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Abstract

Controlled experiments in laboratory settings examining the effect of zinc 

pollution on bacterial communities in soil often neglect metal exposure over a period of 

time. Increasing levels of soil-zinc have been shown to increase the Zn tolerance of 

bacterial communities in soil and decrease diversity and change community structure of 

bacterial populations. Since soils are a critical component of terrestrial systems, the soil 

must be able to recover from a pollution event in order to maintain the quality of natural 

and agricultural systems. This study analyzed bacterial tolerance and diversity in soils 

containing 0,12.5,25, and 50 mM Zn after a year of incubation in a laboratory setting. 

Approximately 50 16S rDNA clones from each soil (0,25, and 50 mM Zn) were 

sequenced and analyzed by neighbor joining. There was an increase in tolerance with 

increasing Zn concentration in soil, and there was also an increase in tolerance from a 

year previous. Both the arginine and dehydrogenase assays showed a decrease in activity 

with increasing Zn concentration. The diversity of the communities changed little with 40 

unique species in the control and 37 and 36 unique species in the 25 and 50 mM Zn 

amended soils, respectively. The structure of the communities also exhibited a small 

change as both the number of species in each taxon changed, and the taxa that were 

present changed with Zn concentration.
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Introduction

The effects of zinc pollution in naturally occurring and laboratory soils have been 

well established (Alm&s et al., 2004; Moffett et al., 2002; Kelly et al., 2003; Dahlin et al., 

1997; Perkiomaki et al., 2003; Griffiths et al., 2000; Diaz-Ravifia and Baath. 1996); 

however, these studies differ in toxicity results over the course of time (Renella et al., 

2002). This observation is largely due to the fact that few experiments have taken into 

account the effect of the duration of metal exposure on bacterial communities (Diaz- 

Ravifia and Baath, 1996).

Among nonferrous metals, Zn is the third most used, amounting to more than one 

million metric tons annually (American Zinc Association, 2005). Zinc is widely used in 

industry in galvanization, batteries, alloys, and various other applications (American Zinc 

Association, 2005).

Bacterial communities in soil can be used as indicator of soil quality (Turco et al., 

1994). Soil quality relates to the functions a soil performs (Larson and Pierce, 1991). 

Quality of soil may be defined in a number of ways; the definition that is adopted here is

as follows:

The capability of soil to produce safe and nutritious crops in a sustained manner 

over the long-term, and to enhance human and animal health, without impairing 

the natural resource base or harming the environment (Parr et al., 1991)

Turco et al. (1994) state that the health of humans and other animals is linked to

soil quality. Microbes perform important roles in soils including the following: 

decomposition of organic matter, nutrient cycling, and involvement in symbiotic 

relationships with a number of organisms. Since soil quality is linked to the functionality
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of the soil, microbes provide a biological indicator for soil quality. Increased 

concentration of metals in soil causes root damage in trees accompanied by a decrease in 

the size of fungal communities, and has been linked to the devastation of more than 483 

hectares of forest in an area near a zinc smelter (Kelly et at, 2003). Factors such as heavy 

metals that have deleterious effects on microbial activities (e.g., nutrient cycling) may

affect both floral and faunal communities.

Microbial functionality and biological diversity in soil are important since one 

species may be more susceptible to a specific perturbation than another. Thus, the 

multitude of functions that a microbial community may carry out under adverse 

conditions is contingent upon the diversity the population possesses. Using analysis of 

homology among 16S rDNA fragments, Moffet et al. (2002) found that Zn contamination 

of agricultural soils lowered bacterial diversity. Kelly et al. (2003) used phospholipid 

fatty acid analysis (PLFA) to measure community structure, and found that bacterial 

communities were altered in Zn contaminated soils. I therefore hypothesized that 

bacterial communities would show an inverse correlation between diversity and 

concentration of Zn (i.e., diversity decreases as Zn concentration increases). Furthermore, 

it is expected that organisms will exhibit different competitive abilities under zinc stress. 

Therefore, I hypothesize that both the representative clades at each Zn concentration will 

vary and the number of organisms in each clade will change.

Microbial tolerance to environmental perturbations is also an important aspect of 

microbial communities in soils. If bacteria are more tolerant of harmful changes in their 

community, they can continue to carry out important functions. Almas et al. (2004) 

showed through a thymidine incorporation technique that long-term exposure to heavy
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metals most likely causes the selection of a smaller subset of tolerant species. Bacterial 

tolerance to Zn has been shown to increase dramatically after a few days with a continued 

increase in tolerance over a longer period of time (Diaz-Ravina and Baath, 1996). 

