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matography can sometimes be adapted to differentiate
among metal species (20), but this approach is not as sen-
sitive as other techniques, for example graphite furnace
AA, in which larger samples may be concentrated prior to
the actual analysis.

METAL REQUIREMENTS

The requirement of any given metal ion by a microbial
process is most appropriately determined in synthetic me-
dia, where the potential for inclusion of minute amounts
of material found in environmental systems can be elimi-
nated or controlled. No standard procedures for this type
of determination exist, but some general guidelines can be
suggested. In most cases, the organisms of interest will be
heterotrophs. Thus, organics in the medium are required.
The concentrations of organics should be kept as low as
possible to avoid rendering the added metals unavailable
due to complexation with the medium components. Com-
plexation is likely to be a more serious problem in unde-
fined, complex, organic-rich media (e.g., nutrient broth,
peptone, and yeast extract). However, complexation effects
on metal requirements in culture are less likely to be prob-
lematic than complexation effects on metal toxicity. In the
latter case, the investigator often wishes to know how
much of a supplement must be added to the medium to
produce optimum growth. To understand the form of the
metal being used, it would be best to avoid a highly rich,
complex medium, and it should be noted that the amounts
of metals necessarily added to a complex medium may not
reflect the amounts of metals required to support microbial
growth and metabolism in water or soils.

All medium components, organic and inorganic, should
be examined for trace metal contamination. Microbes can
often obtain minute but adequate amounts of trace ele-
ments that occur as contaminants in medium ingredients,
For this type of assay, only the purest media and salts ob-
tainable should be used. The use of double-distilled water
(with the second distillation in scrupulously cleaned glass)
is recommended. Deionized water may be extremely low in
total ions but may contain just enough of the target ion to
support the growth of the test organism. Whenever possi-
ble, the tests should be conducted in liquid medium with
as low an organic content as practical. If the medium is a
simple one (a single carbon source consisting of a carbo-
hydrate, for example), the speciation model approach may
be used to estimate the amount of a given metal species
present in the medium. Diffusion of metals in agar can be
a kinetic limitation on availability when metal concentra-
tions are extremely low, and agar is known to complex with
a variety of metal ions (30), lowering the actual concen-
tration of metal delivered to the microbial cell.

RESISTANCE TO METALS

Most metal toxicity arises from the reaction of metal ions
with proteins. For example, the toxicity of mercuric ions
arises from the aggressive binding of the ions to sulfhydryl
groups in organic molecules. This action can inhibit mac-
romolecular synthesis and enzyme activity. Proteins often
contain R—SH groups that control the tertiary and qua-
ternary structure of the molecule. Binding by Hg?* can
destroy that structure and inactivate the enzyme. Disulfide
bonds are also sensitive to Hg?* binding, and transcription
and translation are particularly sensitive (14, 34). An in-
crease in mercury resistance is thought to have been me-

diated by the use of compounds such as phenyl mercury
and thimerosal as disinfectants (16). This concept is sup-
ported by the observation of a decreasing resistance to mer-
cury coincident with abandonment of mercurials as
disinfectants (29).

Metal resistance is frequently determined by plasmid-
carried genes in bacteria. Mechanisms of resistance to met-
als generally involve either a transformation mechanism or
an efflux mechanism. A transformation-type mechanism is
exemplified by the mercury reductase system, i.e., the en-
zymatic reduction of the Hg’* ion to elemental mercury
{Hg®). The elemental form is much less toxic than the
mercurous ion (35, 36), and the physical properties of Hg"
greatly decrease its availability to the microbes. Hg® is vir-
tually insoluble in water, and it has a high vapor pressure,
which leads to rapid evaporation. Cadmium resistance, on
the other hand, is considered to occur by an efflux system
in which it is pumped out of the cell by a Cd**/H" anti-
port system (14). Other plasmid-associated Cd and Cu
resistance mechanisms  involve metallothionein-type
molecules (19, 28) or siderophore production (8). For a
thorough review of mechanisms of metal resistance in bac-
teria, see reference 32.

