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ABSTRACT

The bacterial composition of soils is important in the study of ecosystem ecology.
Soil bacteria are involved in nutrient cycling, soil nutrition, and degradation of organic

matter, and provide a healthy environment for plants and other microorganisms.

Contamination of the soil by heavy metals has been shown to have adverse effects on the
bacterial communities living in soil. Heavy metals can cause shifts in pH, providing an

unstable environment for many species of bacteria. Also, it is quite common for the

genes for resistance to heavy metals and for antibiotic resistance to be found together on
a plasmid, therefore, conferring resistance to both metals and antibiotics to the bacteria.
In this study, I measured the composition of bacterial communities in soils collected from
sites near the drainage area of the Anaconda Copper Mining Company which caused

contamination of soils in the Clark Fork River Valley in and around Deer Lodge County,
MT. Using pH, dehydrogenase activity, antibiotic resistance, and DGGE, I was able to

conclude the following: 1) soils with high levels of Cu2+ had a low pH, 2) studied soils
with low pH also had low biological activity, 3) total viable bacteria were significantly

correlated with pH and Cu2+ availability, and 4) species richness of the antibiotic
resistant bacterial community showed no specific effects of Cu2+ or pH.

Key words: Soil bacterial composition, Anaconda Copper Mining Company,
heavy metal contamination, antibiotic resistance.
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INTRODUCTION
Soil quality, defined as “the capacity of a soil to function within ecosystem

boundaries to sustain biological productivity, maintain environmental quality, and

promote plant and animal health” (Doran et al., 1994), is a major concern for ecosystem
function. Although soil has an important function in sustaining life on earth, not until
recently has the concern for soil quality been of interest to scientists. Soil properties such

as plant nutrient availability, organic matter content, soil structure, and/or microbial
diversity are the primary factors determining the soil’s quality and fertility (Requenz et
al., 2000). Soil is necessary not only for the production of food but also for the

preservation of local and regional environmental quality and the worldwide preservation
of ecosystems (Doran et al. 1994). The quality and health of soils is associated with the

health and welfare of human life on earth (Doran et al., 1994).
Although not visible to the ordinary observer, the most dominant organisms in
soil are bacteria and fungi (Alden et al., 2001). The microbial community of soil is

essential to the soil health and many of the earth’s natural carbon, nitrogen, phosphorus,
sulfur, and water cycles (Doran et al., 1994). The soil contains an organic component

which harbors many of these elements which would be unavailable without
microorganisms (Doran et al., 1994).
High concentrations of heavy metals in the soil can: 1) occur naturally with the

transformation of landscape by fires, drought, flooding, leaching, volcanic activity, or a

combination of factors (Kieft et al., 1998), 2) be introduced under laboratory conditions
(Diaz-Ravina and Ba&th, 1996), or 3) be introduced into the environment

anthropogenically by industrial waste or dumping of sewage (Kuo et al., 1996).
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Heavy metals such as arsenic, copper, nickel, and zinc can degrade the beneficial

properties of soil by altering the microbial environment. The microbial communities of
soils contaminated by heavy metals have shown a decrease in their biomass and activity

(Shi et al., 2002). Plate counts have shown that the amount of metal tolerant bacteria,
actinomycetes, and fungi from soil increases as the result of heavy metal pollution
(Pennanen, 1996).

Other factors including pH, salinity, temperature, and the availability of water and
nutrients are known to influence the microbial community (Diaz-Ravina and Ba&th,

1996). Researchers have studied bacterial biomass and enzyme activity of soil to
understand the effect of microorganisms on agriculture and plant stability (Diaz-Ravina
and Baath, 1996; Wieland et al., 2001) and the reciprocal, the way the plant community
acts upon the microbial characteristics of the soil (Nusslein and Tiedje, 2001). Such
knowledge about the soil and its components is useful for agriculture, nutrient cycling,
fertilizer studies, and investigations of other environmental issues.

