
AN ABSTRACT OF THE THESIS OF

Darla J. Workman for the degree of Doctor of Philosophy in Civil Engineering

presented on November 18, 1997. Transformation of Halogenated Methanes

by Microbial Iv-Reduced Vitamin BL2

Abstract Approved:

Sandra L. Woods

The contamination of environmental systems, ranging from air to

groundwater, as a result of the use and/or improper disposal of halogenated

methanes poses a significant threat to human health. Understanding the

factors that contribute to the transformation of these compounds in the

environment will aid in designing effective strategies for environmental

restoration. This research, is focused on the transformation of halogenated

methanes, primarily carbon tetrachloride (CT), using microbially-reduced vitamin

B12 as a catalyst. Chemically-reduced vitamin B12 has been shown to be an

effective catalyst for the transformation of several halogenated compounds.

Since vitamin B12 is a common component of anaerobic bacteria, investigating

microbially-reduced vitamin B12 for the same purpose would be useful.

Initially, microbial reduction of vitamin B12 by the metal-reducing bacterium

Shewanella alga strain BrY was demonstrated. When incubated in the presence
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of BrY and an electron donor, the microbial reduction of vitamin B12a to B12r 

was observed as a spectrophotometric shift in the vitamin B12 spectrum. The 

transformation of chlorinated methanes by microbially-reduced vitamin B12, 

including CT, chloroform (CF), and dichloromethane (DCM) was then 

investigated. Both CT and CF were transformed, while no significant change in 

DCM concentration was detected. Carbon monoxide was the major product of 

CT transformation. Controls lacking vitamin B12 did not show significant 

transformation of CT or CF. 

Further investigation of CT transformation examined factors that affect the 

rate of CT transformation. Both cell concentration and vitamin B12 

concentration influenced the rate at which CT was transformed in this system. 

Rate dependence was seen only when vitamin B12 concentrations were dropped 

below -35 p.M for high cell concentrations (> 5 x 108). However, rate 

differences were notable even at 46 gM vitamin B12 where cell concentrations 

of -1 x 107 were used. 

The transformation of a variety of halogenated methanes was examined. 

Bromoform, dibromomethane, dibromochloromethane, and 

chlorodibromomethane, were transformed in the presence of BrY, lactate, and 

vitamin B12. The initial first-order rates determined for these transformations 

had the following pattern: BF»CT-DBM>DBCM> BDCM»CF. 
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Microbially-Reduced Vitamin B1 2
 

CHAPTER 1 

Introduction and Background 

This thesis is comprised of 3 manuscripts describing the transformation of 

halogenated methanes, with a focus on carbon tetrachloride (CT), using 

microbially-reduced vitamin B12. The use of CT as an industrial solvent over the 

last several decades and its subsequent improper disposal has resulted in 

extensive contamination of soils and groundwater. Its toxicity, suspected 

carcinogenicity, and widespread environmental contamination make it an 

essential pollutant to remediate. Understanding the factors that influence CT 

transformation is required for successful resolution of this problem. Some of 

the other halogenated methanes tested, including chloroform (CF), bromoform 

(BF), dibromochloromethane (DBCM), and bromodichloromethane (BDCM), are 

also classified as either carcinogenic, toxic, or harmful. 

Several consortia as well as pure cultures of microorganisms, ranging from 

denitrifiers to methanogens, can dechlorinate CT (17,27,36,40,42). The 

mechanisms involved in these transformations are generally not well 

understood. However, both enzymes and various co-factors have been 

implicated as important participants in the reductive dechlorination of CT 

(27,36,42,31). Investigators also noted an enhanced rate of dechlorination by 
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microbial consortia when vitamin B12 was amended to the system 

(2,14,18,28). Hashsham et al. (18) observed a 10-fold increase in the rate of 

CT transformation when vitamin B12 was added to their anaerobic enrichment 

culture. 

To study the transformation of halogenated methanes by enzymes or co

factors, investigators have created simple systems containing only the catalyst 

of interest in combination with a chemical reductant. The abiotic 

transformation of several halogenated alkanes and alkenes using various 

corrinoids, porphyrins, and/or co-factors coupled with a chemical reductant 

has been studied extensively (1,2,6,7,14,15,18,20,21,23,28,33,35). The most 

frequently used corrin, for studying corrin-catalyzed reductive dechlorination, is 

vitamin B12. Vitamin B12 is a corrin ring containing a cobalt atom at the 

center. Vitamin B12a can be reduced by the addition of one electron to form 

vitamin B12r, cob(I1)alamin, or two electrons to form vitamin Bi 2s, 

cob(I)alamin. The cobalt center of vitamin B12 has been identified as the active 

site of this molecule and when reduced has been shown to catalyze the 

transformation of several halogenated hydrocarbons. 

One notable hypothesis by Zoro (47) is that through the death and lysis of 

microorganisms, iron porphyrins are released into the environment and, when 

subjected to reduction in anaerobic environments, are in part responsible for 

the transformation of chlorinated organic compounds. Therefore, it was 

worthy to investigate the potential for the use of a more familiar catalyst, 

vitamin B12, to achieve the transformation of halogenated methanes using a 
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microbial reductant. Shewanella alga strain BrY, hereafter referred to as BrY, 

was the metal-reducing microorganism used in this research. BrY was originally 

isolated from the Great Bay Estuary in New Hampshire and is a facultative 

metal-reducing organism capable of growth using lactate and hydrogen as 

electron donors and Fe(III) as a terminal electron acceptor (5,32). BrY 

incompletely oxidizes lactate to acetate while reducing Fe(III) to Fe(II). BrY is 

also capable of reducing chelated cobalt(III) and was, therefore, chosen as the 

organism for use in assessing the potential for microbial reduction of the cobalt 

center of vitamin B12. 

Several pathways have been proposed for the transformation of CT using 

reduced vitamin B12. Hydrogenolysis of CT generally results in less chlorinated 

products and methane, while CO and formate are proposed when reductive 

hydrolysis occurs. Several investigators (1,6,7,15,20,21,23,24,29) have 

identified less chlorinated methanes, CO2, CS2, CO, formate, and various other 

soluble fractions as products of CT transformation using chemically-reduced 

vitamin B12. Lewis et al. (24) recently demonstrated that CO was a significant 

product generated from CT transformation using vitamin B12 reduced by 

dithiothreitol (B12r), while monochloromethane (MCM) predominated when 

titanium(III) citrate (Bi 2s) was used as the reductant. Below are two possible 

reaction schemes for the observed products. Scheme A (1) depicts CT 

transformation using vitamin B12 reduced by dithiothreitol (DTT), while scheme 

B (20) represents CT transformation using titanium(III) citrate (Ti(III)). Scheme 

A (below) involves the initial one electron reduction of vitamin B12 (depicted as 
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Co(III))by DTT to form vitamin B12r (depicted as Co(II)). Free radical 

formation through a halogen transfer by vitamin B12r is then proposed. The 

radical may then be trapped by another vitamin B12r to yield a trichloromethyl

cobalamin intermediate. The trichloromethyl-cobalamin intermediate would then 

be reduced to yield an unstable radical anion which would likely decompose 

generating a trichloromethyl carbanion. This carbanion would have at least 

two fates. One pathway might involve the decomposition of the carbanion to a 

chloride ion and dichlorocarbene followed by hydrolysis of the dichlorocarbene 

to form either CO and/or formate and HCI. Another scenario would involve the 

abstraction of a proton from water by the carbanion to form CF. 

SCHEME A 

redDTT + 2[Co(III)] ---> oxDTT + 2[Co(11)] 

[Co(II)] + CCI4 ---> [Co(III)CI] + CCI3 

[Co(II)] + CCI3 ---> [Co(III)CC13] 

[Co(111)CC13] + red ---> [Co(111)CC13] - ---> [Co(II)] + :CC13

:CC13- (carbanion) + H+ ---> HCCI3 

o r	 :CCI3- CI- + :CCI2 CO + 2HCI 
H2O 

One pathway proposed for scheme B (below) involves the two electron 

reduction of vitamin B12 to the strong nucleophilic form vitamin Bi2s Reaction 

of this nucleophile with CT yields a trichloromethyl-corrinoid. Further 1 electron 

reduction of this intermediate yields a radical anionic species that may undergo 

heterolytic cleavage at the carbon-cobalt bond. The trichloromethyl anion 
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formed by this cleavage react with protons in the aqueous solvent to form CF. 

This series of reactions would then repeat using CF, forming DCM which would 

undergo the same series of reactions to form MCM and finally CH4. 

SCHEME B 

2Ti(III) + [Co(III)] ---> 2Ti(IV) + [Co(I)]
 

[Co(I)] + CCI4 ---> [Co(III)CC13] + CI

[Co(III)CC13] + TI(111) ---> [Co(III)CC13] - + Ti(IV)
 

[Co(III)CC13] - ---> [Co(II)] + :CC13

:CC13- (carbanion) + H+ ---> HCCI3 

repeat with HCCI3 to form H2CCI2 then H3CCI and finally CH4 

In each case an alkyl-cobalamin intermediate is proposed. Several investigators 

(1,7,20) have reported the presence of this intermediate in their reaction 

mixtures as indicated through spectrophotometric analysis. Assaf-Anid et al. 

(1) suggested that the formation and/or decomposition of this intermediate 

may be the rate determining step in the overall reaction of CT transformation 

using chemically-reduced vitamin B12. Recently Chiu and Reinhard (7) proposed 

that the transformation of CT using vitamin B12r in the presence of L-cysteine 

occurred in 2 consecutive phases. First was an initial phase that was rapid but 

lasted only minutes before a slow subsequent phase of CT transformation 

began. The proposed rate-limiting step in the initial phase was the reduction of 

vitamin 1312a to B12r, where as the decomposition of the alkyl-cobalamin may 

control the rate in the slow phase. 
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We propose a reaction scheme C (below) which is nearly identical to 

reaction scheme A accept that scheme C involves the microbial reduction of 

vitamin B12 in contrast to a chemical reductant used for the same purpose in 

scheme A. Product distribution will likely depend on the form of vitamin B12 

resulting from microbial reduction. Spectrophotometric analysis of this 

reaction mixture will provide information as to the form of vitamin B12 

produced in this system. Using values reported by Lexa and Saveant (25), the 

standard reduction potentials for each step are +0.2V for B12a-->B12r and 

-0.61V for Bi2r-->1312s at pH 7 vs the standard hydrogen electrode (SHE). 

Since the midpoint potential of the cytochromes involved in metal reduction for 

BrY are at about -0.200 V, it is likely that only the vitamin B12r form will be 

produced. Therefore, scheme C will focus on the vitamin 1312r form. 

SCHEME C 

e-dnr(red) + BrY + 2[Co(III)] ---> e-dnr(ox) + BrY + 2[Co(II)] 

[Co(II)] + CCI4 ---> [Co(III)C1] + CCI3 

[Co(II)] + CCI3 ---> [Co(III)CC13] 

[Co(III)CC13] + red ---> [Co(III)CC13] - ---> [Co(II)] + :CC13

:CC13- (carbanion) + H+ ---> HCCI3 

o r	 :CCI3- ---> Cl- + :CCI2 ---> CO + 2HCI 
H2O 

The use of co-factors, corrinoids or porphyrins to enhance the 

transformation of CT or other chlorinated compounds has gained interest due 
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to the implication of their involvement in transformation of these compounds in 

natural systems. Research aimed at understanding the involvement of these 

catalysts in the degradation of halogenated hydrocarbons is necessary to gain 

an understanding of the mechanisms responsible for their transformation under 

various environmental conditions. With a more comprehensive understanding of 

these pollutants' transformations, we will be better able to manipulate those 

factors most important for enhancing remediation. 

Here we document the transformation of several halogenated methanes 

using vitamin B12 in concert with a biological reductant. CT was often used as 

the model compound for the analysis of transformation in this system. Several 

goals existed for this research. In the first manuscript, the objectives were to 

evaluate the extent to which vitamin B12 could be reduced by BrY, assess the 

transformation of chlorinated methanes in a system containing microbially

reduced vitamin B12, determine the distribution of products formed from the 

transformation of CT in this system, and determine whether both vitamin B12 

and BrY were simultaneously required to facilitate the transformation of 

halogenated methanes. In the second paper, factors that affected the rate of 

CT transformation in a microbially-reduced vitamin B12 system were evaluated. 

The objectives of this research were to determine the relationship between 

vitamin B12 concentration and CT transformation rates, and to evaluate rates 

of vitamin B12 reduction using various cell concentrations. The third manuscript 

in this dissertation focused on the transformation rates of several halogenated 

methanes at various vitamin B12 concentrations. The goal of this research was 
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to evaluate the relationship between transformation rates and chemical 

structure for halogenated methanes in a microbially-reduced vitamin B12 

system. 
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CHAPTER 2
 

Microbial Reduction of Vitamin B12 by Shewanella alga strain BrY 
with Subsequent Transformation of Carbon Tetrachloride 

ABSTRACT 

The ability of a metal-reducing bacterium to microbially reduce vitamin B12 

was determined to expand our understanding of the role vitamin B12 plays in 

the transformation of halogenated compounds in microbial systems. The 

subsequent transformation of chlorinated methanes catalyzed by this 

microbially-reduced vitamin B12 was then evaluated. When incubated in the 

presence of Shewanella alga strain BrY and an electron donor, the microbial 

reduction of vitamin B12a to B12r was observed as a shift in the vitamin B12 

spectrum. In treatments containing vitamin B12 and an electron donor but 

without BrY, the predominant species was vitamin B12a. The introduction of 

BrY into the system resulted in the production of vitamin Bi 2r. The 

transformation of carbon tetrachloride (CT), chloroform (CF), and 

dichloromethane (DCM) was examined in batch systems containing vitamin B12, 

Shewanella alga strain BrY, and an electron donor. Transformation of both CT 

and CF was observed, while no significant change in the DCM concentration was 

detected. Carbon monoxide was the major product of CT transformation. No 

significant transformation of CT or CF was detected when vitamin B12 was 

omitted from the system. This work demonstrates that a metal-reducing 
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bacterium, with no apparent ability to transform CT or CF directly, mediates 

the reduction of vitamin B12 which in turn catalyzes the transformation of CT. 

INTRODUCTION 

The abiotic reductive dechlorination of halogenated alkanes and alkenes 

using various corrinoids, porphyrins, and/or co-factors coupled with a chemical 

reductant has been studied extensively (1,2,6,7,14,15,18,20,21,23,28,33,35). 

Perhaps the most frequently used corrin, for studying corrin-catalyzed 

reductive dechlorination, is vitamin B12. Vitamin B12 is a corrin ring containing a 

cobalt atom at the center. When hydrated, the cyanide group within 

cyanocobalamin is replaced with water to form aquocob(111)alamin, otherwise 

known as vitamin B12a. This can be reduced by the addition of one electron to 

form vitamin B12r, cob(I1)alamin, or two electrons to form vitamin 8128, 

cob(I)alamin. Using values reported by Lexa and Saveant (25), the standard 

reduction potentials for each step are +0.2V for B12a-->1312r and -0.61V for 

B12r-->E312s at pH 7 vs the standard hydrogen electrode (SHE). In these 

corrin-catalyzed dechlorination systems, vitamin B12r and B128 have been 

identified as the catalyst for the transformation of halogenated hydrocarbons 

while the unreduced form, vitamin B12a, is nonreactive towards any of the 

compounds tested to date. 

Lewis et al. (23) recently demonstrated that product distribution from the 

transformation of CT by various cobalt containing corrins was dependent on 
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the corrin's valence state and the type of reductant used in the system. When 

Ti(III) was used, producing a Co(I) corrin, the major products included methane 

and chloromethane as a result of hydrogenolysis of the CT. Product 

distribution was not only different for the Co(I) and Co(II) system, it was also 

different when either dithiothreitol or a sulfide/cysteine reductant was used, 

even though both produced a Co(II) corrin. When dithiothreitol was used as the 

reductant, the major products identified were dichloromethane, carbon 

monoxide, and formate; while chloroform, carbon disulfide, 2-oxothiazolidine 

carboxylic acid, and 2-thioxo-4-thiazolidinecarboxylic acid were observed in the 

sulfide/cysteine reduced system. 

