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Eight mercury-resistant bacterial strains isolated from the Chesapeake Bay
and one strain isolated from the Cayman Trench were examined for ability to
volatilize mercury. Mercury volatilization was found to be variable in the strains
tested. In addition, plasmids were detected in all strains. After curing, two of the
bacterial strains lost mercury resistance, indicating that volatilization is plasmid
mediated in these strains. Only two cultures demonstrated ability to methylate
mercuric chloride under either aerobic or anaerobic conditions. Methylation of
mercury, compared with volatilization, appears to be mediated by a separate
genetic system in these bacteria. It is concluded that mercury volatilization in the
estuarine environment can be mediated by genes carried on plasmids.

Elevated concentrations ofmercury have been
detected in the sediment of several estuaries (7,
18). Mercury-resistant bacteria isolated from
these environments have been found to trans-
form organic and inorganic mercurial com-
pounds to Hg0 and to methylate inorganic mer-
cury.
The most completely documented pathway of

detoxification of mercury is reduction from the
inorganic (Hg2+), or organomercurial, form to
metallic mercury (Hg0) (12, 19, 29). Mercury
volatilization in bacteria has been shown to be
plasmid mediated (37). Mercuric reductase, an
enzyme involved in the conversion of Hg2e to
Hg0, is coded by the mer gene carried on plas-
mids in Escherichia coli (11, 22, 29, 31), Pseu-
domonas spp. (4, 5), and Staphylococcus aureus
(13, 21, 36). The significance of plasmids in re-
sistance of bacterial populations to or metabo-
lism of mercury or both can be demonstrated by
the fact that the mer gene has been shown to
be located on transposons (27) and associated
with sex factors (4, 14, 29), thus enhancing the
potential for occurrence in the environment. The
amount of information available concerning the
reduction of mercurials is much greater than
that for the biochemical and genetic mecha-
nisms involved in microbial methylation of mer-
cury. The microbial processes of methylation
remain to be elucidated.

In the Chesapeake Bay, sediment has been
shown to contain between 0.015 and 0.860 mg of
mercury per kg (18). Mercury-resistant bacteria
have been isolated from Chesapeake Bay water
and sediment (2, 6, 18), with Pseudomonas spp.
comprising a significant proportion of the iso-

lated heterotrophic, aerobic bacterial popula-
tions resistant to mercury (2, 18). Several of the
mercury-resistant bacterial strains isolated from
the Chesapeake Bay have been shown to vola-
tilize mercury from phenylmercuric acetate or
mercuric chloride (17, 18).

Strains of bacteria isolated from the clinical
environment have been shown to possess plas-
mids associated with volatilization of mercury,
but little information is available concerning the
function of such plasmids in mercury-resistant
bacterial populations of the natural environ-
ment. The present investigation was undertaken
to determine if volatilization of mercury in es-
tuarine bacterial populations was plasmid me-
diated and whether these plamids were also
associated with the methylation of mercury.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains used in this

study are listed in Table 1. Details of the method
employed to isolate, classify, and identify Bacillus sp.
F96, P. fluorescens B69, P. fluorescens B1, and P.
fluorescens F63 have been reported elsewhere (1, 2).
Pseudomonas sp. S58 and Acinetobacter sp. W45 were
isolated on estuarine salts agar medium, composed of
NaCl, 10 g; MgSO4 *7H20, 4.75 g; KCI, 0.18 g; proteose
peptone, 10 g; yeast extract, 1 g; distilled water, 1 liter
(pH 7.0) and amended with 5,g of Hg as HgCl2 per
ml, and identified and classified as described elsewhere
(1, 2). Strain CC2B was isolated by using the medium
described by Yamada and Tonomura (39), modified
by addition of 0.18 g of KCI, 4.75 g of MgS04.7H20
per liter, and 15 pg of Hg as HgCl2 per ml. The
inoculated medium was incubated under anaerobic
conditions. Unidentified gram-negative rod 769 was
isolated from the Cayman Trench by K. Ohwada et al.
(manuscript in preparation). Throughout the study all
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TABLE 1. Bacterial strains used in this study
Identification and strain no. Sourcea

Bacillus sp. F96 Sediment
Pseudomonas fluorescens Water
F63

Pseudomonas sp. S58 Sediment
Unidentified gram negative Cayman Trench sedi-
rod 769 ment

Pseudomonas sp. 244 Sediment
Enteric bacterium CC2B Sediment
Pseudomonas fluorescens Sediment
B69

Acinetobacter sp. W45 Water
Pseudomonas fluorescens Water
B1
a Except where indicated, the strains listed were

isolated from samples collected in the Chesapeake
Bay.

cultures were maintained on modified Yamada me-
dium (39) to which 10,ig of Hg as HgCl2 per ml was
added.

