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Abstract

Bacteria are an essential component of soil ecosystems, assisting in nutrient

cycling and degradation of organic materials that maintain a healthy environment

for growth of plants and other microorganisms. Stable levels of bacterial activity
and diversity are indicative of a fully functional environment. Contamination
with heavy metals, including copper, has been shown to adversely affect stability
of soil microcosms through reduction of bacterial activity and diversity.
Therefore, research was conducted to measure the microbial activity in soils a
year after contamination with 0, 12.5, 25, and 50 mM copper using arginine
ammonification and dehydrogenase activity assays. Also, bacterial diversity was
examined through the extraction, cloning, and sequencing of DNA fragments
from the bacterial 16s ribosomal gene. The sequences obtained were matched to
accession numbers to determine the number of unique sequences. The sequences
were aligned and used to construct phylogenic trees. It was concluded that: 1. a
marked decrease in activity resulted from increased copper contamination, 2. in
soils with higher levels of copper contamination, a larger percentage of the soil
community was copper tolerant and 3. bacterial diversity was not significantly
affected in overall number of unique sequences; however, small changes were

exhibited in bacterial community structure.
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Introduction
Copper and other heavy metal contaminants often remain in agricultural soil
following treatment using fungicides, pig slurry, sludge from water treatment, or
some animal manures (Ekemund, et al 2003, McBride 2001) or in soil within
close proximity to mining and smelting operation sites (Tom-Peterson, et al
2003). Additionally, virgin peat soils in agriculture are often treated with copper
as a prophylactic measure since many are copper deficient (McBride 2001).
While copper is necessary for all living organisms, high concentrations are toxic
to bacterial metabolism (Tom-Peterson, et al 2003). Additionally, at elevated
levels metal contamination cannot be reduced to a nontoxic form by microbial

activity and therefore may rise to hazardous levels (Yin et al 2000).

In several European countries and parts of Canada the agricultural soil limits for

copper concentration range from 50 to 200 mg/kg, which is approximately 10% of

the concentration permitted by the United States EPA (McBride 2001). At high

concentrations, copper pollutants can influence the microbial community structure
and decrease the pervasiveness of microbial populations (Kostov and Van
Cleemput 2001). This modification can subsequently detract from processes
essential for maintaining soil quality, including nutrient cycling and nitrogen

fixation (Diaz-Ravina and Baath 1996).

Bacteria and other microorganisms serve as the foundation of soil systems, which

subsequently support the surrounding vegetation and ecosystem (Smit et al 1997).




An active microbial foundation increases soil quality which influences the ability
of the soil to increase or maintain water and air quality, sustain plant and
subsequent animal growth, and aid human agriculture and health (Doran et al
1996). As a result, changes in the bacterial community that adversely affect their
number, activity, or diversity have the potential to negatively impact an entire
ecosystem. This ecological effect can occur by decreasing plant quantity and
quality or by impeding the rates of decomposition due to a lowered microbial
biomass, resulting in a decrease of the mineral and nutrient content of the soil

(Smit et al 1997).

Yin et al. (2000) and Diaz-Ravina and Baath (1996) determined that increased

metal concentrations result in a decline of microbes and microbial activity. The

bacteria assist in maintaining the soil nutrient cycling, recycling gases through

nitrogen and oxygen fixation, and helping to detoxify the soil (Grantz 2003).
Heavy metal contamination, including escalated levels of copper, can detract from
these processes and therefore reduce the quality of the soil and the ability of the
soil to support plant life (Doran et al 1996). Due to the negative ecological effect
of decreased soil quality, it is prudent to determine how varying concentrations of

copper affect the bacteria present in the soil.

Levels of metal pollution and the environmental factors that act synergistically to
adversely affect microbial growth remain unclear since studies of metal
concentrations having adverse affects on bacterial growth have shown

inconsistent results (Tom-Peterson 2003). Without further analysis it is difficult to




determine which reported effects and toxicities are more accurate. Furthermore,
the majority of research conducted on the effects of contamination has examined
soil sites that contain multiple heavy metal pollutants, making the study of the
effect of a single heavy metal, such as copper, difficult to clearly decipher

(Kostovo and Van Cleemput 2001).

While copper is toxic to microorganisms, microbes present in the soil with
prolonged exposed to copper contamination have been shown to develop
tolerance (Bennett 2004). Diaz-Ravina and Baath (1996) found that tolerant
microorganisms or those bacteria more resilient to the toxic effects of elevated
copper concentrations live in higher frequency in polluted habitats. Three
suggested routes of tolerance manifestation of heavy metals have been proposed:
1. immediate death of those organisms sensitive to contamination; 2. various
competitive abilities of surviving bacteria leading to selection of those with a
tolerance to high heavy metal concentrations; 3. adaptive changes in bacteria
living in contaminated soils as a result of genetic and/or physiological changes
(Diaz-Ravine and Baath 1996). Therefore, this experiment examined if a
tolerance was seen in those microorganisms living in soils containing higher

concentrations of copper.

