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Abstract

Amphibian populations are declining across the world. Implicated in this decline 

have been environmental pollutants and genotoxic agents such as pesticides, fertilizers, 

UV radiation, sewage contaminants, emissions of internal combustion engines, landfill 

run-offs, and industrial effluents. In Montana, abandoned mines have been shown to be a 

source of mine tailings in ponds and streams, resulting in low survival rates of certain 

frogs and toads. I examined survivorship, growth, and DNA fragmentation in Bufo 

boreas tadpoles after exposure to mining sediment at different pH levels. I used an 

alkaline single-cell gel (SCG) “comet” assay to quantify DNA fragmentation. This 

technique detects DNA fragments which, when electrophoresed, migrate from the 

nucleus of erythrocytes forming a “comet-with-tail.” When exposed to mining sediment, 

B. boreas showed significantly lower rates of survival and lower rates of growth 

compared to those exposed to control sediments (sand). In addition, I found a statistically 

significant increase in “comet” length-to-width ratios from 1.06 for those maintained in 

sand to 1.34 for those maintained in mining sediment. Moreover, in mining sediment 

treatments, the average length-to-width ratio was 1.29 for those at pH 5.0 compared to 

1.39 for those at pH 7.0, which was also statistically significant. There was no difference 

in length-to-width ratio for different pHs in sand treatments. The results of the SCG 

assay indicate that this technique is sensitive to DNA damage resulting from mining 

sediment and that it may be used as an indicator of the genotoxicity of such 

environmental pollutants. The results also suggest that DNA damage could be a reason 

for declining amphibian populations in Montana ponds and streams that receive mine 

tailings.
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Introduction

Amphibian numbers are declining worldwide (Blaustein and Wake 1990, 

Houlahan et al. 2000). Many factors have been implicated in these population declines 

including UV radiation (Blaustein et al. 1994), pesticide uses (Hayes and Laws 1991),

£  landfill run-offs, sewage contaminants, emissions of internal combustion engines, and

industrial effluents (Ralph et al. 1996). Amphibians may be particularly sensitive to such 

contaminants because some of them are genotoxic (Ralph et al. 1996). Since their skin is 

so permeable and because they live parts of their lives in terrestrial and aqueous 

environments, they are exposed to pollutants from both environments (Blaustein and 

Wake 1990). They also spend most of their lives confined to one region (Stebbins and 

Cohen 1994). Thus amphibians are good indicators of local environmental conditions 

(Blaustein and Wake 1995).

In Montana, abandoned mines have been identified as a source of environmental 

pollutants. Mining activity in Jefferson County, Montana dates back to 1864 when silver, 

lead, and gold began to be extracted (USGS 1963). In the early 20th century, it was 

common to deposit mine tailings, rich in heavy metals, into and along the banks of rivers 

and streams (Lefcort et al. 1998). These piles of processed wastes were subject to erosion 

9  which subsequently contaminated nearby water systems (Meis 1999). Although the State

of Montana has established regulations on land use and mining, such regulations are 

recent and therefore were not in place during the majority of Montana’s mining history 

(Meis 1999).
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Mining effluent is known to have lethal effects on amphibians. Meis (1999) 

found that Bufo boreas tadpoles did not survive at one site containing mining sediments. 

Tadpoles in enclosures exhibited no survivors compared with 76% survivorship of 

enclosure tadpoles at a control site. Even after installation of a settling pond upstream

#  from the site, intended to restrict mining effluent, Wicher (2000) found a low rate of

survival for B. boreas tadpoles. Survival was 39.4% compared to 88% at a control site. 

Mining effluent may also have sublethal effects. Rowe et al. (1998) found deformities in 

the oral cavities of tadpoles of Rana catesbeiana exposed to sediment high in arsenic, 

barium, cadmium, chromium, and selenium.

The purpose of my project was to simultaneously assess the lethal and sublethal 

effects of mining effluent on B. boreas tadpoles. In a laboratory study, I examined the 

effects of mining sediment and pH on survivorship, growth, and DNA fragmentation. I 

compared survivorship and growth for tadpoles reared over a mine sediment substrate 

versus a sand substrate. Furthermore, I manipulated pH levels for each substrate type. 