Several consortia as well as pure cultures of microorganisms, ranging from 

denitrifiers to methanogens, can reductively dechlorinate CT (17,27,36,40,42). 

The mechanisms involved in these transformations are generally not well known. 

However, both enzymes and various co-factors have been implicated as 

important participants in the reductive dechlorination of CT (27,36,42,31). 

Investigators have also noted an enhanced rate of reductive dechlorination by 

microbial consortia when vitamin B12 is added to the system (2,14,18,28). 

Hashsham et al. (18) observed a 10 fold increase in the rate of CT 

transformation when vitamin B12 was added to their anaerobic enrichment 

culture that was capable of growth on dichloromethane as the sole organic 

carbon and energy source. In addition, a shift in product distribution from CS2 

(21%), CO2 (21%), and CF (17%) to CS2 (11%), CO2 (59%) and CF (<1%) 

was observed as a result of the vitamin B12 amendment. The addition of 
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vitamin B12 not only facilitated a more rapid transformation but also produced 

environmentally desirable end products. 

The implication of native co-factor, corrinoid or porphyrin involvement in the 

transformation of CT or other chlorinated compounds in natural systems is 

noteworthy. Research aimed at understanding the involvement of these 

catalysts in the degradation of halogenated hydrocarbons is necessary to gain 

an understanding of the mechanisms responsible for their transformation in 

environmental systems. With a more comprehensive understanding of these 

pollutant's transformations, we will be better able to manipulate those factors 

most important for enhancing remediation. 

Here we report on the transformation of CT, CF, and DCM using vitamin B12 

in concert with a biological reductant. In an effort to expand our 

understanding of the role vitamin B12 plays in the transformation of 

halogenated compounds in microbial systems, the ability of a bacterium to 

microbially reduce vitamin B12 was assessed. Shewanella alga strain BrY, 

hereafter referred to as BrY, was the metal-reducing microorganism used in 

this research. BrY was originally isolated from the Great Bay Estuary in New 

Hampshire and is a facultative metal reducing organism capable of growth 

using lactate and hydrogen as electron donors and Fe(III) as a terminal 

electron acceptor (5,32). BrY incompletely oxidizes lactate to acetate while 

reducing Fe(III) to Fe(II). BrY is also capable of reducing chelated cobalt(III) 

and was, therefore, chosen as the organism for use in assessing the potential 

for microbial reduction of the cobalt center of vitamin B12. 
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Our goals were to evaluate the extent to which vitamin B12 could be 

reduced by BrY, assess the transformation of chlorinated methanes in a 

system containing microbially-reduced vitamin B12, determine the distribution of 

products formed from the transformation of CT by microbially-reduced vitamin 

B12, and determine whether both vitamin B12 and BrY were simultaneously 

required to facilitate the transformation of the halogenated compound of 

interest. This system is novel in that it uses anaerobic microbial metabolism, as 

opposed to a chemical reducing agent such as dithiothreitol or titanium(III) 

citrate, to supply reductant to a known dechlorinating corrinoid. 

MATERIALS AND METHODS 

Chemicals and Reagents. Iron-citrate, hexane, chloroform, and carbon 

tetrachloride were purchased from J.T. Baker Inc., Phillipsburg, New Jersey, and 

pH calibration buffers from Fisher Scientific, Fair Lawn, New Jersey. Tryptic soy 

broth without dextrose was obtained from Difco Laboratories, Detroit, 

Michigan. Vitamin B12, cyanocobalamin, and all other chemicals used were 

purchased from Sigma Chemical Company, St. Louis, Missouri. 

Bacterial Strain and Culture Conditions. BrY was grown under 

aerobic conditions approximately 18 hours on tryptic soy broth without 

dextrose (TSB). When cultured in TSB under these conditions, the enzymes 

responsible for metal reduction by BrY are induced as the oxygen concentration 

in the media drops due to respiratory demand during exponential growth. Cells 
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were harvested by centrifugation at 8600 x g and washed 3 times with 

deoxygenated 10 mM PIPES buffer, 10 mmoles of Piperazine-N,N'-bis[2

ethanesulfonic acid] dissolved in 1L deionized water and brought to pH 7 using 

sodium hydroxide. Once washing was complete, cells were resuspended in 10 

mM PIPES buffer, pH 7, and placed in an anaerobic glovebag (Coy Laboratories, 

Ann Arbor, Michigan). 

Analytical Methods. The loss of CT as well as the production of volatile 

chlorinated hydrocarbons were determined using a Hewlett Packard (HP) 5890 

series II gas chromatograph equipped with an electron capture detector and 

an HP headspace auto sampler, model #19395A. Gas chromatographic 

conditions were as follows: 100 meter Vocal fused silica capillary column 

(Supelco, Bellefonte, PA), injector temperature 250°C, detector temperature 

200°C, initial oven temperature 50°C for 1 minute, initial ramp up rate 

7°C/minute to 140°C, then 25°C/minute to 200°C for 1 minute. Helium was the 

carrier gas and Argon/methane was the make up gas. Total gas flow was 70 

ml/minute. 

Production of non-chlorinated gasses, i.e. methane and carbon monoxide, 

was measured using an HP gas chromatograph equipped with a thermal 

conductivity detector. Gas chromatographic conditions were as follows: 10 

ft., 1/8 in. stainless steel column packed with 100/120 Carbosieve (Supelco, 

Bellefonte, PA), injector temperature 140°C, detector temperature 150°C, initial 

oven temperature 50°C for 2 minute, initial ramp up rate 10°C/minute to 70°C, 
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then 30°C/minute to 200°C for 5 minutes. Helium was the carrier gas and the 

column head pressure was 25 psi. 

Standard curves for CT, other volatile chlorinated hydrocarbons, and non-

chlorinated gases were developed by relating the known concentration or mass 

of the compound in each 20 ml headspace vial to the peak area measured 

from a headspace gas sample taken from that vial. 

A Shimadzu UV-2101PC UV-VIS scanning spectrophotometer was used to 

characterize the vitamin B12 spectrum with time. Scanning conditions were as 

follows: from 250 nm to 700 nm using a fast scan speed with a slit width of 1 

nm. Standard curves for vitamin B12a and 812r were generated by relating the 

absorbance of peaks, 361 nm for B12a and 312 nm for B12r, to the known 

mass of that compound in each vial. 

Cells were quantified by evaluating the optical density at 660 nm. A 

standard curve was generated by correlating the optical density at this wave 

length to acridine orange direct cell counts. 

Microbial Reduction of Vitamin B12a. Initial experiments consisted of 

determining the extent of vitamin B12 reduction by BrY. This was accomplished 

by incubating B12a in the presence of washed BrY and an electron donor under 

anaerobic conditions at 30°C and analyzing the B12 spectrophotometrically 

with time. Washed cells were resuspended to a concentration of approximately 

1 x 107 cells/ml in 10 mM PIPES buffer at pH 7. Vitamin B12 was added to 

achieve a target concentration between 45 and 55 pM and either 10 mM 

lactate or 400 gmoles/vial hydrogen was used as the electron donor. 
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Extensive work has been published using 46 p.M vitamin B12 in conjunction with 

CT transformation, therefore, an attempt was made to target that 

concentration. In addition, the use of excess electron donor was chosen so as 

not to limit its availability in this system. Aliquots, 10 ml, of the BrY/B12 

mixture were dispensed into 20 ml balsh tubes (Bellco Glass Inc. Vineland, NJ) 

and stoppered with 10 mm thick butyl rubber stoppers (Bellco Glass Inc. 

Vineland, NJ). Lactate was added to the tubes prior to stoppering while 

hydrogen was injected after stoppers were in place using a needle and syringe 

that had been sparged with hydrogen gas. Experiments using hydrogen as the 

electron donor were conducted in an anaerobic glovebag. Those lacking 

hydrogen were set up on the bench top using an oxygen-free nitrogen gas 

purging system. This was done to avoid the incorporation of hydrogen, a 

constituent of the atmosphere in the glovebag. Control experiments consisted 

of incubating B12 in the presence of BrY without an electron donor and 

incubating B12 in the presence of both electron donors without BrY present. 

Tubes were sacrificed with time for spectrophotometric analysis. Analyses 

were conducted by placing quartz cuvettes equipped with anaerobic closures 

and samples into an anaerobic glovebag, removing a 3-ml sample from the 

incubation mixture, filtering it with a 0.2 pm filter (Gelman Sciences Ann Arbor, 

MI) directly into the cuvette, stoppering the cuvette, and removing it from the 

glovebag for immediate spectrophotometric analysis. No visual color change 

was observed for the vitamin B12 during sampling. 
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Transformation of CT, CF, and DCM by Microbially-Reduced B12. 

Transformation of individual chlorinated hydrocarbons were evaluated in 

experiments that were performed by incubating washed cells of BrY, which 

were resuspended in deoxygenated 10 mM PIPES buffer pH 7 to an 

approximate concentration of 1 x 107 cells/ml, with 45 to 55 11M vitamin B12, 

and 10 mM lactate under anaerobic conditions at 30°C. Aliquots, 5 ml, of this 

mixture were dispensed into 20 ml headspace vials in the anaerobic glovebag. 

Each vial was then spiked with the chlorinated hydrocarbon of interest and 

immediately sealed with Teflon-lined butyl rubber septa and aluminum crimp 

caps. Stock solutions of each compound were prepared in methanol such that 

10 !IL of stock was used per vial. Initial concentrations of CT, CF, and DCM 

were 150, 40, and 160 nmole per vial, respectively. Applying published Henry's 

Law constants (17) for these compounds results in initial aqueous phase 

concentrations of 1 ppm for CT and CF and 2 ppm for DCM. Controls lacked 

vitamin B12. At each sampling interval, duplicate vials were sacrificed to 

measure concentrations of each volatile chlorinated hydrocarbon in the 

headspace by gas chromatography. 

Product Distribution from CT Transformation. Potential products of 

CT transformation were determined by increasing the concentration of CT used 

in the system to approximately 2 gmoles/vial. This was done to accumulate a 

sufficient concentration of transformation products to allow their detection. 

Vitamin B12 was added to washed cells (roughly 1 x 107 cells/ml in 10 mM 

PIPES buffer pH 7) to achieve a concentration between 45 and 55 p.M; 10 mM 
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lactate was included as the electron donor. Again, 5 ml aliquots of this 

B12/BrY mixture were dispensed into 20 ml head space vials in the anaerobic 

glovebag, CT was added, and vials were immediately sealed and incubated at 

30°C for the duration of the experiment. To compare the products generated 

from the transformation of CT by chemically-reduced vitamin B12 with those of 

microbially-reduced B12 an additional experiment was performed. Here, the 

same target concentration of vitamin B12 was used with dithiothreitol (DTT), 

at a final concentration of 26 mM, as the reductant. 

Transformation of CT using Microbial ly-reduced Vitamin B1 2 

Filtrate. A series of tubes identical to those used for the microbial reduction 

of vitamin B12a to B12r experiment were used to assess the oxidation of 

vitamin B12r by CT with concomitant transformation of CT. After the reduction 

of vitamin B12a to B12r had ceased, cells were removed by filtration through a 

0.2 p.m filter in the anaerobic glovebag. Next, 5 ml aliquots of the BrY-free 

filtrate were dispensed into 20 ml headspace vials, each vial was then amended 

with approximately 150 nmoles of CT, and immediately sealed. At each time 

interval, three vials were sacrificed, two to assess the transformation of CT by 

gas chromatography and one to follow the spectrophotometric change of 

vitamin B12 as it was oxidized by CT. 

Reduction of Vitamin B128 using BrY Lysate. Experiments initiated 

to assess the ability of BrY whole cell lysate to reduce vitamin B12a were 

conducted in a manner similar to those treatments investigating the microbial 
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reduction of vitamin B12a by BrY. Essentially, experiments were performed 

under anaerobic conditions with 10 mM PIPES buffer at pH 7, 45 to 55 RM 

vitamin B12, and either 10 mM lactate or hydrogen (400 jimoles/vial) as the 

electron donor. Again, treatments lacking an electron donor or those 

containing lactate as the electron donor were set-up on the bench top using a 

gas purging system to avoid introducing hydrogen into the vial headspace. The 

lysate was prepared by placing washed cells that had been resuspended in 

PIPES, approximately the same amount of cells as was used for the microbial 

reduction of vitamin B12a experiments above, into a -80°C freezer overnight to 

rupture the cells. The mixture of lysate and cell debris was then centrifuged for 

10 minutes at 8600 x g to remove large cellular material, membranes as well 

as whole cells. The resulting supernatant was filtered through a 0.2 prn filter 

under anaerobic conditions and used as such. Aliquots, 5 ml, of the reaction 

mixture were placed in headspace vials, the electron donor added, and 

incubated at 30°C. Once reduction ceased in treatments containing an electron 

donor, spectrophotometric analysis was conducted as described earlier. 

RESULTS 

Microbial Reduction of Vitamin B12a. The reduction of vitamin B12a to 

B12r in systems containing various combinations of vitamin B12, Shewanella 

alga strain BrY, lactate, and hydrogen in PIPES buffer at pH 7 are shown in 

Table 1. The percentage as well as total concentrations of vitamin B1 2a 
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reduction to B12r are reported for individual tubes sacrificed when microbial 

reduction ceased. In the treatments containing BrY and an electron donor, the 

time required to reach this maximum vitamin B12r concentration was less than 

30 days (Figure 1). Percentages for systems lacking either BrY or the electron 

donor are reported after a minimum of 50 days incubation. The amount of 

vitamin B12a in controls lacking BrY remained relatively constant over the 

course of these experiments, with 93 to 97% of the total vitamin B12 remaining 

present as vitamin B12a. In treatments containing BrY and either lactate or 

hydrogen, 84 to 85 % of the vitamin B12a was reduced to B12r (Table 1). 

While reduction of vitamin B12 was most significant in those treatments 

containing an electron donor, some reduction of vitamin B12 also occurred 

when BrY was incubated in the presence of vitamin B12 without an electron 

donor. The extent of reduction in this treatment was not large. Only 14% of 

the vitamin B12a was reduced to B12r (compared to roughly 84% for those 

treatments containing BrY and an electron donor). While cells were carefully 

washed with PIPES buffer prior to use to remove growth media, cells 

maintaining a reserve supply of energy may have contributed to the slight 

reduction of vitamin B12 observed in the system that was not supplied with an 

electron donor. 

Both hydrogen and lactate served as an electron donor for the reduction of 

vitamin B12 by BrY (Figure 1). A single tube of each treatment was sacrificed 

with time to determine vitamin B12 concentrations. Concentrations were 
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measured spectrophotometrically by observing peaks at 312 and 361 nm. No 

peak at 388 nm, the maximum adsorption for Bi 2s, was observed. This 

indicates that a significant amount of vitamin B12s was not produced in any of 

the systems shown in Table 1. 

TABLE 1 
Distribution of vitamin B12 in the presence of electron donors and/or BrY 

Vitamin Bi2 Distribution(%)* 

Treatmenta B12a B12r Total Vitamin B12 (JIM) 

B12 97 3 48.6 

B12, lac 97 3 43.9 

B12, H2 94 6 42.7 

B12, BrY 86 14 50.0 

B12, BrY, lac 15 85 58.8 

B12, BrY, H2 16 84 51.6 

B12, Lys, lac 50 50 47.1 

B12, Lys, H2 25 75 44.7 

All treatments are buffered at pH 7 with 10 mM PIPES and contain the 
following: a B12, vitamin B12; lac, lactate (50 grnoles/vial); BrY, Shewanella alga 
strain BrY; H2, hydrogen (400 gmoes/vial); Lys, BrY filtered lysate. *The 

experimental/analytical error of vitamin B12 analysis is subject to a maximum 
deviation of 7% from the target concentration. 
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Figure 1. Reduction of vitamin B12a to 1312r using whole cells of BrY and either 
lactate (a) or hydrogen (b). The total mass of vitamin B12a, lactate, or 
hydrogen present was initially 225-275 nmole, 50 p.mole, and 400 [tmole, 
respectively. 
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The initial vitamin B12 added to the system was calculated to be 46 p.M. The 

mean total vitamin B12 (B12a + B12r) measured in Figure 1 was 48.4 +/- 3.9 

RM, indicating that the mass balance closed within 5%. 