Heavy metals have been found to negatively impact microbial activity,

respiration, biomass, and viable plate counts (Turpeinen et al 2004 and Baath et al

1998), leaving little known about the effects of copper on bacterial diversity.




Functional diversity, the number of functional roles performed by the microbial
community, was examined by Yin et al (2000), indicating that redundancy of
roles increases with increased re-vegetation after contamination. Unlike in the
study by Yin et al (2000), in this experiment, the species diversity, in terms of

number and distribution of species present was examined.

Studies examining species diversity need to be conducted with culture
independent techniques as many bacteria cannot be grown under laboratory
conditions (Borneman and Triplett 1997 and Yin et al 2000). Several culture
independent techniques have been previously used including denaturing gel
gradient electrophoresis (DGGE), ribosomal intergenic spacer analysis (RISA),
and 16s ribosomal RNA sequencing (Borneman and Triplett 1997 and Overas et
al 1997). Overas et al (1997) used DGGE analysis to display that the abundance
of sulfate reducing bacteria and methanogens are differed above and below the
chemocline of Lake Saelenvannet and that the overall microbial species diversity
declined with increased depth. Borneman and Triplett (1997) used both 16s
ribosomal RNA sequencing and RISA to indicate that bacterial communities

differed in pasture soil and mature forest soil. This experiment focused on

sequencing fragments of the 16s ribosomal gene and subsequent phylogenetic

analysis of the sequenced fragments to determine if the bacterial community

structure was altered by increased concentrations of copper.




Results obtained from such a study may be crucial in the selection or modification

of current limitations on acceptable levels of copper allowed to remain at

contaminated sites or permitted percentages of copper applied in agricultural soils
such as in the US EPA 503 rule of land application of sewage sludges (McBride
2001). Due to the known toxicity of high concentrations of copper (Tom-Petersen
2003), I hypothesized that the activity and diversity of the contaminated soils
would be reduced in comparison to those of unpolluted soil. Moreover, I
hypothesized that since the time of contamination, one year ago, some species of
bacteria may have generated a tolerance to the copper pollutant (Baath et al 1998).
These resilient bacteria may therefore predominate, keeping the activity level
relatively stable, but reducing the genetic and species diversity of the soil
microcosm (Ekelund et al 2003), resulting in a shift in the bacterial community

structure.




Materials and Methods
Plate Counts
Plating and determining densities of bacterial populations followed Bennett
(2004) with the sole focus on pre-made copper contaminated soil samples: TSA
media was prepared with 0 mM, 0.5 mM, 2 mM, and 10 mM of copper metal.
Adjustments to a pH of 7.5 were made to all media, especially at the higher
concentrations of copper. Triplicate (A, B, C) soil microcosms were amended
with copper concentrations of: 0 mM, 12.5 mM, 25 mM, and 50 mM and
incubated for one year. A series of ten to one dilutions were performed on soil
from each microcosm. Dilutions of soil ranged from 10 to 10 and were
performed in 0.01% NaCl solution 100 pL of soil solution was spread on

duplicate 0 mM, 0.5 mM, 2 mM, and 10 mM TSA plates described above. The

soil dilutions 107, 10, and 10” were plated on 0OmM Cu TSA. While on 0.5 mM

Cu TSA the 107, 107, and 10* dilutions and the 107, 10, and 10 dilutions were
plated on TSA containing 2 mM and 10 mM copper. All plates were inverted and
stored in the dark. Colonies grown on the plates were counted at two and four
days. Plates were then stored at 4°C. Plates were counted in duplicate and
averaged, resulting in a CFU/g for each soil A, B, and C (Table 2). A tolerance
portion was calculated by finding the ratio of CFU/g of a particular soil treatment

to the CFU/g of the 0 mM soil treatment for each plate treatment (Figure 1).