Therefore, I predicted that polluted soils would contain fewer bacteria after a year of 

incubation, and soils with higher Zn concentrations would contain more Zn tolerant

bacteria.

Tolerance and diversity are important aspects of the ability of a bacterial 

community to cope with changes in its environment. Varying levels of tolerance and 

diversity affect the way that bacterial populations sustain life under unfavorable 

conditions. A community may be abundantly diverse, but may not have species especially 

tolerant to changes in the environment. Alternatively, a community may contain a small 

set of species that is tolerant to a certain set of harmful conditions, but could be destroyed 

should another perturbation occur (i.e., a community that is not diverse). In order for a 

bacterial community to survive perturbations to its environment, it must be sufficiently 

diverse such that community members survive or tolerate environmental stress.

Analysis of soil bacterial communities is a way of assessing the effects of 

changing conditions. This study analyzes both the tolerance and diversity of a bacterial 

community that has been affected by specific concentrations of Zn over time, and may be 

used to supplement current knowledge on the use of microbial populations as an indicator 

of soil quality. From this study, we may be able to extrapolate a trend of how much Zn 

contamination constitutes a detrimental impact upon the environment. Furthermore, the 

study may help to determine the amount of time required for a soil to recover from the 

introduction of heavy metals.
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Materials and Methods

Zn Tolerant Bacterial Populations in Soil

Non-contaminated soils, determined by ICP analysis, were used for the four soils 

microcosms. Each microcosm was made in triplicate with 200 g of soil. One control 

microcosm was maintained, while the three remaining soils were amended with 12.5,25, 

and 50 mM Zn using solid Zn sulfate. The moisture level was maintained at 12% by 

weight over the course of the experiment.

Serial 1:10 logarithmic dilutions of soil were made to a final dilution of 10‘6. 

Tryptic soy agar plates (TSA) containing 0,0.5,2, and 10 mM Zn with a pH of 7.5 to 8.0 

were used for bacterial enumeration. The soil dilutions plated were based upon the metal 

concentration in a soil sample as well as the concentration of Zn in the agar plates. For 0 

mM and 0.5 mM Zn plates IO"4,10*5, and IO"6 dilutions were used; media containing 2 

mM Zn were spread with 10'3, IO"4, and 10'5 dilutions; and 10 mM Zn plates were 

inoculated with 10'2,10‘3, and 10-4 dilutions. Each plate was spread in duplicate with 100 

piL of sample. Plates were incubated inverted in the dark and were counted every 48 

hours for six days. The plate counts from the fourth day yielded the clearest results. 

Arginine-Ammonification Assay

The arginine-ammonification assay was adapted from Bonde et al. (2001). The 

reagents used in the assay are described below. Phenol-alcohol reagent was made by 

dissolving 10 g of phenol in 95% ethyl alcohol to a final volume of 100 mL. Sodium 

nitroprusside contained 1 g of nitroferricyanide dissolved in deionized water up to 200 

mL and was stored in a dark bottle for no more than thirty days. Alkaline complexing 

reagent included 100 g of trisodium citrate and 5 g of sodium hydroxide dissolved with
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deionized water up to 500 mL. Sodium hypochlorite solution was Safeway® brand 

bleach. Oxidizing solution was a mixture of 25 mL of alkaline complexing reagent and 

25 mL sodium hypochlorite and was made fresh daily.

Calibration consisted of a standard curve based on known concentrations of NH4-

N. One thousand ppm NH4-N was made by dissolving 4.72 g of dry (NIL})2SO4 in 900 

mL of deionized water, and brought to a final volume of 1 L in a 1 L volumetric flask 

(labeled Stock Solution A). Stock Solution B was 100 ppm NH4-N (10 mL of Stock 

Solution A diluted to 100 mL). The concentrations of NH4-N used to construct a standard 

curve were 1000, 750, 500,200,100, 50, and 0 pg/L.

Samples were prepared by weighing one gram of soil into sterile screw-cap plastic 

vials in duplicate. One mL of 1 mM arginine was added to one vial while the second vial 

received one mL of deionized water (control). The two vials were incubated in laboratory 

drawers (room temp and dark) for 24 hours. Then, 1 mL of 2 M KC1 was added to both 

vials and they were shaken for one hour on a rotary shaker. This solution, 1.5 mL, was 

transferred to a microcentrifuge tube and centrifuged at high speed for five minutes. One 

mL of supernatant was transferred to a labeled test tube. Forty pL of phenol solution, 40 

pL of nitroferricyanide, and 100 pL of oxidizing reagent were added to the tubes. The

solutions were then mixed well and incubated for two hours in the dark to allow color

development. Absorbance of the solution following incubation was measured at 630 nm. 