Transformation of CT, CF, and DCM by Microbially-Reduced B12. 

Duplicate vials containing either CT, CF, or DCM in conjunction with BrY, vitamin 

B12, and lactate were sacrificed with time to assess the potential for reductive 

dechlorination by microbially-reduced vitamin B12 (Figure 2). Transformation of 

both CT and CF was observed in the systems containing BrY, lactate, and 

vitamin B12. The relative rate of transformation for CF was significantly slower 

than that for CT in these experiments. Similar results have been reported in 

systems with chemically-reduced vitamin B12,. (8). Notably, vitamin B12,. did 

not transform DCM during the 6 weeks of incubation (Figure 2). No significant 

transformation of CT or CF was observed when vitamin B12 was absent from 

the system. Loss of volatile chlorinated compounds from the system through 

the Teflon lined butyl septa was not observed based on controls lacking vitamin 

B12. BrY reduced vitamin B12a to B12r at aqueous phase concentrations of 1 

ppm CT and CF and 2 ppm DCM, indicating that BrY's ability to reduce vitamin 

B12 was not inhibited at these chlorinated hydrocarbon concentrations. 
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Figure 2. Transformation of CT, CF, and DCM by microbially-reduced vitamin 
B12r. Initial mass of CT, CF, and DCM in the system was 138, 34, and 150 
nmole, respectively. Using published Henry's law constants (17) for these 
amounts of chlorinated hydrocarbons in our system, the corresponding initial 
aqueous phase concentration for CT and CF are 1 and 2 ppm for DCM. 
Controls for CT and CF contained the chlorinated compound, lactate, and BrY; 
no vitamin B12 was present. 

Product Distribution from CT Transformation. Analysis of all volatile 

chlorinated compounds as well as methane and carbon monoxide was 

conducted once nearly complete transformation of CT occurred in these 

systems. The distribution of transformation products observed in the various 

treatments is shown in Table 2. The initial mass of CT was increased from 150 

nmoles to 2 p,moles to allow detection and quantification of the products from 
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CT transformation. As expected, those treatments lacking either BrY or 

vitamin B12 showed little or no transformation of CT. In addition, when BrY 

was incubated in the presence of vitamin B12 without an electron donor, over 

80% was recovered as CT and only a small fraction of CF was seen. DCM and 

CO were not observed in this treatment. The only products identified from CT 

transformation when using vitamin B12 in combination with the chemical 

reductant, dithiothreitol (DTT), were DCM and CO, accounting for 

approximately 75% of the transformed CT. In contrast, when vitamin B12 was 

incubated in the presence of both BrY and lactate, transformation of CT 

proceeded to CO in nearly stoichiometric amounts. While the treatment 

containing vitamin B12 and BrY without an electron donor showed some 

reduction of vitamin B12a to 1312r (Table 1), little loss of CT was observed and 

less than 1% of the initial CT measured was observed as a transformation 

product. Thus, both an electron donor and BrY were required to achieve 

transformation of CT in the system containing vitamin B12. 
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TABLE 2 
Product Comparison of CT Transformation using microbially-reduced 
Vitamin B12 

products (%)b 
Treatmenta CT CF DCM MCM CH4 CO SUM 

B12, lac 99 0.5 0	 0 0 0 99.5 

BrY, lac 100 2.6 0	 0 0 0 102.6 

0 0 0 82.7B12, BrY 82 0.7 0 

812, DTT 0 0 20	 0 0 55 75 

B12, BrY, lac 8.6 1.4 0	 0 0 91.9 101.9 

a B12, vitamin B12; lac, lactate; BrY, Shewanella alga strain BrY; DTT,
 

dithiothreitol.
 
bpercentage of products observed from CT transformation based on the initial
 
CT added to the system.
 

Transformation of CT using Microbially-reduced Vitamin B1 2 

Filtrate. Chemically-reduced vitamin B12 has been shown to catalyze the 

reductive dechlorination of several halogenated compounds 

(1,2,6,7,14,15,18,20,21,23,28,33,35). Therefore, the potential for microbially

reduced vitamin B12, which had been separated from BrY by filtration through 

a 0.2 pm filter, to transform CT was evaluated. When CT was added to this 

microbially-reduced vitamin B12 filtrate, reactivity towards CT transformation 

remained (Figure 3). Removal of CT was immediate and rapid with 20% being 

transformed within the first day. Once the vitamin B12,. had been oxidized, the 

rate of CT transformation decreased but still continued (Figure 3). In response 
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to this observation, the ability of BrY cell lysate to reduce vitamin B12 was 

characterized. 
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Figure 3. Reduction of CT with simultaneous oxidation of vitamin B12r to 1312a. 
Vitamin B12r was microbially-reduced by BrY then separated from BrY by 
filtration prior to reaction with CT. Lactate at an initial concentration of 50 
gmole/vial was used as the electron donor. Arrows indicate the point at which 
the rate of CT transformation decreased as a result of nearly complete vitamin 
B12 oxidation. 

Cell lysate material was prepared by passing the soluble fraction of 

washed, lysed cells through a 0.2 gm filter. It was evaluated for its ability to 

reduce vitamin B12 by incubating vitamin B12 in batch systems with this 
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material and an electron donor. The reduction of vitamin B12 occurred when an 

electron donor, either hydrogen or lactate, was present in conjunction with 

soluble cellular components (Table 2). Approximately 80% of the vitamin B12a 

had been reduced to B12r within 5 weeks when hydrogen was used as the 

electron donor, while only 50% of the vitamin B12a was reduced to B12r in 8 

weeks when using lactate. In extended incubations, over 4 months, 85 % of the 

vitamin B12a was reduced to vitamin B12r when hydrogen was used as the 

electron donor while 75% was reduced when lactate served as the electron 

donor. When an electron donor was absent from the reaction mixture, 94% of 

the vitamin B12 was present as B12a even after 4 months of incubation. 

Approximately 93% of the vitamin B12 present in treatments containing 

electron donor but no lysate remained as B12a upon incubation for over 4 

months. 

DISCUSSION 

Several investigators have implicated metal-containing co-factors including 

corrinoids and/or porphyrins as important participants in the degradation of 

halogenated organic compounds by anaerobic microorganisms (27,36,42,31). 

Zoro (47) suggested that through death and lysis of microorganisms, iron 

porphyrins are released into the environment and, when subjected to reduction 

in anaerobic environments, are at least in part, responsible for transformation 

of chlorinated organic compounds. This may also be the case for vitamin B12. 
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Here, we demonstrate the direct microbial reduction of vitamin B12a to B12r by 

an Fe(III)-reducing bacterium, Shewanella alga strain BrY. The amount of time 

taken to reach the maximum level of microbial reduction for vitamin B12a was 

relatively long, over 10 days, as compared to rates of chemical reduction. 

These results indicate that microbial reduction of vitamin B12 was biologically 

rate limited. While BrY was able to reduce vitamin B12a to B12r, further 

reduction of vitamin B12r to Bi 2s was not observed spectrophotometrically. 

This is likely due to the fact that the standard reduction potential for the 

reaction of vitamin B12r to Bi 2s is -610 mV (vs SHE) (25) and the 

cytochromes responsible for the metal reduction character of BrY have a mid

point potential of approximately -200 mV (Gorby, personal communication). 

Thus, reduction of vitamin B12a to B12r was possible, but concentrations of 

vitamin B12s were insignificant with BrY as the source of reductant. 

BrY's ability to transport B12 has not been investigated. The concentration 

of vitamin B12 used in these experiments was in the micromolar range, a 

concentration well in excess of that required by most bacteria. The mass of a 

vitamin B12-like corrinoid present in M. barkeri cells presented at cell 

concentrations similar to those used in these experiments was estimated to be 

0.0225 nmole (41). The mass of vitamin B12 added in our experiments was 

approximately 230 nmole, or roughly 10,000 times more than would have been 

required by BrY. This is a very conservative estimate since BrY is not a 

methanogen and would not require this level of coenzyme. Therefore, 
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transport of vitamin B12 could not have been measured against the 

background concentration of aqueous vitamin B12 present in our system. 

Vitamin B12r was the major form of vitamin B12 observed in this system 

and is the active form of the catalyst in the microbially-assisted vitamin B12

catalyzed dechlorination of CT. While vitamin B12a also existed in these 

systems, controls indicate that this species was ineffective at transforming any 

of the compounds tested. In addition, vitamin Bi 2s undoubtedly existed at 

extremely low concentrations and, therefore, could theoretically participate in 

the reaction. The product distribution of microbially-reduced vitamin B12

catalyzed dechlorination of CT most closely resembled that of the chemically 

reduced vitamin B12r systems. Therefore, it is likely that in this system vitamin 

B12r is in fact the catalyst, ultimately serving as an electron donor for the 

dechlorination of CT and CF. 

Enhancement of reductive dechlorination by the addition of vitamin B12 has 

been reported by other investigators (2,14,18,28). Here we show that an 

organism with little or no ability to transform CT or CF is capable of reducing 

vitamin B12a to B12r, thereby creating a catalyst that significantly enhances the 

transformation of both CT and CF. The amount of time required to transform 

31 nmoles of CF was approximately twice as long as that required to 

transform 133 nmoles CT (Figure 2). Concentrations of CT below detection 

were achieved by allowing longer incubation times or by increasing cell 

concentrations to speed reaction rates (data not presented). The estimated 
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relative half-reduction potentials based on one electron mole for CT, CF, and 

DCM at pH 7 are 0.67, 0.56, and 0.49 Volts, respectively (40). This supports 

the relationship between a compound's relative half-reduction potential and its 

ability to be transformed. The larger the difference between the half reduction 

potential of a compound and the catalytic reductant being used, the more likely 

the compound will be transformed. However, other factors are obviously very 

important, as supported here by the fact that the reduction potential of 

vitamin B12r appears to be sufficiently low to transform DCM, yet 

transformation did not occur over 6 weeks of incubation. 

The distribution of products from the transformation of CT in these 

experiments as well as results from other investigations are shown in Tables 2 

and 3, respectively. Carbon monoxide accounted for nearly all of the CT 

transformed in our system containing BrY and lactate as the electron donor. 

Our results for the DTT-reduced vitamin B12 compared well with those of Lewis 

(10), although the pH differed between the two systems. The use of the 

strong reductant, titanium (Ill) citrate, results in a hydrogenolytic pathway with 

the major product eventually being methane (7,17,20,25,27). Both Lewis (23) 

and Chiu (7) observed carbon disulfide as a product of vitamin B12-assisted CT 

transformation when cysteine was used as the reductant. Lewis reported that 

the role of the reductant must serve as more than simply an electron donor for 

the catalyst, since the products formed from CT transformation varied with 

the reductant supplied (23). Here we observed an almost exclusive formation 

of CO when BrY was used as the source of reducing power. This differs from 
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the observation that carbon dioxide is the major product of vitamin B12

assisted CT transformation when using an enrichment culture (18). Becker (2) 

also noted the production of CO2 when using the same enrichment culture as 

Hashsham (18) for the vitamin B12-assisted transformation of chloroform. 

However, Becker's 14C-labeled CF studies indicated that 14C0 was an 

intermediate in the transformation of CF to CO2. Becker (2) suggested that 

once CF was dechlorinated to CO, organisms in the enrichment culture that 

utilize the acetyl-CoA pathway would be capable of oxidizing the CO to CO2 via 

carbon monoxide dehydrogenase. Our report of the almost exclusive 

production of CO from the vitamin B12-assisted transformation of CT supports 

those observations of Becker and Hashsham. BrY does not contain an acetyl-

CoA pathway and, therefore, accumulation of CO is observed since further 

oxidation of CO to CO2 in not possible in this system. 
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TABLE 3 
Product Comparison of CT Transformation using Vitamin B12 and Various 

Reductants 
products ( %)b 

Reductanta pH CT CF DCM MCM CH4 CO CO2 CS2 Ref.0 

DTT 8.2 0 0 31 0 0 39 8 NDd 24 

DTT 7 0 0 20 0 0 55 ND ND 

Ti 8.2 0 0 0 72 13 2 7 ND 24 

S2-/cys 8.7 0 27 t 0 0 2 9 4 24 

cys 8.3 NRe NR 18.2 NR NR 3.2 t ND 7 

BrY 7 8.62 1.43 0 0 0 91.9 ND ND 

Enr.Cult. NR 0.48 0.53 0 NR 1.9 0 59 11 18 

aTi, titanium citrate; DTT, dithiothreitol; S2-/cys, Na2S/cysteine; cys, cysteine; 
BrY, Shewanella alga strain BrY; Enr. Cult., anaerobic enrichment culture grown 

on dichloromethane. 
bpercentage of comparison products observed from CT transformation using 

reduced vitamin B12 as the catalyst, not all products were assessed and/or 

compiled for each system. 
cRet, literature reference. 
d ND, not determined. 
eNR, not reported. 
f, data from this research. 
t, trace. 

The suggestion that co-factors, corrinoids, and/or porphyrins are key 

components in the transformation of halogenated compounds in anaerobic 

environments is corroborated by this research. Here we lend support by 

showing that microbially-reduced vitamin B12 remains reactive towards CT even 

when separated from BrY. In addition, cellular components capable of passing 

through a 0.2 µm filter were capable of reducing vitamin B12a to B12r(Table 2). 

This may explain why the transformation of CT continued in the system where 
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Over long periods ofBrY cells had been removed from the reaction mixture. 

incubation, some of the BrY cells will lyse. While separation of intact BrY cells 

was accomplished via filtration, soluble components of the cell lysate would 

have been present in this system. Since the components of the lysate have 

been shown to maintain reduction capacity towards vitamin B12 in this work, a 

continuation of vitamin B12 reduction may be occurring providing a continued 

source of catalyst for CT transformation. This is not surprising because BrY's 

lysate has also been shown to maintain its ability to reduce chelated metals 

such as Fe(III) and Co(III) (Gorby, unpublished data). Truex et. al (39) found 

that under similar conditions, pH 7 with lactate as the electron donor, the 

metal reducing activity of BrY decreased to 60% of its maximum after 24 

hours and then remained constant for the duration of the experiment, a total 

of 80 hours. While this is significantly less time than our data, it does show 

that enzyme activity is maintained upon extended incubations. Since no 

significant reduction of vitamin B12 was seen in treatments with B12 alone or in 

conjunction with an electron donor, one must conclude that soluble components 

present in the cell lysate were responsible for vitamin B12 reduction in this 

experiment. The amount of soluble enzyme present after lysis, centrifugation, 

and filtration was likely very small. This probably contributed to the long 

incubation times required to achieve vitamin B12 reduction in this system. While 

both the vitamin B12 and the reduction potential required for transformation 

are initially derived from a microbial source, the transformation reaction itself 

does not appear to require the presence of living microorganisms. 
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Odom et al. (28) had also shown that the transformation of CT can be 

enhanced through the addition of vitamin B12. However, their system also 

required the addition of riboflavin to the pure cultures of sulfate reducing 

bacteria containing the c3 type cytochrome or purified c3 type cytochrome in 

combination with hydrogenase from Desuffovibiro gigas to achieve CT 

transformation. Transformation of CT in this partially-purified protein 

reaction mixture resulted in CF as a major product, with 130% of the initial CT 

being transformed to CF in a 20 hour period. Our use of the dissimilatory 

Fe(III)-reducing bacteria, BrY required only the addition of a simple electron 

donor and avoided byproducts such as carbon disulfide, methane, and 

chloroform with nearly stoichiometric amounts of carbon monoxide being 

produced. As with the sulfate-reducing bacteria Odom tested, BrY's type c3 

cytochrome is likely instrumental in the electron transport function needed to 

achieve the reduction of vitamin B12. 