The smelting facilities of the Anaconda Copper Mining Company (ACM) are

located at the northeastern end of the Deer Lodge Valley in Deer Lodge County, MT. At
the beginning of production in 1884, which lasted until 1980 when the smelter closed, the

facilities developed a program to remove copper from the mined ore. High
concentrations of As, Cu, Cd, Pb, and Zn were produced by heavy milling and smelting

and leached into the environment through heavy rainfall and flooding. Heavy metals

have associated risks for human health and to plants and animals in the contaminated
areas. The Clark Fork River, which travels through Deer Lodge County, is a high
gradient, cobble-bed river that is enriched with metals from more than 100 years of
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mining (Brick and Moore, 1996). As a result of flooding in the early 1900s, the river
distributed mine tailings along the flood plain of the river, resulting in contamination of

the flood plain and river bed with Ag, As, Cd, Cu, Pb, and Zn (Axtmann et al., 1997).

From the smelting facilities of the Anaconda Copper Mining Company, approximately 2-

3.5 million tons of mine tailings have contaminated the banks of the upper Clark Fork
River (Davis et al., 1999).
In order to address the effects of heavy metal pollution on soil communities and
activities, four different soils near Galen, MT, downstream from the smelter site, an area

of high metal pollution, and a control soil from Carroll College in Helena, MT were
studied. Viable plate counts were used to assess the metal tolerance of soil populations

by enumerating bacteria inoculated onto agar plates with and without varying
concentrations of copper. Other analyses included measuring the following: soil pH,
dehydrogenase activity (Iodonitrotetrazolium assay), and metal concentrations by

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP).
Antibiotic resistant populations were measured by the most probable number
technique (MPN) using liquid minimal salts glucose media with and without the

antibiotics ampicillin and streptomycin. Density Gradient Gel Electrophoresis (DGGE)
measured species richness of the antibiotic resistant community. DGGE was performed

on PCR-Amplified rDNA fragments coding for the V3 region of the 16S rRNA and was

used to separate the fragments based upon differences in the nucleotide sequence. Each

band in the DGGE gel may represent a different species of bacteria (0vre&s et al., 1997).
Metal and antibiotic tolerance of the soil bacterial community was determined for various
concentrations of copper and antibiotics. I hypothesized that those bacteria from areas of
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high copper-containing soil would have evolved an increased tolerance to copper and an

increased antibiotic resistance.
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MATERIALS AND METHODS

Soils and Sampling. The top four inches of the soils were collected using a soil auger.

Soils were kept on ice or in a refrigerator when not being used. Five soil samples were
collected, each sample containing four soil cores taken approximately 15 cm apart. The

single control soil (also containing four soil cores) was collected from Carroll College in
Helena, MT while the other four soils were obtained near Galen, MT. The three neutral
soil samples appeared dark brown with heavy vegetation; the four acid soil samples

occurred in sandy spots scattered throughout the area with no vegetation, while the three
near acid soil samples had minimal vegetation (sporadic tufts) and were from areas in
between the neutral and acid samples. Finally, the four slicken soil samples were taken
from an area of no vegetation with blue copper precipitates on the surface. The slicken

site was located approximately one mile from the sites of the other three soils; therefore,

the neutral, near acid, and acid soils were considered to be from one collection site.
Iodonitrotetrazolium Assay. The activity of soil dehydrogenase for each soil was

measured using a method similar to that of Griffiths (1989) but with minor modifications

(Kieft et al., 1998). For each of the 15 soils, 1 g of soil, 1.5 mL deionized water, and 2.0
mL of 0.3% (mass/volume) iodonitrotetrazolium solution were mixed in test tubes. The
tubes were incubated in the dark for 17 hours. After the incubation period, 5 mL of

extracting solution (1:1 mixture of dimethylformamide and methanol) were added, and
each tube was vortexed for 1 minute every 10 minutes for 30 minutes. The extracting

solution was transferred to microcentrifuge tubes and centrifuged for 5 minutes at 13,000
rpm and the supernatant was transferred to a quartz cuvette. The absorbance was
measured at 460 nm using extracting solution as a blank (Spectronic ® Genesys).
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pH. To determine the pH of the soils, 5 g of soil were placed in 10 mL deionized water
for 2 hours. pH was recorded using a Fisher Scientific AB 15 pH meter.

