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Abstract. Silver (Ag) resistance and accumulation were
investigated in Ag-resistant Pseudomonas stuizeri strain
AG259 and Ag-sensitive P. stutzeri strain JM303. Both
straing exhibited a similar pattern of silver accumulation
although to different final concentrations. Energy-dis-
persive X-ray analyses revealed the association of dense
silver deposits with the Ag-resistant strain, but not the
Ag-sensitive strain. Toluene permeabilization or incuba-
tion of cellsat 2 °Cresulted in decreased Ag accumulation
in both strains. This suggests that Ag accumulation may
be energy dependent. A decrease in Ag accumulatlion was
observed when cells were pretreated with 2,4-dinitro-
phenol (2,4-DNP). No decrease was observed using
carbonyl cyanide m-chlorphenyl-hydrazone (CCCP).
However, it was obscrved that bath 2,4-DNP and CCCP
complexed to Ag, making interpretation of accumulation
results difficult. Washing of cells incubated in the
presence of Ag with ethylenediamineteiraacctic acid
(EDDTA) or hydrochloric acid did not result in decreased
Ag accumulation.
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Silver (atomic weight 107.868) is a biologically non-
essential metal used in clectroplating and photographic
mdustrics as well as in jewelry manufacture and medicine.
The toxicity of silver has generated intercst in the
isolation and study of metal-resistant microorganisms
(Gadd etal. 1989; Haefeli et al. 1984; Slawson ¢t al.
1990, 1992; Starodub and Trevors 1989, 1990). Pseudo-
monas stutzeri AG259 is able to grow in the prescnce of
25 mM AgNQO, (Hacfchi et al. 1984). Gadd et al. (1989)
showed this resistance was dependent on the concentra-
tion of NaCl in the medium. Although this microorga-
nism contains a 49.4 Mdal plasmid (pKK1) that confers
Ag-resistance (Haefcli ¢t al. 1984), the mechanism of
resistance 15 not known (Gadd et al. 1989). Gadd et al.
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(1989) also determined that prior exposure of P. ststzeri
AG239 cells to Cu(NQ,), resulted in decreased Ag
accumulation. Pseudomonas stutzeri JIM303 is an Ag-
sensitive strain that is unable to grow at or above Ag
concentrations of about 0.05 mM. The transfer of the
resistance plasmid pKK! from P.swmizeri AG259 1o
P stutzeri IM303 using high voltage electrotransforma-
tion was unsuccessful (Trevors and Starodub 1990).
However, transfer into P. putida CYM318 was successful,
and the transformant was resistant to silver (Trevors and
Starodub 1990). The Ag-resistance plasmid pJT1 has also
been mobilized between two strains of Escherichia coli
using the TnS5-Mob transposon and an RP4-4 as the
mobilizing plasmid (Starodub and Trevors 1990).

In the present study, characteristics of Ag accumula-
tion in Ag-sensitive and Ag-resislant P. stufzeri strains
were compared. Cells were treated with metabolic in-
hibitors (2,4-DNP, CCCP), permeabilized with toluene
or incubated at 2 °C to study the mechanism(s) of Ag
accumulation.

Materials and methods
Microorganisms

Psendomonas stuizeri AG259 was kindly obtained from K. Hardy,
Biogen S.A. Switzerland. Pseudomonas stuizeri IM303 was provided
by J. Ingraham, University of California, Davis, U S.A. Ag-resis-
tant P. stutzeri AG259, was maintained in Lennox L (LB) medium
containing 0.5 mM silver nitrate. The Ag-sensitive strain, P. stufzeri
IM303. was maintained in LB medium only, as no growth occurred
on LB agar or in LB broth containing silver nitrate at a concen-
lration as low as 0.05 mM. For storage, cells were grown to late
exponential phasce (18 h) and kept in 10% (v/v) sterile glycerol at
—80°C.

Chemicals

Silver was added during accumulation experiments as a sterile
solution of AgNO,. All media and solutions were prepared using
ultrapure type T waler from a Sybron/Barnstead Nanopure 11 Water
System. Silver nitrate and other chemicals were reagent grade.