These results demonstrate that the transformation of both CT and CF 

proceed in the presence of an Fe(III)-reducing bacterium, vitamin B12, and an 

electron donor. In this research transformation of CT and CF was achieved 

using a relatively high concentration of aqueous vitamin B12 at a moderate 

temperature. At environmental concentrations and temperatures, the intrinsic 

transformation of chlorinated compounds by this process is likely very slow. 

Yet, these results show that transformation of both CT and CF can occur in a 

system without microorganisms capable of direct dechlorination. 
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CHAPTER 3
 

Kinetic Analysis of CT Transformation in a Microbially-Reduced
Vitamin B12 System 

ABSTRACT 

The transformation of carbon tetrachloride (CT) using a microbially-reduced 

vitamin B12 system has the potential to be a safe effective process for the 

treatment of this pollutant. Understanding factors that affect the 

transformation of CT will allow us to optimize the system. In this research, the 

effect of cell and vitamin B12 concentration on the rate of CT transformation in 

a microbially-reduced vitamin B12-catalyzed system was evaluated. Initial 

experiments focused on CT transformation rates using various vitamin B12 

concentrations with 5 x 108 cells/all Shewanella alga strain BrY. When vitamin 

B12 concentrations were below -35 11M, the first-order approximation of rate 

for CT transformation was dependent on vitamin B12 concentration. At vitamin 

B12 concentrations of 35 RM and above, the rate of CT transformation did not 

increase with increasing vitamin B12 concentration. The rate at which 46 iiM 

vitamin B12 was reduced was a function of cell concentration, with higher cell 

concentrations resulting in faster vitamin B12 reduction. The combined effect 

that cell and vitamin B12 concentration had on the rate of CT transformation 

was that high cell numbers, 1 x109 cells/ml, resulted in transformation rates 

that were indistinguishable for 46 or 20 µM vitamin B12. However, with low cell 
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numbers, 1 x 107 cells/ml, CT transformation was a function of both vitamin 

B12 and cell concentration. A comparison of the rate of CT transformation 

using 46 p.M microbially-reduced vitamin B12, to which BrY had been removed 

prior to the introduction of CT, revealed that the rate of CT transformation in 

this system was similar to the rate of vitamin B12 reduction using 1 x109 

cells/ml and also to the rate of CT transformation in the presence of 46 1.tM 

vitamin B12 with BrY present at 1 x 109 cells/ml. These findings demonstrate 

that neither the rate of vitamin B12 reduction by BrY nor the subsequent 

transformation rate of CT by the vitamin B12 can be defined as the rate 

limiting step. More over, the two rates are actually codependent on one 

another for the appropriate form of vitamin B12 available for each reaction. 

INTRODUCTION 

Understanding the transformation of halogenated aliphatic compounds requires 

an understanding of the factors that affect transformation rates. There is 

enormous variation in the amount of time required for transformation of 

halogenated aliphatic compounds (42). Some compounds (such as Freons) are 

extremely stable resulting in long-term survival in the terrestrial environment. 

While others (such as chloromethane) are produced biologically in the 

environment and are readily removed (42). Carbon tetrachloride (CT) is one of 

the most widely studied compounds. Its transformation has been reported 

under diverse conditions ranging from field studies to laboratory pure cultures. 
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Several investigators have focused on determining CT transformation rates 

in pure- or mixed-culture systems. Digested sewage sludge, groundwater 

sediments, and other inocula sources have been used resulting in a range of 

metabolic capabilities from methanogens to denitrifiers (27). In many cases, a 

lag period (generally over 2 weeks) was observed prior to the onset of CT 

transformation. This lag period has been reported for pure cultures but was 

more prevalent with consortia in both field and laboratory studies (4,12,17,42). 

Rapid transformation of CT has also been shown, as in the case of 

Pseudomonas sp. strain KC (8). The ability to transform CT has been 

attributed to enzymes, co-factors, corrinoids, and even cytochromes 

(12,27,31,36). Several investigators have studied the transformation of 

halogenated compounds using purified forms of these molecules in combination 

This allows the study ofwith chemical reductants (1-3,15,20,21,29,33). 

halogenated compound transformation using some of these potential factors in 

a more simplified system. 

Chemically-reduced vitamin B12, produced using a variety of reductants 

such as dithiothreitol or titanium (III) citrate, is very successful at transforming 

halogenated aliphatic and aromatic compounds. However, the use of vitamin 

B12 in the transformation of chlorinated aliphatic compounds is not limited to 

simple chemical systems. Hashsham and Becker (2,18) have shown enhanced 

transformation rates of CT and CF in a mixed-culture system when vitamin B12 

was amended to the reaction mixture; in this system CT was transformed 10 

times faster upon the addition of vitamin B12. Recently we reported the direct 
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microbial reduction of vitamin B12 by a dissimilatory iron reducing bacterium 

with the transformation of CT (46). In this system, Shewanella alga strain BrY, 

vitamin B12a to thea non-dechlorinating organism, coupled the reduction of 

oxidation of an electron donor. The resulting vitamin B12r then served as a 

catalyst for the transformation of CT. 

This paper describes the transformation of CT in a microbially-reduced 

vitamin B12 system. The hypothesis is that vitamin B12a is first reduced to 

vitamin B12r by microorganisms in the system; vitamin B12r then mediates CT 

transformation. In this research, we evaluated factors that affect the rate of 

CT transformation and the reduction and reoxidation of vitamin B12. The 

objectives of this research were to: 1) determine the relationship between 

vitamin B12 concentration and CT transformation rates, 2) evaluate rates of 

vitamin B12 reduction for varying cell concentrations, and 3) characterize the 

relationship between CT transformation and vitamin B12 reduction in a 

microbially-reduced vitamin B12 system with and without cells present. This 

research provides information concerning the factors associated with CT 

transformation in a microbially-reduced vitamin B12-catalyzed system and 

insight into potential factors involved in controlling CT transformation in other 

microbial systems. 
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MATERIALS AND METHODS 

Chemicals and Culture Conditions. Carbon tetrachloride was 

purchased from J.T. Baker Inc., Phillipsburg, New Jersey. Calibration buffers for 

pH were obtained from Fisher Scientific, Fair Lawn, New Jersey. Tryptic soy 

broth without dextrose was obtained from Difco Laboratories, Detroit, 

Michigan. Vitamin B12, cyanocobalamin, and all other chemicals were purchased 

from Sigma Chemical Company, St. Louis, Missouri. 

Shewanella alga strain BrY (5,32) was the source of microbial reductant 

used in this research. A description of culture conditions as well as the 

procedure used for harvest and preparation of these cells can be found 

elsewhere (46). 

Analytical Methods. Transformation of CT was characterized using a 

Hewlett Packard 5890 series II gas chromatograph equipped with an electron 

capture detector and an HP headspace auto sampler, model #19395A. Gas 

chromatographic conditions were as follows: 100 meter Vocal fused silica 

capillary column (Supelco, Bellefonte, PA), injector temperature 250°C, detector 

temperature 200°C, initial oven temperature 50°C for 5 minutes, ramp up rate 

10°C/minute to 200°C for 10 minutes. Helium was the carrier gas and 

argon/methane was the make up gas. The total gas flow was 70 ml/minute. 

Standard curves for all volatile halogenated hydrocarbons were developed by 

relating the known concentration or mass of the compound in each 20 ml 

headspace vial to the peak area measured from a gas sample taken from that 

vial. 
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A Shimadzu UV-2101PC UV-VIS scanning spectrophotometer was used to 

characterize the vitamin B12 spectrum with time. Scanning conditions were as 

follows: from 250 nm to 700 nm using a fast scan speed with a slit width of 1 

nm. Standard curves for vitamin B12a and B12r were generated by relating the 

absorbance of peaks, 361 nm for B12a and 312 nm for B12r, to the known 

mass of that compound in each vial. Cell concentrations were also quantified 

using this spectrophotometer by evaluating the optical density at 660 nm. A 

standard curve was generated by correlating the optical density at this 

wavelength to acridine orange direct cell counts. 

Transformation of Carbon Tetrachloride Using Various Vitamin 

B12 Concentrations with a Microbial Reductant. The transformation of 

CT using microbially-reduced vitamin B12 was evaluated in a manner similar to 

previous experiments reported elsewhere (46). Anoxic reaction mixtures 

containing various concentrations of vitamin B12, BrY at a concentration of 

approximately 5 x 108 cells/ml, and 10 mM lactate were made up in an 

anaerobic glove bag. Vitamin B12 target concentrations were 46, 35, 25, 15, 

10, 5, and 1 p,M. Controls included reaction mixtures lacking either BrY or 

vitamin B12. Aliquots, 5 ml, were placed in headspace vials, 10 III of a methanol 

based CT stock solution was added, and vials were immediately sealed with 

Teflon-lined gray butyl septa and aluminum crimp caps. Vials were removed 

from the glove bag and incubated in the dark at 30°C. The target mass of CT 

in each vial was 200 nmole. Single vials were sacrificed with time and the CT 

concentration was determined by gas chromatography. 
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Vitamin B12 Reduction Using Various Cell Concentrations.
 

Experiments were initiated to evaluate the rate at which vitamin B12 was 

reduced in batch systems containing approximately 1 x 107 to 1 x 109cells/m1 

of BrY. Batch experiments were performed by incubating BrY with 10 mM 

lactate and 46 RNA vitamin B12 in deoxygenated 10 mM PIPES buffer, at pH 7, 

under anaerobic conditions. Aliquots, 5 ml, of the reaction mixture were 

dispensed into 20 ml headspace vials in an anaerobic glovebag and sealed with 

10 mm thick blue butyl rubber stoppers and incubated at 30°C. The 

concentration of electron donor in the system was in excess to avoid the need 

to incorporate substrate limiting conditions in the rate determination. Vitamin 

B12 was added at 46 RM to allow comparison to extensive work published with 

this corrinoid at that concentration. Individual tubes of each treatment were 

sacrificed with time for spectrophotometric analysis of the vitamin B12. 

Analyses were conducted by placing samples and cuvettes into the anaerobic 

glovebag, filtering a sample directly into the cuvette with a 0.45-RM filter 

(Gelman Sciences Ann Arbor, MI), stoppering the cuvette, and removing it from 

the glovebag for immediate spectrophotometric analysis. 

Transformation of Carbon Tetrachloride Using Various Cell and 

Vitamin B12 Concentrations. The transformation of CT was evaluated for 

varying combinations of microbial biomass and vitamin 812 concentrations. 

Cells of BrY were prepared as previously described. Cells, vitamin B12, and 10 

mM lactate were combined in 10 mM PIPES in an anaerobic glovebag. Final cell 
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concentrations of approximately 107 and 109 cells/ml were used in combination 

with vitamin B12 target concentrations of 20 and 46 1.LM. Aliquots, 5 ml, of 

these reaction mixtures were placed in headspace vials, spiked with 150 nmole 

of CT, sealed with Teflon-lined butyl rubber septa and crimp caps, and 

incubated at 30°C. Single tubes were sacrificed with time for analysis of CT 

concentrations. 

Transformation of Carbon Tetrachloride Using Cell Free 

Microbial ly- Reduced Vitamin B12. The transformation of CT using 

microbially-reduced vitamin B12 filtrate was evaluated to determine the rate at 

which CT was transformed in the absence of a continuous supply of microbially

reduced vitamin B12. By removing BrY, the re-reduction of vitamin B12 in the 

system was minimized. Microbial ly-reduced vitamin B12 was prepared by 

incubating washed cells of BrY in the presence of 10 mM lactate and vitamin 

B12. Again, 46 1.1.M vitamin B12 was chosen due to its widespread use in 

previous studies by other investigators. The cell concentration used to reduce 

the vitamin B12 was approximately 1 x 109 cells/ml. Aliquots, 10 ml, of the 

reaction mixture were dispensed into 20-m1 Balsh tubes (Bellco Glass Inc., 

Vineland, NJ, stoppered with 10 mm thick blue butyl stoppers (Bel Ico Glass 

Inc.), and incubated under anaerobic conditions at 30°C. Once reduction of the 

vitamin B12 ceased, the solution was visually observed to be amber/golden, 

and experiments were initiated. First, BrY was separated from the reduced 

vitamin B12 by filtering the mixture through a 0.45 .t.rn filter in the anaerobic 
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glovebag. Then in the anaerobic glovebag, 5 nil aliquots of the reduced vitamin 

B12 filtrate were dispensed into 20 ml headspace vials, CT added, and vials 

sealed with Teflon-lined butyl rubber septa and aluminum crimp caps. 

Approximately 150 nmole/vial of CT was spiked to the reaction mixture from a 

methanol stock solution. Vials were removed from the glovebag, incubated at 

30°C in the dark, and CT mass was analyzed with time in individual vials by gas 

chromatography to develop a progress curve for the transformation of CT 

using cell-free microbially-reduced vitamin B12. 

RESULTS 

Transformation of Carbon Tetrachloride Using Various Vitamin 

B12 Concentrations and a Microbial Reductant. Progress curves for CT 

were determined for varying vitamin B12 concentrations by sacrificing single 

vials with time. Treatments contained vitamin B12 at concentrations between 1 

and 46 11M, 5 x 108 cells/ml BrY, and 10 mM lactate (Figure 4). CT 

transformation rates increased with increasing vitamin B12 concentrations. 

However, the increase in the rate of CT transformation was not directly 

proportional to the vitamin B12 concentration. Little or no difference was seen 

in the relative rates of CT transformation for 46 and 35 1.1M vitamin B12. Here, 

the time required to transform 80% of the CT ranged from 1.5 days (with 46 

or 35 p.M vitamin B12) to 7 days (with 1µM vitamin B12). Controls lacked 

either BrY or vitamin B12 and showed no significant transformation of CT. 
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Figure 4. Transformation of CT using various concentrations of microbially
reduced vitamin B12. Controls either lacked BrY or vitamin B12 from the 
reaction mixture. Lactate present at 10 mM and the target mass of CT was 
200 nmole. 

Vitamin B12 Reduction Using Various Cell Concentrations. 

Progress curves for the reduction of vitamin B12a to B12r, by varying cell 

concentrations, are shown in Figure 5. Vials contained BrY concentrations 

ranging from 107 to 109 cells/ml, 46 11M vitamin B12, and 10 mM lactate. 

Single vials were sacrificed with time to allow determination of the vitamin B12a 

concentration. The rate of vitamin B12 reduction depended heavily on cell 
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concentration. In treatments containing a 108 cells/ml BrY, 50% reduction of 

vitamin B12 was observed in less than a day. In contrast, over 5 days were 

required to achieve the same amount of vitamin B12 reduction when 108 

cells/ml were used and only a small fraction of the vitamin B12 was reduced in 

treatments containing 107 cells/ml over the course of the experiment, just over 

a week. 

50 
2 a 

40 I 
1 x 10^7 BrY 

30 

1.1 x 10^8 BrY 

20 

10 
5.6 x 10)43 BrY 

1.1 x 10,1 BrY 

6 8 10 

Time, days 

Figure 5. Reduction of 46 laM vitamin B12 by various concentrations of BrY. 
Again, 10 mM lactate served as the electron donor. Cell values are reported in 
cells/ml. 
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Transformation of Carbon Tetrachloride Using Various Cell and 

Vitamin B12 Concentrations. The combined influence of cell and vitamin 

B12 concentrations on the transformation of CT in a microbially-reduced vitamin 

B12 system is illustrated in Figure 6. Two concentrations of vitamin B12, 46 

and 20 1.1,M, were studied in combination with 1 x 107 and 1 x 109 cells/ml. The 

system was buffered at pH 7 and the electron donor, lactate, was supplied in 

excess. The rates of CT transformation were indistinguishable for treatments 

containing 1 x 109 cells/ml. However, when the cell concentration was reduced 

to 1 x 107 cells/ml a difference was seen in the relative rate of CT 

transformation between this system and the systems at 1 x109 cells/ml. In 

addition, a noticeable difference was also observed in the rate of CT 

transformation between treatments containing 20 and 46 p.M vitamin B12 and 

1 x 107 cells/ml BrY. Treatments containing 1 x 109 cells/ml transformed 

approximately 80% of the CT present in 1.5 days with the use of either 20 or 

46 11M vitamin B12. In contrast, only 20% of the CT was removed when 107 

cells/ml were present with 46 WA vitamin B12 and little or no CT transformation 

was apparent in treatments with this cell concentration and 20 11M vitamin B12 

over the same time period. 
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Figure 6. Progress curves for the transformation of CT in reaction mixtures 
with varying cell and vitamin B12 concentrations. The first number reported 
corresponds to the vitamin B12 concentration while the following number 
indicates the cell concentration in cells/ml. 