Dehydrogenase Activity Assay
Procedures modified from Griffiths (1989) were used to assess activity of

dehydrogenase in the various soil samples. One gram of soil from each




microcosm was weighed out into test tubes, combined with 1.5 mL of deionized
water and 2.0 mL of 0.3% iodonitrotetrazolium chloride (INT), mixed thoroughly,
and incubated overnight. Controls were constructed by autoclaving soil samples
and subsequently treating them identically to the experimental samples. Five mL
of extracting solution (one part dimethylformamide to one part methanol) was
then added to each sample. The mixture was vortexed for one minute every 10
minutes for 30-minutes. One and one-half mL of each soil solution was
transferred to a microcentrifuge tube and centrifuged at top speed for five
minutes. A spectrophotometer (Spectronic® Genesys) was then used to read
absorbance in quartz cuvettes at 460 nm. A blank was created using the same
proportions of deionized water, INT, and extracting solution as in the
experimental analysis. The absorbance values were then used in conjunction with
a standard curve that was constructed using serial 1:10 dilutions of a 500 pg/mL

of iodonitrotetrazolium formazin in extracting solution.

A standard curve (Appendix. A) was first constructed based upon the

dehydrogenase activity data. This curve was then used to calculate the pg/ml
and subsequently the pg/(g*hr) of both the blank and sample for each soil
treatment. An average activity including standard error for each soil treatment

was found (Figure 2).

Arginine-Ammonification Assay




The procedure Bonde et al (2001) was modified and used to assay arginine-
ammonification. First: phenol-alcohol reagent (10g phenol dissolved in 95% ethyl
alcohol diluted to a final volume of 100 mL), sodium nitroprusside (1 g of
nitroferricyanide dissolved in deionized water to a final volume of 200 mL and
stored in a dark bottle for a time not to exceed one month), alkaline complexing
reagent (100 g trisodium citrate and 5 g of sodium hydroxide dissolved in
deionized water to a final volume of 500 mL), sodium hypochlorite (bleach), and
oxidizing solution (25 mL of alkaline complexing reagent combined with 25 mL
of sodium hypochlorite, made fresh daily) were prepared. A calibration curve was
constructed using the following: 1000 ppm NH4-N (in a 1 L volumetric flask
combine 4.7168 g of dry (NH,4),SO4 dissolved in approximately 900 mL of
deionized water, dissolve, fill to the mark and label stock solution A) and 100
ppm NH;4-N (10 mL stock solution A diluted to 100 mL in a volumetric flask and

labeled stock solution B). A standard curve was constructed using combinations

of stock solutions A and B to create the following concentrations of NH4-N: 1000

ng/L, 750 pg/L, 500 pg/L, 200 pg/L, 100 pg/L, 50 pg/L, and 0 pg/L.

Duplicate one-gram samples of soil were weighed out into sterile screw-cap vials.
One sample received 1 mL of 1 mM arginine, while the second sampie received
deionized water. All samples were incubated for 24 hours in the dark at room
temperature. Then 1 mL of 2 M KCl was added to each vial and shaken for one
hour on a rotary shaker. One and one-half mL of solution were then transferred to

microcentrifuge tubes and centrifuged at high speed for five minutes. One mL of




solution was transferred to labeled test tubes. Each tube then received 40 uL of
the phenol solution, 10 pL. of nitroferricyanide, and 100 pL of oxidizing reagent.
These solutions were thoroughly mixed and allowed to develop for one to three
hours in the dark. The blank consisted of water, phenol, nitroferricyanide, and
oxidizing reagent in the proportions described above. Absorbance was read on a
spectrophotometer (Spectronic® Genesys) at 630 nm. These values were used in

conjunction with the standard curve to calculate pg/ml. of arginine.

A standard curve (Appendix A) was first constructed based upon the arginine

ammonification data. This curve was then used to calculate the pg/mL and

subsequently the pg/(g*hr) of both the blank and sample for each soil treatment.

An average activity including standard error for each soil treatment was found

(Figure 3).

DNA Extraction from Soil
DNA was extracted from 0 mM, 25 mM, and 50 mM copper contaminated soils
according to the instructions found in the Bio 101® FastDNA SPIN Kit for Soil

(Catalog # 6560-200) manufactured by Q-BIOgene.

Polymerase Chain Reaction (PCR)
Overas (1997) procedure for the PCR reaction was used with minor

modifications. PCR Master Mix was created by combining the reagents in Table

1, using the primers 16f (AGAGTTTGATCCTGGCTCAG) and 1492r




(AAGGAGGTGATCCAGCCGCA) (Lane 1991). Twenty-four pL. of Master

Mix and 1 pL of DNA from each soil treatment were added to individual PCR

tube. A control was created by substituting sterile water for DNA template. The
thermocycler protocol was as follows: 92°C for 2 min, 92°C for 1 min, 55°C for
30 sec, 72°C for 1 min and 72°C for 6 min. Cycles 2 through 4 were repeated 30

times.

