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ABSTRACT 

Nine bacteria were tested for the ability to dehalogenate 

tetrachloromethane (CT), tetrachloroethene (PCE), and 

1,1,1-trichloroethane (TCA) under anaerobic conditions. Three 

bacteria were able to reductively dehalogenate CT. 

Dehalogenation ability was not readily linked to a common 

metabolism or changes in culture redox potential. None of the 

bacteria tested were able to dehalogenate PCE or TCA. 

One of the bacteria capable of dehalogenating CT, 

Shewanella putrefaciens, was chosen as a model organism to 

study mechanisms of bacterially catalyzed reductive 

dehalogenation. The effect of a variety of alternate electron 

acceptors on CT dehalogenation ability by s. putrefaciens was 

determined. Oxygen and nitrogen oxides were inhibitory but 

Fe(III), trimethylamine oxide, and fumarate were not. A model 

of the electron transport chain of s. putrefaciens was 

developed to explain inhibition patterns. 

A period of microaerobic growth prior to CT exposure 

increased the ability of s. putrefaciens to dehalogenate CT. 

A microaerobic growth period also increased cytochrome 

concentrations. A relationship between cytochrome content and 

dehalogenation ability was developed from studies in which 
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cytochrome concentrations in s. putrefaciens were manipulated 

by changing growth conditions. Inhibitors of electron 

transport by cytochromes, i.e., carbon monoxide and cyanide, 

inhibited dehalogenation. Spectrophotometric analyses were 

done to characterize the cytochromes of S. putrefaciens. 

Cytochromes c were identified in cytoplasmic, periplasmic, and 

membrane fractions. Cytochrome b was found only in membrane 

fractions. Observed results were consistent with a mechanism 

involving fortuitous CT dehalogenation by bacterial 

cytochromes in the presence of microbially-produced reductant. 

stoichiometry studies using MC-CT suggested that CT was 

first reduced to form a trichloromethyl radical. Reduction of 

the radical to produce chloroform and reaction of the radical 

with cellular biochemicals explained observed product 

distributions. Carbon dioxide or other fully dehalogenated 

products were not found. 
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1. INTRODUCTION 

1.1 Problems of Pollution by Highly Halogenated Solvents 

Halogenated organic compounds 

industry over the last 50 years. 

compounds include: (i) 

have been widely used by 

Typical highly halogenated 

haloalkanes such as 

1, 1, 1-trichloroethane (TCA), tetrachloromethane (CT), 

trichloromethane (CF), and tribromomethane; (ii) haloalkenes 

such as tetrachloroethene (peE), trichloroethene (TCE), and 

dichloroethenes (DCE); (iii) haloaromatics such as 

hexachlorobenzene (HCB), pentachlorophenol (PCP), and 

polychlorinated biphenyls (PCBs). These compounds, since they 

are already highly oxidized, generally are nonflammable and 

exhibi t good chemical stability. For these reasons and 

others, they are extensively used as solvents, degreasers, and 

electrical insulators. Between 1945 and 1984, for instance, 

over 18 billion lbs of PCE and 12 billion lbs of TCE were 

produced (2). 

All of these compounds are toxic and some are carcinogenic or 

bioaccumulate. Due to poor disposal practices, leaking 

storage tanks, and spillage, they have become common 

pollutants of groundwater, soil, and sediments in the 
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industrialized world. In some cases, pollution of groundwater 

is localized. At many locations, however, high levels of 

pollution are spread over a large area. At the Department of 

Energy's (DOE) Savannah River Site, for example, a groundwater 

plume with an area greater than 1 one square mile contains TCE 

and PCE contamination with levels as high as 30,000 ppb. At 

the DOE's Hanford site, an area of 7 square miles is 

contaminated with CT with groundwater concentrations as high 

as 8000 ppb. The EPA's maximum contaminant level is 5 ppb. 

Although lesser halogenated compounds can be biodegraded 

aerobically under special circumstances, e.g., by using 

methanotrophic or ammonia-oxidizing bacteria, fully 

halogenated compounds such as peE or CT resist such attacks 

and are relatively stable under aerobic conditions in the 

environment. They are, however,subject to bacterially

catalyzed reductive dehalogenation under anaerobic conditions. 

These reductive dehalogenation reactions produce products that 

may be less toxic, less likely to bioaccumulate, and more 

amenable to further degradation by aerobic organisms. 

Although bacterially-catalyzed reductive dehalogenation 

reactions have been widely studied over the last 10 years, a 

number of questions remain to be answered if the process is to 

be effectively and efficiently applied to design of 
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bioremediation processes and contaminant fate or transport 

modeling. Further elucidation is needed relative to: (i) 

identification of environmental factors that influence the 

extent of dehalogenation and dehalogenation kinetics; (ii) a 

determination of how widespread dehalogenation activity is 

among bacterial populations and which types of compounds are 

dehalogenated by various bacterial species, groups, or 

communities; and (iii) clarification of the mechanisms by 

which microbial systems are able to catalyze dehalogenation 

reactions. 

102 overview of the Reductive Dehalogenation Process 

Reductive dehalogenation reactions, at least in the case of 

halogenated alkanes, are thought to occur in two steps. 

Reaction 'llype 

(1.1) 

(1. 2) -.. RH 
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Overall: 

(1. 3) 

Example: 

The first step is a one electron reduc·tion to form a 

radical and to liberate a halogen ion. The second step 

involves reduction of the haloalkyl radical to produce a 

reduced product containing one less halogen atom than the 

original compound. Combining these two steps, the overall 

reaction is a 2-electron transfer to form a reduced product 

and a halogen ion. The required proton is thought to be 

removed from the aqueous solvent (111). 

Thermodynamic calculations indicate that reductive 

dehalogenation reactions can be energetically favorable if 

coupled with a sui table oxidation reaction. Shown in 

Figure 1.1 are the calculated free energy changes of 

half-reactions associated with the reductive dechlorination 

of CT, CF, and dichloromethane (OCM). If coupled with an 
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electron-producing reaction, e.g., the oxidation of formic 

acid, 

(1. 5) 1. HCOOH - 1. CO2 + H+ + e 
2 2 

A G' = +28. 88 kJ 
mole 

any of the reduction reactions shown in Figure 1.1 are 

thermodynamically favorable. (The free energy change shown 

is per mole of electrons at pH 7, 25°C, [HCOOH] =1. 0 M,pC02=1 

atm. Methods of free energy calculation are described in 

Appendix A.) 

When uncatalyzed, however, reductive dehalogenation of the 

compounds shown in Figure 1.1 does not occur at a fast 

rate. Catalysis is presumably necessary to overcome energy 

barriers presented by unfavorable transition states. 



.!CCl 2. 4 
+ 1Cl" 

2. 

1 C'H. c.'l + .! Cl " 
- 2:.1 2. 2. 
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AG' = -61.73 kJ 
mole 

AG' = -52.73 kJ 
mole 

AG' = -48.18 kJ 
mole 

AG'=-82.73 kJ 
mole 

AG' = -41.6 kJ 
mole 

Figure 101. Thermodynamics of reductive dehalogenation 
half-reactions. For comparison purposes, the free energy 
changes for the reduction of oxygen and nitrate, common 
bacterial terminal electron acceptors, are also shown. The 
free energy changes are calculated per mole of electrons at 
25°C, pH 7.0, and 1 ruM CI". All other compounds are at 
aqueous concentrations of 1.0 M. See Appendix A for a 
description of calculations and source of data. 
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1.3 objectives 

Most dehalogenation studies have involved strictly 

anaerobic sediments, enrichments, or pure cultures. Since 

many polluted environments are located in aerobic zones 

that alternate between aerobic and anaerobic conditions, 

e.g., vadose zone sediments or wastewater treatment 

lagoons, it is desirable to determine potential 

dehalogenation capacities in these environments. The first 

objective, therefore, was to determine how widespread 

dehalogenation ability is among representative 

microorganisms that might be found in either the interface 

be.tween aerobic and anaerobic zones or in areas that 

alternate between aerobic and anoxic conditions. ·These 

screening studies were conducted using representative 

facul tati ve anaerobes, aerotolerant anaerobes, or other 

organisms that may be common at the aerobic: anaerobic 

interface. 

Bioremediation efforts often involve attempts to stimulate 

desired bacterial metabolic activity through utilization of 

various electron donors or electron acceptors. In 

addition, certain wastewaters or contaminated groundwaters 

often contain multiple types of contamination, e. g., a 
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groundwater may be contaminated with both CT and nitrate or 

oxidized metals. A priori rejection of an in situ 

bioremediation plan may be reasonable if it is previously 

established that the prevailing electron acceptor condition 

is unfavorable to dehalogenation. The second objective, 

then, was to determine the effect of alternate substrate 

and electron acceptor conditions on dehalogenation 

kinetics. A model organism, Shewanella putrefaciens sp. 

strain 200, and a model haloorganic, CT, was used for this 

purpose. since studies were made using pure cultures, 

efforts were made to determine the effects of the various 

substrates or electron acceptors on the metabolism of the 

organism. Although direct application of results from pure 

culture experiments to complex environmental conditions is 

often difficult, pure culture work eliminates interpretive 

problems that arise due to shifts in dominant populations 

that result when substrates or electron acceptors are 

varied in environmental samples. 

The last objective was to elucidate the mechanism by which 

the model organism dehalogenates CT and the biochemicals 

which may be involved. An improved mechanistic knowledge 

of dehalogenation reactions would allow better treatment 

design and help improve the accuracy of kinetic models. 
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2. LITERATURE REVIET'1 

2.1 Reductive Dehalogenation as a Biological Process 

The ability of living tissue to catalyze reductive 

dehalogenation reactions has been known for over 30 years. 

Butler, for example, administered gaseous CT to dogs by 

inhalation and measured CF in the expired air (27). When 

CF was administered in a similar fashion, no DCM was 

detected. Tissue homogenates of mouse liver, hearts, 

kidneys, lungs, and brains also catalyzed dechlorination of 

CT to CF at varying rates in vitro as did reduced 

biochemicals such as glutathione, ascorbic acid, and 

cytochrome c. The identity of the reductant in living 

tissue or homogenates was not identified. 

Although reduced glutathione has been implicated in 

reductive dehalogenation reactions in mammalian tissues by 

other workers, much work also suggests the involvement of 

cytochrome P450 (for a review, see reference 146). 

Nastainczyk et al, for example, demonstrated the reductive 

transformation of halogenated alkenes by liver microsomal 

P450 (107). Pentachloroethane was transformed to both 

trichloroethene (96%) and tetrachloroethane (4%) 
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demonstrating that both dihaloelimination and reductive 

dehalogenation reactions had occurred. 

Al though the transformation of halogenated compounds by 

mammalian tissue has many parallels with similar bacterial 

processes, a complete description of mammalian studies is 

beyond the scope of this review. The remainder of this 

review will concentrate on bacterial transformations and 

abiotic studies relevant to bacterial processes. 

2.2 Compounds Dehalogenated 

Dehalogenation of a wide variety of haloorganics has been 

demonstrated. In one of the earlier reports of microbially 

catalyzed reductive dehalogenation, Suflita et al. (142) 

isolated a stable consortium from se\'lage sludge which was 

capable of dehalogenating halobenzoates. The responsible 

organism, Desulfomonile tiedjei, was later obtained and 

characterized in pure culture (40). Dehalogenation has 

also been shown for other haloaromatics such as 

dichloroanilines (141), chlorobenzenes (74), 

tetrachlorohydroquinone (5, 67), chlorocatechols (4), 

polychlorinated biphenyls (PCBs) (110, 118, 119, 150), 

chlorophenols (68, 70, 81, 93, 98, 100, 109), and the 

nitrogen heterocyclic compound, bromacil (3). 



33 

Reductive dehalogenation of a number of halogenated alkanes 

and alkenes has also been reported. Halomethanes 

dehalogenated include CT (32, 33, 50, 60, 131), 

trichlorofluoromethane (CFC-11) (83), and CF (60, 99). 

other haloalkanes microbially dehalogenated include 

tetrachloroethane (22), 1,2-dichloroethane (50, 72), 1,1,2-

trichloroethane (28) and 1,1,1-trichloroethane (TCA) (60, 

61). Dehalogenation of the 2-carbon haloalkenes PCE (13, 

22, 54, 57, 127, 132, 147), TCE (57, 147), and the three 

dichloroethene (DCE) isomers (15) has also been reported. 

2.3 Environments / Conditions Which Favor Dehalogenation 

Microbially mediated dehalogenation has been observed in 

many different anaerobic milieus including methanogenic 

(15), sulfate-reducing (13), fermentative (33, 60), and 

nitrate-reducing (32) conditions. 

The electron acceptor condition has been shown to be the 

most important factor in determining patterns of 

dehalogenation. Dehalogenation has been demonstrated most 

often under highly reducing, methanogenic or fermentative 

conditions, and little or no reductive dehalogenation 

occurs in aerobic cultures. Although most dehalogenation 

studies to date have involved obligately anaerobic pure 
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dehalogenation by oxygen 

microcosms, 

is evident 
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inhibition of 

even in those 

transformations catalyzed by facultative anaerobes. 

In experiments with Escherichia coli K-12 (33), criddle et 

al . studied dehalogenation of CT in serum bottles with 

three different headspace oxygen levels ranging from 8.5-

94%. Only the low-oxygen incubation unequivocally resulted 

in biotransformation of CT. since a several day lag period 

occurred prior to the onset of dehalogenation activity even 

in this low-oxygen incubation, it is likely that the E. 

coli cuI ture had lowered the oxygen concentration even 

more, possibly producing anaerobic conditions. 

A recent study by Kastner (79) indicated that reductive 

dechlorination of TeE and PCE in enrichment cultures 

occurred after the transition from aerobic to anaerobic 

conditions. In all studies so far it is unclear whether 

the presence of oxygen directly interferes with enzymes or 

cofactors involved in dehalogenation reactions or if a more 

general inhibitory mechanism is involved. 

Although the inhibitory effects of oxygen appear 

unequivocal, the effect of other electron acceptors such as 

sulfate and nitrate are more variable. If one is to truly 
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understand the effects of electron acceptors such as 

sulfate and nitrate on dehalogenation in situations other 

than pure culture, it is important to distinguish between 

the equally important effect of the compound on community 

metabolism and composition and its effect on actual 

dehalogenating organisms. Anaerobic communities often 

exhibit complicated metabolic relationships which determine 

degradation capacity and community makeup. An example of 

such a syntrophic relationship is interspecies hydrogen 

transfer which has been well-documented for a variety of 

consortia (20, 26, 45). This process involves coupling of 

H2-utilization by one organism with the H2-producing 

metabolism of another. The latter reaction may be 

thermodynamically unfavorable in the presence of high H2 

partial pressures resulting in the obligatory presence of 

both organisms for efficient metabolic function. 

The hydrogen balance of a dehalogenating consortium, 

therefore, might be upset by addition of nitrate or sulfate 

if nitrate- or sulfate-reducers which can quic}cly utilize 

H2 as an electron donor are present. Dehalogenation by a 

H2-utilizing microorganism, therefore, might be inhibited by 

sulfate or nitrate in mixed culture but not in pure 

culture. Inhibition of dehalogenation in sediments may be 
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site-specific and depend on community composition. Only in 

pure culture can one ascertain the effects of various 

electron acceptors on competition for electrons by various 

reductase systems within the bacterial cell. 

Dehalogenation usually does not occur to a significant 

extent under nitrate-reducing conditions. Although Bouwer 

and Mccarty reported dehalogenation of CT under 

denitrifying conditions in mixed culture (23), attempts to 

find an organism capable of dehalogenation in pure culture 

under nitrate-reducing conditions have been largely 

unsuccessful. Egli et al. (51) linked dechlorination of 

haloalkanes with organisms which possess the acetyl-CoA 

pathway and suggested that the dehalogenation observed by 

Bouwer and McCarty was due to the presence of non

denitrifiers possessing this pathway. 

In one study, Paracoccus denitrificans was unable to 

dechlorinate ~-hexachlorocyclohexane (77). An autotrophic 

denitrifier studied by Egli et al. was likewise unable to 

transform CT. Bromacil was dehalogenated under 

methanogenic but not denitrifying conditions (3). Although 

dechlorination of 3-chlorobenzoate by D. tiedjei is not 

inhibited by nitrate, nitrate is a poor electron acceptor 

for this organism (39, 91, 133). In the natural 
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environment, organisms better capable of utilizing nitrate 

as an electron acceptor may outcompete dehalogenating 

organisms for available substrate. 

Although Criddle et ale (32) reported transformation of CT 

under nitrate-reducing conditions by Pseudomonas sp. 

strain KC, almost all of the CT was converted to carbon 

dioxide and an unidentified fraction. No significant 

amounts of CF or other products of reductive dehalogenation 

were found. 

Some studies in both pure and mixed culture has suggested 

that reductive dehalogenation was inhibited by sulfate or 

under sulfate-reducing conditions. Fathepure et ale tested 

a number of anaerobic bacteria and found that the sulfate

reducer, Desulfovibrio desul furi cans , was unable to 

dechlorinate PCE in the presence of sulfate (54). 

Furthermore, Gibson and Suflita found that dehalogenation 

of haloaromatics in microcosms containing anoxic aquifer 

materials was inhibited by the presence of sulfate even if 

methanogenesis was stimulated by methanol addition (63). 

Similarly, Kuhn and Suflita have found that chlorinated 

anilines were dehalogenated by aquifer slurries under 

methanogenic conditions but not sulfate-reducing conditions 

(86) • 
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Other studies, however, have reported dehalogenation under 

sulfate-reducing or sulfidogenic conditions in both pure 

and mixed culture. This work includes demonstration of 

dehalogenation of PCE by sulfate-reducing enrichment 

cultures (13), CT, CF, and 1,1,1-trichloroethane (TCA) by 

Desulfobacterium autotrophicum (50, 51), 2, 3-dichlorophenol 

by sulfate-reducing enrichment cultures (81), and 3-

chlorobenzoate by D. tiedjei in the presence of sulfate 

(39, 91). 

Although dehalogenation in D. tiedjei is not inhibited by 

sulfate, other sulfoxy anions, thiosulfate and sulfite, 

were inhibitory. In a recent study (39) which examined the 

relationship between various electron donors, electron 

acceptors, and dehalogenation by D. tiedjei, DeWeerd et ale 

hypothesized that sulfoxy anions and 3-chlorobenzoate may 

share electron carriers and that thiosulfate and sulfite 

might have a direct inhibitory effect. The authors suggest 

that the inhibitory effect of sulfate often seen in 

environmental samples is a result of hydrogen 

concentrations being quickly lowered by sulfate-reducers to 

the point where dehalogenation reactions are no longer 

favorable. 
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Reductive dehalogenation, especially of more persistent 

haloorganics such as PCE and PCBs, has been demonstrated 

most frequently under methanogenic conditions (3, 15, 22, 

45,57,147). The degree of dehalogenation is often higher 

in methanogenic cultures. de Bruin et al recently reported 

complete dechlorination of PCE to ethane in columns of 

anaerobic river sediments and granular sludge (38). 

Complete dehalogenation of dihaloalkanes by methanogenic 

enrichments (58) and by pure cultures of methanogens (17, 

50) has been reported. 

2.4 Haloalkane Dehalogenation stoichiometry 

Although the halogen ion can frequently be recovered in 

stoichiometric amounts following dehalogenation, 

dehalogenated or partially dehalogenated products are often 

found at significantly lower concentrations than expected 

(15, 51, 60). In the case of CT, for example, Criddle et 

al. found that carbon dioxide is produced in addition to CF 

in both biological (33) and abiotic (34) systems. They 

have proposed a system of competing reductive 

dehalogenation and hydrolysis reactions which could account 

for the product distributions observed (34). 
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Carbon dioxide has been found to be a transformation 

product in other anaerobic dehalogenation experiments (22, 

24). Although the mechanism of CO2 formation by anaerobic 

organisms is obscure, one such proposed mechanism (3 4 ) 

involves two sequential reductions of CT to form a 

dichlorocarbene which is subsequently hydrolyzed to form 

either carbon monoxide or formate. The latter compounds 

could then be oxidized to co2 • 

possible pathways for the anaerobic transformation of CT 

are shown in Figure 2.1. The variety of possible products 

is due primarily to the proposed production of the 

trichloromethyl radical by a I-electron reduction of CT. 

This radical could combine with another radical to form 

hexachloroethane, react with cellular material and become 

cell-bound, or become further reduced as shown. Formation 

of a dichlorocarbene radical could explain some of the 

products observed by some researchers. All of these 

reactions could be going on simultaneously with the rates 

of a particular reaction being determined by the reaction 

conditions and the presence of appropriate catalysts. 

Although the mechanism of anaerobic production of cO2 is 

subject to conjecture, there is a known mechanism for CO2 
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production from CT in the presence of even small amounts of 

oxygen (10). This mechanism involves the 1-electron 

reduction of CT to form the trichloroethyl radical. In the 

presence of molecular oxygen, the radical undergoes an 

addition reaction to form a peroxyl radical. These 

radicals, through an uncertain pathway, react to form 

phosgene which is hydrolyzed to form CO2 and HCI. 
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Figure 2.1. Possible CT anaerobic transformation pathways. 
Adapted from reference 34. 
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2.5 Effects of the Halogen Substituent, Number of 

Substituents and Halogenation Pattern 

Several studies have also shown that the rate of 

dehalogenation is related to the size or mass of the 

halogen substituent. Ease of removal generally increases 

with increasing halogen mass so that, in order of 

increasing difficulty of dehalogenation, the halogens can 

be arranged as I, Br, CI, and F (14, 142). This general 

trend is not true in all cases, however. Desulfomonile 

tiedjei (DCB-l) was recently shown to act differently and 

dehalogenated 3-chlorobenzoate more readily than 3-

bromobenzoate (39). In the same study, 3-iodobenzoate vias 

dehalogenated more slowly and 3-fluorobenzoate was not 

dehalogenated at all. Mikesell and Boyd also showed that 

a Methanosarcina sp. dehalogenated bromoform more slowly 

than CF (99). 

More highly halogenated compounds are generally more 

readily dehalogenated than similar molecules with fewer 

halogen substituents. since it is kinetically and 

energetically more difficult to remove successive 

sUbstituents (146), dehalogenation reactions often occur 

sequentially within an analogous series of compounds (84, 



99, 147). 

44 

Barrio-Lage et ale showed that PCE was 

sequentially dechlorinated in anaerobic sediment microcosms 

to TCE and, subsequently, to cis- and trans- 1,2-DCE (15). 

Further incubation in the same study resulted eventually in 

production vinyl chloride (VC). Kuhn and Sufli ta similarly 

found that 2,3,4,5-tetrachloroaniline was sequentially 

dehalogenated to 2,3,5-trichloroaniline and 

3,5-dichloroaniline (86). 

2.6 Reductive Dehalogenation by Stable Bacterial consortia 

or Pure cultures 

Al though most studies invol ve the use of environmental 

samples, e.g., sludges or sediments, or undefined 

enrichment cultures, stable defined consortia (45) and 

dehalogenating pure cultures (5, 32, 33, 44, 50, 53, 60, 

99) have been reported. Organisms capable of 

dehalogenating in pure culture range from strict anaerobes 

such as Methanobacterium sp. (50) and Clostridium sp. (60) 

to facultative anaerobes such as Escherichia coli K-12 

(33) . 

Table 2. 1 contains a summary of microorganisms that can 

catalyze reductive dehalogenation reactions along with the 
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It is apparent that the total 

number of genera known to catalyze reductive dehalogenation 

reactions in pure culture is not large. It is also obvious 

that strict anaerobes (top portion of table) are able to 

dehalogenate a wider range of compounds. Alkyl compounds 

are apparently more readily dehalogenated than are 

aromatics. possible reasons for this latter observations 

include steric constraints of enzymes or cofactors involved 

in dehalogenation, differeneces in haloorganic uptake, or 

toxicity in whole cells. 
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Genus compounds References 
Dehalogenated 

Methanosarcina sp. CT, CF, BF, PCE, 73, 99, 
1,2-DCA 53, 54 

Methanobacterium sp. CT, 1,2-DCA, BE, 49, 50 
CFC-11,DCA, 17, 83 
1,2-DBE, DBA 

Methanococcus sp. BE, DBA, DCA , 17 
1,2-DBE 

Desulfobacterium sp. CT, 1,2-DCA 49, 50 

Desulfomonile tiedjii 3-CB, PCE, PCP 44, 100 
3-BB, 3-IB 54,48 

Clostridium sp. CT, CF, 1,1,1-TCA, 60, 77, 
-y-HCH 61 

Acetobacterium sp. CT, CF 51 
,.,' .'. ,.,.. 

~ ',,'-, ,.,-' ",-.,>--

E. coli CT, -y-HCH 33, 77 

citrobacter sp. -y-HCH 77 

Enterobacter sp. -y-HCH 77 

Bacillus sp. -y-HCH 77 

Staphylococcus sp. TCB 145 

Pseudomonas sp. 1,1,2-TCA 28 

Table 2.1. Bacteria capable of anaerobically dehalogenating 
in pure culture. CT= carbon tetrachloride, CF= chloroform, 
BF= bromoform, PCE= perchloroethene, 3-CB= 
3-chlorobenzoate, 3-BB= 3-bromobenzoate, 3-IB= 3-
iodobenzoate, CFC-11= trichlorofluoromethane, TCB= 1,2,4-
tr ichlorobenzene, DCA= dichloroethane, TCA= 
trichloroethane, BE= bromoethane, DBA= dibromoethane, HCH= 
hexachlorocyclohexane, TCH= tetrachlorohydroquinone. The 
heavy line separates obligate anaerobic bacteria from 
facultative anaerobes. 
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2.7 Reductive Dehalogenation by Abiotic systems 

since identification of controlling factors can be 

difficult in microcosms or even in pure cultures, reductive 

dehalogenation has also been studied in biomimetic chemical 

systems and systems involving cell extracts (41). These 

systems usually involve the use of a reductant, e.g., 

sulfide or titanium (III) citrate, and, in most cases, an 

electron carrier or catalyst. Typical biological electron 

carriers are shown in Figure 2.2. 

Electron carriers shown to be effective in abiotic or 

extract dehalogenation experiments include transition metal 

macrocycle compounds, e. g., porphyrins, corrinoids, or 

porphinoids, in which the metal center can assume two or 

more oxidation states. Iron porphyrins are found in 

cytochromes which are present in the electron transport 

chains of respiratory bacteria. Evidence also suggests 

that some methanogens possess membrane-bound cytochromes 

(87) • Corrinoids are thought to be present in varying 

concentrations in anaerobic bacteria possessing the 

acetyl-CoA pathway (126). They are also present, however, 

in obligate anaerobic organisms lacking this pathway (36). 

A nickel(II)-containing porphinoid is present in coenzyme 
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F430 , which catalyzes the terminal step of methanogenesis in 

methanogens (122). 

These abiotic studies attempt to determine if biologically 

produced electron carriers or reductants are capable of 

driving the reactions observed in more complicated 

biological systems. sulfide, for instance, has been used 

to dehalogenate (i) 1,2-dichloro- and 1,2-dibromoethane in 

the presence of phosphate buffer (14) and (ii) various 

chlorinated methanes and ethanes in the presence of an iron 

porphyrin (80). Titanium (III) has been similarly used as 

a source of electrons for the reductive dehalogenation of 

CT (62, 84), polychlorinated ethanes (75, 125), and 

chlorofluoromethanes (85) in the presence of corrinoids or 

CT in the presence of a porphinoid (82). An extract of 

Methanosarcina barkeri was substituted for the purified 

porphinoid and functioned similarly in dechlorinating CT. 

Other workers found that boiling an extract of M. barkeri 

increased the rate of 1,2-DCA dechlorination in the 

presence of Ti(III) citrate (73,114). They suggested that 

boiling increased rates by denaturation of proteins and 

release of porphinoid and corrinoid cofactors. A mixture 

of dithiothreitol, a reducing agent, and the corrinoid, 

vitamin B12 , was similarly able to dechlorinate a 
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polychlorinated biphenyl congener and hexachlorobenzene 

(11). The corrinoids aquocobalamin, methylcobalamin, and 

(cyanoaquo)cobinamide were also found to dehalogenate 

chloromethanes using Ti(III) citrate or dithiothreitol as 

a source of electrons (12). Porphyrins have been shown to 

function similarly as electron carriers in dehalogenation 

reactions (62, 80, 128). 

In addition to these systems, Criddle et al. used an 

electrolytic system containing 0.1 M phosphate buffer at pH 

7.0 to dechlorinate CT to CF at a potential of -710 mV 

(SHE) (34) • When conditions were made more reducing by 

lowering the potential to -930 mV, dichloromethane was also 

produced. 
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BIological Electron Carriers 
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Figure 2.2. Typical biological electron carriers. (From 
reference 62) 
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2.8 ~7echanisms of Bacterially catalyzed Reductive 

Dehalogenation Reactions 

Mechanisms of reductive dehalogenation are not well 

understood and no evidence exists to suggest that the same 

mechanism is functioning in all cases. One may arbitrarily 

group hypothetical mechanisms according to whether or not 

a functional enzyme or enzyme system is directly involved 

in the dehalogenation reaction. This direct enzyme 

involvement may consist of (i) a specific dehalogenating 

enzyme or enzyme system which is coupled to either 

detoxification reactions or to catabolic processes or (ii) 

a non-specific dehalogenating enzyme system which normally 

reduces another compound and which is capable of using the 

haloorganic as a secondary functional or nonfunctional 

substrate. 

since highly halogenated organics have been present in the 

environment in significant concentrations for only the last 

fifty years, it is not likely that enzymes specific for 

reductive dehalogenation reactions would have had the time 

to evolve in a large number of genetically diverse 

microorganisms over a wide geographical area. Al though one 

may evoke mechanisms such as mobile DNA segments and 
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'cassettes' of base sequences which allow accelerated 

mutations in the face of stress, there is no evidence to 

suggest such a mechanism or the existence of an enzyme 

system specific only for dehalogenation. 

In support of the second mechanism, there is evidence, at 

least in the case of D. tiedjei, which shows that an enzyme 

system is involved. Dehalogenation of 3-chlorobenzoate by 

extracts of this organism is inducible by 3-chlorobenzoate, 

is prevented by boiling the extract, and shows pH and 

temperature optima (41). Dehalogenation is specific to 

meta-substituted halobenzoates and shows a specificity for 

3-chlorobenzoate over other chloroaromatics with other 

functional groups (91) . Recent work with this 

microorganism suggests the existence of a shared electron 

carrier which usually functions to reduce sulfoxy anions 

but, due to nonspecificity, may participate in the 

dechlorination of 3-chlorobenzoate (39). 

