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Summary. This review examines interactions between
bacteria and the biologically non-essential metal, silver.
Aspects of silver toxicity, tolerance and accumulation
(possible binding and uptake as opposed to energy-de-
pendent transport) in bacteria are discussed. In addi-
tion, plasmid biology is examined briefly since little in-
formation is available on the exact mechanism(s) of
plasmid-endoced silver resistance in bacteria.
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Introduction

The interactions of microorganisms with metals, parti-
cularly heavy metals, have been well documented
(Hughes and Poole 1989). Furthermore, metal contami-
nation of soil and aquatic systems has long been a pri-
ority environmental concern. Numerous studies have
used selected algal strains as biomonitors of metal pol-
lution in lakes, rivers and oceans as well as in investiga-
tions on the effects of metal mixtures (Wong et al. 1982,
1978) and specific metal toxicity (Baker et al. 1983; Tre-
vors et al. 1986; Wong 1987). Algal strains displaying
tolerance to polluting metal(s) in these environments
have also been observed (Stokes et al. 1973).

The response of soil microorganisms exposed to
heavy metals has been used less frequently as a toxicity
monitor. Although metal deposition occurs in both soil
and aquatic systems, sediment is often a sink for the
pollutants. Bacteria have been used in numerous physi-
ological and genetic studies of metal sorption, toxicity,
accumulation, resistance and detoxification (Beveridge
1989; Landeen et al. 1989; Mullen et al. 1989; Silver
and Misra 1988; Trevors 1989; Williams and Silver
1984). A sound knowledge of these types of interactions
is fundamental to understanding the behaviour and fate
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of metal species in the environment. As the mechanisms
of these interactions become better understood, they
may have a potential role in the in situ decontamination
of metal-polluted waste sites. At present, it is still ques-
tionable whether bacterial strains will be useful in bior-
emediation from both economic and practical view-
points. This paper reviews bacterial interactions with
silver, a non-essential element which has been widely
used for jewelry, electroplating, photographic and me-
dicinal purposes.

Silver toxicity

The toxicity of silver to bacterial cells is well docu-
mented and has led to its use in treatment of burns in
patients and in disinfection of water systems (Merck In-
dex, 1983; Yahya et al. 1990). Silver ions at 15 mM
have been found to inhibit oxidation of glucose, glycer-
ol, fumarate, succinate, D- and L-lactate and endoge-
nous substrates by intact Escherichia coli cells (Bragg
and Rainnie 1973). These researchers showed that silver
ions inhibited the respiratory chain at two sites: be-
tween b cytochromes and cytochrome d and between
the site of substrate entry into the respiratory chain and
flavoprotein in the NADH and succinate dehydrogen-
ase regions.

At 20 pM, silver nitrate inhibited uptake of inor-
ganic phosphate and caused efflux of accumulated
phosphate (Schreurs and Rosenberg 1982). In addition,
leakage of mannitol, succinate, glutamine and proline
was induced. Further research led to the postulate that
silver exerted its toxicity at more than one site, resulting
in metabolite leakage. A likely mechanism of toxicity
was proposed to be the collapse of cellular energy re-
sources to a level where concentration gradients could
no longer be maintained. Potential targets for silver in-
clude interference with energy-yielding reactions of the
respiratory chain, collapse of the proton motive force
and interference with phosphate uptake (Schreurs and
Rosenberg 1982). Ghandour et al. (1988) suggested that
silver toxicity may be generated indirectly through for-
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mation of a silver salt resulting in chloride limitation to
bacterial cells. A more direct mechanism of toxicity
could be binding of silver to sites on proteins and en-
zymes (Ghandour et al. 1988).

Interference (such as competition for binding sites
on surfaces of bacterial cells) with silver by other metal
ions, such as copper, has been reported to reduce over-
all silver toxicity and may provide clues to its toxic
mechanism(s). It has been proposed that silver and cop-
per ions compete for sites at which silver exerts its toxic
effects. For example, 0.66 uM Ag™ exerted a smaller
toxic effect on Escherichia coli K12 when 2.16 uM Cu**
was also present (Ghandour et al. 1988). Hence, silver
toxicity may be dependent on the [Ag™]/[Cu’®™] ratio
rather than [Ag*] alone. It is possible that silver com-
petes for cellular entry by an essential copper transport
system. This competition results in an antagonistic re-
sponse which may protect the cells from silver toxicity
if the concentrations are not lethal to the entire bacte-
rial population.

Silver accumulation

Bioaccumulation of silver by bacteria has been re-
ported, although a specific uptake mechanism has not
been established. Charley and Bull (1979) isolated a
bacterial community that exhibited an adaptive toler-
ance to silver. Concentrations as high as 100 mM silver
were tolerated when the bacterial community was pre-
exposed to silver. When pre-grown in the absence of
silver, tolerance was reduced. This bacterial community
was reported to accumulate silver to concentrations of
over 300 mg Ag™*/g dry biomass, at a rate of 21 mg
Ag*-h~'-(g biomass) ™' (Charley and Bull 1979). The
community consisted of three bacterial strains of which
one strain, Pseudomonas maltophilia, appeared to be
primarily responsible for high silver tolerance and ac-
cumulation. Combined tolerance of the community was
somewhat higher than P. maltophilia alone. This de-
monstrated the importance of multispecies’ interactions
as well as individual species in determining the com-
bined tolerance of the community. For example, one
species may provide necessary nutrients for another
species that displays higher tolerance (Charley and Bull
1979). These researchers also hypothesized that, since
rates of silver bioaccumulation were inhibited as exter-
nal silver concentrations increased, the accumulation
may be dependent on respiration which is silver-sensi-
tive.