General Considerations of Resistance Testing

For many compounds, standard protocols exist for the de-
termination of resistance to the compound. For antibiotics,
disk sensitivity assays that represent a comparative standard
among investigators are used. Such standards do not exist
for metals. Obviously, there are some common areas in
practice that allow statements to be made about the pres-
ence or absence of metal resistance, and to some extent a
quantitative response to metal concentrations may be
made. Problems associated with unknown speciation of the
metals as inorganic complexes, or especially as organome-
tallic complexes with components of growth media, make
difficult an exact determination of how much of what met-
als the bacteria can actually resist.

Resistance to specific medium components, in this case
metals, serves as a method for the selection or isolation of
organistns known to be resistant to a certain metal or for
the determination of the degree of resistance to that metal.
The degree of resistance is usually expressed on the basis
of the total amount of metal added to the medium (see.
e.g., references 10, 17, 21, and 31). Metal-tolerant organ-
isms can often be enumerated by plating water samples or
dilutions of sediment or soil samples on agar-solidified me-
dia to which some concentration of metal salt has been
added. Mills and Colwell (21) reported very high concen-
trations of metals (e.g., 250 mg per liter of medium) that
had to be added to agar media to achieve reasonable re-
ductions in the number of organisms in estuarine water.
Ramamoorthy and Kushner (30) noted that the actual con-
centration of free metal ion in microbiological media was
substantially lower than the concentration added due to
complexation of the metal ions with organic components
of the media.

The main problem with inclusion of metals in organic-
rich media is that the concentration of metal added to the
medium, and therefore the concentration to which growing
organisms are considered resistant, is generally much higher
than the active concentration of metal in, for example.
lakewater or seawater. The true MIC, i.e., the level of true
resistance, is therefore generally much lower than that
demonstrated through a medium-supplement based assay.
For example, Sunda et al. (38-40) used specific ion elec-
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trodes to demonstrate that the actual toxic copper species
was free Cu*", which was present in only small amounts
in comparison with the total copper present; the strength
of the relationship for some bacteria was so great that they
suggested that the response of the organism might be used
as a measure of the cupric ion activity (38). Similarly, free-
metal (ionic) cadmium was also shown to be the toxic
species in a study of shrimp (37).

The use of molecular probes to detect genes coding for
metal resistance in bacteria is certainly feasible and in some
cases may be desirable. Probes can be prepared for specific
genes after they have been sequenced; for example, the mer
gene (which confers resistance to mercury) can be probed
in isolates and in communities (7, 44), as can several other
genes for metal resistance (44). However, there appears to
be no general metal resistance gene, and the variety of
mechanisms employed by bacteria for resistance to metals
{32) makes impractical probing for anything other than a
specific gene that regulates a specific resistance.

Inhibition of Growth

Several methods to determine the resistance of bacteria to
metals in solution have been suggested. No method has
been adopted as a standard procedure, and the methods
presented here all have some significant disadvantages.
Nevertheless, each could be used to give a relative measure
of the resistance of an organism to different levels of metal,
of the resistance of an organism to different metals at the
same or different relative concentrations, or of the resis-
tance of different organisms to one or more concentrations
of one or more metals. Obviously, the more complex the
relationships being examined, the more the complexity of
the procedure becomes important. As always, it is impor-
tant to restate that in complex media containing organics
and many other ions, the exact concentration of the toxic
species will rarely, if ever, be known accurately.

Agar Dilution Method

An agar dilution method similar to that used for antibiotic
resistance assays (45) has been used by Nieto et al. (25,
26) to evaluate metal tolerance in halophilic bacteria. This
technique simply involves the use of agat-solidified media
with a range of metal concentrations included. Nieto et al.
(26) placed 21 spots of liquid inocula (with 10* to 10° cells)
on each plate with an automartic pipettor, incubated the
plates for 2 days, and looked for visible growth. Resistance
was reported as the highest concentration of metal (actu-
ally metal added to the medium) that allowed growth of
the organisms.