If an enzyme system is not directly involved in reductive 

dehalogenation reactions, such reactions could result from 

microbial production of sui table reduced compounds and, 

possibly, appropriate electron carriers. since anaerobic 

organisms often lower the electrode potential of the medium 

to values bet\l1een -200 and -400 mV, a supply of highly 
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reduced compounds is commonly present in such incubations. 

In those cases where direct electron transfer from a 

reduced compound to the haloorganic suffers kinetic 

limitations, the presence of a suitable electron carrier 

may allow reductive dehalogenation to occur at a 

significant rate. 

As described in section 2.7, the efficacy of biological 

electron carriers in biomimetic dehalogenation reactions 

has been demonstrated. These compounds may be functional 

in living cells or released by dead cells into a reduced 

environment after cell lysis. Electron-carrier-mediated 

dehalogenation may actually be increased upon cell lysis if 

reactions are limited by transport of the halogenated 

compound across the bacterial membrane. Zoro et al., for 

example, found that dehalogenation of DDT in 

dithionite-reduced sewage sludge was enhanced by 

autoclaving the sludge (152). 

If some reductive transformations in the environment 

require only the presence of suitable electron donors and 

electron carriers, the same organism need not be the source 

of both compound types. One organism may produce effective 

electron carriers but may not be a good source of reducing 

power due to lack of a suitable substrate for its growth. 
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It is also possible that inorganic reductant, e.g., 

sulfide, may be a source of reducing equivalents. Glaus et 

al. found that exudates from streptomyces griseoflavus Til 

2482 were able to mediate electron transfer from sulfide to 

4-chloronitrobenzene whereas the intact cells were not 

(65). In many cases, then, the dehalogenating ability of 

an intact sediment may be greater than the sum of the 

abilities of its microbial constituents in pure culture. 

2.9 Characteristics of Shewanella putrefaciens 

The microorganism used in the current studies, Shewanella 

putrefaciens sp. strain 200, is a gram-negative motile rod. 

The strain used was isolated by Obuekwe from crude oil from 

a corroded Canadian oil pipeline (115). The organism has 

previously been known as Pseudomonas sp. strain 200, P. 

ferrireductans, and Al t eronlonas putrefaciens. The 

confusion in taxonomy has been resolved in favor of its 

present name (129, 130). 

Gram-negative, motile rods similar to s. putrefaciens are 

common isolates from sea\V'ater, cutting oils, and 

refrigerated fish (89, 113, 130). S. putrefaciens has an 

obligate respiratory metabolism and is oxidase positive, 

nonsporeforming, and polarly flagellated (130). Although 
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oxygen is the preferred electron acceptor, S. putrefaciens 

has the ability to utilize a variety of alternate electron 

acceptors (nitrogen oxides, oxidized metals, trimethylamine 

oxide (TMAO) , fumarate, and sulfoxy compounds) under anoxic 

conditions. This has led to its study by a variety of 

research groups involved with environmental microbiology. 

The strain used in these studies, strain 200, has been 

studied primarily because of its ability to reduce Fe(III) 

and nitrate (6-9, 42, 43, 113-115). s. putrefaciens MR-l 

was isolated from anaerobic sediments in Oneida Lake, NY, 

by Myers and Nealson (108). MR-l has similarly been 

studied due to its ability to reduce ferric and manganic 

oxides (104-106). A strain originally isolated from 

refrigerated haddock, s. putrefaciens NCMB 1735, was able 

to reduce TMAO to trimethylamine (121, 137) as is S. 

putrefaciens NCMB 400 (31, 48, 102). Studies comparing the 

physiological or genetic similarities of these different 

isolates have not been reported. 

Aerobic bacteria use the electron transport chain to 

transfer electrons from reduced compounds, e.g., lactate or 

NADH, to oxygen through a series of steps which trans locate 

protons from the cytoplasmic side of the cell membrane to 

the periplasmic space. The proton gradient so developed is 
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used to force electrons through a membrane-bound ATPase to 

generate ATP. In such a '.'lay, the energy liberated by 

oxidation of the reduced compound is harnessed in a usable 

form. 

In many environments oxygen concentrations are highly 

variable, both spatially and temporally. A eutrophic lake, 

for example, may have highly aerobic conditions at the 

surface and anaerobic conditions in the sediments. An 

organism which possesses the ability to use a variety of 

electron acceptors in the absence of oxygen, therefore, may 

have a competitive advantage in such environments. This 

ability also enables an organism such as s. putrefaciens to 

be isolated from a diverse set of niches where oxidized 

compounds are found as an alternative to oxygen. 

since TMAO is a constituent of marine fish, accounting for 

up to 7% of their dry weight (31), it is present as a 

common oxidized component of marine environments. It has 

been established that TMAO can be used as a terminal 

electron acceptor in anaerobic respiration by a variety of 

bacteria (140). s. putrefaciens NCMB 1735 has been shown 

to be capable coupling respiratory reduction of TMAO to 

energy conservation (121, 137). Easter et al found that s. 

putrefaciens NCMB 400 possessed a TMAO reductase which was 
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induced in the presence of TMAO. Synthesis was repressed 

by high oxygen tensions and derepressed under anaerobic 

conditions (48). Microaerobic growth conditions resulted 

in the highest TMAO reductase activity regardless of the 

presence or absence of TMAO. Cell fractionation studies 

found that the reductase was periplasmically located. TMAO 

reduction was inhibi ted by oxygen but not by ni trate. 

Clarke and Ward have purified two TMAO reductases with Mr 

(relative molecular weight) values different from the 

latter strain (31). Both enzymes were periplasmic and 

contained molybdenum but not iron. Under microaerobic 

growth conditions the high-~ enzyme was induced by the 

presence of TMAO or dimethylsulfoxide whereas the low-~ 

enzyme was constitutive. 

Morris et al used anion exchange chromatography to 

separate cytochromes produced under various respiratory 

conditions by s. putrefaciens NCMB 400 (102). It was found 

that heme content in anaerobically- or 

microaerobically-grown cells was 2.5-6 times greater than 

in aerobically-grown cells. Most of the additional 

cytochromes produced were characterized as low potential 

cytochromes by redox potentiometry. Relative heme content 

in both the periplasmic and membrane fractions increased 
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during microaerobic or anaerobic growth. Periplasmic 

cytochrome content was generally higher than in the 

membrane but significant concentrations were also found in 

the latter location. 

cytochromes were primarily of the c-type although some 

cytochrome b S60 was detected in cell membranes. Simila·r 

cytochrome c complements were found in the periplasm of 

cells grown under anaerobic or microaerobic conditions 

regardless of the nature of the electron acceptor 

presented. It was not possible, therefore, to 

differentiate their roles. The authors suggest that these 

cytochromes may be part of a common electron transport 

chain derepressed during growth in the absence of oxygen or 

under oxygen-limited conditions. 

Myers and Nealson demonstrated that s. putrefaciens MR-1 is 

able to couple anaerobic growth on non-fermentable 

substrates with the reduction of Mn(IV) , Fe(III) , and other 

electron acceptors (105, 106). Using proton pulse 

measurements, they also reported that MR-1 grown 

anaerobically with fumarate as an electron acceptor is able 

to trans locate protons in response to reduction of 

thiosulfate, fumarate, Fe(III), Mn(IV) , nitrate, and oxygen 
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Aerobically grown cultures translocat.ed protons 

only in response to oxygen suggesting that aerobic growth 

repressed components of the electron transport chain 

necessary for use of alternate electron acceptors. Cells 

grown anaerobically on nitrate were able to trans locate 

protons only in response to Mn(IV) , fumarate, and oxygen. 

The authors suggested that separate reductase components 

are differentially expressed in response to growth under 

different electron acceptor conditions. This work also 

established that reduction of various electron acceptors 

creates a proton motive force rather than serving only as 

a means for the organism to make a redox balance. 

Myers and Myers recently described cell fractionation 

studies with anaerobically grown MR-1 which suggest that 

approximately 80% of membrane-bound cytochromes are located 

in the outer membrane (104). This is in marked contrast to 

other Gram negative bacteria in which the majority of 

membrane-bound cytochromes are linked to the cell membrane. 

Although the total cytochrome content of anaerobically 

grown cells is several-fold greater than that of 

aerobically grown cells, the cytochrome content of outer 

membranes was 35-40 times higher in anaerobic cells. The 

majority of the total cell cytochromes, however, remained 

in soluble fractions, i. e., cytoplasmic or periplasmic 
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fractions, in both anaerobically and aerobically grown 

cells. outer membrane fractions showed spectroscopic 

evidence of both b- and c-type cytochromes whereas soluble 

fractions showed the presence only of cytochromes c. This 

work is particularly interesting insofar as the presence of 

cytochromes in the outer membrane would provide a physical 

link between the respiratory machinery of the cell membrane 

and insoluble electron acceptors such as Fe (III) - and 

Mn(IV)-oxides. 

Obuekwe and Westlake studied the effect of nitrate on rates 

of Fe(III) reduction by aerobically grown s. putrefaciens 

sp. strain 200 (115). They found the presence of N03-

increased rates of Fe(III) reduction during short (1 hour) 

incubations but decreased rates during prolonged 

incubations. They suggested that reduced Fe(II) was being 

chemically reoxidized by nitrite produced by nitrate 

reduction. They also reported that Fe(III) reduction by 

strain 200 could be inhibited by other reducible compounds, 

i.e., chlorate, permanganate, dichromate, sulfite, 

thiosulfate, and various redox dyes, in the medium (114). 

It was unclear if the inhibitory effect was due to a 

preferential channeling of electrons to the more oxidized 
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electron acceptor or, in some cases, an inhibitory effect 

of partially reduced products, e.g., nitrite or chlorite. 

DiChristina (42) recently described a more detailed series 

of electron acceptor competition experiments to examine the 

inhibitory effects of nitrate and nitrite on Fe(III) 

reduction activity in both aerobically and microaerobically 

grown cultures of s. putrefaciens strain 200. When Fe(III) 

and either N03- or N02- were simultaneously presented, Fe(III) 

reduction and NOx reduction occurred concomi tantly . 

Although Fe(III) reduction was inhibited to varying degrees 

by NOx , NOx reduction was not significantly affected by the 

presence of Fe(III). Abiotic experiments suggested that 

chemical reoxidation of Fe(II) by NOx was negligible. In 

the case of aerobically grown cultures, the inhibitory 

effect of N03- was equivalent to that of N02-. SInce NO£ is 

produced by nitrate reduction, the author felt that N02- was 

responsible for inhibition of Fe(III) reduction. 

DiChristina (42) proposed a model that hypothesized the 

presence of three distinct reductases. The model assumes 

the existence of a branched electron-trans port-chain able 

to transfer electrons to a variety of terminal electron 

acceptors. Branches may be produced by different growth 
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conditions and subject to several control mechanisms. This 

model suggests that (i) N03- and Fe(III) are reduced by two 

physiologically distinct pathways and that (ii) Fe(III) and 

NO; reduction share a common branch point. Fe (III) was 

proposed to act as a secondary sink for electrons when N02-

reduction limits the rate of electron transport. Arnold et 

al.(S) had previously showed that a kinetic mechanism at 

shared electron transport chain branch points could explain 

the mechanism of oxygen inhibition of iron reduction. 

Although this model fits the data presented for aerobically 

grown cultures, the data presented for microaerobically 

grown cultures are confusing. In this case, Fe(III) 

reduction was only marginally inhibited by nitrate (2-6% 

compared to 16-75% for aerobically grown cultures). The 

author suggested that, in some cases, microaerobically 

grown cultures may reduce nitrate directly to NO, N20, or N2 

rather than to nitrite (T.J. DiChristina, personal 

communication) thereby bypassing the inhibitory effects of 

nitrite. 

Similarly to other described strains of s. putrefaciens, 

strain 200 is able to express varying reductase activities 

and altered cytochrome concentrations depending on growth 
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condi tions. Obuekwe and Westlake showed that cultures 

grown on a synthetic medium with no added iron exhibited 

much lower rates of Fe(III) reduction activity and had 

lower cytochrome content than did cultures grown on a 

complex medium or a synthetic medium containing iron (113). 

This relationship and the fact that CO significantly 

inhibited Fe(III) reduction led the authors to conclude 

that iron reduction is cytochrome-associated. By treatment 

of cultures with ethyl methane sulfonate, DiChristina 

generated mutants deficient in iron-reduction ability that 

also exhibited reduced cytochrome content (43). Arnold et 

al. showed that microaerobically-grown cultures reduced 

ferric iron or oxygen at much higher rates and expressed 

much higher cytochrome concentrations than did cultures 

grown under highly aerobic conditions (6). DiChristina 

(42) reported that microaerobic growth results in higher 

rates of N03-, N02-, 02' and Fe(III) reduction. These 

high-rate systems are apparently repressed by growth under 

highly aerobic conditions. 

Respiratory inhibitors were used by Arnold et al (6) to 

develop a model for electron transport to Fe(III) for both 

aerobically and microaerobically grown cultures. Based on 

inhibition patterns, the authors suggested that 
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microaerobic growth results in expression of an abbreviated 

electron transport chain which can transfer electrons to 

Fe(III) at a high rate. since the ATPase inhibitor, DeeD 

(dicyclohexylcarbodiimide), inhibited electron transport to 

iron only in aerobically grown cultures, it was postulated 

that the high rate reduction system was uncoupled to 

oxidative phosphorylation. This is contrary to work with 

MR-1 which indicated that high-rate Fe(III) reduction 

resulted in proton translocation (106). Arnold et al. (6) 

showed that eN- or azide do not significantly inhibit 

Fe(III) reduction indicating that the ferrireductase is not 

a cytochrome. Lack of inhibition by these compounds would 

not preclude the involvement of cytochromes in iron 

reduction if the heme was unavailable for ligand-binding 

due to position in a membrane. 

Arnold et al. (7) demonstrated that direct mineral-microbe 

contact is necessary for reduction of Fe (III) -oxides by 

strain 200. When insoluble oxides were separated from 

microbial cultures by dialysis tubing, essentially no iron 

reduction occurred. Supernatants of centrifuged cultures 

similarly laclced significant reduction activity suggesting 

that soluble components secreted into the medium were not 

responsible for iron reduction. 
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It should be apparent that difficulties exist in developing 

a comprehensi ve, synthetic understanding of the unique 

respiratory metabolism of S, putrefaciens. Such an 

understanding is obfuscated by (i) comparatively few 

studies using several different isolates which mayor may 

not have similar physiological capabilities, (ii) a unique 

respiratory plasticity which makes analogies with better 

studied organisms tenuous, and (iii) apparent multiple 

reductase systems for each electron acceptor which are 

expressed under different growth conditions. Additional 

work is needed to clarify the genetics and physiology of 

this novel bacterium. 
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3. GENERAL MATERIALS AND METHODS 

3m1 Introduction 

This section describes general methodology used throughout 

the research project. When methods apply only to a 

particular set of experiments, they are described in the 

applicable chapter. 

3.2 Experimental Procedures 

3.2.1 Shewanella pu~refaciens culture Maintenance and 

Growth conditions 

s. putrefaciens strain 200 was isolated from a Canadian oil 

pipeline by Obuekwe (C. Obuekwe; Ph.D. dissertation, 

University of Alberta, Edmonton, Canada, 1980). The 

culture was maintained on a solid medium (NA+Y) consisting 

of nutrient agar (Difco) supplemented with 5.0 gIL of yeast 

extract (Difco). Plates were incubated at room temperature 

(-23°C). Fresh plates were inoculated every 10-14 days. 

To reduce the potential for unintended selection of a 

mutant strain, stock cultures were prepared in liquid 
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medium (Westlake medium, described below) and frozen in 

sterile microcentrifuge tubes at -20°C. Every 2-4 weeks, 

a fresh culture was prepared from these frozen stock 

cultures and used to inoculate NA+Y plates. 

Liquid cultures of s. pu trefaci ens were grown on a 

semi-defined medium described by Westlake (113) unless 

otherwise noted. One liter of this medium contained 2.0 9 

NazS04' 0.5 9 KzHP04 , 1.0 9 NH4CI, 0.198 9 caClz·2HzO, 0.1 9 

MgS04• 7HzO, 0.5 9 yeast extract, and 3 mL of 60% 

(mass/volume) sodium lactate solution (Pfanstiehl 

Laboratories, Inc.). The phosphate was autoclaved 

separately in a portion of the water to minimize 

precipitation which interfered with spectrophotometric 

growth measurements. After combining autoclaved and cooled 

medium components, 1.0 mL/L of filtered (0.45 /lm) iron 

stock was added. This latter solution contained 1.935 9 

FeCI3 ·6H20 per 100 mL HzO. The pH of the medium was 

consistently between 7.20 and 7.35. No pH adjustment was 

done prior to inoculation. 

Growth of liquid cultures was initiated by inoculation with 

overnight cultures grown in the same medium. The volume of 

the inoculum was 1-2% of the medium volume. 
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Experiments required cultures which had been grown under 

either highly aerobic (p02 > 80% of saturation in air) or 

microaerobic (p02 < 1% of saturation in air) conditions. 

Growth was always initiated under highly aerobic 

conditions. This was done using either (i) an Erlenmeyer 

flask on a shaker table (-150-170 rpm), (ii) an Omni

Culture fermentor (The VirTis company); or (iii) a Biostat 

MD fermentor (B. Braun Biotech). When fermentors were 

utilized, the temperature and agitation rate were set at 

30°C and 250-280 rpm, respectively. Cultures in flasks 

were grown either on shaker tables with 

temperature-controlled (30°C) water baths, or, more 

typically, at room temperature. pH in the Biostat MD 

fermentor was maintained automatically at 7. 2±0. 05. pH was 

not controlled in shaker flasks or in the Omni-Culture 

fermentor. Since doubling times were similar in both 

fermentors, the lack of pH control in the Omni-culture 

fermentor did not appear to adversely affect growth. 

Airflow in the Biostat MD fermentor was set at 

approximately 2.0 l/min for cultures grown under highly 

aerobic conditions. Airflow and agitation rates were 

sufficient to maintain p02 > 80% of saturation in air as 

measured by the dissolved oxygen electrode (Ingold #884 
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442/9) in this fermentor even at optical densities (A=600 

nm) of 0.6-0.800. Since the Omni-Culture fermentor was not 

equipped with a dis sol ved oxygen electrode and direct 

oxygen measurements were not possible, airflow rates were 

set at a level which was visually similar to rates in the 

Biostat MD. Because growth rates at optical densities < 

0.5 were similar regardless of whether cultures were grown 

in a flask or in one of the fermentors, aeration was 

considered adequate in all cases to maintain p02 > 80%. For 

experiments requiring cells grown under highly aerobic 

conditions, cells were harvested in log phase at an optical 

density less than 0.500. 

All microaerobically grown cells were cultured in the 

Biostat MD so that p02 could be monitored. The initial 

growth period was identical to that described above for 

cuI tures grown under highly aerobic conditions. At a 

culture optical density of 0.800-0.900, however, airflow 

was reduced to a level (- 0.1 l/min) which would maintain 

p02 < 0.1% of saturation. Subsequently, airflow and 

agitation rates were either manually or automatically 

controlled to maintain P02 at this level for 4-6 hours. An 

additional 1-2 mL/L of 60% sodium lactate solution was 
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sometimes added during this period to prevent substrate 

exhaustion at high culture densities. 

s. putrefaciens exhibited biphasic logarithmic growth when 

grown on Westlake Inedium. CuI tures grown on Westlake 

medium under highly aerobic conditions had doubling times 

of 66-78 minutes until an optical density (A=600 nm) of 

0.300-0.400 was attained. A second exponential growth 

period with a doubling time of 120-140 minutes commenced at 

these densities. Oxygen concentrations greater than 80% of 

saturation in air indicated that this increase in doubling 

time was not due to oxygen-limitation. since pH was 

controlled in the Biostat, the increase was not due to pH 

changes. This decreased growth rate may have been due to 

exhaustion of a growth factor supplied in the medium. 

Required synthesis of this component by bacteria following 

exhaustion of exogenous supplies may have resulted in the 

lower growth rate. 

Doubling times of aerobically grown cultures were somewhat 

var iable regardless of the vessel used or growth 

temperature (23°-30°C). Although doubling times were 

generally 5-10 minutes shorter for cultures grown at 30°C 

than for those grown at 23°C, the variations at a 
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particular temperature were large enough that a 

temperature:growth rate relationship was not apparent. 

3.2.2 Haloorganic Compounds 

Table 3.1 lists the haloorganic compounds used in these 

experiments along with relevant physical data. The 

Henry's constants shown were calculated by Gossett (66) 

using a system similar to the experimental method used in 

these experiments, i.e., sealed serum bottles. Gossett 

found that ionic strength effects were minimal in the range 

of ionic strengths typically encountered in biological 

experiments. Of 13 C! and C2 chlorinated compounds tested, 

the Henry's constant of PCE was most sensitive to ionic 

strength. Even in this case, however, an ionic strength 

exceeding 0.2 M KCl was needed to cause a greater than 10% 

increase in the apparent Henry's constant. The Henry's 
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constants in westlake medium should, therefore, not deviate 

significantly from the values published by Gossett. 

Compound purity l-iolecular specific He 

Weightb Gravityb 

CT 99.9+% 153.8 1.594(20°C) 1.244 

CF 99.9% 119.4 1. 489(20°C) 0.150 

OCM 99.9% 84.9 1. 33 6 (20°C) 0.0895 

CM 
__ II 

50.5 -- 0.361 

TCA 99+% 133.4 1. 34 6(IS°C) 0.703 

PCE 99+% 165.8 1.631 (15°C) 0.723 

Table 3.1. Phys1cal data for haloorgan1c compounds. CT = 
carbon tetrachloride, CF = chloroform, OCM = 
dichloromethane, CM = chloromethane, TCA = 1, 1, 1-
trichloroethane, PCE = tetrachloroethene. All compounds 
wereobtained from the Aldrich Chemical Co 0 4_ 1. 0 M 
solution in diethyl ether. b_ data from reference 37. He = 
dimensionless Henry I s constant (concentration in gas / 
concentration in liquid) determined from equilibrium 
partitioning in closed systems. Values shown are for 
systems at 24.8°C (from reference 66). 

since haloorganic compounds were added to cultures by 

injection of 5 ~L of a methanol-based stock (see below), it 

was possible that methanol addition might affect the 

Henry's constants. Gossett, however, found that a 5% (v/v) 

methanol addition was necessary to cause a measurable 
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trichloroethene. 

volume did not 

At the methanol 

concentrations used here (0.01%), the effect of methanol 

addition on Henry's constants should be insignificant. 

The Henry's constants in Table 3.1 were used to calculate 

the mass of haloorganic required to provide an aqueous 

concentration of 3 ppm (mass/volume). Except where noted, 

a haloorganic \"as added by injection of 5 p.L of a 

methanol-based stock through the septum of a sealed serum 

bottle. Since different serum bottle sizes (60, 72, 120 

mL) were used in different exper iments, 

haloorganic:methanol ratios in the stock solutions were 

varied as required to provide the necessary haloorganic 

mass in 5 p.L of stock solution. stock solutions were 

prepared in serum bottles without a significant «1.0 mL) 

headspace. 

closures and 

Bottles 

stored 

were 

at 

sealed with Mini-Inert 

-20 0 C until used. New 

valve 

stock 

solutions were prepared as necessary every 6-12 months. 
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3.2.3 General Protocol for Dehalogenation Experiments 

cultures were grown under highly aerobic or microaerobic 

conditions as previously described. Aerobically grown 

cultures were harvested at an optical density less than 

0.500. Microaerobically grown cultures were harvested at 

an optical density of 0.900 - 1.200 after 4-6 hours of 

growth under low-02 tension as described above. 

Cells were harvested by centrifugation in 500-mL bottles at 

8,000 x g at 4°C in a Beckman J2-21 centrifuge equipped 

with a JA-I0 rotor (Beckman Instruments, Inc.). The cell 

pellet was resuspended in fresh Westla]ce medium which had 

previously been cooled to 4°C. Low temperatures were 

maintained during the harvesting and resuspension 

procedures to minimize physiological changes in 

microaerobically grown cells as a result of exposure to 

higher concentrations of oxygen. Resuspended pellets were 

mixed for 15 minutes in an Erlenmeyer flask that was set in 

an ice-bath on a stir-plate to break up cell aggregates and 

assure a uniform suspension. 

The suspension was diluted to the target density using 

sterile Westlake medium. The target density chosen 
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depended on the experiment being conducted. Fifty mL of 

the diluted suspension was then dispensed into sterile 

serum bottles (60-, 72-, or 120- mL). The headspace of 

each bottle was generally purged with oxygen-free nitrogen 

gas prior to crimp-sealing the bottle. Trace amounts of 

oxygen were removed from the nitrogen by passage through a 

tube filled with copper turnings heated to 350°C. The 

copper surface was occasionally regenerated by passing 

mixture of H2 :C02 (80%:20%) through the tube to reduce the 

copper oxides. In some experiments, an air or 

headspace was used in lieu of nitrogen. The 

oxygen 

bottle 

stoppers (The West Company, Phoenixville,PA) were coated 

with Teflon to prevent adsorption of haloorganics on the 

stopper. 

Haloorganics were added to sealed bottles by injection of 

5 ~L of methanol-based stock through the stopper using a 

Hamilton microliter syringe. Bottles were wrapped in 

aluminum foil to preclude effects of light on the organism 

or on abiotic degradation rates. Wrapped bottles were 

incubated horizontally on a shaker table (150-250 rpm). 

Transformation of the haloorganic was monitored over the 

next 10-14 days by analysis of the headspace using gas 

chromatography. 
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3.2.4 Estimation of culture Density and Cell Number 

Cells were enumerated by an acridine orange staining 

method. A 1.0-mL aliquot of bacterial suspension was mixed 

with 100 ~L of 0.1% acridine orange. After 2 minutes, the 

liquid was filtered through a black 0.2 ~m polycarbonate 

filter. After washing with deionized water, the filter was 

examined under 1000x magnification using epifluorescence 

microscopy. The mean number of fluorescent cells counted 

in each of ten fields was subjected to multiplication 

factors to calculate the number of bacteria in the original 

sample. 

Viable cells were counted using a serial dilution and 

plating method. One mL of the suspension to be counted was 

successively diluted in 9-mL portions of Westlake medium or 

nutrient broth. 0.01 mL of each dilution was spread on 

each of 3 NA+Y plates. Plates were incubated at 30°C for 

2-3 days prior to counting colonies. Dilution factors were 

used to estimate cell numbers in the original suspension. 

optical density at 600 nm was used as a measure of culture 

density. Instruments used for this purpose were UV-160A 
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(Milton-Roy company) 

spectrophotometers. 

3.2.5 Controls 

All experiments used 2-3 replicate control bottles. 

Controls used in the early phase of this work included 

autoclaved cultures, sterile water, and Hg-poisoned 

cultures. Disappearance of CT was monitored in autoclaved 

and poisoned controls to measure losses due to (i) 

adsorption onto vessel or stopper surfaces, (ii)adsorption 

onto biomass, (iii) leakage, and (iv) reaction with medium 

components. sterile water controls examined losses from 

only (i) and (iii). 

Figure 3.1 shows results from an experiment utilizing water 

and poisoned controls. Figure 3.2 shows results of a 

different experiment using autoclaved cultures or water 

controls. In both cases, there are no significant 

differences between control types. Adsorption of CT onto 

biomass and abiotic transformation by medium components 

were not significant. since autoclaved controls were 

subject to contamination from repeated sampling and use of 

mercuric compounds presented handling hazards and disposal 
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problems, sterile water was used in controls for the 

majority of experiments. 

Use of autoclaved controls resulted in a slight amount of 

CT dehalogenation in rare cases (results not shown). This 

occurred occasionally when bottles were purged with N2 prior 

to autoclaving. It is possible that microbially produced 

reductant and biocatalysts were sufficiently heat-stable to 

reduce small amounts of CT in the absence of oxygen. When 

bottles were not purged with nitrogen prior to 

sterilization, autoclaved controls behaved as in Figure 

3.2. 
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Figure 3.1 comparison of water and poisoned controls. 
Poisoned controls \'lere amended with 0.01 g HgCl2 per bottle. 
The initial culture optical density of poisoned controls 
was 0.400 (A=600nm). The initial mass of CT added to 
bottles was 1.22 ~moles. Values represent the mean of two 
replicate bottles. Error bars indicate the range of 
values. LacJc of error bars at a data point indicates that 
the range was smaller than the symbol size. A liquid 
volume of 50 mL was used in 60-mL bottles. 
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Figure 3.2. Comparison of water controls and autoclaved 
controls. The initial culture optical density of 
autoclaved controls was 0.756. Values represent the mean 
of two replicate bottles. Error bars indicate the range of 
values. Lack of error bars at a data point indicates that 
the range was smaller than the symbol size.A liquid volume 
of 60 mL was used in 72-mL bottles. The initial mass of CT 
added was 1.437 ~moles. 
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3.2.6 Data Presentation 

The data points shown on graphs represent the mean of 2-3 

replicates. variation between replicates was generally 

slight «5-8%). Error bars showing the typical variation 

in data are shown on Figures 3.1, 3.2, and 5.4. Use of 

error bars would visually complicate graphical presentation 

due to the large number of data points and data sets. 

Error bars were not, therefore, utilized in remaining 

graphs. In any case where variation between replicates was 

large, results are shown for individual bottles. 

6.7 shows such a case. 

3 .3 Analytical R-Iethods 

3.3.1 oxygen-utilization Rates 

Figure 

Oxygen utilization by bacterial cultures was measured using 

a YSI Model 5300 Biological Monitor (Yellow Springs 

Instrument Co., Inc. ) . The instrument was tested and 

calibrated according to the manufacturer's instructions 

prior to use. Calibration was done in air-saturated water 

and subsequent measurements were recorded as % saturation 

in air. Time-dependent curves were used to determine an 
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average 02-utilization rate over a linear portion of the 

curve. Rates were normalized by as indicated by cell 

number, culture optical density, or protein concentration. 