Bacterial volatilization and methylation of
mercury. Bacterial cultures examined for volatiliza-
tion and methylation of mercury were inoculated into
the modified medium of Yamada and Tonomura (39),
amended with 10 ug of Hg as HgCl2 per ml, and
incubated at 21°C. Cultures in the exponential phase
of growth were diluted 1:100 in 150 ml of fresh medium
containing 10 Lg of Hg as HgCl2 per ml. Samples were
withdrawn after 0, 24, and 48 h for examination of
total mercury concentration and total viable counts,
i.e., colony-forming units. Samples for total mercury
analysis were stored at -70°C after collection and
before analysis. Bacterial cultures examined for meth-
ylation of mercury were centrifuged at 27,138 x g in a
Sorvall RC2-B centrifuge for 20 min. The supernatant
and pellet fractions were separated and frozen at
-70°C before analysis for methylmercury.

Modified Yamada agar, prepared with 2% agar
(Difco Laboratories, Detroit, Mich.), was used for the
total viable counts. Determination of anaerobic vola-
tilization or methylation or both was accomplished as
described above, except that all flasks were continu-
ously purged with nitrogen.
Mercury analysis. Total mercury was measured

with an atomic absorption spectrophotometer (Perkin-
Elmer, model 460, Norwalk, Conn.) equipped with a
graphite furnace.

Methylmercury was extracted from supernatant
and bacterial pellets (wet weight), using a modification
of the Westoo method (20), and analyzed on the Zee-
man Isotope Shift atomic absorption spectrophotom-
eter (9).
Screening for plasmids. The agarose gel tech-

nique described by Meyers et al. (15) was used for
detection of bacterial plasmids.

Preparation of DNA. Thirty-milliliter culture
samples were grown for 24 h in modified Yamada
broth. Cleared lysates, prepared by the method de-
scribed by Guerry et al. (8), were incubated at 37°C
with ribonuclease (Calbiochem, La Jolla, Calif.) at a
final concentration of 10 yg/ml for 1 h. After ribonu-

clease treatment, the lysates were extracted twice with
tris(hydroxymethyl)aminomethane (Tris; 50 mM)-sat-
urated phenol and three times with chloroform-iso-
amyl-alcohol (50:1). Extracts, purified to yield a 260/
280 optical density ratio of >2.0, were added to sodium
acetate solution (final concentration, 0.3 M sodium
acetate). Two volumes of 95% ethanol were added to
the samples, after which they were stored overnight
at -20°C. The deoxyribonucleic acid (DNA) prepa-
ration was centrifuged (48,000 x g) for 30 min at
-10°C, and the supernatant was removed. The pellet
was dried under nitrogen, redissolved in 0.2 ml ofTES
buffer (0.05 M NaCl, 0.005 M ethylenediaminetetra-
acetic acid, 0.03 M Tris, pH 8.0), and analyzed by gel
electrophoresis.
Agarose gel electrophoresis. Agarose gel electro-

phoresis was performed by using a vertical slab gel
apparatus (Aquebogue Machine and Repair Shop,
Aquebogue, N.Y.) with slab dimensions of 15.9 by 19.0
by 0.13 cm. Four milliliters of 7% acrylamide gel, which
provided a supporting medium, was poured into the
slab before addition of agarose. Acrylamide gel was
prepared as follows. Acrylamide solution, 6.9 ml (acryl-
amide, 15 g; bisacrylamide, 0.75 g; 100 ml of distilled
water), was mixed with 1.5 ml of sodium acetate elec-
trophoresis buffer [0.04 M tris(hydroxymethyl)-
aminomethane, 0.002 M ethylenediaminetetraacetic
acid, and 0.02 M sodium acetate, adjusted to pH 8.0
with acetic acid], 7.95 ml of distilled water, 150 pi of
10% ammonium persulfate, and 10 p1 of N,NN,N'-
tetramethylethylenediamine. The acrylamide gel was
allowed to solidify for approximately 20 min, after
which 0.7% agarose (wt/vol), dissolved in sodium ace-
tate buffer at 65°C, was poured into the slab and a 12-
tooth "comb" was inserted into the gel. After 30 min,
the comb was removed and the slab was connected to
the gel apparatus. Before loading the DNA, the gel
was equilibrated for 30 min with the apparatus oper-
ating at 50 V. Samples of DNA were mixed with 10%
(vol/vol) bromophenol blue dye solution (62% glycerol,
2.5% sodium dodecyl sulfate, and 1% bromophenol
blue) and loaded onto the gel. Electrophoresis was
run, in a sodium acetate buffer, at room temperature
with the apparatus set at 100 V until the dye reached
the interface between the acrylamide and agarose
layers, ca. 3 to 4 h.

Detection of plasmids. After electrophoresis, the
gels were submerged in ethidium bromide solution
(Sigma Chemical Co., St. Louis, Mo.), prepared by
adding ethidium bromide, 0.4 ,g/ml, to distilled water.
The gels were allowed to stand in the ethidium bro-
mide solution for 30 min at 4°C, after which the gel
was removed and placed on a long-wave ultraviolet
(UV) light table (Ultra Violet Products C-62, San
Gabriel, Calif.) and a photographic record was pre-
pared, using a Polaroid model MP4 camera.

