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ABSTRACT

Microorganisms are a critical component in determining the availability of
nutrients in soil. Diversity of the soil micro flora provides stability, as a more diverse flora

will cycle nutrients over a potentially more diverse set of environmental conditions
Contamination of the soil by heavy metals has been shown to adversely affect soil
microorganisms and cause a decrease in diversity and activity, affecting the production of
plant available forms of nutrients and thus decreasing soil quality. This study measured

the effects of Cu pollution on microbial activity, number, and diversity as a function of

time since exposure to Cu. Microbial communities were sampled from soil microcosms

containing 0,12.5, 25, and 50 mM Cu. In this study, certain species of bacteria were able
to adapt to the Cu pollution resulting in a shift of bacterial community structure over

time. Furthermore, microbial activity decreased after initial exposure to Cu, but
increased in activity as exposure progressed with time. Soil with higher concentrations of

Cu had higher proportions of the total bacterial population that were tolerant of Cu and
the tolerance increased over time. RISA gel analysis revealed differences in community

structure between soils containing different amounts of Cu pollutant as well as changes
within the community as exposure to Cu increased with time.

Key words: RISA gel, heavy metal contamination, dehydrogenase activity, Cu

tolerant plate counts
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INTRODUCTION

Biological advances have provided opportunities for new research into the effects

of soil degradation on ecosystems. Soil Quality, defined as having “the capacity to
function within ecosystem boundaries to sustain biological productivity, maintain
environmental quality, and promote plant and animal health” (Doran et al., 1994), is
imperative to the preservation of ecosystems. Soil quality is dependent on many factors

including the availability of plant nutrients, soil structure, organic matter content and
microbial diversity (Requenz et al, 2000). Research into improvements of these primary
factors is important to the recovery and enhancement of soil quality and as an extension,

its related ecosystems.

Microorganisms provide many elements important to the carbon, nitrogen,

phosphorous, sulfur, and hydrogen cycles (Doran et al., 1994). Many elements contained
in soil organic matter, which are imperative to soil quality, become available through
microbial activities (Doran et al., 1994). Many researchers have focused on the microbial

component of soil, ultimately hoping to improve and preserve soil quality through
improved understanding of the soil microbial flora and how it is affected by various
stresses.
It has also been shown that biodiversity greatly influences ecosystem stability and

productivity (Ehrlich, 1988). For example, it was found that in grasslands a diverse plant

community is more resistant to major drought (Tilman, 1991). The same may be applied

to soil systems, as diversity within the microbial community contributes to stability of the

soil and its ability to withstand disturbances.

1

Many methods have been employed to observe complex microbial communities

and assess their diversity. Many rDNA -based methods have been developed, including

denaturing gradient gel electrophoresis, terminal random fragment length polyphorphism

analysis, and ribosomal intergenic spacer analysis (RISA) (Valinsky et al., 2002). The
RISA method uses a primer based on the IGS (intergenic spacer) between the 16S and

23 S subunit of rRNA. The size of this DNA fragment varies from species to species;

thus a snapshot of the diversity in the community at that time can be seen by the banding
pattern in a polacrylamide gel.

Bomeman and Triplet (1997) used RISA analysis to illustrate the impact of

deforestation on soil microbial communities. Many researchers have shown the adverse
effects of long-term exposures of many heavy metals on soil microbial biomass and
microbial activity (Renella et al., 2001; Shi et al., 2002). It has also been shown that
metal toxicities caused by copper have adverse effects on soil microbial processes

(Lindsay, 1979; Parker et al., 1995). Much of this research has shown the adverse
consequences heavy metal pollutants have had on the microbial communities of soil and

as an extension on soil quality.
Mining, smelting, and iron and steel refining industries are the major causes of Cu

pollutants, which directly and indirectly affect the soil (EPA). The response of the soil

microbial community to Cu toxicity and its ability to adapt are important to the
assessment and restoration of the polluted soil. Yamota and others (1985) demonstrated

adaptation by fungi to copper pollution might be rapid. Plate counts have demonstrated
that bacteria and fungi from a polluted environment may be more tolerant to high levels

of Cu than those from unpolluted areas (Pennanen, 1996). However, little is known
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about the time scale on which soil microbes develop specific heavy metal tolerances or
how rich the community that develops tolerance will be.