DNA Extraction from Soil. DNA was extracted from the soil by adding 10 mm of 0.1

mm zirconia/silica beads from Biospec Products Inc, 500 mg of soil 845 pL of 200 mM
sodium phosphate buffer (pH 8), and 105 pL of 10% SDS to a 2.0 mL Coming
microcentrifuge tube with a screw cap marking spot. Each of these samples was then

processed in a bead beater (FastPrep FP120 BIO 101) at speed 5 for 30 seconds and then

centrifuged for 10 minutes. The supernatant was transferred to a new microcentrifuge

tube, and 250 pL PPS reagent were added (FastDNA BIO 101). The sample in the
microcentrifuge tube was then mixed by inversion and centrifuged for 5 minutes. The

supernatant was then transferred to a new tube; 750 pL of Binding Matrix (BIO 101)
were added and mixed by inversion for 5 minutes. The samples were centrifuged for 5
seconds and the supernatant was discarded. The pellet was resuspended in 500 pL of

SEWS-M (BIO 101), centrifuged for 1 minute, and the supernatant discarded. Again, the
pellet was resuspended in 500 pL SEWS-M, centrifuged for 1 minute, and the

supernatant was discarded. For 2 minutes at top speed, the DNA pellet was again

centrifuged, and any remaining liquid was removed by sliding a small pipet along the
side of the pellet. The sample was air-dried for 20-30 minutes. The DNA pellet was
resuspended in 100 pL of deionized water by gentle flicking, centrifuged for 1 minute,

and then the supernatant was collected.

PCR Analysis. Primers pRBA338fGC (5pmol/mL) and PRUN518r (5pmol/mL) were

used in 48 pL of master mix (Table 1) plus 2 pL of extracted DNA (Ovre&s et al., 1997).
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PCR was performed on the samples following the program used by Ovreas et al. (1997)

(Table 2) (Perkin Elmer GeneAmp PCR System 2400).
DGGE Analysis. PCR samples were loaded into an 8% (wt/vol) polyacrylamide gel in

lx TAE buffer. DGGE gels were made with denaturing gradients from 20% denaturing

solution (8 mL formamide and 8.4 g urea per 100 mL) to 60% denaturing solution (24
mL formamide and 25.2 g urea per 100 mL (Ovre&s et al., 1997)). During

electrophoresis, gels were maintained at 60°C for 4 hours (CBS Scientific Co. DGGE1001) and then placed in a dilute ethidium bromide solution for 15 minutes before
observation under UV light.

ICP Analysis. An ICP was used to measure total and available heavy metals (Perkin
Elmer Optima 2000 DV). Available metals were extracted from 1 g of soil in 3 mL of

0.1 M CaCl2 solution for 48 hours. The soil solution was then filtered using No. 42 filter
paper and diluted to 100 mL with DI water. The samples were then analyzed by ICP for
these metals: Cd, Cr, Mn, Mg, K, Cu, As, Zn, Fe, and Ca with a concentration on Cu for
this study. The 0.1 M CaCl2 extracting solution was used as a blank, and a standard

solution (0.1 mg/L Cd and Cr, 1.0 mg/L Mn, Mg, K, Cu, As, and 10.0 mg/L Zn, Fe, and

Ca) was used to calibrate the ICP. For determining total metal concentration, 0.5 g of
each soil were warmed on a hot plate in 1 mL concentrated nitric acid for 2 hours or until
most of the liquid evaporated. The soils were filtered as previously described and diluted

to 100 mL in deionized water. The same standard was applied and 2% nitric acid was
used as the blank.
Plate Counts. Serial diluted soils (100 pL) were plated onto 10% strength tryptone soy

agar (TSA) plates with 0, 2, 5, or 10 mM of Cu2+. Soil dilutions ranged from 10‘2 to 10'6
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(IO'1 dilution is 1 g soil/9 mL DI water), depending on soil type (see Results). Plates

were allowed to incubate at room temperature (approx. 25°C) for up to 9 days with
counts taken on the Ist, 5th, and 9th days.