Continuous Culture

Mayfield et al. (20) used a continuous-culture system to
examine the differences in growth kinetics of a target or-
ganism in a dilute growth medium with or without metals
present. Such a system has a distinct advantage in that by
careful tuning of the system, organisms can be grown in
media that very closely resemble the natural conditions of
the organisms (assuming an aquatic lifestyle). The use of
dilute organic substrates in chemostats also allows for better
control of metal speciation. The effects of different metal
concentrations can be determined by adjusting the con-
centration and examining the response in the steady-state
growth parameters. Both lethal and sublethal effects on
growth can be observed. There is a distinct disadvantage
in terms of the number of strains that can be examined in
this fashion and the length of time necessary to obtain
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results. Continuous-culture systems can also be used to se-
lect slower-growing, metal-resistant strains from a general
assemblage of nonresistant strains.

Agar Diffusion Method

In determining the resistance of chemoorganotrophic bac-
terial isolates to antibiotic chemicals, a rapid assay has been
developed thar utilizes the diffusion of the antibiotics from
paper disks into the agar-solidified medium to achieve a
radial concentration gradient from the disk outward into
the medium (6). This method was adapted for metal ele-
ments by Smith et al. (32a), and further modified by
Thompson and Watling (42, 43). The ensuing description
follows closely the method of Thompson and Watling (43),
but because there is no standard, modifications could be
made to improve the technique or to make it more suitable
for answering a specific question.

Preparation

1. Reconstitute and sterilize nutrient agar in 100-ml
volumes (small volumes make pouring uniform plates
easier—if an automatic filler is used, a larger batch of me-
dium may be prepared). Nutrient agar was suggested for use
by Thompson and Watling, who indicated that metals dif-
fused uniformly through the emulsion. A less rich medium
{e.g., one-half-strength nutrient agar, R2ZA agar [1], or di-
lute peptone-tryptone-yeast extract-glucose agar [PTYG])
may cause less metal complex formation with medium com-
ponents, thus delivering more metal to the organisms.

2. Prepare tubes containing 5 ml of a suitable liguid
medium for growing log-phase cultures of the organisms
being tested. Thompson and Watling (43) used a tryptone
medium in their examination of metal resistance in Es-
cherichia coli.

3. Sterilize glass petri dishes containing Whatman AA
disks (13 mm in diameter) or equivalent disks in a 160°C
oven for at least 1 h.

4. Prepare stock solutions (1 mg of metal ion ml™!) of
metal salts. (Minor contamination with other merals can
produce artificial results. AA standards are commercially
available at this concentration, and they provide uniformly
prepared solutions with no, or minimal but known, con-
tamination.)

Procedure

1. Grow cultures of the isolates to be tested on suitable
agar plates (presumably the same medium as will be used
for the test).

2. Inoculate a few representative colonies into a tube
of the liquid medium and incubate for 18 h (or a suitable
length of time for the appearance of turbidity—the object
is to obtain cells in the logarithmic phase of growth).

3. Make a standard inoculum by transferring 0.1 ml of
the 18-h culture to a fresh tube containing 5 ml of liquid
medium {which serves as a transfer diluent) immediately
prior to the test.

4. Melt the agar, cool it to 50°C, and pour plates con-
taining 10 ml of the medium. Uniform plates are impor-
tant, since thicker plates will tend to reduce the amount
of diffusion of the metal away from the disk. When the
agar has solidified, spread 0.1 ml of the inoculum from step
3 evenly over the surface of the plate.

5. Make the metal-impregnated disks by dropping 0.1
ml of the stock metal solution onto each disk (100 ug of
metal per disk). Use of an automatic pipettot will facilitate
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-he requisite uniformity in the disks. Place the disk on the
moculated plate and incubate the plate, at a relevant tem-
serature for a suitable period for the organisms being ex-
smined.

