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We examined transfer of naphthalene-catabolic genes from donor microorganisms native to a contaminated
site to site-derived, rifampin-resistant recipient bacteria unable to grow on naphthalene. Horizontal gene
transfer (HGT) was demonstrated in filter matings using groundwater microorganisms as donors. Two distinct
but similar plasmid types, closely related to pDTG1, were retrieved. In laboratory-incubated sediment matings,
the addition of naphthalene stimulated HGT. However, recipient bacteria deployed in recoverable vessels in the
field site (in situ) did not retrieve plasmids from native donors. Only when plasmid-containing donor cells and
naphthalene were added to the in situ mating experiments did HGT occur.

Horizontal gene transfer (HGT) is a genetic mechanism by
which microorganisms can acquire novel metabolic capabili-
ties. Because of the potential widespread impact of HGT in a
variety of environments, HGT has become the focus of increas-
ing inquiry. HGT has been demonstrated to have diverse and
far-reaching implications that include the spread of antibiotic
resistance (6, 7, 20, 34), risk assessments for release of genet-
ically engineered microorganisms (10, 45, 48), and the poten-
tial for control of environmental contaminants by microorgan-
isms (22, 30, 44).

Because plasmids may promote their own transfer and en-
code advantageous metabolic traits, conjugal plasmid transfer
has been studied extensively as a major mechanism of HGT in
a variety of environments that range from water and sediments
to biofilms and activated sludge systems (8, 9, 11, 12, 14, 32). In
situ conjugal plasmid transfer in specific field sites has tradi-
tionally been difficult to document due to the variability and
uncontrolled aspects of field studies. Therefore, a variety of
laboratory microcosm studies and controlled field investiga-
tions have been performed in an attempt to document and
elucidate factors that promote conjugal plasmid transfer. Mi-
crocosm experiments in which defined donor and/or recipient
cells are added have elucidated several factors that can affect
conjugal plasmid transfer. Among these, the presence of sper-
mosphere (38) and rhizosphere (33, 37), soil sterilization and
the addition of nutrients (4, 31, 43), the presence of a selective
carbon source (10, 11, 29), donor and recipient cell density and
cell metabolic status (29, 41), and the presence and activity of
soil invertebrates (3, 5) have all been shown to influence gene
transfer events in a variety of environmental samples. Two
recent in situ investigations of conjugation have also been
performed in field sites: manure was shown to enhance plasmid
mobilization as well as survival of a Pseudomonas putida recip-
ient strain introduced into agricultural soil (16). Also, plant
growth stage influenced plasmid capture by a Pseudomonas
recipient in the sugar beet phytosphere (23).

Circumstantial, or retrospective, evidence for HGT at our
coal tar-contaminated field site was provided with the discov-
ery of incongruent phylogenetic patterns between the 16S
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rRNA and nahAc genes in naphthalene-degrading bacterial
isolates native to the site (19). Naphthalene-catabolic plas-
mids were subsequently isolated and characterized from these
bacterial isolates. These plasmids were found to be self trans-
missible and homologous to pDTGI, a well-studied naphtha-
lene-catabolic plasmid from P. putida NCIB 9816-4 (13, 40).
By using the plasmid capture procedure pioneered by Bale
et al. (1), the potential for horizontal gene transfer among
sediment bacteria indigenous to our study site was previously
demonstrated when filter matings between the native sediment
bacterial community and a single cured, rifampin-resistant, site-
derived recipient strain (Cg9.CR) yielded two similar but dis-
tinct types of naphthalene-catabolic plasmids (40). The present
study was designed to further explore HGT of naphthalene-
catabolic plasmids in our field site.