Percent Organic Matter. In a dried crucible, 1 gram of oven dried (100°C) soil sample

was weighed and heated to 700°C for 4 hours in a muffle furnace. After being placed in

a dessicator to cool, the samples were reweighed, and the percent organic matter was
calculated and averaged for each soil.
Antibiotic Resistance. A dilution series of nutrient broth tubes was prepared with 10'1
dilution being 1 g soil and 9 mL nutrient broth. Each of the tubes contained no antibiotic,

25 pg/mL ampicillin, or 25 pg/mL streptomycin. Dilutions were allowed to incubate at

room temperature for 5 days before a most probable number (MPN) count was conducted
on the tubes. Replications were used for determining the MPN from a table of values.
DNA was also extracted from the 10'4 dilution and then subjected to DGGE analysis.

Table 1. PCR Master Mix
Ingredient
Sterile DI water
0.5 M tris pH 8.3
25 mM MgCl
BSA 10 mg/mL
5 mM dNTP’s
PRBA338f (5 pmol/pL)
PRUN518r (5 pmol/pL)
Taq polymerase

pL
14.25
2.5
2.5
1.25
1.25
1
1
0.25

Table 2. PCR Cycles
Step Temperature Time
1.
2 min.
92°C
*2.
1 min.
92°C
3.
30
sec.
55°C
4.
1 min.
72°C
5.
6 min.
72°C
6.
00
4°C
* Repeat steps 2 through 4 30 times
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RESULTS
Soil Properties. The control, neutral, and near acid soils had pH values ranging from

6.73 to 7.69 whereas the acid and slicken soils were approximately 100 times more acidic
(pH ranging from 4.33-5.01) (Fig. 1). The opposite trend was observed in available (Fig.

2) and total copper concentrations (Fig. 3). Total available copper was lowest in the
control, neutral, and near acid soils while the acid soil had a 10-fold increase and the

slicken a 100-fold increase in available copper respectively. The control and neutral soils
had similar average activity rates, 3.8 gg/hour and 3.90 gg/hour, respectively (Fig. 4).
Lower activity was found in the near acid soil (2.7 gg/hour) and likewise with both the

acid (0.8 gg/hour) and slicken soils (0.4 gg/hour) (Fig. 4).
Antibiotic Resistance. DGGE analysis of the extracted and PCR amplified DNA from
ampicillin and streptomycin dilution series determined the species richness of bacterial

communities tolerant to the 25 gg/mL of antibiotic present in the dilution tubes (Fig. 8).

DGGE was performed on the control soil; however, the sample did not produce sufficient
results due to the complexity of the control soil community. A smear was produced in
the DGGE gel not allowing for species richness determination. Of the four soils tested,
the slicken and near acid soils showed the highest diversity of organisms resistant to the

ampicillin, whereas the acid and neutral soils had a higher diversity of organisms with
resistance to streptomycin and showed low resistance to the ampicillin.
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Figure 1. pH of soils taken from the Clark Fork River Valley. Values represent the
average of four samples per soil. Error bars are two standard errors of the mean.

Figure 2. Total available copper in soils taken from the Clark Fork River Valley. Values
represent the average of four samples per soil. Error bars are two standard errors of the
mean.

10

Figure 3. Total copper in soils taken from the Clark Fork River Valley. Values represent
the average of four samples per soil. Error bars are two standard errors of the mean.

Figure 4. Average dehydrogenase activity of soils taken from the Clark Fork River
Valley. Values represent the average of four samples per soil. Error bars are two
standard errors of the mean.
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140

Figure 5. Total viable bacteria per gram of soil. Values represent the average of four
samples per soil. Error bars are two standard errors of the mean.

Figure 6. Total viable bacteria tolerant of 2 mM Cu. Values represent the average of
four samples per soil. Error bars are two standard errors of the mean.
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Figure 7. Percent organic matter per gram of soil. Values represent the average of four
samples per soil. Error bars are two standard errors of the mean.

□ Ampicillin 25 ug/mL
■ Streptomycin 25 ug/mL

Figure 8. Species richness of antibiotic tolerant bacteria in the soil.