Molecular weight determination. Plasmids of
known molecular weight were obtained from E. Led-
erberg (Plasmid Reference Center, Stanford, Calif.).
The molecular weights for reference plasmids Sa, RP4,
and Rl were 23 x 106, 34 x 106, and 62 x 106, respec-
tively (15). The log of relative mobility (Rf), i.e., the
ratio of plasmid to dye mobility in centimeters, and
the log of molecular weight (MW) yielded a linear
relationship: log MW = log Rf x (-3.02) + 5.55. The
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molecular weights of the plasmids found in the strains
freshly isolated from the environment were thus cal-
culated. At least one reference plasmid was always
included in each molecular weight analysis.

Antibiotic and metal resistance. Antibiotic re-
sistance tests were carried out following methods de-
scribed by Allen et al. (1). Heavy metal resistance
patterns were determined using a modification of the
procedure described by Austin et al. (2). Modified
Yamada medium was substituted for the test medium
employed by Austin et al. (2).
Curing experiments. Curing experiments were

carried out using the following agents: acridine orange,
mitomycin C, and UV light. Curing by acridine orange
was accomplished by following the method described
by Willetts (38). Mitomycin C-treated cells were grown
ovemight in modified Yamada broth containing 2 ,ug
of mitomycin C (Calbiochem, La Jolla, Calif.) per ml.
To cure plasmids by UV light, cells were harvested
when the cultures reached stationary phase of growth,
centrifuged at 9,750 x g for 15 min, washed in a salts
solution (NaCl, 10 g; MgSO4 7H20, 4.7 g; and KCI,
0.18 g distilled water, 1 liter), again centrifuged and
suspended in the salts solution, final concentration of
10i cells per ml, and placed in quartz tubes. The cell
suspension in the quartz tubes was exposed to 460 mW
of UV light (Ultra Violet Products UVS-54) per cm.
The quartz tubes were set at a distance of 15.0 cm
from the UV source and were exposed to the UV light
for 45 min. Controls consisted of cells treated, as
described above, without exposure to the curing
agents. After curing, cells were plated on solid modified
Yamada medium without mercury. After growth was
observed, the plates were replicated, in duplicate, onto
fresh Yamada media, i.e., with Hg (10 pg/ml as HgCl2)
added and without Hg. Cultures which failed to grow
on medium prepared with mercury were considered to
be cured only after no growth was demonstrated in
modified Yamada broth to which mercury had been
added.

RESULTS AND DISCUSSION
Plasmid detection and curing. The molec-

ular weights ofplasmids in the mercury-resistant
bacteria are given in Table 2. Plasmids were
detected in all of the bacterial strains examined.
The molecular weights of the plasmids varied
from 1.6 x 106 for P. fluorescens F63 to 109.2 x
106 in the case of the unidentified gram-negative
rod 769. Only three of the nine bacterial strains
examined demonstrated a single plasmid.
Two of the bacterial strains, P. fluorescens

B69 and Acinetobacter sp. W45, were cured
using mitomycin C (Fig. 1). P. fluorescens B69A
lost the 34.3-Mdalton plasmid, retaining two
plasmids, whereas B69F was cured of all three
plasmids. Acinetobacter sp. W45 could be cured
of only the 4.7-Mdalton plasmid. Attempts made
to cure the other bacterial strains were not suc-
cessful.
Volatilization of mercury. The total vola-

tilization of mercury under aerobic conditions

TABLE 2. Molecular weights ofplasmids in the
mercury-resistant bacterial strains

Mol wt (x 106)
Bacterial strain

Plasmid Plasmid Plasmid

Bacillus sp. F96 89.9
P. fluorescens F63 1.6 4.5
Pseudomonas sp. S58 53.5
Unidentified gram- 109.2

negative rod 769
Pseudomonas sp. 244 3.2 6.6
Enteric bacterium 2.3 3.3 6.6
CC2B

Acinetobacter sp. 2.2 4.7 81.9
W45

P. fluorescens B69 18.5 34.3 39.5
P. fluorescens Bi 11.3 16.3 20.4

PI P2 P3 C A1 A2

5
6
7-
4_ -4

FIG. 1. Gel patterns forplasmids ofP. fluorescens
B69, Acinetobacter sp. W45, and their cured deriva-
tive strains. Well designations are: (P,) P. fluores-
cens B69 cured strain B69F; (P2) P. fluorescens B69
cured strain B69A; (P3) P. fluorescens B69; (C) E.
coli W3110 chromosomal DNA; (Al) Acinetobacter
sp. W45 cured strain W45A; (A2) Acinetobacter sp.
W45. Band designations are: (1) 81.6-Mdalton plas-
mid DNA; (2) 4.7-Mdalton plasmid DNA; (3) 2.2-
Mdalton plasmid DNA; (4) chromosomal DNA; (5)
39.5-Mdalton plasmid DNA; (6) 34.3-Mdalton plas-
mid DNA; (7) 18.5-Mdalton plasmid DNA.
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was observed to be equal to, or greater than,
volatilization under anaerobic conditions. Vari-
ation observed in volatilization of mercury is
ascribed to strain differences, viz., among the
strains of Pseudomonas, the amount of Hg vol-
atilized ranged from ca. 30 to 60% under aerobic
conditions (Fig. 2). P. fluorescens B69, Acine-
tobacter sp. W45, enteric bacterium CC2B,
Pseudomonas sp. 244, and P. fluorescens F63
volatilized approximately equal amounts of Hg,
when incubated aerobically or anaerobically.
Volatilization under anaerobic conditions, in
some instances, exhibited different patterns, i.e.,
P. fluorescens Bl volatilized 40% of the mercury
under aerobic conditions and less than 10% un-

