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Abstract.  The effective use of anaerobic passive treatment systems (APTS), such 

as sulfate-reducing bioreactors, to treat acid mine drainage will help to mitigate 

water contamination from mines located in remote areas as well as cut current 

treatment costs.  One draw back to these systems has been the inhibition of sulfate 

reduction with high concentrations of metals.  APTS contain a complex microbial 

ecosystem, and metal toxicity could be indirectly affecting sulfate-reduction by 

inhibiting other important microbes.  If microbes such as the cellulolytic - 

fermenting bacteria are inhibited from producing viable substrate for the sulfate-

reducing bacteria, then the rate of sulfate reduction over time in APTS will 

ultimately decline.   

We examined the toxic effect of zinc, a common metal found in acid mine 

drainage, on a pure culture of Cellulomonas flavigena, a cellulolytic - fermenting 

bacteria.  Serum bottles containing C. flavigena, at two protein concentrations of 

250 and 500 mg/L, were exposed to initial zinc concentrations of 0, 20, and 40 

mg/L and monitored over a 9 hour period.  The extent of inhibition on C. 

flavigena  activity correlated best (r
2
=0.93) with the mass ratio of zinc uptake to 

cell protein.  Final zinc concentrations ranged from 0.9 to 2.2 mg/L. Zinc uptake 

was operationally defined as the total zinc removed from solution and includes 

sorption and internalization.  Initial and final dissolved zinc concentration did not 

correlate well with extent of inhibition.  In the presence of higher biomass the 

relative rate of glucose utilization was 20 to 50% higher in the presence of zinc 

than at lower biomass concentration. The concurrent internalization of metals 

with sorption and precipitation processes can produce inhibition in the presence of 

low metal concentration.  Thus low effluent metal concentration may not be 

indicative of the extent of inhibition experienced by the microbes. The inhibitory 

effect of metals on cellulolytic - fermenting bacteria is an important aspect to 

consider when establishing the limitations of sulfate reducing biozones.   
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Introduction 

Surface mining and deep mining activities have been found to enhance a phenomenon known 

as acid mine drainage (AMD), which is caused by the oxidation of sulfide minerals, and typically 

leads to acidic conditions with high levels of dissolved metals and sulfate.  AMD is detrimental 

to aquatic life and expensive to treat.  There are currently thousands of abandoned mines 

throughout the Western United States, 51,700 of these abandoned mine sites are within EPA 

Region 8, and many of these mines are in remote locations (Western Governor’s Association 

1998).  Benner et al. (1997) estimated that 5,000 to 10,000 miles of streams in the western 

United States are impacted by AMD.  Typical treatment for AMD would include the addition of 

alkaline chemicals, such as lime, in an attempt to buffer the acidic water and precipitate out 

dissolved metals.  Such traditional site remediation techniques can be very expensive and are not 

feasible for remote and abandoned mining-related sites (USEPA, 1995).  Due to a need for a cost 

effective, long-term, and low maintenance remediation technique, passive treatment systems, 

such as permeable reactive barriers (PRB’s) and man-made wetlands, have become increasingly 

important for the remediation of remote mining locations.   

Anaerobic passive treatment systems (APTS) rely on sulfate-reducing bacteria (SRB) for 

remediation of AMD.  The SRB reduce the sulfate ion to sulfide, which leads to an increase in 

pH and precipitates the dissolved metals as insoluble sulfide metals (Barton and Tomei, 1995; 

Utgikar et al., 2000).  Unfortunately the presence of heavy metals can be harmful to the 

biological process of the SRB by deactivating enzymes, denaturing proteins, and competing with 

essential cations (Mazidji et al., 1992; Mosey and Hughes, 1975).  Several research studies have 

been conducted in an attempt to quantify the toxic impact of metal ions on SRB.  Utgikar et al. 

(2003) looked at the direct toxicity effects of zinc and copper ions on acetate-utilizing culture of 

SRB and found the ultimate toxic concentrations of zinc and copper to be 20 mg/L and 12 mg/L, 

respectively.  Heavy metals have been reported to reach toxic concentrations for SRB over a 

wide range, spanning from a few mg/L to as much as 100 mg/L (Booth and Mercer, 1963; Hao et 

al., 1994; Loka Bharathi et al., 1990; Poulsen et al., 1997; Saleh et al., 1964; Temple and Le 

Roux, 1964; Utgikar et al., 2001).  