Inocula preparation

Cultures of both strains were prepared by adding one loopful of
cells from an LB agar slant to 10 ml of LB broth (pH 6.8). The



culture was incubated in 50-ml Erlenmeyer flasks at 28 °C, in the
dark with gyratory shaking at 200 rpm. Inocula consisted of adding
1% (v/v) (0.5 ml) of each culture into 250-m1 Nalgene polypropylene
flasks containing 50-ml LB broth. Cultures were grown for 18 h at
28 °C with shaking at 200 rpm. in a controlled environment in-
cubator shaker (New Brunswick Scientific Co., New Brunswick.
N.I., USA).

Stlver accumulation by whole resting cells

Cells from an 18-h culture were harvested by centrifugation at
7700 x g for 15 min at 4 °C. Cells were washed twice i 20 ml of
SmM piperazine-N,N'-bis[2-elhancsulfonic acid] (PTPES}) buffer
(Sigma Chemical Co., St. Louis, USA) (pH 6.8), and harvested as
before. PIPES buffer exhibits negligible binding Lo iens such as
magnesium, calcium, manganese and copper (Gueffroy 1990), and
was chosen in these studies as it binds less silver than other buffers.
Cell pellets were resuspended in 20 ml PIPES buffer and incubated
at 28 °C at 120 strokes/min for 15 min in a Yamato (Model BT-25)
constant femperature shaking water bath. One-ml samples wers
periodically removed from duplicate flasks immediately after addi-
tion of 0.5 mM AgNO,. Samples were centrifuged in an Eppendorf
centrifuge al 15000 x g for 20 s. The supernatant was removed, cell
pellets washed and resuspended in | ml PIPES. Cells were peileted
for 20 s. the supernatant discarded, and | ml 6 M ultrapure [INO,
added to digest cells for atomic absorption analysis. Suspensions mn
acid were heated at 80 °C for 1 h in a Tempblock heater . All metal
analyses were performed using a Buck Scientific (Model 200) Atomic
Absorption/Emission Spectrophotemeter operated in the acetylens
flame mode. The Ag resolution was .06 ug/ml for 1% absorption
at 328.1 nm. Cell drv weights were determined by vacuum filtration
ol a 2-ml suspension through 0.22-um nylon fitters, which were then
dricd overmight at 80 °C in a vacuum oven. In some experiments
the Ag-resistanl AG259 strain exhibited variable accumulation of
Ag (Table 1) cven though it remained resistant to this metal.

Lffect of temperature and toluene treaiment
om silver accumulation

The effect of lemperature on Ag accumulation was studied by
performing accumulation experiments at 2, 12 and 28 °C. Lower
temperatures were maintained by placing crushed ice m the water-
bath. Cells were permcabilized with toluene (Van Dyke et al. 1989)
in a ratio of 1 ml toluene to 100 m] washed cells for 15 min at 28 “C
prior to Ag accumulation studies.
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Effect of washing treatments and ghicose
on silver accumulation

Cells were removed rom the accumulation buffer and washed with
EDTA or HCI to remove surface-bound Ag. A mixture of 1 mM
EDTA :5mM PIPES {1: | v/v) replaced washing with S mM PTPES
bulfer. Similarly, 0.1 or 10 mM HCI replaced PIPES in the washing
of wholc cells. Twe acid concentrations were used to determine the
effect on surface-bound silver. The influence of D-glucose on Ag
accumulalion was investigated by growing a culture for 18 hin LB
broth amended with 50 mM D-glucose. Cells were harvestad,
washed as before, and D-glucose-starved in PIPES butfer for 2 h
at 28 °C with shaking al 120 rpm. During the accumulation assay.
cells were exposed to 50 mM D-glucose and 0.5 mM AgNQO,.

Effect of chemical inhibitors on silver aceumulation

The wnlluence of 2,4-DNP and CCCP on Ag accumulalion was
investigated. Each slrain was grown in LB broth for 18 h, harvested
and washed in PIPES buffer as described previously. Cells were
exposed to 0.5 mM concentrations of the inhibitor for 10 min prior
to the additien of 0 S mM ApgNGQ,. Samples werec removed and Ag
accumulation measured as before.