der anaerobic conditions. Thus, when volatili-
zation of mercury under aerobic and anaerobic
conditions was compared, the following conclu-
sions could be drawn. In the case of P. fluores-
cens Bi, Pseudomonas sp. S58, Bacillus sp. F96,
and the unidentified bacterium 769, anaerobic
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FIG. 2. Mercury volatilization andgrowth ofcured
derivative strains B69A and B69F of P. fluorescens
B69. Volatilization ofmercury by cured strains B69A
(0) and B69F (0). Uninoculated medium containing
10pg ofHgper ml (A). Growth ofB69A (5) and B69F
(-).

volatilization of Hg was reduced, these orga-

nisms also being less efficient in volatilizing mer-
cury under aerobic conditions, compared to the
other strains examined in this study. Growth of
all of the bacterial strains examined, except
Pseudomonas sp. S58, was greatest during the
first 24 h, as was the amount of mercury volatil-
ized. The amount of Hg volatilized, on a per cell
basis, was calculated by dividing net loss of
mercury from the medium over a 24-h period by
the total number of cells at the end of that
growth period (Table 3). Mercury methylation
was determined by extracting the methylmer-
cury present in the growth media after 48 h of
incubation. The only strains found to be capable
of methylating Hg were P. fluorescens F63 (7.8
X 10-7 pg/cell) under aerobic conditions and
enteric bacterium CC2B (1.7 x 1O-5 pg/cell)
under anaerobic conditions.

Volatilization of mercury mediated by
plasmids. Loss of mercury resistance and the
capability to volatilize mercury was found to be
associated with loss of plasmids inAcinetobacter
sp. W45 and P. fluorescens B69. Failure of the
curing techniques employed in this study to cure
the other bacterial strains of plasmids suggests
that the plasmids associated with mercury re-

sistance in these strains are stable.
Serological data provided by S. Silver's labo-

ratory suggested that the loss of mercury resist-
ance in the cured derivative strains of P. fluo-
rescens B69 and Acinetobacter sp. W45 resulted
from a loss of the mercuric reductase enzyme.

Ouchterlony patterns showed precipitin reac-

tions between crude preparations of parental
strains B69 and W45 and antisera prepared
against purified E. coli mercuric reductase. No
such precipitin reactions were noted when crude
extracts of the cured derivatives were tested.
Thus, it is concluded that the mercuric reduc-
tases in P. fluorescens B69 and Acinetobacter
sp. W45 are coded by genes located on specific
plasmids carried by these strains. Plasmid me-

diation of reduction of mercuric compounds has

TABLE 3. Mercury volatilization (micrograms per cell) under aerobic and anaerobic conditions

Aerobic Anaerobic
Bacterial strain

24h 48h 24h 48h

Bacillus sp. F96 1.5 x 10-9 >1.6 x 10-4
P. fluorescens F63 2.7 x 10-9 4.8 x 10-`0 3.7 x 10-6 4.2 x 10-8
Pseudomonas sp. S58 1.0 x 10-8 1.2 x 10-8 4.0 x 10-7
Unidentified gram-negative rod 769 2.6 x 10-9 5.6 x 10`1 3.5 x 10-7 4.2 x 10-6
Pseudomonas sp. 244 6.6 x 10-9 6.9 x 10-" 2.7 x 10-6 3.3 x 10-7
Enteric bacterium CC2B 1.0 x l0-8 1.5 x 10-8 4.5 x 10-9
Acinetobacter sp. W45 6.0 x 10-9 4.2 x 10" 6.8 x 10-8 4.1 x 10-9
P. fluorescens B69 >4.9 x 10-7 1.2 x 10-9 4.4 x 10-7 6.4 x 10-7
P. fluorescens Bi 1.1 x i0-9 1.6 x 10`0 8.2 x 10-8 1.6 x 10-
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been documented for E. coli (11, 22, 31), Pseu-
domonas spp. (4, 5), and Staphylococcus aureus
(36). Marine and estuarine bacteria possess re-
lated, if not identical, reduction mechanisms for
mercury.
The cured derivatives, B69A and B69F, ap-