Gel electrophoresis was used to determine the success of the PCR. Bands
corresponding to the approximately 1400bp fragment were extracted for further
analysis. Five uLL PCR reaction combined with 1 pL of loading dye was run on a
1% agarose gel in 1X TAE buffer for 15 to 20 minutes at 120 V to determine the
success of the PCR. If successful, the remainder of the sample in each PCR tube
(approximately 25 pL) was run in the gel under the same conditions as above.
The resulting band contained the 16f-1492r fragment of the 16s ribosomal gene.
This band was then excised from the gel using a razor blade and placed in labeled
microcentrifuge tubes. The 16f-1492r fragment of the raw soil DNA was then
eluted from the gel by adding 20 pL of deionized water to each microcentrifuge
tube. The samples were stored overnight at 4 °C to allow the DNA to seep into

the water.

A second PCR was then run, using the soil 1400 bp DNA fragment previously
extracted and amplified in the previous PCR as a template for the amplification of

the 16f-518r region of the 16s ribosomal fragment. To aid the success of the




PCR, 10:1 dilutions were made of the DNA. Each PCR tube contained 24 pL of
master mix and 1 pL. of diluted DNA as specified by the above protocol. PCR
and gel electrophoresis was repeated as described above, except for a change in
primers to PA (AGAGTTTGATCCTGGCTCAG) and 518r
(ATTACCGCGGCTGCTGG) (Lane 1991 and Ovreas 1997). The resulting
bands of DNA seen after electrophoresis now contained the 500 base pair 16r-

518f of the 16s ribosomal gene.

Table 1: Reagents and volumes for PCR Master Mix.

Reagent Volume per Sample (ul)
Sterile Deionized Water 14.25

0.5 M Tris Buffer (pH 8.3) 2.5

25 mM MgCl 2.5

Bovine Serum Albumin (BSA), 10 mg/mL 1.25

5 mM dNTPs 1.25

Forward Primer (16f, 5 pmol/mL) 1

Reverse Primer (1492r, 5 pmol/mL) 1

Taq Polymerase 0.25

Gel Purification of DNA

Each gel slice was then purified using the protocol of Qiagen QIAEX® II gel

extraction kit (Catalog # 20021).

I



Ligation, Cloning, and Isolation of Recombinants

The ligation of the 16r-518f fragment of the 16s ribosomal gene into a plasmid
vector and subsequent cloning of the gene fragment was done using one pl of
purified DNA and following the protocol outlined in the Promega pGEM®-T and
pGEM®-T Easy Vector Systems (Catalog # AB80) technical manual. The cells
were then plated on ampicillin LB plates, again in accordance with Promega’s
specifications, using xgal and IPTG to allow for selection of recombinants.
Colonies with the vector incorporated were then inoculated into microcentrifuge
tubes with ampicillin and LB broth, as directed by the manufacturer, placed on a

rotary shaker overnight, and then frozen.

Plasmid Extraction

Plasmids were then extracted from the cells using the procedure from either the

Novagen® Spin Prep' 20 Plasmid Kit (Catalog # 7085 1-3AT) or QIA Prep Spin

Miniprep Kit (50) (Catalog # 27104). Extracted plasmids were then shipped to
Macrogem in South Korea to be sequenced. The sequencing was performed using
an ABI3730XL capillary system with polymer (POP7) to separate the fragments.
ABI Prism BidDye terminator v3.1 was the kit and protocol used for the

sequencing reaction.

Sequence and Phylogenetic analysis
The sequenced 500 base pair fragment (16r-518f) of the 16s ribosomal gene was

then removed from the excess vector and primer DNA sequences using the




computer program ChromasPro. Searches were then performed using the internet
database search program, BLAST, on each sequenced fragment to identify
organisms with closely related 16s sequences. DNA sequences from the OmM,
25mM, and 50mM soil treatments were then aligned using the computer program
ClustalX. Phylogenetic trees for the three soil copper concentrations were
constructed (Figures 4, 5, 6) using the computer program PAUP*. Bootstrap
values were calculated by PAUP* and are displayed as a measurement of the
accuracy of the portrayed relatedness of sequences. The higher the bootstrap
number, the more certainty exists about the position of the sequence in the tree.
Previously identified sequences were added to the trees as known bacterial
species. Therefore, unidentified sequences could be predicted to be most closely
related to a particular species. Clades within the trees were identified and labeled

to display the microbial community structure.
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Plate Counts

For all soil treatments, the CFU/g soil decreased with increased plate copper
concentrations (Table 2). In particular the 0 mM Cu soil CFU/g decreased by
99.5% from the 0 mM plate copper concentration to the 0.5 mM. It dropped
another 99% between the 0.5 mM and 2 mM plate treatments. Similar patterns

were observed for each soil treatment (Table 2).

