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Abstract. Conjugal transfer of a multiresistance plasmid fromPseudomonas fluorescensto halophilic and
halotolerant bacteria was studied under in vitro and in situ conditions. Mating conducted in broth as well
as on plates yielded a plasmid transfer frequency of as high as 1023. Among these two, plate mating
facilitated conjugal transfer of plasmid, because the cell-to-cell contact is more in plate mating. WhenP.
fluorescenswas incubated in seawater, the organism progressively lost its colony forming activity within
15 days. Microscopic examination revealed the presence of very short rods, indicating that the cells have
become viable but nonculturable (VNC). Mating conducted in natural seawater without any added
nutrients revealed that the conjugal transfer is influenced by the physical state of the donor and the
recipients as well as the availability of nutrients. But a plasmid transfer frequency of 1027 was obtained
even after the donor cells have become VNC suggesting that the nonculturable state and nutrient deprived
condition may not limit plasmid transfer. The results suggest that the terrestrial bacteria entering into the
seawaters with antibiotic resistance plasmids may be responsible for the prevalence of resistance genes in
the marine environment.

The use of antimicrobial agents in both human and
veterinary medicine exerts a strong selective pressure
among bacteria, leading to the emergence and dissemina-
tion of antibiotic resistance genes [13, 18, 36]. Generally,
bacteria with the highest level of resistance are isolated
from environments such as hospitals, sewage, effluents,
and wastewater which are contaminated with antimicro-
bial agents [8, 11, 21, 31]. However, resistant bacteria
have also been isolated from nonselective environments.
For instance, Kobori et al. [16] reported the incidence of
antibiotic resistance among bacteria isolated from Antar-
tica, where there is very little human activity. Thus, it
remains a mystery for the microbial ecologists to under-
stand the evolution of antibiotic resistance in natural
environments, especially in a marine ecosystem, which is
essentially free of selective pressure due to anthropogenic
materials.

Horizontal transfer of plasmid-encoded genes is the
primary reason for the dissemination of resistance genes
in the environment [29]. Plasmid transfer between bacte-
ria occurs in a variety of natural habitats, e.g., wastewater

[19], sewage [8, 11], riverwater [2, 12], lakewater [25],
sediments [30], and soil [24, 28, 34]. Plasmid transfer has
been shown to occur even between ecologically and
evolutionarily disparate organisms [31,33], and intrage-
neric and intergeneric transfer has been demonstrated
under a variety of laboratory conditions [20]. However,
the number of studies on gene transfer in natural environ-
ments is limited.

Large volume of sewage and effluents containing
antibiotic resistance bacteria is discharged into marine
ecosystem. Besides, the rain waters and flood displace
several antibiotic-resistant terrestrial bacteria into the
marine waters. The fate of these resistant bacteria is not
clearly understood. When fresh-water or terrestrial bacte-
ria enter seawater, they undergo stress owing to salinity
and starvation. As a result, the cells enter into a dormant
viable but nonculturable (VNC) state [23]. During VNC
state, the cells lose their ability to form colonies on
culture media, but they maintain their metabolic poten-
tial, and the biological function is not totally switched off
or impaired seriously [9]. However, it is not known
whether plasmid transfer could occur after the cells have
entered the VNC state.Correspondence to:D. Lalithakumari

CURRENTMICROBIOLOGY Vol. 37 (1998), pp. 347–351

An International Journal

R Springer-Verlag New York Inc. 1998



The aims of the study reported here were to deter-
mine whether a plasmid could transfer from a non-
halophilic bacterium (Pseudomonas fluorescens) to ma-
rine bacteria; whether the plasmid transfer could occur
even after the donor has become VNC; and whether
salinity affects the conjugal frequency. To achieve these
aims, we studied the plasmid transfer under both in vitro
and in situ conditions.