Determination of Ag~ complexation
to metabolic inhibitors

The capacity of 2 4-DNP and CCCP Lo complex silver was studied
using an Orion Research (Cambridge, Mass., USA) lonalyzer/model
407 A ion meter with an Orion Research Ag ™ -specific clectrode. Each
inhibitor was titrated into a solution of 0.5 mM AgNO; dissolved
in ultrapure water to determine its complexation to Ag™.

Energy-dispersive X-ray analyses

Whole cclls from an 18-h culture were harvested, washed, resus-
pended i PIPES buffer, and collected on copper grids. Fner-
gy dispersive X-ray analysis was performed using a Philips
EM400T scanming transmission cleetron microscope, operated in
the TEM mode and cquipped with an X-ray analyser/image
processor and Iink Amnalytical LZ-5 light element detector,
operated at 100 &V (— 180 °C, liquid N,) with an anticontaminator
in place. Llectron micrographs were prepared using a Philips
EM300, operated at 60 kV with anticontaminator in place (Mullen
et al. 1989). Beam spot size was 10 nm and current settings were 50
to 60 nA.

Table 1. Ag accumulation by whole resting

cells of Pseudomonas stuizeri AG2SY and Strain Treatment Ag accumu]atio_n (‘p‘g‘;’mg dry wt. cells)y*
IM303 after washing with EDTA or dilute Timg {min)
HCI, or exposure to metabolic inhibitors 1 3 30
2
AG239 Control 11.46 (4.68) 21.39 (3.94) 23.74 (3.30)
EDTA 5.57(0.11) 2371 (1.27) 25.80 (3.38)
TM303 Control 7.94 (D.10) 19.10 (0.84) 22.72 (1.36)
LEDTA 7.37 (1.37) 20.19 (0.10) 23,79 (0.49)
AG259 Control 4.42 (401} 16.58 (0.38) 18.47 (1.34)
HCl 12.09 (1.41) 2531 (0.59) 29.63 (1.70)
JM303 Control 7.99 (0.95) 20,14 {0.11) 23.67 (0.21)
HCl 11.62 (2.16) 21.74 (1.48) 21.10 (0.57)
AG239 Control 5.74 (0.33) 12.93 (0.66) 21.38(1.47)
24-DNP 3.84 {0.18) 11.62 (0.18) 12.87 (0.53)
IM303 Control 391 (0.7 8.44 (0.11) 14.67 (0.33)
24-DNP 4.63 (0) 6.64 (0.12) 7.86 (0.34)
AG259 Control 3.57(0.33) 4.79 (0.35) 822 (0.35)
ceep 8.15 (1.76) 7.92 (0.80) 9.62 (0.96)
IM303 Control 5.57(0.30) 1092 (1.04) 18.36 (1.19)
cccer 8.91 (2.44) 14.26 (2.20) 14.52 (0.12)

* Values are means (ST) of a minimum of 2 independent determinations
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Results

Pseudomonas stuizeri AG259 and JM303 were exposed
to 0.5mM AgNO, during accumulation experiments.
Viable cells of both strains were recovered on LB agar
after 30 min exposure to AgNQ,. This revealed that not
all cells were killed, as they were by toluene treatment
(Fig. 1). Both strains exhibited a similar pattern of
Ag accumulation at 28 °C whercby the majority of Ag
was accumulated in the first § min (Table 1). After this
initial rapid phase, further increase was gradual up to
30 min. Under these control conditions, the Ag-resistant
strain accumulated similar concentrations of Ag as the
Ag-sensitive strain (Tablc 1).

Silver accumulation was conducted using cells in-
cubated at 2, 12 and 28 °C or pretreated with tolucne,
2,4-DNP or CCCP. These treatments were intended to
inhibit energy-dependent Ag accumulation. The Ag-
resistant AG259 strain exhibited lower Ag accumulation
in toluene-treated than in untreated cells (Fig. 1A).
Toluene-treated Ag-sensitive cells also accumulated lower
levels of Ag than cells not incubated with toluene
(Fig. 1B). Viable cells were not detected after incubation
with toluene and subsequent exposure to Ag during the
accurnulation experiment.