Transformation of Carbon Tetrachloride Using Cell-Free 

Microbially-Reduced Vitamin B12. To determine the rate limiting step in 

the transformation of CT, BrY was allowed to reduce vitamin B12 then 

separated from the reaction mixture by filtration prior to the introduction of 

CT. Single vials of the BrY-free microbially-reduced vitamin B12 /CT reaction 

mixture were sampled with time. The progress curves generated for the 
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transformation of CT under these conditions are shown in Figure 7. Again, the 

rate of CT transformation was related to the concentration of vitamin B12 

present. The higher the vitamin B12 concentration used, the faster the rate of 

CT transformation. At just less than a day in this experiment, 80, 65, 55, and 

30 nmole of the CT had been transformed in treatments containing 46, 30, 20 

and 10 j.tM vitamin B12 respectively. 

Figure 7. Transformation of CT using various concentrations of microbially
reduced vitamin B12 filtrate. Vitamin B12 was first reduced by BrY then 
removed by filtration prior to the introduction of CT. A target mass of 150 
nmoles was used for this study. 
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DISCUSSION 

Several factors affected the rate at which CT was transformed in a system 

containing BrY, vitamin B12, and excess electron donor. The relative rate of CT 

transformation increased with the vitamin B12 concentration in the reaction 

mixture for a given cell concentration. However, there was a maximum 

concentration at which the addition of vitamin B12 no longer increased the rate 

of CT transformation dramatically. The first-order approximation of CT 

transformation rate as a function of B12 concentration is non-linear (Figure 8). 

In systems containing 5 x 108 cells/ml BrY and vitamin B12 concentrations less 

than 15 ilM, rates increase fairly linearly with vitamin B12 concentration. At 

vitamin B12 concentrations above 35 1.1M, vitamin B12 is in excess and increases 

in rate are not observed. Given the dimensionless Henry's Law constant, 1.244 

(17), for CT and our experimental conditions, the use of 200 nmole of CT/vial 

translates to an initial aqueous phase concentration of 8.5 i.tM CT in our 

system. Thus, in treatments with vitamin B12 concentrations above 35 1.1.M and 

BrY at 5 x 108 cells/ml, the amount of catalyst potentially available is 

approximately 4 times the initial aqueous phase concentration of CT in the 

system. 
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Figure 8. First-order approximation of rate constants for the transformation of 
CT plotted as a function of vitamin B12 concentration. 

The concentration of cells present in the reaction mixture also influenced the 

rate of CT transformation. Rates of CT transformation were significantly 

slower in treatments where -1 x 107 cells/ml were used as compared to 

treatments containing -1 x 109 cells/ml (Figure 6). This observation is 

consistent with the direct relationship between cell concentration and vitamin 

B12 reduction rates. The relationship between the rate of vitamin B12 reduction 

and cell concentration is non-linear (Figure 9). This observation may indicate 

that the system is approaching an excess cell concentration for the amount of 

vitamin B12 available for reduction. As reported previously (46), CT 
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transformation in this microbially-reduced vitamin B12 catalyzed system is due 

to the active species vitamin B12r. Since the rate of vitamin B12r production is 

a function of cell concentration in this system, higher cell concentrations are 

expected to result in more rapid transformation of CT. 

Cell Concentration, cells/ml x 10^7 

Figure 9. First-order approximation of rate constants for the reduction of 46 
pM vitamin B12 as a function of cell concentration. 

The proposed process for CT transformation in a system containing vitamin 

B12, an electron donor, and an organism capable of vitamin B12 reduction, is 

shown in Figure 10. Vitamin B12 is reduced and re-oxidized as it transforms 
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CT. To evaluate the rate determining step, the reduction of vitamin B12a was 

decoupled from the reduction of CT. First, the microbial reduction of 46 1.11A 

vitamin B12 was evaluated without CT present, then the transformation of CT 

was followed in treatments containing- 46 IINA microbially-reduced vitamin B12 to 

which BrY had been removed. Progress curves for these two systems as well 

as the transformation of CT with BrY present are shown in Figure 11. Each 

assay was conducted with 46 11M vitamin B12 and BrY present at -1 x 109 

cells/ml. The rate of CT transformation by microbially-reduced vitamin B12 with 

or without BrY present is nearly the same as the rate of vitamin B12 reduction. 

Therefore, neither the rate of vitamin B12 reduction nor the actual 

transformation of CT by the microbially-reduced vitamin B12 determined the 

actual overall rate of the reaction. Instead, these two processes proceed at 

nearly the same rate and are co-dependent on one another for the vitamin B12 

available in the system. 

Chiu and Reinhard (7) hypothesized 2 phases of CT transformation in their 

chemically-reduced vitamin B12 system: 1) a rapid phase of CT 

transformation likely rate limited by the reduction of vitamin B12a to B12r, and 

2) a slow phase of CT transformation controlled by the rate of alkyl-cobalamin 

complex decomposition. This second phase, rate-limited by alkyl-cobalamin 

complex decomposition, may hold true for our system. The observation that 

CT transformation progressed at nearly the same rate in systems comprised 

of 46 j.tM microbially pre-reduced vitamin B12 or treatments using 46 IAA 
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vitamin B12, which was not pre-reduced, with BrY present suggests that the 

microbial reduction of vitamin B12 was not the overall rate determining step. If 

it had been, the rate of CT transformation in the system using prereduced 

vitamin B12 would have been faster, this was not the case. Therefore, the 

potential exists that the degradation of the alkylcobalamin complex is a key 

factor in determining the overall rate of this reaction. 

Figure 10. Diagram of the proposed reaction scheme for the transformation 
of CT by microbially-reduced vitamin B12. Reactants are listed on the right with 

products on the left. The initial reaction is hypothesized to be the reduction of 
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vitamin B12a to B12r by BrY. The subsequent transformation of CT is then 
achieved by reacting the vitamin B12r with CT producing vitamin B12a and 
carbon monoxide. 
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B12 with BrY present 
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Figure 11. Progress curves for the transformation of CT by 46 i.tM microbially
reduced vitamin B12 filtrate and by 46 RM vitamin B12 with 1 x 109 cells/ml BrY 
present. The progress curve for the reduction of 46 JIM vitamin B12 by 1 x 109 
cells/ml BrY is also shown. All concentrations were normalized to the initial 
measured concentrations, approximately 46 laki for vitamin B12 and 160 
nmole/vial for CT. 

It is difficult to compare the relative rates of CT transformation from one 

experimental system to another. However, the CT transformation rates 
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observed in this study are comparable to rates reported in the literature for 

pure cultures of dechlorinating organisms (9,11,12). Transformation of CT by 

pure cultures of dechlorinating organisms generally occurs within hours to days. 

Here we have shown that CT transformation can be achieved within days using 

BrY in combination with cell concentrations above 5 x 108 cells/ml, moderate 

vitamin B12 concentrations, and excess electron donor. Hashsham et al. (18) 

demonstrated that the ability of a dechlorinating consortium to transform CT 

could be improved through the addition of vitamin B12. The rate at which 

Hashsham's consortium transformed CT increased 10 fold with the addition of 

vitamin B12 and gave more desirable end products than when vitamin B12 was 

omitted. In Hashsham's system, the transformation of CT occurred over a few 

weeks when vitamin B12 was not present. Once vitamin B12 was amended to 

the system, only 2 days were required to complete CT transformation. 

Hashsham et al. did not elaborate on an explanation for their observations. 

One explanation may be that organisms in the consortium he used, other than 

those able to directly dechlorinate, played a role in the reduction of vitamin B12 

which in turn was used as a catalyst for the transformation of CT. 

The interactions of environmental factors, both microbial and chemical, 

affecting the transformation of CT in natural systems are complex. 

Microorganisms capable of directly transforming CT undoubtedly play a crucial 

role in the transformation of this compound in the environment, however, 

evidence is mounting that significant degradation of these compounds can 

occur through other mechanisms (16,19,46). The rate at which CT can be 



57 

transformed by one of these potential mechanisms, for example microbially

reduced corrinoids, is comparable with other rates of transformation described 

in the literature. Here we have shown that CT transformation and vitamin B12 

reduction are closely associated. That being the case, it is important to 

develop an understanding of the interaction between vitamin B12, CT, and 

microorganisms so predictive tools can be developed to determine degradation 

rates in natural systems. 
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CHAPTER 4
 

Transformation of Brominated, Chlorinated, and Bromo/Chloro 
Methanes Using Microbially-Reduced Vitamin B1 2 

ABSTRACT 

The transformation of carbon tetrachloride (CT), chloroform (CF), 

dichloromethane (DCM), tetrabromomethane (TBM), bromoform (BF), 

dibromomethane (DBM), dibromochioromethane (DBCM), and 

bromodichioromethane (BDCM) was examined in batch systems containing the 

corrinoid vitamin B12, the metal reducing non-dechlorinating bacterium 

Shewanella alga strain BrY, and an electron donor. Transformation of CT, CF, 

BF, DBM, BDCM, and DBCM was observed. Transformation of DCM did not 

occur and TBM was unstable in this system. Bromoform was transformed 

over 10 times faster than CT at a given vitamin B12 concentration. First-order 

approximation of rates for each compound were calculated and showed the 

following rate trend: BF>DBCM>BDCM>DBM>CT>CF. Both the degree of 

halogenation as well as the halogen substituent affect the rate of 

transformation. Highly brominated compounds were transformed at the 

fastest rates. 
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INTRODUCTION 

Halogenated methanes range in classification from carcinogenic, such as 

carbon tetrachloride, to posing little environmental threat, such as 

bromomethane. Transformation rates for these compounds in natural systems 

also span a wide range. Transformation of halogenated methanes have been 

demonstrated by pure as well as mixed cultures 

(3,4,8,9,11,12,14,17,27,28,30,31,34,36,40,42). In addition, mineral phases 

have been shown to catalyze the transformation of halogenated methanes 

(18) and more recently the use of reduced iron minerals as catalysts in the 

transformation of carbon tetrachloride has been observed (16). An intriguing 

mechanism suggested by Zoro (47) is that iron containing-porphyrins in 

anaerobic environments, released during the death and lysis of microorganisms, 

are in part responsible for the transformation of chlorinated organic 

compounds. 

The use of porphyrins, corrinoids or co-factors as catalysts for the 

transformation of halogenated hydrocarbons has been reported for a vast 

array of different compounds ranging from methanes to polycyclic aromatic 

compounds (1,2,6,7,15,18,20,21,23,24,27,29,33). The stepwise reduction of 

vitamin B12a to B12r and finally to Bi 2s can be achieved by the addition of 

electrons (25). Several different chemicals have been used for the source of 

electrons in the reduction of vitamin B12. Examples of the reductants used 

include but are not limited to the following: dithiothreitol or sulfide/cysteine 
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which facilitate the reduction of vitamin B12a to Bi 2i. and Ti(III)-citrate resulting 

in vitamin Bi 2s. The form of vitamin B12 generated is important in the 

mechanism of catalysis. When vitamin B12r is formed, it is thought to behave 

chemically like a radical, while it is proposed that when vitamin Bi 2s is 

generated, it behaves like a strong nucleophile (25). 

Recently, the direct microbial reduction of vitamin B12a to B12r was 

reported (46). Here a dissimilatory iron-reducing bacterium, capable of 

reducing several other metals, was able to couple the oxidation of lactate or 

hydrogen to the reduction of the cobalt center of vitamin B12. This resulted in 

vitamin B12r, which catalyzed the transformation of carbon tetrachloride and 

chloroform. 

Understanding the catalytic transformation of a specific group of 

halogenated compounds provides insight regarding reaction mechanisms and 

transformation rates. Halogenated methanes were chosen as model 

compounds for study due to their availability and simplicity of structure. 

Experiments focused on a range of brominated and chlorinated methanes 

including tetrabromomethane (TBM), bromoform (BF), dibromomethane (DBM), 

carbon tetrachloride (CT), chloroform (CF), dichloromethane (DCM), 

dibromochloromethane (DBCM), and bromodichloromethane (BDCM). 

Chlorinated methanes have been an environmental concern for several 

decades. Carbon tetrachloride and chloroform are either known or suspect 

carcinogens (26) and their contamination in the environment is generally the 

result of improper disposal. Brominated methanes, usually bromoform, are 
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derived from both natural (i.e. macroalgae) and anthropogenic sources (i.e. 

chlorination of seawater) (13,37,38,43). Bromoform and dibromomethane are 

of concern due to their suspected carcinogenicity or toxicity; they affect the 

nervous system, liver and kidneys (26). In addition, bromoform has been 

implicated as a factor in the deterioration of ozone in the atmosphere (22,44). 

Compounds with both chlorine and bromine substituents were chosen to span 

the halogenation range between fully chlorinated or brominated methanes. The 

bromo/chloro compounds chosen for this study, DBCM and BDCM, are 

characterized as harmful and toxic, respectively (26). 

Here we report on the transformation of BF, DBM, CT, CF, BDCM, and DBCM 

using vitamin B12 in conjunction with Shewanella alga strain BrY, here after 

referred to as BrY, supplied as a biological reductant. BrY has been successful 

at reducing vitamin B12a to B12r and was, therefore, maintained as the source 

of biological reductant in this work. The use of a biological reductant for 

studying the transformation of halogenated methanes using vitamin B12 has 

several advantages. The production of harmful or incompletely dehalogenated 

transformation products are likely avoided with the sole production of carbon 

monoxide (46). In addition, the use of a biologically-supplied reductant may 

more closely resemble the processes involved in the natural transformation of 

halogenated compounds. Our goal was to evaluate the relationship between 

transformation rates and chemical structure for halogenated methanes 

including brominated, chlorinated, and bromo/chloro compounds in a system 

containing microbially-reduced vitamin B12. 
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MATERIALS AND METHODS
 

Chemicals and Culture Conditions. Chloroform and carbon 

tetrachloride were purchased from J.T. Baker Inc., Phillipsburg, New Jersey. 

Tetrabromomethane, bromoform, and dibromomethane were obtained from 

Aldrich Chemical Company Inc., Milwaukee, Wisconsin. Dibromochloromethane 

and bromodichloromethane were purchased from Fluka Chemika-BioChemika, 

Switzerland, and the pH calibration buffers from Fisher Scientific, Fair Lawn, 

New Jersey. Tryptic soy broth without dextrose was obtained from Difco 

Laboratories, Detroit, Michigan. Vitamin B12, cyanocobalamin, and all other 

chemicals used were purchased from Sigma Chemical Company, St. Louis, 

Missouri. 

Shewanella alga strain BrY (5,32) was the source of microbial reductant 

used in this research. A description of the culture conditions as well as the 

procedure used for harvest and preparation in these studies can be found 

elsewhere (46). Growth incubation time and harvest schedules were strictly 

adhered to for each experiment in order to minimize the activity differences 

between batches of cells. Cells were quantified by evaluating the optical 

density at 660 nm. A standard curve was generated by correlating the optical 

density at this wave length to acridine orange direct cell counts. 