Generally, the solubility of a heavy metal increases with the addition of a strong acid 

because of a subsequent decrease in pH (Kotz and Treichel 1996). Therefore, I 

hypothesized that lower pH and substrate type may interact in their effect on tadpole 

® growth and survivorship.

Singh et al. (1988) first developed the alkaline single-cell gel (SCG) “comet” 

assay technique for quantification of low levels of DNA damage in human lymphocytes. 

Since then, this technique has been used with amphibians exposed to select herbicides 

and pesticides, such as AAtrex, Nine-O, Dual-960E, Roundup, and Sencor-500F
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(Clements et al. 1997). They have found that tadpoles exposed to a specific dosage of a 

herbicide or pesticide have significant increases in DNA damage over that seen in the 

controls (Ralph et al. 1996, Clements et al. 1997, Ralph and Petras 1998b). These results 

are significant for two reasons. First, they indicate that at least some of the herbicides 

% used in this agricultural area (Ontario, Canada) are capable of inducing DNA damage in

tadpoles (Ralph and Petras 1997). Such a finding obviously has an impact on the 

agricultural industry in that the use of herbicides has adverse effects on the quality of the 

environment and may need to be regulated differently. Second, their results indicate that 

tadpoles of certain species of frogs or toads (e.g., R. catesbeiana, Rana clamitans, and 

Bufo americanus) are suitable for use in the alkaline SCG assay and as in situ organisms 

for environmental biomonitoring (Ralph and Petras 1997). The comet assay has also 

been used for plants, worms, mollusks, fish, and mammals (Catelle and Ferard 1999). 

Overall, the use of this assay has increased in different areas: for example, clinical 

applications, human monitoring, radiation biology, genetic toxicology, and genetic 

ecotoxicology (Catelle and Ferard 1999).

To monitor the accumulation and impact of industrial effluents, sensitive assays 

must be developed (Ralph and Petras 1998b). Ralph et al. (1996, 1997, 1998a, 1998b)

^  and Clements et al. (1997) have shown that the SCG assay is effective for detecting DNA

strand breakage in amphibians exposed to herbicides and pesticides. Because Meis 

(1999) and Wicher (2000) found low rates of survivorship among amphibian tadpoles 

exposed to mining effluent in Montana, I hypothesized that mining effluent might have a 

similar damaging effect on DNA. I therefore used the SCG assay to compare DNA
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fragmentation in tadpoles exposed to mining sediment with that of tadpoles exposed to a 

control sediment. Again, I hypothesized that pH and substrate type may interact in their 

effect on DNA fragmentation.

*
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Materials and Methods 

Survivorship Study

Collection Sites

I collected mining sediment from Frohner Meadows, approximately 

f  38.4 kilometers south of Helena in the Helena National Forest, Jefferson County,

Montana. A small stream runs through the accumulation of mine tailings that border the 

meadow. I obtained sediment from the first pond below the area where this stream enters 

the meadow.

In early June 2000,1 collected toad tadpoles (Bufo boreas) from Park Lake 

(32 kilometers south of Helena), which is a natural, hypothetically uncontaminated site 

that receives no runoff from Frohner Meadows. These tadpoles were housed in 

ten-gallon supply tanks in the laboratory and maintained until used in the experiments 

outlined below.

Experimental Set-up and pH  Manipulation

I used mining sediment as an experimental substrate treatment and playground 

sand (washed several times with water) as a substrate control. Sediment was layered 

approximately 1 cm deep in the bottom of each tank. I filled the tanks with dechlorinated

♦  water, and the sediment was allowed to settle out for 24 hours prior to introduction of the

tadpoles. Additionally, I crossed three pH levels (5.0., 6.0, 7.0) with the substrate 

treatments, resulting in six treatment conditions: mining sediment pH 5.0, pH 6.0, and 

pH 7.0, and sand pH 5.0, pH 6.0, and pH 7.0. Four replicates of each treatment were 

established, resulting in a total of 24 one-gallon tanks. The tanks were arranged in

5



random order around the lab. I then placed ten tadpoles of stages 25-30 on the Gosner 

(1960) scale in each tank with an equal mass of rabbit pellets (0.25 g). For 2 weeks, I 

adjusted the pH of all the tanks daily, and fed the tadpoles every other day. After the 

2-week period, I weighed each of the survivors, and calculated the average mass of 

9  survivors per tank.