At 2°C, both strains accumulated 70 to 80% lower
amounts of Ag than at 28 °C (Fig. 2). Ag accumulalion
al 12 °C and 28 °C was similar (Fig. 2). D-glucose did
not affect Ag accumulation in either strain (data not
shown).

Cells were washed with HCI or EDTA to determine
the extent of surface binding., Washing P. stuizeri AG259
cells with EDTA and HCI did not consistently change
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Fig. 1. Effect of toluene on Ag accumulation in (A) Psendornonas
stutzeri AG259 and (B) P. stutzeri JIM303. Control, 0.5 mM AgINO,
(@); toluene and 0.5 mM AgiNQO; (a). Each point is the mean of
two determinations and typical results are shown from a minimum
of two independent experiments
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Fig. 2. BEffect of temperature on Ag accumulation in (A) P. stuizeri
AG239 and (B) P. stutzeri IM303. Control, 28 °C (@); 12 °C (m);
2°C (a). Each point is the mean of two determinations and typical
results are shown from a minimum of two independent experiments

Ag accumulation. Similar results were obtained with the
Ag-sensitive strain (Table 1). Silver accumulation by
both Ag-sensitive and Ag-resistant cells in the presence
of 24-DNTP was lower than without the inhibitor (Ta-
ble 1). The presence of CCCP did not decrease Ag accumu-
lation in cither strain (Table 1). However, both 2,4-DNP
{from 0.001 to 0.5 mM) and CCCP (from 0.001 to 1 mM)
readily complexed to Ag™ as determined by an Ag*-
specific electrode (Table 2). For example, all Ag" was
completely complexed in the presence of 0.2 and 0.5 mM

Table 2. Complexation of 2,4-DNP and CCCP to 0.5 mM AgNQO,
as determined using an Ag " -specific elecirode

Metabolic inhibitor Ag' concentration

concentration added {mM) (mM)
24-DNP

0 0.54
0.001 0.53
0.01 0.50
0.05 0.39
0.10 0.26
0.15 0.11
0.20 0
0.50 )
CCCrP

0 0.58
0.001 0.58
0.01 0.57
0.05 0.52
0.10 0.47
0.25 0.33
0.50 0.08
1.00 0.02




24-DNP. In the presence of 0.5 mM CCCP {the concen-
tration used in the accumulation assay), only 0.08 mM
Ag’ was detected. This makes interpretation of Ag
accumulation data in the presence of either 2,4-DNP or
CCCP difficult.

Energy-dispersive X-ray analysis revealed dense Ag
deposits associated with the Ag-resistant AG259 strain
(Figs. 3 and 5), whereas no deposits were observed with
the sensitive strain (Fig. 4). The corresponding element
profiles revealed relatively low Ag levels in both P. sturze-
ri AG259 and JM303 (Fig. 5). A high sulfur signal was
detected in the resistant strain (Fig. 5A) as compared to
the sensifive strain (Fig. 5B). A high Ag signal was
associated with the dense deposits observed in the
Ag-resistant strain (Fig. 6). A frequency histogram of
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Tig. 3. Llectron micrograph of whole cclls
of P sturzerl AG259 after exposurc lo
0.5 mM AgNO;

Fig. 4. Electron micrograph of whole cells of
P.ostutzeri TM303 after exposure to 0.5 mM
AgNQO,

these deposits in the resistant strain revealed that Ap-
resistant cells contained from 1 to 11 Ag deposits per
cell (Fig. 7). The median number was 4 deposits per cell.
Deposit sizes ranged from 35 1o 46 nm in Ag-resistant
P. stutzeri cells.