Passive treatment systems however are comprised of a complex microbial consortium, the 

SRB being only one of many different genera of bacteria present in a sulfate reducing biozone.  

The survival of SRB is closely related to the health of the microbial community in which they 

live.  Master's thesis research done by Miranda Virginia Logan, from Colorado School of Mines, 

looked at the possibility “that sulfate reduction in passive treatment systems was limited by one 

or more upstream microbial activities that function as rate-limiting steps in generating substrate 

for sulfate-reducing bacteria” (Logan, 2003).  Logan’s results indicated that the hydrolysis of 

cellulose was the rate-limiting step for the support of sulfate reduction.  Because SRB are unable 

to breakdown cellulose directly for their energy needs they must rely on cellulolytic - fermenting 

bacteria to provide the necessary substrates, such as lactate and butyrate.  Considering the fact 

that PRB’s and constructed wetlands (CW) are comprised mainly of organic material in the form 

of cellulose, one can see the need to look at the environmental constraints necessary to maintain 

a healthy community of cellulolytic - fermenting bacteria, who are responsible for the hydrolysis 

of cellulose into cellobiose and glucose and subsequent fermentation to lactate and butyrate.   

Unpublished data from Logan's Master's work showed that nickel inhibited overall sulfate 

reduction in column experiments, but when lactate (a known substrate for many sulfate reducers) 
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was added to bioassays of the column material the observed extent of sulfate reduction from 

inhibited and uninhibited columns were the same.  This suggests that the "upstream" microbial 

populations were affected by the nickel and were unable to produce the substrates needed by the 

sulfate reducing population. To date, very little work has been done to determine the toxicity 

affects of metal ions on the bacteria that hydrolyze cellulose.  Without resolving the inhibitory 

effects of metals on bacteria such as the cellulolytic - fermenters, we could fail to completely 

understand the applicability of APTS.  Here, we looked at the toxic effects of zinc ions on the 

cellulolytic - fermenting bacteria, specifically Cellulomonas flavigena, in an attempt to answer 

two hypotheses: 1) The extent of C. flavigena’s inhibition by zinc will be dependent on the final 

dissolved zinc concentration, and 2) increased biomass will help reduce the toxic effects of zinc 

on C. flavigena.  One approach many toxicity studies use is the determination of the LC50, or the 

solution concentration of a toxic substance that will render a loss of activity or death for 50% of 

the population. This is difficult to quantify as bacteria are able to absorb and/or internalize many 

metals, and this can occur concurrently with other reactions in the system, such as precipitation. 

The rate and extent of metal sorption to cell surfaces or internalization are not well understood, 

and few studies have been done to determine the rate of these reactions and its importance 

relative to the rate and extent of chemical precipitation. A study conducted by Hu et al., (2003) 

looked at the impact of sorption and internalization for Cu, Zn, Ni, and Cd on nitrification 

inhibition.  They found that inhibition by these metals was related to their intracellular fraction 

and the slow kinetics for internalization indicated that metal inhibition can easily be under 

predicted (Hu et al., 2003).  The fact that LC50 could under-predict metal inhibition, and because 

little is known about the kinetics of sorption and internalization relative to metal precipitation, 

we may find that microbes within an APTS are actually being greatly inhibited even with the 

precipitation of heavy metals as metal sulfides.  

Activity inhibition in this study was determined by comparing the removal of glucose in 

control bottles, containing no zinc, with those containing either 20 or 40 mg/L of zinc.  C. 

flavigena is a facultative anaerobe, that can survive with or without the presence of oxygen, and 

is able to hydrolyze cellulose extracellularly to produce glucose which it then uptakes for its 

energy needs. We chose to use glucose, rather than cellulose, because glucose is the substrate 

directly utilized by the microbes for energy and growth.  The microbes also breakdown glucose 

rapidly, which saved time, and more importantly, allowed us to focus on the changes in the rate 

of substrate utilization rather than growth.  Shorter experiments minimized the possibility of 

significant changes in cell numbers and focused on changes in substrate utilization rather than 

the toxicity effects on biomass production. This approach is different from similar toxicity 

studies conducted with SRB (Poulson et al., 1997; Sani et al., 2001; Utigikar et al., 2001; 

Utigikar et al., 2003) which looked at the effects of certain metal concentrations on cell growth.  