3.3.2 Redox Potential 

Redox potentials in the Biostat MD fermentor were measured 

using an Ingold combination redox electrode (Ag/AgCI 

reference electrode) that was installed in the fermentor 

headplate. Redox measurements in serum bottles were made 

using one of two corning combination redox electrodes 

(Ag/AgCl reference electrode). The reference electrode 

potential was 235 mV (76). Eb values reported in this work 

are referenced to the standard hydrogen electrode using the 

following conversion: 

The redox potential was frequently measured in serum 

bottles at the conclusion of dehalogenation experiments. 

Measurements "tvere done in an anaerobic chamber (Coy 

Laboratory Products) to prevent introduction of oxygen into 

the sample. Bottles were not opened until placed in the 

chamber. 
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The meters used with the above electrodes do not allow 

automatic probe calibration. It is possible, however, to 

monitor electrode performance by measuring the potential of 

redox buffers with known electrode potential. One such 

buffer (Ingold) had an EAg/AgCI of +224 mV at 23°C. Additional 

redox buffers were made by saturating two pH buffers with 

quinhydrone (Sigma). The redox potential of the resultant 

quinhydrone/hydroquinone couple is a function of pH. For 

a saturated quinhydrone solution at 25°, the potential is 

(136) : 

Eb (in mV) = 699 - 59.1 pH 

Quinhydrone-saturated O. 1 M phosphate buffers of pH 7.0 and 

2.0, therefore, should provide Em=u~ values of +45 roM and 

+346 mV, respectively. 

Electrode performance was checked using these three redox 

buffers prior to making redox measurements. Em=u~ values 

were consistently within +15 to +40 mV of expected buffer 

values. If measured values deviated from this range, the 

probe electrolyte was changed. Insofar as redox 

measurements were used for qualitative comparisons of 

reducing conditions rather than a quantitative analysis, 
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the consistent small deviations from expected values were 

not considered problematic. 

Redox species present in a bacterial culture transfer 

electrons to the platinum electrode at varying rates. Lack 

of equilibrium between the electrode and redox couple may 

resul t in readings which are not representative of the 

solution redox potential. Nonequilibrium conditions 

between the various couples in solution is also likely 

since redox reactions are often slow in the absence of a 

suitable catalyst. Measurements in bacterial cultures are 

further complicated by the presence of intracellular 

components which may not be in equilibrium with chemical 

species in solution. 

Measurements in cultures were sometimes slow, taking 10-20 

minutes for the electrode to stabilize. In some cases, the 

probe did not stabilize even after one hour and continued 

to produce decreasing values. Mediator compounds, which 

serve as electron carriers, were used in some cases, to 

facilitate measurements. The useful range of a mediator is 

about ±50 mV about its midpoint potential since both 

oxidized and reduced species should be present for maximum 

effectiveness. These compounds were added in low 

concentrations (1-3 drops of a 0.05% solution added to 10-
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20 mL of culture) to avoid poising the redox potential of 

cultures. Table 3.2 lists the mediator compounds utilized 

and their midpoint potential. 

I Compound I Source I Em (mV) I Reference 

Neutral Red Sigma -325 136 

Anthraquinone-2- Aldrich -225 47 
Sulfonic Acid 

Potassium Indigo- Aldrich -46 76 
Tetrasulfonate 

Table 3.2. Redox Med1ators. Em (m1dpo1nt potent1al) shown 
is Eb at pH 7.0, 25°C, and [AJ~ = [AJ~. 

3.3.3 Nitrate, Nitrite, and Chloride Analyses 

Nitrate, nitrite, and chloride were analyzed by ion 

chromatography using a Dionex QIC Analyzer equipped with a 

Dionex IonPac column (HPIC-AS4A), a Dionex IonPac A64A 

guard column, and a Linear 291 (Linear Instruments Co.) 

chart recorder. Compounds were identified by comparison of 

retention times with the retention time of standard 

solutions. Standard solutions were prepared by (i) 

dissolving known amounts of KN03 , NaN02 , or NaCl in 

deionized water, and (ii) dilution of the resultant 

solution with deionized "later to prepare 5 solutions of 

known concentrations. A five point standard curve was 

I 



prepared relating peak height to concentration. 
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Mean 

values of replicate injections were used in preparation of 

standard curves and in analyses of samples. Deviation of 

replicate injections was small «2%). 

3.3.4 Protein Analysis 

Bacterial digests were prepared for analysis using a method 

modified from that described by Galli and McCarty (60). 

Cultures were shaken prior to sampling to resuspend cells. 

0.5 mL of culture was mixed with 0.1 mL 3 M trichloroacetic 

acid in a microfuge tube. After vortexing to mix the 

contents, the tube was centrifuged at 16,000 x g in an 

Eppendorf Model 5415 centrifuge. The supernatant was 

discarded and 0.5 mL 0.66 N NaOH was added to the pellet. 

After mixing, the alkaline extract was incubated at 35°C 

for 2 days. 

Protein was measured using the Coomassie staining method 

described by Bradford (25). This method is based on a 

color shift from reddish brown to blue upon binding of 

protein to Coomassie blue. Fi ve protein standards were 

prepared in the range 5-40 ~g/mL using bovine serum albumin 

(BSA), fraction V (Pierce Chemical Co.). standards were 



87 

prepared in 0.66 N NaOH since bacterial digests were 

prepared in the same solution. 

0.5 mL of protein standard or bacterial digest was 

neutralized with 0.5 mL of 0.66 N HCI. This was necessary 

to reduce interference caused by high alkalinity. 1.0 mL 

Coomassie reagent (Pierce Chemical Co.) was added and the 

absorbance at 595 nm was measured after mixing. Protein 

concentrations in bacterial digests were estimated from the 

BSA standard curve. Standard curves were prepared during 

each analysis. Since the curve became nonlinear at protein 

concentrations exceeding 40 ~g/mL, bacterial suspensions 

were sometimes diluted prior to digestion. Replicate 

measurements of each sample were made. Since the blue dye 

accumulated on the cuvette surfaces, the cuvette was rinsed 

with ethanol between measurements. 

Although protein concentrations were generally measured 

directly, a correlation was developed for S. putrefaciens 

relating culture absorbance, cell number/mL, and protein 

concentration. Culture absorbance was measured at 600 nm 

and cell numbers were estimated by acridine orange direct 

counting as previously described. The correlation is shown 

graphically in Figure 3.3. Linear regression of protein 
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and absorbance data was done to produce the following 

relationship (R2=0. 98) : 

Protein concentration(~g/mL) = 123.9 x culture absorbance 

This correlation is valid only over the range of 

absorbances shown, i.e., 0.100 - 0.800. 
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Figure 3.3. Correlation between cell number, absorbance, 
and protein concentration for S. putrefaciens. The culture 
was grown under highly aerobic conditions on westlake 
medium at 30°C in a Biostat MD fermentor. See text for 
details. 
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303.5 Analysis of Haloorganic compounds 

Haloorganics were measured by gas chromatography of 

headspace samples from reaction bottles. Equipment 

utilized included a Hewlett-Packard 5890A gas chromatograph 

equipped with either a J + W Scientific GS-Q mega bore 

capillary column (30 m length) or a J + W Scientific DB-I 

megabore capillary column (30 m length, 3 ~m film 

thickness) . This gas chromatograph was equipped with a 

flame ionization detector and a Hewlett-Packard 3392A 

integrator. Oven temperatures of I80°C and 50°C were used 

for the GS-Q and DB-I columns, respectively. 

Alternately, a Hewlett-Packard 5790A gas chromatograph was 

utilized. This was equipped either with a J + W Scientific 

DB-624 megabore capillary column (30 m length, 3 ~m film 

thickness) or a J + W Scientific DB-I column (same as 

described above). This machine was equipped with a 

Hewlett-Packard 3390A integrator and a flame ionization 

detector. An oven temperature of 50°C was utilized. 

Helium was used as the carrier gas in all cases. 

The configuration of GC columns was altered several times 

over the time experiments were conducted. Additionally, 

various carrier gas flow rates were used at different times 



91 

due to the needs of other researchers using the equipment. 

It is not possible, therefore, to accurately describe 

typical flow rates or retention times of haloorganics. 

Standards were run at each analysis, however, to determine 

the retention time for that experiment and to develop 

appropriate standard curves. 

Headspace samples (100 p.L) were removed from reaction 

bottles using Pressure-Lok gastight syringes (Dynatech 

Precision sampling Corp.) equipped with Mini-Inert valves. 

These syringes prevented loss of sample due to positive or 

negative pressure. 

Standards were made by injecting a known mass of 

haloorganic in a methanol-based stock into crimp-sealed 

serum bottles containing a known volume of water. The 

bottles used for standards were the same size as those used 

in a given experiment and contained the same liquid volume. 

After the haloorganic had reached equilibrium in the liquid 

and gas phases, a direct relationship existed between the 

peak area and the total mass in the bottle. Linear 

regression of haloorganic mass and peak area data from 

standards \'las used to develop a standard curve. This curve 

was used to relate peak areas from sample bottles to the 
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haloorganic mass in the sample bottle. R2 values for 

standard curves were typically greater than 0.98 for CT and 

greater than 0.93 for CF. 

At least two injections were done for each bottle. The 

mean of the injections was used to calculate the mass in 

the bottle. 

since gas: liquid phase equilibration of the haloorganic 

took 1-3 hours even when spiked bottles were placed on the 

shaker table, it was not possible to measure the 

haloorganic mass in sample bottles immediately following 

compound addition. The initial mass was therefore assumed 

equal to the mean value in replicate control bottles at the 

first sampling period. This first sampling typically took 

place 6-10 hours after addition of the haloorganic to the 

culture and control bottles. Since losses in controls were 

minimal over 200 hours, the mean mass present during the 

first sampling period was considered a good estimate of the 

mass added to all bottles. 

Analytical method detection limits were determined for CT, 

CF, and OCM using the HP 5790 with OB-624 column and 

HP5890A toJ'ith GS-Q column. To measure the detection limits, 
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decreasing masses of haloorganics were added to replicate 

serum bottles filled with known volumes of water. 

Headspace sampling (100 ~L sample size) was done as 

previously described. As the mass of haloorganic in a 

series of bottles decreased, the mean area count also 

decreased. The detection limit was defined as the lowest 

aqueous concentration for which the mean area count minus 

three standard deviations remains a positive value. 

Detection limits are shown in Table 3.3. 

compound HP 5790 HP 5890A 

CT 0.0256 0.0256 

CF 0.0149 0.0506 

DCM 0.112 0.187 

Table 3.3. Method detectl.on ll.ml.ts for chloromethanes. 
Values shown are aqueous concentrations (ppm). The method 
detection limit is defined in the text. 
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~. PORE CULTURE SCREENING STUDIES 

4.1 Introduction 

Table 2.1 listed those bacteria known to catalyze reductive 

dehalogenation reactions in pure culture. Most studies 

have invol ved obligate anaerobes, e. g., methanogens or 

clostridia, which are able to dehalogenate a wider range of 

compounds than are facul tati ve anaerobes. Reports of 

reductive dehalogenation by facultative anaerobic bacteria 

are few. Although some work has described dechlorination 

of CT by E. coli (33) and 1-hexachlorocyclohexane (HCH) by 

other facultative anaerobes (77), a screening study of 

aerobic, facultative, or aerotolerant anaerobic bacteria 

for the capability to dechlorinate 1- and 2-carbon 

chloroorganics has not been reported. 

This section describes such a screening study to determine 

if alkyl dehalogenation ability is widespread among 

bacteria with diverse physiological characteristics. CT, 

PCE, and TCA were chosen as representative, highly 

chlorinated, alkyl compounds. An attempt was also made to 

determine if a correlation existed between the ability to 

establish low redox potentials in bacterial cultures and 
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dehalogenation capability. Bacteria were chosen from 

groups with varying metabolic capabilities and included 

enteric bacteria, purple nonsulfur bacteria, Bacillus sp., 

Flavobacterium sp., Propionibacterium freundenreichii, S. 

putrefaciens strain 200, and Aeromonas hydrophila. 

Dehalogenation ability was tested using CT, PCE, and TCA. 

The enteric bacteria (E. coli K12 and citrobacter freundii) 

were chosen because previous studies have indicated that 

they were capable of dehalogenating CT (33) or HCH (77), 

respecti vely , under fermentati ve condi tions . The 

Rhodospirillaceae (purple nonsulfur bacteria) were selected 

because they have a versatile metabolism, are readily 

enriched from many aquatic habitats, and express a variety 

of electron carriers during anoxygenic photosynthesis (19). 

It was hypothesized that one of the electron carriers 

produced during illuminated, anaerobic growth might possess 

reductive dehalogenation ability. 

The Bacillus sp. used is capable of reducing Fe(III) as is 

S. putrefaciens strain 200. Although these two bacteria 

may have very different physiologies, it was anticipated 

that haloorganics might also be degraded by the same 

reductive machinery that permitted Fe(III) reduction. 
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The genus Flavobacterium is a diverse group of pigmented, 

nonfermentative, 

rods. Since 

chemoorganotrophic, non-spore-forming, 

inclusion in the genus is based on 

phenotypical characteristics, e.g., yellow pigment, species 

included in this genus may exhibit great heterogeneity in 

metabolic and genetic characteristics (148). The strain 

used is able to aerobically dechlorinate and mineralize PCP 

(112, 123). Even though this reaction occurs aerobically, 

low redox conditions favoring dehalogenation could occur in 

the cell interior. The mineralization process requires 

several steps, some of which involve reductive 

dechlorination of the aromatic ring. Although aerobic and 

anaerobic dehalogenation mechanisms are quite different, 

this bacterium was nevertheless considered a good candidate 

for inclusion in these screening studies. 

Many strains of propionibacteria are utilized in the 

commercial production of vitamin B12 (35) which, as 

described in Chapter 2, has been implicated as an electron 

carrier involved in reductive dehalogenation in both 

bacterial and abiotic studies. Although a strict anaerobe, 

Propionibacterium freundenreichii, was included in the 

screening study since it might have dehalogenation ability 

due to presumed vitamin BI2 presence. In the only previous 
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study involving a propionibacterium, however, P. shermanii 

was unable to dechlorinate HCH (77). 

Aeromonas hydrophila, a Gram-negative, motile, rod, is 

distributed over a wide range of natural waters. It is 

able to reduce nitrate and ferment certain sugars under 

anaerobic conditions (124). It was selected for inclusion 

in the screening studies because of its wide distribution 

and its facultative anaerobic metabolism. 

4.2 Materials and l·lethods 

4.2.1 Bacteria and Growth Conditions 

4.2.1.1 S. putrefaciens 

s. putrefaciens sp. strain 200 was isolate from an oil 

pipeline by C. Obuekwe (Obuekwe, Ph.D. dissertation, 

University of Alberta, Edmonton, Canada, 1980). Bacterial 

cultures were maintained and grown as described in Chapter 

3. 
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4.2.1.2 Purple Nonsulfur Bacteria 

Two species of purple nonsulfur bacteria, Rhodopseudomonas 

palustris strain JT and Rhodospirillum sp. strain OC, were 

isolated from fresh water creek sediment in Woods Hole, MA. 

The medium used for both maintenance of these organisms and 

dehalogenation experiments (NSP medium) consisted of the 

following (per liter): KH2P04 0.5 gj NH4Cl 0.4 gj NaCl 0.4 

9 j MgS04 • 7H20 0.2 9 j CaC12 • 2H20 0.1 9 j sodium benzoate 

0.864 gj NaHC03 1.68 9 j Na2-EDTA 3.0 mgj FeS04 • 7H20 1.1 mg j 

MnC12 '4H20 0.05 mgj CoC12 ·6H20 0.19 mgj ZnS04 ·7H20 0.086 mgj 

H3B03 0.124 mg j NiC12 • 6H20 0.024 mg j CUC12 • 2H20 0.002 mg j 

Na2Mo04 ' 2H20 0.018 mg j cyanocobalamin 0.005 mg j PABA 0.004 

mgj biotin 0.001 mgj nicotinic acid 0.01 mgj 

Ca-D(+)-pantothenate 0.005 mgj pyridoxine hydrochloride 

0.015 mgj thiamine HCl 0.010 mg. The pH of the medium was 

6.8. The medium was degassed with and stored under a 80% 

nitrogen:20% carbon dioxide headspace. Trace amounts of 

oxygen were removed from the N2 :C02 mixture prior to use by 

passage through copper turnings at 350°C. NSP medium was 

dispensed into sterile Balch tubes (Bellco Glass Co.) or 

120 mL serum bottles that were subsequently sealed with 

butyl rubber stoppers. 
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1.5 gIL Bacto-agar (Oifco) was added to NSP medium when 

growth of cultures on solid medium was desired. Inoculated 

culture plates were incubated in anaerobic culture jars 

(GasPak system, BBL) which had been purged with an 

oxygen-free 80% H2 : 20% N2 gas mixture. Anaerobic jars or 

inoculated liquid cultures were incubated at a distance of 

12-18 inches from a 40 W incandescent bUlb. Incubation 

temperature was 23°C. 

4.2.1.3 Bacillus sp. strain D10 

The Bacillus sp. strain 010 was isolated by Pat Rusin from 

a manganese ore-bearing heap in New Mexico. This organism 

is capable of Fe(III) and Mn(IV) reduction under anaerobic 

reduction (Pat Rusin, personal communication). The 

organism was maintained on tryptic soy agar (BBL) with 

glucose at 23°C. Oehalogenation experiments are done in 

tryptic soy broth (Oifco) with 2.5 gIL glucose (Sigma 

Chemical Co.). 1.0 gIL of sterile Cac03 was added to 

bottles during dehalogenation experiments to prevent 

significant decreases in pH which had occurred during 

preliminary experiments due to production of acids during 

fermentative growth on glucose. 



~.2.1.4 Flavobacterium SPa 

Flavobacterium sp. (ATCC #53874) 

American Type culture Collection. 
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was obtained from the 

Liquid medium (F'LV 

medium) used for dehalogenation experiments consisted of 

the following (per liter): K2HP04 o. 65g; KH2P04 0 .19g; 

Mgs04 ·7H20 0 .1g; NaN03 o. 5g; sodium glutamate 4.0 g; 2.0 mL 

0.01 M FeS04 • Iron was added from a filter-sterilized stock 

solution (0.278 g FeS04 • 7H20 per 100 lUL) after autoclaving 

the basal medium. The pH of the medium was adjusted to 

7.4. CuI tures were maintained on solid medium made by 

amending FLV medium with 15 gIL Bacto-agar. Cultures were 

incubated at 23°C. 

~.2.1.5 Propionibacterium freundenreichii 

Propionibacterium freundenreichii (ATCC # 6207 ) was 

obtained from the American Type Culture Collection. The 

culture was maintained on chopped meat medium consisting of 

freshly prepared beef extract amended with the following 

(per liter): peptone 30 . 0 g; yeast extract 5 . 0 g; K2HP04 

5.0 g; 0.025% resazurin 4.0 mL; L-cysteine HCI 0.5 g. The 

pH of the medium was adjusted to 7.0. 
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The beef extract was prepared with 500.0 g fresh ground 

beef, 25.0 mL 1.0 N NaOH, and 1.0 1 deionized water. The 

ingredients were boiled while stirring. The broth was 

cooled to room temperature and filtered after skimming off 

the fat layer. The filtrate volume was brought back to 1.0 

I by addition of deionized water. The meat particles were 

saved for subsequent use. 

Seven mL of chopped meat medium was dispensed into Balch 

tubes over approximately 2 g meat particles. The headspace 

was purged with oxygen-free H2 :N2 (80%:20%), and tubes were 

crimp-sealed with butyl rubber mushroom stoppers (Bellco 

Glass Co.) prior to autoclaving. 

Dehalogenation studies were conducted in YEL medium (35) 

which consisted of trypticase (BBL) 10 giL; yeast extract 

(Difco) 10.0 giL; 60% sodium lactate syrup (Pfanstiehl 

Laboratories, Inc.) 16.7 giL; KH2P04 2.5 giL; and MnS04 0.005 

giL. The final pH of the medium was adjusted to 7.0. 15 

giL of Bacto-agar was added to YEL medium \vhen solid medium 

was desired. purity of cultures was checked by streaking 

out samples from chopped beef maintenance cultures on solid 

YEL medium. Plates \vere incubated in the anaerobic chamber 

or in anaerobic jars. 
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4.2.1.6 Citrobacter freundii and Aeromonas hydrophi1a 

citrobacter freundii (ATCC # 8090) and Aeromonas hydrophila 

(ATCC #7966) were obtained from the American Type Culture 

Collection. Both bacteria were maintained on nutrient 

broth (Difco) or on nutrient agar plates supplemented with 

5 gIL yeast extract. Cultures were maintained at 23°C. 

Dehalogenation experiments with both bacteria were done in 

KMA medium consisting of (per liter): (NH4hS04 1.0 gi 

MgS04·7H20 0.5 g; CaCI2 • 2H20 O. 2g; yeast extract 0.5 gi KH2P04 

2.67 g; K2HP04 1.36 g; FeCL3 stock solution 1.0 mL. The 

phosphates were autoclaved separately in a portion of the 

water to prevent precipitation. The carbon source was 18 

mM lactate. The iron stock ( 1. 935 g FeCI3 • 6H20 in 100 mL 

deionized water) was filter sterilized prior to use and 

added after autoclaving the rest of the medium. The medium 

pH was adjusted to 7.2 following addition of all 

components. 

4.2.1.7 E. c01i 

E. coli K-12 ( ATCC #25290 ) was obtained from the American 

Type Culture Collection. The bacterium was maintained on 
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nutrient broth (Difco) or on nutrient agar plates 

supplemented with 5 gIL yeast extract. Cultures were 

maintained at 23°C. 

Dehalogenation experiments with E. coli were done in two 

different media. One contained 18 mM glucose to allow 

fermentati ve growth whereas the other contained 18 mM 

glycerol (J. T. Baker), a nonfermentable substrate. The 

basic medium (MF medium) consisted of (per liter): (NH4) 2S04 

1.0 g; MgS04· 7H20 0.5 g; CaS04· 2H20 0.026 g; yeast extract 

O. 8g; KH2P04 2.67 g; K2HP04 1. 32 g; NaHC03 0.042 g; FeCl3 

stock solution 1.0 mL. The phosphates were autoclaved 

separately in a portion of the water to prevent 

precipitation. The medium pH was adjusted to 7.2 following 

addition of all components. Cultures were maintained at 

23°C. 

4.2.2 Experimental Conditions 

The general screening procedures involved (i) growing a 

bacterial culture in the appropriate medium and under 

suitable conditions (described above); (ii) harvesting 

cells by centrifugation (8000 x g, 15 minutes @ 4°C) and 

resuspending the pellet in fresh medium to an optical 
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density of 0.2-0.4 (A = 600 nm); (iii) dispensing 50 mL of 

the resuspended culture into sterile 120 mL serum bottles; 

and (iv) spiking the crimp-sealed bottles with 2.67 ~moles 

of either CT, PCE, or TCA. 

The headspaces of bottles containing organisms requiring 

anaerobic conditions (propionibacteria or purple nonsulfur 

bacteria) were purged with oxygen-free N2 or N 2 :C02 prior to 

sealing the bottles. Other bacteria were sealed in bottles 

with an air headspace assuming that the bacterial culture 

would remove oxygen during the early stages of the 

experiment. Bottles, except those containing phototrophic 

bacteria, were wrapped in aluminum foil and incubated 

horizontally on a shaker table at 23°C. Purple nonsulfur 

bacteria were incubated at a distance of 12-18 inches from 

a 40 W incandescent bulb. 

CT, PCE, and TCA stock solutions were prepared in methanol 

so that 5 ~l of stock solution would provide 2.67 ~moles of 

haloorganic compound. 2.67 ~moles of haloorganic provided 

equilibrium aqueous concentrations of either 3 ppm (19.5 

~M) CT, 4.4 ppm (26.5 ~M) PCE, or 3.6 ppm (26.9 ~M) TCA. 
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GC analyses of serum bottle headspaces were done every 24-

48 hours for approximately two \oJeeks to monitor 

transformation of haloorganic compounds. At the conclusion 

of the experiment, the bottles were transferred to the 

anaerobic chamber where pH and electrode potential of 

cultures were measured as previously described. Protein 

analyses were done as described in Chapter 3. 

Four reaction bottles were used for each of the three 

compounds tested. Two bottles contained resuspended 

cultures and two served as sterile water controls. In most 

cases water controls were used in lieu of controls 

containing un inoculated medium since repeated sampling over 

the course of the experiment would present difficulties in 

maintaining sterile medium controls. Since it was unclear, 

however, if the different media used for different bacteria 

would affect abiotic degradation rates, sterile media in 3 

serum bottles were also spiked with each of the three 

compounds. If biotransformation was observed in a bottle 

containing culture, the medium control containing the 

appropriate haloorganic was analyzed at the conclusion of 

the experiment to determine the contribution of abiotic 

degradation. Autoclaved cultures were used in lieu of 

water controls in the experiment with R. palustris. 
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The initial growth phase for aerobic or facultative 

bacteria took place in an Erlenmeyer flask on a shaker 

table. The purple nonsulfur bacteria and propionibacteria 

were initially grown in stoppered and stirred Erlenmeyer 

flasks from which the headspace air had been removed by 

purging with either oxygen-free N2 :C02 or N2 , respectively. 

The headspaces of centrifuge bottles were similarly purged 

prior to centrifuging the latter bacteria. Resuspension of 

these same bacteria was done in the anaerobic chamber or 

while purging cultures with oxygen-free gases. 

4.3 Results and Discussion 

The results of pure culture screening experiments are shown 

in Figures 4.1-4.9 and summarized in Table 4.1. CT was 

transformed only by three bacteria, s. putrefaciens, R. 

palustris, and P. freundenreichii. Under the conditions of 

the experiments, PCE and TCA were not transformed by any of 

the bacteria tested. There have been no reports of 

anaerobic TCA or PCE dehalogenation by pure cultures other 

than strict anaerobes. 

CT has been reductively transformed at higher rates than 

PCE or TCA in abiotic experiments. Gantzer and Wackett 
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(139) studied dehalogenation of several chlorinated 

solvents in the presence of Ti(III) citrate and either of 

three cofactors. Pseudo-first-order rate constants for 

dehalogenation were approximately 10-, 27-, and 15-fold 

faster for CT than for PCE using vitamin BI2I coenzyme F430 , 

or hematin, respectively, as catalysts. Klecka and Gonsior 

(80) studied CT and TCA degradation in the presence of 

sulfide and hematin. 99% of CT (starting concentration = 

620 ppb) and 35% of TCA (starting concentration = 850 ppb) 

were transformed in 8 and 11 hours, respectively. 

Assaf-Anid and Vogel (12) also reported that CT was more 

readily transformed than PCE in cofactor-mediated abiotic 

experiments. 

Although there have been no reported comparisons of 

dehalogenation rates of PCE, CT, and TCA by pure cultures, 

Bouwer and Wright (24) studied dehalogenation of various 

haloorganics in anoxic biofilm columns. with a 1. 5-hr 

detention time under sulfate-reducing conditions, >99% of 

CT was transformed versus only 33% of TCA and 12% of PCE. 

When the column was run under denitrifying conditions, >99% 

of CT, 30% of TCA, and 0% of PCE were removed in columns 

with a 2.5 day detention time. It is apparent, then, that 
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PCE and TCA are more difficult to microbially dehalogenate 

under anaerobic conditions than is CT. 

I 
Bacterium I CT I TCA I PCE 

I 
Flavobacterium sp. - - -

Aeromonas hydrophila - - -

E. coli K12 - - NO 

citrobacter freundii - - -
s. pu trefaci ens + - -

Bacillus sp. 010 - - -

Rhodopseudomonas palustris + - -

Rhodospirillum sp. - - -

Propionibacterium + - -
freundenreichii 

Table 4.1. Summary of results of screening experiments. 
A plus sign (+) indicates compound disappearance. A minus 
(-) sign indicates no transformation. All experiments were 
done in 120 mL serum bottles containing 50 mL culture. The 
initial mass of each haloorganic added to reaction bottles 
was 2.67 pmoles in all cases. NO = Not determined. 
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I Bacterium I Eb I pH I 
citrobacter freundii -85.9 ±28.8 6.23±0.0 

Flavobacterium sp. -168.5 7.05±0.1 

±13.1 

Aeromonas hydrophila ND 6.44±0.0 

s. putrefaciens -170.3 ± 6.73±0.0 

4.5 

Bacillus sp. D10 -88.0 ± 3.5 5.51±0.0 

Rhodopseudomonas palustris -272.9 6.67±0.0 

±14.7 

Rhodospirillum sp. +102.3 7.12±0.2 

±46.3 

P. freundenreichii -16.7 ± 6.56±0.0 

17.2 

Table 4.2. Eb and pH of screening experiment cultures. All 
values measured at the conclusion of respective experiments 
with the exception of values for S. putrefaciens. Values 
for this bacterium are typical of those from other 
experiments with the same organism. Values shown are mean 
values ± standard deviation from 2-3 replicates. ND = Not 
determined. 

The inability of E. coli K12 to dehalogenate CT under 

either respiratory (glycerol substrate) or fermentative 

(glucose substrate) conditions is contrary to the work of 

criddle et al (33) who reported dehalogenation of CT by the 

same strain under fermentative conditions. CT 

concentrations used by Criddle et al were much less than 
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those used here, i.e., 0.1-0.2 ppm versus 3 ppm in these 

studies. The higher concentrations may have inhibited 

dehalogenation although there is no other evidence to 

suggest such an effect. A more likely explanation involves 

the higher phosphate concentrations used by Criddle et al 

that could have increased rates of buffer-catalyzed 

dehalogenation (see Chapter 5) . Total phosphate 

concentration in these experiments was 27.2 mM whereas 

Criddle et al used a total phosphate concentration of 53.6 

mM. Degradation rates in their experiments may be due, in 

part, to increased buffer-catalyzed dehalogenation. 

It is interesting to note that CT apparently inhibited 

growth of the two purple nonsulfur bacteria to a greater 

extent than did TCA or PCE. The caption of Figure 4.3 

(Rhodospirillum sp.) shows that, over the course of the 

200-hour incubation, the optical density of cultures in the 

TCA- and PCE-containing bottles increased 5-fold over the 

starting optical density. Those bottles containing CT had 

a decrease in optical density over the same time period. 