Discussion

The mechanism of Ag-resistance in bacteria has not been
fully determined and information on resistant and sen-
sitive strains is limited (Hughes and Poole 1991 Slawson
etal. 1990, 1992). Microbial resistance to mctals and metal
accumulation has been of intercst in metal recovery and
from a fundamental perspective. The nature of this
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Fig. 5. Representative energy dispersive X-ray
p analysis of whole cell preparations of P. stutzer:
C A AG259 (A) and TM303 (B) after exposure to
8 ! g F AgNO;. The bigh Cu signals (last two peaks)

accumulation depends on the type of meral and speciation
(Hughes and Poole 1991), the particular organism in-
volved (de Rome and Gadd 1991: Mullen et al. 1989;
Starodub and Trevors 1989; Trevors 1989; Van Dyke et
al. 1989; Williams and Silver 1984) as well as numerous
interacting physical, chemical and biological factors.

Previous studies have shown that Ag resistance in
Pseudomonas siutzeri AG259 is associated with metal
accumulation that 15 dependent on the composition of
the culture medium (Gadd et al. 1989). In this study,
rapid accumulation of Ag in the first 8 min was consistent
with carlier reports {(Gadd etal. 198Y). However, our
studies also showed that Ag-sensitive and -resistant
strains accumulated comparable amounts of Ag. More-
over, the Ag-resistance mechanism was not an uptake/
efflux system as Ag was rapidly accumulated and immobi-
lized in dense deposits, most likely as Ap-sulfide.

were caused by the copper grids. Energy on the
X axis Is 0 to 20 keV. Vertical full scale (VI'S) on
Y axis is O to 127 peaks units

Toluene treatment of cells decreased Ag accumula-
tion, suggesting that 1t may In part bc an encrgy-
dependent mechanism. Toluene disturbs biological mem-
branes, disrupting membrane structure and function
(Serrano et al. 1973). It is also noteworthy that while
cells were rendered non-viable by toluene treatment, no
leakage of K™ from cell suspensions was detected using
a K*-gpecific jon electrode. Low levels of Ag were
accumulated at 2 °C by both the Ag-sensitive and resis-
tant strains, also suggesting Ag accumulation may be
energy dependent. Alternatively, an enzyme-linked Ag-
resistance mechanism may be inhibited at low tempera-
tures.

Ag was not removed by washing sensitive or resistant
cells with EDTA or HCL This suggests Ag was bound
to the cell surface, and/or accumulated intracellularly.
Currently, we are investigating the cellular location of
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Fig. 7. Frequency histogram of Ag depesils in whole cells of
P. srutzeri AG259. Deposits were tabulated as one deposit or
cluster(s) of indistinguishable deposits

the accumulated Ag. Goddard and Bull (1989 a, b)
reported that Agaccumulation by Citrobacter intermedius
B6 was associated with the cell envelope. Adsorption of
Agtothe surface of cells was discounted as the accumula-
tion process. In another study, actively growing cells of
Fscherichia coli R1 did not accumulate Ag, yel remained
resistant to the toxic metal (Starodub and Trevors 1989).
Providing a metabolizable C-source such as p-glucose
to starved cells did not increase Ag accumulation. This
supports the view that accumulation may not be an active
uptake process. Common methods to inhibit active
transport or energy-dependent cfflux of metals in bacte-
rial cells include use of chemical agents such as 2,4-DNP
(uncoupler, proton-motive force inhibitor) (Bauda et al
1987; Tynecka et al. 1981; Van Dyke et al. 1990), CCCP
(ancoupler of oxidative phosphorylation), DCCD
(N,N'dicyclohexylcarbodiimide, specific inhibitor of
membrane-bound ATPase) (Bauda et al. 1987; Harold
et al. 1969; Tynecka et al. 1981), valinomycin and nigerein
(ionophores) (Tynecka et al. 1981), or incubation at 4 °C
(Tynecka et al. 1981; Van Dyke et al. 1990). However,
caution is necessary when interpreting decreased accumu-

w\
\
w
i H”Jij\\i”’{l

%I Fig. 6. Representative energy dispersive X-ray
bl analysis of whole cell preparations of P. stutzer?
‘ “‘M AG259 after exposure to 0.5 mM AgNQ,, with
ikl high resolution of deposits. Scales are asin Fig. 5