Table 2: Effect of soil copper concentration on bacterial population numbers
measured by plating on Cu containing nutrient agar.

Plate Cu Soil Copper Concentration
Concentration 0 mM 12.5 mM 25 mM
0 mM 3.12x10’ 2.36x10’ 1.81x107
5mM 1.81x10° 2.54x10° 1.19x10°
2 mM 1.89x10° 4.11x10° 1.02x10*
10 mM No data were obtained

Tolerance

When copper amended soils were plated on 0.5 mM copper plates, the proportion
of copper tolerant bacteria exhibited was not higher in soils with higher copper
levels (Figure 1). However, when the soil bacteria were plated on 2 mM copper
plates, a significant (p<0.000798, Table 3) increase in the proportion of tolerant
bacteria with each increase in the soil copper concentration was observed (Figure
1). A 2.3 fold increase in copper tolerance was exhibited between the 12.5 mM

and 25 mM soil treatments and the 25 mM and 50 mM soil treatments (Figure 1).

No data were obtained from the 10 mM copper plates due to contamination by

fungi.




Tolerance Proportion
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Soil Treatment
|

Figure 1: Effect of soil copper concentration on the percentage of the total
bacterial population tolerant to copper concentrations of 0.5mM and 2.0mM.
Error bars represent two standard errors of the mean.

Table 3: Significance values of soil bacterial tolerance to copper.

Tolerance
Source of Variation df MS F P-value
Soil treatments 1 0.224 0.620 0.443

Plate treatments 3 10092 27936 1.4E-6
Soil treatments x plate
treatments 3 0.928 2570 0.0906

Dehydrogenase Activity Assay

Increased copper concentration had a significant effect (P<0.000701) on soil
dehydrogenase activity (Table 4). The activity from the 0 mM soil treatment to
the highest copper concentration of 50 mM, dehydrogenase activity decreased
from 1.228 pg/ml*hr to 0.305 ug/mL*hr, a 4 fold decrease (Figure 2). A steady

decline with increased copper concentration was observed: between the 0 mM soil




treatment and the 12.5 mM soil a 1.18 fold decrease; between the 12.5 mM soil
treatment and the 25 mM soil a 2 fold decrease; and between the 25 mM soil

treatment and the 50 mM soil treatment a 1.7 fold decrease (Figure 2).

Activity (ug/(mi*hr))

12.5 mM 25mM

Soil Treatment

Figure 2: Effect of soil copper concentration on soil dehydrogenase activity.
Error bars represent two standard errors of the mean.

Arginine Ammonification Assay

Increased copper concentration also had a significant effect (P<0.00256) on soil

arginine ammonification activity (Table 4). The ammonification activity from the

0 mM soil treatment to the highest copper concentration of 50 mM decreased
from 1106.4 pg/mL*hr to 685.44 ng/mL*hr, a 1.61 fold decrease (Figure 3). A
decline in ammonification occurred as soil copper concentration increased
between the 25 mM and the 50 mM concentrations of soil copper (Figure 3). A

1.34 fold decrease was present between the 0 mM soil treatment and the 12.5 soil




and a 1.2 fold decrease was present between the 12.5 mM soil treatment and the

25 mM soil (Figure 3).

Activity (ug/(ml*hr))

12.5mM 25mM
Soil Treatment

Figure 3: Effect of soil copper concentration on soil arginine ammonification
activity. Error bars represent two standard errors of the mean.

Table 4: Significance values of soil bacterial activities for dehydrogenase and
ammonification.

Dehydrogenase Activity

Source of Variation SS Df MS F P-value F crit
Soil Concentration 1.67919 3 055973 17.5744 0.00070 4.06618
Ammonification Activity

Source of Variation SS Df MS F P-value F crit
Soil Concentration 351033 3 117011 118846 0.00256 4.06618

Sequence Diversity

DNA sequencing of a 500 bp fragment of the 16s ribosomal gene resulted in the

identification of bacteria (Appendix B) present in the indicated soil samples




containing varying copper concentrations. The number of unique sequences and
redundant sequences at the different levels of copper contamination indicates a
negligible change between the 0 mM and the 25 mM soil copper concentrations.
However, a decrease in the species diversity and an increase in the number of
redundant sequences occurred at the 50 mM copper concentration level (Table 5).
The number of unique sequences at the 50 mM copper concentration was 80% of

that seen in the 0 mM and 25 mM soil treatments and the number of redundant

sequences increased 1.6 fold from the previous two treatments (Table 5).