By determining the toxic effects of common AMD heavy metals, such as zinc, on cellulolytic 

- fermenting bacteria present in sulfate-reducing biozones, we may be able to predict in advance 

where anaerobic wetlands or sulfate reducing bioreactors will be successful.  Performing toxicity 

tests looking at the effects of other heavy metals, in a similar manner as this research, could help 

establish parameters for treatment systems and mitigate some unnecessary costs associated with 

installing APTS in locations where long-term benefits cannot be achieved.  By recognizing 

realistic limitations of APTS we can begin to focus on ways to supplement or compliment APTS 

and improve AMD treatment technologies. 
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Materials and Methods 

Growth of bacteria 

A pure culture was used, specifically Cellulomonas flavigena (ATCC 482), purchased from 

the American Type Culture Collection (Rockville, MD).  The microbes were grown in 

autoclaved Erlenmeyer flasks containing beef nutrient broth, base for nonfastidious 

microorganisms (ISO 9000 registered, 8 g/l; Difco, Sparks, Md.) (Sani et al., 2002).  Inoculation 

of the bacteria was completed under a sterile hood and the flasks were plugged with styrofoam in 

order to avoid any microbial contamination while still allowing for the diffusion of oxygen.  C. 

flavigena was grown at ambient temperature on a shaker table under aerobic conditions to speed 

up the growth process.  The log growth phase for Cellulomonas was determined in aerobic 

conditions at ambient temperature, by taking multiple Optical Density readings throughout a 42 

hour period, which showed that the culture was well into a log growth phase within 24 hours and 

through 42 hours.  Based on these findings, the bacteria were allowed to grow aerobically for 36 

hours before they were concentrated down by centrifuging at 10,000 g (the acceleration of 

gravity, 1g = 9.8 m.s
-2 

)  for 10 minutes.  The floating broth was removed and the bacteria were 

washed with a 1.3 mM KCl solution and resuspended.  The entire process was repeated 3 times 

to insure that all the broth was removed, and finally the pellet was resuspended in 1.3 mM KCl 

and inoculated into capped, sterile, serum bottles using a disposable sterile needle and syringe.  

Purging and inoculation of bacteria 

One crucial aspect of the APTS, in which microbial treatment occurs, is the absence of 

oxygen. Therefore, it was necessary to perform all of the experiments as anaerobic batch studies.  

First, solutions of buffer and zinc were put into autoclaved serum bottles. Glucose was used as 

the food source for the bacteria, which was autoclaved and added to the bottles in order to obtain 

a concentration of 2 mM.  The serum bottles were closed with a septum and a metal crimp.  They 

were then purged with argon for 20 minutes, and a redox dye indicator (Resazurin) was used at a 

concentration of 0.5 mg/L to insure anoxic conditions are established.  Argon was used because 

it is an inert gas.  CO2 could not be used because the formation of carbonic acid and related 

species would occur as the CO2 dissolved in water, which would cause fluctuations in pH as well 

as interact with the zinc in solution. 

Microbial activity is affected by pH, thus a buffer called PIPES was used to minimize pH 

changes during the experiments.  This buffer was chosen for a couple of reasons, one being that 

it is known for successfully autoclaving (no variation of pH is noted after autoclaving, pKa of 

6.8), and secondly, this buffer is very unlikely to complex and/or form a solid with zinc.  A 

concentration of 100 mM of PIPES was used in each serum bottle.  Three solutions were made 

with the different concentration of zinc in PIPES, and the pH was adjusted to 7. 

After concentrating the bacteria by centrifuging, calculated volumes of bacteria were added 

to the bottles via the septa by use of a syringe in order to obtain the appropriate final protein 

concentrations of 250 mg/L and 500 mg/L within each serum bottle.  Each sample was 

duplicated in order to validate the results.  The bottles were set up as indicated in table 1. 