The same proportions of phenol, nitroferricyanide, and oxidizing regent were added to a 

vial to serve as a blank with deionized water replacing the solution of arginine and soil.
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Dehydrogenase Assay

The following procedure for a dehydrogenase activity assay was adapted from 

Griffiths (1989). One gram of soil, 1.5 mL of deionized water, and 2.0 mL of 0.3% 

iodonitrotetrazolium violet (INT) were combined in a test tube. The solution was mixed 

and incubated overnight. Five mL of extracting solution

(l:ldimethylformamide:methanol) were added to each sample and to the control. The 

solution was vortexed for one minute every ten minutes over a 30-minute period. Then 

1.5 mL of solution were transferred to a microcentrifuge tube and centrifuged at 12000 x 

g for five minutes. The absorbance was measured in a quartz cuvette at 460 nm. A 

standard curve was generated by using logarithmic dilutions of a 500 pg/mL of extracting 

solution containing iodonitrotetrazolium formazan. The control was prepared by 

combining deionized water, INT, and extracting solution in the proportions mentioned

above.

DNA Extraction and Polymerase Chain Reaction (PCR)

Extraction of DNA from the soil samples was performed according to the 

instructions in the Bio 101® FastDNA SPIN Kit for Soil (Catalog #6560-200) 

manufactured by Q-BIOgene.

The region extending from 16 to 1400 of the rDNA was amplified using DNA 

from the extraction with primers 16f (AGAGTTTGATCCTGGCTCAG) and 1492r 

(AAGGAGGTGATCCAGCCGCA) (Lane, 1991). Then the region extending from 16 to 

518 of the 16S ribosomal DNA was amplified using primers 16f

(AGAGTTTGATCCTGGCTCAG) and 518r (ATTACCGCGGCTGCTGG) in a PCR 

reaction adapted from Ovreas (1997). The proportions of PCR reagents included in each
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master mix are shown in Table 1. A PCR reaction contained 24 pL of master mix and 1 

pL of sample DNA. The control tube contained the same amount of master mix with 

dH2O replacing DNA. Amplification was performed in a Perkin-Elmer-Cetus thermal 

cycler with an initial denaturation at 92°C for two minutes. A cycle with denaturation at 

92°C for one minute, annealing at 55°C for 30 sec., and extension at 72°C for one min 

was repeated 30 times. There was a final extension at 72°C for six minutes. To determine 

if the PCR reactions were successful, 5 pL of amplified DNA were mixed with 1 pL of 

6x loading dye and run through a 1% agarose gel for 20 minutes at 120 V.

Amplification of 16S rDNA Region, Ligation, and Transformation

Genomic DNA extracted from the soil was purified by running it on a gel and 

extracting it using a Qiagen QIAEX® II gel extraction kit (150) (Catalog #20021).

Amplified 16S DNA was inserted into the pGEM®-T Easy plasmid by combining 

sample DNA with vector in PCR tubes and holding at 4°C in the PCR machine. E. coli 

JM109 was transformed with the plasmids by heat shocking the cells and then combining 

them with the plasmids. The transformed cells were plated on Luria-Bertani (LB) media 

containing the selective marker ampicillin. Plates were incubated overnight and white

colonies were inoculated into a volume of 3 mL of media. The colonies were incubated

overnight at 34°C. This procedure was adopted from Promega, Madison, WI, USA.

Plasmid Extraction and Sequencing

Plasmids were extracted from the cells according to the instructions contained in 

the Novagen® Spinprep™ 20 plasmid kit (Catalog #70851-3AT), or Qiagen QIAprep 

spin miniprep kit (50) (Catalog #27104). Extracted plasmids were run on 1% agarose gels
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to ensure plasmid presence. These plasmids were sent to Macrogen, Korea for 

sequencing.

Species Identification

Ribosomal DNA fragments were analyzed using ChromasPro 1.22 

(Technelysium, 2004). Species were identified using the Blast search (NCBI, 2004) 

analysis option provided by ChromasPro 1.22. After the database was searched, the 

organism that was the closest match was used for species identification. Sequences were 

aligned using Clustal (2004). The aligned sequences were then used to build a 

phylogenetic tree using Paup*4.0bl0 (Swofford, 2002). The program used a neighbor 

joining bootstrap method with 1000 replicates to construct a tree. Any bootstrap values 

that were less than 50 were omitted from the tree.