All sediment and groundwater plasmid capture experiments
were performed at a coal tar-contaminated area located in
Glen Falls, N.Y. Three particular locations were the focus of
the present study: monitoring wells 36 (MW36) and MW4
(contaminated and uncontaminated, respectively) and contam-
inated surface sediments from the downgradient seep area.
Characteristics and details of this site have been previously
published (24-27, 42). Naphthalene-degrading strains isolated
from contaminated sediment from our study site (designated
Cg) have been previously described (19). Naphthalene-cata-
bolic plasmids within these strains are designated pCg. Strains
which have been cured of their naphthalene-catabolic plasmids
are resistant to rifampin and therefore can serve as recipient
(Nap~Rif") strains (designated Cg_.CR) (40). All naphtha-
lene-degrading strains were maintained on Stanier’s mineral
salts medium with naphthalene vapor (MSB-N) as sole carbon
source (39, 40). In addition, rifampin (300 wg/ml), cyclohexi-
mide (100 pg/ml), and/or pyruvate (added to 0.1% vol/vol) (all
from Sigma) were added to agar plates in the mating and soil
recovery experiments described below.

Laboratory filter matings between recipient cells and ground-
water microorganisms utilized recipient cells (10° cells total)
grown overnight in Luria Bertani (LB) broth (35) amended
with 300 pg of rifampin per ml. These were harvested by cen-
trifugation and washed with phosphate-buffered saline (PBS)
(35). Recipients were suspended in 50 pl of PBS and were kept
on ice overnight during transport to our field study site where
donor cells from the native groundwater community were har-
vested. These potential donor cells were obtained from ground-
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water as follows. Three well volumes (~6 to 7 liters per well)
were purged from the groundwater monitoring well at a flow
rate of 300 ml/min with a peristaltic pump (Geotech Environ-
mental, Denver, Colo.) connected by polyethylene tubing to
the well-screening depth of 20.5 ft. After purging, 420 ml of
groundwater was filtered through 0.2-pm-pore-size, 25-mm-
diameter filters (Millipore) on site. Filters were placed onto
LB plates (cell side up). The 50-wul suspension of recipients
(~10° cells) was subsequently spread onto the filter. The plates
were incubated overnight, agar side down, in the dark at room
temperature. Filters were removed and vortexed in 1 ml of
PBS for 30 s to remove cells. Transconjugants were enumer-
ated on MSB-N plates amended with rifampin and cyclohexi-
mide. Controls containing donor cells only were enumerated
on MSB-N plates. Controls containing recipient cells only were
enumerated on MSB amended with pyruvate, rifampin, and
cycloheximide. Both donors and recipients were also plated
onto MSB-N amended with rifampin to account for spontane-
ous rifampin resistance and/or experimental errors. The geno-
types of putative transconjugants and cured recipient strains
were compared by using enterobacterial repetitive intergenic
consensus (ERIC) PCR as previously described (40, 46).
Growth on naphthalene, PCR detection of nahAc, plasmid
isolation, plasmid restriction fragment length polymorphism
(RFLP) analysis, and Southern hybridization have all been
discussed previously (40).

For the in situ sediment experiments, open-ended glass cyl-
inders (3-cm diameter, 3-cm height, able to contain approxi-
mately 15 g of wet sediment) were inserted into contaminated
sediments where contaminated water seeps to the surface at
the base of a hill (26). Recipient strains, prepared as described
above, were added separately to the desired density of cells per
gram of wet sediment. In the treatments receiving LB broth
amendments, 250 wl of 7.5X LB broth was added after adding
recipients to the cylinder-enclosed sediments. For treatments
receiving naphthalene amendments, approximately 0.05 g of
naphthalene crystals was added to cylinder-enclosed sedi-
ments. For several treatments, donor strain Cg21 (grown over-
night in LB broth, harvested by centrifugation, suspended in
saline, and stored on ice until arrival at the study site) was
added to a density of 10° or 107 cells/g of sediment. After
adding amendments, sediments within the glass cylinders were
subsequently mixed by hand with a sterile toothpick. Incuba-
tion times ranged from 2.5 h to 9 days in situ. Cylinders con-
taining sediment plugs were then removed by hand and placed
into sterile 250-ml screw-cap jars. Cells were released from
sediment as follows: a 75-ml volume of 0.1% Na,P,O, (pH 7.2)
was added to the 15-g sediment plug in the jar and was vor-
texed for two 30-s intervals (2, 21). Sediment homogenate was
then diluted in 0.1% Na,P,O, (pH 7.2) and was plated as
described above. The in situ groundwater mating attempt uti-
lized flowthrough chambers (Margan, Inc., Atlanta, Ga.) (47)
that, after being filled with approximately 38 g of autoclaved
site sand and inoculated with 10? recipient cells/g of sand, were
suspended in groundwater monitoring wells for 2 days prior to
being retrieved, diluted, and plated on transconjugant-selective
media as described above. Because our main goal was to qual-
itatively demonstrate HGT in the field environment using as
many recipient strains as possible, experiments were logisti-
cally constrained. Our strategy was to achieve scientific quality
by replicating experiments in time, not by having many repli-
cates per treatment.