The focus of this research was to test the ability of microbial communities to
adapt and recover from Cu exposure as a function of time since pollution. The effects of
Cu concentration were studied in relation to bacterial numbers, activity, and species

richness as a function of time since exposure. To address the effects of Cu on soil
communities over time, soil microcosms were created by adding different amounts of Cu
pollutant to individual containers of uncontaminated soil. Microbial communities were
progressively sampled from each system and tested for activity and tolerance to Cu.

Plate counts were used to assess the tolerance to Cu by inoculating the soil populations
onto agar plates containing different amount of Cu concentrations. It was hypothesized
that bacterial communities exposed to higher levels of Cu would develop tolerant

bacterial populations faster than communities exposed to lower Cu concentrations. The

microbial activities from Cu-amended soils were expected to be lower than the control

soils. In addition, bacteria that are tolerant of elevated Cu concentrations were expected
to be tolerant of elevated concentrations of Ni and Zn, as was seen in previous research

(Renella et al., 2001).

In addition to testing the adaptation of the different soil communities and their

tolerance to heavy metals, changes in the community structure as a function of metal
concentration and exposure time were also studied. For this, RISA was used to observe

bacterial communities from different microcosms of Cu polluted soil at different times
since Cu was added. Changes in the diversity of the soil bacterial community as well as
differences between polluted and nonpolluted samples at different sampling times were
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observed in the banding patterns resolved by gel electrophoresis. The changes in the

community structure as a result of exposure to Cu toxicity may be applied to the

assessment of soil quality and future research into soil restoration.
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MATERIALS AND METHODS

Soil Microcosms. To measure the effects of heavy metal pollution on soil bacterial

communities as a function of time since pollution, soil microcosms with varying amounts
of Cu contaminant were created. Soil was first collected from beneath a north Helena

lawn. ICP analysis was done to confirm the soil was not contaminated with heavy
metals. The soil was passed through a 2mm sieve and air dried and then divided into

twelve 200-gram portions. Copper sulfate pentahydride (F.W. 249.68) was added to nine

of these microcosms in triplicate at concentrations of 0, 12.5, 25, and 50 mmol kg'1. The
remaining 3 unpolluted microcosms were left as controls. The microcosms were
incubated for control of temperature and kept in darkness. They were weighed weekly to

keep a constant water content of 12%. Sampling from each microcosm was performed
three times at 4, 32, and 64 days, and the following procedures were performed each

time.

Iodonitrotetrazolium Assay. The activity of the microbial flora was measured using an

iodonitrotetrazolium (INT) assay to measure the activity of dehydrogenase, similar to the
method used by Griffiths (1989). For each microcosm, 1 g of sample was used for

activity determination and 1 g from each set of the triplicate microcosms was used as a

control (4 controls and 12 samples total). Control soil was heated in a boiling water bath
to sterilize the soil. After mixing, the soil and solution were incubated overnight in the

dark at room temperature. Following incubation, 5 ml of extracting solution (1:1

dimethlyformamide: methanol) were added to each sample and control. The absorbance
was measured in a quartz cuvette at 460 nm using the extracting solution as a blank
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(Spectronic ® Genesys). A standard curve was also constructed using successive 1:10

dilutions of 500 micrograms/ml of iodonitrotetrazolium formazin in extracting solution.
The blank contained DI water, INT, and extracting solutions, using the same proportions.
Ammonification Assay. A procedure similar to that of Bonde (2001) was used to

measure activity by NH4+ production. For each microcosm, 1 g was taken and added to a
tube with 1 ml arginine. A control was set up for each sample (12 samples and 12
controls total). The vials were incubated for 24 hours. The NH4+ was then extracted by

adding 1 ml of 2M KC1 and placed on a shaker for 1 hour. 1.5 ml of this solution were
transferred to a microcentrifuge tube and centrifuged on high speed for 5 minutes.
Following centrifugation, 40 gl of phenol solution, 40 gl of nitroferricyanide, and 100 gl

of oxidizing reagent were added to 1ml of each of the centrifuged solutions. The samples
were mixed well and left to develop for 1 hour in darkness and mixed periodically.