Table L Components of PCR Master Mix

Reagent Volume per Reaction Vessel (pL)

Sterile Deionized Water 

0.5 M Tris Buffer (pH 8.3)

25 mM MgCI

Bovine Serum Albumin (10 mg/mL)

5 mM dNTPs

Forward Primer (1522, 5 pmol/mL)

Reverse primer (132, 5 pmol/mL)

Tag Polymerase 

14.25

2.5

2.5

1.25

1.25

1

1

0.25
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Results

Plate Counts

Soils with higher Zn concentrations had more bacteria tolerant to Zn as 

determined by plate counts on Zn containing media (Figure 1). The plating of the three 

Zn amended soils and a control soil on 0.5,2, and 10 mM Zn showed an increase in 

tolerance with each successive increase in Zn concentration (Figure 1). Samples from 

12.5 mM Zn amended soil showed a 108%, 906%, and 170% increase in the percent of 

tolerant colony forming units (CFU) over controls on the 0.5, 2, and 10 mM plates, 

respectively. Cultures from 25 mM Zn soils showed a 59%, 4500%, and 5260% increase 

over controls. Soils amended with 50 mM Zn showed a 580%, 5181%, and 14547% 

increase in tolerance to Zn (p - 0.03, Table 2). Viable plate counts of soils containing 50 

mM Zn contained more CFUs than 25 mM Zn soil samples on TSA plates with 0.5 mM, 

2 mM, and 10 mM Zn (Figure 1).

OmM 12.5 mM 25 mM 50 mM
Soil Sample

Figure 1. The effect of soil Zn concentration on the percentage of the total soil bacterial 
population tolerant of Zn. Error bars represent 2 standard errors from the mean.
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Source of Variation SS df MS F P-value F crit
Soil Zn Concentration 1.28E+15 3 4.26E+14 6.12 0.0021 2.90
Media Zn Concentration 1.11E+16 3 3.69E+15 53.04 1.62E-12 2.90
Soil Zn X Media Zn 1.49E+15 9 1.66E+14 2.38 0.034 2.19
Within 2.23E+15 32 6.95E+13

Total 1.61E+16 47

Arginine and Dehydrogenase Assays

Soil microbial activity measured by the arginine assay indicated that soil with a 0 

mM concentration of Zn had a higher rate of arginine conversion to ammonium than any 

of the soils amended with Zn (Figure 2). The unpolluted soil (OmM Zn) had an activity of 

1096 gg/(g*h) (Figure 2). This level decreased to 726 pg/(g*h) in the 12.5 mM Zn soil, to 

635 pg/(g*h) in the 25 mM Zn soil, and to 614 pg/(g*h) in the 50 mM Zn soil. As Zn 

concentration increased, the amount of arginine produced per gram of soil per hour 

decreased (Figure 2). Regression analysis of the three analyzed soils (0 mM, 25 mM and 

50 mM Zn) showed a decreasing trend in arginine-ammonification (R2 = 0.779, Figure 3). 

with an R2 value of 0.779 of the three soils analyzed (Figure 3).

A small increase in dehydrogenase activity (7.6%) was observed between the 

control soil and the 12.5 mM Zn soil. Activity decreased throughout the remaining two 

soils (25mM and 50 mM). Activity decreased 27% between the 12.5 mM soil and the 25 

mM soil and 21% between the 25 mM soil and the 50 mM soil for a total loss of activity 

of 33.7% when compared to the control (Figure 4). Regression analysis yielded a 

decreasing trend in dehydrogenase activity with an R2 value of 0.997 (Figure 5).
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0 mM 12.5 mM 25 mM 50 mM
Soil Sample

Figure 2, The effect of soil Zn concentration on the rate of arginine ammonification. 
Error bars represent 2 standard deviations from the mean.

Source of Variation SS df MS F P-value Fcrit
Soil Zn Concentration 9.60E+05 3 3.20E+5 51.24 1.44E-05 4.07
Within Groups 5.00E+4 8 6246

Total 1.01E+6 11
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y = -8.833x + 1008.1 
R2 = 0.7786

Figure 3. Linear regression of arginine-ammonification activity in the analyzed 
microcosms.
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0 mM 12.5 mM 25 mM 50 mM
Soil Sample

Figure 4. The effect of soil Zn concentration on dehydrogenase activity. Error bars 
represent 2 standard deviations from the mean.

Tablejk ANOVA results for dehydrogenase assay data.
Source of Variation SS df MS F P-value Fcrit
Soil Zn Concentration 1617 3 539 5.17 0.034 4.35
Within Groups 730 7 104

Total 2347 10

CORETTE LIBRARY CARROLL COLLEGE
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y =-0.0157x+ 2.3411

Figure 5. Linear regression of dehydrogenase activity in the three analyzed soils.