6. After incubation, measure the distance from the edge
o the disk to the edge of the clearing zone (in millimeters).

7. To determine an apparent MIC, compare the dis-
tance from the edge of the clearing zone to the edge of the
Jdisk with the distance produced by a concentration deter-
mined by the diffusion gradient for that metal in that me-
Jium. Figures 3 and 4 show examples from the Thompson
and Watling publications. The concentrations needed to
determine a diffusion gradient may be measured as follows.
Carefully cut strips of agar 15 mm long by 2 mm thick (to
the bottom of the agar layer) from the edge of the disk to
the edge of the plate. Weigh each strip, digest it with 2 ml
of concentrated HNO;, and evaporate the material to dry-
ness. Add 2 ml of 10% (vol/vol) HNO; to dissolve the
sample residue. The metal concentration in these samples
can then be determined by AA, and the concentration of
metal (in micrograms per gram) can be plotted against dis-
tance from the disk to obtain the diffusion gradient plots.
From these plots, the total metal concentration at the
point of inhibition can be determined and reported as the
MIC. Keep in mind that this is an apparent value, in that
the concentration of the true toxic species of the metal is
not determined by this assay.

This procedure provides a fundamental approach to
metal resistance testing similar to that commonly used for
antibiotic resistance testing. Modifications can easily be
made: the medium can be changed, ot the metal salts used
in the filters can be altered to determine the effect of dif-
ferent forms, e.g., the effect of the anion component or of
metal contaminants. Metals could also be mixed in the
solutions in different proportions in experiments to look at
synergistic interactions in metal resistance. Despite the sev-
eral advantages that are offered by an approach such as the

1 Normal growth
2 Diffuse growth
3 No growth

4 Disk

a Inoculated agar

b Uninoculated agar
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diffusion assay, all the problems associated with cultivation
of microbes are manifested; not least is the limitation on
the type of organism (chemoorganotrophs) to which the
technique can be applied easily.

Inhibition of Growth Determined by Uptake of
[PHIThymidine

A method for determining the effect of dissolved metals
on the growth of bacterial communities in soil has been
proposed by Badth and coworkers (3, 4, 11). The method
is based on the assumption that bacterial growth is pro-
portional to the amount of thymidine incorporated into
macromolecules in the bacterial cell. For use of this method
for bacteria in soils, the bacterial cells are extracted from
the soil and the metal of interest is added to the cell sus-
pension. Tritiated thymidine is added, and the suspension
is incubated. At the end of the incubation period, the mac-
romolecules (the fraction that is soluble in cold trichlo-
roacetic acid) are extracted from the suspension and the
amount of *H incorporated is measured. For studies of the
effect of the metal on the entire community, this method
does not select for organisms that can grow on the isolation
or enumeration medium. The lack of necessity of supple-
menting the suspension with large amounts of complex ot-
ganic mixtures (as are found in many culture media) makes
the determination of a reasonable metal concentration and
speciation much more straightforward, yielding results that
are more environmentally relevant. Although the pub-
lished procedure is for microbes extracted from soil, the
same approach could easily be adapted to microbes in water
samples, which would not require extraction prior to test-
ing.

The method, as presented here, outlines the report of
Badth (4). For details that would be useful in adapting the
method to water or to a specific soil situation, the reader
is referred to the original articles. The extraction efficiency
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FIGURE 3 Diffusion gradients associated with Cd- and Cu-impregnated disks in the agar dif-
fusion assay with nutrient agar as the medium. The figure also illustrates the appearance of the
clearing zones surrounding the disks. Note the alteration of the gradient in the inoculated Cd-
containing plates, which arises due to Cd uptake by the bacterial cells at the edge of the clearing
zone. Reprinted from reference 43 with permission.
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FIGURE 4 Diffusion gradients associated with several trace elements used in the agar diffusion
assay reported by Thompson and Watling (42). Solid lines represent gradients in inoculated agar,
and dotted lines represent gradients in uninoculated agar.

for bacterial cells reported by B&sth (4) was 10 to 30% and
depended on the soil type.

Procedure

1. Homogenize 10 g of soil (the amount necessary may
vary depending on the numbers of organisms and their ac-
tivity) with 200 ml of distilled water in a high-speed
blender or homogenizer for 10 min.

2. Sediment the solids in a centrifuge at 750 X g for
10 min.

3. Decant the supernatant through glass wool, and
place 1- to 4-ml portions into plastic vials.

4. Add solutions containing the necessary concentra-
tion of the metal to be tested. For this assay, a convenient
final volume is 5 ml. Be sure to add distilled water or an
appropriate salt solution to controls that contain no added
metal.