lation of a metal in the presence of metabolic inhibitors.
For example, Bauda et al. (1987) reported decreased
accurnulation of Cd by P. fluorescens cells was not due
Lo inhibitory elfects of DNP and DCCD on metabolism,
Rather, these inhibitors complexed Cd, making the metal
less available to cells. Such complexation may explain
the effect of 2.4 DNP on Ag accumulation. CCCP, which
exhibited less complexation than 2,4 DNP to Ag™ (Table
2) did not affect Ag accumulation by either strain. The
research by Bauda et al. (1987) and this study suggest
the use of metabolic inhibitors that complex metals may
lead to incorrect conclusions regarding energy require-
ments for metal accumulation. It is necessary to first
determine the complexation of each metal to each in-
hibitor. In addition, buffers that complex metals should
not be used in accumulation assays (Hughes and Poole
1991). In situations where metals complex chemical
inhibitors, alternative methods should be used to metabo-
lically inhibit bacterial cells. Useful treatments may
include incubation at 4 °C (Bauda et al. 1987; Tynecka
et al. 1981; Van Dyke et al. 1990}, toluene permeabiliza-
tion of cell membranes or ultraviolet irradiation to kill
cells prior to the accumulation assay (Van Dyke et al.
1990).

This study showed the Ag-resistant strain sequestered
Ag as dense deposits. Electron dense deposits have been
reported by Belly and Kydd (1982) in a Ag-resistant
Pseudomonas sp. Both the Ag-resistant AG259 strain and
the Ag-sensitive JM303 strain, produced H,S as determi-
ned by the lead acetate test of MacFaddin (1976). Tt is
possible the Ag-resistant strain produces higher levels of
H,S and /or intracellular sulfide that complex fo Ag and
form insoluble Ag-sulfide deposits as observed in electron
micrographs. An Ag-sensitive derivative of E.coli R1
(designated S1) contained dense silver deposits as deter-
mincd by clectron microscopy and energy dispersive
X-ray analysis (Starodub and Trevors 1989). Belliveau
el al. (1991) reported on decreased H,S production and
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intracellular SH levels in mercury-resistant Bacillus spp.
grown in the presence of HgCl,. It was suggested that
cellular sulfides complexed Hg?* in these sirains. In a
similar manner, intracellular immobilization of Ag by
sullide may account in part for resistance of P. sturzeri
AG259 to this metal. Aiking et al. (1982) reported that
adaptation to Cd by Klebsiella aerogenes proceeded via
formation of Cd sulfide. Pan-Hou and Imura (1981)
observed that H,S plaved a role in Hg resistance in
Clostridium cochlearium T-2. In addition, H,S produc-
tion was plasmid-encoded in this strain.

Research is in progress to quantify production of H,S
in both the Ag-resistant and Ag-sensitive strains, Incuba-
tion at 2 °C during the assay may decrease H,S produc-
tion. It is possible that increased production of sulfide in
the Ag-resistant strain plays a role in the resistance
mechanism. A decrease in H,S production may lower
H,S-Ag complexation, and this in turn can reduce Ag
accumulation. Further studies and careful interpretation
must be undertaken to elucidate mechanism(s) of Ag
uptake and resistance.

Acknowledgements. This research was supported by the Natural
Sciences and Enginecring Research Council of Canada (NSERC)
operating grams to H.L. and I'T.T. R.M.S. was the recipicnt of an
NSERC and OGS post-graduate scholarship, and Williams fellow-
ship. Energy-dispersive X-ray analyses were done with the kind
assistance of R. Harris, Department of Microbiclogy, University of
Guelph.

References

Alking H, Kok K, Van Heerikhuizen H, Van't Riet, J (1932)
Adaptation 1o cadmium by Kiebsiella aerngenes growing in
continyous culture proceeds mainly via formation of cadmium
sulfide. Appl Inviron Microbiol 44: 938944

Bauda P, Garsot P, Block JC (1987) Cadmium uptake by Pseudo-
monas fluorescens cells. Toxicity assessment 2: 63—78

Belliveau BH, Starodub ME, Trevors JT (1991) Occurrence of
antibiotic and metal resistance and plasmids in Bacillus strains
isolated from marine sediment. Can I Microbiol 37: 513—520