Varying the concentration of zinc helped determine the inhibitory effects of zinc on C. 

flavigena’s activity.  By using two different concentrations of protein (or bacteria), the effect of 

biomass concentration on reducing inhibition of C. flavigena’s activity while in the presence of 

zinc was also established. 
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Determination of protein concentration and optical density 

A typical cell is comprised of about 50% protein, and this allows for a correlation to be 

developed between cell numbers and protein concentrations.  Protein concentration was 

determined with a Coomassie Protein Assay Reagent Kit.  This dye works by binding with amino 

acids such as arginine and lysine, which will then absorb light at 595 nm, and can be measured 

with a spectrophotometer. This procedure was conducted in the same manner as the procedure 

used by Sani et al. (2001). Another method involved the measurement of optical density at 600 

nm. This method was used in order to get a rough idea of how many cells were present before 

performing the Coomassie assay.  

Determination of changes in glucose concentration 

Each serum bottle initially contained 2 mM concentration of glucose.  A Colorimetric 

method was used for determining the concentration of glucose throughout the experiment 

(Dubois et al., 1956.)  The phenol – sulfuric acid assay is a broad spectrum method for 

carbohydrates, which measures both mono- and polysaccharides.  All absorbance readings were 

performed at a wavelength of 490 nm.   

Parameters followed 

In order to assess the activity of C. flavigena, the glucose concentration was measured every 

one to two hours, along with the pH, for a total of nine hours.  Glucose is the energy source for 

Cellulomonas, thus the decrease of glucose concentration was directly correlated with the 

activity of the cells, and the rate of substrate utilization could be inferred for each serum bottle 

from the amount of glucose consumed during the experiment.  The concentration of protein was 

also measured during this period, using the Coomassie Protein Assay, to determine the extent of 

growth or biomass production during the study.  The concentration of zinc was determined at the 

end of the experiment with an ICP analysis (Perkin Elmer, Optima 3000).  This was done in 

order to quantify the amount of zinc that remained in solution relative to the initial zinc 

concentration.  
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Results 

The average for duplicate batch experiment measurements were used for all figures and 

related results, because duplicate measurements were within less than 10% difference of one 

another. 

pH fluctuations during experiment 

The change in pH versus time is highlighted in Fig. 1 and 2. As anticipated, fluctuations in 

pH were small during the experiments. Thus,  zinc should be the only inhibitory factor on cell 

activity. 

 
 

Variation in protein concentration throughout experiment 

The concentration of protein stayed relatively constant throughout the experiments as seen in 

Table 2.  Part of the experimental design was to minimize the change in biomass concentration 

over time as to focus on zinc effects on substrate utilization and not growth.   

Consumption of glucose at varying zinc concentrations; an indication of cell activity inhibition 

The consumption of glucose was used as an indicator of cell activity.  Healthy, active 

bacteria will more readily breakdown glucose than bacteria that have been inhibited.  Plots of 

glucose concentration with time are presented for initial zinc concentrations of 0, 20 and 40 

mg/L and biomass concentrations of 250 and 500 mg/L as protein, Fig. 3 and Fig. 4 that follows. 
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The comparisons of glucose consumption between serum bottles containing different 

biomass concentrations are shown as plots of glucose concentration with time in Figures 5, 6, 

and 7 and as percent of control rate in Table 3 below.  Glucose was removed to a greater extent 

when biomass concentration was higher  
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ICP measurements: 

ICP results show that zinc in solution drops dramatically by the end of the experiment.  See 

Table 4 below for results. 
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Discussion 

Results of this experiment suggest that zinc had a negative effect upon C. flavigena’s activity 

over a nine hour period, and that the removal of glucose was faster when biomass concentration 

was higher. The difference of inhibition between the two biomass concentrations was an 

important consideration in the experimental design.  This allowed for a greater understanding of 

how the amount of initial bacteria present may reduce some of the inhibitory effects of zinc.  The 

idea is that in an APTS containing a healthy mixture of bacteria, perhaps having a large number 

of bacteria, may help reduce inhibitory effects of metal ions such as zinc, which would allow for 

some flexibility in the concentration of zinc flowing through the APTS.  The results of this study 

also might explain the failure of an APTS that has been stressed during the winter so that the 

SRB have stopped.  If this occurs high concentrations of heavy metals could inhibit the 

fermenting bacteria.  Then when spring comes, and concentrations of heavy metals in the water 

are still high, the fermenters are inhibited from activity; the SRB are starved and thus inactive; 

and eventually, the bacterial consortium is rendered useless for removal of contaminants.  Such a 

scenario could explain the failure of the Burleigh Tunnel pilot-scale APTS (Farmer et al., 1995). 