Measurement o f Sulfate Levels

Since elevated concentrations of sulfate ions are indicative of mining pollution 

(Rikard and Kunkle 1989), I also collected water samples from each tank (at the end of 

the 2-week period) to test for their abundance in each treatment condition. Alpine 

Analytical, Inc. used an ion chromatographer to determine the concentration of sulfate 

ions in each sample.

Comet Assay

Exposure to Mining Effluent

I established rearing tanks as in the survivorship and growth study. However, I 

used only four treatment conditions in this experiment since the greatest effect from the 

survivorship study was seen at the two extreme pHs (see results). The treatments 

included mining sediment pH 5.0 and pH 7.0, and sand pH 5.0 and pH 7.0. There were

#  two replicates of each of these treatments for a total of eight tanks. I set up all tanks as

described above using tadpoles of stages 30-36 on the Gosner (1960) scale. Again, I 

manipulated the pH daily, and fed the tadpoles every other day for a 2-week period.
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Alkaline SCG Assay

After 2 weeks, surviving tadpoles were bled for use in the alkaline SCG assay 

(six individuals per treatment condition). The basic procedure used was that described by 

Ralph et al. (1996), who modified the original technique developed by Singh et al.

^  (1988). I labeled frosted microscope slides in pencil (including a label of the direction of

electrophoresis) and coated them with a layer of 1% normal melting point agarose by 

dipping them with forceps into a staining tray containing melted agarose. I prepared this 

agarose with 10 mM phosphate buffered saline (PBS, pH 7.4), microwaved it for 

25 seconds on medium power, and poured it immediately into the staining tray. I made 

one slide for each tadpole that was bled. The slides were then placed in an Immuno 

Frame® and allowed to dry in the refrigerator at 4°C.

All of the steps below were performed in the dark under dim yellow lights to 

prevent DNA damage. I obtained a blood sample by first blotting a tadpole with a paper 

towel and placing it with forceps into the lid of a Coplin staining jar. I then minced the 

tadpole with scissors and added approximately 10-12 drops of 10 percent Hank’s 

balanced salt solution (HBSS, Ca2+and Mg2+free). Then I tipped the lids up on end for 10 

minutes to allow the tissue to mix with the HBSS. Since erythrocytes are so numerous in 

^  the blood, they represented the majority of cells obtained. There were relatively few

other cell types observed. Because erythrocytes are nucleated in amphibians, I chose 

them as the subject of this study.
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After 10 minutes, I pipetted the suspension of blood cells off the tissue and placed 

it in a 1500 (J.L microtube. From this stock, I pipetted 300 (iL into a separate microtube. 

From the remaining stock, I placed a drop on a microscope slide and examined it at 400x 

magnification to make sure that blood cells were present and that there were not more

#  than three to four cells in a field of view at this magnification. If too many cells were

present, I made serial dilutions with HBSS.

I then prepared low melting point agarose (0.5%) with PBS and microwaved it for 

20 seconds on medium power. Once the agarose had cooled to 37°C, I pipetted 600 |iL 

into each micro tube containing the blood cell suspension. Tapping the tubes mixed the 

resulting 900 of solution, and this entire amount was pipetted very carefully onto the 

frosted microscope slides. To prevent loss of the agarose mixture, I left the slides on the 

Immuno Frame® for this step. I carefully placed coverslips on the slides which I then 

transferred to a level surface in a refrigerator (4°C) for 2 hours so that the agarose could 

polymerize.

I made the lysing solution by mixing 30 mL of 5 M sodium chloride, 15 mL of 

400 mM disodium ethylenediamine-tetra-acetate (EDTA, pH 10), 6 mL of 100 mM Tris 

(hydroxymethyl) aminomethane hydrochloride (Tris-HCl, pH 10), 6 mL of dimethyl 

sulfoxide (DMSO), and 0.6 g of N-lauroylsarcosine. I adjusted the pH to 10 and brought 

the solution to a final 60 mL volume. After the agarose had polymerized, I removed the 

coverslips by gently sliding them off. To allow lysis of the cell membranes, I lowered the 

slides into staining trays (each holding four slides) and covered them with the lysing
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solution (30 mL in each tray) for 2 hours at room temperature.