Table 5: Effects of copper on the amount of variation in bacterial species copper
amended soil.

Soil Copper Number of Unique Number of Redundant
Concentration (mM) Sequences Sequences

0 40 15
25 40 16
50 32 25

Table 6: Significance values of sequence variation.

Sequence Variation

Source of Variation SS df MS F P-value F crit

Soil Concentration 1 2 05 0.0024 0.997605 9.552082

Phylogenetic Trees and Community Structure

Construction of phylogenetic trees based on the bacterial 16s rDNA fragments
present in the 0 mM, 25 mM, and 50 mM copper amended soils demonstrate the
nature and composition of the bacterial communities present in these soils. Each
tree displays a large variation of phyla present at each level of copper

contamination (Figures 4, 5, 6). The only variance in phyla present between the 0




mM and the 25 mM copper concentrations was the existence of both

planctomycetes and deltaproteobacteria in the 0OmM while these were absent in

the 25 mM (Figures 4, 5 and Table 7). However, both of these phyla were present
once again in the 50 mM soil. The only absence in the 50 mM is that of
gemmatimonadetes (Table 7). While the phyla may have been present, the
pervasiveness of particular phyla varied greatly between copper concentrations.
Deltaproteobacteria decreased from five sequences present at 0 mM to zero and
one at 25 mM and 50 mM concentrations respectively (Table 7). Firmicutes,
acidobacteria, and bacteroidetes all increased in number with increasing copper
level (Table 7).

Table 7: Number of particular phyla appearing at soil copper treatments as
determined from phylogenetic trees.

Bacteria 50 mM

Alphaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Acidobacteria
Firmicutes
Bacteroidetes
Gemmatimonadetes
Actinobacteria
Plantomycetes
Unidentified bacteria

o
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Figure 4: 0 mM midpoint phylogenetic tree with bootstrap values.
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Figure 5: 25 mM midpoint phylogenetic tree with bootstrap values.
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Figure 6: 50 mM midpoint phylogenetic tree with bootstrap values.




Discussion
As hypothesized, this study indicates that metabolic activity of soil microbes
decreased with increasing concentration of copper contamination and tolerance to
copper contaminate was observed with increasing concentration. Surprisingly,
the total number of species did not decline with increased contamination from
0mM to 25 mM copper, but, as hypothesized, did decrease with elevated copper
concentrations of 50 mM. Additionally, while the number of bacterial clades did
not change, the community structure with regard to the number of bacterial

sequences within each clade did shift with increasing copper concentration.

Plate Counts
A significant decrease in CFU/g of soil with increased plate copper

concentrations (Table 2) indicates the toxicity of copper to microbes. Tom

Peterson et al (2003) determined that while some copper is essential for growth,

high concentrations of copper are toxic to the metabolism of bacteria. The
decrease of numbers of viable plate counts with high levels of copper is in
accordance with Turpeinen et al (2004) who showed that a decrease in biomass
and viable plate counts occurred at high levels of copper, zinc, or nickel.
Additionally, the decrease in CFUs/g at high copper concentration agrees with the
finding of Kostovo and Van Cleemputo (2001), who stated that with an increased

copper concentration, a lower biomass and number of bacteria resulted.




No bacterial colonies grew on the 10 mM plates. This lack of growth is likely the
result of overgrowth of fungi that occurred with each attempt at growing bacteria
on the 10 mM plates. This is in accordance with Kostovo and Van Cleemputo

(2001) who showed that fungi are more tolerant to copper than are bacteria.

Increased bacterial tolerance of copper was seen with increasing soil copper
concentration in both the 0.5 mM and 2 mM copper plates (Figure 1). This
demonstrates that with increased soil copper concentration the number of copper

tolerant bacteria existing in the copper amended soil also increases. The increase

in tolerance suggests that while high levels of copper are overwhelmingly toxic,

some organisms can accumulate copper resistance over time. These results are in
agreement with Doelman et al (1994) who showed that higher numbers of metal

tolerant bacteria existed in metal contaminated soil than non-contaminated soil.