Bacterial Diversity and Community Structure in Soils

A small decrease in diversity across the three soils sampled was observed and 

corresponded with increasing Zn concentration (Tables IB, 2B, and 3B). The 0 mM 

microcosm had 40 species, the 25 mM community had 37 species, and the 50 mM 

population had 36 species. Analysis of phylogenetic trees of the soil samples showed a 

decrease in the number of taxa (Figures 6, 7, and 8). The 0 mM soil microcosm contained 

10 taxa (Figure 6); this value decreased to 9 in the 25 mM microcosm (Figure 7) and to 8 

in the 50 mM microcosm (Figure 8). Furthermore, there was an increase in the number of 

species of Bacteroidetes, Actinobacteria, Firmicutes, and alphaproteobacteria while the 

numbers of Nitrospirae and Gammaproteobacteria declined as soil Zn concentration 

increased (Figures 6, 7, and 8).
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Discussion

Plate counts

The Zn tolerance of bacterial communities increased as the concentration of Zn

increased in study soils as supported by ANOVA analysis (p = 0.002, Table 2). When 

these results are compared with the results of Palmer (2004), they show a decrease in 

bacterial tolerance over the additional 10-month incubation period from Palmer’s last 

tolerance measurement. This observation possibly reflects a decrease in total microbial 

biomass, which may have resulted from the lack of organic matter input during 

incubation. Diaz-Ravina and Baath (1996) noted that Zn tolerance initially proceeds 

rapidly and then has a more gradual continued increase over a longer period; the slower 

increase in tolerance over the long-term may also account for the lack of an observed

increase in tolerance.

At least two explanations can be given for these results. First, presumably, the 

initial population of bacteria had a diverse sampling of organisms containing some 

species that could cope with Zn pollution better than others. The metabolic demands and 

tolerances of bacteria are abundantly diverse. For example, some bacteria may grow at 

extremes of temperature, pH, and osmotic pressure. On average, the control soil 

contained 2.52E+7 organisms per gram of soil and numerous species (Table 3A). It has 

been observed that there is an abundance of different bacterial genomes in small soil 

samples (Atlas et al., 1991; Torsvick et al., 1990). Since the stock soil contains a large 

amount of bacteria with most likely thousands of different genomes. It is not 

unreasonable to assume the soil contains both Zn-sensitive bacteria as well as bacteria

capable of dealing with the presence of Zn more effectively. The sensitive bacteria would
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either die off or experience inhibition of growth, while the remaining organisms would 

tend toward Zn tolerance as each organism has abilities to cope with the stress. The other 

possible explanation for the increase in tolerance over time involves rapid evolution of 

the population. Bacteria have been shown to use efflux mechanisms to eliminate 

pollutants (Spain, 2003). Various means of survival have been shown to be encoded on 

plasmids, including efflux mechanisms. Additionally, bacteria have various other means 

of exchanging genetic material that would facilitate the accumulation of resistance 

mechanisms. Development of such means of survival would allow populations to survive 

under the Zn polluted conditions.

It should be noted, however, that tolerance studies plating bacterial soil 

populations are limited in that most bacteria in soil (99.5% to 99.9%) samples do not 

grow on laboratory media (Torsvik et al., 1990a, b). However, this limitation does not 

apply to the diversity test since the DNA was extracted from raw soil. The diversity 

analysis was limited in that the sample size was only approximately 50 for each 

microcosm analyzed.

Arginine Assay

The results of the arginine assay yielded a trend of decreasing microbial activity 

as the level of Zn in the soil increased (Figure 2) clearly showing that soil Zn amendment 

inhibits the ammonification of arginine in soil. These results reflect a decrease in arginine 

activity and, possibly, a decrease in the total bacterial population.

Palmer (2004) observed a similar trend in ammonification of Zn contaminated 

soils. Furthermore, Palmer (2004) had a higher level of ammonification at 50 mM Zn 

than at 25 mM Zn. Since the results of Palmer (2004) and the results of this study had
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similar trends, the validity of the both results is strongly supported. The ANOVA results 

for the arginine assay indicate that the decreasing trend in activity is due to soil Zn 

concentration (p = 1.4 X 1 O'4, Table 3). Furthermore, the overall reduction of 300 

pg/(g*h) in all soils after a year of incubation indicated a loss of bacterial activity as a 

function of the incubation. This loss of activity could be a result of time and/or incubation

conditions.