CORtTTE LIBRARY
CARROLL COLLEGE

Dehydrogenase Activity. There were significant linear relationships at the 0.05 level

among dehydrogenase activity and available copper, pH, and percent organic matter
indicating that the activity of the soil bacterial communities was more directly correlated
with these three variables than with the total copper (Table 3). Microbial activity was

negatively correlated with available copper (Fig. 9) and percent organic matter (Fig. 10)

(Table 3). However, activity was positively correlated with pH (Fig. 11) (Table 3). As
the pH of the soil increased, so did the activity of the soil bacterial community.

Bacteria per Gram of Soil. Regression analysis showed that bacteria per gram of soil
was positively correlated with available copper (Fig. 12) but decreases linearly with
increasing pH (Fig. 13) (Table 3). The bacteria per gram of soil tolerant to 2 mM copper

were also positively correlated with pH (Fig. 14), showing an increase in bacterial
numbers as the soil became more neutral (Table 3). Only those graphs with data
significant at the 0.05 level (Table 3) are reported here.

Figure 9. Linear regression of the effect of available copper on dehydrogenase activity of
soils sampled from Galen, MT. Linear regression parameters are presented in Table 3.
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Figure 10. Linear regression of the effect of percent organic matter on dehydrogenase
activity of soils sampled from Galen, MT. Linear regression parameters are presented in
Table 3.

Figure 11. Linear regression of the effect of pH on dehydrogenase activity of soils
sampled from Galen, MT. Linear regression parameters are presented in Table 3.
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Figure 12. Linear regression of the effect of available copper on bacteria per gram of soil
sampled from Galen, MT. Linear regression parameters are presented in Table 3.

Figure 13. Linear regression of the effect of pH on bacteria per gram of soil sampled
from Galen, MT. Linear regression parameters are presented in Table 3.
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Figure 14. Linear regression of the effect of pH on bacteria per gram of soil tolerant to 2
mM of copper of soils sampled from Galen, MT. Linear regression parameters are
presented in Table 3.

Table 3. Results of regression analysis results for dehydrogenase activity and bacteria
per gram of soil as compared with available copper, pH, and percent organic matter.
Regression Analysis

Available Cu2+
Activity (ug/hour)

pH
% Organic

Available Cu2+
Bacteria per gram of soil

PH
% Organic
Available Cu2+

Bacteria per gram of soil
tolerant of 2 mM Cu2+

pH
% Organic

Intercept

Slope

r2 value

P

155.53
4.1331
9.7404

-45.012
0.9519
-0.7836

0.6366
0.93
0.5449

0.01
<0.0001
0.0231

2E-05
-2E+06
6.2701

-47.753
2E+07
3E-07

0.4915
0.8196
0.3862

0.0354
0.0008
0.0740

101.88
5.0456
-6E-07

-3E-05
7E-07
9.0115

0.2381
0.5343
0.2987

0.1826
0.0163
0.1278
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DISCUSSION

The activity of soil microbial populations is commonly measured using
dehydrogenase activity. In this study, activity, as measured by the rate of conversion of
iodonitrotetrazolium to formazan, was negatively correlated with increasing H+
concentration. It has been suggested that inhibition of microbial activity in soils may also

be explained by lower pH values caused by increasing levels of copper (Nanba and King,

2000). Soil microbial communities are generally adapted to the pH of the soil
environment, which is largely dependent on soil mineralogy and weathering. If the
bacteria in this study were adapted to the pH of the soil, the decrease in activity and
bacterial numbers in study soils might be due to higher available copper concentrations.

However, it is likely that a combination of environmental factors affect population
numbers and bacterial activity of soils ((Doran et al., 1994).

For each unit decrease in pH a 100-fold increase in the concentration of divalent
ions, such as Cu2+, has been observed (Lindsay, 1979; Parker et al., 1995). Metal

toxicities caused by copper are of concern because of the adverse effects on soil
microbial processes (Lindsay, 1979; Parker et al., 1995). This research showed that

bacterial activity decreased as the available and total copper concentration of the soil

increased.