Belly RT, Kydd GC (1982) Silver resistance in microorganisms.
Developments Industrial Microbiology, vol 23. Proceedings of
the 38th General Meeting of the Society for Industrial Microbio-
logy. Richmond, VA, pp 567-377

de Rome L, Gadd GM (1991) Use of pelleted and immobilized yeast
and fungal biomass lor heavy metal and radionuclide recovery.
J Ind Microbiel 7: 97-104

Gadd GM, Laurcnce OS, Briscoe PA, Trevors JT (1989) Silver
accumulation in Pseudomonas stutzeri AG259. Biol Metals 2:
168-173

Goddard PA, Bull AT (19894) The isolation and characterization
of buacteria capable of accumulating silver. Appl Microbiol
Biolcchnol 31: 308-313

Goddard PA, Bull AT (1989b) Accumulation of silver by growing
and non-growing populations of Citrobacter intermedius B6.
Appl Microbiol Biotechnol 31: 314-319

Guellroy DE (1990) Buffers: a guide for the preparation and use
of buffers in biological systems. Calbiochem Corporation, San
Diego, Calif. (24 pages)

Huefeli C, Franklin C, Hardy K (1984} Plasmid-determined silver
resistance in Pseudomonas stutzeri isolated from a silver mine.
T Bacteriol 158: 389-392

Harold I'M, Baarda JR, Baron C, Abrams A (1969) Inhibition of
membrane-bound adenosine triphosphatase and of cation trans-
port in Streptococcus faecalts by N,N'-dicyclohexylcarbedii-
mide. J Biol Chem 244 2261-2268

Hughes MN, Poolec RK (1991) Metal speciation and microbial
growth — the hard (and soft) facts. J Gen Microbiol 137:
725-734

MacFaddin JF (1976} Biochemical tests for identification of medical
bacteria. The Williams and Wilkins Company, Baltimore, Md.,
pp 89-99

Moullen MD. Wolf DC, Ferris FG. Beveridge TJ, Flemming CA,
Bailey GW (1989) Bacterial sorption of heavy mstals. Appl
Environ Microbiol 535: 3143-3149

Pan-Hou HSK, Imura N (1981) Role of hydrogen sulfide in mercury
resistance determuned by plasmid of Clostridium cochlearium
T-2. Arch Microbiol 129: 49-32

Serrano R, Gancedo JM, Gancedo C (1973} Assay of yeast enzymes
in situ. A potential tool in regulation studies. Eur J Biochem
34: 479 482

Slawson RM, Lee H, Trevors JT {1990) Baclerial interactions with
silver. Biol Metals 3: 151-154.

Slawson RM, Van Dyke M1, Lec H, Trevors JT (1992) Germanium
and silver resistance, accumulation, and toxcity in microorga-
nisms. Plasmid 27: 72-79

Starodub ME, Trevors JT (1989) Silver resistance in Escherichia
coli R1. J Med Microbiol 29: 101-110

Starodub ME, Trevors IT (1990) Mobilization of Escherichia colf
R1 silver-resistance plasmid pJT1 by TnS-Mob into Escherichia
coli C600. Biol Melals 3: 24-27

Trevors JT (1989) The role of microbial metal resistance and
detoxification mechanisms in environmental bicassay research.
Hydrobiologia [88/189: 143147

Trevors JT, Starodub, ME (1990} Electroporation of pKIKI silver-
resistance plasmid from Pseudomonas stutzeri AG259 into
Pseudomonas putida CYM318. Curr Mierobiol 21: 103107

Tynecka Z, Gos 7, Zajuc J (1981) Energy-dependent efflux of
cadmium coded by a4 plasmid resistance determinant in Sra-
phylococeus ourens. T Bacteriol 147: 313-319

Van Dyke MI, Lec H, Trevors JT (1989) Germanium accumulation
by bacteria. Arch Microbiol 152: 533-538

Van Dyke MI, Parker W, Lee H, Trevors JT (1990) Germanium
accumulation by Pseudomonas sturzeri AG25%. Appl Microbiol
Biotechnol 33: 716-720

Williams JW, Silver S {1984) Bacterial resistance and detoxification
of heavy metals. Enzyme Microb Technol 6: 530-537