peared to develop an alternative mechanism for
mercury resistance. These strains demonstrated
a decrease in cell number during the first 24 h of
incubation, followed by a marked increase.
Growth of the mercury-resistant cells occurred
within 48 h after exposure of the cured strain to
mercury and was not associated with volatiliza-
tion of mercury (Fig. 2). The minimal inhibitory
concentration of Hg demonstrated by several
substrains of the 48-h culture of B69A was 4 ,ug
ofHg per ml. The minimal inhibitory concentra-
tion for B69 and B69A was 20 and 0.1 ,ug of Hg
per ml, respectively. Thus, it appears that the
reverting B69A strains are intermediate between
the resistant parental strain B69 and the sensi-
tive cured derivative B69A with respect to re-
sistance to mercury. The cured strain, W45A,
was unable to grow in the presence of mercury
under aerobic and anaerobic conditions. The
cured derivatives, B69A and B69F, reported here
are the fit strains for which resistance to mer-
cury is found to arise from a mechanism other
than volatilization. Wang et al. (35) reported
increased sensitivity to mercury for E. coli, a
result of alteration of cell permeability to mer-
cury compounds. It is hypothesized that the
increased resistance noted for strains B69A and
B69F is associated with alteration of cell mem-
brane permeability, with the result that mercury
is excluded from the cell. Such a mechanism has
been described for resistance to cadmium (13).
Obviously, chemical analyses of the membranes
will be required to confirm this hypothesis.

Volatilization rates. Significant loss of mer-
cury from the culture mediumn occurred within
24 h for all strains examined (except Pseudom-
onas sp. S58 and Bacillis sp. F96), with barely
detectable volatilization occurring between 24
and 48 h, in general. Rapid rates of volatilization
have been reported by other investigators for
clinical isolates (5, 22, 29, 36). Induced strains of
E. coli K-12 harboring plasmids have been
shown to volatilize 100% of added '3Hg within
90 min (22). Rapid volatilization of mercury has
also been reported for P. putida (MER), in
which 90% of 13Hg is released after incubation
for 10 min (5). In the case of the strains reported
here, different patterns of mercury volatilization
were observed. Gel precipitin reactions observed
for the mercuric reductases of P. fluorescens
B69 and Pseudomonas sp. 244 by S. Silver and
colleagues (personal communication) lead us to

conclude that differences in volatilization rates
may be associated with structural and functional
differences in the bacterial reductases. It is also
possible that the transport systems of these
strains may be sufficiently different to account
for the variability observed in rate of volatiliza-
tions. Association of a transport function in the
MER operon with volatilization of mercury has
been suggested by Summers and Silver (30).
Volatilization of mercury, at the cellular level,
can be influenced by the genetic makeup of the
host bacterium, where the same plasmids har-
bored by different cells are associated with dif-
ferences in kinetics of mercury volatilization
(30).
Volatilization of mercury and growth.

Significant bacterial growth for all the strains
occurred within 24 h, with a moderate increase
in growth recorded at 48 h, except for Pseudom-
onas sp. S58 and Acinetobacter sp. W45. It
should be noted that as mercury is volatilized, it
is, therefore, lost from the medium, providing a
less toxic or inhibitory environment for the bac-
teria. Theoretically, bacterial growth should be
enhanced as mercury is released from the me-
dium. Acinetobacter sp. W45 provides a good
example of such a situation, since a substantial
increase in cell number was recorded at 24 to 48
h after 50% of the mercury had been volatilized.

Bacillus sp. F96 exhibited a different type of
volatilization, whereby rapid volatilization of
mercury occurred after an initial lag in growth
between 0 and 24 h. Interestingly, the number
of cells did not increase after 24 h, even though
volatilization of mercury showed a significant
increase.
The amount of mercury volatilized, on a per

cell basis, appears to be greater under anaerobic
conditions (Table 3). Growth is limited under
anaerobic conditions, and, in these studies, an
inverse relationship was noted between total
number of viable cells and amount of mercury
volatilized on a per cell basis.
The concentration of mercury employed in

the study reported here, 10 ,g/ml, was selected
because the concentration of total mercury re-
corded for estuarine and marine environments is
reported to be in the range of <0.2 to 350 mg/
kg, the concentration being greater at more pol-
luted sites (24, 33). Bacteria can grow in the
presence of, and volatilize, higher concentrations
of Hg than that employed in this study (11, 32,).
For example, Pseudomonas sp. 244 is capable of
growth in a medium containing 100 ,ug of Hg as
HgCl2 per ml (3). Under aerobic conditions, it is
possible for rapidly growing cultures to volatilize
all of the available mercury, with the mercury
itself becoming a limiting factor. Under anaero-
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bic conditions, in all of the experiments reported
here, the potential for volatilization was affected
by physiological factors rather than the concen-

tration of available mercury.
All of the bacterial strains examined in this

study were found to be capable of volatilizing
mercury, but only two of the strains were capa-

ble of methylating mercury under aerobic or

anaerobic conditions. Bacterial strains methy-
lating mercury comprise a group distinct from
those reducing inorganic mercury. The majority
of the bacterial strains capable of methylating
mercury are reported to be members of the
Enterobacteriaceae (10, 34).
Resistance to heavy metals mediated by

plasmids. The resistance patterns for heavy
metals other than mercury demonstrated by
bacteria resistant to mercury are summarized in
Table 4. All of the mercury-resistant strains
exhibited resistance to at least one other metal.
Metal resistance, in increasing frequency, ranged
from Co < Cd < Zn < Ni < Cr < Pb; i.e., most
of the strains were unable to grow in the pres-
ence of cobalt, whereas all were capable of
growth in the presence of lead (Table 4). After
curing, P. fluorescens B69A retained the metal
resistance pattern of its parent strain, with the
exception ofbeing unable to grow in the presence
of Cd2" and Hg2e (Table 4).
The other cured derivative, B69F, lost the