Absorbance was read at 630 nm (Spectronic ® Genesys), and a standard curve was also
constructed (Bonde, 2001).
Plate Counts. A standard 1/10-dilution series in 0.01 % NaCl was made for each

microcosm. Various dilutions were chosen, and 100 /xl from each were pipetted onto
various Tryptone Soy Agar plates in duplicate. The assortment of plates were comprised

of TSA and 0 Cu, 0.5mM Cu, 2mM Cu, and lOmM Cu. The plates were kept in plastic
bags to prevent desiccation and stored in the dark. Plate counts were performed after 48

hours and 4 days. Dilutions from each microcosm were inoculated onto plates as

described in Table 1.
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Table 1: Dilutions of microcosm samples for inoculation onto TSA + Cu plates.
0 mM Cu Plates 0.5 mM Cu Plates 2.0 mM Cu Plates

Microcosm ID
OCuA
OCuB
OCuC
12.5 Cu A
12.5 CuB
12.5 CuC
25 Cu A
25 CuB
25 CuC
50 Cu A
50 CuB
50 CuC

10'3
IO’3
10’3
10’3
10'3
10'3
10’3
10'3
10'3
10‘3
10’3
10’3

10"4
10’4
10’4
10-4
10’4
10"4
10'4
10-4
10'4
10’4
10'4
10’4

10’3
10‘3
10’3
10~3
10’5
10’3
10’5
10'3
10’5
10’5
10’5
10’5

IO’3
10’3
10’3
IO’3
10‘3
10’3
10'3
10’3
10'3
10'3
10‘3
10'3

10-4
10'4
10"4
10’4
10-4
10-4
10’4
10-4
10-4
10’4
KT4
W4

10’3
10’5
IO’3
10‘3
10’3
10’3
10'5
10‘3
10‘5
10‘3
10’3
10’3

10‘2
10‘2
10'2
10’2
10’2
10’2
IO-2
IO’2
10’2
10’2
10‘2
10’2

10'3
10’3
10'3
10'3
10'3
10’3
IO’3
IO’3
10‘3
10’3
10’3
10'3

10 mM Cu
Plates

10‘4
10'4
10‘4
10'4
10‘4
10’4
10'4
10’4
10’4
IO’4
10’4
10'4

10'2
10’2
IO’2
10’2
10'2
10'2
10‘2
10’2
10’2
10’2
10’2
10’2

DNA extraction. DNA from each sample was also extracted every 30 days during the

incubation period using Bio 101 ® FastDNA SPIN kit for Soil (Catalog #6560-200)
made by Q-BIOgene. The extractions were performed using the appropriate solutions
and following the protocol (#6560-999-1D06 of the Application Manual:p7-8), except

785 /d of sodium phosphate Buffer, 98 /d of MT Buffer, and 750 /d of binding matrix

were used.
PCR Analysis. Primers 1522 (5 pmol/ml) and 132 (5 pmol/ml) for the IGS were used in

a 24 /d master mix with 1 /d of the extracted DNA. Following PCR amplification of the
DNA, 5 /zl of each sample and 5 /d of loading dye were run on a 1% polyacrylamide gel
(0.5 g agar, 50 ml IX TAE, 10 /d of Ethidium Bromide) for 15-20 minutes at 120 V to

ensure amplification of the appropriate segment in each sample.