Analytical Methods. Transformation of the halogenated compound of 

interest was determined using a Hewlett Packard 5890 series II gas 

chromatograph equipped with an electron capture detector and an HP 
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headspace auto sampler, model #19395A. Gas chromatography conditions 

were as follows: 100 meter Vocal fused silica capillary column (Supelco, 

Bellefonte, PA), injector temperature 250°C, detector temperature 200°C, initial 

oven temperature 50°C for 5 minutes, ramp up rate 10°C/minute to 200°C for 

10 minutes. Helium was the carrier gas and Argon/methane was the make up 

gas. Total gas flow was 70 ml/minute. 

Standard curves for all volatile halogenated hydrocarbons were developed 

by relating the known concentration or mass of the compound in each 20 ml 

headspace vial to the peak area measured from a gas sample taken from that 

vial. 

Transformation of Chlorinated and Brominated Methanes using 

46 p.M Vitamin B12. Initial studies examined the transformation of 

brominated and chlorinated methanes including TBM, BF, DBM, CT, CF, and DCM 

by microbially-reduced vitamin B12. The transformation of individual 

halogenated methanes was evaluated in batch experiments performed by 

incubating the individual compound of interest in the presence of washed cells of 

BrY, 46 11M vitamin B12, and an electron donor under anaerobic conditions. Cell 

concentrations were approximately 5 x 108 cells/ml, resuspended in 

deoxygenated 10 mM PIPES buffer at pH 7. Lactate was used as the electron 

donor at a final concentration of 10 mM. Aliquots, 5 ml, of the reaction 

mixture were dispensed into 20 ml headspace vials. Approximately 200 

nmole/vial of an individual halogenated methane was introduced into vials 

containing the vitamin B12 mixture in the glovebag then immediately sealed with 
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Teflon-lined butyl septa and aluminum crimp caps. Vials were removed from 

the glovebag and incubated in the dark at 30°C. Stock solutions of the above 

compounds were prepared in methanol such that 10 RI of stock delivered the 

appropriate amount of compound. Sampling of vials began immediately 

beginning with TBM. Controls included vials which lacked either vitamin B12 or 

BrY in the above systems. At each sampling interval, single vials were 

sacrificed to assess the parent compound's concentration in the headspace by 

gas chromatography. 

Transformation of Brominated and Chlorinated Methanes Using 

Various Concentrations of Vitamin B12. Transformation of BF, DBM, CT, 

and CF was evaluated using microbially-reduced vitamin B12 at 1, 5, and 10 RM. 

Batch experiments, as above, were used to evaluate the transformation of the 

halogenated methanes at these vitamin B12 concentrations. Cell concentrations 

were kept at approximately 5 x 108 and 10 mM lactate remained as the 

electron donor. Aliquots, 5 ml, of the BrY/vitamin B12/lactate mixture were 

dispensed into 20 ml headspace vials then sealed with Teflon-lined butyl rubber 

septa and aluminum crimp caps in the anaerobic glovebag. Approximately 200 

nmole/vial of either BF, DBM, CT, or CF, from the above methanol stock, was 

introduced into vials through the septa after vials were removed from the 

glove box. The addition of halogenated methane through the septa was done 

to expedite sampling in response to the observation that BF transformation 

was rapid, therefore, swift introduction of the compound was required along 

with immediate sampling to generate useful data. The remaining compounds 
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tested were incubated at 30°C and sampled with time. Controls lacked vitamin 

B12 in the above systems. At each sampling interval, single vials were sacrificed 

to assess the parent compound's concentration in the headspace by gas 

chromatography. 

Transformation of Bromo-Chloro Methanes. Initial experiments 

assessed the transformation of dibromochloromethane (DBCM) and 

bromodichloromethane (BDCM) in the system above with 46 11M vitamin B12 

and lactate as the electron donor. The transformation rates of these two 

compounds were too rapid for our analytical system using 46 piM vitamin B12, 

therefore, the remainder of this study focused on the transformation of these 

compounds at lower vitamin B12 concentrations. Again, the headspace system 

was employed and all samples were set up in the glovebag as above. To 

facilitate rapid analysis, each compound was added to the samples through the 

septa and sampling was promptly started. The cell concentration was 

approximately 3 x 108 cells/ml and samples were incubated at 30°C. Controls 

included vials which lacked vitamin B12 in the above systems. Single vials were 

sacrificed with time to develop progress curves for parent compound 

transformation. 

RESULTS 

Transformation of Brominated and Chlorinated Methanes. The 

transformation of brominated and chlorinated methanes by microbially-reduced 
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vitamin B12 in batch microcosms was investigated. Single vials were sacrificed 

with time to develop transformation progression curves. Systems contained 

46 11M vitamin B12, Shewanella alga strain BrY, 10 mM lactate, and the 

halogenated compound of interest. Several compounds were unstable or 

transformed at either very rapid or extremely slow rates. 

Tetrabromomethane was found to be unstable and was, therefore, not 

evaluated further. In addition, the rate of BF transformation was too rapid to 

measure using 46 µM vitamin B12 and our analytical system, while no significant 

transformation of DCM was observed over the course of this study, as 

reported earlier (46). Therefore, experiments were not done with BF using 46 

OA vitamin B12 and DCM was not investigated further nor were the data 

presented. Carbon tetrachloride, CF, and DBM were transformed under these 

experimental conditions at similar rates (Figure 12). The rates of 

transformation appeared to be indistinguishable from one another for these 

three compounds over the course of the first day. However, the rate of 

removal for these compounds began to diverge shortly after one day of 

incubation. 
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Figure 12. Transformation of CT, CF, and DBM in the presence of BrY (5 x 
108), 46 11M vitamin B12, and 10 mM lactate. The initial mass of each 
compound in the system was approximately 200 nmole. 

The effect of vitamin B12 concentrations on the transformation of BF, DBM, 

CT, and CF was evaluated in an additional set of experiments. Single vials were 

sacrificed with time and the transformation of individual compounds was 

determined for systems containing vitamin B12 concentrations of 10, 5, and 1 

1.1M in conjunction with BrY and lactate (Figures 13-16). At each vitamin B12 

concentration tested, the rate of BF transformation was drastically higher than 

CT, CF and DBM. BF removal exceeded 80% in less than 12 hours when using 

10 IN vitamin B12, 5 x 108 cells /mI, and excess lactate (Figure 13). In 
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contrast, the rate of DBM transformation was significantly slower. Just under 

3 days were required to transform 80% of the DBM under identical conditions 

(Figure 14). The chloromethanes, CT and CF, required 3.5 and 5.5 days, 

respectively, at the 10 g..tM vitamin B12 concentration (Figure 15 & 16). While 

the rates of transformation decreased with decreasing vitamin B12 

concentrations, even 1 11M vitamin B12 was effective at transforming BF, DBM, 

CT, and CF (Figure 13-16). Controls lacking either vitamin B12 or BrY in the 

above systems showed no significant transformation for any of the compounds 

tested, as compared to the experimental treatments. 
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Figure 13. Progress curve for the transformation of 

presence of BrY (5 x 108), 10 mM lactate and various concentrations of 

vitamin B12. Controls included treatments that lacked either BrY or vitamin 

B12. The target mass of the compound in the system was 200 nmole. 
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Figure 14. Progress curve for the transformation of dibromomethane (DBM) 

in the presence of BrY (5 x 108), 10 mM lactate and various concentrations of 

vitamin B12. Controls included treatments that lacked either BrY or vitamin 

B12. The target mass of the compound in the system was 200 nmole. 
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Figure 15. Progress curve for the transformation of carbon tetrachloride (CT) 

in the presence of BrY (5 x 108), 10 mM lactate and various concentrations of 

vitamin B12. Controls included treatments that lacked either BrY or vitamin 

B12. The target mass of the compound in the system was 200 nmole. 
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chloroform (CF) in the
Figure 16. Progress curve for the transformation of 

presence of BrY (5 x 108), 10 mM lactate and various concentrations of 

vitamin B12. Controls included treatments that lacked either BrY or vitamin 

B12. The target mass of the compound in the system was 200 nmole. 

Methanes. Initial experimentsTransformation of Bromo-Chloro 

assessed the transformation of dibromochloromethane (DBCM) and 

bromodichloromethane (BDCM) in the microbially-reduced vitamin B12 system 

with 46 p.M B12 and lactate as the electron donor. At 46 µM vitamin B12, the 

rate of transformation for DBCM and BDCM was too rapid to measure. 

1.1M vitamin B12.Therefore, experiments were conducted with 10, 5, and 1 
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Progress curves were developed by sacrificing single vials over time. The 

transformation of DBCM and BDCM with time is shown in Figures 17 & 18, 

respectively. As with the chlorinated and brominated methanes investigated 

above, the rate of transformation for these mixed halogenated methanes 

decreased with decreasing vitamin B12 concentration. For DBCM, 

approximately 70% of the compound was transformed in 12 hours at 10 p.M 

vitamin B12, while only 20% of the initial DBCM was transformed in the same 

amount of time at 5 AM vitamin B12. The more highly brominated the 

In incubations containingcompound the more rapid its rate of transformation. 

10 1.1M vitamin B12, roughly 50% of the BDCM was transformed after 12 hours 

Controlswhile over 70 % of the DBCM was transformed at this same time. 

included the compound of interest incubated with BrY and lactate in the 

absence of vitamin B12. No significant transformation of either BDCM or DBCM 

was observed in these treatments. 
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Figure 17. Progress curve developed for the transformation of 

dibromochioromethane (DBCM) for various concentrations of microbially
reduced vitamin B12. Treatments contained DBCM at a target mass of 200 

nmole/vial, 10 mM lactate, and BrY (3 x 108). Controls lacked vitamin B12 in 

the reaction mixture. 
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Figure 18. Progress curve developed for the transformation of 
bromodichloromethane (BDCM) for various concentrations of microbially
reduced vitamin B12. Treatments BDCM at a target mass of 200 nmole/vial, 

10 mM lactate, and BrY (3 x 108). Controls lacked vitamin B12 in the reaction 

mixture. 

DISCUSSION 

Although a range of halogenated compounds are transformed using vitamin 

B12 as a catalyst, the form of vitamin B12 used is critical. Halogenated 

methanes and some alkanes (i.e. hexachloroethane) can be transformed using 
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Halogenated alkenes, monocyclicvitamin B12r (15,18,20,21,24,27,29). 

aromatic compounds, and biphenyls appear to require vitamin Bi 2s if 

The factors affectingreasonable rates are to be observed (15,24,27,33,35). 

the vitamin B12 form requirement are not completely understood. Compounds 

with more electron withdrawing substituents require the more reduced form of 

vitamin B12. Therefore, brominated and chlorinated methanes are susceptible 

to transformation using vitamin B12r, while vitamin Bi 2s, the more reduced 

form, is required to achieve transformation of chlorinated alkene and aromatic 

compounds. 

The effect of halogen substituents on the transformation of halogenated 

methanes was evaluated by developing progress curves for the transformation 

of brominated, chlorinated, and bromo/chloro methanes in a microbially

First-order approximation of rate constants werereduced vitamin B12 system.
 

calculated from the data gathered, during the first 3 days of incubation for
 

rapid transformations and approximately the first 6 days for those
 

Compounds' removal rates were evaluatedtransformations that were slower.
 

Since experiments were
with respect to their molecular structure (Table 4). 

performed at cell concentrations between 3 x 108 and 5 x 108, rates were 

Thisnormalized to a cell concentration of 1 x 108 to allow direct comparison. 

was possible due to a nearly linear relationship between cell concentration and 

the rate of vitamin B12 reduction over this cell concentration range (Figure 9). 

A linear regression of the data was performed, using the method of least 

squares, for the first-order approximation of rates for individual compounds 



77 

and the resulting r2 values show a good fit, with values ranging from a low of 

0.91 to the high of 0.99. No significant transformation of any of the 

compounds tested was observed when vitamin B12 was omitted from the 

system (data not presented in Table 4). For each compound, the rate of 

transformation decreased with decreasing vitamin B12 concentration. 

TABLE 4 
First-order approximation of rate constants, standardized to 108 cells/ml, for 
several halogenated methanes using various concentrations of microbially
reduced vitamin B12 as the catalyst. 

rate (day-1)d 
1 1.tMcompounda pH 46 1.tMd 10 11M 51.1.M 

CT 7 0.17 (0.96)d 0.103 (0.91) 0.079 (0.96) 0.031 (0.98) 

CF 7 0.10 (0.99) 0.096 (0.97) 0.046 (0.96) 0.011 (0.95) 

BF 7 UD 1.36 (0.96) 0.419 (0.99) 0.055 (0.99) 

DBM 7 0.48 (0.95) 0.23 (0.97) 0.088 (0.99) 0.013 (0.99) 

DBCM 7 UD 0.79 (0.94) 0.33 (0.99) 0.032 (0.92) 

BDCM 7 UD 0.51 (0.96) 0.33 (0.95) 0.032 (0.92) 

a CT, carbon tetrachloride; CF, chloroform; BF, bromoform; DBM,
 
dibromomethane; DBCM, dibromochloromethane; BDCM, bromodichloromethane.
 

b first-order approximation of rate with respect to the halogenated compound.
 

UD, unable to determine.
 
C vitamin B12 concentrations.
 

dr2 values for the regressed line through the data used to determine the rate 

constant. 

First-order approximation of rates for the trihalogenated methanes were 

The rates of transformation forstudied at several vitamin B12 concentrations
 

these compounds are shown in Figure 19 and were in the following order:
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BF>DBCM>BDCM>CF. The rate of transformation was related to the degree of 

bromination. At all of the vitamin B12 concentrations tested, BF was 

transformed roughly 5 times faster than DBM. The observation that 

brominated methanes were transformed more rapidly than the chlorinated 

methanes agrees with other investigators (42). When vitamin B12 was present 

at concentrations above 5 gM, BF was transformed almost 10 times faster 

than either CT or CF. Wentworth et al. (45) reported bond dissociation 

energies of 55.5, 62.5, 67.9, and 73 kcal/mole for BF, DBM, CT, and CF, 

respectively, indicating that less energy is required to break the bonds of highly 

Because chlorines are morebrominated vs. chlorinated methanes. 

electronegative than bromines, chlorines are held more tightly to the carbon 

atom than bromines, thus, halogenated methanes that are highly brominated 

are transformed faster. 
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Figure 19. First-order approximation of transformation rates for all of the 
halogenated methanes studied as a function of vitamin B12 concentration. BF, 

bromoform; DBCM, dibromochloromethane; BDCM, bromodichloromethane; 
DBM, dibromomethane; CT, carbon tetrachloride; CF, chloroform. 

rates for all ofThe effect of vitamin B12 concentration on transformation 

the halogenated methanes tested is shown in Figure 19. These data indicate 

that the rates of transformation for CT and CF do not increase dramatically 

when using vitamin B12 concentrations above approximately 10 tiM, for a 

system containing a cell concentration of 108 cells/ml. However, the 

transformation of BF, DBM, DBCM, and BDCM continued to increase over the 
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span of vitamin B12 concentrations tested in this system. The rate of DBM 

transformation was twice as fast at 46 ply1 vitamin B12 as it was at 10 RM 

B12. In contrast, the transformation of BF, DBCM, and BDCM transformation 

was too rapid to measure at 46 p.M vitamin B12 using our experimental 

procedures. In all cases, the rate of halogenated methane transformation 

increased as vitamin B12 concentrations increased. 

Rates of CT transformation using a chemically-reduced vitamin B12 system 

are significantly faster than the rates we have seen using a microbially-reduced 

vitamin B12 system. The rate of CT transformation in the 46 pM microbially

Assaf-Anid (1)reduced vitamin B12 system reported in Table 4 is 0.17 day-1. 

reported a pseudo-first-order rate constant of 19.2 d-1 for CT transformation 

catalyzed by 50 phi vitamin B12 chemically reduced with 50 mM dithiothreitol 

(DTT) at pH 7. The rate observed in the DTT system was more than 100 

times faster than the rate reported for the transformation of CT using 46 Al 

vitamin B12 in our microbially-reduced vitamin B12 system. Chiu and Reinhard 

(7) found that the presence of cysteine was required to achieve transformation 

of CT in their chemically-reduced vitamin B12 system. They concluded that the 

active vitamin B12 species was a vitamin B12-thiolate complex. This finding may 

suggest an explanation for the rate differences seen between our work and 

that of Assaf-Anid (1). In the microbially-reduced vitamin B12 transformation 

Therefore, no vitamin B12-thiol complexof CT, no thiol compounds were used. 

could be present. One hypothesis is that the vitamin B12-thiol complex was 
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able to donate electrons more easily than reduced vitamin B12 alone. 