three plasmids harbored by the parental strain
(Table 2) and was, thereafter, unable to grow in
the presence of nickel and zinc. The metal re-

sistance patterns for the cured strains and the
agarose gel profiles showing the plasmids pres-
ent in the strains provide evidence that suggest
that the genes involved in resistance to nickel
and zinc are not located on the same plasmid as

that for resistance to mercury. Nickel resistance
has been shown to be plasmid mediated in other
bacteria (23). Increased sensitivity to chromium
was observed for the cured derivative strain,
W45A, compared with its parent strain, Acine-
tobacter sp. W45. Thus, genes for both chro-
mium and mercury resistance may be located on
the 4.7-Mdalton plasmid found in the parental
strain.
Linkage between genes associated with heavy

metal resistance has been reported by several
workers (16, 25, 28). Plasmid mediation of cad-
mium resistance in gram-negative bacteria has
not heretofore been reported (28). Interestingly,
the penicillinase plasmids ofStaphylococcus au-

reus are known to carry the genes responsible
for resistance to cadmium, mercury, and other
heavy metals (19). Mechanisms for mercury and
for cadmium resistance that are known to be
mediated by plasmids are distinctly different.
For example, mercury resistance occurs via vol-
atilization (36), whereas cadmium resistance in-
volves exclusion of the metal from the cell (13).
Plasmid mediation of drug resistance. All

of the bacterial strains examined in this study
were resistant to several antibiotics, except uni-
dentified rod 769, which was resistant only to
penicillin (Table 5). Pseudomonas sp. F63 and
the enteric bacterium CC2B exhibited resistance
to a large number of antibiotics. The majority of
the strains examined were found to be sensitive
to streptomycin, but resistant to penicillin (Ta-
ble 5).
The antibiotic resistance pattern of the cured

strain of P. fluorescens B69A was found to be
exactly the same as that of its parent, whereas
the cured strain B69F demonstrated a markedly
different antibiotic resistant pattern from that

TABLE 4. Heavy metal resistance patterns recorded for the bacterial strains employed in this studya
Resistance patterns

Bacterial strain
Cd (l00)b Co (100) Cr (100) Pb (100) Hg (10) Zn (100) Ni (100)

Bacillus sp. F96 S R R R R R S
P. fluorescens F63 R S R R R R R
Pseudomonassp. S58 S S S R R S S
Unidentified gram-negative rod 769 S S S R R S S
Pseudomonassp. 244 ± i R R R ± R
Enteric bacterium CC2B R R R R R R R
Acinetobacter sp. W45 S S R R R S R
Acinetobacter sp. W45A S S ± R S S R
P. fluorescens B69 R S R R R R R
P. fluorescens B69A S S R R S R R
P. fluorescens B69F S S R R S S S
P. fluorescens Bl R R R R R R R

a R, Growth on metal containing medium; S, no growth on metal containing medium; ±, questionable growth
on metal containing medium.

b Numbers in parentheses are final concentrations (micrograms per milliliter), after addition to modified
Yamada medium. See Materials and Methods.
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TABLE 5. Antibiotic resistance patterns of the bacteria resistant to mercurya
Resistance patternab

Bacterial strain Tetracy- Chloram- Nalidixic Poly- Penicillin Strepto- Ba. Erythro-
cline (30 phenicol acid (30 myxin B (10 U) mycin (10 IU) mycin (15

A.g) (30,ug) Atg) (300 U) (1 U g) cm(1)U

Bacillus sp. F96 S S S R R S R S
P. fluorescens F63 R R R S R S R R
Pseudomonas sp. S58 S S R S S S S S
Unidentified gram-negative S S S S R S S S
rod 769

Pseudomonas sp. 244 R ± S S R S R S
Enteric bacterium CC2B R R R S ± R R R
Acinetobacter sp. W45 S R S S R S R ±
Acinetobacter sp. W45A S R R S R S R S
P. fluorescens B69 S R S ± R S R R
P. fluorescens B69A S R S ± R S R R
P. fluorescens B69F S R R R S R R R
P. fluorescens Bl S R ± R R ± R R

a Resistant to mercury at a concentration of 10 yig/ml. See Table 4. R, Resistant; S, sensitive; ±, very slight
(questionable) growth observed.

b Sensi-Discs (BBL Microbiology Systems, Cockeysville, Md.) were employed to determine resistance to the
antibiotics.

of the parental strain (Table 5). Sensitivity to
penicillin and resistance to nalidixic acid and
streptomycin were detected after loss of the 39.5-
and 18.5-Mdalton plasmids in P. fluorescens
B69F. These data suggest that the majority of
the genes conferring antibiotic resistance in P.
fluorescens B69 are located on the chromosome,
unless of course the screening procedure failed
to detect other plasmids carried by this strain.
It is concluded that the genes conferring resist-
ance to mercury are not linked with those con-
ferring drug resistance in P. fluorescens B69.
This conclusion agrees with that presented by
Chakrabarty (4) and Stanisich (26), who dem-
onstrated that the plasmids MER and Hg-r oc-
curring in Pseudomonas spp. carry mercury
genes but no drug markers. Interestingly, the
mercury-sensitive derivative of Acinetobacter
sp. W45 became resistant to nalidixic acid upon
curing of its 4.7-Mdalton plasmid. No other
change in the antibiotic resistance pattern was
detected. The genes conferring resistance to sev-
eral of the other antibiotics tested may reside on
the 2.2- and 31.9-Mdalton plasmids harbored by
Acinetobacter sp. W45 or on the chromosome
(Table 2).