RISA gel analysis PCR samples were loaded into a 0% denaturing polyacrylamide gel in

lx TAE buffer. The gels contained 20 ml of 40% Acryamide/Bis, 2 ml of 50X TAE
brought to 100ml with DI water. The gels were run at 200 V in a 7 L tank of 50X TAE
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10'3
10'3
10’3
10'3
10'3
10’3
10'3
10'3
IO’3
10'3
10‘3
10’3

10‘4
IO’4
IO-4
IO4
10’4
10’4
10’4
10'4
10’4
10'4
10’4
10'4

buffer and maintained at 60°C for 3 hours. Bands were resolved under UV light after
placing the gel in Ethidium Bromide for 15 min.
Additional Plate Count Analysis. Tolerant communities from 2 and 10 mM Cu plates

were inoculated onto 2 and 10 mM Ni and Zn plates using aseptic technique. The plates
were kept in plastic bags and stored in the dark.
Statistical Analysis Two factor ANOVA with replication was performed on all data

except that from RISA gels using Microsoft Excel®.
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RESULTS

Percent of Bacterial Population Tolerant to Cu. The Cu tolerance of soil bacterial
communities exposed to elevated levels of Cu increased over time (Fig 1, 2, 3). Over the
course of 60 days, the proportion of the bacterial communities tolerant to 2mM Cu

increased from approximately 0.1% to 11% and 8% (Fig 1,2) for the 25 and 50mM Cu
soils, respectively (P<0.05, Table 2,3). Tolerance to lOmM Cu increased significantly

(P<0.05) in soils with 25 and 50 mM Cu but remained at less than 1% of the total
population over the course of the experiment (Fig 2). An increase in tolerance to 2 and

10 mM Cu was evident in soils containing 25 and 50 mM but not in soils containing 12.5
mM Cu as of 64 days of exposure (Fig 1,2). There was no significant increase (p>0.05,
Table 2) in tolerance to 0.5 mM Cu in the study soils (Fig 3). No trend in tolerance is
evident for communities from non-polluted microcosms (Fig. 1, 2, 3)

Microcosm Cu Concentration (mM)

Figure 1: Percent of bacterial population from Cu polluted and non-polluted microcosms
tolerant to 2 mM Cu as measured by plate counts
9

0

12.5

25

50

Microcosm Cu concentration (mM)

Figure 2: Percent of bacterial population from Cu polluted and non-polluted microcosms
tolerant to 10 mM Cu as measured by plate counts

Microcosm Cu Concentration (mM)

Figure 3: Percent of bacterial population from Cu polluted and non-polluted microcosms
tolerant to 0.5 mM Cu as measured by plate counts
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Table 2: Two-factor ANOVA analysis for Cu tolerant communities on Cu plates

0.5 mM Cu plates

df

F

Metal Concentration
Time
Metal Concentration x Time
2 mM plates
Metal Concentration
Time
Metal Concentration x Time
10 mM plates
Metal Concentration
Time
Metal Concentration x Time

3
2
6

0.372883
3.60825
0.645741

P-value
(95 %)
0.773329
0.065462
0.692959

3
2
6

2.977558
3.787048
1.474871

0.051581
0.037202
0.228859

3
2
6

3.770701
3.790429
2.087641

0.023850
0.037106
0.092535

Dehydrogenase Activity. Overall, a decrease in soil dehydrogenase activity is seen
across the microcosms, from the control soils to Cu-amended soils. For the individual
microcosms however, soil dehydrogenase activity increased from 4 to 64 days since Cu
was added for communities from the 12.5, 25, and 50 mM Cu microcosms. The trend is
most obvious in communities from microcosms with 25 and 50 mM Cu. Initially,
bacterial communities from the 50 mM Cu soil microcosm showed no activity, while
significant activity (p>0.0.5) is seen at 64 days since the pollutant was added (Fig 4,
Table 3).

