-2 grew more slowly than the
wild-type strains, possibly because of the burden of the new
extrachromosomal element. The plaquing efficiency of phage
T-6D1B on strain HOPE-2 was lower than the plaquing effi-
ciency of this phage on its wild-type host, D1B, because the
titers of phage lysates collected after infection of HOPE-2
were often 10 to 100 times lower than the titers of lysates
generated from infection of strain D1B. The sensitivity of
strain HOPE-1 to the corresponding phage was basically un-
changed, and strain HOPE-1 yielded approximately the same
number of viruses per infection cycle as when wild-type strain
HSIC served as the host.

Transduction assays performed with bacterial isolates as
recipients. Both UV-treated and untreated transducing lysates
were used in transduction assays. Transducing lysates of
T-$HSIC were more resistant to UV radiation, requiring 1 min
of UV radiation at 464 mW/cm? for a 2-log reduction in infec-
tivity, while the infectivities of transducing lysates of T-¢D1B
were reduced by 2 logs after 10 s of radiation.

Putative transductants were found in three experiments
when HOPE-1 was used as the donor strain, UV-treated
T-oHSIC was used as the transducing lysate, and HSIC was
used as the recipient (Table 3). Only transduction assays in
which a low MOI (MO, 0.01 to 0.05) was used produced
detectable transductants, even though MOIs of up to 5 were
also tested (data not shown). The frequencies of transduction
in lab trials ranged from 5.13 X 10~ to 1.33 X 10~ transduc-
tants per PFU or 4.02 X 10~ ' to 6.8 X 10~ '° transductants per
CFU. The transduction frequencies when the untreated
HOPE-1-T-$HSIC and HOPE-2-T-$D1B systems were used
were below the detection limit (see below).

The putative transductants found on the selective plates
coexisted with the phage. The colonies appeared to be wrin-
kled and to have colony morphology similar to that of the
lysogen L-HSIC (17). Transductants were confirmed by prob-
ing the colony lift membranes with the nptIl probe. Strong
hybridization of the nptIl probe was found with E. coli
RM1259, donor strain HOPE-1, and the transductants (data
not shown). No hybridization was observed in the wild-type
recipients, which suggests that plasmid DNA was introduced
into the recipients by phage transduction.

TABLE 3. Marine phage transduction with bacterial isolates as recipients

Frequencies of transduction

Donor Transducing phage(s) Recipient MOI
No. of transductants/PFU No. of transductants/CFU
HOPE-1 UV-treated T-$HSIC lysate HSIC (10 ml) 0.01 513 x107° 4,02 x 10710
HSIC (100 ml) <0.005 <2.6 x 1071
0.01 1.33 x 1077 6.8 X 10710
0.05 1.33 x 1078 6.8 X 10710
0.5 <2.6x 1071
Untreated T-HSIC lysate HSIC (10 ml) 0.01-10 ND*
HOPE-2 UV-treated and untreated T-$D1B lysates D1B (10 ml) 0.01-5 ND

“ND, not detected.
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FIG. 2. Dot blot hybridization of plasmid DNAs from E. coli RM1259, donor
strain HOPE-1, recipient strain HSIC, and transductants with the nprII probe.
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Analysis of plasmid DNA from transductants. To ensure that
the transferred plasmid DNA was maintained as a plasmid in the
transductants, plasmid DNAs extracted from E. coli RM1259,
donor strains, recipient strains, and transductants were dotted
onto a nylon membrane and probed with the plasmid nptII probe
(Fig. 2). Hybridization of the probe with DNAs from E. coli
RM1259, the donor strains, and all transductants was observed in
the autoradiograph. No hybridization with the plasmid DNA
from recipient strain HSIC was found. This result suggested that
the transferred plasmid DNA was maintained as an extrachro-
mosomal element in the transductant’s cells.