Therefore, faster transformation of CT would be expected in a chemically- as 

compared to a microbially-reduced vitamin B12r system. 

Rates of CT transformation and vitamin B12 reduction for a microbial 

system were nearly equal (Figure 11). In addition, the rate of CT 

transformation by a 46 I.LM microbially-reduced vitamin B12 filtrate were also 

comparable to both microbial reduction of vitamin B12 and CT transformation 

rates in the presence of BrY at 109 cells/ml. This suggests that both the rate 

at which vitamin B12 was reduced as well as the rate at which the reduced 

vitamin B12 transformed CT were factors involved in determining the overall 

reaction rate. Chiu and Reinhard (7) hypothesized 2 phases of CT 

transformation in their chemically-reduced vitamin B12 system: 1) a rapid 

phase of CT transformation likely rate limited by the reduction of vitamin B12a 

to B12r, and 2) a slow phase of CT transformation controlled by the rate of 

alkylcobalamin complex decomposition. Since microorganisms were used as a 

source of reductant for vitamin B12 in this research, no initial rapid phase of CT 

transformation was observed. This is likely due to the rate of vitamin B12 

reduction by microorganisms being slower than when a chemical reductant is 

used. However, this second observation by Chiu and Reinhard (7) lends insight 

Ifinto the rate determining step in the microbially-reduced vitamin B12 system. 

the rate limiting step in the transformation of halogenated methanes was the 

rate at which vitamin B12 was reduced, then all of the compounds tested would 
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have essentially the same overall transformation rate; this was not the case. 

Since the brominated compounds were generally transformed faster than the 

chlorinated compounds and faster than the rate of vitamin B12 reduction 

(chapter 3) the decomposition of the alkylcobalamin complex is likely the rate 

determining step in the transformation of halogenated methanes. Therefore, 

while the reduction of vitamin B12 is microbially rate limited, the overall rate 

determining step is the reaction involving the transformation of halogenated 

methanes by the reduced vitamin B12. 

The hypothesized reaction scheme for CT transformation using microbially

reduced vitamin B12, shown in chapter 3, involved the reduction and cycling of 

vitamin B12 between the vitamin B12a and B12r forms. The rate at which the 

reduced vitamin B12 can transform the halogenated methane is critical to the 

supply of vitamin B12a available for re-reduction by the microbes present. 

Thus, in systems where vitamin B12 is in excess the transformation of a 

particular halogenated methane appears to be determined by the rate at which 

the alkylcobalamin complex decomposes. Therefore, halogenated methanes 

that are transformed faster actually have a larger active pool of vitamin B12a 

available for reduction to vitamin B12r to be used as a catalyst for 

transformation reactions. However, when vitamin B12 concentrations 

decrease, all compounds appear to approach a common transformation rate 

(Figure 19) due to the vitamin B12 concentration becoming a limiting factor. 
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In the past we have shown that the dissimilatory Fe(III)-reducing bacteria, 

Shewanella alga strain BrY, in conjunction with lactate was capable of reducing 

vitamin B12a to B12r creating a catalyst for the transformation of CT and CF. 

We have now observed that BrY continues to be an organism with little or no 

ability to transform the additional halogenated methanes: BF, DBM, BDCM, and 

DBCM. However, it is capable of reducing vitamin B12 which, in turn, mediates 

the transformation of these compounds. This research supports the 

observation that compounds with stronger electron withdrawing groups are 

more difficult to transform. This research also suggests that the rate 

determining step for the transformation of halogenated methanes in a 

microbially-reduced vitamin B12 system is not the rate at which vitamin B12 is 

reduced, but rather the rate at which the reduced vitamin B12 is able to 

transform the halogenated compound. 
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CHAPTER 5
 

Conclusions and Engineering Significance 

This manuscript demonstrates the direct microbial reduction of vitamin B12a 

to B12r with the subsequent transformation of a variety of halogenated 

methanes. A key factor in the transformation of these compounds was the 

direct microbial reduction of vitamin B12 by an Fe(lII)-reducing bacterium, 

Shewanella alga strain BrY. The amount of time taken to reach the maximum 

level of microbial reduction for vitamin B12a was relatively long as compared to 

rates of chemical reduction. While BrY was able to reduce vitamin B12a to B12r, 

further reduction of vitamin B12r to Bi 2s was not observed 

spectrophotometrically. Vitamin B12r was the major form of vitamin B12 

observed in this system. While vitamin B12a also existed in these systems, 

controls indicated that this species was ineffective at transforming any of the 

compounds tested. In addition, BrY was incapable of transforming any of the 

compounds tested without vitamin B12 present. The product distribution of 

microbially-reduced vitamin B12-catalyzed dechlorination of CT most closely 

resembled that of the chemically-reduced vitamin B12r systems. Therefore, it is 

likely that in this system vitamin B12r is in fact the catalyst, ultimately serving 

as an electron donor for the dechlorination of CT and CF. 

We observed an almost exclusive formation of CO when BrY was used as 

the source of reducing power. This differs from the observation that carbon 

dioxide is the major product of vitamin B12-assisted CT transformation when 
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using an enrichment culture (7). Becker (2) also noted the production of CO2 

when using the same enrichment culture as Hashsham (7) for the vitamin B12

assisted transformation of chloroform. However, Becker's 14C-labeled CF 

studies indicated that 14C0 was an intermediate in the transformation of CF 

to CO2. Becker (2) suggested that once CF was dechlorinated to CO, 

organisms in the enrichment culture that utilize the acetyl-CoA pathway would 

be capable of oxidizing. the CO to CO2 via carbon monoxide dehydrogenase. 

Our report of the almost exclusive production of CO from the vitamin B12

assisted transformation of CT supports those observations of Becker and 

Hashsham. BrY does not contain an acetyl-CoA pathway and, therefore, 

accumulation of CO is observed since further oxidation of CO to CO2 is not 

possible in this system. 

The first-order approximation of CT transformation rate increased with the 

B12 concentration. In systems containing 5 x 108 cells/ml BrY and less than 15 

j.thA vitamin B12, rates increase fairly linearly with vitamin B12 concentration. At 

vitamin B12 concentrations above 35 vitamin B12 appears in excess and 

further increases in rate were not observed. Given the published Henry's Law 

constant (1.244 (17)) for CT and our experimental conditions (200 nmole of 

CT/vial), the initial aqueous phase CT concentration was 8.5 pM CT in our 

system. Thus, in treatments with vitamin B12 concentrations above 35 pM and 

BrY at 5 x 108 cells/ml, the amount of catalyst available is approximately 4
 

times the initial aqueous phase concentration of CT in the system.
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Transformation rates of BF, DBM, CF, DBCM, and BDCM were also a 

function of vitamin B12 concentration. The rates of transformation for CT and 

CF did not increase dramatically when using vitamin B12 concentrations above 

approximately 10 gM, for a system containing a cell concentration of 108 

cells/ml. However, the transformation of BF, DBM, DBCM, and BDCM continued 

to increase over the range of vitamin B12 concentrations (1 to 10 or 46 gM) 

tested in this system. The rate of DBM transformation was twice as fast at 

46 1.1.M vitamin B12 as it was at 10 1.1.M B12. In contrast, the transformation of 

BF, DBCM, and BDCM transformation was too	 rapid to measure at 46 RM 

In all cases, the rate ofvitamin B12 using our experimental procedures.
 

halogenated methane transformation increased as vitamin B12 concentrations
 

increased. 

The concentration of cells present in the reaction mixture also influenced the 

rate of CT transformation. Rates of CT transformation were significantly 

slower in treatments where -1 x 107 cells/ml were used as compared to 

treatments containing -1 x 108 cells/ml. This observation is consistent with the 

relationship between cell concentration and vitamin B12 reduction rates, with an 

increase in vitamin B12 reduction rates occuring as cell concentration increased. 

The relationship between the rate of vitamin B12 reduction and cell 

concentration was non-linear. This observation may indicate that the system is 

approaching an excess cell concentration for the amount of vitamin B12 

Since the rate of vitamin B12r production is a functionavailable for reduction. 
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of cell concentration in this system, higher cell concentrations were expected to 

result in more rapid transformation of halogenated methanes. 

The hypothesized reaction scheme for CT transformation using microbially

reduced vitamin B12 involved the reduction and cycling of vitamin B12 between 

the vitamin B12a and Bur forms (Figure 10). The rate at which the reduced 

vitamin B12 can transform the halogenated methane is critical to the supply of 

vitamin B12a available for re-reduction by the microbes present. To evaluate 

the rate determining step, the reduction of vitamin B12a was decoupled from 

the reduction of CT. First, the microbial reduction of 46 p.M vitamin B12 was 

evaluated without CT present, then the transformation of CT was followed in 

treatments containing 46 p.M microbially-reduced vitamin B12 to which BrY had 

been removed. The rate of CT transformation by microbially-reduced vitamin 

B12 with or without BrY present is nearly the same as the rate of vitamin B12 

reduction. Therefore, neither the rate of vitamin B12 reduction nor the actual 

transformation of CT by the microbially-reduced vitamin B12 determined the 

actual overall rate of the reaction. Instead, these two processes proceed at 

nearly the same rate and are co-dependent on one another for the vitamin B12 

available in the system. This suggests that both the rate at which vitamin B12 

was reduced as well as the rate at which the reduced vitamin B12 transformed 

CT were factors involved in determining the overall reaction rate. Chiu and 

Reinhard (7) hypothesized 2 phases of CT transformation in their chemically-

reduced vitamin B12 system: 1) a rapid phase of CT transformation likely rate 



88 

limited by the reduction of vitamin B12a to B12r, and 2) a slow phase of CT 

transformation controlled by the rate of alkylcobalamin complex 

decomposition. Since microorganisms were used as a source of reductant for 

vitamin B12, no initial rapid phase of CT degradation was observed. This is 

likely due to the rate of vitamin B12 reduction by microorganisms being slower 

than when a chemical reductant is used. However, this second observation by 

Chiu and Reinhard lend insight into the rate determining step in the microbially

reduced vitamin B12 system. If the rate limiting step in the transformation of 

halogenated methanes was the rate at which vitamin B12 was reduced, then all 

of the halogenated methanes tested would have essentially the same overall 

transformation rate; this was not the case. Since the brominated compounds 

were generally transformed faster than the chlorinated compounds and faster 

than the rate of vitamin B12 reduction (chapter 3) the decomposition of the 

alkylcobalamin complex is likely the rate determining step in the transformation 

of halogenated methanes. Therefore, while the reduction of vitamin B12 is 

microbially rate limited, the overall rate determining step appears to be 

determined by the rate at which the alkylcobalamin complex decomposes. 

Therefore, halogenated methanes that are transformed faster actually have a 

larger active pool of vitamin B12a available for reduction to vitamin B12r to be 

used as a catalyst for transformation reactions. However, when vitamin B12 

concentrations decrease, all compounds appear to approach a common 
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transformation rate due to the vitamin B12 concentration becoming a limiting 

factor. 

Engineering Significance. The interactions of environmental factors, 

both microbial and chemical, affecting the transformation of halogenated 

organic compounds in natural systems are complex. Microorganisms capable 

of directly transforming CT, and other halogenated organic compounds 

undoubtedly play a crucial role in the transformation of this compound in the 

environment. However, evidence is mounting that significant degradation of 

these compounds can occur through other mechanisms (16,19,46). The rate 

at which CT can be transformed by one of these potential mechanisms, for 

example microbially-reduced corrinoids, is comparable with other rates of 

transformation described in the literature. Here we have shown that CT 

transformation, as well as a host of other halogenated methanes, and vitamin 

B12 reduction are closely associated. That being the case, it is important to 

develop an understanding of the interaction between vitamin B12, CT, and 

microorganisms so predictive tools can be developed to determine degradation 

rates in natural systems. 

In addition, the exploitation of this natural phenomena may be of 

significance. The amendment of corrinoids, such as vitamin B12, in situ has 

potential applications for the remediation of chlorinated organic contaminants. 

Here, native microorganisms would serve as the microbial-reductant for 

corrinoids introduced into contaminated environments. Inexpensive electron 

donors could be supplied where needed. Corrinoids are generally water soluble, 
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allowing transport of the corrinoid to the site of contamination with little 

difficulty. However, there are potential limitations to this system. First, the 

current cost of vitamin B12 is over $40.00 per gram making its use extremely 

expensive. Second, controlling the hydraulic dynamics of the system in order to 

maintaining a useful vitamin B12 concentration in the environment may pose an 

engineering challenge. Since vitamin B12 is water soluble, its migration away 

from the point of contamination may be significant. Third, the presence of an 

electron acceptor other than vitamin B12 may preclude vitamin B12 reduction. 

If this occurs, no catalyst would be generated for use in the transformation of 

contaminants. Finally, corrinoids may be microbially reduced to forms that are 

limited for use on only a select range of compounds. This appeared to be the 

case in our research with vitamin B12 and the iron reducing organism BrY. 

Highly halogenated or brominated compounds were transformed while DCM 

was not, suggesting that limitations to the use of microbially-reduced vitamin 

B12 exist. 

Other applications may also exist. For instance, combining vitamin B12 

immobilized on agarose beads with a microbial reductant in a flow reactor 

system to achieve the transformation of chlorinated organic compounds may 

be possible. Several engineering possibilities exist for this system including a 

stir tank reactor and a plug flow reactor/column design. Here the ability to 

microbially reduce the vitamin B12 bound to agarose beads would need to be 

evaluated prior to initiating either of these systems for remediation strategies. 

If vitamin B12 immobilized on agarose beads were amenable to microbial 
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reduction, then optimizing the maintenance of an active biomass able to reduce 

the vitamin B12 agarose beads would have to be achieved. With those tasks 

complete one would simply need to determine a loading capacity for the 

pollutant of interest to achieve optimal transformation of that particular 

pollutant while still maintaining an active vitamin B12 catalyst. 

Lastly, one could envision the use of a genetically altered microorganism 

capable of producing vitamin B12 constitutively, then reducing the vitamin B12, 

and finally releasing the reduced vitamin B12 into its surroundings to be used as 

a catalyst for the transformation of halogenated organic compounds. While 

this idea appears to be ideal, a number of problems arise. The feasibility of 

transferring the genes required for vitamin B12 production to microorganisms 

Producing vitamin B12 and using it asused for reduction may not be realistic. 

an electron acceptor for respiration may be energetically taxing to the 

Another factor to consider is thatmicroorganism to the point of exhaustion. 

genetically engineered microorganisms released into the environment may not 

be able to compete with native microorganisms for the available resources 

they need to survive. In addition, the introduction of genetically engineered 

Therefore, the use ofmicroorganism into the environment is strictly regulated. 

these microorganisms would be best suited to a reactor system and periodic 

regeneration of the biomass would be required. 
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Appendix A
 

General Experimental Protocols
 

Cell Culture and Harvest Conditions 

Shewanella alga strain BrY was grown overnight, approximately 18 

hours, in 100 ml Tryptic Soy Broth w/o Dextrose (Difco) on a shaking 

incubator set at 30°C and 100 rpm. 

Cells were harvested by centrifugation as follows: The 10 ml of cell 

culture was placed evenly in tubes and centrifuged at 6000 x g for 10 

min. at room temperature. The supernatant was decanted off and the 

cell pellet was washed with deoxygenated 10 mM PIPES buffer at pH 7. 

The centrifugation and wash steps were repeated to achieve a total of 3 

washes. Cells were then ready to be used in experiments. 