Another significant result is the reduction in solution phase zinc concentration by more than 

95% over the nine hour time course; suggesting that either internalization or sorption is 

occurring.  These processes would be happening concurrently with metal precipitation within an 

APTS.  As for the ability of biomass to reduce zinc toxicity, a phenomenon known as biosorption 

seems to be a reasonable explanation for why C. flavigena’s activity was less inhibited at higher 

biomass concentrations.  C. flavigena is a gram-positive bacterium, and when grown in neutral 

pH conditions, this bacteria possesses a net negative charge, with groups such as COO
- 
, PO3

- 
, 

and O
-
, along the cell wall.  Fig. 8 highlights the ultimate result of this surface charge. 

 

 

These groups can bind metals: 

2R-COO 
- 
+ M 

z+ 
 (R-COO)2M 

Thus, the zinc sorbs onto the surface of the bacteria by complexing with these groups.  This 

biosorption may protect the cell by sequestering zinc on the outside of the cell, where it cannot 

cause damage.  At high enough concentrations, the surface becomes saturated with zinc and loses 

its protective capacity.  When comparing the glucose consumption of the serum bottles 

containing 250 mg/L of bacterial protein with 500 mg/L of protein, our data suggests that 
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inhibition from zinc is decreased with the higher biomass concentration. Figure 9 presents a 

summary of the all the inhibition data with rates relative to the control and the mass of zinc 

uptake normalized to mass of cell protein.   

 

Cellular sorption and internalization are complicating factors of a solution phase LC50 

approach.  Absorption and/or internalization of metals is happening concurrently with other 

reactions in the system, such as precipitation, and very little work has been done to determine the 

kinetics of sorption and internalization relative to the kinetics of metal precipitation.  Inhibition 

of microbes within an APTS maybe under predicted even when effluent metal concentrations are 

low.  The ICP results show a significant drop in solution phase zinc, suggesting that the zinc is 

being sorbed or internalized by the microbes.  If the above scenario tends to be the case, then the 

problem it creates could possibly be combated by significantly increasing the initial biomass 

concentrations. 

Similar toxicity experiments with zinc and other metals have been conducted looking at SRB 

(Poulson et al., 1997; Sani et al., 2001; Utigikar et al., 2001; Utigikar et al., 2003).  These studies 

primarily observed the effects these metals had on microbial growth, rather than inhibition on the 

rate of substrate utilization.  Although there have been no published research looking at toxicity 

effects of heavy metals on C. flavigena, and the majority of published toxicity studies focused on 

cell growth inhibition rather than short-term activity, the results of the above mentioned articles 

are worth comparing with our findings.  All of these studies found inhibition of growth to one 

degree or another based on the concentration of heavy metals present, but as stated earlier, the 



 997 

metal concentration ranges reported to cause toxic effects varied greatly between studies (Booth 

and Mercer, 1963; Hao et al., 1994; Loka Bharathi et al., 1990; Poulsen et al., 1997; Saleh et al., 

1964; Temple and Le Roux, 1964; Utgikar et al., 2001).  It seems logical that this experiment 

suggests that C. flavigena is being inhibited by heavy metals since SRB have exhibited the same 

effect. The next logical step is to determine the maximum possible dose for common AMD 

metals on all critical microbes within an APTS, these microbes primarily being the sulfate-

reducers and the cellulolytic-fermenting bacteria. 

The results presented in this paper are part of an on-going study to understand the role of 

cellulolytic fermenters in maintaining a healthy sulfate reducing community.  Further tests will 

be conducted in at least triplicate in order to determine statistical significant differences between 

the control bottle and the zinc containing bottles.  These tests are currently underway and the 

data collected from these experiments will be discussed during the presentation given in June 

2005 at the National Meeting of the American Society of Mining and Reclamation.  It would also 

be useful to perform these toxicity studies at several more different zinc concentrations, ranging 

from 30 to 200 mg/L of zinc, to obtain a greater understanding of a probable toxicity threshold 

for zinc concentration, while concurrently examining the effects of varying biomass 

concentration in further detail to help in our understanding of C. flavigena’s biosorption of zinc.  