Although this suggested that CT toxicity could have 

prevented dehalogenation activity by Rhodospirillum sp., 

the data in Figure 4.4 (R. palustris) indicate that 

dehalogenation can occur even if grmvth is inhibited. 

Although all bottles of R. palustris contained the same 
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initial culture suspension, protein concentrations at the 

conclusion of this experiment were 63% and 28% higher in 

PCE- and TCA-containing bottles than in CT-containing 

bottles. Toxici ty suff icient to inhibit growth, therefore, 

does not necessarily prevent dehalogenation. 

There is no evidence to suggest that the mechanism of 

dehalogenation is the same in all capable bacteria. It is 

also clear that the ability to dehalogenate CT is not 

linked to one particular type of bacterial group. The 

three bacteria which dehalogenated CT, s. putrefaciens, R. 

palustris, and P. freundenreichii, are metabolically 

di verse. s. putrefaciens is a facul tati ve anaerobe with an 

obligate respiratory mechanism. P. freundenreichii is an 

obligate anaerobe. R. palustris dehalogenated CT under 

conditions of anaerobic photosynthesis although it can also 

grow chemoheterotrophically under aerobic conditions in the 

dark. Dehalogenation of CT by this bacterium under the 

latter conditions was not attempted. Interestingly, two 

similar organisms may not share dehalogenation capability. 

Of the two purple nonsulfur bacteria, only R. palustris was 

capable of dehalogenating CT. 
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Table 4.2 summarizes pH and Eb data measured at the 

conclusion of individual experiments. The data suggest 

that dehalogenation capability is not determined solely by 

the culture redox potential. Although the thermodynamics 

of CT dehalogenation will become increasingly favorable as 

the midpoint potential of the electron donor decreases, 

there is no close correlation between culture redox 

potential and dehalogenation ability. Although all three 

dehalogenating organisms generated a negative culture ~, 

some nondehalogenating cultures produced a much lower 

culture redox potential than those capable of 

dehalogenation. The Flavobacterium sp., for example, was 

incapable of dehalogenating but produced a much lower Eb 

than did P. freundenreichii which did dehalogenate. When 

considering redox electrode measurements, however, it 

should be noted that the redox equilibrium conditions 

assumed for accurate measurements, i.e., intrasolution and 

solution:electrode equilibria, cannot be demonstrated. 

Dehalogenation is not readily linked to (i) similar 

metabolic characteristics that might implicate a specific 

enzyme system nor to (ii}overall changes in solution 

chemistry measurable by simple electrochemical means. It 

is possible, then, to speculate on mechanisms of microbial 
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Although a number of mechanisms are 

possible, the data are consistent with a reductant:electron 

carrier mechanism suggested by abiotic studies described in 

Chapter 2. 

Such a mechanism requires only that the bacterium produce 

reductant and an electron carrier capable of reducing CT. 

s. putrefaciens and R. palustris both contain cytochromes 

and, possibly, other trans it ion-meta I-containing proteins. 

P. freundenreichii is a member of a genus whose members 

often produce relatively high corrinoid concentrations 

although the actual corrinoid content of this species was 

not determined. 
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Figure 4.1. Biotransformation capability of Bacillus sp. 
strain D-10. Initial optical density (X=600 nm) was 0.307. 
See text for additional details. 
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Figure 4.2. Biotransformation ability of Flavobacterium sp. 
Initial optical density (A=600 nm) was 0.296. Final 
optical density was 0.640. See text for additional 
details. 
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Figure 4.3. Biotransformation capability of Rhodospirillum 
sp. strain OC. The initial optical density (A=600 nm) was 
0.290 in all cases. Final optical densities were 0.159, 
1.680, and 1.450 for CT-, TCA-, and PCE-containing 
cultures, respectively. See text for additional details. 
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Figure 4.4. Biotransformation capability of 
Rhodopseudomonas palustris strain JT. The starting optical 
density (A=600 nm) was 0.203. Final protein concentration 
was 61.1, 78.3, and 99.6 mg/L in CT-, TCA-, and 
CT-containing cultures, respectively. See text for 
additional details. 
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Figure 405. Biotransformation capability of Propionibacterium 
freundenreichii. Initial optical density (A=600 nm) was 
0.258. Final optical density was 1.27. Final protein 
concentration was 206.8 ± 26.6 mg/L. 
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Final protein concentration was 117.3 ±6.4 mg/L. 
additional details. 
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Citrobacter 
was 1.064. 

See text for 
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Figure 4.7. Biotransformation capability of Aeromonas 
hydrophila. Initial optical density was 0.248 ("=600 nm). 
Final protein concentration was 102.9 ± 1.6 mg/L. See text 
for additional details. 
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Figure 4.9. Biotransformation capability of S. putrefaciens. 
Initial optical density was 0.232 (A=600 nm). Initial mass of 
CT and TeA was 2.67 ~moles. Initial mass of PCE was 1.82 
~moles. See text for additional details. 
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Figure 4.9. Biotransformation capability of E.coli K12. The 
carbon source used was either 18 mM glucose (Culture A) or 18 
mM glycerol (Culture B). The initial culture optical density 
was 0.259 (A=600 nm) in both cases. See text for additional 
details. 
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5. PRELIMINARY STUDIES AND GENERAL ASPECTS OF CARBON 

TETRACHLORIDE TRANSFO~IATION BY Shewanella putrefaciens 

5.1 Introduction 

This section describes a number of preliminary and general 

studies which were done to establish the groundwork for 

later studies of dehalogenation mechanism. The work 

described in this section includes studies of: (i) S. 

putrefaciens long-term survivability; (ii) acute CT 

toxicity; (iii) effects of temperature and buffer 

concentration on CT dehalogenation; (iv) effects of oxygen 

on dehalogenation rates; (v) possible correlations between 

culture redox potential and dehalogenation rates; and (vi) 

effects of microaerobic growth on dehalogenation. This 

section also describes general kinetic studies and an 

analysis of dehalogenation stoichiometry. 

Since there are a number of experiments described, separate 

Methods and Results sections would make comprehension 

difficult. Individual sections, therefore, were prepared 

to describe each group of experiments. Each section 
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includes an explanation of methods and a brief discussion 

of results. 

502 Viability of stationary-Phase cultures 

Since many of the dehalogenation experiments being done 

with s. putrefaciens were conducted for periods of several 

weeks, it was of interest to determine if cells remained 

viable in the sealed reaction bottles for this time period. 

Survivability of s. putrefaciens under anaerobic 

conditions in the presence and absence of 3 ppm CT was 

studied in the following manner. A culture was grown in a 

flask on a shaker table to an optical density (A=600nm) of 

0.300. The culture was washed and resuspended in fresh 

medium to optical densities of 0.450 and 0.950. Fifty mL 

of culture of each density was dispensed into 120 mL serum 

bottles which were then crimp-sealed. CT (2.67 ~mol) was 

added to an additional bottle containing 50 mL of 0.450 

optical density culture to provide an aqueous concentration 

of 3 ppm. Bottles were wrapped in aluminum foil and placed 

on a shaJcer table for one day to allow the microorganisms 

to scavenge headspace oxygen. Bottles were subsequently 

stored at room temperature without shaking in an anaerobic 

chamber. Samples were periodically wit.hdrawn by syringe 
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for enumeration by acridine orange direct counting and by 

serial dilution and plating. 

As can be seen from Figure 5.1, the initial AODC counts 

were approximately an order of magnitude greater than those 

obtained in serial dilution and plating procedures. 

Although a slight variation was noted in AODC values during 

the first several days of the experiment, values remained 

between approximately 108.5 and 109 cells/mL throughout the 

35-day experiment for all treatments. 

Viable plate counts, however, revealed an initial drop in 

cell viability of 2-3 orders of magnitude over the first 

four days. This decrease in viability was greatest in the 

bottle containing CT, which produced slightly lower viable 

cell counts for the duration of the experiment. In 

general, however, it would appear that, following a 

sUbstantial decrease in culturability over the first 

several days, a significant number of cells remain 

culturable for over a month in sealed anaerobic bottles, 

even if initially amended with 3 ppm CT. 
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Figure 5.1. Culturability and total cell numbers of S. 
putrefaciens under anaerobic conditions as a function of 
time. Values are expressed as the log of colony-forming 
units/mL or the total number of cells counted/mL. Bottles 
1 and 2 had initial culture optical densities of 0.450 
(A=600 nm). The initial optical density of bottle 3 was 
0.950. Bottle 2 was amended with 2.67 JLmoles of CT to 
provide an aqueous concentration of 3 ppm. Bottles 1 and 3 
"t'lere unamended. 
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5.3 Acute CT Toxicity 

suppression of cellular capacity to utilize oxygen 'l7as used 

as a measure of short-term toxicity of CT to anaerobic 

cultures. This was determined using aerobically-grown 

cultures which had been amended with 0.0001% resazurin as 

a redox indicator. At an optical density of approximately 

0.360, 50 mL of culture was dispensed into 120 mL serum 

bottles. The bottles were shaken until the resazurin was 

decolorized (2-3 hours) indicating the onset of anaerobic 

conditions. CT in various concentrations (target aqueous 

concentrations of 3,10,40, and 80 ppm) was then added by 

injection through the stopper. Since CT \>las added by 

injecting 5 ~L of methanol-based stock solutions in some 

cases (at 3 and 10 ppm CT concentrations), one bottle was 

amended solely with 5 ~L methanol to determine methanol 

toxicity. Higher CT concentrations were obtained by 

injection of appropriate amounts of the neat compound. 

Following addition of CT or methanol, 

placed on a shaker table and samples 

the bottles were 

were periodically 

withdrawn by syringe for measurement of 02-utilization rate 

and optical density. Samples (approx. 5 mL) were shaken 
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vigorously in a flask for about one minute to aerate the 

culture prior to oxygen-uptake measurements. 

Oxygen-utilization was determine as previously described. 

Oxygen-uptaJce rates were normalized to cell density by 

dividing by culture absorbance. 

Figure 5.2 shows the results of experiments in which the 

acute toxicity of CT to anaerobic cultures of s. 

putrefaciens was estimated using 02-utilization rate as an 

indicator of cell activity. In almost all cases, cells 

showed an increase in 02-utilization rates after 200 minutes 

of exposure to anaerobic conditions. When compared to 

unamended cultures, all CT concentrations used resulted in 

suppression of the culture's ability to use oxygen 

following reoxygenation. Cultures amended with only 

methanol or methanol plus 3 ppm CT showed the least 

suppression (80-90% of unamended rates). suppression of 

02-utilization ability became more pronounced as CT 

concentrations increased. To minimize toxicity, an 

aqueous-phase CT concentration of 3 ppm was chosen for the 

majority of subsequent experiments. 
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5.4 Effects of Solution Chemistry a.nd Cell Dansi ty on 

Deha.logenation. 

The degree of CT dehalogenation may be related to the redox 

potential as shown by abiotic studies. Criddle and McCarty 

(34), for example, found that the extent of CT 

dehalogenation in an electrolytic cell was dependent upon 

the electrode potential. 

redox potential of a 

measured as a function 

In a preliminary experiment, the 

cuI ture of S. putrefaciens was 

of time and different culture 

conditions, i.e., dissolved oxygen conditions. As can be 

seen from Figure 5.3, the redox potential remained positive 

as the culture grew under highly aerobic conditions. When 

aeration was stopped, the redox potential quickly dropped 

and reached a value of -170 mV in less than 1 hour. The 

potential continued to slowly decrease with time to a value 

of -295 mV. Purging the culture with nitrogen slightly 

accelerated the rate of decrease. since this experiment 

was conducted under constant pH conditions, this decrease 

was not related to pH changes resulting from stripping 

dissolved CO2 from the culture. Jacob (76) described the 

culture redox potential developed by different bacteria in 

continuous culture. The culture redox potentials developed 
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by s. putrefaciens were lO\'ler than those reported for 

aerobic bacteria such as Bacillus subtilis UT6 and 

staphylococcus aureus SG 511 and typical of potentials 

created by facultative anaerobes such as Proteus vulgaris 

SG-2 and E. coli. 
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In the same way that Criddle and McCarty (34) were able to 

increase the rate and extent of dehalogenation by lowering 

the electrode potential in an electrolytic cell, 

microorganisms capable of generating a low culture redox 

potential might be capable of driving dehalogenation 

through production of an unspecified reductant and 

subsequent changes in solution chemistry. Since s. 

putrefaciens was shown capable of establishing a low 

culture redox potential under anaerobic conditions, it was 

desirable to distinguish if dehalogenation was solely a 

function of the culture redox potential or if there were 

other rate-determining parameters or components. 

An experiment was done to examine (i) whether CT could be 

dehalogenated by biologically-reduced medium from which the 

cells had been removed. A culture of s. putrefaciens was 

grown aerobically to a density of 0.20. The flask was then 

transferred to an anaerobic chamber for one hour to 

eliminate oxygen from the headspace. Cells were removed 

from a portion of the culture by sequential filtration 

through 8 ~m and 0.45 ~m filters. Filtration was done in 

the anaerobic chamber. Three replicate bottles each were 

filled with 50 mL of sterile \vater, cell-free reduced 

filtrate, or active culture and spiked with 2.67 ~moles of 
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CT. After 12 days, the amount of CT or CF present in each 

bottle was measured. The results of this experiment are 

shown in Table 5.1. 

culture Conditions CT remaining, CF Produced, 

I·f/Illo 14./1-70 

sterile water, air 1. 04 ± 0.04 0.00 ± 0.00 

headspace. 

Cell-free filtrate, 0.86 ± 0.04 0.05 ± 0.01 

nitrogen headspace 

active culture, 0.81 ± 0.03 0.09 ± 0.01 

nitrogen headspace 

Table 5.1. CT dehalogenat1on by s. putrefac~ens 1n reduced 
medium in the absence or presence of cells. Awo = 0.20 cm- I • 

Mo = 2.67 ~moles. Values shown are means of three replicate 
bottles, ± range of values. Analysis was done at t= 12 
days. 

Table 5.1 indicates that a cell-free filtrate of 

microbiologically reduced medium can reduce CT, albeit to 

a slightly lesser extent than when cells are included. CT 

transformation and CF formation were respectively 35% and 

90% higher in bottles containing cells than in the 

filtrate. Although attempts to culture cells from the 

filtrate were unsuccessful indicating cell removal was 
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complete, it is possible that cell fragments or membrane 

material had passed through the filter. If cellular 

material was needed as a catalyst for dehalogenation in the 

presence of microbially-generated reductant, relatively 

small amounts of cell or membrane fragments would be 

required. Further experiments were needed to clarify the 

importance on dehalogenation capacity of cellular biomass 

relative to changes in solution chemistry or redox 

potential. 

Figure 5.4 shows the results of an experiment which 

examined dehalogenation by cultures of S. putrefaciens of 

varying cell densities. Harvested cells were resuspended 

to different optical densities in 72 mL bottles with 60 mL 

of bacterial suspension and 12 mL of an air headspace. If 

dechlorination was solely a function of culture redox 

potential, one would expect those cultures with the lowest 

redox potential to exhibit the greatest amount of 

dechlorination. As can be seen from Figure 5.4, the 

initial rate of dechlorination and final amount of CT 

transformed was a function of cell density. Measurements 

of culture parameters at the conclusion of the experiment 

are shown in Table 5.2. Since redox potentials were 

essentially identical regardless of culture density, it is 



136 

apparent that the extent of transformation is a function of 

cell density, total protein, or total cell activity rather 

than culture redox potential. 
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putrefaciens as a function of culture density. Ini tial 
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culture Final pH Final Protein Final Eh,mV 

Density Concentration, 

p.g/mL 

Low (0.459) 6.84 27.0 ±1.8 -202 ±7 

Medium (0.733) 6.80 42.7 ±0.3 -206 ±4 

High ( 1.191) 6.75 60.0 ±0.1 -207 ±3 

Table 5.2 Final culture parameters for cultures of s. 
putrefaciens of varying culture density. The initial 
culture absorbance (A=600 nm) is shown in parentheses. All 
values shown are mean values for two replicate bottles. 
Estimated initial protein concentrations (see section 
3.3.4) for the low, medium, and high density cultures were 
56.9, 90.8 and 147 p.g/mL, respectively. 

The low, medium, and high density cultures exhibited 

average CT transformation rates of 5.1, 7.4, and 9.3 nmoles 

CT /hr , respecti vely , over the first 40.5 hours. When 

normalized by the final concentration of cellular protein, 

the transformation rates become quite similar, i.e., 3.2 ± 

0.2, 2.9 ± 0.0, and 2.6 ± 0.0 nmoles/hr/mg protein, 

respectively. This suggests that transformation rates are 

approximately first-order with respect to biomass. 
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5.5 Effects of Temperature variation on Debalogenation 

Temperature effects on chemical reaction rates are 

described by the van't-Hoff-Arrhenius equation, 

d(ln k) = E 
dT RT2 

where T = absolute temperature, R = ideal gas constant, and 

E =activation energy. In its integrated form, 

Although it is apparent from this equation that an increase 

in temperature causes an increase in reaction rate, the 

increase in rate cannot be quantitatively predicted without 

knowledge of the activation energy. This expression is 

also of questionable value in quantitatively predicting the 

effects of temperature increases in complex microbial 

processes. Although empirical simplifications of the van't 

Hoff-Arrhenius equation are available for well-studied 



process, i.e., activated sludge treatment, 

application here would not be justified. 
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their 

since dehalogenation experiments with s. putrefaciens were 

conducted at ambient laboratory conditions which may vary 

by 2-3 ° C over the course of an experiment or between 

experiments, an experiment was conducted to determine if 

temperature differences dramatically affected 

dehalogenation. The experiment was conducted using 

aerobically grown cultures which were maintained at 20°C or 

30°C during the growth period. Cultures were subsequently 

washed, resuspended in fresh medium, and dispensed into 

serum bottles. Bottles were wrapped in aluminum foil. 

Sealed bottles were spiked with CT and shaken in a water 

bath at 20°C or 30°C. Headspace GC analysis was conducted 

over time as previously described. 

From Figure 5.5 it can be seen that dehalogenation rates 

are 5-10% greater at 30° C than at 20° C. The differences, 

however, were close to the range of variation one sees in 

replicate bottles at the same temperature. Since 

experimental conditions usually vary over the range of only 

22-25°C, the small variation seen between 20° and 30° 
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suggests that temperature variations in the laboratory can 

be ignored. 
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the mean of 2 replicates. 



143 

5.6 CT Dehalogenation at Various CT concentrations 

Although most experiments were done at an aqueous CT 

concentration of 3 ppm, in one experiment CT was presented 

to microaerobically-grown cultures at concentrations of 6, 

12, and 18 ppm. The results of this experiment are shown 

in Figure 5.6. Absolute transformation rates were highest 

in the bottles containing 18 ppm CT and the lowest in those 

containing 6 ppm. When normalized by the inital mass of 

CT, however, fractional rates were greatest in the cultures 

containing the lowest concentration as shown in Figure 5.7. 

This may be a result of partial CT toxicity or saturation 

of the relevant enzyme or cofactor system. A later section 

will model this data using a modified Michaelis-Menten 

expression. 
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5.7 Effects of varying Buffer Concentration 

preliminary abiotic experiments (data not shown) had 

suggested that phosphate buffer is capable of catalyzing 

dehalogenation of CT under reducing conditions. To study 

the effect of buffer concentration on reductive 

dehalogenation by s. putrefaciens, an experiment was 

conducted using Westlake medium containing either 1.0, 5.0, 

25, or 100 mM phosphate buffer. All were at pH 7.2. 

Incubations were done at room temperature. Figure 5.8 

shows that CT transformation was greatest using 100 mM and 

least with 1. a mM phosphate. Dehalogenation rates in 

cultures containing 5 or 25 mM phosphate were intermediate 

in transformation rate. Abiotic dehalogenation did not 

occur in 100 mM or 1 mM controls. Phosphate buffer has 

previously been shown by Barbash and Reinhard to catalyze 

the degradation of 1,2-dichloroethane and 1, 2-dibromoethane 

in the presence of sulfide as a reductant (14). The 

authors suggested that the catalytic species was HP04-2 • 

Observed biotransformations reported in the literature, 

therefore, may often include contributions not only from 

reactions directly catalyzed by bacteria, but also from 

buffer-catalyzed reactions. These results underscore the 
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need for constant buffer concentrations in experiments 

comparing dehalogenation rates. 



1 

0.9 

0.8 

0.7 
0) 
c ·c 
·ro 0.6 
E 
Q) 

a: 
c 0.5 
0 
U 
tU 
~ 0.4 u.. 
.-: 
() 

0.3 

0.2 

0.1 

O+-~--~--.--.---r--.-~---r~ 
o 20 40 60 80 100 120 140 160 180 

Time, hrs 

-0-

1 mM Phosphate 

-f-

5 mM Phosphate 

--*-
25 mM Phosphate 
-B-

148 

100 mM Phosphate 

--*-
1 mM Control 

-A-
100 mM Control 

Figure 5.8 Transformation of CT by s. putrefaciens in the 
presence of varying buffer concentrations. Initial aqueous 
CT concentration was 3 ppm. Values represent the mean of 
two replicate bottles. 
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5.8 Inhibition of Dehalogenation by oxygen 

preliminary experiments using different headspace volumes 

indicated that headspace volume affected the amount of CT 

transformed. It was postulated that this affect was due to 

the amount of oxygen available to the culture. An 

experiment 

effect of 

was conducted, therefore, to determine 

initial oxygen availability on 

the 

CT 

biotransformation. Duplicate 120 mL reaction bottles were 

arranged with 50 mL of culture and 70 mL headspaces of air, 

nitrogen, and oxygen. These headspaces provided 0.0, 0.659, 

and 3.14 romol of oxygen per bottle, respectively. 

The results of this experiment are shown on Figure 5.9. CT 

transformation was greatest in the bottles initially 

containing the air headspace. After 120 hours, 

approximately 35% of the CT had been transformed in these 

bottles versus only 18% removal in the bottles with a 

N2-headspace. CT removal in the bottles containing an 

oxygen headspace \vere indistinguishable from control bottle 

losses. Resazurin, added as a redox indicator, decolorized 

only in the N2- and air-headspace bottles, indicating that 

an oxygen residual had been maintained in the oxygen-
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headspace bottle. Resazurin decolorization occurred prior 

to the first analysis in the N2- and air-containing bottles. 

As shown by the elevated redox potential depicted in Table 

5.3 and lack of resazurin 

decolorization, the oxygen was never completely removed in 

the 02-headspace bottles. This was probably a result of 

eventual substrate depletion. 
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Figure 5.9. CT transformation by cultures of s. 
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Table 5.3 summarizes various culture parameters measured at 

the conclusion of the experiment. The final culture 

densities and protein concentrations were similar for both 

the air and nitrogen treatments. The decrease in optical 

densities from the initial optical density in these bottles 

can be attributed to flocculation. Growth was significant 

in the bottles containing an 02-headspace as illustrated by 

the greater culture protein concentration and culture 

density. These data suggested that the differences in the 

amount of CT transformed cannot be attributed to greater 

cell growth in the bottles containing air or oxygen. 
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Initial Fractional Final Final Eb , Culture Culture 

Headspace CT removal pH mV protein, optical 

at 120 hours pg/mL density 

Air 35% 6.7 +55 ±15 54.7 0.230 

Nitrogen 18% 6.9 +22 ±8 46.3 0.241 

OJCygen 0% 6.8 +201 ±1 235.6 1.123 

Ta.ble 5.3 CT removal and culture parameters in batch 
reaction bottles with different initial headspace 
composition. All values are at t= 170 hours except as 
noted. Bottles were spiked with 2.67 ~moles at t= 0 hours. 
All values represent an average of two measurements from 
each of two replicates. Error shown in redox measurements 
is the calculated standard deviation. Corrected Eh values 
are referenced to the standard hydrogen electrode. Culture 
optical density was measured at A= 600nm. Initial optical 
density was 0.248 in all cases. Initial protein 
concentration was not determined. 

5. 9 Derepression of Oxygen Inhibition by l-licroaerobic 

Growth 

The differences in the culture redox potential shown in 

Table 5.3 could explain the lack of transformation in the 

02-headspace bottles but not the difference in CT 

transformation in the air- or N2-headspace bottles. since 

it was known that growth of s. putrefaciens under 

microaerobic conditions results in increased rates of 
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reduction of alternate electron acceptors (6, 42), it was 

postulated that a similar mechanism could be involved in 

the differing transformation rates. An air headspace could 

allow the culture to pass through a period of low oxygen 

tension of sufficient duration to permit production of the 

component or components responsible for increased 

dehalogenation rates . Neither the N2- nor 02-headspace 

cultures passed through a similar low-oxygen tension period 

of significant duration. 

To test the effect of growth under low-02 tension, 

biotransformation ability of cells grown under highly 

aerobic (>50% of saturation) was compared with the ability 

of cells grown under low-02 «1% of saturation) conditions 

as described in section 3. A N2-headspace was used in both 

cases to eliminate changes in cellular composition which 

might result from further exposure to oxygen. The results 

of biotransformation studies using microaerobically and 

aerobically grown cultures are shown in Figure 5.10. After 

78 hours, approximately 38% of the CT had been transformed 

in the microaerobically grown culture versus only a 15% 

transformation in the culture grown under fully aerobic 

conditions. CT transformation, CF production, and other 

culture parameters 171 hours after CT addition are shown in 
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Table 5.4. 27-29% of the transformed CT was dehalogenated 

to CF in both cultures. No DCM \.,ras detected in either 

case. 

Culture Type Fractional CF, Avg. Culture Avg. Eh,mV 

CT removal moles/H. Optical Density Protein 

at 171 hrs. jLg/mL 

Hicroaerobic 0.59 0.16 0.395 (0.679) 65.3:1:1.8 -169.0 :1:5.9 

Aerobic 0.28 0.08 0.385 (0.672) 59.3:1:1.1 -167.0 :1:3.8 

Table 5.4 CT transformation, CF production, and culture 
parameters in microaerobically and aerobically grown 
cultures of s. putrefaciens 171 hours after CT addition. 
A N2-headspace was used in all reaction bottles. CT and CF 
values normalized by dividing by the original CT mass 
(1. 437 J,Lmoles) added to bottles. Values represent an 
average of at least two measurements from each of three 
replicate bottles. Corrected Eb values shown are referenced 
to the standard hydrogen electrode. Culture optical 
density was measured at A=600 nm. The original optical 
density is shown in parentheses. 

The increased CT transformation and dehalogenation in the 

microaerobically grown cultures over that in the cultures 

grown under fully aerobic conditions cannot be explained 

solely by differences in cell densities or small variations 

in ultimate culture redox potentials. The data suggest 

that unidentified component(s) involved in dehalogenation 
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ability are repressed during growth under highly aerobic 

conditions. Derepression by growth under low-oxygen 

conditions would allow increased production of these 

components. Data which suggest that cytochromes may be 

these components will be presented in a later chapter. 

The data shown in Figure 5.9 demonstrated that 

dehalogenation by cultures grown under highly aerobic 

conditions proceeded at a faster rate when cultures are 

resuspended in bottles under an air-headspace than when 

resuspended under a nitrogen-headspace. Figure 5.11 shows 

that an initial air-headspace is important only for 

cuI tures grown under highly aerobic conditions. The 

microaerobically grown cultures dehalogenated at similar 

rates regardless of whether they were resuspended under an 

air or nitrogen headspace. This supports the hypothesis 

that growth under low-oxygen tension resulted in 

derepression of unidentified component (s) . Once these 

component(s) were produced, the effect of an air headspace 

is negligible. 
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Figure 5.10. Transformation of CT by cultures of S. 
putrefaciens grown under highly aerobic or microaerobic 
conditions. Values represent the mean of three replicate 
bottles. Final culture parameters are shown in Table 5.4. 
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Figure 5.11. Dehalogenation of CT by cultures of S. 
putrefaciens grown under repressing (highly aerobic) or 
derepressing (microaerobic) conditions with different 
initial headspaces. starting optical densities (A= 600 nm) 
for repressed and derepressed cultures were 0.733 and 
0.950, respectively. 71 mL serum bottles \'lere utilized 
with 60 mL culture and 11 mL headspace. Values shown 
represent the mean of two replicate bottles. 



159 

5.10 Kinetic Analysis 

Review of Figures 5.4, 5.5, 5.6, and 5.7 reveals that rates 

of CT biotransformation steadily decreased with time and, 

in some cases, approached zero after 200-250 hours (see, 

for example, medium-density culture, Fig. 5.4). This would 

not be the case if degradation kinetics were solely first 

order relative to substrate concentration or if they 

followed a simple Michaelis-Menten pattern. 

A similar pattern was observed 

Clostridium sp. strain TCAIIB 

for TCA degradation by 

(61) . To explain this 

phenomenon, Galli and McCarty modified the Michaelis-Menten 

expression by including an exponential decay term. The 

inclusion of this term was based on their assumption that 

the active transforming biomass was decreasing with time. 

A similar term could be applied to kinetic modeling of CT 

transformation by s. putrefaciens if one assumes that the 

transforming component, e.g., enzyme or cofactor, is 

similarly decreasing with time. Such a time-dependent 

decrease could also result from the inability of the 

bacterium to continually synthesize the active component in 
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stationary-phase cuI tures in the absence of a sui table 

electron acceptor. 

Abbreviations used in this analysis are as follows: 

S = aqueous CT concentration, ~moles/L 

So= initial aqueous CT concentration, ~moles/L 

t = time, hours 

k = maximum rate coefficient, ~moles/hr/mg protein 

I~= Michaelis half-rate constant, ~moles/L 

kd= decay coeff icient, hr- I 

Xo= initial biomass concentration, mg protein/L 

x = biomass effective in transforming CT, mg protein/L 

The Michaelis-Menten expression can be written as: 

(1) 
dS kXS -- = 
dt Km + S 

Biomass will not increase in stationary-phase cultures 

absent an electron acceptor. If the transforming factor is 

assumed to follow a pattern of exponential decay, the 

time-dependent concentration of active transforming 

biomass, X, can be written as: 
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(2) 

substitution of Equation 2 in Equation 1 provides the 

modified Michaelis-Menten expression to be used in these 

analyses: 

(3) 
dS kXoS -kdt -- = ---..:::;-e 
dt Km + S 

separation of variables in Equation 3 yields: 

(4) 

Integration of Equation 4 yields Equation 5 for which an 

explicit solution for S is not possible. 