To examine the potential for horizontal gene transfer within
the planktonic subsurface microbial community, cells in con-
taminated (MW36) and uncontaminated (MW4) groundwater
were used as donors in filter matings with five cured, rifampin-
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TABLE 1. Retrieval of two types of naphthalene-catabolic plasmids
from laboratory-incubated filter matings between the microbial
community native to the contaminated MW36“ and
recipient strains (10° cells per mating)

No. of transconjugants from plasmid®

Recipient

RFLPa RFLPb
Cgl.CR 9 20
Cg2.CR 2 1
Cg4.CR 7 10
Cg9.CR 1 9
Cg21.CR 0 3

“No transconjugants were obtained from filter matings with the microbial
community from uncontaminated groundwater (MW4).

® Total colonies resistant to rifampin and able to grow on naphthalene. RFLP
patterns type a and b are described in the text and in the legend to Fig. 1.

resistant, site-derived recipient strains (Table 1). Based on
subsequent acridine orange direct cell counts, a total of 2 X 10°
cells and 2 X 107 cells were collected from MW4 and MW36,
respectively. Microorganisms in aliquots of groundwater plated
onto transconjugant-selective medium (no added recipient
bacteria) failed to grow, indicating that the rifampin effectively
inhibited native naphthalene-degrading bacteria in the ground-
water. No transconjugants were obtained in the filter mating
with the microorganisms native to uncontaminated ground-
water and the recipients. We presume this absence of plasmid
transfer from microorganisms in pristine water was due to the
absence of selective pressure for naphthalene-metabolizing
populations, but other causes, including fewer total cells, may
also have contributed to the result.

From the mating with the contaminated groundwater com-
munity, 62 potential transconjugants (Table 1) were obtained.
The potential transconjugants were verified as being derived
from recipient strains by ERIC repetitive extragenic palin-
dromic (REP)-PCR (40). Each of the recipients displayed dis-
tinctive patterns consisting of 4 to 11 bands, depending on the
strain. Only after ERIC REP-PCR banding patterns were
found to match between each recipient and corresponding
transconjugant were the latter picked and restreaked onto
fresh transconjugant-selective medium in the presence and
absence of naphthalene vapors. Colonies growing only in the
presence of naphthalene were chosen for further analysis. All
62 of the transconjugant strains from contaminated ground-
water were found to contain the predicted 700-bp nahAc gene
fragment by PCR and a large plasmid, comparable in size to
our original site-derived naphthalene-catabolic plasmids. Fol-
lowing extraction, purified plasmid DNA was digested with
Xhol, separated by gel electrophoresis, and analyzed by South-
ern blotting and hybridizations to our pDTG1 probe (40).
RFLP analysis of naphthalene-catabolic plasmids from our
field site revealed two patterns (Fig. 1). RFLP pattern “a” (Fig.
1, lanes 1 to 3) consisted of seven bands (>23, 10.9, 6.0, 5.2,
3.9, 2.4, and 1.9 kb). Plasmids exhibiting RFLP pattern type
“b” (Fig. 1, lanes 5 to 10) also hybridized with high affinity to
our pDTGI probe and contained additional restriction frag-
ments of 4, 8.5, and 12 kb. RFLP types a and b confirm the
patterns previously reported by Stuart-Keil et al. (40). Table 1
shows that not only were plasmids retrieved exclusively from
contaminated well water, but RFLP type b seemed to be pref-
erentially retrieved by four of the five recipient strains. Thus,
using our plasmid retrieval procedure, we were able to dem-
onstrate that the microbial community native to the contami-
nated groundwater contains self-transmissible naphthalene-
catabolic plasmids. Stuart-Keil et al. (40) obtained similar
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FIG. 1. RFLP characterization and Southern hybridization of pDTGI to
naphthalene-catabolic plasmids isolated from transconjugants retrieved from
groundwater microorganisms after filter matings with recipient strains Cg1.CR,
Cg2.CR, Cg9.CR, and Cg21.CR. The plasmids were digested with XAol and were
electrophoresed on a 0.7% agarose gel. M, lambda DNA cut with HindIII.
Digested plasmids were loaded into the following lanes: 1, pDTG1; 2 to 7, Cgl
transconjugants; 8, Cg2 transconjugant; 9, Cg9 transconjugant; 10 and 11, Cg21
transconjugants. Lanes 1, 2, and 3 represent RFLP pattern a; lanes 5 to 10
represent RFLP pattern b. Plasmids in lanes 4 and 11 did not digest.