The restriction patterns of the plasmid DNAs from transduc-
tants, donors, and recipients were analyzed to determine similar-
ities and differences between the cells. Wild-type recipient strain
HSIC contained a high-copy-number plasmid upon isolation,
which interfered with the restriction pattern of the transduced
plasmid (data not shown). Therefore, to determine the restriction
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patterns of the transduced plasmid, HindIII-digested and undi-
gested plasmid DNAs from transductants, donors, recipients, and
E. coli RM1259 were Southern transferred to a nylon membrane
and probed with radiolabeled nptII probe. Figure 3 shows the
autoradiograph from the Southern hybridization experiment. The
hybridization patterns of the digested and undigested transduc-
tant plasmid DNAs were identical to those of the donor plasmid
DNA but were different from those of pQSR50 DNA in E. coli
RM1259. One large hybridization band was missing from undi-
gested pQSRS50 in E. coli RM1259 (Fig. 3, arrow). This change in
the plasmid band pattern may have resulted from transposition of
Tn5 from plasmid pQSRS50 to an indigenous plasmid of the wild-
type bacteria or from maintenance of the plasmid as a multimer
in the new host. No hybridization with either uncut or HindIII-cut
plasmid DNA of the recipient was observed.

According to the plasmid pQSR50 gene map (Fig. 1) pre-
sented previously (10), HindIII digestion of this plasmid should
generate a single 3.4-kb diagnostic band which hybridizes with
the nptll probe. However, in all HindllI-digested plasmid
DNAs, including the DNA of pQSR50 from parental strain
RM1259, an unexpected 1.2-kb band was found to hybridize
strongly with the probe. This Southern hybridization experi-
ment was performed several times by using plasmid DNA
extracted by different methods, and the presence of this 1.2-kb
band was confirmed. Although the reason for this band is
unknown, a similar hybridization pattern for HindIII-digested
pQSRS50 was also seen by other workers (51).

A replicate Southern transfer of plasmid DNAs was probed
with the T-dHSIC probe, and a 9-kb HindIII fragment was
found to hybridize in all digests of transductant plasmid DNA
(Fig. 4), while no hybridization was found in plasmid DNA
from the donor, recipient, or E. coli RM1259. This result sug-
gests that all of the transductants were lysogenized. However,
whether transduction and lysogenization occurred simulta-
neously, with plasmid and phage DNAs entering each cell from
a single transducing phage particle, or in a sequential process
involving more than one phage is not known. The sizes of the
T-dHSIC genome and plasmid pQSR50 are 37 and 14.4 kb,
respectively. Therefore, it is possible for a phage particle to
contain both plasmid DNA and part of the phage genome.

M123456738 91011 121314151617181920212223242526

_lll Ill i

‘ﬁ‘“‘“bu‘-Q.

FIG. 3. Southern hybridization of undigested and HindIII-digested plasmid DNAs from transductants, E. coli RM1259, donor strain HOPE-1, and recipient strain
HSIC, probed with the nprll probe. Lanes 1 through 20, plasmid DNAs from transductants; lanes 21 and 22, plasmid DNA from E. coli RM1259; lanes 23 and 24,
plasmid DNA from donor strain HOPE-1; lanes 25 and 26, plasmid DNA from recipient strain HSIC. Odd-numbered lanes contained undigested plasmid DNA,
whereas even-numbered lanes contained HindIII-digested DNA. Molecular weights (M) (in kilobases) are indicated on the left.
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FIG. 4. Southern hybridization of undigested (odd-numbered lanes) and HindIII-digested (even-numbered lanes) plasmid DNAs from transductants, E. coli
RM1259, and donor and recipient strains probed with the T-PHSIC riboprobe. For the contents of the lanes see the legend to Figure 3.

However, other possibilities are equally likely. To confirm ly-
sogenization, all putative transductants were tested for sensi-
tivity to T-HSIC, and all were found to be resistant.

Transduction assays performed with indigenous bacterial
communities as recipients. To understand the potential for
transduction in the marine environment, concentrated bacte-
rial communities from a variety of marine environments were
used as transduction recipients. Six samples were collected
from Tampa Bay, Florida, the Gulf of Mexico, and Dry Tor-
tugas, Florida, and indigenous bacteria from four of the sample
sites were resistant to kanamycin and streptomycin and hybrid-
ized with the nptIl probe before transduction, which made it
impossible to detect transductants in these samples by the
currently used detection method. This may have been caused
by Tn5-like sequences in the natural communities.