In summary, plasmids carrying genes confer-
ring resistance to heavy metals occur with sur-
prisingly high frequency within bacterial popu-
lations found in the natural environment. Plas-
mids may, in fact, provide a fundamental and
highly significant capability for a rapid response
to introduction of allochthonous substrates for
these bacteria, where genetic versatility and
rapid response to environmental alteration can
dictate survival.

ACKNOWLEDGMENTS

This work was supported, in part, by National Science
Foundation grants OCE-76-82655 and DEB 72-02227 and Sea
Grant project 04-8-MO1-73.
We thank S. Silver and T. Kinscherff for assistance in

determining the presence of mercuric reductase in bacterial
strains isolated from the Chesapeake Bay.

LITERATURE CITED

1. Allen, D. A., B. Austin, and R. R. Colwell. 1977.
Antibiotic resistance patterns of metal-tolerant bacteria
isolated from an estuary. Antimicrob. Agents Chemo-
ther. 12:545-547.

2. Austin, B., D. A. Allen, A. L. Mills, and R. R. Colwell.
1977. Numerical taxonomy of heavy metal tolerant bac-
teria isolated from an estuary. Can. J. Microbiol. 23:
1433-1447.

3. Berk, S. G., A. L. Mills, D. L Hendricks, and R. R.
Colwell. 1978. Effects of ingesting mercury containing
bacteria on mercury tolerance and growth rates in cil-
iates. Microb. Ecol. 4:319-330.

4. Chakrabarty, A. M. 1976. Plasmids in Pseudomonas.
Annu. Rev. Genet. 10:7-30.

5. Clark, D. L, A. A. Weiss, and S. Silver. 1977. Mercury
and organomercurial resistances determined by plas-
mids in Pseudomonas. J. Bacteriol. 132:186-196.

6. Colwell, R. R., S. G. Berk, G. S. Sayler, J. D. Nelson,
and J. M. Esser. 1975. Mobilization of mercury by
aquatic microorganisms, p. 831-844. In T. C. Hutchin-
son (ed.), International Conference on Heavy Metals in
the Environment, Toronto, 1975, Symposium Proceed-
ings. National Research Council of Canada, Toronto.

7. Craig, P. J., and S. F. Morton. 1976. Mercury in Mersey
estuary sediments, and the analytical procedure for
total mercury. Nature (London) 261:125-126.

8. Guerry, P., D. J. LeBlanc, and S. Falkow. 1973. Gen-
eral method for the isolation of plasmid deoxyribonu-
cleic acid. J. Bacteriol. 116:1064-1066.

9. Hadeishi, T., and R. D. McLaughlin. 1971. Hyperfine
Zeeman effect atomic absorption spectrometer for mer-
cury. Science 174:404-407.

10. Hamdy, M. K., and 0. R. Noyes. 1975. Formation of

484 OLSON, BARK'AY, AND COLWELL APPL. ENVIRON. MICROBIOL.



PLASMIDS IN MERCURY TRANSFORMATION 485

methyl mercury by bacteria. Appl. Microbiol. 30:424-
432.

11. Izaki, K. 1977. Enzymatic reduction of mercurous ions in
Escherichia coli bearing R factor. J. Bacteriol. 131:
696-698.

12. Komura, I., and K. Izaki. 1971. Mechanisn of mercuric
chloride resistance in microorganisms. I. Vaporization
of a mercury compound from mercuric chloride by
multiple drug resistant strains of Escherichia coli. J.
Biochem. (Tokyo) 70:885-893.

13. Kondo, I., T. Ishikawa, and H. Nakahara. 1974. Mer-
cury and cadmium resistances mediated by the penicil-
linase plasmid in Staphylococcus aureus. J. Bacteriol.
117:1-7.

14. Loutit, J. S. 1970. Investigation of the mating system of
Pseudomonas aeruginosa strain I. VI. Mercury resist-
ance associated with the sex factor (FP). Genet. Res.
16:179-184.

15. Meyers, J. A., D. Sanchez, Lb P. Elweil, and S. Fal-
kow. 1976. Simple agarose gel electrophoretic method
for the identification and characterization of plasmid
deoxyribonucleic acid. J. Bacteriol. 127:1529-1537.

16. Nakahara, H., T. Ishikawa, Y. Sarai, and I. Kondo.
1977. Frequency of heavy-metal resistance in bacteria
from inpatients in Japan. Nature (London) 2":165-
167.