I made electrophoresis buffer by mixing 30 mL of 10 N sodium hydroxide and 

5 mL of 200 mM EDTA (pH 10). I checked the pH of the buffer to ensure that it was 

greater than 13 and then brought the volume to 1 L. After the slides had been immersed

#  in the lysing solution for 2 hours, I placed them in BioRad Mini-Sub Cell GT gel units, 

and poured the electrophoresis buffer on top to a level of approximately 1.5 cm above the 

slides. The slides had to sit in this buffer for 15 minutes at 4°C to allow unwinding of the 

DNA to a single-stranded form. I then electrophoresed the slides at 4°C for 30 minutes 

and regulated the current at 265 mA with the BioRad Power Pac 1000 power supply. 

Following electrophoresis, I neutralized the slides twice for 5 minutes each by immersing 

them in staining trays containing 30 mL of 400 mM Tris (pH 7.5). These neutralization 

washes were performed at room temperature.

I prepared a stock stain of bis-benzimide by dissolving 0.7 mg in 0.25 mL of 

Tris-EDTA (TE) buffer. The working solution was a 1:1000 dilution of the stock in 

TE buffer. I stained slides by immersing them in staining trays (four slides in each tray) 

with 25 mL of the resulting bis-benzimide solution for 2 hours at room temperature.

After staining, I removed the slides and the coverslips were replaced.

# Finally, I examined the slides at 400x magnification using an epifluorescence 

microscope (Nikon EFD-3) equipped with a 330-380 nm excitation filter, a 420 nm 

barrier filter, and a 400 nm dichroic mirror. After beginning at an arbitrary point, I 

scanned slides in a straight line. I measured the first 25 nuclei, provided there was no
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overlap of nuclei or their “tails.” I took length and width measurements of nuclei with an 

ocular micrometer disk.

Statistical Analysis

After examining the data for departures from normality (normal probability plots 

suggested no transformations were necessary), I used a two-factor analysis of variance 

(ANOVA) to evaluate the effects of mining effluent, pH, and their interactions on 

survivorship, growth, and DNA fragmentation.
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Results

Analysis of variance (ANOVA) revealed that substrate type had a significant 

effect on survivorship (Table 1). Survivorship was higher in the sand treatments than in 

the mining sediment treatments (Fig. 1). ANOVA also revealed that substrate had a 

significant effect on tadpole mass (Table 2). Mass was higher in the sand treatments 

compared to the mining sediment treatments (Fig. 2).

ANOVA showed that substrate type had a significant effect on sulfate 

concentration (Table 3). Sulfate concentrations were higher in the mining sediment 

treatments than in the sand treatments (Fig. 3).

Results of ANOVA also revealed an interaction between substrate type and pH 

with respect to their effects on DNA fragmentation (Table 4). DNA fragmentation was 

higher in mining sediment treatments than in sand treatments (Fig. 4). However mining 

effluent treatments at pH 7.0 had more DNA fragmentation than the mining effluent 

treatments at pH 5.0 (Fig. 4).



TABLE 1. Results of ANOVA testing for effects of substrate type and pH on 
survivorship.

#

Source Df MS effect F p-level
Sediment 18 0.844 14.78 0.001

pH 18 0.150 2.64 0.099
Sediment x pH 18 0.084 1.47 0.257

sand mining
Sediment

FIGURE 1. Effects of substrate type on proportion of tadpoles surviving.
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TABLE 2. Results of ANOVA testing for effects of substrate type and pH on mass.

Source df MS effect F p-level
Sediment 18 0.230 43.86 <0.001

pH 18 0.006 1.08 0.361
Sediment x pH 18 <0.001 0.14 0.867

0.35 

0.3 - 

0.25 ! 

m  0.2

0.1

0.05

0
sand

Sediment
mining

FIGURE 2. Effects of substrate type on mass.



TABLE 3. Results of ANOVA testing for effects of substrate type and pH on sulfate
concentration.

Source df MS effect F p-level
Sediment 18 9876.767 201.05 <0.001

pH 18 20.245 0.41 0.668
Sediment x pH 18 16.018 0.33 0.726

70 ,

60 i

Bn
50

40

Qi
2 30

H 20
!s s
czj

sand
Sediment

mining

FIGURE 3. Effects of substrate type on sulfate concentration.
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TABLE 4. Results of ANOVA testing for effects of substrate type and pH on
fragmentation of DNA.