Strains of Thiobacillus that accumulated excess
amounts of silver from sulphide minerals have been de-
scribed (Pooley 1982). Electron micrographs of these
cells revealed that the bacterial membrane was covered
with silver sulphide. As much as 25% of the bacterial
biomass recovered after leaching of a silver sulphide
mineral consisted of silver (Pooley 1982).

Goddard and Bull (1989a) studied the ability of
growing and non-growing cultures of Citrobacter inter-
medius B6, isolated from sludge, to accumulate silver.
They found that growing bacteria accumulated silver in

dense deposits on the cell envelope. It was the opinion
of these researchers that, in growing cultures, it was un-
likely that silver accumulation was simply due to sur-
face adsorption. This view is consistent with the report
of Charley and Bull (1979). It was observed that cells
harvested during mid- or late-exponential growth phase
exhibited the highest levels of silver accumulation, ap-
proximately 4.35% (by mass) from an external concen-
tration of about 2111.2 umol Ag™* /1 (Goddard and Bull
1989a). Accumulation occurred in a linear manner with
increasing external silver concentrations. Although
growing cells exhibited higher levels of silver accumu-
lation below 200 pmol Ag*/l (Goddard and Bull
1989a), it was concluded that an actively growing cul-
ture would be appropriate for silver accumulation only
when low silver levels were to be recovered. Other
problems associated with removal of silver from solu-
tions by bacteria were also raised by these authors.
First, accumulation may not occur uniformly through-
out the growth cycle and this may lead to inaccurate
estimates of uptake capacities. Second, heterogeneous
uptake by members of the population may lead to de-
creased silver concentrations in the supernatant fluid
which would encourage growth of less resistant mem-
bers of the population. A third consideration is the abil-
ity of organic components of growth media to bind silv-
er.

The composition of the growth medium has been
reported to influence metal resistance, uptake and tox-
icity by affecting the availability of silver. For example,
at a high NaCl concentration (1% mass/vol.), toxic
Ag™ ions were found to be removed from solution by
forming insoluble AgCl (Gadd et al. 1989). Further evi-
dence that the presence of NaCl reduced the biological
availability of silver was provided when silver accumu-
lation was found to be the lowest in Pseudomonas stut-
zeri cells grown in a medium supplemented with NaCl
(Gadd et al. 1989). These results are predictable be-
cause of the known interaction between silver and Cl
ions. However, when initially isolating silver-resistant
bacterial strains, NaCl is often present in the agar me-
dium. These researchers also found that cells grown in
the presence of silver recovered and reached control-
grown biomass levels after a lag period of 24 h. This
may signify the occurrence of one or a combination of
processes: the expression of an inducible resistance
mechanism, the selection of resistant cells, or a reflec-
tion of the time period of silver detoxification by me-
dium components (Gadd et al. 1989). In contrast to ear-
lier work on multispecies by Charley and Bull (1979), P.
stutzeri cells pre-grown in the presence or absence of
AgNO; displayed only a small difference in their up-
take capacities (Gadd et al. 1989). Similar results for E.
coli were reported by Schreurs and Rosenberg (1982).

Silver uptake by resting cells of P. stutzeri occurred
rapidly within the first minute of incubation (Gadd et
al. 1989). This was attributed to non-specific binding of
the metal to negatively charged groups on cell surfaces
or within cells (Gadd et al. 1989). Levels of silver accu-
mulated were relatively low by P. stutzeri (compared to
sensitive strains) which is a reflection of its resistant ca-



pacity. Ghandour et al. (1988) demonstrated that silver
accumulation by non-growing E. coli cells was due to
both surface binding and intracellular uptake. These re-
searchers proposed that silver was accumulated by an
energy-independent process and ultimately bound at
specific sites within the cell. Once these specific sites
were saturated, binding to the cell surface occurred.
Therefore, metal accumulation may occur in two
stages: a rapid, reversible and metabolically indepen-
dent surface binding, followed by a metabolically de-
pendent irreversible intracellular accumulation.

Because resistant strains may be useful in the recov-
ery of silver from waste sites, there is considerable in-
terest in bacterial mechanisms of resistance which ena-
ble cells to resist higher and more toxic silver levels.
Goddard and Bull (1989b) isolated silver-resistant En-
terobacteriaceae strains, which were also resistant to
nickel, from sewage and photographic processing ef-
fluent. P. stutzeri AG259 is an example of an organism
that possesses silver resistance (Haefeli et al. 1984;
Gadd et al. 1989). Presentation of evidence for the up-
take and accumulation of silver often implied a close
association of these abilities with resistance and detox-
ification. It is difficult, if not impossible, to discuss one
aspect without the other. In order to prevent accumula-
tion of toxic levels of silver, some mechanism of de-
creasing uptake of the metal may exist. As stated by
Gadd et al. (1989), unless some type of intracellular de-
toxification mechanism exists, it appears most likely that
resistant cells exclude or efflux silver. It is known that
some E. coli and P. stutzeri strains referred to as silver-
sensitive generally accumulate much higher levels of
the metal than those which are considered resistant
(Gadd et al. 1989; Starodub and Trevors 1990).