5. Hold the vials at room temperature for 10 min be-
fore the addition of [methyl-’H]thymidine.

6. Add [’H]thymidine and incubate for 1 to 2 h.
(Note: The amount of thymidine added and the incubation
time used will vary from study to study. All considerations
appropriate for use of the [*H]thymidine method for assay-
ing bacterial productivity apply here. For a specific and
detailed discussion, see chapter 31. It is also recognized that
various individuals conduct the thymidine uptake proce-
dure with different protocols. The BSach (4) procedure is
presented as an approach that can be modified as necessary
to suit the needs and practices of individual laboratories.

7. At the end of the incubation period, terminate all
reactions by adding 1 ml of 5% formaldehyde solution.

8. Filter the suspension through a 0.45-um-pore-size
membrane filter prewashed three times with 1% sodium-
hexametaphosphate.

9. Wash the filter with cells in place with three 5-ml
portions of 80% ethanol and then with three 5-ml portions
of ice-cold 5% trichloroacetic acid.

10. Trim away the edges of the filters, and place each
filter into a liquid scintillation vial.
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11. Add 1 ml of 0.1 M NaOH, and heuat to 90°C for 1
to 2 h to solubilize macromolecules.

12. Allow the vials to cool, add liquid scintillation
cockrail, and counr the radioactivity with a liquid scintil-
lation counter.

13. Compare the thymidine incorporation with the
concentrations of metals added (including the controls).

For water samples, the cells may be collected directly
on the filter without any extraction.

Inhibition of Specific Metabolic Processes

A number of studies have examined the effect of added
metals on specific enzymatic activities or on microbial pro-
cesses. In many cases, the assay is often quite simple and
involves the addition of a concentration of meral ion to a
solution used to test enzymatic activity. The assays can sut-
fer from the same speciation-complexation problems that
plague other approaches, although again, the use of dilute
solutions can minimize the problem. Speciation modeling
can often be accomplished for the assay solutions. The use
of whole cells for the test may avoid complexation of the
metal with the purified or semipurified enzyme (protein) if
enzyme complexation is not the mechanism of toxicity in
the environment.

Examples of the enzyme activity assays for testing metal
toxicity include that of Montuclle et al. (22). They ex-
amined dehydrogenase activity and f-glucosidase activity
in bacteria isolated from the sediments of polluted and un-
polluted rivers and placed in solutions in the presence or
absence of added metals. As mentioned above, Tatara et
al. (41) examined the mineralization of CCl, as affected by
the presence of iron and copper and the effect of environ-
mental conditions on the degree of roxicity. Other merhods
of measuring microbial growrh and activity may be readily
adapted to examinc the cffect of metals on the organisms
simply by including different concentrations of mctal ions
in the test solutions. In all cases, care must be taken to use
only the purest of chemicals and, whenever reasonable, to
determine the dominant metal species in the test solution.

The activity assays also have the ability to provide di-
rect evidence of synergistic relarionships (also possible at a
more crude level when classical culture methods are used)
by allowing the mixing of various combinations of metals
at differcnt concentrations. Additionally, sublethal effects
may be readily observed since they appear as an inhibition
in an activity. Such an observation may lead to the doc-
umentation of chronic inhibition in the environment.

The determination of metal requirement and resistance
is not always straightforward. Metal loadings for culture
media can easily be derermined, bur these results are op-
erational definitions for the culture condirions and may
bave no relationship to the actual roxic levels in an en-
vironmental situation. Thus, caution should always be used
in the quantitative extrapolation to the environment of
laboratory results involving metals. Laboratory studies will
continue to be of great value in the interpretation of field-
derived observations, and experiments that examine the
moleculuar basis of metal requirement and resistance should
continue apace. Qualitative or mechanistic conclusions
may follow directly from laborarory studies, bur quantira-
tive relationships, and especially regulatory guidelines,
based on such procedures should be viewed with some
skepticism.
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