Dehydrogenase and arginine ammonification activity assays

Levels of microbial activity can be determined using activity assays, which
standardize conditions to eliminate environmental factors that might affect
bacterial soil activity (Bonde et al 2001). Dehydrogenase and arginine
ammonification assays were employed to study the effect of the copper treatments
on metabolic activity of soil microorganisms. A steady decrease in the level of
dehydrogenase activity was exhibited (Figure 2) with increasing concentration of
copper. A similar trend was shown in the arginine ammonification activity assay

(Figure 3). The reduction of activity present in the soils with copper




contamination indicates the toxicity of copper to the metabolic activity of some
bacteria. This finding is in agreement with the research of Baath et al (1998) who
found that copper was detrimental to microbial respiration and activity. It is also
supported by the research of Kostov and Van Cleemputo (2001) who determined
that with increased copper concentration there was decreased carbon dioxide
production and decomposition of organic compounds. However, Turpeinen et al
(2004) found that overall metabolism of microbes was unaffected in soil
contaminated with arsenic, chromium, and copper. This discrepancy may be due
to the use of differing methods to measure bacterial activity. While this study
examined bacterial enzymatic activity in assays, Turpeinen et al (2004) looked at
the amount of glucose mineralization in the contaminated and non-contaminated

soils.

The decrease in viable plate counts and activity with the accumulation of

tolerance is consistent with my hypothesis. The lowered plate counts and activity

of both dehydrogenase and arginine ammonification demonstrate the toxic nature
of increased levels of copper to soil microbes. However, the levels of tolerant
bacteria to the copper suggest that microbes can evolve mechanisms to achieve

resistance to this toxicity.

Comparison of the data collected in this study to the data collected by Bennett
(2004) shows that a year of additional incubation results in a large decrease in

bacterial activity and tolerance. The decrease in activity could be the result of




increased contamination effects with extension of incubation as suggested by
Kostov and Van Cleemput (2001). However, this hypothesis contradicts studies
by Turpeinen et al (2004) that indicated that long-term field sites showed copper
tolerant bacteria, suggesting a reduced toxicity of copper in soil and enhanced
growth of microbes and plants. A clear determination of why the tolerance and
activity decreased cannot be made due to other variables, including leaving the
soil without any new carbon sources for the entirety of the year. Despite the
decrease in activity, the overall trend observed by Bennett (2004) was the same as

seen in this study.

Sequence Diversity and Phylogenetic Trees
While 40 unique sequences existed in the 0 mM and 25 mM soil treatments, a

decrease to 32 unique sequences was present in the 50 mM soil (Table 5).

Additionally, the number of redundant sequences was approximately the same

between the 0 mM and 25 mM soil treatments, 15 and 16, respectively, but
increased to 25 sequences in the 50 mM soil (Table 5). These differences are not
substantial enough to mark a significant decrease in the bacterial diversity with
increasing copper concentration ((P<0.998, Table 6)). The stable level of
diversity is contrary to what was predicted. However, it does agree with
Turpeinen et al (2004) who found that a selective influence prevailed at high
concentrations of copper, altering the composition of species and leading to new
dominating species, with no overall decrease in diversity. Further study would be

beneficial to determine the functional diversity. Examination of functional




diversity would indicate not only the number of distinct species present, but also
the number of functional roles and processes carried out by the bacteria present in
the soil before and after copper contamination (Yin et al 2000). This information
may be more beneficial in determining the functionality of the soil and its ability

to support plant life (Yin et al 2000).

Community Structure

The bacterial phylogenetic trees constructed from the 0 mM, 25 mM, and 50 mM
soil copper concentrations each show sequences identified as belonging to a large
variety of phyla and classes (Figures 4, 5, 6). However, changes in community
structure were observed with some phyla becoming more prevalent while other
phyla decreased in number (Table 7). This change in community structure agrees
with Turpeinen et al (2004), who reported that selective pressures, including
copper contamination, would shift the species composition. While this study
would have benefited from a larger sample size to allow trends to become more
distinct, the data collected does reflect the broad spectrum of the bacterial phyla

present in the soil samples. A large expansion in sample size would likely lead to

redundancy without changing the more general trends.

This study demonstrated the wide range of effects that increased copper
contamination can have on soil microbes. While tolerance in some of the bacteria
may increase under conditions of contamination and the bacterial phyla present

did not decrease significantly, the overall result is still a significant decrease in the




bacterial activity. This indicates that despite the bacteria are residing in a less

active state. In addition, shifts in the community structure provide evidence that

some species of bacteria will be more significantly influenced by copper
contamination. Due to the pivotal role the bacteria play in soil quality, insight
into these changes is key to understanding the impact of copper contamination on

the environment,
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Figure 7: Dehydrogenase activity assay standard curve.

y = 1468.6x - 17.647 .

R? = 0.9941 /

Concentration (ug/mL)

T | T T

0.2 0.3 0.4 0.5

Absorbance

Figure 8: Arginine ammonification assay standard curve.




Appendix B
Table 8: Accession numbers and number of sequences present in soil.