Potential transduction was found in two experiments (Table
4) performed with the bacterial recipients collected from the
mouth of Tampa Bay and the deep-sea environment of the
Gulf of Mexico. The indigenous kanamycin- and streptomycin-

resistant bacteria from these two locations did not hybridize
with the nptll probe before transducing phages were added
(Fig. 5), but they were hybridization positive after transduction
assays performed with the HOPE-2-T-$D1B transducing ly-
sate and the UV-treated HOPE-2-T-$D1B transducing lysate,
respectively. The frequencies of transduction in these bacterial
communities ranged from 1.57 X 10 ® to 3.7 X 10~ ® transduc-
tants/PFU (Table 4). No transduction was observed with
T-dHSIC lysates.

Plasmid miniprep analysis of these putative transductants
yielded restriction patterns unlike the restriction patterns of
the native pQSR50 plasmid (data not shown). Since we have
observed similar phenomena after plasmid transformation of
indigenous flora recently (12), we used PCR primers specific
for pQSR50 to amplify the plasmid DNA sequences from the
control colonies (antibiotic-resistant indigenous recipients that
did not hybridize with the plasmid probe) and putative trans-
ductants. Figure 6 shows the results of amplification with prim-
ers JP44 and JP52, which specifically amplify the Tn5 region of

TABLE 4. Transduction performed with concentrated marine bacterial communities as recipients

Transduction Transduction

Recipient sampling site Donor Transducing phage(s) frequency (no. of detection limit (no. of
transductants/PFU) transductants/PFU)
Mouth of Tampa Bay HOPE-1 T-$HSIC ND“ 1.74 X 10710
(27°357, 82°43") HOPE-1 UV-treated T-$HSIC ND 1.74 X 10710
HOPE-2 T-6éD1B 1.57 x 1078 1.74 X 10710
Gulf of Mexico (27°04’, HOPE-2 T-$D1B, UV-treated T-¢D1B -t
83°78")
Gulf of Mexico, Chal HOPE-2 T-$D1B, UV-treated T-¢D1B —
Max (28°38’, 84°35")
Gulf of Mexico (depth HOPE-2 UV-treated T-¢D1B 3.7x10°8 3.7 %1078
1,500 m) (24°55',
85°32")
African Reef, HOPE-1 T-6HSIC, UV-treated T- —
Loggerhead Key $HSIC
(24°39', 82°56")
HOPE-2 T-$D1B, UV-treated T-¢D1B —
Wreck, Loggerhead Key HOPE-2 T-$6D1B, UV-treated T-$D1B —

(24°39', 82°56")

“ND, not detected.
> sequences homologous to nptIl are present in the indigenous population.
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FIG. 5. Colony hybridization after a transduction assay performed with in-
digenous bacterial communities from Tampa Bay as recipients. (A) Control (no
lysate added). (B) Transduction with HOPE-2-T-$D1b lysate. (C) Transduction
with HOPE-1-T-¢HSIC lysate. (D) Transduction with UV-treated HOPE-1-
T-HHSIC lysate.

the pQSR50 plasmid. Amplification products were observed
only when the transductant plasmid and pQSR50 DNAs were
used as templates (Fig. 6, lanes 1 through 7 and 13, respec-
tively) and were hybridized with the nptII probe. Amplification
products or hybridization signals were not found when the
plasmid DNAs of the control colonies were used.

Primers JP64 and JP65, designed to specifically amplify a
635-bp region of pQSR50 containing an EcoRI site (Fig. 1),
were also used to amplify the plasmid DNAs from the trans-
ductants and control colonies. Amplification products that
were approximately 700 bp long were observed in the plasmid
DNAs of the transductants and pQSR50 (Fig. 7). However, the
transductants’ plasmid amplification products were slightly
larger than the pQSR50 amplification product and seemed to
have lost the EcoRI site (Fig. 7). They were resistant to EcoRI
digestion, while the amplification product of pQSR50 was di-
gested into two fragments (Fig. 7). Plasmid pQSR50 may have
recombined with an indigenous extrachromosomal element(s),
and the restriction site may have been lost during the process.