(5) KIn...£. + S - So 
m S 

o 

If ~ can be reasonably estimated, however, the left- side 

(L) of Equation 5 could be determined for every t since So 

is known and S is measured experimentally. 
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~ was estimated, therefore, using a Lineweaver-Burk 

double-reciprocal plot of initial rate data from the 

exper iments shown in Figures 5 . 6 and 5 . 7 . The 

double-reciprocal plot is provided in Figure 5.12. Since 

X = Xo at small t from Equation 2, i.e., the exponential 

decay term is initially small (X/Xo ~ 80%), the use of 

Equation 1 to estimate ~ is justified when using initial 

rate data. 

The initial rates used in calculations were the average 

transformation rates over the first 45 hours of the 

experiment. Initial biomass used to normalize rates was 

extrapolated from a correlation of optical density (A = 600 

nm) and protein concentration derived for this organism (Xo 

= ~ x 123.9 mg/L, see section 3). Since the experiments 

in this data set were all done with the same suspension, Xo 

= 196 mg protein/L in all cases. The data set used in 

estimation of ~ is shown in Table 5.5. 



Ro, ~moles/hr/mg protein So, ~moles/L 

1.635 x 10-3 40.6 

2.316 x 10-3 80.0 

2.542 X 10-3 114.6 

Table 5.5. Data used to calculate 
double-reciprocal plot. Ro = (-dS/dt) /Xo. 

~ using 
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a 

using a ~ value of 52.8 ~moles/L determined from Figure 

5.12, a value (L) for the left-side of Equation 5 can be 

calculated for every measured S. Equation 5 then can be 

rewritten as Equation 6. 

(6) 

Nonlinear regression of the above equation using data from 

the experiments described in section 5.6 was done using 

SPSS software (135) to yield estimates of k and kd • 

Estimated kinetic parameters are: 

~ = 52.8 ~moles/L 

k = 0.00396 ~moles/hr/mg protein 

kd = 0.00532 hr- I 
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The R2 value for k and kd estimates derived from nonlinear 

regression was .975. 

These values were used in Equation 5 to provide a value for 

the right-hand side for 0~t~300 hours. A trial and error 

procedure (Solve function, Quattro Pro 4.0, Borland 

International, Inc.) (21) was used to solve for values of 

S for each t at three different So values, 115, 80.0, and 

40.6 /Lmoles/L. These aqueous concentrations correspond 

approximately to 18,12, and 6 ppm, respectively. The data 

from Figure 5.6 are replotted along with solutions for S 

determined from the above kinetic parameters in Figure 

5.13. 

Criddle and Mccarty (33) calculated kinetic parameters for 

CT degradation by E. coli K-12. Instead of calculating k 

and ~, however, they simplified the solution to Equation 

3 by assuming that S «< ~. This assumption allml/s use of 

a second-order simplification of Equation 3,i.e., 

(7) 



where k'= k/~. 
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Since they used CT concentrations 1-2 

orders of magnitude less than that used in these studies, 

such a simplification may be justified. It would not be 

warranted here, however, since S values greater than ~ 

were used. Direct comparison of kinetic parameters is 

difficult, therefore, due to use of both a different CT 

concentration domain and a different model. If, however, 

the k and ~ values calculated here are converted to a 

corresponding k' value of 0.0018 liter/hr/mg, they can be 

compared to Criddle and McCarty's k' values of 0.0025 ± 

0.0004 and 0.0041 ± 0.0004 for fumarate-respiring and 

fermenting cultures, respectively. The kd value of 0.128 

day-! (0.00532 hr-!) calculated here can similarly be compared 

to their values of 0.086 and 0.113 day-! for fumarate

respiring and fermenting cultures. Since the experiments 

described here used cultures without an electron acceptor, 

the larger decay coefficient calculated here is not 

unexpected. 

Criddle and Mccarty also used 35 mM and 53 mM phosphate 

concentrations, respectively, for fumarate-respiring and 

fermenting cultures. The concentration used in the studies 

descr ibed here was 2 . 87 mM. As shown by Figure 5 . 8 , 

increasing phosphate concentrations result in increased CT 
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transformation by s. putrefaciens. The buffer 

concentrations used by Criddle and McCarty may have 

increased the contribution of nonspecific buffer-catalyzed 

CT transformations in their studies. 
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Figure 5.12. Reciprocal plot of biotransformation rate vs 
substrate concentration. Data used in plot is shown in 
Table 5.5. k = 0.00378 ~moles/hr/mg; ~ = 52.8 ~moles/L. 
R2 = 0.996 
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Figure 5.13. solutions for Equation 3 using estimated 
kinetic parameters at 3 different starting aqueous CT 
concentrations. Actual data is shown by symbols and 
represents the mean of t,.,o replicate bottles. The 
experimental data is the same as that shown in Figures 5.6 
and 5.7. ~l = 52.8 J.tmoles/Li k = 0.00396 J.tmoles/hr /mg i kd 
= 0.00532 hr-1. 
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5.11 stoichiometry 

Figure 5.10 shows that CT is not stoichiometrically 

transformed to CF. Only 27-29% of transformed CT was 

converted to CF. To better understand the stoichiometry of 

CT transformation, an experiment designed to measure CI

production was conducted. 

A microaerobically grown culture was harvested and washed 

three times in a chloride-free medium. This medium 

contained (per liter); 2.0 g Na2S04 , 0.5 g K2HP04 , and 1. 842 

g glycerol (20 mM glycerol). Resuspended cultures in serum 

bottles were spiked with sUfficient CT for an aqueous 

concentration of 18 ppm. This high concentration was used 

to facilitate measurement of liberated CI-. CT and CF 

concentrations were monitored with time. Duplicate bottles 

were sacrificed periodically for chloride analyses. Cells 

were removed from sacrificed cultures by centrifugation and 

filtration. The filtrate was frozen until chloride 

analysis by ion chromatography could be performed. 

Figure 5.14 shows the results of this experiment. Al though 

48% of the initial CT mass had been transformed after 150 

hours, only 25% of the transformed CT appeared as CF. No 



other chlorinated volatiles were detected. 
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Chlor ide ion 

production paralleled CT transformation, i.e., nearly one 

chloride ion was produced for every molecule of CT 

transformed. If the unknown CT transformation product was 

fully dechlorinated, chloride production would be much 

greater. These data suggest that only one chloride is 

removed during transformation. 
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Figure 5.14. Chloride ion production during CT 
dehalogenation by microaerobically grown cultures of S. 
putrefaciens. Initial optical density (A=600 nm) was 
1.510. Initial mass of CT was 8.622 J.l.moles. 72-mL 
reaction bottles were used with 60 mL culture and a 12 mL 
nitrogen headspace. Chloride and CF production are shown 
as a fraction of the initial CT mass. Values shown are the 
mean of two replicates. 
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An experiment using 14C-CT was done to further elucidate CT 

transformation products. since equipment constraints did 

not permit measurement of radiolabeled compounds on the gas 

chromatograph, parallel experiments were done using the 

same culture. One portion of the exper iment used unlabeled 

CT and measured (i) CT disappearance and CF production by 

gas chromatography, and (ii) chloride ion production by ion 

chromatography. Another portion used 14C-CT to measure 

label incorporation into biomass, soluble components, 

volatile components, and CO2 • 

Both unlabeled and labeled portions of the experiment used 

microaerobically grown cultures which had been harvested, 

washed three times in Cl--free medium, and resuspended to an 

optical density of 1.001. 10 mL of resuspended culture was 

dispensed into 14.1-mL serum bottles and headspaces were 

purged with nitrogen. 

In the unlabeled experiment, 1.87 ~moles of CT were added 

to provide an approximate initial aqueous concentration of 

20 ppm. Bottles were incubated horizontally in the dark 

without shaking. After 10 days, CT disappearance, CF 

production, and CI- production were measured as previously 

described. Three replicates to which CT had not been added 
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were used to establish a baseline CI- concentration in 

cultures. The mean baseline CI- concentration was 

subtracted from CI- concentrations found in replicate 

bottles containing CT. 

The results of this unlabeled experiment are summarized in 

Table 5.6. Although 51.0% of the CT was transformed, only 

19.6% was converted to CP. Less than half, i.e., 38.4 ± 

5.5%, of the transformed CT was converted to CP. If one 

chloride ion were released from each CT molecule 

transformed, chloride ion production can account for 91.2 

± 15.3% of the expected value, i.e., 46.5% versus 51.0%. 

These data support the hypothesis that CT transformation 

resul ts in equimolar cl- production. Relative errors of 

quotients, i . e., percentages, were determined using the 

chain rule described by Mickley et al (97). 



174 

Initial CT mass 1.87 jlmoles 

CT transformed 0.96 ± 0.085 jlmoles 

CT remaining 0.91 ± 0.085 jlmoles 

CF produced 0.367 ± 0.021 jlmoles 

Cl- produced 0.87 ± 0.07 jlmoles 

~ 0 CT transformed 51.0 ± 4.5 ~ 0 

~ 0 CF produced 19.6 ± 1.1 ~ 0 

~ 
0 cr produced 46.5 ± 3.7 ~ 0 

Table 5.6. CT transformation, CF production, and CI
production by microaerobically grown cultures of S. 
putrefaciens. Values shown are the mean ± standard 
deviation. Values represent results after 10 days of 
incubation. % transformed or % produced values are the 
amount of compound divided by the initial starting mass of 
CT. 

The portion of the experiment using 14C-CT utilized 

identical cultures and bottle sizes as those used in the 

unlabeled experiment. Radioactivity in samples was 

measured in a Beckman LS-3801 liquid scintillation counter 

using Budget-Solve (Research Products International corp.) 

as scintillation cocktail. The LS-3801 uses automatic 

quench correction to convert from counts per minute (CPM) 

to DPM. 

A stock solution of radiolabeled CT was prepared by 

diluting 14C-CT (61 jlmoles, 4.1 jlCi/jlmol, DuPont-NEN) with 

552 jlmoles unlabeled CT and 3.47 mL methanol. The 

resultant stock solution was stored in a 14.1 mL serum 
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bottle with a crimp-sealed Teflon-lined stopper. The stock 

was stored at room temperature in an exhaust hood. 

5 ~L of the stock should have contained 0.833 ~moles CT 

with a specific activity of 0.408 ~Ci/~mol. Since 1.0 ci 

= 2.22 X 1012 DPM (disintegrations per minute), 5 ~L of 

stock should have contained approximately 814,000 DPM. 

When counted in the scintillation counter, however, only 

10% of the expected activity was found indicating that the 

majority of the 14C-CT was exhausted as vapor when the 

original container was opened in the exhaust hood. 

Subsequent injections of 10 ~L of stock solution into 

scintillation cocktail produced 162,323 ± 476 DPM / 10 ~L. 

10 ~L of this stock solution, then, contained 1.58 ~moles 

of MC-CT with a specific activity of 45 nci/~mol. 

Replicate bottles containing 10 mL of culture suspension 

were spiked with 10 ~L of the 14C-CT stock. Bottles were 

wrapped in aluminum foil and stored horizontally in the 

exhaust hood at 23°C. The bottles were analyzed in the 

manner described below after 10 days to determine 

partioning of radiolabel into variously treated fractions. 
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Two replicate bottles were injected with 0.05 mL 1.0 N NaOH 

to raise the pH to >9.5. At this pH, CO2 was present as 

carbonate and bicarbonate. The bottles were then shaken 

for two minutes. 1.0 mL sample vIaS t<1i thdrawn from each 

replicate and injected into 10 mL scintillation cocktail. 

This fraction (Fraction A) contained radiolabel 

incorporated into volatiles, nonvolatiles, cells, and 

carbon dioxide. 

Five mL of the alkaline suspension was withdrawn from each 

replicate and placed in a 72 mL serum bottle in an exhaust 

hood. The 5-mL sample was purged with nitrogen for 15 

minutes to strip volatiles from solution. 1 mL of the 

stripped solution was then counted in 10 mL of 

scintillation cocktail. This fraction (Fraction B1) 

contained radiolabel incorporated into cells, nonvolatiles, 

and carbon dioxide. 

The remaining portions of stripped alkaline suspensions 

were filtered through 0.45 ~m filters to remove cells. The 

filtered fraction (Fraction B2) contained nonvolatiles and 

CO2 • BaCl2 was added (0.1 g/mL) to the filtrate to remove 

'rhe precipitate was removed by filtration 

(0.45 ~m). The latter filtrate was designated as Fraction 
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B4 and contained radiolabel incorporated into nonvolatile 

components. Radiolabel in 1.0 mL of fractions B2 and B4 

from each replicate was counted in 10 mL cocktail. 

Two additional replicate bottles were treated with 0.1 mL 

of 1.0 N HCI to lower the pH. CO2 was primarily present as 

gaseous and dissolved CO2 at low pH. The bottles were 

shaken for 2 minutes and 5 mL of acidified suspension was 

removed from each replicate. It was noted that cells had 

coagulated. This may have caused difficulty in obtaining 

a representative sample of solids. The 5 mL aliquots were 

purged for 15 minutes as previously described. This purged 

suspension was designated as Fraction C and contained cells 

and compounds that were not volatile at low pH. Fraction 

C was filtered through a 0.45 ~m filter. The filtrate was 

designated Fraction D and contained radiolabel incorporated 

into acid-stable, nonvolatile compounds. 1.0 mL of 

Fractions C and D from each replicate were counted in the 

liquid scintillation counter. 

To determine if soluble radiolabel was adsorbing onto 

filters, bottles containing buffer solutions to which 10 ~L 

of 14C-CT stock had been added were amended with either o. 05 
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mL 1. 0 N NaOH or o. 1 mL 1. 0 N HCl. The alkaline and 

acidic solutions were filtered through filters after 

purging with nitrogen. Radiolabel was measured before and 

after filtration to determine if adsorption onto the filter 

had occurred. There was no decrease in radioacti vi ty 

following filtration in either case indicating that there 

was no significant adsorption onto filters. 

Fraction Components DPM/mL 

. 

Cells, nonvolatiles, i::.::: 

volatiles I CO2 

A 14600 ± 200 

····-····-"~~··········l······~~·;~·~;···~;:;:~~;~~·i·;~~;······r······-··~~~·~··;-;~~······ 

················~;···········T···········;;:;~~;:;~~~i·~-~-~;··-~~~············r--·····;·;;·~; ... ·~;~·····-······ 
················~~·············r··········-···~;:;-~~~·;~~·i;~~-·······--"r············;·;~·~· .. ;····~·~~······· ..... 

C Cells, nonvolatiles 2470 ± 500 
. . 

············~··-········r·····················~;:;~~~·;~~·i~~~······--r···········;~~~····;··~·~~······· 

Table 5.7. Radioacti vi ty incorporated in various 
fractions. Fractions A, Bl, B2, and B4 were alkaline. 
Fractions C and D were acidic. DPM values were corrected 
for background radioactivity by subtracting the DPM in 1.0 
mL of water. DPM values represent the mean ± standard 
deviation of two replicates. 
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The results of the radiolabeled portion of the experiment 

are shown in Table 5.7. Fraction A contains label present 

in cells, nonvolatiles, CO2 , and volatiles dissolved in the 

liquid. The total DPM present in Fraction A is equal to: 

14600 ± 200 DPM/mL x 10 mL = 146000 ± 2000 DPM 

Volatiles in the headspace, however, will not be included 

in this value. The percentages of CT and CF in the 

headspace can be estimated using Henry's Law. 

(8) 

where: He = dimensionless Henry's constant 

Cj = concentration in the gas or liquid (moles/L) 

~ = mass in the gas or liquid (moles) 

~ = volume of the liquid = 0.010 I 

Vg = volume of the gas = 0.0041 I 

The total mass is the sum of the masses in both phases. 

(9) 

Substitution of (9) in (8) yields: 

( 10 ) ~ / Ml = O. 41 He 
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For CT, He = 1. 244, and ~/Ml = 0.51. Therefore, MdMTotai = 

0.66 and ~/MTotal = 0.34. The latter equation indicated that 

34% of the CT mass in the bottle was in the headspace. 

Similar calcualtions for CF indicated that 6% of total CF 

is in the headspace. 

The unlabeled portion of the experiment indicated that 49 

± 4.5% of added CT remained after 10 days (Table 5.6). 

Since an average 162000 DPM was initially added as CT in 

this portion of the experiment, 79500 ± 7500 DPM as 14C-CT 

were assumed in the bottles since the culture and 

experimental conditions were identical. Thirty four 

percent of this labeled CT, i.e., 27000 ± 2500 DPM was in 

the headspace and not counted in Fraction A. 

The unlabeled portion of the experiment similarly indicated 

that 19.6 ± 1.1% of CT was converted to CF. This results 

in 31800 ± 1800 DPM as CF per bottle. six percent of this 

amount, i.e., 1910 ± 110 DPM, remained in the headspace and 

was not counted in Fraction A. 

Total acti vi ty recovered was estimated by summing the t.otal 

activity in Fraction A (146000 ± 2000 DPM) and the 

activities in the headspace from CT (27000 ± 2500) and CF 
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(1910 ± 110 DPM). The total recovered activity was 175000 

± 5000 DPM which was compared to the estimated total 

activity added, 162000 DPM. Recovery of activity, 

therefore, was 108 ± 3 ~ o. The excess recovery was 

unexplained. 

The difference of Fractions A and B1 in Table 5.7 

represented the label present as volatiles in the alkaline 

fraction. 9500 ± 1010 DPM/mL were classified as volatiles 

in this manner. This represents approximately 95000 ± 

10100 DPM per 10-mL bottle as volatiles in Fraction A. 

since previous calculations estimated that a total of 28900 

± 2610 DPM/bottle will remain in the headspace from CT and 

CF, the total activity from volatiles will be 124000 ± 

13000 DPM. This indicates that 70.9 ± 9.3% of the total 

recovered activity was recovered as volatiles. This is in 

good agreement with results of the unlabeled experiment 

which found 68.6 ± 5.6% of CT added was recovered either as 

CT or CF. 

The difference between Fraction B1 and B2 in Table 5. 7 

represented the radiolabel incorporated into cells, i.e., 

1770 ± 1350 DPM/mL. This indicates that 10.1 ± 7.9% of the 

total added activity was recovered in cellular material. 
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The activity recovered as CO2 was taken as the difference 

between Fractions B2 and B4, i.e., 644 ± 976 DPM/mL. This 

suggested that 3.7 ± 5.7% of added activity was recovered 

as CO2 , since the relative error term is large, it is 

possible that CO2 was not produced. Since a portion of any 

CO2 present would be in the form of bicarbonate and might 

not precipitate as an insoluble barium complex, the results 

only suggest that CO2 was not formed. The similarity in 

activity recovered in Fractions B4 and D offers more 

conclusive evidence since labeled bicarbonate, if present, 

would be stripped from the acidified Fraction D. The fact 

that CI- production in the unlabeled experiment indicated 

the lack of complete dechlorination also provides evidence 

that CO2 was not formed. 

Alkaline nonvolatiles were represented by Fraction B4, 

i.e., 2680 ± 410 DPM/mL. 15.3 ± 2.76% of total recovered 

activity was found in the alkaline nonvolatile fraction. 

Similar calculations found that 13.7 ± 2.7% of the total 

recovered activity was found in the acid nonvolatile 

fraction, i.e., Fraction D. 

The difference between Fractions C and D represent 

cell-bound label in the acidic fraction. The absence of 
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cell-bound label following acidic treatment is not readily 

explicable. 

To summarize the results of the experiment involving 14C-CT, 

70.9 ± 9.3% of label was recovered in the volatile 

fraction. Results of the unlabeled experiment suggested 

that the volatile fraction consisted only of CT and CF. 

15.3 ± 2.8% of label was recovered in the alkaline 

nonvolatile fraction. since recovery was similar in the 

acidic nonvolatile fraction, this label likely does not 

represent volatile organic acids. 10.1 ± 7.9% of label was 

cell-bound after alkaline treatment. 

significant product. 

CO2 was not a 

since the unlabeled experiment found that only one chlorine 

was removed from any CT transformed, reactions involving 

the trichloromethyl radical might explain the observed 

results. This radical could have bound to unidentified 

cellular components. Some components may have been soluble 

and others insoluble. In such a way, the label would have 

been present in both fractions. Cell lysis and possible 

hydrolysis of cellular biochemicals as a result of acid or 

base treatments may have resulted in additional 

solubilization of labeled cellular components. 
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6. EFFECTS OF VARYING SUBSTRATES AND ELECTRON ACCEPTORS ON 

DEHALOGENATION BY S. putrefaciens 

6.1 Electron Donor / substrate Effects on Dehalogenation 

6.1.1 Introduction 

The nature of the electron donor can determine the extent 

and pattern of microbial dehalogenation reactions. Bagley 

and Gossett (13), for example, found that PCE 

dehalogenation was more sUbstantial 

enrichments fed lactate than in 

in sulfate-reducing 

those supplied with 

acetate, hydrogen, methanol, or mixed organic acids. Nies 

and Vogel (110) studied PCB-containing anaerobic sediments 

which were incubated anaerobically with acetate, acetone, 

methanol, or glucose. The extent and rates of reductive 

dehalogenation of PCBs in the sediments varied although the 

dehalogenation patterns were similar. Dehalogenation was 

not observed in sediments not receiving additional 

substrate. DeWeerd et al (39) found that Desulfomonile 

tiedjii cell suspensions dechlorinated 3-chlorobenzoate at 

endogenous rates of 14.5 nmol/hr/mg protein. This rate 

increased to 74.0, 81.1, and 82.3 nmol/hr/mg protein when 
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pyruvate, hydrogen, or formate, respectively, were supplied 

as the electron donor. Acetate addition resulted in no 

significant increase over the endogenous rate. 

In addition to effects of the electron donor supplied 

during dehalogenation activity, the substrate supplied 

during the growth phase can also be important. Castro and 

Belser (28), for example, found that resting cells of 

camphor-grown P. putida PpG-786 were able to dehalogenate 

1,1,2-trichloroethane whereas glucose-grown cells were 

incapable of such transformations. 

The importance of substrate identity to bacterial reductase 

activity has also been shown for the aerobic nitrate 

reductase of Thiosphaera pantotropha (120). The level of 

enzyme activity, rather than being determined by the 

presence or absence of nitrate, was determined by the 

nature of the carbon source. Of several carbon sources 

studied, nitrate reductase activity was highest following 

growth on butyrate and caproate and lowest on malate and 

succinate. 

This section describes studies to determine the effects of 

varying electron donors on dehalogenation of CT by So 
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putrefaciens strain 200. The studies examined the effects 

of electron donors supplied both during the growth phase 

(glucose and lactate) and during periods of dehalogenation 

activity (glucose, 

glycerol) . 

lactate, 

6.1.2 Materials and Methods 

formate, pyruvate, and 

General culture conditions and analytical procedures were 

as described previously. Pyruvate and formate were 

obtained from the Sigma Chemical Co. 

6.1.3 Results and Discussion of Electron Donor Experiments 

preliminary experiments were done using replicate sets of 

cultures grown in Westlake medium containing either 16 mM 

glucose or 16 roM lactate. Cultures were grown aerobically 

and transferred to sealed serum bottles and spiked with CT 

at an optical density (A = 600 nm) of 0.200 - 0.210. Since 

the bottle headspace was not purged with ni trogen, the 

culture was required to scavenge 02 prior to dehalogenation. 

The glucose-grown culture grew much slower aerobically and 

too]c 5 days to decolorize resazurin (Em7= -51 mV) in the 

medium in the sealed reaction bottles. Similar 
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lactate-grown cultures reduced the resazurin within 10-30 

minutes. 

As can be seen from Figure 6.1, CT transformation in the 

glucose-grown cultures was much less than in the 

lactate-grown cultures. Disappearance of CT in the 

glucose-grown reaction bottles was indistinguishable from 

that in the control until somewhere between day 4 and day 

10, at which time a slight increase in transformation rate 

was observed. This delay in the onset of dehalogenation in 

the glucose-grown cultures corresponded with the time it 

took the same cultures to decolorize the resazurin redox 

indicator. This experiment suggested that the substrate 

provided during the growth phase and/or the electron donor 

presented during dehalogenation activity might determine 

the extent to which s. putrefaciens was able to 

dehalogenate CT. This preliminary experiment thereby 

provided the impetus for the studies which followed. 
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Figure 6.1 Transformation of CT by s. putrefaciens 
cultures with either 16 mM lactate or 16 mM glucose as 
substrate. 120 mL serum bottles were used with 50 mL of 
culture and 70 mL headspace. Cultures were allowed to 
scavenge oxygen from an initial air headspace. Values 
represent averages of three replicate bottles. 
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As previously described, the procedure for dehalogenation 

experiments involved a phase of aerobic growth followed by 

resuspension of cells in sealed serum bottles. Unless 

otherwise noted, experiments were conducted following a 

ni trogen purge of the headspace and in the absence of 

alternate electron acceptors. Since s. putrefaciens has 

not been shown to be capable of fermentative growth on any 

substrate tested, cell suspensions in the sealed serum 

bottles were considered to be in stationary phase. 

A particular substrate supplied during the initial growth 

phase could affect final dehalogenation ability if it were 

capable of inducing or repressing production of components 

or systems favorable or unfavorable to dehalogenation 

activity. Alternately, a capable stationary-phase culture 

might be unable to dehalogenate if the electron donor 

supplied was unable to provide reducing power. 

The previously described preliminary experiment was unable 

to distinguish bet\.,een the efficacy of glucose as a 

suitable growth substrate for cells capable of reductive 

dehalogenation and the ability of glucose to serve as a 

supply of reducing equivalents during stationary phase 

dehalogenation activity. 
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Figure 6.2 shows the results of an experiment in which 

alternate electron donors were presented to 

stationary-phase cultures initially grown on lactate. In 

this experiment, a culture of S. putrefaciens was grown 

aerobically on 18 mM lactate followed by a low-oxygen 

derepression period as previously described. The culture 

was washed twice with substrate-free Westlake medium and 

resuspended in the same medium. The culture (60 mL) was 

resuspended to an optical density of 0.950 (A=600 nm) in 

72-mL serum bottles followed by a nitrogen-purge of the 

bottle headspace. Lactate, glucose, glycerol, pyruvate, or 

formate were added from sterile-filtered aqueous stocks to 

provide a final concentration of 20 mM in replicate 

bottles. 
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Figure 6.2. Effects of varying stationary-phase electron 
donor on dehalogenation of CT by s. putrefaciens. cultures 
were grown on 18 mM lactate. Washed cultures were 
resuspended in 20 mM lactate, glucose, glycerol, pyruvate, 
or formate. Values represent the mean of two replicate 
bottles. Resuspended culture density was 0.750 (A = 600 
nm). 
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Figure 6.2 shows that stationary-phase CT transformation 

occurred at similar rates regardless of the electron donor 

presented following growth on a suitable substrate 

(lactate). Since dehalogenation occurred in those cultures 

that were amended with glucose, the reduction in CT 

transformation rates described in the previous experiment 

was not due to the inability of glucose to supply reducing 

equivalents at a rate required for reductive 

dehalogenation. Changes in culture parameters (pH, Eb) in 

the variously amended reactors were also insufficient to 

significantly alter dehalogenation ability. A summary of 

these parameters measured at the conclusion of the 

experiment is shown in Table 6.1. 
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Electron Eh , mV pH optica.l protein, 

Donor Density p.g/mL 

(A=600 nm) 

Lactate -170.3±4.5 6.73±0.04 0.620±.006 65. 5±1. 6 

Glucose -181. 0 6.88 0.548 60.8 

Glycerol -217.0±11.3 6.90±0.01 0.527±.004 59.9±0.0 

Pyruvate -77.8±2.0 5.86±0.03 0.769±.001 68.4±6.6 

Formate -226.0±57.2 7.07±0.13 0.601±.035 59.9±2.3 

Table 6.1 Culture parameters as a functlon of electron 
donor. Values shown represent the mean ± standard 
deviation of two replicate values, with the exception of 
the glucose-containing culture, which represents one bottle 
only. 

The two experiments described suggested that the substrate 

supplied during the growth period, i.e., glucose or 

lactate, was more instrumental in determining 

dehalogenation ability than was the substrate supplied 

during stationary phase dehalogenation. Work with other 

organisms has shown that glucose-grown cells can have a 

different cytochrome complement than cells grown on other 

substrates (71, 151). It was hypothGsized , then, that 

glucose-grown cultures of s. putrefaciens did not produce 

cellular components responsible for dehalogenation ability. 

Additional experiments were done to explore this 

hypothesis. 
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During the initial phase of subsequent experiments, it was 

learned that glucose was not a prime growth substrate for 

s. putrefaciens. Whereas 18 mM lactate would support 

growth to an optical density in excess of 1.000, the same 

glucose concentration would allow growth only to an optical 

density of approx. 0.250. At this optical density, oxygen 

uptake by glucose-growing cells was reduced by >90% when 

compared to lactate-grown cells (data not shown). It was 

also noted that glucose-grown cells were much smaller and 

more spherical than those grown on lactate. Additional 

glucose amendments following the onset of stationary-phase 

did not support increased growth. During these studies of 

growth on glucose, culture pH was controlled to avoid the 

possibility of pH changes affecting growth rates. It was 

likely, therefore, that an unknown metabolite was produced 

during growth on glucose that prevented further growth. 

To minimize the effect of the hypothetical, inhibitory 

metabolite, cultures were grown on 18 mM glucose to an 

optical density of 0.15, harvested, and resuspended in 

fresh medium. Cells were subsequently grown to higher 

densities, washed, and resuspended in fresh medium twice 

more, reaching a final density of 0.450. Airflow was then 

reduced to allow a 4-6 hour period of microaerobic growth. 
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Following this low-oxygen growth period, cells were washed, 

resuspended in fresh medium, and dispensed into serum 

bottles for dehalogenation studies. 