Dehydrogenase Assay

The dehydrogenase assay showed a decrease in soil activity from 12.5 through 50 

mM Zn (Figure 4). The mean activity of 0 mM was lower than that of 12.5 mM and 

higher than that of 25 and 50 mM soils. Moreover, these results show that increased Zn 

pollution causes a decrease in microbial community activity (p = 0.03) (Table 4).

Palmer (2004) showed higher levels of dehydrogenase activity than those 

observed here in all levels of Zn. Activity in the control soil was 2.3 pg/(g*h) compared 

with 3.5 pg/(mL*h) of a year previous. Dehydrogenase activity also showed marked 

decrease in activity in the other three soils from a year ago. The activity of 12.5 mM Zn 

amended soil showed a decrease of 77%, 25 mM decreased 82%, and 50 mM decreased 

80%. These decreases in activity in all four soils suggest that the artificial environment 

may have killed or starved parts of the microbial populations.

Based on the results of the plate counts and the two assays, I accept my initial 

hypothesis that Zn amended soils would show increased tolerance over the course of the 

year. Additionally, this tolerance is not simply a function of the time incubated but also 

the concentration of Zn (soils with the highest level of Zn pollution showed the largest 

percentage of surviving organisms). The observed increase in tolerance most likely stems
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from elimination or stagnation of nontolerant species and a colonization of new niches in 

the soil by tolerant organisms due to a lack of competition.

These results are in agreement with the results reported by Almas et al. (2004) 

who found through thymidine incorporation techniques that high concentrations of metals 

lead to increased tolerance. Another study that analyzed the growth of microorganisms 

under the stress of metal contaminants found that the lag time in the bacterial growth 

curve approximately doubled (Dahlin et al., 1997). An increase in the lag time of 

bacterial growth indicates that the bacteria are not able to function as well under metal

stress. The diminished ability of the bacteria to function under the stress of Zn can be 

seen in both the arginine-ammonification and dehydrogenase assays.

Blast Searches

Sequences were analyzed in two ways, Blast searches (NCBI, 2004) and 

phylogenetic trees. The Blast search tables show that the 0 mM soil had the most 

diversity with 40 different species (Table IB). The 25 mM soil had 37 species (Table 2B) 

and the 50 mM soil yielded 36 species (Table 3B). This trend showed a slight decrease in 

the diversity of soils as pollution increased. Through the nested PCR, the entire 16S gene 

was amplified from the dominant organisms in the soil community, and then a 500bp 

region of thel6S was amplified by PCR and sequenced. This amplification lead to a 

sampling of the more predominant bacteria in soil. The sequencing of 50 organisms from 

each microcosm showed little decrease in diversity as soil Zn concentration increased as 

determined by Blast search results. Since very few sequences were redundant in any of 

the soil samples (Table 4B), a larger sample size may be necessary to better assess the 

impact of Zn on soil diversity.
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Phylogenetic Trees

Phylogenetic trees were a more effective representation of the soil diversity and 

community structure. The results of a Blast search showed only the closest matching 

species; often the match was poor. Aligning sequences and performing phylogenetic 

analyses including known organisms made a better-while more general-identification. 

The taxa that were found after trees were assembled gave a clear diversity measurement 

and provided a structure of the community.

These results are not conclusive enough to reject or accept the original hypothesis. 

While a small decrease in diversity was observed through all Blast tables (Appendix B) 

and the phylogenetic trees (Figures 6, 7, and 8), it was not significant enough to make a 

definitive determination. Further experimentation may yield more conclusive results if 

they included a larger sampling of the 16S clones. Species redundancy also did not 

appear to consistently decrease as soil Zn concentration increased with 22.5% in the 

control soil, 8.1% in the 25 mM soil, and 13.9% redundancy in the 50mM soil (Table 

4B). A larger sample size could yield results similar to those reported by Moffett et al. 

(2004), who showed a 25% reduction in diversity by using restriction fragment length 

polymorphism (RFLP) analysis of 236 purified 16S clones from each soil.

Although no significant drop in diversity was observed, there was a shift in 

community structure. Two taxa present in the control soil (Aquificae and 

Verrucomicrobia) were lost in both the 25 and 50 mM soil samples (Figures 6, 7, and 8). 

In addition, the species in Deltaproteobacteria, Gammaproteobacteria, and Nitrospira 

were consistently found in reduced numbers in the Zn amended soils (Figures 6, 7, and 

8). Species of Actinobacteria and Firmicutes were found to increase in number as soil
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pollution increased (Figures 6, 7, and 8). These results reflect those of Moffett et al. 