The next set of experiments conducted will take a closer look at metal sorption and 

internalization to determine metal partitioning coefficients and internalization kinetics, which 

will be compared to precipitation reactions that are happening concurrently within an APTS.  

Finally we will look at toxicity effects on growth, and use cellulose instead of glucose, to gain a  

greater understanding of metal toxicity effects on these organisms.  Toxicity tests will ultimately 

need to be conducted on a mixed culture, to better model a sulfate reducing biozone, in order to 

establish a more accurate zinc toxicity threshold for APTS.  

Acknowledgements 

This research was funded by the U.S. EPA – Science to Achieve Results (STAR) Program 

Grant # R8295101-0.  Research funds were distributed by the Rocky Mountain Regional 

Hazardous Substance Research Center.  A special thanks to Daphne Place, a fellow graduate 

student, for her efforts on this research project. 

Literature Cited 

Barton, L.L., and F.A. Tomie. 1995. "Characteristics and activities of sulfate-reducing bacteria". In L.L. 

Barton (Ed.), Sulphate Reducing Bacteria, pp. 1-22. Plenum Press: New York, NY. 

http://dx.doi.org/10.1007/978-1-4899-1582-5 http://dx.doi.org/10.1007/978-1-4899-1582-5_1. 

Benner, S.G., Blowes, D.W., and C.J. Ptacek. 1997. "A Full-Scale Porous Reactive Wall for Prevention 
of Acid Mine Drainage". Groundwater Monitoring and Remediation. 17, 99-107 

http://dx.doi.org/10.1111/j.1745-6592.1997.tb01269.x. 

Dubois, M., K.A. Gilles, J.K. Hamilton, P.A. Rebers, and F. Smith. 1956. "Colorimetric method for 

determination of sugars and related substances". Anal. Chem. 28:350. 

http://dx.doi.org/10.1021/ac60111a017. 

Farmer, G.H., D.M. Updegraff, J.M. Lazorchak, and E.R. Bates.  1995. “Evaluation of metal removal and 

toxicity reduction in a low sulfate mine drainage by constructed wetlands”. In:  Proceedings of 12th 

Annual Meeting of American Society for Surface Mining and Reclamation, pp.78-89.  

http://dx.doi.org/10.1007/978-1-4899-1582-5
http://dx.doi.org/10.1007/978-1-4899-1582-5_1
http://dx.doi.org/10.1111/j.1745-6592.1997.tb01269.x
http://dx.doi.org/10.1021/ac60111a017
Richard
Typewritten Text
https://doi.org/10.21000/JASMR95010078

Richard
Typewritten Text

https://doi.org/10.21000/JASMR95010078


 998 

Hao, O.J., L. Huang, J.M. Chen, and R.L. Buglass. 1994. "Effects of metal additions on sulfate reduction 

activity in wastewaters". Toxicol. Environ. Chem. 46:197-212. 

http://dx.doi.org/10.1080/02772249409358113. 

Hu, Z., K. Chandran, D. Grasso, and B. Smets. 2003. "Impact of metal sorption and internalization on 

nitrification inhibition". Environ. Sci. Technol. 37: 728-734. http://dx.doi.org/10.1021/es025977d 

PMid:12636271. 

Logan, M.V. 2003. “Microbial activity and the rate-limiting step in degradation of cellulose-based 

organic material to support sulfate reduction in anaerobic columns treating synthetic mine drainage”. 

M.S. Thesis, T5797, Colorado School of Mines, Golden, CO. 