Vitamin Bi2 Reduction Experiments 

Experiments were performed in an anaerobic glovebag by incubating 

vitamin B12, target concentration 46 11M, in combination with BrY and an 

electron donor in anoxic 10 mM PIPES buffer at pH 7. 
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Aliquots, 10 ml, of this reaction mixture were dispensed into 20 ml balsch 

tubes (Bel Ico) and stoppered with 10 mm thick blue butyl rubber 

stoppers (Bellco). Tubes were then removed from the glovebag and 

incubated at 30°C. 

The reduction of vitamin B12a to B12r was followed by observing 

changes in the compounds spectrum with time. Vitamin B12a and B12r 

have maximum absorbances at 361 and 312 nm, respectively. Individual 

tubes were sacrificed with time to develop the progress curves for the 

changing spectrum. This was done by placing quartz cuvettes and 

reaction tubes back into the glovebag for sampling. Tubes were opened 

and a sample of the reaction mixture was filtered, to remove BrY, 

directly into the cuvette. The cuvette was stoppered, removed from the 

glovebag, and the vitamin B12 spectrum was observed using an 

Shimadzu spectrophotometer. 

Standard curves were generated by relating the absorbance seen at 

each wavelength with the known concentration of vitamin 812 present. 

Concentrations were calculated by relating the observed absorbance in 

the unknown samples to the standard curves generated for each 

compound at that wavelength. 
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Halogenated Methane Transformation Experiments 

In an anaerobic glovebag (Coy Labs), vitamin B12, an electron donor, 

and BrY were combined with PIPES buffer to provide the desired 

concentration of vitamin B12 as stated in the manuscript. 

Aliquots of the reaction mixture, 5 ml, were dispensed into 20 ml 

headspace vials . Experiments were initiated by placing the appropriate 

amount of CT in each vial with a Hamilton syringe and sealing the vials 

immediately with Teflon-lined gray butyl stoppers. 

Vials were then removed form the anaerobic glovebag and placed in an 

incubator at 30°C in an inverted position. Individual vials ere sacrificed 

with time for analysis of the halogenated methane of interest. 

Electron Donor Specifics 

Two compounds were potentially used as electron donors in this 

research, lactate and hydrogen. When lactate was provided as an 

electron donor an appropriate amount of a 60% sodium lactate syrup 

was added to achieve a final concentration of 10 mM. When hydrogen 
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was supplied as an electron donor it was injected through the septa 

using a gas tight syringe and needle. 

CT Stock Solution Specificg 

CT was always added to vials from a methanol based stock solution.
 

These stock solutions were prepared in small amber vials equipped with
 

mininert vials. Methanol, 4 ml, was placed into the vial and the
 

appropriate amount of CT added such that 10 pi of stock would deliver
 

the desired amount of CT needed for each 20 ml headspace vial.
 

Sample Calculation:
 

To achieve 200 nmole of CT/vial by adding 10 p1 of a stock solution will
 

want a stock solution with 200 nmole CT in 10 p.I of stock:
 

(200 nmole x 153.8 ng/nmole x 1 mg/1,000,000 ng)/1.594 mg/RI = 

0.0193 RI CT into each vial for 200 nmole 

Therefore, for a 4 ml stock solution: 

0.0193 µl CT/10 pi Me0H x 1000 ill/m1 x 4 ml = 7.7 ul CT per 4 ml Me0H 
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Appendix B
 

DATA
 

Table A.1. 
Reduction of vitamin B12 by BrY when using either lactate or H2 as 
electron donor 
Figure 1 

Bi2/BrY with lactate as the e- dnr 
I 

Time B12a B12r cumulative 
0.042 43.82 1.32 45.14 

2 37.78 11.14 48.92 
5.04 31.77 23.21 54.98 
8.79 22.99 31.27 54.26 

15.06 18.75 35.66 54.41 
25.89 8.21 42.93 51.14 
46.81 7.73 43.04 50.77 

B12/BrY with hydrogen as the e- dnr 
I 

Time cumulativeB12a B12r 
0.01 41.71 0.00 41.71 

0.1875 41.60 0.00 41.60 
0.958 35.73 5.21 40.94 
1.917 26.84 18.10 44.94 
3.94 15.86 29.57 45.43 
5.92 10.86 36.56 47.42 
11.1 5.13 41.01 46.14 

22.85 5.62 40.32 45.94 
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Table A.2. 
Transformation of CT, CF, and DCM using 10 mM lactate as the e-
donor, 46 IIM vitamin B12, and BrY at 1 x 10^7 cells/ml 
Figurej2 

No No 

B12 B12 
Time, CT C/Co CF C/Co DCM C/Co CT C/Co CF C/Co 
days nmol/ CT CF DCM cntl CT cntl cntl CF 

vial cntl 
0.04 138.2 1.00 135 1.00 
0.50 136.70.99 141 1.04 
1.08 129.0 0.93 132 0.97 
1.50 124.4 0.90 142 1.05 
2.50 107.5 0.78 139 1.03 
6.00 62.9 0.46 139 1.03 
8.54 30.7 0.22 138 1.02 

12.54 7.60.06 135 1.00 
21.50 4.6 0.03 136 1.01 

0.02 34.00 1.00 31. 1 

1.73 32.41 0.95 32. 1.05 
4.75 28.64 0.84 32. 1.04 
8.92 25.80 0.76 33. 1.06 

18.92 12.12 0.36 32. 1.03 
42.92 3.037 0.09 32. 1.03 

0.04 154.9 1.00 
2.96 147.8 0.95 

10.96 149.7 0.96 
42.90 138.9 0.89 
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Table A.3. 
Oxidation of B12r after the addition of 
CT 
Figure 3 

time, days CT nmoles/vial B12a, nmole/vial B12r, nmole/vial 

0.005 31.15 218.85 
0.05 88.9 174.25 

0.208 137.1 98.85 
0.417 168.9 50.65 

0.81 186.4 0 

2.02 194.15 0 

7.95 196.75 0 

20.1 184.75 0 

0.021 148 
0.0625 158 

0.229 143 
0.438 127, 

0.833 126 
2.08 99.86 
7.98 58.38 

20.15 19.97 
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Table A.5. 
Reduction of Vitamin B12a by various concentrations of BrY in the
 
10 mM lactate 
Cell concentration: cells/ml x 10^7 I 

Figure 5 
BrY 

Time 113 56 11 1 0.1 

0.021 42.87 
0.1875 36.91 

. 

0.9167 17.83 
1.1875 13.28 

1.875 8.57 
0.021 42.46 

0.1875 39.74 
0.9167 33.74 
1.1875 26.35 

1.875 11.96 
3.06 8.81 

6.1 6.41 
0.021 43.09 43.93 44.07 

1.02 36.20 40.72 40.25 
1.94 31.96 39.35 41.49 
3.06 27.66 39.71 40.29, 
8.15 14.01 38.51 40.91 
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Table A.6. 
Transformation of CT at 2 vitamin B12 concetrations at 2 
cell concentraions 
Figure 6 
time, days 20 I1M B12 E9 46 liM B12 E9 46 11M B12 E7 20 1.thii B12 E7 

BrY BrY BrY BrY 
0 150 

0.31 75 
0.84 61 
0.92 65 
1.46 29 
1.87 11 

0 150 
0.08 104 
0.76 55 
0.89 57 
1.26 39 
1.67 14 

0 150 
0.98 120 
2.08 105 
2.49 102' 

2.9 100 
0 150 

0.87 142 
1.05 145 
2.29 137 

2.7 126 
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Table A.7. 
CT transformation using filtered, microbially-reduced 
vitamin B12 at various concentrations 
Figure 7 

, . 

time, 46 JAM InC/Co 30 1.1M InC/Co 20 1.1.M InC/Co 
days 46 30 20 

10.017 161 
0.135 159 0.987 

0.33 132 0.819 
0.476 116 0.720 
0.638 100 0.621 
0.799 81 0.503 
0.998 75 0.465 

1.13 62 0.385 
, 

10.05 145 
0.22 148 1.020 
0.39 139 0.958 
0.56 109 0.751 
0.73 100 0.689 

0.9 90 0.620 
1.08 85 0.586 

10.03 148 
0.2 156 1.054 

0.37 138 0.932 
0.55 123 0.831 
0.72 114 0.770 
0.89 

_ 

100 0.675 
1.06 102 0.689 
1.23 103 0.695 
0.05 
0.22 
0.39 
0.56 
0.73 

0.9 
1.07 

10 li.M InC/Co 
10 

167 
151 0.904 
149 0.892 
138 0.826 
128 0.766 
122 0.730 
122 0.7 3 0 

1 
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Table A.B. 
Data from the transformation of CT using various vitamin B12 
concentrations. Initial First-Order rates are reported for CT 
transformation. 
Figure 8 

Vitamin B12 concentration rate, dayA-1 

46 0.908 
3 5 0.941 
25 0.743 
1 5 0.643 
1 0 0.437 
5 0.329 

0.1191 

0 0.016 

Table A.9.
 
Data from the reduction of vitamin B12 using various BrY
 
concentrations. Initial First-Order rates are reported for vitamin
 
B12 reduction.
 
Figure 9 

Cell Concentration rate, dayA-1 

1.13 x 10^9 0.895 
5.6 x 10A8 0.564 
1.13 x 10^8 0.136 
1.1 x 101.'7 0.012 
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Table A.10. 
Vitamin B12 reduction using - 1 E9 cells/ml vs. CT transformation 
both with and without BrY 
When BrY present there is - 1 E9 cells/ml and when BrY is absent 
the B12 has been pre-reduced using BrY 
Figure 11 

CT trans w/filt 46 1AM B12 reduct CT trans using 
46 pM B12 using BrY at BrY at 

time, days 1.13 E9 cells/ml 1.55 E9 cells/ml 
0.017 161.13 
0.135 158.75 
0.330 131.83 
0.476 116.21 
0.638 100.03 
0.799 81.24 
0.997 74.56 
1.139 61.64 
1.349 56.12 
1.559 42.71 
1.769 35.70 
1.979 22.56 
2.189 22.62 
0.021 42.87 
0.187 36.91 
0.916 17.83 
1.187 13.28 
1.875 8.57 
0.034 172.81 
0.256 154.39 
0.920 91.70 
1.503 45.50 
1.989 18.64 
4.29 8.85 
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Table A.11. 
CT, CF, and DBM transformation using microbially-reduced 
vitamin B12 in the presence of BRY 
Figure 12 . 

time, CT CT C/Co Cr CF C/Co DBM DBM C/Co 
days 

10.03 173 
0.26 154 0.89 
0.55 134 0.76 
0.92 92 0.53 

1.5 46 0.27 
1.99 19 0.11 
4.29 0 0.00 

10.09 186 
0.41 149 0.80 
0.75 114 0.61 
2.14 48 0.26 
4.37 0 0 

10.19 174 
0.54 133 0.76 
0.99 85 0.49 

2.181 4 0.02 
5.979 0 0 

11.531 0 0 
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Table A.12. 
BF transformation, nmol/vial, using various 
concentrations of microbially-reduced vitamin B12 in 
the presence of BRY 
Figure 13 

time, days 10 gM 5 AM 1 AM No B12 No BrY 

0.002 156 
0.027 155 
0.076 107 
0.156 67 
0.205 57 
0.255 38 
0.304 23 
0.051 146 
0.181 112 
0.354 80 
0.429 70 
0.528 51 
0.627 47 
0.726 37 
0.101 159 
0.230 155 
0.403 146 
0.908 131 
1.910 105 
3.167 76 
4.080 53 
0.229 196 
1.128 192 
1.965 186 
11.23 160 
0.324 
1.076 

191 
19/ 

1.910 190 
11.31 164. 
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Table A.13. 
DBM transformation, nmol/vial, using various 
concentrations of microbially-reduced vitamin B12 in 
the presence of BRY 
Figure 14 

time, days 46 p.M 10 1.1M 5 p.M 11.1M No BrY No B12 

0.188 174 
0.542 133 

_ 

0.993 85 
2.181 4 
5.979 0 

11.531 0 
0.301 180 
0.980 156 
1.956 105 
3.040 14 
3.951 5 

6.070 0.5 
0.451 174 
1.005 171 

1.98 129 
3.090 76 

3.98 53 
6.090 22 

7.96 8 

0.549 200 
1.030 194 
3.090 166 
6.120 138 
7.990 125 
0.479 198 _ 
0.927 197 
2.115 200 
5.948 196 

11.435 186 
0.427 197 
0.875 200 
2.062 202 
5.906 191 

11.41 183 
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Table A.14. 
CT transformation, nmol/vial, using various concentrations of 
microbially-reduced vitamin B12 in the presence of BRY 
Figure 15 I 

time, days 46 illsA 10 I.INI 5 I.LM 1 I.LNI No BrY No B12 

0.03 173 _ 

0.26 154 
0.55 134 
0.92 92 
1.50 46 
1.99 19 
4.29 0 

0.25 162, 
0.62 129 
0.91 146 
1.91 113 
3.47 78 
3.90 25 
5.99 9 

0.43 167 
0.93 153 
1.93 100 
3.49 92 
3.93 62 
6.02 25 
7.91 9 

0.52 165 
0.96 163 
3.02 138 
6.04 75 
7.94 55 
0.14 182 
1.14 181 
4.15 175 
0.19 177 
1.19 178 
4.18 167 
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Table A.15. 
CF transformation, nmol/vial, using various concentrations of 
microbially-reduced vitamin B12 in the presence of BRY 
Figure 16 I 

time, days
-

46 pM 10 pM 5 AM 1 µM No BrY No B12 

0.09 186 
0.41 149 
0.75 114 
0.97 105 
2.14 48 
4.37 0 _ 

0.35 171 
0.67 158 
1.06 151 
2.01 119, 
4.00 62, 
6.14 14 
8.01 5 
0.48 173 
1.08 159 
2.03 148 
4.03 113 
6.17 56 
8.04 32 
0.57 200 
1.10 192 
3.12 169 
6.19 140 
8.06 140 
0.33 199 
1.24 198 
4.25 195 
0.35 201 
1.29 196 

4..23 194 
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Table A.16. 
DBCM transformation, nmol/vial, using various 
concentrations of microbially-reduced vitamin B12 in the 
presence of BRY 
Figure 17 

time, days 10 1.1M 5 11M 1 gM No B12 

0.00 241 
0.05 159 
0.25 91 
0.88 36 
1.12 0 
0.11 141 
0.31 128 
0.94 90 
1.22 59 
1.37 53 
2.94 14 
0.18 174 
0.38 177 
0.98 169 
1.26 153 
1.41 155 
3.00 143 
4.06 129 

0.23 190 
0.42 196 
1.08 191 
1.53 193 
3.05 197 
4.11 192 



118 

Table A.17. 
BDCM transformation, nmol/vial, using various 
concentrations of microbially-reduced vitamin B12 in the 
presence of BRY 
Figure 18 

time, days 10 Ai 51.1.M 1 p.M 

0.03 106 
0.07 154 
0.27 95 _ 

0.91 49 
1.15 3 

1.30 0 

0.14 147 
0.34 137 
1.02 100 
1.27 80 
1.42 62 
2.51 20 
4.02 1 

0.20 174 
0.40 174 
1.06 165 
1.31 157 
1.46 154 
3.03 143 
4.09 144 
0.25 
0.45 
1.01 
1.50 
3.07 
4.13 

No B12 

183 
189 
187 
184 
186 
185 
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Table A.18. 
Initial First-Order rate constants for the transformation of the 
halogenated methanes tested, days^-1, using various concentrations 
microbially-reduced vitamin B12 in the presence of BRY 
'Figure 19 I 

RATE 
Vitamin B12 Conc, gM CT CF BF DBM DBCM BDCM 

46 0.170 0.100 0.480 
10 0.103 0.096 1.360 0.230 0.790 0.510 

5 0.079 0.046 0.419 0.088 0.330 0.330 
1 0.031 0.011 0.055 0.013 0.032 0.032 
0 0.001 0.001 0.004 0.002 0.000 0.002 