These results agree with previously published research that showed that

heavy metal contamination correlates with a reduction in microbial activity of soils (Shi

et al., 2002). A change in microbial community structure after long-term exposure to

copper may play a key role in the reduction of microbial activity (Shi et al., 2002). In
this study, soil dehydrogenase activity decreased as the soil pH decreased and available
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or total copper increased. Pennanen et al. (1998) found that lower pH caused a lower
growth rate of bacteria which agrees with the results of this study.
Heavy metal contamination has been shown to reduce microbial biomass (Shi et
al., 2002); however, this research does not agree with previous studies. The ICP analysis

for available copper also showed that the control soil contained the lowest quantity of
copper among studied soils, which may explain the large decrease of colony numbers

when the bacteria were plated on the 2 mM copper plate versus the 0 mM copper plate.
These results, which showed a decrease in the metal tolerant population at elevated soil
copper concentrations, with the exception of the acid soil, are comparable to a recent

study by Yin et al. (2000) that found a decline in microbial population numbers due to
increased heavy metal concentrations.
There were significant linear relationships at the 0.05 level among dehydrogenase

activity and available copper, pH, and percent organic matter indicating that the activity

of the soil bacterial communities was more directly correlated with these three variables
than with the total copper.

Total viable bacteria (TSA, 0 mM Cu2+) and the copper tolerant bacteria (TSA, 2

mM Cu2+) counts showed that the bacteria had varying degrees of copper tolerance. The

viable bacteria per gram of soil were only significantly correlated with total available soil

copper concentrations and soil pH. Also, the bacteria per gram of soil tolerant to 2 mM
of copper were only significant in relationship to pH again suggesting that pH is the
limiting factor for microbial communities. The bacteria from the near acid, acid, and
neutral soils were more tolerant of 2 mM Cu2+ than were the bacteria in the control soil or

the slicken soil. These results were not consistent with those of Doelman et al. (1994)
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who observed that metal-contaminated soil contained higher numbers of metal resistant

bacteria than non-contaminated soils. The results of this study show the opposite - i.e., at
higher levels of metal contamination in the soil, lower population numbers of bacteria

tolerant to higher metal concentrations were found. The low numbers of copper tolerant

bacteria may be explained by the decrease in pH of the soils caused by increasing copper
concentrations, increased pyrite concentrations, or a combination of these and other
factors. The oxidation of pyrite into sulfuric acid causes increased solubility of copper,
therefore increasing the available copper in the soils (Madigan et al., 2003). The slicken
soil showed a large decrease in bacterial population numbers as compared with the other

soils tested. The copper concentration in the slicken soil may have been high enough that

the level was toxic to the bacteria, therefore preventing the development of a large metal
tolerant population. The results of activity regressions and of bacterial number

regressions indicate that the bacteria in the Galen Road samples (neutral, near acid, and
acid soils) were most affected by pH, available copper, and percent organic matter.

Results of the antibiotic DGGE analysis and species richness showed that each of

the four soils, except for the slicken, had several species of bacteria resistant to the
antibiotics tested. The slicken soil was similar to the other soils in species richness with

the exception that it did not contain a community with resistance to streptomycin.
Further analysis of the soils not treated with antibiotics may clarify the results of the

antibiotic species richness. Species richness was not correlated with the factors measured

in this study.

From these results, I am able to make five significant conclusions from my
research: 1) availability of copper is pH dependent; 2) bacterial activity in soil is adversely

affected by high levels of available copper; 3) the percent organic matter of the soil was
20

negatively correlated with soil activity; 4) soils with high copper concentrations and low
pH values had smaller copper tolerant populations than soils with low available copper

suggesting that soils from the higher concentrations of available copper do not show
resistance to higher levels of copper; and 5) soils show a resistance to both ampicillin and

streptomycin.

In summary, I reject my hypothesis that the soils with the greatest concentrations
of copper would contain higher numbers of bacteria tolerant to 2mM copper. However,
the research shows that dehydrogenase activity of the soil was adversely affected by

increasing amounts of available copper, lower pH, and a decreased percent of organic
matter. My hypothesis that the bacteria from the soil with high levels of copper will

contain more resistance to antibiotics was also rejected because the data thus far are
inconclusive until further tests are run on the soils.
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