M 1t 2 3 4 5 6 7 8 9 10 11 12 13 14
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FIG. 6. Autoradiograph after Southern transfer of an agarose gel containing
PCR products obtained with primers JP44 and JP52. The template DNAs were
plasmid DNASs of transductants (lanes 1 through 7), plasmid DNAs of indigenous
antibiotic-resistant bacteria (lanes 8 through 12), and pQSR50 DNA (lane 13).
Lane 14 was a negative control (no template DNA). The preparations were
hybridized with the nptll probe. Lane M contained a molecular weight marker;
sizes (in base pairs) are indicated on the left.
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FIG. 7. PCR amplification performed with primers JP64 and JP65 and
EcoRI-digested amplification products. The template DNAs were DNAs from
plasmids of transductants (lanes 1 through 10), indigenous antibiotic-resistant
bacteria (lanes 11 and 12), and pQSR50 (lanes 13 and 14). Odd-numbered lanes
contained uncut DNA, and even-numbered lanes contained EcoRI-cut DNA.
Lane M contained a molecular weight ladder; sizes (in base pairs) are indicated
on the right.

The presence of similar gene sequences in the recipient cells
may have also been a factor facilitating the transduction pro-
cess (see below).

Primers JP64 and JP65 were also used to amplify plasmid
DNAs from nptll hybridization-positive indigenous bacteria
found in other environments. No amplification products were
found in any of the samples tested (data not shown). This
result suggests that the indigenous bacteria were different from
the putative transductants. Only putative transductants con-
tained gene sequences similar to the gene sequences in the
region near the EcoRlI restriction site of the pQSR50 plasmid.

A gene probe constructed for the T-$éD1B gene was used to
probe the putative transductants from the environment. No
hybridization occurred, suggesting that the transductants were
not lysogenized (data not shown).

DISCUSSION

The results of transduction assays performed with indige-
nous marine phage host isolates and mixed bacterial commu-
nities as recipients suggest that transduction can be a means of
gene transfer in the marine environment. In this study, we
demonstrated that a marine phage host isolate is capable of
transferring an antibiotic-resistant plasmid among bacterial
hosts. Plasmid transduction in this phage-host system was con-
firmed by selection of antibiotic-resistant colonies on nutrient
plates, colony hybridization, plasmid DNA restriction analysis,
and Southern hybridization. The potential for plasmid trans-
duction in marine bacterial communities was also assayed by
using concentrated indigenous bacterial populations as recip-
ients. Putative transductants were detected in two of the six
experiments performed. These putative environmental trans-
ductants were separated from indigenous antibiotic-resistant
bacteria by colony hybridization and PCR amplification with
two sets of primers specific for two regions of the plasmid. This
was the first attempt to study the potential for transduction in
mixed marine bacterial communities. Ackermann and DuBow
(1) have suggested that transduction can occur in all phage-
host systems because mistakes in phage replication are made in
all systems. However, the frequencies of transduction are often
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below the detection limit, or there is not a genetic marker
which can be detected.

The use of UV radiation-treated transducing lysates in this
study may have increased the frequency of transduction. Many
studies have shown that UV treatment of transducing lysates
increases the frequency of transduction from 10- to 50-fold (28).
The effect of UV radiation may be due to inactivation of virulent
effects of the infectious bacteriophage particles that are present in
the lysate (7, 8). Alternatively, it has been suggested that this
treatment stimulates recombination within a recipient cell, which
leads to increased incorporation of the transduced DNA into the
recipient’s genetic elements (4). Sandri and Berger (38) showed
that only about 10% of the P1 transducing DNA injected into a
recipient cell was stably maintained in the cell. Recombination
with the recipient native genetic elements could increase the sta-
bility of the introduced DNA. Therefore, the presence of gene
sequences similar to the gene sequence of the introduced DNA in
a recipient cell may increase the transduction frequency via re-
combination. Such a similarity may facilitate plasmid transfer to
natural communities.

Potential for gene transduction in the marine environment.
Both viruses and bacteria are abundant and active in the ma-
rine environment. Recently, lysogenic bacteria have also been
shown to be an important component of marine bacterial com-
munities (18-20). It is reasonable to believe that transduction
occurs in natural marine microbial populations. To predict the
potential rate of transduction in the marine environment, we
constructed a simple model by using the following factors:
bacterial abundance, viral abundance, and the frequencies of
transduction. The results of previous transduction assays (23,
30, 36, 46) and this study suggested that transduction frequency
is a function of MOI and that this function is most similar to a
second-order polynomial function (Y = aX? + bX + c), with
the frequency of transduction decreasing below and above the
optimal MOI. Using transduction frequencies and MOI data
presented in Table 4, we predicted a second-order polynomial
equation by using Excel spreadsheet software (Microsoft
Corp.). The relationship between transduction frequencies and
MOI is expressed in a numerical model by equation 1:

F=-2X10M*+108M+3x10710 (1)

where F, is the frequency of transduction and can be rewritten
as the ratio of the number of transductants (7)) to the number
of recipient bacteria (B) and M is the MOI, which is the ratio
of phage concentration (P) to recipient bacterial concentration
(B). Therefore, the numerical model for transduction (equa-
tion 1) can be transformed to equations 2 and 3:

TIB= — (22X 107 (P/B)* + (10°%) (P/B) + 3 X 10719 (2)
T=—-2X10PYB+ (10 P+B X108 (3)

Assuming that there are n types of phage-host systems in the
marine environment and that all natural systems fit our model
of transduction based on the study of marine phage host iso-
lates, then the total number of transductants (7,) is sum of the
number of transductants in each phage-host system (7;) and
can be written as:

T,= 2T, (4)

i=1
Therefore, the total number of transductants in an aquatic

system after extrapolation from equations 3 and 4 can be
modeled by equation 5:
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> — 2 x 10)P(P/B) + >, (10P,

i=1

2T,
i=1

+ > (3x1079B, (5)

where

> P;and >, B;
i=1 i=1

are the total number of viruses (P,) and the total number of
bacteria (B,), respectively, in an environment. Therefore, equa-
tion 5 can be rewritten:

T,= — (2% 10 P(P/B,) + (10°P, + 3 X 10 B,  (6)

In any microbial system, P; ranges from 1 to a maximum of the
total viral density. B; ranges from the below the threshold
density which supports viral replication to a maximum of the
total bacterial concentration. Wiggins and Alexander (50) sug-
gested that the threshold density for bacterial hosts which
supports viral replication is about 10* cells/ml in the aquatic
environment. By using bacterial and viral concentrations of
2 % 10 cells/liter and 10'° virus particles/liter, respectively, for
Tampa Bay, Florida (18), the total number of transductants in
1 liter of Tampa Bay water per day was calculated from equa-
tion 6. The results ranged from negative values to 100 trans-
ductants/liter per day. Negative values resulted when the con-
centration of one type of phage was more than 50% of its host
concentration (P/B; > 0.5), which is unlikely in the environ-
ment. The maximum value resulted when the concentration of
the host population was maximum and the phage concentra-
tion was the lowest concentration observed. Assuming that
negative values represent zero transductants, then from 0 to
100 transductants can occur in 1 liter of water in 1 day in the
Tampa Bay environment. When this transduction rate was
extrapolated to the ecosystem scale of the Tampa Bay Estuary
by using a bay water volume of 3.56 X 10" liters, transduction
rates of up to 1.3 X 10'* transductants per year were estimated.

This is the first attempt to quantify transduction rates in the
marine environment, and our model is based on several assump-
tions. For example, the model assumes that all marine phages are
infective. However, several researchers (45, 54) have suggested
that a large number of phages in the environment are not infec-
tious because they are inactivated by solar radiation. Further-
more, we assumed that all phage-host systems in the marine
environment fit the transduction model generated with a single
phage-host system, which is unlikely. Other marine phage trans-
duction systems may have generated different numerical models.
In fact, higher transduction frequencies per MOI were detected
previously in a marine Vibrio-phage transduction system (16). To
simplify the model, many factors which may influence the trans-
duction rate were not considered in the model, including temper-
ature, ionic strength, effect of predation on marine bacteria, and
the nonspecific attachment of phage to other particles. To achieve
a more closely fitting transduction model for the marine environ-
ment, several marine phage-host transduction systems should be
used to generate polynomial empirical curves and equations, and
all of the factors mentioned above should be integrated into the
model. However, despite the limitations of our current transduc-
tion model, this quantitative estimation tool is important to our
understanding of the potential for transduction in marine micro-
bial systems.
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In summary, this research demonstrated the potential for bac-
teriophage-mediated gene transfer in the marine environment.
Gene transfer by transduction may be an important mechanism
for gene evolution in the marine environment, and bacteriophage
transduction could play an important role in contributing to the
genetic diversity of marine microbial populations.
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