The results of these dehalogenation studies are shown on 

Figure 6.3. When cultures were grown in the manner 

described, dehalogenation patterns were similar for 

glucose-grown cells and lactate-grown cells. Although the 

dehalogenation rate was greater for microaerobically-grown 

cells than for cells grown under highly aerobic conditions, 

significant CT transformation and CF production occurred in 

both cases. These results are contrary to those previously 

described in which glucose-grown cells exhibited minimal CT 

transformation ability. It is likely, then, that the 

former lack of dehalogenation ability was due to the 

presence of the inhibitory metabolites generated during 

aerobic growth on glucose but not lactate. When 

glucose-grown cultures were repeatedly washed with fresh 

medium to remove this unidentified compound, dehalogenation 

ability was similar to cultures grown on lactate. 
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Figure 6.3. Dehalogenation of CT by glucose-grown cultures 
of s. putrefaciens. Data represents mean values for 2-3 
replicate reactors. The initial mass of CT was 1.437 
~moles. 60 mL of culture was used in 72-mL bottles with a 
nitrogen headspace. Resuspended optical densities of the 
aerobically-grown cuI tures and microaerobically-grown 
cultures were 1.345 and 1.464. respectively. Mean protein 
concentrations measured at the conclusion of the experiment 
for aerobically- and microaerobically-grown cultures were 
129 and 215 ~g/mL, respectively. 
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It would appear, then, that all the growth substrates and 

stationary-phase electron donors tested are functionally 

equivalent in promoting dehalogenation of CT by s. 

putrefaciens. Glucose metabolism during growth apparently 

results in production of an inhibitory metabolite whose 

effects can be avoided by washing cells periodically. 

Since only a small number of electrons would be required to 

reduce CT at the concentrations used, it was also possible 

that no exogenous electron donor was needed during 

stationary-phase dehalogenation. To test this hypothesis, 

an additional experiment was done in which 

microaerobically-grown cells were resuspended in medium 

lacking any carbon source, i.e., Westlake medium without 

lactate or yeast extract. Prior to the final resuspension, 

cells were washed twice in the same medium. Resazurin 

(0.0001%) was added as a redox indicator to allow a visual 

determination of whether or not cells were capable of 

generating reductant. 

Following the final resuspension, the cells were mixed on 

an insulated stir plate at room temperature for two hours 

under aerobic conditions in an effort to remove residual 

traces of exogenous substrate. The 'starved' cell 
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suspension (60 mL) was then dispensed into serum bottles. 

One set of four bottles was amended with 18 mM lactate. 

Another set of four bottles was unamended. The headspace 

(12 mL) was then exchanged with nitrogen in two bottles in 

each set. The remaining two bottles in each set were left 

with an air headspace. 

The results of this experiment are shown in Figure 6.4. In 

the bottles containing a nitrogen headspace, CT 

transformation rates were independent of lactate addition. 

In the bottles containing an initial air headspace, 

transformation in the lactate-containing bottles proceeded 

without a significant lag period and ultimately to a 

greater extent than in the bottles lacking lactate. The 

lag period in the latter bottles coincided with the time 

necessary for resazurin decolorization. Resazurin was 

decolorized in all bottles containing lactate wi thin an 

hour. 

Results suggest that even 'starved' cultures of S. 

putrefaciens possess endogenous reserves sufficient to 

catalyze reductive dehalogenation of CT. In cases where 

anoxic conditions are initially established through the use 

of a nitrogen headspace, the presence of lactate does not 



significantly affect dehalogenation. 
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Lactate does, 

however, hasten to onset of dehalogenation in cuI tures 

initially resuspended under an air headspace, presumably by 

increasing the rate of o2-utilization. 

To summarize the results of this section, it appears that 

the effects of substrates or electron donors on 

dehalogenation of CT by s. 

Results suggest that choice 

putrefaciens are minimal. 

of a growth substrate is 

important only if 

intermediates which 

the chosen substrate 

may inhibit growth or 

produces 

metabolic 

acti vi ty. The organism apparently possesses sufficient 

stores of endogenous substrates to allow stationary-phase 

transformation of CT regardless of the electron donor 

provided during that phase of experimentation. A 

supplementary electron donor is probably needed only when 

the amount of oxygen present is greater than that amount 

which can be consumed by endogenous substrates. Such 

conditions may be common in the natural environment at 

boundaries between aerobic and anaerobic zones. 
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Figure 6.4. CT transformation by microaerobically grown 
cultures of S. putrefaciens in the presence or absence of 
an exogenous substrate. 72-mL serum bottles contained 60 
mL of culture (with and without 18 mM lactate) and 12 mL of 
either an initial nitrogen or air headspace. Values 
represent the mean of two replicates. 
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6.20 Electron Acceptor Effects on Dehalogenation 

6.2.1 Introduction 

Dehalogenation studies using mixed cultures or microcosms 

have established that dehalogenation rates, extent, and 

patterns are often determined by the existing electron 

acceptor condition (3, 24, 63, 64). Such work in 

undefined, mixed cultures, however, often only suggests 

that varying electron acceptor conditions result in the 

preferential growth or activity of one group of bacteria 

over another, e.g., methanogens may be favored over 

sulfate-reducers. In such cases, changes in dehalogenation 

activity are likely due to the increased or decreased 

ability of the favored bacterial group. Methanogenic 

bacteria, for example, are, as a group, more likely to 

dehalogenate peE than are nitrate-reducers. Insofar as 

these studies change the nature of the microbial community 

and alter the identity of the dominant organism(s), they 

are of limited value in determining the mechanistic effects 

of varying electron acceptors on the dehalogenation ability 

of a single organism. 
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Studies invol ving dehalogenation by pure cuI tures under 

varying electron acceptor conditions have been few. 

DeWeerd and SufI ita found that dehalogenation of 

halogenated benz oates by extracts of Desulfomonile tiedjei 

was inhibited by sulfite, sulfide, and thiosulfate, but not 

sulfate (41). Linkfield and Tiedje, in competition 

experiments using various electron acceptors for D. 

tiedjei, reported that sulfoxy anions inhibited 

dechlorination whereas nitrate and fumarate did not (91). 

Using resting-cell suspensions of the same organism, 

DeWeerd et al found that sulfite and thiosulfate inhibited 

dehalogenation and that hydrogen uptake in the simultaneous 

presence of sulfite and 3-chlorobenzoate was intermediate 

to that found in the presence of either electron acceptor 

alone (39). The authors suggested that a mutual electron 

carrier was involved in both reductive dehalogenation and 

reduction of sulfoxy anions in this organism. This 

hypothesis was strengthened by their finding that reductive 

dehalogenation was inhibited by many of the same compounds, 

e.g., molybdate and selenate, which inhibit sulfoxy anion 

reduction. 

criddle et al have studied the ability of E. coli K-12 to 

transform CT under different electron acceptor conditions 



(33) • They observed a lack of transformation in 

presence of nitrate or under highly aerobic conditions. 
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the 

At 

oxygen concentrations of about 1% of saturation, however, 

small amounts of CT transformation occurred. 

Fumarate-respiring and fermentative cultures exhibited the 

highest transformation rates resulting in formation of both 

carbon dioxide and CF. No effort was made in these 

studies, however, to provide a mechanistic explanation for 

the varying rates of transformation. 

Since s. putrefaciens is capable of both CT dehalogenation 

and the utilization of a variety of electron acceptors, it 

offers the opportunity to study the effects of 

dehalogenation in the presence of different electron 

acceptors. Obuekwe and Westlake (114) have previously 

shown that potential electron acceptors such as nitrate, 

chlorate, permanganate, and others are capable of 

inhibi ting Fe (III) reduction by S. putrefaciens. They 

suggested that these reducible compounds might divert the 

flow of electrons from Fe(III). 

The objective of the following studies is to infer possible 

mechanistic explanations for dehalogenation ability based 

upon (i) knowledge of the kinetics of electron transfer to 
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the various oxidants and (ii) competition between CT and 

alternate electron acceptors for available respiratory 

electrons. Electron acceptors studied were oxygen, 

Fe(III), nitrate, nitrite, sulfate, and trimethylamine 

oxide (TMAO). Since previous work (6, 8, 106) has 

suggested that addi tional, branched electron transport 

pathways may be available following growth under low-oxygen 

tension, experiments were conducted using cultures grown 

under both highly aerobic and microaerobic conditions. 

6.2.2 Materials and Methods 

Unless otherwise noted, materials and methods were as 

previously described. The sulfate-free medium used to 

study the effect of sulfate on dehalogenation consisted of 

Westlake medium in which the Na2S04 and MgS04 were replaced, 

respectively, with 2.0 gIL NaCl and 0.083 gIL MgC12 ·6H20. 

Ferric citrate stocks were prepared by the method of 

DiChristina (T. Dichristina, personal communication). 65 

g of ferric citrate were added to 450 mL of deionized 

water. The mixture was heated with stirring at approx. 90° 

C for 1 hour without boiling. The solution was cooled and 

the pH adjusted to 7.2 with 36.5 mL of 10.0 N NaOH. The 
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solution was then heated in a similar fashion for 1 hour to 

dissolve precipitates. The filter-sterilized solution 

contained 0.534 M ferric citrate. 1. 7 mL of this stock 

solution added to 58.3 mL of culture resuspension resulted 

in a Fe(III)-citrate concentration of 15 mM. 

Aqueous stock solutions of KN03 (0.91 g/10 mL), NaN02 (0.62 

g/50 mL), fumarate (2.16 g/15 mL), and TMAO (1.0 g/10 mL) 

were prepared so that a 1.0 mL addition of the appropriate 

stock solution to 59 mL of culture would result in final 

concentrations of 15 mM, 3 mM, 15 mM, and 15 mM, 

respecti vely. stock solutions of these compounds were 

autoclaved prior to use. 

TMAO reduction produces trimethylamine which significantly 

increases the culture pH. In those experiments using 15 mM 

TMAO, an additional replicate bottle was utilized to 

monitor changes in culture pH. sterile 2.0 M HCI was 

periodically added to TMAO-containing bottles to maintain 

pH ,,,ithin the range 6.8-7.2. This process typically 

resul ted in the addition of O. 2 -0. 3 mL of HCI over the 

course of an experiment. 
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Fe(III) reduction rates were measured using 3-(2-pyridyl)-

5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine (ferrozine: 

sigma Chemical Co.). Ferrozine forms a tris complex with 

divalent iron with a large stability constant on a time 

scale faster than autoxidation (138). The ferrozine-Fe(II) 

complex has a magenta color which was measured 

spectrophotometrically (€S62= 2.8 x 104 ~I cm-I ) (138). The 

procedure used was derived from that described by Arnold et 

al (8). Fifty mL of washed and resuspended culture was 

transferred to a 250 mL Erlenmeyer flask equipped with a 

rubber stopper which had been pierced with two syringe 

needles. Nitrogen gas (ultra high purity) was passed 

through one needle to purge the flask of oxygen. The 

second needle served as an exhaust. 

A ferrozine stock solution was prepared by dissolving 0.462 

g ferrozine in 5 mL water. NaOH (50% by weight) was used 

to adjust the pH of the stock solution to -7.2. One mL of 

this ferrozine stock added to 50 mL culture resulted in a 

final ferrozine concentration of 3.56 mM. Ferric citrate 

stock (0.45 mL) was then added to provide a final 

concentration of 4.8 mM. Samples were periodically removed 

and filtered through a 0.45 ~M syringe filter to remove 

cells and stop iron reduction. since reduced iron in the 
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ferric citrate solution resulted in a high background of 

Fe(II)-ferrozine complex, all samples were diluted prior to 

spectrophotometric analysis. Plots of [Fe(II)] vs time 

were made, and linear regression through the linear portion 

of the measurements was used to calculate a d(Fe(II»/min 

value. These values ~lere subsequently normalized for 

protein content. At least 2-3 rate determinations were 

made using cultures of varying cell densities. Mean values 

± stand. deviations of the 2-3 determinations were used in 

reduction rate analyses. 

Nitrate, nitrite, and oxygen reduction rates were measured 

using cultures which had been washed and resuspended in 

fresh Westlake medium. Oxygen utilization rates were 

measured as described in section 3. Nitrate and nitrite 

reduction was measured by dispensing 240 mL of resuspended 

culture in duplicate 500-mL flasks. The flasks were 

transferred to an anaerobic chamber where appropriate 

amounts of KNOJ or NaN02 stock solutions were added to 

provide respective starting concentrations of approximately 

15 mM and 4 mM. Samples \"ere periodically removed, 

centrifuged or filtered (0.45 p.M) to remove cells, and 

frozen until analysis. Nitrate and nitrite were analyzed 

by ion chromatography as previously described. The slopes 
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of the concentration vs. time regression lines were used to 

calculate reduction rates. 

6.2.3 Results of Electron Acceptor Experiments 

The presence of significant amounts of sulfate in the 

medium allowed the possibility that, if sulfate reduction 

occurred, sulfide could reductively dechlorinate the CT. 

Al though s. putrefaciens reduces sulfoxy anions such as 

thiosulfate and sulfite, it reportedly does not reduce 

sulfate (130). Since any sulfide produced could be 

cyclically reduced and oxidized, only a very small amount 

would be needed to function as an intermediate in the 

reduction of CT. To determine if sulfate played any role 

in dehalogenation, therefore, dehalogenation kinetics were 

studied in both sulfate-free and sulfate-containing media. 

As can be seen from Figure 6.5, sulfate does not stimulate 

or inhibit dehalogenation. 
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Figure 6.5. Transformation of CT by s. putrefaciens in 
westlake medium containing or laclcing 2.0 giL Na2S04 • 

Initial culture optical density was 0.220. Cultures were 
grown under highly aerobic conditions. 120-mL serum bottles 
were used with 50 mL culture. The initial headspace was 
air. The initial mass of CT added was 2.67 p.moles. 
Incubations were at 23°C. Values shown are the mean of 
three replicate bottles. 
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Preliminary experiments to examine the effects of nitrate 

or increased Fe(III) concentration are summarized in Table 

6.2. The Westlake medium used for growth of S. 

putrefaciens and subsequent dehalogenation experiments 

contains 4 mg/L Fe(III), i.e., approximately 0.07 mM FeCI3 • 

In these preliminary experiments, the concentration was 

increased 20-fold to 1.4 mM FeCI3 • Although the amount of 

CT transformation occurring over the 10-day period was 

slightly less in the bottles containing higher FeCl3 

concentrations, significant amounts of CT were transformed 

in both treatments. The higher Fecl3 concentration resulted 

in a small decrease in pH (0.2 pH units) which might have 

slightly affected dehalogenation rates. Since iron added 

as FeCl3 rapidly precipitates as ferric hydroxide resulting 

in solution pH changes and possibly limited availability of 

Fe(III) to the organism, subsequent experiments at higher 

Fe(III) concentrations used Fe(III) citrate in lieu of 

FeCI3 • 
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I Treatment I CT, CICo after 10 days I 
sterile, un inoculated medium 0.97 

Autoclaved culture control 0.97 

4 mglL Fe3+ 0.57 

80 mglL Fe3+ 0.67 

4 mglL Fe3+ , 1 gIL KN03 0.93 

80 mglL Fe3+ , 1 gIL KN03 0.97 

Table 6.2 Effect of ~ron and n~trate on reduct~ve 
dehalogenation of CT. CICo represents the reduction in 
aqueous phase concentration over a 10 day period. 

The results of preliminary experiments with nitrate (Table 

6.2) indicated that 1.0 gIL KN03 (approx. 10 mM) almost 

completely inhibited dehalogenation over the period of the 

experiment. It was unclear from these preliminary 

experiments whether the nitrate had been completely utilized 

or if nitrate-reduction had resulted in substrate depletion. 

Additional experiments were done, therefore, to examine the 

effects of nitrate and other electron acceptors on 

dehalogenation over a longer time period. 

Figure 6.6 shows the effects of varying electron acceptors 

on reductive dehalogenation of CT by microaerobically grown 

cultures of S. putrefaciens. CuI tures containing 15 mM 
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TMAO, fumarate, or FeCIII) citrate dehalogenated at rates 

similar to cultures lacking any electron acceptor. CT 

transformation apparently occurs concomitantly with 

reduction of these electron acceptors. 
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Figure 6.6. Dehalogenation of CT by microaerobically-grown 
cultures of s. putrefaciens in the presence of various 
electron acceptors. The substrate utilized was 18 mM 
lactate. 72-mL serum bottles "lere used with 60 mL of 
culture and a nitrogen headspace. Values represent the mean 
of two replicate bottles. The initial mass of CT was 1.437 
~moles. The initial culture optical density was 1.505 (A = 
600 nm). 
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CT transformation in nitrate-containing bottles, however, 

was delayed until about 100 hours at which time 

transformation occurred at rates comparable to or faster 

than those in other cultures. Figure 6.6 represents the 

mean of two replicate bottles for each treatment. For all 

electron acceptors other than nitrate, transformation rates 

in replicate bottles were almost identical, i.e, the mean 

data accurately represent changes in each replicate bottle. 

The rates of transformation in each of the two nitrate

containing bottles, however, were quite different. Figure 

6.7 shows dehalogenation in each of the two replicates along 

with mean values for control bottles and bottles lacking any 

electron acceptor. In nitrate-containing bottles 

transformation was inhibited for 100-130 and 160-190 hours, 

respectively, for the two bottles. Beyond these points, CT 

transformation occurred at rates faster than those observed 

in other bottles including those lacking alternative 

electron acceptors. These data suggested that nitrate or 

its reduced product, nitrite, inhibited CT transformation. 

Hypothetical depletion of nitrate, nitrite, or both at the 

points indicated would then allow a high-rate of CT 

transformation to occur. Average culture pH and protein 

content measured at the conclusion of the experiment are 

shown in Table 6.3. Protein measurements indicate that 
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significant growth did not occur in the absence of molecular 

oxygen. 

Electron Acceptor pH Protein (p.g/mL) 

None 6.72 ± 0.01 167 ± 0.0 

Nitrate 7.89 ± 0.03 137 ± 11. 0 

TMAO 6.79 ± 0.12 109 ± 2.0 

Fe{III) 6.55 ± 0.16 120 ± 64.0 

Fumarate 6.15 ± 0.03 192 ± 49.0 

Table 6.3. Flnal culture parameters for dehalogenatl0n 
studies in the presence of various electron acceptors. 
Values represent the mean ± stnd. dev. of two replicate 
bottles. 

To verify the hypothesis that the onset of CT transformation 

occurred only after nitrate or nitrite depletion and to 

determine if CT transformation was inhibited by only one of 

these compounds, an additional experiment was done in which 

nitrate and nitrite concentrations were measured 

simultaneously with CT depletion and CF production. In this 

experiment, microaerobically-grown cells were resuspended in 

bottles containing 10 mM nitrate, 3 mM nitrate, or lacking 

any supplementary electron acceptor. Figures 6.8 and 6.9 

show the results of this experiment. 



0.9 

~0.8 
·c 
·0 0.7 
E & 0.6 

.§ 0.5 

g 0.4 
L.. 

u.. 0.3 

.-: u 0.2 

0.1 

1.2 

m 
c ·c 
.~ 0.8 
w 

a:: 

.2 0.6 -(J 

a 
~ 0.4 

....: 
u 0.2 

100 200 300 400 500 
Time, hrs 

CI CT CULTURE 0 CT CONTROL .A NITRI\TE * NITRITE 

.-----~ 

"'-.,. 
"-

'~ 

100 200 300 400 500 
Time, hrs 

CI CT CUL TUllE 0 CT CONTROL A NlTlll\TE * til TIll TE 

217 

16 
15 
14 
13 
12 :::!; 

11 E 
10 2 9 

L.. 
8 -
7 

Z 
cD 6 -5 
0 
!: 

4 Z 
3 
2 
1 
0 

600 

16 
15 
14 
13 
12 L 
11 E 
10 2 9 

L.. 
8 -Z 
7 

2 6 a 
5 L.. -4 z 
3 
2 
1 
a 

600 

Figure 6.8. Duplicate experiments shm.,ing transformation of 
CT by microaerobically grown s. putrefaciens in the presence 
of 10 mM nitrate. The initial culture optical density was 
1.390. The initial mass of CT was 1.437 ~moles. 
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Figure 6.9. Duplicate experiments showing CT transformation 
by microaerobically grown cultures of s. putrefaciens in the 
presence of 3 mM nitrite. The initial culture optical 
density was 1.390. The initial mass of CT was 1.437 ~moles. 
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Nitrate reduction did not occur at a significant rate until 

after a period of 1-2 days. This lag period is longer than 

lag periods usually associated with induction of enzyme 

pathways. The lag period might be a result of CT toxicity 

since a similar lag was not observed in nitrate-reduction 

rate measurements in the absence of CT (Figure 6.12). 

Nitrite reduction occurred without such a lag period. 

The data in Figures 6.8 - 6.9 show that dehalogenation of CT 

by microaerobically grown cultures of s. putrefaciens did 

not occur in cultures supplied with nitrate or nitrite until 

after nitrite had been depleted. In experiments using 10 mM 

nitrate (Figure 6.8), nitrite concentrations increased as 

nitrate was depleted. Shortly after nitrite depletion, CT 

was rapidly transformed. Since N02- is produced during N03-

reduction, the effects of nitrate on dehalogenation are not 

readily uncoupled from the effects of nitrite. Insofar as 

the experiment did not measure more reduced denitrification 

intermediates, i.e., nitric or nitrous oxides, it cannot be 

unequivocally determined which of the nitrogen oxides are 

inhibitory. 

A similar pattern of inhibition by nitrate of CT 

dehalogenation was observed with cultures grown under highly 



220 

aerobic conditions. The results of such an experiment are 

shown in Figure 6.10. In this experiment, nitrite was 

exhausted from bottles initially containing 3 mM nitrite by 

the first measurement (23 hours). Since the time of nitrite 

depletion is unknown, it cannot be determined from these 

data if nitrite inhibited CT dehalogenation by cells grown 

under highly aerobic conditions. Bottles initially 

containing 15 mM nitrate retained a NOx residual throughout 

the experiment (Figure 6.10 caption). No CT dehalogenation 

was observed in nitrate-containing bottles, again indicating 

that NOx is inhibitory to dehalogenation. Interestingly, 

dehalogenation in the bottles not containing an electron 

acceptor proceeded at a slower rate than did dehalogenation 

in bottles initially containing nitrite or Fe(III). Such a 

result is expected if anaerobic nitrite or FeCIII) 

respiration resulted in the same increased dehalogenation 

capacity exhibited by microaerobically grown cells. 
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Figure 6010. Dehalogenation of CT in the presence of 
various electron acceptors by cultures of s. putrefaciens 
grown under highly aerobic conditions. Ini tial culture 
optical density was 0.857. Initial mass of CT \oJ'as 1.437 
,umoles. In bottles initially containing 3 mM N02-, N02- was 
exhausted at the first time point (23 hrs). In bottles 
originally containing N03-, 0.95 mM N03- and 12.7 mM N02- were 
present at the end of the experiment. Data represents the 
mean of 2 replicates. 



222 

Previous work by Arnold et al (8) using the same bacterial 

strain has suggested that inhibition of Fe (III) -reduction by 

molecular oxygen resulted from the relative kinetics of 

electron transfer to Fe(III) or oxygen from branch points in 

the electron transfer chain. This mechanism posits the 

existence of a branch point from which electrons are passed 

either to an oxidase or iron-reductase system. If (i) 

electron transfer to 02 is much faster than electron 

transfer that results in Fe(III) reduction, and (ii) the 

observed rate of electron transfer is limited by metabolic 

activity ahead of the branch point, electrons will be 

preferentially transferred to oxygen. Under such conditions 

Fe (III) reduction would be observed only when oxygen is 

absent or when electron transfer to oxygen is limited at the 

cytochrome oxidase. To determine if a similar mechanism 

could explain inhibition of CT dehalogenation by nitrogen 

oxides, electron transfer rates to nitrite, nitrate, oxygen, 

and Fe(III)-citrate were measured. 

Half reactions for the reductions of various nitrogen oxides 

are shown in 6a-6d. 
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(6c) NO 

Rates of electron transfer to nitrate can be calculated for 

either a 5-electron transfer forming nitrogen (sum of 

equations 6a-6d) or a 2-electron transfer resulting in 

nitrite formation (equation 6a only). Near-stoichiometric 

production of nitrite by a nitrate-respiring culture shown 

in Figure 6.11 indicated that nitrite is formed as a product 

and that nitrite reduction in the presence of nitrate is 

relatively slow or absent. Production of nitrite until 

nitrate is depleted is also indicated by the cultures 

described in Figure 6.8. It would appear, then, that 

nitrate reduction involves initial reduction to form nitrite 

followed by further reduction of nitrite. A simultaneous 

5-electron transfer to nitrate to form nitrogen is not 

supported by these data and subsequent electron transfer 

calculations assume reduction of nitrate via a 2-electron 

transfer. 
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Figure 6.11. Production of nitrite by nitrate-respiring, 
microaerobically-grown s. putrefaciens. cultures were 
harvested at an optical density of 0.895 and resuspended 
(protein concentration = 22.8 J!g/mL) in Westlake medium 
containing 13.4 mM KN03 • The culture was transferred to an 
anaerobic chamber and samples were periodically removed for 
analysis. 
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Table 6.4 shml1s the results of electron transfer rate 

experiments for cultures of S. putrefaciens grown under 

highly aerobic and microaerobic conditions. The 02- and 

Fe (III) -reduction rates are respectively about 1.6- and 

5.2-fold greater for microaerobically grown cultures than 

cultures grown under highly aerobic conditions. No 

significant differences, however, were noted in NOi- or N03-

reduction rates for either type culture. 

The rates described here can be compared with rates reported 

by DiChristina (42) in a series of competition experiments 

in which Fe (III) and N03- or Fe (III) and N02- were 

simultaneously presented to cultures of S. pu trefaci ens . 

DiChristina found that microaerobically grown cells reduced 

nitrate and nitrite at rates 2- and 9-fold greater, 

respectively, than did aerobically grown cells. 

DiChristina also reported 2- and 19-fold increases in 02-

and Fe(III)-reduction rates following microaerobic growth. 

Absolute rates of reduction of all electron acceptors are 

much higher in the data reported here than observed by 

DiChristina. DiChristina, for example, reported 

electron-transfer rates to oxygen of 2636 nmoles/min/mg 

protein for microaerobically grown cells as compared to a 

rate of 4280 nmole/min/mg protein described in Table 6.4. 
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Electron Electron 

# Transfer Rate by Transfer Rate 

Electron Electrons Microaerobically by Aerobically 

Acceptor Transferred Grown Cultures Grown Cultures 

Oxygen 4 4280 ± 160 2740 ± 204 

FeCIII) 1 2960 ± 1480 569 ± 146 

Nitrate 2 2632 ± 742 2926 

Nitrite 3 2058 ± 411 2877 

2 1372 ± 274 1918 

1 686 ± 137 459 

Table 6.4. Rates of electron transfer to oxygen, nitrate, 
nitrite, and FeCIII) citrate by microaerobically-grown 
cuI tures of s. putrefaciens. Rates are expressed as 
nanomoles electrons/min/mg protein. Rates assume a 4-mol 
electron transfer for each mole of 02' a 2-mol transfer for 
each mole of nitrate, and a 1-mol transfer for each mole of 
FeCIII) reduced. Since the products of nitrite reduction 
were not measured, rates are shown for various electron 
transfer stoichiometries for this compound. In most cases, 
rates shown are the mean ± standard deviation for 2-6 rate 
measurements. Rates for NOx reduction for aerobically grown 
cultures are the results from one rate determination. 
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There are several differences in experimental procedures 

which may explain the disparate results. DiChristina 

harvested both microaerobically and aerobically grown cells 

at optical densities of 0.250. Microaerobically and 

aerobically grown cultures ,('lere harvested at densities of 

0.895 and 0.370 respectively, in these experiments. 

Whereas cultures were resuspended in fresh medium prior to 

determining reduction rates in these experiments, 

DiChristina measured rates in the original culture. 

DiChristina also added chloramphenicol to prevent further 

protein synthesis whereas no such inhibitor was used here. 

Induction of high-rate enzyme systems during NOx- and 

Fe(III)- reduction rate experiments using cultures grown 

under highly aerobic conditions could explain similar rates 

of NOx reduction found here for both microaerobically and 

aerobically grown cultures. Such induction of high-rate 

systems would result in an increase in NOx-utilization rates 

as the experiment progressed. Figure 6.12 shows data used 

in calculation of nitrate- and nitrite-reduction rates for 

aerobically grown cells. The rates of nitrate reduction 

remain constant over the duration of the experiment 

indicating that induction of high-rate N03"-reducing systems 

did not occur. NOi-reduction rates apparently increased 
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slighly after 60-70 minutes suggesting partion induction. 

This small increase in NO£-reduction rate, however, is much 

less than the 9-fold increase in N02--reduction resulting 

from microaerobic growth reported by DiChristina. 

The similarity in electron transfer rates for 2-electron 

transfers to NO; and 3-electron transfers to NO£ in Table 

6.4 could lead to speculation that both reductase systems 

lie along the same pathway and the rate-limiting step is 

located before either of the NOx reductases. There is no 

evidence, however, to suggest that NO£ reduction occurs by 

a 3-electron transfer to form molecular nitrogen, i. e. , 

without release of NO or N20 as intermediates. Formation of 

these intermediates would imply the lower rates for N02-

reduction shown in Table 6.4 for either 1- or 2-electron 

transfers. Further experimentation is required to clarify 

the immediate products of N02- reduction in s. putrefaciens. 
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Figure 6.12. Nitrate and nitrite reduction by separate 
cuI tures of s. putrefaciens grown under highly aerobic 
condi tions. The culture was harvested at an optical density 
of 0.370 and resuspended in Westlake medium to a density of 
22.2 mg protein/L. 
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An effort was made to develop a model to explain the effects 

of various electron acceptors on CT dehalogenation capacity 

of s. pu trefaci ens • Such a model needed to be congruent not 

only with results presented here, but also with related data 

reported by other workers. A satisfactory model must be 

consistent with electron-transfer rate data described in 

Table 6.4 and must explain: 

(i) complete inhibition of CT dehalogenation by 02; 

(ii) increased CT dehalogenation and Fe(III)-reduction 

rates following microaerobic derepression; 

(iii) complete inhibition of CT dehalogenation by NOx 

but not by Fe(III); 

(iv) complete inhibition of Fe(III) reduction by 02; 

(v) concomitant reduction of Fe(III) and NOi and 

Fe(III) and N03- reported by DiChristina (42); 

(vi) partial inhibition of Fe (III) reduction by N02- or 

N02- reported by DiChristina (42). 

Figure 6.13 presents a hypothetical branched electron 

transport chain which offers a possible explanation for the 

effects of various electron acceptors on the ability of s. 

putrefaciens to reduce CT. The model describes pathways in 
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cells grown under highly aerobic conditions. Microaerobic 

growth (derepression) results in production of additional 

components indicated in the model as derepressed pathways. 