Materials and Methods

Bacterial strains and plasmid.Pseudomonas fluorescensharboring a
140-kb multiple antibiotic and heavy metal resistance plasmid, pSCL,
was used as the donor. The characteristics of the donor as well as its
plasmid were described previously [4]. Among the four marine isolates
used as recipients,Micrococcus halobiusATCC21727 andFlavobacte-
rium antarticusMTCC676 were received from the Institute of Micro-
bial Technology, Chandigarh, India, and the other two were isolated
from seawaters collected from the Bay of Bengal. On the basis of the
biochemical characteristics, they were identified asBacillus brevisand
Bacillus pumilus.

Culture conditions. P. fluorescenswas grown in Luria Bertani (LB)
medium (peptone 1%, yeast extract 0.5%, NaCl 0.5%), and the marine
isolates were regularly grown in Upper Bay Yeast extract (UBY)
medium [5] (NaCl 0.5 g, KCl 0.016 g, Peptone 0.1 g, yeast extract 0.1 g,
agar 1.5 g, aged seawater 75 ml, distilled water 25 ml).

Susceptibility testing and plasmid isolation.The susceptibility of
marine bacteria to various antibiotics (ampicillin, chloramphenicol,
gentamicin, kanamycin, and tetracycline) was determined by plating
them on UBY agar containing increasing concentrations of antibiotics.
The minimum concentration required to arrest the growth completely
was considered as the MIC. Plasmid DNA fromP. fluorescenswas
isolated as described previously [4], and the marine isolates were
examined for the presence of plasmids by the method of Kado and Liu
[15]. Plasmid DNA was resolved in horizontal agarose gel (0.7%
wt/vol) electrophoresis.

Conjugation experiments
In vitro conjugation.(1) Broth mating.The cell density of the overnight
cultures of donor and recipient bacteria was adjusted to an O.D. of 1.0 at
600 nm. 100 µl of culture from the donor as well as from the recipient
were aliquoted into a sterile test tube to which 800 µl of sterile LB broth
was added, and it was incubated at 37°C on a rotary shaker. At regular
intervals, aliquots of this suspension were serially diluted and plated on
UBY medium amended with tetracycline (25 µg/ml). The plates were
incubated at 37°C for 24 h, and the putative transconjugants were
replica plated onto UBY agar plates amended with other antibiotics
(gentamicin 25 µg/ml; kanamycin 25 µg/ml; chloramphenicol 25
µg/ml).

(2) Plate mating.Plate mating was performed with overnight
cultures of donor and recipients. The density of the cells was adjusted to
O.D.600 5 1.0, and 100 µl of donor and recipient culture was spotted on
LB agar plates. The plates were incubated at 37°C. At appropriate time
intervals, the dried bacterial spots were moistened with sterile phos-
phate buffer (0.1M, pH 7) and gently scraped with a sterile glass rod.
The cell suspension was serially diluted and plated on UBY agar plates
amended with tetracycline (25 µg/ml). The colonies that appeared on
these plates were further replica plated on other antibiotics as described
above.

In situ conjugation.The conjugal transfer of plasmid pSCL fromP.
fluorescensto marine recipients was studied under two different
conditions.

(i) The donor and recipient cells were grown overnight in LB and
UBY medium respectively and centrifuged. The concentration of the
cells was adjusted to 1.0 at 600 nm with marine water, and the cells were
incubated at room temperature. On every third day, 1 ml each from the
donor and recipients was aliquoted into a sterile test tube and incubated
for 6 h on arotary shaker, after which it was serially diluted and plated
on UBY agar media containing antibiotics.

(ii) The conjugal transfer was studied after the donor cells have
become VNC (see below). They were mixed with similarly starved cells
of the recipients and incubated for 6 h. After suitable dilution, they were
plated onto selective media as described above.

Viability of P. fluorescensin sea water. Freshly grown cells ofP.
fluorescenswere centrifuged and suspended in sterile sea water. They
were incubated on a rotary shaker, and the viable count of the cells was
determined every day by plating them onto LB media.