(2002). These results support the initial hypothesis that community structure would 

change as species better adapted to Zn become more abundant and those that are more 

poorly adapted die off or stagnate.

Through this study, we have found that bacterial populations in soils artificially

amended with Zn show increased tolerance to metal concentrations over time. This

increase in tolerance provides an interesting insight, suggesting that bacterial populations 

can recover from Zn amendment. Further research into the time dependant recovery of 

soil bacteria should yield a better idea of the timeline this recovery follows. The effects 

that specific concentrations of Zn have on the activity, diversity, and community structure 

of bacteria are also important in deciding how much Zn pollution should be allowed 

without detrimentally affecting the soil quality.
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Appendix A

Table 1 A. Data for standard curve for arginine assay.
Concentration (pg/L) Absorbance 1 Absorbance 2 Average
50 0.046 0.043 0.0445
100 0.075 0.075 0.075
200 0.138 0.138 0.138
500 0.369 0.382 0.3755
750 0.55 0.541 0.5455
1000 0.665 0.663 0.664

y = 1468.6X - 17.647

pg/L

Figure 1A. Arginine activity standard curve.

Table 2A. Data for standard curve of dehydrogenase assay.
Dilution Concentration (pg/L) Absorbance 1 Absorbance 2 Average
0.1 50 2.53 2.5 2.515
0.04 20 1.042 0.989 1.0155
0.02 10 0.552 0.495 0.5235
0.013333333 6.666666667 0.351 0.35 0.3505
0.01 5 0.065 0.051 0.058
0.004 2 0.021 0.048 0.0345
0.002 1 0.006 0.009 0.0075
0.001333333 0.666666667 0.002 0.002 0.002
0.001 0.5 0.001 0 0.0005
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Table 3 A. Average CFU per gram of soil.
0 mM 12.5 mM 25 mM 50 mM

0 mM 2.52X107 2.33X107 3.87X107 5.999X107
0.5 mM 4.95X105 3.43X105 1.22X106 7.30X106
2 mM 6.01X104 2.55X105 3.83X106 6.87X106
10 mM 3.92X103 5.61X103 2.53X10s 1.15X106