Under this scenario, electrons from the dehydrogenase (D) 

are passed into the branched chain at point X. Maximal 

electron transfer rates (nmoles electrons/min/mg protein) 

are shown along certain branches to explain both kinetic 

control and electron transfer rates described in Table 6.4. 

In the presence of 02' electrons flow through the upper 

branch and are passed to an oxidase as they exit the chain 

at point u. Branch-point kinetic control mechanisms similar 

to the one described previously for Fe(III) could explain 

oxygen's inhibitory effect on the reduction of other 

electron acceptors or CT. 
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Figure 6.13. Hypothetical branched electron-transport chain 
of s. pu trefaci ens • Electrons enter the chain from the 
dehydrogenase at D. Numbers in parentheses next to a 
pathway component indicate the maximum rate of electron 
transfer for that component (nmoles electrons/min/mg 
protein. See text for details of postulated operation. 
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A branch point at Y, for example, would preferentially 

transfer electrons to oxygen in the simultaneous presence of 

both 02 and Fe(III). A branch point at X would similarly 

result in 02-inhibition of CT, N03-, and NO£ reduction. In 

cells grown under aerobic conditions, electron transfer to 

oxygen is limited along chain DX to rates of approximately 

3000 nmoles electrons/min/mg protein. The model, then, 

explains oxygen-inhibition of CT dehalogenation and Fe(III) 

reduction by a kinetic mechanism. 

It is suggested that CT is dehalogenated by component c, 

part of one of several hypothetical pathways partially 

repressed by growth under highly aerobic conditions. These 

pathways are responsible for the increased rate of Fe(III) 

reduction following microaerobic growth. The model proposes 

that microaerobic growth results in derepression and greater 

production of pathway components, including component c. 

This hypothesis is supported to some degree by the work of 

Morris et al (102). These authors showed that microaerobic 

or anaerobic growth resulted in production of a number of 

additional periplasmic electron carriers of unknown 

function, primarily cytochromes, not found in aerobically 

grown cells. Increased production of component c would 
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explain the increased CT dehalogenation capacity of 

microaerobically grown cells. 

Since CT transformation occurs, albeit at a reduced rate, in 

cuI tures grown under highly aerobic conditions in which 

high-rate reduction capability has been repressed, the model 

assumes that repression under these grot'lth conditions is 

incomplete. Fewer pathways or reduced concentrations of 

pathway components as a result of oxygen repression offers 

a possible explanation for the lower rates of reduction 

observed in cultures grown under repressive conditions. 

The model assumes that component C must be in its reduced 

form for reduction of CT to occur. If this component is 

part of pathway NCB which can reduce Fe (III), increased 

concentrations pathway NCB components following derepression 

would increase the rate of both Fe(III) reduction and CT 

transformation. The model also requires that the 

rate-limiting step in this pathway is at point B to allow 

component C to remain in its reduced state. CT 

transformation could then occur concomitantly with Fe(III) 

reduction in cultures grown under microaerobic conditions. 
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In addition to regulatory control by branch-point kinetics, 

it is suggested that N02- inhibit electron transfer at points 

Nand n. Both points are on pathways which transfer 

electrons to Fe C III) . Complete inhibition of electron 

transfer by NO£ at point N ",ould prevent CT dehalogenation 

in the presence of nitrate or nitrite. since electron 

transfer to CT is extremely slow, inhibition of CT 

dehalogenation in the presence of NOx might also be 

explained by kinetics. 

In the presence of CT and Fe C III), however, electrons ",ould 

be available for CT reduction at point c since maximal 

electron transport rates from the dehydrogenase CD) are 

greater than maximal electron transfer rates to FeCIII) at 

point Y. In such a way, the model explains inhibition of CT 

dehalogenation by NOx but not by FeCIII). N02- inhibition at 

points Nand n also explains the partial inhibition of 

FeCIII) reduction described by DiChristina when both FeCIII) 

and either nitrate or nitrite \tlere simultaneously presented. 

Since inhibition is only partial, however, Fe (III) reduction 

and NOx reduction can proceed simultaneously. 

In addition to derepression of path\tlays resulting in a 

higher rate of Fe(III) reduction, it is suggested that 
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microaerobic growth causes a modest increase in the the 

electron-transfer capacity of segment DX. If derepression 

of this segment increased electron transport capacity to 

about 4000 nmoles electrons/min/mg protein, the higher rates 

of oxygen utilization following a period of microaerobic 

growth is also explained. 

The observed pattern of nitrite accumulation during 

reduction of nitrate depicted in Figures 6.8 and 6.11 can be 

explained by direct inhibition of N02- reduction by N03-. The 

pattern could also be explained by kinetics if rates of 

nitrate reduction are significantly faster than nitrite 

reduction rates. Using a computer model based on a 

Michaelis-Menten expression for each step in the 

denitrification sequence, Tiedje described similar patterns 

of nitrate removal and nitrite production when nitrate 

reduction rates were 2-fold greater than nitrite reduction 

rates (144). Since (i) rates of nitrate reduction in Figure 

6.11 are relatively constant as nitrite concentrations 

increase, and (ii) rates of nitrite accumulation and 

consumption are relatively constant, it does not appear that 

nitrate and nitrite are reduced by the same enzyme. In 

those organisms in which nitrate and nitrite reduction have 

been better studied, nitrate and nitrite are reduced by 
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separate enzyme systems . Nitrate reduction generally occurs 

on the cytoplasmic side of the cell membrane whereas nitrite 

reduction occurs on the periplasmic side (139). The model 

described in Figure 6.13, then, assumes the presence of at 

least two separate consti tuti ve nitrogen oxide reductase 

systems. 

The proposed model is consistent with observed patterns of 

CT dehalogenation in the presence of various electron 

acceptors. Although one of several possible models, it is 

also congruent with the NOx-Fe(III) competition studies of 

DiChristina and with rates of electron transfer to various 

electron acceptors reported here. It suggests that the 

component responsible for CT dehalogenation ability is part 

of a high-rate reduction system partially repressed by 

highly aerobic conditions. Evidence suggesting that this 

component is a cytochrome is presented in Chapter 7. 

Although highly speculative, the model provides a framework 

upon which to base further studies. 
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7 D EVIDENCE OF CYTOCHRQr.m INVOLVEl-IENT IN REDUCTIVE 

DEHALOGENATION OF TETRACHLOROMETHANE BY S. pu~refaciens 

7.1 Introduction 

As indicated in section 2.7, iron porphyrins have been used 

to catalyze abiotic reductive dehalogenation reactions in 

the presence of chemical reductant. Porphyrin-containing 

proteins, i.e., cytochromes, also can possess similar 

catalytic ability in abiotic systems (29, 30). The presence 

of cytochrome P-450 cam in resting cell suspensions of P. 

pu~ida is implicated in the dehalogenation of 1,1,2-

trichloroethane by oxidative and reductive pathways (28-30). 

with the exception of the latter studies, reductive 

dehalogenation by bacterial cells has primarily been linked 

to the presence of other transition-meta I-containing 

coenzymes such as corrinoids or porphinoids. This section 

will provide evidence suggesting that (i) cytochromes are 

invol ved in reducti ve dehalogenation of CT by s. 

putrefaciens and (ii) the increased dehalogenation ability 

of microaerobically grown cultures is a result of increased 

cytochrome production. This section will also attempt to 

assign dehalogenation activity to a particular cell 

fraction, i.e., cytoplasmic, periplasmic, or membrane fraction. 
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The cytochromes are a di verse group of heme-containing 

proteins involved in biological electron transport 

reactions. In conjunction with flavoproteins, quinones, 

non-heme iron, and other electron carriers, cytochromes 

serve in the stepwise transport of electrons from reduced 

compounds to the terminal electron acceptor in respiratory 

bacteria. such bacteria are commonly capable of expressing 

a variety of cytochromes. The pattern of expression and 

concentrations of individual cytochromes may change in 

response to varying substrate and electron-acceptor 

conditions. 

Cytochromes are classified in four major groups, a-, b-, C-, 

and d-type cytochromes, depending on the heme side chain and 

whether there are covalent linkages between the heme and the 

protein (117, 134). The four types of hemes are shown in 

Figure 7.1. 
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The hemes of cytochromes. From reference 117. 
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cytochromes a have heme a with a formyl side chain as a 

prosthetic group. Cytochromes b have protoheme IX as a 

prosthetic group with no covalent linkages to the protein. 

The heme prosthetic group in c-type cytochromes is similar 

to protoheme except that side chain substitutions allow 

covalent attachment to the protein. These side chain 

sUbstitutions are in ethyl linkages at positions 2 and 4 on 

the porphyrin molecule. Mesoheme (not shown) is similar to 

protoheme except that the vinyl groups at protoheme 

posi tions 2 and 4 are replaced with ethyl groups. The 

prosthetic group of a cytochrome c can, therefore, be 

considered a substituted mesoheme (90). These sUbstitutions 

are thioether linkages with methionine or cysteine residues 

in the protein. The heme in cytochromes d is a chlorin 

(iron-dihydroporphyrin). 

The midpoint potential of a cytochrome is determined both by 

the heme and the associated protein. For a cytochrome to 

effecti vely carry electrons from reduced compound A to 

oxidized compound B, the midpoint potential of that 

cytochrome must be intermediate between the midpoint 

potentials of A and B. Since the midpoint potentials of 

cytochromes can vary widely depending both on the heme and 

protein environment, cytochromes can serve as electron 

carriers in a wide variety of redox reactions. 
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The absorption spectra of the different heme prosthetic 

groups are sufficiently varied to allow easy identification 

of cytochrome type and quantification of cytochrome 

concentration. The reduced form of cytochromes c, for 

example, have a-, ~-, and ~-maxima at approximately 551, 

522, and 416 nm, respectively (16). Since it is difficult 

to measure the cytochrome absorption spectra when 

superimposed on the high turbidity of cell suspensions using 

a conventional spectrophotometer, measurements are usually 

done using an integrating sphere. utilization of 

reduced-oxidized spectra also helps compensate for the 

effects of sample turbidity and results in well-defined 

maxima. Hemes form complexes with ligands such as 

pyridine. The resultant pyridine hemochromes produce sharp 

absorption peaks and are frequently used to quantify heme 

concentrations (52). 

Changes in cytochrome type and concentration resulting from 

variations in growth conditions have been reported for a 

variety of bacteria. Harrison (69) described variations in 

cytochrome concentration in Klebsiella aerogenes as a result 

of varying oxygen concentration. At dissolved oxygen 

tensions of 0.5-2.5 rom Hg, concentrations of cytochrome a 2 

increased 100- to 200-fold over those found in cultures 
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grown under more aerobic conditions whereas cytochromes b 1 

and 0 concentrations were unchanged. Moss (103) similarly 

found that E. coli produced higher concentrations of 

cytochrome a 2 when grown under microaerobic conditions than 

when grown at high oxygen tensions. sweet and Peterson 

(143) reported that P. putida produced an additional 

cytochrome component, presumably cytochrome d, during 

stationary phase when oxygen concentrations approached zero. 

Hino and Ishida (71), on the other hand, reported that 

concentrations of cytochrome b 1 in E. coli and Bacillus 

polymyxa were several times higher in aerobically grown 

cells than in those grown anaerobically. 

Matsushita et ale (95) demonstrated that shaking cultures of 

Acetobacter aceti produced cytochrome a 1 for use as a 

terminal oxidase whereas static cultures produced cytochrome 

o. Concentrations of cytochromes band c were unchanged. 

This change in cytochrome complement was concomitant with a 

change in cell morphology. Due to this change in cell type, 

the cause of the switch from one oxidase to another was 

unclear. The authors speculated that changes in the cell 

surface may affect the ability of oxygen to permeate the 

cell. Changes in a-type cytochromes in Comamonas percolans 



244 

resulting from growth under oxygen-limited conditions have 

also been reported (149). 

cytochrome types and concentrations can also be affected by 

environmental conditions other than oxygen concentration. 

Thiobacillus ferrooxidans produces a b-type cytochrome when 

grown under acidic (pH 2.0) conditions in addition to the 

cytochromes a 1 and b produced under neutral growth 

conditions (94). Changes in cytochrome content as a 

function of medium iron content (113), growth substrates 

(46, 56, 116), porphyrin precursor concentration (46), and 

electron acceptor condition (56, 102) have also been 

established. 

7.2 Materials ~nd Methods 

7.2.1 spectral Analysis 

Reduced minus oxidized spectra of whole-cell suspensions or 

pyridine hemochromes were measured on a Shimadzu UV-2101PC 

spectrophotometer equipped with an integrating sphere. 

components were reduced by addition of several grains of 

sodium dithionite immediately prior to spectral 

measurements. Oxidized spectra were obtained by bubbling 
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air into the cuvette using a pasteur pipette or by 

vigorously shaking the suspension in a test tube immediately 

prior to measurement. 

Spectra were measured at room temperature. 

7.2.2 pyridine Hemochromes nnd Cytochrome Quantification 

Alkaline pyridine hemochromes for spectrophotometric 

examination of cytochromes were prepared from French press 

lysates or cell fractions. The method used was based on 

that described by Fuhrhop and smith (59). A pyridine-NaOH 

mixture was prepared by mixing 10 mL of pyridine with 50 mL 

of 0.1 N NaOH (final concentrations were 0.83 N NaOH and 2.1 

M pyridine). six mL of this mixture were added to 2 mL of 

French press lysate and the reduced minus oxidized spectrum 

was measured as previously described. 

Quantification of c-cytochromes was done using a difference 

millimolar extinction coefficient (A€) defined as the 

difference in millimolar extinction between the a- maximum 

and the minimum occurring between the a- and ~-maxima. A 

value of 21.7 roK1 was offered by Fuhrhop and smith (59) for 

the reduced minus oxidized difference extinction coefficient 

for meso-IX pyridine hemochromes. Since heme-c is 
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essentially a substituted meso-IX heme, this coefficient was 

considered appropriate. 

An alternate approach would have been to use an extinction 

coefficient for reduced heme-c pyridine hemochromes. since 

variations in turbidity between samples are less problematic 

when using reduced minus oxidized spectra than when using 

absolute reduced spectra, the difference extinction 

coefficient for meso-IX heme pyridine hemochromes was 

considered more accurate than an extinction coefficient for 

reduced heme-c. 

The accuracy of this method of quantification was tested 

using horse heart cytochrome c (Sigma Chemical Co.). 1.6 mg 

of cytochrome c (FW= 12,384) was added to 12 mL of 

pyridine-NaOH solution to provide a final concentration of 

11 ~M. A reduced minus oxidized dA measurement of 0.2475 

resulted in a calculated concentration of 11.4 ~M using the 

above A€ value (C= dA/A€). The accuracy of this 

quantification method was considered satisfactory. 

7.2.3 Fractionation Procedures 

cytoplasmic, periplasmic, and membrane fractions were 

prepared by the method of Easter et al (48). This method 
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uses lysozyme to dissolve or disrupt the peptidoglycan layer 

that lies between the cell membrane and outer membrane and 

provides rigidity to the cell. See Figure 7.2. Subsequent 

destabilization of the outer membrane by EDTA releases 

periplasmic proteins and results in formation of 

spheroplasts, i.e., cell membranes and their cytoplasmic 

contents. periplasmic proteins associated with the cell 

membrane mayor may not be released based on the strength of 

those associations. If periplasmic proteins are carried 

over into cytoplasmic or membrane fractions, they may be 

falsely assigned to a cytoplasmic or membrane location. 

contamination of periplasmic fractions by cytoplasmic 

proteins should not occur at a significant level if care is 

used in spheroplast preparation. 

All procedures were done at 0-4°C unless otherwise noted. 

Cells were harvested by centrifugation at 8000 x g for 15 

minutes. The pellet was resuspended in 10 mM Trizma-HCI 

(Sigma Chemical Co.), pH 7.5, containing 100 mM NaCI. A 

washed pellet was collected following centrifugation at 8000 

x 9 for 15 minutes. The pellet was resuspended in 10 mM 

Trizma, pH 8.0, containing 0.5 M sucrose to a target density 

of 3 mg/mL protein. This density \vas obtained by use of a 

calculated resuspension volume to provide an estimated 

optical density of 20.0 - 25.0. After 10 minutes at 20°C, 
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lysozyme (51,300 units activity/mg protein, sigma Chemical 

Co.) was added to a final concentration of 30 ~g/mL. 

After waiting 10 minutes at 20°C, an equal volume of 10 mM 

Trizma-HCI, pH 8.0, was added along with sufficient EDTA to 

provide a final EDTA concentration of 1 mM. This was 

achieved by diluting each mL of suspension with 0.98 mL of 

10 mM Trizma-HCI, pH 8.0, and 0.02 mL of 10 mM Trizma-HCI, 

pH 8.0, containing 100 mM EDTA. After 15 minutes incubation 

at 20°C, the suspension was examined for spheroplast 

formation. At the suspension density used, spheroplast 

formation was typically 90%. Higher densities, i.e., >3 mg 

protein/mL, resulted in reduced spheroplast formation and 

highly viscous suspensions which were resistant to 

centrifugation. 

After spheroplast formation was complete, sufficient 10 mM 

Trizma-HCI, pH 8.0, containing 500 mM MgS04 was added to 

provide a final Mg++ concentration of 50.0 mM. The 

suspension was centrifuged at 15,000 x g for 20 minutes to 

separate the periplasm (supernatant) and spheroplasts 

(pellet). The periplasm was stored at 4°C until used. The 

spheroplast pellet 'tolas resuspended in 10 mM Trizma-HCI, pH 

7.5, containing 0.3 M NaCI, 0.05 M MgS04 , and 0.01 M KCI 
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(Trizma salts buffer). The suspended spheroplasts were 

ruptured by 3 passes through a French pressure cell. 

Unbroken cells or spheroplasts were removed by 

centrifugation at 8000 x g for 10 minutes and the 

supernatant was stored on ice in a refrigerator for 2-8 

hours to allow membranes to reanneal. The suspension was 

then centrifuged at 45,000 x g for 6 hours to separate 

membranes (pellet) from the cytoplasmic fraction 

(supernatant). The pellet was then resuspended in Trizma 

sal ts buffer. Membrane and cytoplasmic fractions were 

stored at 4°C until used. 
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Figure 7.2 Diagram of the cell envelope of a Gram-negative 
bacterium showing the cytoplasmic membrane (cell membrane), 
periplasm, and outer membrane. A, B, C, and D represent 
various periplasmic or membrane proteins. From reference 
55. 
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7.2.4 Isocitrate Dehydrogenase Assay 

The efficiency of separation was checked by measuring the 

activity of cytoplasmic and membrane markers in all 

fractions. Isocitrate dehydrogenase (ICDH), an enzyme of 

the tricarboxylic acid cycle that is located in the 

cytoplasm, and hexosamine, a modified carbohydrate located 

in the outer membrane, were used as markers for this 

purpose. 

ICDH catalyzes the following reaction: 

D-isocitrate + NADP ~ 2-oxoglutarate + CO2 + NADPH + H+ 

ICDH was measured by a method based on that described by 

Bergmeyer (18). This assay measures NADPH formation at 339 

nm as an indication of ICDH activity. The reaction mixture 

contained: 2.5 mL HEPES-KOH buffer, pH 7.5 (0.1 M HEPES, 4 

mM MgS04); 100 ~L NADP-Na salt solution (10 mg/ mL in HEPES

KOH buffer) (Sigma Chemical Co., 97% purity); and 100 ~L 

sodium isocitrate (Sigma Chemical Co.) solution (4 mg/mL in 

HEPES-KOH buffer). The reaction mixture is added to a 

cuvette and 100 ~L of enzyme solution or fractionated 

extract is added to initiate the reaction. Reaction 
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progress is monitored by measuring absorbance changes at 339 

nm as a function of time. Although absolute ICDH activity 

can be measured by this method (€NADPH= 6.3 X 103 l·mol-I
• cm-I 

from reference 18), activity was instead expressed as 

~jminjmg protein. The total activity in a particular 

fraction was determined by multiplication of this value by 

the mass of protein in that fraction. Acti vi ty in a 

particular fraction was then expressed as the percentage of 

the total activity recovered in all fractions. 

7.2.5 Hexosamine Assay 

The hexosamine assay was based on the method described by 

Glick (1). Acetylacetone reagent was freshly prepared prior 

to each assay by adding 1.0 mL of acetylacetone (Sigma 

Chemical Co.) to 50 mL of 0.5 N Na2Co3 • Ehrlich's reagent 

was prepared by dissolving 0.8 g of p

dimethlyaminobenzaldehyde (Sigma Chemical Co.) in 30 mL of 

methanol and 30 mL of concentrated HCI. 

A standard 

hydrochloride 

concentration 

curve 

(Sigma 

range, 

was prepared 

Chemical Co. ) 

0-50 p.gjmL 

using glucosamine 

standards in the 

(expressed as free 

glucosamine). Bacterial fractions require extraction prior 
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to the hexosamine assay. 5.0 mL 95% ethanol and 0.5 mL of 

the fraction or suspension were mixed by vortexing in a 

Teflon centrifuge tube. After centrifugation at 6000 rpm 

for 15 minutes, the supernatant was decanted and discarded. 

The precipitate was resuspended in 5 mL of 95% ethanol, 

vortexed, and centrifuged as described above. The 

supernatant was again discarded and the pellet was 

resuspended in 2.0 mL 3.0 N Hel. The suspension was then 

transferred to a 10 mL serum bottle, crimp-sealed with a 

Teflon lined stopper, and heated in a boiling water bath for 

2 hours. After cooling, the solution was neutralized with 

3.0 N NaOH. 

1.0 mL of acetylacetone reagent was added to 1.0 mL of each 

standard or extract fraction in a test tube. After mixing, 

tubes were capped with foil or metal caps, and heated in 

boiling water for 15 minutes. Tubes were cooled in tap 

water, amended with 5 mL of 95% ethanol, and mixed on a 

vortex mixer. 1.0 mL of Ehrlich's reagent \"as added 

followed again by mixing. 2.0 mL of 95% ethanol was added 

and, after allowing color development for 30 minutes, the 

absorbance is read at 530 nm. 
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70206 Heme Extraction 

Heme extraction allows one to concentrate hemes and, 

thereby, facili tates spectral analysis. The extraction 

protocol used was basically that of Lanyi (88). The 

procedure was carried out, where possible, in Teflon 

centrifuge tubes. 2.0 mL of culture, whole-cell lysate, or 

fraction was vigorously mixed by vortexing with 20 mL 

acetone:HCI (100 mL acetone, 1. 0 mL conc. HCI). The mixture 

was separated by centrifugation at 6000 x g for 12 minutes. 

The white precipitate consisted of nonextractable material 

including covalently bound hemes. 5.0 mL of 0.1 N NaOH and 

1.0 mL of pyridine was added to this fraction for 

measurement of nonextractable pyridine hemochromes. 

The supernatant, which contains noncovalently bound hemes, 

was mixed with 10 mL absolute ether in a separatory funnel. 

The ether extract was then washed by mixing with 20 mL 

water. The aqueous fraction was then discarded. The hemes, 

with fully protonated carboxyl groups at low pH, will remain 

in the ether fraction. The hemes were extracted from the 

ether with 5 mL 0.10 N NaOH. Hemes will be preferentially 

soluble in aqueous solutions at high pH due to ionization 

of the carboxyl groups 0 1.0 mL of pyridine 'vas added to the 
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alkaline fraction for measurement of extractable pyridine 

hemochromes. 

7a2.7 Iron-free Medium 

Iron-free Westlake medium was prepared when necessary using 

deionized (18.2 megohm) water. All glassware and reaction 

bottles were acid-washed and rinsed with deionized water 

prior to use. The medium used was as previously described 

except that FeCl3 and yeast extract were omitted. Since 

growth was limited in the absence of trace amounts of amino 

acids usually supplied by the yeast extract, 0.005 giL 

Casamino acids (Difco) was added to the medium. 

Attempts to grow a culture in iron-free medium in a Biostat 

MD fermentor resulted in typical (iron-sufficient) 

cytochrome content (results not shown), presumably due to 

iron contamination from stainless steel vessel components. 

One liter of culture in iron-free medium was therefore grown 

in a 4-liter flask on a shaker table under highly aerobic 

conditions. A maximum optical density of approximately 

0.100 was reached after 4 days of incubation. At this 

point, the headspace was purged with N2 for 30 seconds to 

remove most of the air. One mL of 0.1% resazurin solution 
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was added as a redox indicator. The flask was fitted with 

a butyl rubber stopper and placed back on the shaker table 

for 4 days to allow microaerobic growth. The longer 

derepression period was deemed necessary due to the very 

slow growth rates of cells on this iron-free medium. The 

resazurin was decolorized in two hours after sealing the 

flask and remained decolorized throughout the incubation 

period indicating that the cells remained metabolically 

active and were able to scavenge trace amounts of oxygen 

introduced during periodic turbidity measurements. A sample 

of culture was spread onto NA+Y plates at the conclusion of 

the incubation. All colonies were typical of S. 

putrefaciens indicating that the culture remained pure. 

Cells were harvested at the conclusion of the derepression 

period and resuspended cells were dispensed into serum 

bottles for measurement of CT transformation as previously 

described. 

7.3 Results and Discussion 

7.3.1 Cell Fractionation Efficiency 

Protein recovery from fractionation procedures was 

summarized on a balance sheet describing original suspension 

volume, suspension protein concentration, volumes of the 
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various fractions, and protein concentration of the various 

fractions. Protein recovery \'laS 46.7% for the 

microaerobically grown culture and 85.2% for the aerobically 

grown culture. There is no apparent explanation for the 

differences in protein recovery for the two types of 

cultues. Losses occur during use of the French pressure 

cell when material is left in the cell and when unruptured 

cells are removed by centrifugation. Protein recovery was 

considered satisfactory. 

Table 7.1 shows the results of ICDH assays and hexosamine 

analyses for periplasmic, cytoplasmic, and membrane 

fractions for aerobically and microaerobically grown 

cultures. The cytoplasmic and membrane markers, ICDH and 

hexosamine, segregated as expected indicating good 

separation of different fractions. 96-98% of ICDH activity 

recovered was found in the cytoplasmic fraction indicating 

that cytoplasmic contamination of membrane and periplasmic 

fractions was minimal. 88-94% of the hexosamine recovered 

was found in the membrane fraction. Only 0-2.4% was found 

in periplasmic fractions indicating minimal contamination of 

this fraction by membrane material. 11.8% of recoverable 

hexosamine was found in the cytoplasmic fraction of 

aerobically grown cells suggesting incomplete sedimentation 

of membranes from French press lysates of spheroplasts. 



258 

specific 

Growth ICDH ICDH Hexosamine 

Conditions Fraction Activ. 1I (%) b (%) b 

Aerobic P 1.3 x 10-4 1.5 0.0 

C 2.7 X 10-3 98.4 11.8 

11 4.2 x 10-6 0.1 88.2 

Microaerobic P 2.3 x 10-4 1.2 2.4 

C 4.3 x 10-3 96.3 3.4 

M 1.4 x 10-4 2.5 94.2 

Table 7.1. Isocitrate dehydrogenase (ICDH) and hexosamine 
concentrations in various cell fractions. P = periplasm, C 
= cytoplasm, M = membrane. II Specific ICDH activity is 
expressed as dA/min/mg protein where dA = absorbance change 
at 339 nm in NADP-coupled ICDH assay. b The amount of ICDH 
or hexosamine in each fraction is expressed as a percentage 
of the total present in all three fractions. 

Table 7.2 shows the percentage of cytochromes found in the 

various fractions. The specific cytochrome content was 

several-fold higher in derepressed cells than for repressed 

cells regardless of the fraction type. In both repressed 

and derepressed cases, the periplasm was found to have the 

highest specific cytochrome concentration. The majority, 
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51-62%, of measured cytochromes was found in the periplasm. 

Myers and Myers (104) found that 70.6% (anaerobically grown) 

and 87.2% (aerobically grown) of total cell cytochrome was 

found in soluble fractions of S. putrefaciens MR-1. No 

attempt was made, however, to separate soluble components 

into cytoplasmic or periplasmic components. Table 7.2 

indicates that aerobically and microaerobically grown 

cultures respectively possessed 77.5% and 63.3% of total 

cellular cytochrome in soluble fractions (periplasm and 

cytoplasm) showing good qualitative agreement with the work 

of Myers and Myers. In both bacterial strains, the shift 

from aerobic to anaerobic or microaerobic growth resulted in 

a higher percentage of cytochromes in the membrane 

fractions. Myers and Myers suggested that this increase is 

due to synthesis of cytochromes whose domain is the outer 

membrane. These authors proposed that these outer membrane 

cytochromes could serve in the organism's ability to use 

insoluble oxidants, e.g., Fe(III) oxides, as terminal 

electron acceptors in anaerobic respiration. 
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Specific 

Growth Cyt-c Cyt-c 

Conditions Fraction Contentll (%) b 

Aerobic P 2.00 x 10-2 62.3 

C 0.16 x 10-2 15.2 

M 0.52 x 10-2 22.5 

Microaerobic P 13.4 x 10-2 51.2 

C 0.72 x 10-2 12.1 

M 2.64 x 10-2 36.7 

Table 7.2. Cytochrome c content in various cell fractions. 
P=periplasm, C = cytoplasm, M = membrane. II Specific 
cytochrome c content (~moles/mg protein) determined by 
calculation of heme content using a pyridine hemochrome 
difference millimolar extinction coefficient (~€= 21.7 mK i , 

reference 59). b cytochrome c in each fraction is expressed 
as a percentage of the total present in the three fractions. 

7.3.2 Characterization of Type and Location of Cytochromes 

Figure 7.3 shows reduced minus oxidized spectra for whole 

cell suspensions of S. putrefaciens grown under highly 

aerobic (repressed) and microaerobic (derepressed) 

conditions. Figures 7.4 and 7.5 show reduced and oxidized 
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respectively. 
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repressed and derepressed cultures, 

Suspensions were of equivalent densities and 

were suspended in a salt solution containing 0.15 M NaCI and 

0.001 M MgCI2 • Characteristic maxima at wavelengths of 552, 

523, and 422 nm indicated the presence of c-type 

cytochromes. Cytochrome concentrations were significantly 

higher in derepressed cultures as shown in both reduced and 

reduced minus oxidized spectra. 