Figure 4: Dehydrogenase activity of bacterial communities from Cu polluted and nonpolluted microcosms.
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Table 3: Two-factor Anova analysis for dehydrogenase activity

Source of Variation

df

F

Metal Concentration
Time
Metal Concentration
x Time

3
2

130.1165
380.4019

P-value
(95 %)
5.59E-15
6.69E-19

6

11.77389

3.78E-06

RISA Gel Analysis. Analysis of the bacterial community structure using RISA
demonstrated that the addition of Cu caused shifts in the bacterial community structure
over time (Fig 5,6). Particularly the 50mM soils contained fewer bands but also unique
species in comparison with the 0 and 25mM Cu soils (Fig 5, 6).

Figure 5: Bacterial community fingerprint of microbial communities in Cu contaminated
soil at 8 days since pollution
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Figure 6: Bacterial community fingerprint of microbial communities in Cu contaminated
soil at 38 days since pollution

Zn and Ni Plate Analysis: Bacteria isolated on 10 mM Cu plates (Cu-tolerant) were not
able to grow on Zn or Ni containing media (data not shown).
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DISCUSSION

Total viable bacteria counts (using nutrient agar plates) and copper tolerant
bacteria counts (using 0.5, 2, and 10 mM Cu nutrient agar plates) showed that the

proportion of Cu tolerant bacteria in Cu amended soils increased over time (Fig. 1, 2, 3).

Thus, the development of soil bacterial communities tolerant to Cu exposure developed
relatively quickly. Ravina and Baath (1996) suggested metal tolerance might occur in as

quickly as two days. Tolerant communities in this study did not develop by two days, but

were clearly evident by 64 days. These results show that initially no bacteria were
tolerant to 10 mM Cu, but by 64 days a small proportion of the total bacteria from Cu
amended soils were tolerant to 10 mM Cu, as a result of selection of Cu tolerant species.

However, even though tolerance to 10 mM Cu did increase in bacterial communities from

the 25 and 50 mM Cu environments, the percent of the bacteria tolerant to Cu within the

soil communities was still below 1%, reflecting the considerable toxicity of an

environment containing 10 mM Cu, which is not seen in 12.5 or 2 mM Cu-amended soil
(Fig. 2). These results support the study by Doelman and others (1994) who observed that

more metal resistant bacteria are present in metal-contaminated soil than noncontaminated soils. It is likely that higher concentrations of Cu in soil microcosms acted

as a selection pressure on the soil bacteria over time.

The current study also suggests that tolerance to 2 and 10 mM Cu is dependent on
the exposure of soil bacterial communities to soil Cu concentrations greater than 12.5

mM (Fig 2, 3). The 12.5 mM microcosms did not select for soil bacterial populations

tolerant to the 2 and 10 mM Cu plates, within the 64-day sampling period. It is possible
that the soil bacteria in the 12.5 mM Cu amended soil require a longer period of time to
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develop Cu tolerance than soil populations exposed to higher levels of soil copper (25

and 50 mM Cu). The continued measurement of the soil bacterial tolerance to Cu in these
soil microcosms will be continued with a 1-year measurement of tolerance and the results

may answer this question.
These results also suggest that bacteria capable of growth on highly concentrated

Cu media were not found to exhibit equal tolerance to Ni and Zn. Renella et al. (2001)
showed the rank of a single metal’s effect on microbial biomass to be in the order of Cd<

Zn<Cu. The physiological mechanism for Cu tolerance may also confer tolerance to

other metals; however the Cu tolerant bacteria isolated in this study from Cu amended

soils were unable to grow on Zn or Ni containing media, suggesting the mechanism of Cu
tolerance was ineffective at conferring tolerance to Zn and Ni (data not shown). Because
copper is so widely used in mining, industry, and agriculture, high levels may exist in
various environments; so it is expected that many mechanisms for soil bacteria to deal

with the toxicity have evolved (Spain, 2003). The cop operon has been found to confer
resistance in the plant pathogen Pseudomonas syringae by encoding proteins to

compartmentalize the Cu in the cell’s periplasm and outer membrane (Spain, 2003). In
E.coli, plasmid-bound pco genes express efflux proteins, which remove copper from the

cell. CutC and cutF also control the expression of the pco gene and encode for a copper
binding protein and outer membrane lipoprotein, which may also participate in the efflux

mechanism (Grupa, 1995).