17. Nelson, J. D., W. Blair, F. E. Brinckman, R. R. Col-
well, and W. P. Iverson. 1973. Biodegradation of
phenylmercuric acetate by mercury-resistant bacteria.
Appl. Microbiol. 26:321-326.

18. Nelson, J. D., and R. R. Colwell. 1975. The ecology of
mercury-resistant bacteria in the Chesapeake Bay. Mi-
crob. FEcol. 1:191-218.

19. Novick, R. P., and C. Roth. 1968. Plasmid-linked resist-
ance to inorganic salts in Staphylococcus aureus. J.
Bacteriol. 95:1335-1342.

20. Olson, B. H., and R. C. Cooper. 1974. In situ methyla-
tion ofmercury in estuarine sediment. Nature (London)
252:682-683.

21. Richmond, M. H., and M. John. 1964. Co-transduction
by a staphylococcal phage of the genes responsible for
penicillinase synthesis and resistance to mercury salts.
Nature (London) 202:1360-1361.

22. Schottel, J., A. Mandal, D. Clark, S. Silver, and R.
W. Hedges. 1974. Volatilization of mercury and organ-
omercurials detennined by inducible R-factor systems
in enteric bacteria. Nature (London) 251:335-337.

23. Silver, S., J. Schottel, and A. Weiss. 1976. Bacterial
resistance to toxic metals determined by eztrachromo-
somal R factors, p. 899-917. In S. M. Sharpley and A.
M. Kaplan (ed.), Proceedings of the Third International
Biodegradation Symposium. Applied Science Publish-
ers Ltd., London.

24. Skei, J. M. 1978. Serious mercury contamination of sedi-
ments in a Norwegian semi-enclosed bay. Mar. Pollut.
Bull. 9:191-193.

25. Smith, D. H. 1967. R factors mediate resistance to mer-

cury, nickel and cobalt. Science 156:1114-1116.
26. Stanisich, V. A. 1974. Interaction between an R factor

and an element conferring resistance to mercuric ions
in Pseudomonas aeruginosa. Mol. Gen. Genet. 128:
201-212.

27. Stanisich, V. A., P. M. Bennett, and M. H. Richmond.
1977. Characterization of a translocation unit encoding
resistance to mercuric ions that occurs on a nonconju-
gative plasmid in Pseudonomas aeruginosa. J. Bacte-
riol. 129:1227-1233.

28. Summers, A. O., and G. A. Jacoby. 1978. Plasmid-
determined resistance to boron and chromium com-
pounds in Pseudomonas aerugmnosa. Antimicrob.
Agents Chemother. 13:637-640.

29. Summers, A. O., and S. Silver. 1972. Mercury resistance
in a plasmid-bearing strain of Escherichia coli. J. Bac-
teriol. 112:1228-1236.

30. Summers, A. O., and S. Silver. 1978. Microbial trans-
formation of metals. Annu. Rev. Microbiol. 32:637-672.

31. Summers, A. O., and L. L. Sugarman. 1974. Cell-free
mercury(II)-reducing activity in a plasmid-bearing
strain of Escherichia coli. J. Bacteriol. 119:242-249.

32. Tonomura, K., T. Nakagami, F. Futai and K. Maeda.
1968. Studies on the action of mercury-resistant micro-
organisms on mercurials. I. The isolation of mercury-
resistant bacterium and the binding of mercurials to the
cells. J. Ferment. Technol. 46:506-512.

33. U. S. Department of the Interior. 1970. Mercury in the
environment, p. 1-67. Ecological Survey Professional
Paper 713. U. S. Government Printing Office, Washing-
ton, D. C.

34. Vonk, S. W., and A. K. Sijpesteijn. 1973. Studies on
the methylation of mercuric chloride by pure cultures
of bacteria and fungi. Antonie van Leeuwenhoek J.
Microbiol. Serol. 39:505-513.

35. Wang, P. Y., J. Relf, S. Palchaudhuri, and V. N. Iyer.
1978. Plasmid conferring increased sensitivity to mer-
curic chloride and cobalt chloride found in some labo-
ratory strains of Escherichia coli K-12. J. Bacteriol.
133:1042-1043.

36. Weiss, A. A., S. D. Murphy, and S. Silver. 1977. Mer-
cury and organomercurial resistances determined by
plasmids in Staphylococcus aureus. J. Bacteriol. 132:
197-208.

37. Weiss, A. A., J. L. Schottel, D. L. Clark, R. G. Beller,
and S. Silver. 1978. Mercury and organomercurial
resistance with enteric, staphylococcal, and pseudo-
monad plasmids, p. 121-124. In D. Schlessinger (ed.),
Microbiology-1978. American Society for Microbiol-
ogy, Washington, D. C.

38. Willetts, N. S. 1967. The elimination of Flac+ from Esch-
erichia coli by mutagenic agents. Biochem. Biophys.
Res. Commun. 27:112-117.

39. Yamada, M., and K. Tonomura. 1972. Fornation of
methylmercury compounds from inorganic mercury by
Clostridium cochlearium. J. Ferment. Technol. 50:159-
166.

VOL. 38, 1979