Number of Appearances

Species Name

Accession Number

OmM 25mM S50 mM

Uncultured bacterium

AB021325

Unclassified eubacterium

795714

Uncultured eubacterium

AJ232853

Alpha proteobacterium A0904

AF236001

Uncultured eubacterium

AJ292906

Uncultured bacterium

AJ318152

Agricultural soil bacterium

AJ252645

Agricultural soil bacterium

AJ252629

Agromyces albus

AF503917

Gamma proteobacterium Ellin5264

AY234615

Agricultural bacterium

AJ252663

Uncultured eubacterium

AJ006027

Uncultured eubacterium

AlJ412672

Unidentified bacterium

X84499

Uncultured bacterium

AJ292907

Sphingobacteriales bacterium CS57

AY124340

Marinobacter

U85864

Gemmatimonadetes bacterium Ellin5290

AY234641

Uncultured bacterium

AJ619043

Aquifex sp. Ob6

X68461

Mycobacterium moriokaense

AF498657

Uncultured eubacterium

AJ232830

Beta proteobacterium Ellin6067

AY234719

Agricultural soil bacterium

AJ252621

Uncultured bacterium

AJ576419

Bacteroidetes bacterium

AJ581624

Rhodomicrobium vannielii

M34127

Uncultured bacterium

AJ244329

Agricultural soil bacterium SC-I-13

AJ252616

Agricultural soil bacterium

AJ252667

Agricultural soil bacterium

AJ252654

Alphaproteobacterium

AJ289986

Polyangium cellulosum

AY252114

Actinobacterium

AJ277698

Actinomycetales

X68456

Rhizosphere soil bacterium RSC-I1-72

AJ252693

Uncultured eubacterium

AJ005990

Uncultured bacterium

AB064709

Aquifex sp. Ob6

Al320224

Unclassified bacterium

795734

Unidentified bacterium

AJ536440

Lysobacter sp. C3

AY074793

Unclassified bacterium

795729

Agricultural soil bacterium

AJ252610

Sphingomonas ursincola

AB024289

Methylocaldum szegediense

U89300

Hyphomicrobium dentrificans

Y14308

Nocardia transvalensis

AY262307
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Agricultural soil bacterium SC-1-56

AJ252642

Uncultured bacterium DA114

AJ000980

Uncultured bacterium Riz1011

AJ244317

Uncultured eubacterium

AJ232812

Gemmatimonadetes bacterium Ellin5220

AY234571

Pseudomonas fulgida

AJ492830

Uncultured bacterium Riz1045

AJ244335

Uncultured eubacterium

AJ412676

Rhodothermus marinus

AF217494

Asanoa ferruginea

AF152108

Bacterium DR2A-7G19

AB127858

Uncultured eubacterium

AJ006010

Agricultural soil bacterium SC-1-60

AJ252644

Rubrobacter taiwanensis

AF465803

Rhizosphere soil bacterium RSC-11-42

AJ252682

Rubrobacter radiotolerans

U65647

Rhodopsuedomonas crypolactis

AB087718

Bacteriodetes bacterium Mo-0.2plat-K3

AJ622888

Verrucomicrobiae bacterium pACH90

AY297806

Marinobacter sp.SBS

AF482686

Uncultured bacterium

X84565

Rhizosphere soil bacterium RSC-11-80

AJ252696

Uncultured bacterium

Al416173

Rhizobium sp.SDW062

AF345553

Actinomadura namibiensis

AJ420134

Uncultured beta proteobacterium

AJ581620

Rhizosphere soil bacterium SC-11-54

AJ252685

Uncultured bacterium

X84576

Hyphomicrobium sp.PMC

AF279787

Uncultured eubacterium WR8177

AJ292910

Microbulbifer sp. Th/B/38

AY224196

Sphingomonas sp. SIA181-1A1

AF395032

Lysobacter sp. Dael6

AB166878

Agricultural soil bacterium SC-1-86

AJ252662

Uncultured bacterium

AJ576382

Bacillus infernos

U20385

Uncultured gamma proteobacterium
Sva0l15

AJ240974
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Unclassified bacterium

795737

Uncultured eubacterium

AJ232849

Nitrosospira multiformis

L35509

Oxalobacter sp. p8E

AJ496038

Hymenobacter sp. 29F

AY647897

Xanthomonas sp. 25-4

AYS557615

Drinking water bacterium Y7

AY328814

Actinoplanes globisporus

AB037003

Uncultured bacterium

AJ576406

Agricultural soil bacterium SC-1-79

AJ252657

Cytophaga sp.

ABO015524

Promicromonospora aerolata

AJ487303

Thiobacillus prosperus

AY034139

Uncultured bacterium GR-296.11.57

AJ296572
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