results when the donor cells were derived from a sediment
suspension from our study site.

Three unsuccessful attempts to document plasmid transfer
in the field (in situ) were completed. Experiments placed up to
nine recipient bacteria at densities ranging from 10° to 10° per
gram in contaminated-site sediment (twice) and in well water
(once). Recipient recovery ranged from >100% for all strains
after only 2.5 h to between 1.2 and >100% after 3 days, de-
pending on the recipient strain. However, no transconjugants
were recovered. Although a wide variety of factors may explain
the lack of conjugation between the native microbial commu-
nity and our recipient strains under field conditions, we hy-
pothesized that three key interacting factors may prove crucial:
(i) type and duration of cell-cell contact, (ii) physiological
status of donors (especially as governed by carbon amend-
ments), and (iii) substrate-specific plasmid mobilization mech-
anisms.

In order to more closely examine factors promoting HGT,
two plasmid capture experiments were implemented by using
contaminated sediments in laboratory-incubated microcosms.
The first experiment examined the effects of carbon source
amendment (LB broth, LB broth plus naphthalene, and sterile
water) on conjugation frequency and survival of inoculated
recipient strains in contaminated sediment over a period of
5 days. Recipient strains Cgl.CR, Cg2.CR, Cg4.CR, Cg5.CR,
Cg8.CR, Cgy.CR, Cgl2.CR, Cgl6.CR, and Cg21.CR were
added (10° cells/g) to 30 g of contaminated sediment in sepa-
rate 250-ml widemouth ball jars. Microorganisms in sediment
homogenate plated onto transconjugant-selective medium (no
added recipient bacteria) failed to grow, indicating that the
rifampin effectively inhibited native naphthalene-degrading
bacteria. Percent recoveries of the various recipient strains
ranged from 3 to 9% in the water-only treatment (5 ml per 30 g
of sediment), from 1.4 to >100% in the LB broth-amended
treatment (5 ml per 30 g of sediment), and from 0.2 to >100%
in the LB broth plus naphthalene treatment (0.5 g in sterile test
tube for vapor phase delivery). Cgl.CR and Cg21.CR were
consistently among the recipients with the highest percent re-
coveries in all three treatments. Although recipient strains
were recovered from all treatments, transconjugants were ob-
tained only when both LB broth and naphthalene were added
to the microcosms. Potential transconjugants were character-
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ized as above. All 16 of the transconjugant strains were found
to contain the nahAc gene by PCR amplification. A large plas-
mid, comparable in size to our original site-derived naphtha-
lene-catabolic plasmids, was found in all of the transconjugant
strains. All of the sediment-derived plasmids displayed our two
basic RFLP patterns as described above: nine displayed RFLP
pattern a and seven displayed RFLP pattern b of Fig. 1. Strain
Cg4.CR preferentially retrieved RFLP pattern a plasmids (sev-
en RFLP pattern a, one RFLP pattern b) while Cg2.CR (no
RFLP pattern a, two RFLP pattern b) and Cg21.CR (one RFLP
pattern a, three RFLP pattern b) preferentially retrieved RFLP
pattern b. Cgl.CR retrieved one plasmid of each type.