Microbial activity is frequently determined by measuring the dehydrogenase
activity of a soil bacterial community. In this study the rate of conversion of
iodonitrotetrazolium to formazan was measured. While Doran et al. (1994) suggested a
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combination of environmental factors might affect soil activity, including pH,

temperature, weather, etc., these factors were eliminated in this study by the use of
controlled conditions. In addition, the exposure of soil bacterial communities to heavy

metals has been shown to decrease soil microbial activity (Shi et al, 2000). In this study,
soils amended with Cu did exhibit lower dehydrogenase activity than non-polluted soil

(Fig 4). For these Cu amended soils, the initial exposure to Cu caused a decrease in
microbial activity when compared with non-Cu amended soil; however as the

communities were exposed to the Cu over time, the dehydrogenase activity of Cu
amended soils increased. The microbial activity of the 25 and 50 Cu-amended soil
increased as early as 30 days since exposure but showed no activity at 4 days. This

suggests Cu tolerant species flourish once they have adapted to the presence of Cu,

increasing the activity in the polluted soil; however, it does not indicate if other species
have died, reducing species richness or caused a shift in the soil bacterial community

structure. It has been shown that a change in microbial community structure after
exposure to Cu may play a role in the reduction of microbial activity (Shi et al, 2002).

The change in soil bacterial community structure may be measured through
community fingerprinting or shotgun cloning and phylogenetically identifying organisms

as their exposure to Cu increases with time (Fig 5, 6). This study used RISA to compare
the community structures of polluted and nonpolluted soils as well as the changes in

diversity as the exposure to Cu pollutant increased with time. Bomeman and Triplet

(1997) used RISA fingerprinting to show the differences between dominant soil bacterial
populations in a mature forest and adjacent pasture soil to illustrate the impact of

deforestation on the soil microbial community. These snapshots provide a way of
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comparing the community structure and diversity of the dominant bacterial populations

of the two soil environments. These RISA results provided no conclusions in regard to
species richness in the polluted sample versus the unpolluted sample. However, the

addition of Cu did cause shifts in the bacterial community structure over time. The 0 and
25 mM Cu-amended soils contained more bands than the 50 mM Cu-amended soils.

Unique species were also visible in the 50 mM soils. This difference may be due to the

death of the sensitive species or to the differences in competitive abilities and adaptation
of surviving species. Excising the RISA bands and extracting, cloning and sequencing

the DNA to phylogenetically identify the organisms representing the bands could confirm
these changes.

The reduction in microbial activity as well as the decrease in viable plate counts
from exposure to Cu may be attributed to the initial toxicity of the pollutant. However,
the recovery of microbial activity and increase in Cu tolerant plate counts after prolonged

Cu exposure may be attributed to changes in the community structure. More conclusive
RISA gel analysis is necessary to more definitively make this connection.

The increase in the percentage of the total bacterial community tolerant to Cu and
the increase in activity of microbial communities in 25 and 50 mM Cu amended soil

suggests bacteria tolerant of Cu toxicity prospered as exposure time progressed. The
change in dominant bacterial populations in Cu amended soils confirms a shift in the

community structure, as tolerant species take over and flourish. Research has revealed
that Cu toxicity adversely affects soil (Lindsay, 1979; Parker et al., 1995). This research

shows some soil bacterial species adapt and flourish in the polluted environment.
Therefore, the deterioration of soil due to Cu pollution may be the result of changes in its
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microbial communities in regard to species richness. The decline in soil quality due to
effects on the microbial flora is most likely due to changes in the species richness, as a

more diverse microbial population provides a greater contribution to soil productivity.