Results

Phenotype of donor and marine recipients.P. fluore-
scens, which served as the donor, was resistant to almost
all antibiotics [4] and was unable to grow on UBY agar
medium. Therefore, these characters were taken as mark-
ers. Among the marine recipients,F. antarticus was
sensitive to all the antibiotics, andM. halobius, B. brevis,
and B. pumiluswere moderately resistant to ampicillin
(MIC value 25 µg/ml) and sensitive to all other antibiot-
ics. Hence their sensitivities to tetracycline, gentamicin,
kanamycin, and chloramphenicol were taken as markers.

Plasmid transfer during broth mating. The broth
mating betweenP. fluorescensand the marine isolates
was studied at various time intervals at room temperature
(30°C), and the frequency of transfer is summarized in
Table 1. Although the frequency increased with the
increase of incubation time, after 6 h there was no
increase, and when mating was allowed to proceed
overnight there was not any marked increase in the
number of transconjugants obtained. Among the four
marine isolates,M. halobiusshowed the highest conjuga-
tion frequency. The transconjugants were able to grow in

Table 1. Frequency of plasmid transfer fromP. fluorescensto marine
bacteria during broth mating

Time of
incubation
(h)

P. fluorescens
vs

B. brevis

P. fluorescens
vs

B. pumilus

P. fluorescens
vs

M. halobius

P. fluorescens
vs

F. antarticus

1 2.83 1024 2.43 1024 3 3 1024 2 3 1024

2 7.23 1024 5 3 1024 6 3 1024 6 3 1024

3 8.83 1024 5.23 1024 7.53 1024 7 3 1024

4 8.83 1024 8 3 1024 1 3 1023 8.73 1024

5 9.63 1024 8 3 1024 1.73 1023 1 3 1023

6 5.23 1023 8.83 1024 3 3 1023 1.53 1023
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UBY medium containing antibiotics, and they harbored
the plasmid, pSCL.

Plasmid transfer during plate mating. When compared
with broth mating, the frequency of conjugal transfer of
plasmid DNA was high in plate mating, as evident from
Table 2. Interestingly, mating with all four marine
recipients recorded almost similar plasmid transfer fre-
quency. As observed in broth mating, the frequency of
transfer did not increase after 6 h incubation time.

Viability of P. fluorescensin sea water. The initial
concentration of bacteria was ca. 13 109 cells per ml,
and a progressive loss of colony-forming ability was
observed whenP. fluorescenswas incubated in marine
water without any added nutrients (Fig. 1). After 2-week
incubation time, only a few colonies were obtained. From
the 15th day onwards there were no colonies at all
indicating that the cells have lost their colony-forming
ability. However, the microscopic observation showed
the presence of cells. But the cells that are originally rods
have become very short rods.

Plasmid transfer under in situ conditions.The interge-
neric transfer of plasmid took place fromP. fluorescensto

marine bacteria under in situ condition, but at lower
frequencies. On day 1, the conjugation frequency was as
high as 13 1023, after which there was decline as the
incubation time progressed (Table 3). However, after the
15th day, when the donor cells reached the VNC state, the
number of transconjugants obtained reached a steady
state with a frequency of around 1027.

Conjugation experiments conducted with the VNC
cells showed interesting results. In the initial days of
VNC state (14th and 15th days), the conjugal frequency
was comparatively more (Table 4). Afterwards there was
a slight decrease in the frequency, and interestingly, in
mating experiments conducted 15 days after the donor
cells had entered into VNC state, a steady number of
transconjugants was obtained with a conjugation fre-
quency of around 1027. Even after prolonged storage, the
VNC cells were still found to engage in conjugation,
albeit at a low frequency. Control experiments were also
carried out in which the VNC cells were periodically
plated on LB agar plates to see whether the VNC cells
had reverted to vegetative cells, and it was found that as
long as the VNC cells were maintained in salinity and
starvation stress, they never became culturable.