28

Appendix B

Table IB. Summary of blast search results for 0 mM soil.
Carroll Number Accession Number Species
S-3 AJ252621 Agricultural soil bacterium clone SC-l-18
S-4, S-62 AJ576419 uncultured bacterium
S-5 AJ581624 uncultured CFB group bacterium
S-7 M34127 Rhodomicrobium vannielii
S-8 AJ244329 uncultured bacterium Riz1030
S-9, 0A11.0B3, 0B6 AJ252663 agricultural soil bacterium SC-l-87
S-10 AJ252616 agricultural soil bacterium SC-l-13
S-11 AJ252667 agricultural soil bacterium SC-l-92
S-12 AJ252654 agricultural soil bacterium SC-l-76
S-13 AJ289986 uncultured bacterium FukuSHO
S-14 AY252114 Polyangium cellulosum
S-42 AJ277698 uncultured bacterium ARFS-32
S-43 X68456 Actinomycetales
S-45 AJ252693 rhizosphere soil bacterium RSC-ll-72
S-46, S-68, S-85 AJ005990 uncultured eubacterium
S-61, 0B2 AJ412672 uncultured eubacterium
S-63 AB064709 uncultured bacterium
S-64, 0B9 AY234641 bacterium Ellin5290
S-65 AJ320224 Aquifex sp. Ob6
S-66 X68461 Actinomycetales
S-81 AF498657 Mycobacterium moriokaense
S-82 Z95734 Bacteria
S-83 AB021325 unidentified bacterium
0A1 Z95714 Bacteria
0A2 AJ232853 uncultured eubacterium
0A3 AF236001 alpha proteobacterium A0904
0A4 AJ292906 uncultured eubacterium WR813
0A5 AJ318152 uncultured bacterium
0A6, 0A10 AJ252645 agricultural soil bacterium SC-l-62
0A7 AJ252629 agricultural soil bacterium SC-l-29
0A8 AF503917 Agromyces albus
0A9 AY234615 bacterium Ellin5264
0B1 AJ006027 uncultured eubacterium
0B4 X84499 unidentified bacterium
0B5 AJ292907 uncultured eubacterium WR853
0B7 AY124340 bacterium CS57
0B8 U85864 Marinobacter sp.
0B10 AJ619043 uncultured bacterium
0B11 AJ232830 uncultured eubacterium
0B12 AY234719 bacterium Ellin6067
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Table 2B. Summary of blast results of 25 mM soil.
Carroll Number Accession Number Species
S-15 AB121773 Bradyrhizobium sp. Shinshu-th2
S-16 AF114807 Saccharothrix espanaensis
S-17 AF395032 Sphingomonas sp. SIA181-1A1
S-18 AY234675 bacterium Ellin6023
S-19 AJ581628 uncultured Acidobacterium sp.
S-20 AJ294715 Asanoa ishikariensis
S-21 Y18216 Phenylobacterium immobile
S-22 AJ292846 uncultured eubacterium WR878
S-23, S-52, S-68 AJ005990 uncultured eubacterium
S-24 AJ582011 Nonomuraea sp. ATCC 39727
S-25 AJ252636 agricultural soil bacterium SC-l-45
S-26 AY148082 Nocardioides sp. EN47
S-49 AJ293705 Actinomadura hibisca
S-87 D13727 Sphingopyxis terrae
S-88 AJ296572 uncultured bacterium GR-296.il.57
S-89 AJ252591 rhizosphere soil bacterium RSI-24
S-90 AJ252701 rhizosphere soil bacterium RSC-ll-90
S-91 AJ252654 agricultural soil bacterium SC-l-76
S-92 AJ558029 Bradyrhizobium sp. ISLU65
S-93 AJ292907 uncultured eubacterium WR853
S-101 AY328658 uncultured bacterium
S-102 AY080917 uncultured bacterium
S-103 AF443580 uncultured bacterium
S-104 AY154572 uncultured earthworm cast bacterium
S-105 AY250871 uncultured Deinococci bacterium
S-106, S-125 AF424745 uncultured bacterium
S-107 AY493980 uncultured soil bacterium
S-108 AY095384 uncultured yard-trimming-compost bacterium
S-109 AF443579 uncultured bacterium
S-110 AY043781 uncultured beta proteobacterium
S-121 AJ308571 Streptomyces sp. Sm22
S-122 AY214797 uncultured Nitrospirae bacterium
S-123 AY212614 uncultured bacterium
S-126 AY221067 uncultured bacterium
S-127 AY242620 uncultured soil bacterium
S-129 AF507681 uncultured soil bacterium
S-130 AY493954 uncultured soil bacterium
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Table 3B. Summary of blast results for 50 mM soil.
Carroll Number Accession Number Species
S-28, S-119, S-135 X86618 Nocardioides sp.
S-30 AJ252696 rhizosphere soil bacterium RSC-ll-80
S-31 AJ232849 uncultured eubacterium
S-32 AY165308 Dehalococcoides sp. BAV1
S-33 Y14644 Nitrospira sp.
S-34 AY631071 Jiangella gansuensis
S-35, S-96 AJ005990 uncultured eubacterium
S-36, S-137 AJ487303 Promicromonospora aerolata
S-37 X68461 Actinomycetales
S-38 AY215373 Mycobacterium xenopi
S-39 AJ252657 agricultural soil bacterium SC-l-79
S-54 AJ420135 Actinomadura echinospora
S-55 AJ252610 agricultural soil bacterium SC-l-6
S-58 AJ244335 uncultured bacterium Riz1045
S-59 AB072496 Lochheadia duodecas
S-74 AF142677 Bacillus megaterium
S-77 AB161684 Sphingopyxis sp. C-1
S-78 AJ295558 uncultured rape rhizosphere bacterium wr0197
S-94 AJ622888 Bacteroidetes bacterium Mo-0.2plat-K3
S-95 AB078055 Flexibacter japonensis
S-97 AJ489384 Bacillus sp. Lgg20.13
S-98 AB021682 gamma proteobacterium MBIC3957
S-100 AJ252588 rhizosphere soil bacterium RSI-21
S-111 AF498744 bacterium Ellin362
S-112 AY632511 uncultured Gemmatimonadetes bacterium
S-113 M59084 Clostridium acidurici
S-114 AF002261 Thermomonospora chromogena
S-115 AJ387879 uncultured bacterium anoxSCC-18
S-116 AF114813 Lentzea waywayandensis
S-118 AF271331 uncultured planctomycete clone40
S-120 AY253866 Kribbella jejuensis
S-131 AB064703 uncultured bacterium
S-133 AY439192 uncultured bacterium
S-134, S-140 AY037671 uncultured earthworm cast bacterium
S-138 AY274124 uncultured bacterium
S-139 AY221082 uncultured bacterium

Table 4B. Percentage of redundant species in the three analyzed microcosms.
OmM 25mM 50 mM

Unique Species 40 37 36
Redundant Species 9 3 5
Percent Redundant 22.5 8.108 13.89