The influence of incubation duration and naphthalene on
conjugation frequency and recipient survival was tested in the
second laboratory experiment. In an attempt to increase recip-
ient recovery levels after an extended incubation time period,
we boosted the number of Cg21.CR cells to 10%/g of sediment.
The presence of naphthalene (0.25 g in sterile test tube for
vapor phase delivery) had little effect on recipient recovery
levels throughout 11 days of incubation (Table 2), and recovery
actually dropped more in the presence than in the absence of
naphthalene by day 14 (P = 0.05; three replicate plates). None-
theless, 19 transconjugant colonies were obtained only after 14
days of incubation and only in the presence of naphthalene
(Table 2). The transconjugants were characterized as ex-
plained above. The same two basic plasmid RFLP types were
obtained: 11 RFLP pattern a and 8 RFLP pattern b. These
results indicate that incubation times of 2 weeks could be
required for detection of transconjugants in our microcosm
studies. Time-dependent processes such as growth, motility,
cell-cell contact, and cell physiological conditions all may have
contributed to the conjugation events that occurred between
days 11 and 14.

We obtained transconjugants in two of our laboratory stud-
ies: after 5 days of incubation in the presence of LB broth and
naphthalene and after 14 days of incubation in the presence of
naphthalene only (Table 2). Thus, we returned to our field site
to determine if conditions found conducive to plasmid trans-
fer in the laboratory could trigger the process in the field. In
this fourth in situ sediment experiment, the effects of added
naphthalene and donor strains were tested. Recipient strains
Cg21.CR and Cgl.CR, prepared as described above, were in-
oculated separately at 107 cells/g into glass cylinder-enclosed
site sediment in the presence and absence of added naphtha-
lene (approximately 0.05 g each). In additional treatments, to

TABLE 2. Influence of duration of laboratory incubation and
naphthalene on survival of inoculated recipient bacteria and on
frequency of conjugation between the native sediment microbial
community (10 g of sediment) and recipient strain
Cg21.CR inoculated at 10° cells/g

Recipient recovery” and transconjugant plasmid type

;2::'3(32;5 No added naphthalene Naphthalene added
%R RFLPa RFLPb %R RFLPa RFLPb
4 12 0 0 7.3 0 0
6 2.5 0 0 52 0 0
8 1.5 0 0 0.8 0 0
11 0.2 0 0 0.2 0 0
14 0.09 0 0 0.04 11 8

“ %R, percent recipient recovery. Percent of initial inoculum growing from a
2-g subsample diluted and plated in duplicate on Stanier’s mineral salts medium
supplemented with 300 pg of rifampin per ml, 100 pg of cycloheximide per ml,
and 0.1% pyruvate.



VoL. 66, 2000

test the influence of donor populations on horizontal gene
transfer in bulk sediment in situ, we added a donor strain Cg21
(from which strain Cg21.CR was derived [40]) at 10° and 107
cells/g to our Cg21.CR treatments. In another treatment fo-
cusing on the role of donor strains, we added cells native to the
sediment that had been grown on naphthalene for 7 days.
Cgl.CR and Cg21.CR were recovered after both 2 and 9 days.
In all treatments except Cg21.CR plus Cg21 donor (10%g),
recipient recovery was significantly higher (P = 0.05; three
replicate plates) in the presence of naphthalene. The reason
for the influence of naphthalene on survival here, but not in the
prior laboratory tests (Table 2), is unknown. Despite recipient
recovery (ranging from 0.007 to 62%), we did not obtain
transconjugants from any recipient-only treatments, nor did we
obtain transconjugants from any of our treatments to which
we added laboratory-incubated naphthalene-grown sediment
microorganisms from a naphthalene enrichment culture. Fur-
thermore, when donor strain Cg21 was added at 10° cells/g,
no transconjugants were obtained. However, when the donor
strain (Cg21) was added at 107 cells/g to sediments along with
Cg21.CR recipient in the presence of added naphthalene, a
single transconjugant colony was obtained. This colony was
derived from Cg21.CR as verified by ERIC REP-PCR. After
plasmid extraction, Xhol digestion, and Southern hybridization
to pDTGL, the plasmid obtained from the Cg21 transconjugant
was shown to be identical to pCg21.