Table 2. Frequency of plasmid transfer fromP. fluorescensto marine
bacteria during plate mating

Time of
incubation
(h)

P. fluorescens
vs

B. brevis

P. fluorescens
vs

B. pumilus

P. fluorescens
vs

M. halobius

P. fluorescens
vs

F. antarticus

1 6.43 1024 6 3 1024 5.23 1024 3.43 1024

2 8 3 1024 6.53 1024 7 3 1024 6 3 1024

3 1.23 1023 9.23 1024 1.13 1023 7.23 1024

4 1.23 1023 1.13 1023 1.33 1023 1 3 1023

5 2.53 1023 1.53 1023 1.83 1023 1.23 1023

6 5.63 1023 2.83 1023 2.23 1023 1.83 1023

Fig. 1. Viability of P. fluorescensin marine water.

Table 3. Frequency of plasmid transfer fromP. fluorescensto marine
bacteria in natural seawater

Days

P. fluorescens
vs

B. brevis

P. fluorescens
vs

B. pumilus

P. fluorescens
vs

M. halobius

P. fluorescens
vs

F. antarticus

1 3.13 1024 9.13 1024 7.23 1024 8.13 1024

3 3.23 1024 5.93 1024 2.23 1024 6.73 1024

6 6.93 1025 6.23 1025 4.13 1025 5.53 1025

9 3.73 1025 2.93 1025 2.23 1025 2.03 1025

12 1.13 1025 9.23 1026 9.03 1026 9.23 1026

15 9.83 1025 7.93 1026 8.73 1026 8.73 1026

18 9.23 1026 8.53 1027 8.23 1026 7.73 1026

Table 4. Frequency of plasmid transfer from the VNC cells ofP.
fluorescensto marine bacteria

Days

P. fluorescens
vs

B. brevis

P. fluorescens
vs

B. pumilus

P. fluorescens
vs

M. halobius

P. fluorescens
vs

F. antarticus

1 7.03 1025 7.93 1025 6.83 1025 4.93 1025

3 3.03 1025 4.13 1025 1.23 1025 1.23 1025

6 9.83 1026 1.23 1025 9.03 1026 8.73 1026

9 7.53 1026 8.03 1026 6.43 1026 6.23 1026

12 1.23 1026 1.23 1026 1.03 1026 1.13 1026

15 7.23 1027 8.43 1027 6.73 1027 7.93 1027

18 4.23 1027 4.93 1027 4.23 1027 4.43 1027

21 2.73 1027 2.73 1027 2.03 1027 1.93 1027

24 2.03 1027 2.03 1027 1.83 1027 1.33 1027

27 1.73 1027 1.83 1027 1.53 1027 1.23 1027

30 1.03 1027 1.23 1027 1.23 1027 1.03 1027
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Stability of transconjugants. To investigate the stability
of plasmid in the marine hosts under nonstress condition,
we subcultured the transconjugants in UBY broth several
times and screened them for the presence of plasmid
DNA. It was found that, after a few generations, the
transconjugants lost the plasmid DNA. However, when
the transconjugants were grown in UBY broth amended
with antibiotics, the plasmid was stably maintained.

Discussion

Currently, there is great interest in gene transfer in natural
habitats. Although there are reports of plasmid transfer in
aquatic environment, such as waste waters, sewage, and
rivers, there is no systematic study on the transfer of
antibiotic resistance plasmids from terrestrial to marine
bacteria. As large numbers of bacteria are discharged into
marine waters, the details about the feasibility of transfer
of R plasmids from these organisms to marine bacteria
will give a clue to the cause of prevalence of antibiotic
resistance plasmids in the marine environment. In view of
this background, the present study was initiated to find
out whether conjugal transfer of plasmid occurs between
terrestrial and marine bacteria. Besides, this study repre-
sents the first report of plasmid transfer from terrestrial
donor to the marine recipients after the donor has entered
into the VNC state.