Source Df MS effect F p-level
Sediment 19 0.440 316.49 <0.001

pH 19 0.016 11.33 0.003
Sediment x pH 19 0.014 9.94 0.005

sand pH 5.0 sand pH 7.0 mining pH 5.0 mining pH 7.0

Treatment

FIGURE 4. Effects of substrate type and pH on fragmentation 
of DNA. Fragmentation is represented by the 
length-to-width ratio of nuclei “comets.”
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Discussion

The results of this study indicate that mining effluent has a statistically significant 

effect on survivorship, tadpole mass, sulfate levels, and DNA fragmentation. I showed 

that survivorship and tadpole mass are lower and that sulfate levels and DNA

#  fragmentation are higher for mining sediment treatments compared to sand treatments. I

also observed an interaction between pH and sediment type in their effect on DNA 

fragmentation. Mining effluent in combination with a pH of 7.0 produced considerably 

more DNA fragmentation than mining effluent at pH 5.0. However, this interaction was 

not observed in the survivorship study.

The results concerning survivorship, mass, and sulfate levels support my 

predictions. Furthermore, the finding that DNA fragmentation was higher in mining 

effluent than in sand treatments is also what I expected to observe. The SCG assay has 

also been used to detect DNA fragmentation resulting from single strand breaks and 

alkali-labile damages in the DNA of tadpoles exposed to herbicides and pesticides such 

as AAtrex, Nine-O, Dual-960E, Roundup, and Sencor-500F (Clements et al. 1997).

These studies have found that tadpoles exposed to a specific dosage of a herbicide or 

pesticide had a significant increase in DNA damage compared to controls (Ralph et al.

I f 1996, Clements et al. 1997, Ralph and Petras 1998b). My results appear to be consistent

with the herbicide/pesticide studies, although a different agent induced the DNA damage. 

This is the first time that the comet assay has been used to test DNA damage resulting 

from mining sediment.
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The observed interaction between pH and substrate type in the DNA 

fragmentation study was counter to my expectations. Due to the generally negative 

relationship between pH and the solubility of heavy metals, I predicted the greatest effect 

on DNA fragmentation to be in mining sediment at pH 5.0. Instead, the greatest degree 

of DNA fragmentation was observed in mining sediment at pH 7.0. Thus, my results 

reveal an interaction between sediment and pH with respect to DNA fragmentation, but 

not with respect to survivorship and mass. One possible explanation for the discrepancy 

in the pH by sediment interaction is that the interaction may be observable on more 

sensitive sublethal measures such as DNA fragmentation, but not on lethal measures such 

as survivorship. The DNA used in this study was from surviving tadpoles; therefore 

fragmentation was sublethal in its effects.

It is not known why DNA fragmentation was greater at the higher pH. 

Theoretically, heavy metals should be more solubilized at lower pHs (Kotz and Treichel 

1996) and could possibly have a more toxic effect because more of them would be 

liberated in solution. Similarly, it is also true that solubility of certain ions, such as 

Ca2+and F", depends on pH (Harris 1999). However, due to the complex nature of soil it 

might not be so simple, as suggested by my hypothesis, to predict the effect of a pH 

change on the solubility of heavy metals. Soil is a composite of many different inorganic 

elements. Many of these elements undergo complex ion formation and several equilibria 

reactions apiece (Harris 1999). Therefore, the high pH could have caused more DNA 

fragmentation due to an unexpected and complicated effect of the pH change on these 

equilibria and complex formations.



We know that mining effluent has a lethal effect on B. boreas (Meis 1999, Wicher 

2000), and this effect was reconfirmed in the survivorship results of my study. This study 

also suggests that mining effluent has sublethal effects on this species including growth 

(indicated by mass) and DNA fragmentation. Although no mechanism has been 

identified that could account for the molecular effect of a heavy metal on DNA, my 

results suggest that heavy metals in mining effluent could be causing DNA 

fragmentation.

In summary, my results show that mining effluent has an effect on survivorship, 

tadpole mass, sulfate levels, and DNA fragmentation. Further study into the mechanism 

concerning how a heavy metal affects DNA is needed to fully understand these results. 

Nonetheless, my results are significant in that they confirm that the SCG assay is a 

technique that is useful in detecting DNA damage due to mining sediment. They further 

suggest that DNA damage could be a possible cause for low growth and survivorship and 

ultimately for declining amphibian populations in Montana ponds and streams that are
<

contaminated with mine tailings.
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