18

LITERATURE CITED

Baath, E., Diaz-Ravina, M., Frostegarb, A., and Cambel, C. 1988. Effect of metal-rich
sludge amendments on soil-rich sludge amendments on the soil microbial community.
64:239-245.

Bonde, T. A., Nielsen, T., Miller, M., and Sorensen, J. 2001. Arginine ammonification
assay as a rapid index of gross N mineralization in agricultural soils. Biology and
Fertility of Soils 34: 179-184.
Bomeman, J and Triplet, E. 1997. Molecular Microbial Diversity in Soils from Eastern
Amazonia: evidence for unusual microorganisms and microbial population shifts
associated with deforestation. Applied and Environmental Microbiology. 63: 26472653.

Doelman, P., Jansen, E., Michels, M., and Van Til, M. 1994. Effects of heavy metals in
soil on microbial diversity and activity as shown by the sensitivity-resistance index, an
ecologically relevant parameter. Biology and Fertility of Soils. 66: 5334-5339.

Doran, J., Coleman, D., Bezdicek, D., and Stewart, B. Defining soil quality for a
sustainable environment. Soil Science Society of America, Madison, WI. 1994.
Ehrlich, P.R. 1988. Pages 21-27 in E.O. Wilson, ed. Biodiversity. National Academy
Press, Washington D.C. USA.
Griffiths, B.S. 1989. Improved extraction of Iodonitrotetrazolium-Formazen from soil
with Dimethyl-formamide. Soil Biology and Biochemistry 21: 179-180.

Gupta, S.D., Lee, B., and Wu, H.C. 1995. Identifiaction of cutC and cutF genes involved
in copper tolerance in Escerichia coli. J. Bacteriol. 177(15): 4207-4215.
Lindsay, W. Chemical equilibrium in soils. New York: Wiley, 1979.
Parker, D., Chaney, R., and Norvell, W. Chemical equilibrium models: application to
plant nutrition research. In: Leoppert, ed. Chemical Equilibrium and Reaction Models.
Madison, WI: Soil Science Society of America, 1995.
Pennanen, T., Frostegard, A., Fritze, H„ and Baath, E. 1996. Phospholipid fatty acid
composition and heavy metal tolerance of soil microbial communities along 2 heavy
metal polluted gradients in coniferous forests. Applied and Environmental Science.

Ranjard, L., Brothier, E., Nazaret, S. 2000. Sequence bands of ribosomal intergenic
spacer analysis of soil bacterium populations responding to mercury spiking. American
Society of Microbiolgy. 66: 5334-5339.

19

Raquenz, N., Perez-Solis, E., Azcon-Aguilar, C., Jeffries, P., and Barea, J. 2000.
Management of indigenous plant-microbe symbioses aids restoration of desertified
ecosystems. Applied and Environmental Microbiology 68: 495-498.
Renella, G., Chaundr, A.M., Brookes, P.C. 2002. Fresh additions of heavy metals do not
model long term effects on microbial biomass and activity. Soil Biology and
Biochemistry. 34:121-124.

Spain, A. 2003. Implications of microbial heavy metal tolerance in the environment,
reviews in undergraduate research. 2:1-6.

Shi, W., Becker, J., Bischoff, M., Turco, R., and Konopka, A. 2002. Association of
microbial community composition and activity with Lead, Chromium, and Hydrocarbon
contamination. Applied and Environmental Microbiology. 68: 3859-3866.
Valinsky, L., Vedova, G.D., Scupham, A., Alvey, S., Figueroa, B.Y., Hartin, R.,
Chrobak, M., Crowley, D, Jiang, T., and Bomeman, J. 2002. Analysis of bacterial
community composition by oligonucleotide fingerprinting of rRNA genes. Applied and
Environmental Microbiology. 3243-3250.
Yamamoto, H., Tatsuyama, K., and Uchiwa, T. 1985. Fungal flora of soil polluted with
Cu. Soil Biology and Biochemisty. 17:785-790.

20