Initial evidence for a plasmid-encoded mechanism
of silver tolerance was reported by Charley and Bull
(1979), whereby the silver uptake capacity in P. malto-
philia was lost when grown in a medium without silver.
This observation suggests that the resistance was en-
coded on a plasmid which was spontaneously cured in
the absence of silver selection. Plasmid isolation per-
formed on P. stutzeri AG259 revealed the presence of a
large plasmid (pKK1, 49.4 MDa) encoding silver resist-
ance (Haefeli et al. 1984). This plasmid was transferred
to a strain previously designated as being sensitive and,
after culturing, exhibited silver resistance. The exact
mechanism of this resistance is not known. It was pro-
posed that some resistant pseudomonads reduced Ag™
to Ag®; but this reductive capacity also existed in sensi-
tive strains so it remains unclear whether this was a
consequence of resistance (Haefeli et al. 1984).

Recent work with other strains also suggests that
the mechanism of silver resistance may be plasmid-en-
coded. A silver-resistant E. coli R1 strain grew without
an extended lag phase in the presence of 1.0, 0.5, and
0.3 mM AgNO;, and preliminary evidence indicated
that the resistance was encoded on the 83-kb plasmid
pJT1 (Starodub and Trevors 1989). Electron micros-
copy and energy-dispersive X-ray analysis showed the
resistant strain did not accumulate silver, compared to
a plasmid-cured sensitive strain, during active growth.
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Resting cells, however, did not exhibit silver resistance.
These researchers proposed that although silver is not a
required metal, it may gain access to the cell by means
of a transport system for an essential metal. Further evi-
dence discouraged the possibility that the resistance
mechanism was linked to an enzymatic transformation.
Finally, although the production of H,S was observed
in both the sensitive and resistant strains, it was unclear
whether E. coli R1 could overproduce H,S as a detoxif-
ication mechanism (Starodub and Trevors 1989; 1990).

Nakahara et al. (1989) isolated silver-resistant
strains of Enterobacter cloaceae from contaminated se-
wage. Their work demonstrated the existence of R plas-
mids with Ag™ resistance through the ability to transfer
that resistance. A ratio of minimum inhibitory Ag™
concentrations of resistant/sensitive strains was at least
1000:1.

It has been postulated that the level of resistance
depends on silver-complexing components such as hal-
ide ions. One hypothesis suggested sensitive cells
bound Ag™ tightly enough to extract it from AgCl and
other complexed forms (Silver and Misra 1988). Howev-
er, cells with Ag™-resistance plasmids do not success-
fully compete with other precipitates for Ag*. Haefeli
et al. (1984) postulated the existence of a metallothion-
ein that protects cells by binding and inactivating Ag™.
However, there is no experimental support for this hy-
pothesis (Starodub and Trevors 1990).

This review of bacterial responses to silver exposure
has shown evidence of uptake and accumulation of the
metal which may be related to its extreme toxicity.
However, despite its toxicity (Trevors 1987), resistant
bacterial strains have been isolated, and preliminary
work suggests plasmid-encoded resistance mecha-
nism(s) in selected strains. The uptake of a non-essen-
tial metal such as silver by both sensitive and resistant
strains is not well understood (Trevors 1987) and mech-
anism(s) of resistance remains largely uncharacterized.

From a biotechnology perspective, little informa-
tion is available on the usefulness of selected bacterial
strains in efficient, cost-effective silver recovery. The
idea of using bacterial strains to recover silver from ef-
fluents or in mining operations has existed for decades.
However, from a practical point of view, several factors
must be considered. For example, silver-resistant bacte-
rial strains often exclude this metal from accumulating
in cells. This results in an overall decrease in silver ac-
cumulation. Hence the silver is not trapped by the cells
where it can be recovered. Conversely, bacterial strains
that accumulate silver are not tolerant to this metal and
will take up silver in a very short period of time (min-
utes). If the silver concentration is toxic, the cells may
lyse or become non-viable. Therefore, silver-sensitive
strains may not be of any biotechnological value in
cost-effective silver recovery. A silver-resistant strain
that could accumulate high levels of silver and survive
under the conditions used in the recovery process may
have the most promising potential. For example, Poo-
ley (1982) reported on the accumulation of silver by
bacterial cells during leaching of sulphide ore minerals.
However, the exact mechanism of this accumulation
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and its relationship to silver resistance are not well un-
derstood. Moreover, if silver-accumulating strains are
to be used in recovery processes, it may be difficult to
maintain the viability of microbial cell numbers and a
suitable cell density to ensure efficient recovery of the
metal.
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