Among the four marine recipients,M. halobiusand
F. antarticusare halophiles, and the other two, viz.,B.
brevisandB. pumilus, have been isolated from the coastal
waters of the Bay of Bengal and hence they may be
termed ‘‘halotolerant’’ [26]. Conjugation experiments
were performed both in vitro and in situ in order to
determine whether the presence of nutrients affects the
frequency of conjugal transfer. Quite expectedly, the
transfer was higher under laboratory conditions than that
conducted in natural seawater. In marine oligotrophic
conditions, the coastal areas are comparatively rich in
nutrients owing to the inflow of sewage and effluents, and
their salinity is also less. Hence it may be expected that
plasmid transfer will be high in these regions, as is
evident from the higher number of transconjugants
obtained in the nutrient-rich laboratory conditions. Plate
mating yielded comparatively more transconjugants than
broth mating. This may be because the cell-to-cell contact
is greater in plate mating than in broth mating. A similar
conclusion was reached by Genthner et al. [10], who
reported that a solid environment was superior to a liquid
environment for plasmid transfer.

At present, very little is known about the effect of
introduced organisms on the marine environment. More-
over, only a few reports have dealt with the viability of
terrestrial bacteria in high salinity. In the present study,

we found thatP. fluorescensprogressively lost its colony-
forming ability within 2 weeks when maintained in
seawater without any nutrients. Studies by Byrd and
Colwell [3] demonstrated that whenE. coli cells harbor-
ing pBR322 and pUC18 were placed in sterile artificial
seawater, the direct cell count did not change, but the
cells became nonculturable. While entering into the VNC
state, the cells undergo both physiological and metabolic
changes and become reduced in size with fewer ribo-
somes. Their membrane fatty acids also change with the
appearance of several short-chain fatty acids [17]. How-
ever, the VNC cells ofShigella dysenteriaeType 1 were
reported to retain several virulence factors, and no change
was observed in the DNA content of these cells during
VNC state [3, 9]. Besides, it has recently been shown that
the VNC cells ofE. coli strains maintained the ability to
express plasmid-encoded antibiotic resistance phenotype
[2]. While Linder and Oliver [17] reported thatVibrio
vulnificuscells lost virulence after they attained the VNC
state, Colwell et al. [6] found that the non-culturable cells
of attenuatedVibrio cholerae01 reverted to a cultivable
state and regained the capacity to colonize while passing
through the intestinal tracts of healthy, human volunteers.
Therefore, it will be epidemiologically significant to
know whether the VNC cells can engage in horizontal
gene transfer.

The results show that the frequency of plasmid
transfer was comparatively high when the donor was in
the culturable state. Quite interestingly, the terrestrial
bacteria were able to act as donors even after they had
entered the VNC state. However, the VNC state is not
achieved quite abruptly. There is a cascade of genetic
switches that bring about the VNC state [22]. Therefore,
even if it appears that the cells have become noncultur-
able, they may still have the ability to engage in the
conjugation process. The results of the present study
confirm this fact. In the initial days of the VNC state, the
frequency was high, and it declined thereafter. However,
the VNC cells did not become totally refractile to
conjugation even after several days of their dormant state,
and transconjugants could be obtained whenever they
were mated with the marine bacteria.

While the availability of nutrients also plays a
decisive role in the incidence of plasmid transfer [14], it
appears that the transfer may occur even under nutrient-
deprived conditions [27, 32]. In general, the efficiency of
plasmid transfer between bacteria depends on the plas-
mid, the donor strain, and the recipient strain [1, 7].

Under normal physiological conditions, the limiting
step in mating pair formation is the production of pili by
the donor [35]. However, from the above results, it
appears that the VNC state does not preclude the forma-
tion of sex pili. At present very little is known about the
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physiology of the VNC cells, and further studies are
required to understand whether the ability of VNC cells
to engage in conjugation is confined only to a limited
bacterial genera or is a widespread phenomenon. If the
latter is found to be true, then it may explain how the
resistance genes are disseminated in the marine environ-
ment.
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