Loka Bharathi, P.A., V. Sathe, and D. Chandramohan. 1990. "Effect of lead, mercury, cadmium on a 

sulphate-reducing bacterium". Environ. Pollut. 67:361-374 http://dx.doi.org/10.1016/0269-

7491(90)90072-K 

Mazidji, C. N., B. Koopman, G. Bitton, and D. Neita. 1992. "Distinction between heavy metal and 

organic toxicity using EDTA chelation and microbial assays". Environ. Toxicol. Water Quality: An 

Int. J. 7:339-353. http://dx.doi.org/10.1002/tox.2530070405 

Mosey, F.E., and D.A. Hughes. 1975. “The toxicity of heavy metal ions to anaerobic digestions”. Water 

Pollut. Cont. 74:18-39. 

Poulson, S.R., P.J.S. Colberg, and J.I. Drever. 1997. "Toxicity of heavy metals (Ni, Zn) to Desulfovibrio 

desulfuricans". Geomicrobiol. J. 14:41-49. http://dx.doi.org/10.1080/01490459709378032. 

Saleh, A.M., R. Macpherson, and J.D.A. Miller. 1964. "Effects of inhibitors on sulphate-reducing 

bacteria: a compilation". J. Appl. Bact. 27(2):281-293. http://dx.doi.org/10.1111/j.1365-

2672.1964.tb04914.x. 

Sani, R.K., G. Geesey, and B.M. Peyton. 2001. "Assessment of lead toxicity in Desulfovibrio 

desulfuricans G20: influence of components of lactate C medium". Adv. Environ. Research. 5: 269-

276. http://dx.doi.org/10.1016/S1093-0191(00)00061-7. 

Sani, R.K., B. Peyton, W. Smith, W. Apel, and J. Petersen. 2002. "Dissimilatory reduction of Cr(VI), 

Fe(III), and U(VI) by Cellulomonas isolates". Appl. Microbiol. Biotechnol. 60:192-199. 

http://dx.doi.org/10.1007/s00253-002-1069-6 PMid:12382063  

Temple, K.L., and N.W. Le Roux. 1964. "Syngenesis of sulfide ores: sulfate-reducing bacteria and copper 

toxicity". Econ. Geol. 59:271-278. http://dx.doi.org/10.2113/gsecongeo.59.2.271 

United States Environmental Protection Agency (USEPA). 1995. Historic hardrock mining: the west’s 

toxic legacy. EPA 908-F-95-002. May 1995. 

Utigikar, V.P., B.-Y. Chen, H.H. Tabak, D.F. Bishop, and R. Govind. 2000. "Treatment of acid mine 

drainage: I. Equilibrium biosorption of zinc and copper on non-viable activated sludge". Int. 

Biodeterior. Biodegrad. 46:19-28. http://dx.doi.org/10.1016/S0964-8305(00)00053-6. 

Utigikar, V.P., B.-Y. Chen, N. Chaudhary,, H.H. Tabak, J.R. Haines, and R. Govind. 2001. “Acute 

toxicity of acid mine water heavy metals to acetate-utilizing sulfate-reducing bacteria”. Paper 

accepted for publication by Environ. Toxicol. Chem. 

Utigikar, V.P., H.H. Tabak, J.R. Haines, and R. Govind. 2003. "Quantification of toxic and inhibitory 

impact of copper and zinc on mixed cultures of sulfate-reducing bacteria". Biotechnol. Bio-eng. 

82:306-312.http://dx.doi.org/10.1002/bit.10575 PMid:12599257. 

Western Governor’s Association. http://www.westgov.org/wga/publicat/miningre.pdf 

http://dx.doi.org/10.1080/02772249409358113
http://dx.doi.org/10.1021/es025977d
http://dx.doi.org/10.1016/0269-7491(90)90072-K
http://dx.doi.org/10.1016/0269-7491(90)90072-K
http://dx.doi.org/10.1002/tox.2530070405
http://dx.doi.org/10.1080/01490459709378032
http://dx.doi.org/10.1111/j.1365-2672.1964.tb04914.x
http://dx.doi.org/10.1111/j.1365-2672.1964.tb04914.x
http://dx.doi.org/10.1016/S1093-0191(00)00061-7
http://dx.doi.org/10.1007/s00253-002-1069-6
http://dx.doi.org/10.2113/gsecongeo.59.2.271
http://dx.doi.org/10.1016/S0964-8305(00)00053-6
http://dx.doi.org/10.1002/bit.10575
http://www.westgov.org/wga/publicat/miningre.pdf