We can suggest several hypotheses to explain why we ob-
tained a transconjugant only from our treatment to which we
added Cg21.CR and Cg21 donor at 107 cells/g. Because we do
not know the number of potential donors added from our
naphthalene enrichment, it is possible that we did not add a
sufficient number of donors, thereby preventing adequate cell-
cell contact with our recipients. This idea is supported by the
lack of transconjugants resulting from our treatment where we
added a 10-fold-lower inoculum of Cg21 donor (from 107 to
10%g). Another possibility is that potential donors from the
enrichment culture were intrinsically less compatible with our
added Cg21.CR than its parent Cg21 donor. In support of this
idea, interstrain laboratory filter matings between Cg21 donor
and phylogenetically distant recipient strains occurred 100- to
1,000-fold less frequently than matings between Cg21 donor
and its cured daughter strain (40). In the field environment, the
physical and physiological status of native donors will play a
major role in determining the success of conjugation events
with added recipient bacteria. These factors are currently not
well understood, but we hypothesize that the lack of adequate
cell-cell contact as well as the suboptimal physiological status
of potential donors are among the most critical.

The goal of this study was to increase understanding of HGT
in the field by using laboratory and field studies. The four
decades of adaptation by the microbial community native to
our study site is a duration that defies experimental duplica-
tion. In addition, our experiments have been limited by (i)
rates of survival of inoculated recipient strains, (ii) the traits of
our recipient strains, and (iii) uncertainties about the naturally
occurring donor organisms. Nonetheless, we have shown that
HGT can occur under favorable laboratory and field condi-
tions and that recipient survival is necessary but not sufficient
for conjugation to occur. Clearly, conjugation was a strain-
specific process in sediment that was triggered by carbon, es-
pecially naphthalene, amendment. Naphthalene stimulation of
conjugation may occur via a variety of possible mechanisms.
The naphthalene could have stimulated growth of potential
donors in the sediment environment. The growth rate of do-
nors has been shown to be positively correlated with plasmid
transfer rate under laboratory culture conditions as well as in

HORIZONTAL TRANSFER OF NAPHTHALENE CATABOLIC PLASMIDS 3091

soil microcosms (36, 41). In addition to enhancing the physi-
ological status of the donor cells, the naphthalene could have
led to an increase in donor population size. The population
density of both donors and recipients obviously controls cell-
cell contact, but such contact becomes important in sediment
where cellular interactions can be impeded by the solid matrix.
Conjugation frequencies drop several orders of magnitude
when comparing filter matings to matings in soil microcosms.
For example, Neilson et al. (28) demonstrated transfer fre-
quencies of plasmid pJP4 to decrease from 10 */parent in
laboratory matings on solid agar media to 10~ >/parent in
sterile soil to 10~%/parent in 2,4-dichlorophenoxyacetic acid-
amended nonsterile soil. Thus, an increase in donor population
size would enable increased cell-cell contact with our recipi-
ents in the sediment environment. Similarly, it is also possible
that naphthalene stimulated growth of the newly formed
transconjugant cells, thus increasing their population size to a
level detectable by our experimental system.

Alternatively, naphthalene could have acted as a molecular
signal to induce plasmid transfer from the donors native to our
field site to our added recipient bacteria. Plant-synthesized
octopines have been shown to induce transfer of the Ti plas-
mid between Agrobacterium tumefaciens cells (15). However, to
date, no analogous naphthalene-specific transfer mechanisms
have been described. Naphthalene could also affect individual
cell motility. Grimm and Harwood (17, 18) have demonstrated
chemotaxis of Pseudomonas spp. to naphthalene. Perhaps trav-
el over small distances can increase the cell-cell contact clearly
crucial for HGT.

We conclude that a variety of interacting factors govern
HGT of naphthalene-catabolic plasmids in our field site, most
notably suitable donor cells at proper density and the presence
of naphthalene. The mechanism of HGT stimulation by naph-
thalene awaits explanation.
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