Spectral analyses by other researchers have suggested that 

cytochromes other than c-type may be present in strain 200. 

Obuekwe et al (113) described inflections in reduced minus 

oxidized spectra at 510 and 530 nm and suggested that these 

ere due to the presence of various cytochromes c or 

indicated the presence of cytochrome b. Arnold et al (6) 

found similar inflections at 512 and 528 nm and an 

additional maximum at 630. They suggested that the latter 

maximum was due to the presence of a cytochrome d produced 

during microaerobic growth. Myers and Myers (104) reported 

inflections at 560 and 529 nm and a Soret peak shift at 424-

426 nm in reduced minus oxidized spectra of s. putrefaciens 

MR-1 cell membrane fractions. They suggested that this is 

evidence for the presence of b-type cytochromes in the cell 

membrane. Morris et al (102) also reported the presence of 
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cytochrome b S60 in cell membranes of S. putrefaciens NCMB 

400. 

Even though growth and derepression conditions used in these 

studies were similar to those used by other workers, no 

conclusive evidence of cytochromes b or d is apparent in 

figures 7.3-7.5. Minor inflections at 510-512 or 528-530 nm 

are present in reduced minus oxidized spectra when viewed 

under high resolution on an expanded scale as shown in 

figure 7.6. These inflections, however, do not necessarily 

signify the presence of b-type cytochromes. Pettigrew and 

Moore presented data showing similar inflections for a 

variety of purified c-type cytochromes (reference 117, pg 

14) . 

spectral analyses of pyridine hemochromes of cytoplasmic, 

membrane, and periplasmic fractions also showed the 

predominance of c-type cytochromes and provided no 

def ini ti ve evidence of cytochrome b. Reduced minus oxidized 

spectra for cell fractions derived from repressed or 

derepressed cultures are shown in figures 7.7-7.10. The 

spectra in these figures all have a- and ~-maxima at 550-551 

and 520-522, respectively. These maxima are characteristic 

of cytochromes c. When normalized by the fraction protein 
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concentration, the spectra show that specific cytochrome 

contents are higher in derepressed cultures than in 

repressed cultures regardless of the fraction studied. 

Figure 7.10 also illustrates that the specific cytochrome 

content is highest in the periplasm followed by the membrane 

and cytoplasmic fractions. 

To better characterize the cytochrome complement of S. 

putrefaciens and to determine if b-type cytochromes were 

present, spectral analyses were done of acid-acetone 

extractions of cytoplasmic, periplasmic, and membrane 

fractions. This extraction method will remove noncovalently 

bound hemes. Covalently bound hemes, i.e., c-type 

cytochromes, will typically remain in the nonextractable 

fraction. Such a separation will allow separate analysis of 

extractable hemes and help eliminate difficulties 

encountered in detecting low concentrations of cytochrome b 

in the presence of high concentrations of cytochromes c. 

The results of these analyses are shown in Table 7.3. 

a-maxima characteristic of cytochrome b were detected only 

in extractable membrane fractions. Nonextractable 

cytochromes were also present in the membrane fractions. 

Extractable portions of the periplasmic or cytoplasmic 

fractions did not reveal the presence of any heme indicating 
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that cytochromes in these fractions were covalently bound, 

i.e., c-type cytochromes. These data suggest that 

cytochromes c are found in periplasmic, cytoplasmic, and 

membrane fractions. The absence of nonextractable heme in 

the aerobically grovln cytoplasmic fraction may be due to 

losses in the extraction process and the very low 

concentration of cytochromes in this fraction (see Figure 

7 . 8 and Table 7. 2). Cytochrome b is present in membrane 

fractions but its presence in whole cell spectra may be 

masked by much higher concentrations of cytochrome c. 
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Growth Cell 

Conditions Fraction a max {3 max I' max 

Aerobic M, E 556 528 NO 

M, NE 551 521 412-413 

P, E NO NO NO 

P, NE 551 521-522 NO 

C, E NO NO NO 

C, NE NO NO NO 

Microaerobic M, E 555-556 NO 412-418 

M, NE 550 520 412-415 

P, E NO NO NO 

P, NE 550 517-520 413 

C, E NO NO NO 

C, NE 550 521 414 

Table 7.3. Spectral maxima of reduced pyridine hemochromes 
from various cell fractions of S. putrefaciens. Wavelengths 
are in nm. NO = maximum was not detectable above noise 
level in spectrum. M = membrane, P = periplasm, C = 
cytoplasm, E = acid extractable, NE = nonextractable. 
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Figure 7.3. Reduced minus oxidized spectra for aerobically 
(repressed) and microaerobically grown (derepressed) 
cultures of S. pu trefaci ens • Spectra were of \"hole-cell 
suspensions. suspensions were of equivalent optical 
densities (approximate ~oo = 1.200). 
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Figura 7 • .(1. Reduced and oxidized spectra for cultures of S. 
pu trefaci ens grm.,rn under repressi ve (highly aerobic) 
conditions. Spectra are from whole-cell suspensions with an 
optical density of approximately 1.200 (A=600 nm). 
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Figure 7.5. Reduced and oxidized spectra for cultures of S. 
pu trefaci ens grown under derepressive (microaerobic) 
condi tions. Spectra are from whole-cell suspensions with an 
optical density of approximately 1.200 (A=600 nm). 
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Figure 7.6. a- and /3-peaks of reduced minus oxidized 
spectrum of derepressed s. putrefaciens. Spectra are from 
whole-cell suspensions \.,ith an optical density of 
approximately 1.200 (A=600 nm). 
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Figure 7.7 Pyridine hemochrome reduced minus oxidized 
spectra for periplasmic fractions of s. putrefaciens. 
Fractions were derived from cultures grown under aerobic 
(repressed) and microaerobic (derepressed) conditions. 
Absorbance is normalized by dividing by fraction protein 
concentration and expressed as mL·mg proteirr l • 
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Figure 7.8 Pyridine hemochrome reduced minus oxidized 
spectra for cytoplasmic fractions of s. putrefaciens. 
Fractions were derived from cultures grown under aerobic 
(repressed) and microaerobic (derepressed) conditions. 
Absorbance is normalized by dividing by fraction protein 
concentration and expressed as mL·mg protein-I. 
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Figure 7. 9 Pyridine hemochrome reduced minus oxidized 
spectra for membrane fractions of s. putrefaciens. 
Fractions were derived from cultures grown under aerobic 
(repressed) and microaerobic (derepressed) conditions. 
Absorbance is normalized by dividing by fraction protein 
concentration and expressed as mL·mg protein-I. 
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Figure 7.10 pyridine hemochrome reduced minus oxidized 
spectra for periplasmic, cytoplasmic, and membrane fractions 
of s. putrefaciens grown under microaerobic (derepressed) 
conditions. Absorbance is normalized by dividing by 
fraction protein concentration and expressed as mL· cm-I . mg 
protein-I. 
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7.3.3 Location of Dehalogenation Activity in Cell Fractions 

Preliminary experiments were done with crude separations to 

determine a suitable electron donor for further studies in 

cell fractions. The first experiment used a 

microaerobically grown culture which was harvested and 

resuspended in fresh Westlake medium without lactate. Cells 

were lysed by twice passing the suspension through a French 

press. The lysate was centrifuged at 26,500 x g for 30 

minutes and the pellet was resuspended in fresh medium 

without substrate. The resuspended pellet and centrate were 

dispensed into 72 mL serum bottles (50 mL liquid volume). 

Bottles were amended with sufficient NADH or sodium lactate 

stocks to provide respective 0.28 mM and 10 mM 

concentrations. Chloramphenicol (Sigma Chemical Co.) was 

added from ethanol stocks (20 ~L/bottle) to provide a final 

0.25 mM concentration. The bottles were spiked with 1.437 

~moles of CT. The NADH concentration provided a 10-fold 

molar excess over the amount of CT added to bottles. 

Figure 7.11 presents the results of this experiment. It is 

apparent that NADH was ineffective in promoting 

dehalogenation of CT in either the cent rate or pellet. 

Dehalogenation did occur in bottles of resuspended pellet or 

centrate which had been amended with lactate but at a lower 
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probably insufficient 
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Since the centrifugation step was 

to completely remove membrane 

fragments from the centrate, the latter fraction likely 

contained significant membrane material. centrate 

suspensions became turbid several hours after being placed 

on the shaker table, indicating that membrane fragments 

reannealed during this period. Although this preliminary 

experiment was unable to localize the cell fraction 

responsible for CT dehalogenation, it did suggest that (i) 

NADH was a poor electron donor for CT dehalogenation, and 

(ii) dehalogenation could occur in lysates when a suitable 

donor such as lactate was provided. 

The experiment was repeated with several modifications. 

NADH was not used and a low speed (7000 x g, 10 min) 

centrifugation step was added following cell rupture in the 

French press to remove whole cells. The lysates were 

centrifuged at 38,000 x g for 75 minutes in an attempt to 

more efficiently separate membranes from soluble components. 

Figure 7.12 shows that dehalogenation by the soluble 

fraction (centrate) was indistinguishable from controls. 

Dehalogenation did occur in the insoluble membrane fraction 

(pellet) but at rates approximately 30% that of whole cells 

even though final protein concentrations in whole cells and 

membrane preparations were similar. This experiment shows 
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that the soluble fraction of cells, i.e., the cytoplasm and 

periplasm, are unable to catalyze reductive dehalogenation 

of CT in the presence of lactate. This could be a result of 

the inability to generate reducing power from lactate or the 

absence in this fraction of a requisite electron carrier or 

enzyme necessary to transfer electrons to CT. Since 

respiratory dehydrogenases are generally associated with the 

cell membrane, the former explanation is likely regardless 

of the presence or absence of the necessary enzyme or 

electron carrier. The presence of dehalogenation ability in 

the insoluble fraction implies that all requisite components 

are present in this fraction. The results of this 

experiment, however, are unable to clearly identify the 

location of dehalogenating machinery in the whole cell since 

the fractionation method did not completely separate 

membranes and periplasmic proteins. Membrane vesicles may 

form following rupture in a French press and trap 

periplasmic proteins within the vesicle (117). Treatment 

with EDTA:lysozyme and subsequent separation of periplasmic 

components prior to cell membrane rupture is necessary to 

clarify the location of cellular constituents needed for 

dehalogenation. 

A similar experiment, therefore, was conducted with 

periplasmic, cytoplasmic, and membrane fractions of 
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microaerobically grown cultures. These fractions were 

prepared via the previously described EDTA: lysozyme 

procedure. The membrane fraction was resuspended in a 

solution containing 10 mM Trizma-HCl, pH 7.5, 0.3 N NaCl, 

0.05 M MgS04 , and 0.01 M KC1. Cytoplasmic and periplasmic 

fractions were dialyzed (Spectr jPor tubing, Spectrum Medical 

Industries, 12-14,000 MW cut-off) in the same solution 

overnight prior to use. Reactions were conducted in 14.35 

mL serum bottles with 8 mL of fraction and 6.35 mL of N2 

headspace. Fractions were used individually or diluted with 

an equal volume of one of the other two fractions. This was 

done to determine if addition of components from another 

fraction would increase rates of dehalogenation. 

The results of this experiment are shown in Figures 7.13-

7.15. The pure membrane fraction, and the pure periplasmic 

fraction to a lesser degree, possess dehalogenation 

capability in the presence of lactate. At the end of 83.5 

hours, over 95% of CT had been transformed in the membrane 

fraction. 45% had been transformed in the periplasmic 

fraction over the same time period. Transformation by the 

cytoplasmic fraction was indistinguishable from controls. 

In mixed fractions, the amount of CT transformation was 

proportional to the amount of membrane or periplasmic 
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fraction present. Membrane:periplasmic mixtures, for 

example, dehalogenated at a higher rate than pure periplasm 

which dehalogenated at a higher rate than a 

periplasm:cytoplasm mixture. 

The results are not explained solely by variations in 

protein or total cytochrome c content. Table 7.4 shows the 

protein and cytochrome c concentration for each fraction. 

The protein concentration in the cytoplasmic fraction, for 

example, was 2.5-fold greater than that in the periplasmic 

fraction even though the periplasmic fraction dehalogenated 

at higher rates. Al though the low cytochrome c 

concentrations in cytoplasmic fractions may explain the 

limited dehalogenation ability measured in these fractions, 

cytochrome c alone does not provide a consistent 

explanation. Cytochrome c concentration was approximately 

20% higher in membrane:periplasmic mixtures than in pure 

membrane fractions although the latter dehalogenated at a 

higher rate. 

The results are consistent with an explanation that requires 

both reductant and cytochrome c for dehalogenation to occur 

at significant rates. Limited dehalogenation in cytoplasmic 

fractions can be explained both by either low cytochrome c 

concentrations and or the lack of a suitable dehydrogenase 
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to provide a source of reducing power. Since one would 

expect respiratory dehydrogenases to be associated with the 

cell membrane, the membrane fractions could possess ample 

reducing power and a sUfficient cytochrome concentration. 

The somewhat reduced dehalogenation ability of periplasmic 

fractions could be a result of limited ability to generate 

reducing power. The ability of periplasmic fractions to 

generate reducing power may be due to small amounts of 

membrane contamination in this fraction (see table 7.1). 

Obfuscating interpretation is the possibility that only 

specific low midpoint potential cytochromes c may be 

involved in dehalogenation. The method used to quantify 

cytochrome c does not distinguish among types of cytochrome 

c. These low potential cytochromes may be preferentially 

located in membrane fractions. 
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Protein Cytochrome c 

Concentration Concentration 

Fraction Type (mg/L) (ltmoles/L) 

Periplasm 54.2 7.3 

Cytoplasm 136.8 0.98 

Membrane 198.3 5.2 

Membrane:Periplasm 126.2 6.3 

Membrane: Cytoplasm 167.6 3.1 

Periplasm:cytoplasm 95.5 3.6 

Table 7.4. Protein and cytochrome c concentrations of 
fractions used in experiments described by Figures 7.13-
7.15. Cytochrome c concentration was determined by 
multiplication of the specific cytochrome concentration in 
a fraction (see Table 7.2) with the measured protein 
concentration in that fraction. 
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Figure 7.11. Biotransformation of CT by crude separations 
of French press lysates of microaerobically grown cultures. 
72 mL bottles were used with a 50 mL liquid volume and a 12 
mL N2 headspace. All bottles were amended with 0.25 roM 
chloramphenicol. Lactate concentration \vas 10 mM. NADH 
concentration \vas 0.28 mM. All values represent the average 
of two replicate bottles. The original optical density of 
the whole cell suspension was 1.800 (A=600 nm). The pellets 
were resuspended to a volume equal to the culture from which 
they were derived, i.e., the pellet from 280 mL of 
suspension was resuspended in 280 mL medium. 
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Figure 7.12. Biotransformation of CT by soluble and 
insoluble French press fractions of microaerobically grown 
cultures. 72 mL bottles were used with a 50 mL liquid 
volume and a 12 mL N2 headspace. All bottles were amended 
with 0.25 mM chloramphenicol. 18 mM lactate was provided as 
the electron donor. All values represent the average of two 
replicate bottles. Average protein concentrations at the 
conclusion of the experiment ~lere: whole cells 84.6 mg/Li 
pellet 71.1 mg/L; centrate 29.7 mg/L. 
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Figure 7.13. Dehalogenation of CT by periplasmic fractions 
of s. putrefaciens. The periplasmic fraction was used alone 
and in combination with membrane and cytoplasmic fractions 
(see text). All values represent the mean of two 
replicates. The mass of CT added was 0.31 J!moles which 
provided a 3 ppm aqueous concentration. Protein 
concentration in the periplasmic fraction was 54.2 J!/mL. 
Protein concentrations in the periplasm:cytoplasm and 
periplasm:membrane fractions \'lere 95.5 and 126.2 J!g/mL, 
respectively. 
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Figure 7.14. Dehalogenation of CT by cytoplasmic fractions 
of s. putrefaciens. The cytoplasmic fraction was used alone 
and in combination with membrane and periplasmic fractions 
(see text). All values represent the mean of two 
replicates. The mass of CT added was 0.31 Itmoles which 
provided a 3 ppm aqueous concentration. Protein 
concentration in the cytoplasmic fraction was 136.8 Itg/mL. 
Protein concentrations in the periplasm:cytoplasm and 
cytoplasm:membrane fractions were 95.5 and 167.6 Itg/mL , 
respectively. 



285 

1.2 

1.1 

1 

0.9 
Ol 
c 0.8 ·c 
·ro 
E 0.7 
Q) 

0: 
c 0.6 
0 

1:5 0.5 ro .... u.. 
~ 0.4 
U 

0.3 

0.2 

0.1 

0 
0 10 20 30 40 50 60 70 80 90 

Time, hours 

-D- water control -t- membrane only ~ membrane:periplas 

-8- membrane:cytoplas """'*"" autoclave membran 

Figure 7.15. Dehalogenation of CT by membrane fractions of 
s. putrefaciens. The membrane fraction was used alone and 
in combination with periplasmic and cytoplasmic fractions 
(see text). All values represent the mean of two 
replicates. The mass of CT added was 0.31 ~moles which 
provided a 3 ppm aqueous concentration. Protein 
concentration in the membrane fraction \l1as 198. 3 ~g/mL. 
Protein concentrations in the membrane:cytoplasm and 
periplasm:membrane fractions were 167.6 and 126.2 ~g/mL, 
respectively. 
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7.3.~ Effects of Cytochrome Inhibitors on Dehalogenation 

CN" and CO are ligands known to bind to cytochromes with 

varying affinities depending on heme type and protein 

structure(78). The reduced form of cytochrome oxidases and 

various other cytochromes bind co. CN" reacts with both 

oxidized and reduced cytochromes if the heme is accessible. 

Figure 7.16 clearly shows the inhibitory effect of co 

supplied in the 12-mL reaction bottle headspace compared to 

identical bottles in which the headspace contained N2 • 

Figure 7.17 shows the results of studies in which CN" was 

supplied in varying concentrations. Although CN" 

concentrations at or above 0.1 mM appear inhibitory, the 

results of ligand addition are less clear with the CN" study 

than with the co study. 

It has been demonstrated that inhibition of Fe(III) 

reduction by oxygen in s. putrefaciens is relieved by CN". 

This presumably occurs by blocking electron transport to 

oxygen by inhibition of cytochrome oxidase (8). It was 

thought that a similar effect might be observed \"ith CT 

dehalogenation, i.e., CN" might relieve oxygen-inhibition of 

dehalogenation. CN" inhibition experiments, therefore, were 
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conducted using serum bottles containing an initial air 

headspace. The results shott!, however, that CN- does not 

relieve oxygen-inhibition and at high concentrations is 

inhibitory to dehalogenation. 

since the higher CN- concentrations might also prevent the 

cultures from scavenging headspace oxygen, apparent CN

inhibition of dehalogenation might be due to the inhibitory 

presence of residual oxygen at higher CN- concentrations. 

This would only be true, however, if inhibition of 

dehalogenation by oxygen were direct, i. e., due to a 

mechanism other than the kinetic mechanism proposed to 

explain 02-inhibition of Fe(III) reduction (8). This 

kinetic mechanism of regulation suggests that 02-inhibition 

of Fe(III) reduction is due to the preferential transfer of 

electrons to oxygen from a branch point in the 

electron-transport-chain. When transport of electrons to 02 

is blocked by CN-, Fe(III) reduction occurs. Such a kinetic 

mechanism would not allow oxygen-inhibition of 

dehalogenation in the presence of CN- due to reduced 

electron transport to oxygen. If the inhibitory effects of 

oxygen on dehalogenation are based on kinetics, CN

inhibi tion of dehalogenation may be due to CN-: cytochrome 
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binding, implying that cytochromes (i) are responsible for 

dehalogenation, and (ii) are accessible to CN- inhibition. 

The pH of the bottles containing the highest CN

concentration was 8.5. The negligible effects of a modest 

pH increase on dehalogenation can be determined from Figure 

6.6 which shows CT dehalogenation in the presence of TMAO. 

Since (i) TMAo-reducing cultures dehalogenate CT at rates 

equal to or greater than cuI tures lacking an electron 

acceptor, and (ii) TMAO reduction by dehalogenating cultures 

raises the pH to 8.5-8.8 within the first 2-3 days, it does 

not appear that eN- inhibition at the 5 mM concentration was 

due solely to pH changes. 

The fact that CN- or co amendment of cultures results in 

inhibition of dehalogenation activity supports the 

hypothesis that cytochromes are directly involved in 

dehalogenation. If, however, dehalogenation activity is 

dependent upon the simultaneous presence of both microbially 

produced reductant and a different, unidentified electron 

carrier, the same inhibition pattern might occur if CN- or 

co inhibited electron transport upstream of this electron 

carrier, i.e., at a point between the dehydrogenase and the 

electron carrier. The electron carrier vlould then be unable 
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to gain access to reducing power and not function as a 

dehalogenating agent. Inhibition by these ligands, 

therefore, suggests cytochrome involvement but cannot serve 

as definitive proof. 
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Figure 7.160 Dehalogenation of CT by derepressed cultures 
of s. putrefaciens in the presence or absence of co. co or 
N2 were supplied in the 12 mL headspace of 72 mL reaction 
bottles. Based on a molar volume of approximately 25 liters 
at 25°C, the mass of co added to bottles was approximately 
480 ~moles. Results shown represent the mean of 2 
replicates. The initial optical density of cultures was 
1.450 (A=600 nm). The initial mass of CT was 1.437 ~moles. 
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Figure 7.17. Effects of varying CN· concentration on the 
dehalogenation of CT by repressed cultures of s. 
putrefaciens. Experiments were done in 60 mL reaction 
bottles with 50 mL culture and 10 mL air headspace. CN
concentrations were: a- none; b-5 ~M; c-0.1 mM; a-5.0 mM. 
Initial mass of CT was 1.22 ~moles. Results represent the 
mean of 2 replicate bottles. Initial optical density was 
0.400. Final pH of treatments b,c, and d were 7.0, 7.0, and 
8.5, respectively. 
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7.3.5 Effects of changing cytochrome Concentration on 

Dehalogenation 

since iron is required for heme synthesis, cells were grown 

in an "iron-free medium in an effort to reduce cytochrome 

content. Figure 7.18 shows the results of dehalogenation 

studies of derepressed cells grown in such a medium. These 

cuI tures were able to establish reducing conditions as 

demonstrated by their ability to decolorize resazurin in the 

medium throughout the experiment. Their ability to 

dehalogenate, however, was limited. CT losses in bottles 

containing cultures were only slightly higher than in 

control bottles and no CF was produced. 

o-Aminolevulinic acid (ALA) is a porphyrin precursor 

required for heme synthesis. It has been shown to increase 

heme content several-fold in some bacteria when supplied in 

the medium (46). Figure 7.19 shows the dehalogenation 

ability of derepressed cultures grown in Westlake medium 

supplemented with 0.15 mM ALA. It is apparent that such 

cultures are able to dehalogenate at greater rates than 

cultures grown in medium unamended with ALA. 

Figure 7.20 shmvs the reduced minus oxidized spectra for 

French press lysates of cultures grown either on ALA-amended 
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or iron-free medium. It should be noted that protein 

concentrations were not identical in both lysates. 

Cytochrome content, however, is notably higher in 

ALA-amended cultures than in iron-free cultures even if 

adjustments are made for an approximately 5-fold higher 

protein concentration in the former suspension (Table 7.5). 

The a- and /3-maxima are again characteristic of c-type 

cytochromes. 

Table 7.5 compares the specific heme content and initial 

rate of CT transformation by cultures grown under different 

condi tions. The data suggest that there is a direct 

qualitative relationship between heme content and CT 

transformation 

manipulated. 

rates regardless of how heme content is 

since this relationship exists when heme 

content is altered either by medium manipulation or by 

variations in oxygen tension, it is unlikely that the 

increased CT transformation ability of microaerobically 

grown cultures is a result of production of some other, 

unidentified component. This strongly suggests that heme or 

cytochrome concentration is a critical factor in whole cells 

in determining rates of CT dehalogenation by S. 

putrefaciens. 
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It should be noted that transformation rates are not 

proportional to total heme concentration, i.e., a 50% 

increase in total heme content does not result in a 50% 

increase in transformation rates. This finding is expected 

if only specific cytochromes c were involved in 

biotransformation of CT. Although the quantification method 

utilized measured all c-type hemes, it did not distinguish 

between high and low potential proteins. If the low 

potential cytochromes are likely to be more effective 

dehalogenating agents than high potential cytochromes, 

measurement of low potential cytochrome c concentrations in 

the various culture types might provide a more quantitative 

relationship with transformation rates. 

The hypothesis that dehalogenation involves only a portion 

of the cellular cytochrome complement, i.e., low potential 

cytochromes, is supported by the work of Meyer et ale (96). 

These authors found a correlation between reduction rate 

constants and the redox potential of 12 homologous 

cytochromes and 10 homologous high potential ferredoxins. 

The authors found that reaction rates in a homologous series 

of electron-transfer proteins can be qualitatively predicted 

by thermodynamics, i.e., free energy relationships. 

Although some discrepancies in predicted rates were noted, 
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these were explained by steric and electrostatic 

characteristics of the protein. 

Specific Rate of CT 

Growth Conditions Heme Content- Trans format ionb 

-,. .. 

l1icroaerobic, iron-free 0.38 x 10-2 0.835 

Highly aerobic 0.45 x 10-2 1.39 

Microaerobic 1.18 x 10-2 3.16 

Microaerobic, ALA-amended 1.96 x 10-2 14.4 

Table 7.5 Dehalogenation rates by cuI tures of S. 
putrefaciens of varying heme content. a Specific heme 
content expressed as J.'moles heme/mg protein. b 

Transformation rates represent the average rate of 
transformation over 28-30 hours and are expressed as nmoles 
CT transformed/hr/mg protein. 
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Figure 7.18. Dehalogenation of CT by derepressed cultures 
of s. putrefaciens grown using iron-free medium. Values 
shm..rn represent averages of 3 replicate bottles for controls 
and 2 replicate bottles for cultures. The initial optical 
density of resuspended cultures was 0.620 (600nm). Protein 
content at the conclusion of the experiment was 59.1 ±1.6 
j.Lg/mL. 
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Figure 7.19. Dehalogenation of CT by ALA-amended, 
derepressed cultures of s. putrefaciens. 0.15 mM ALA was 
added during the grml7th phase. Values shown represent the 
average of 3 replicate bottles. Protein content at the 
conclusion of the experiment was 56.8 ± 0.6 ~g/mL. 



ALA-amende IliA = 0.02 

\ 

I 
Iron-free 

490 500 510 520 530 540 550 560 570 580 590 600 

Wavelength, nm 

1- ALA amended _ .... -.. Iron-free ~ 

298 

Figure 7.20. Pyridine hemochrome reduced minus oxidized 
spectra for French press lysates of derepressed S. 
putrefaciens grown in iron-free or ALA-amended medium. 
Total protein contents for the lysates of the iron-free and 
ALA-amended cultures were 196.5 and 1046.0 p.g/mL, 
respectively. 
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8. SUM1·mRY AND CONCLUSION 

8.1 summa.ry and Discussion of Hajor Findings 

The screening studies in Chapter 4 established that 

metabolically diverse bacteria are capable of reductively 

dehalogenating CT under anaerobic conditions. 

Dehalogenation ability in capable bacteria was not readily 

linked to a common metabolism or to changes in solution 

chemistry, e. g ., culture redox potential. The fact that two 

of the bacteria, s. putrefaciens and R. palustris, are 

facultative anaerobes suggests that aerobic environments, 

e.g., vadose zone sediments, possess the capacity to 

dehalogenate certain haloorganics when conditions become 

anaerobic. PCE and TCA were not dehalogenated by any of the 

bacteria tested. 

studies with s. putrefaciens showed that CT dehalogenation 

ability was also not linked to overall changes in solution 

chemistry. Dehalogenation capacity was instead associated 

with the presence of a bacterial component whose activity 

was increased by a period of microaerobic growth. 

Experiments with fractionated cell extracts suggested that 

the dehalogenating component was located in bacterial 
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membranes and periplasm. Dehalogenation studies using cells 

whose cytochrome c content had been manipulated by altering 

growth conditions suggested that a cytochrome c was the 

bacterial component responsible for dehalogenation ability. 

This is the first report of a link between respiratory 

cytochromes and dehalogenation ability. The only other 

cytochrome linked to anaerobic dehalogenation is cytochrome 

p-450 cam from camphor-grmoln P. putida PpG-786. Cytochrome 

p-450 caDi is involved in hydroxylation of camphor and is not 

a respiratory cytochrome. since cytochromes are common 

respiratory components of aerobes and facul tati ve anaerobes, 

these findings suggest that other, more capable 

dehalogenators may be found among such bacteria. 

The data are congruent with a mechanism involving fortuitous 

reduction of CT catalyzed by cytochromes in the presence of 

bacterially-produced reductant. Fortuitous reductive 

dehalogenation catalyzed by transition-metal-containing 

cofactors has been proposed to explain dehalogenation by 

several bacteria (for a review, see reference 101). The 

observed rates of electron transfer to CT, approximately 

0.05 nmoles electrons/min/mg protein, are 4-5 orders of 

magnitude slower than to other electron acceptors. It is 

unlikely, therefore, that CT reduction could support 
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cellular energy requirements even if it were linked to 

energy conservation. 

CF production accounted for only a fraction of the CT 

transformed by s. putrefaciens. stoichiometry studies found 

that (i) one chlorine is removed per CT molecule transformed 

and (ii) degradation of 14C-CT results in label incorporation 

into both soluble and cell fractions. Product distribution 

is consistent with a mechanism involving initial formation 

of the trichloromethyl radical. This radical could then be 

further reduced to form CT or react with cellular 

biochemicals, resulting in both soluble and insoluble 

components. 

Effects of the electron acceptor condi tion on CT 

dehalogenation capability were studied. CT dehalogenation 

by s. putrefaciens was inhibited by oxygen and nitrogen 

oxides but not by Fe(III), TMAO, or fumarate. Bacterial 

ability to dehalogenate in the presence of alternate 

electron acceptors can (i) offer insights regarding the 

arrangement of the electron-transport-chain, and (ii) help 

predict anaerobic degradative capacities of environments of 

known electron acceptor condition. Based on the results of 

studies of CT dehalogenation in the presence of various 
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electron acceptors, a model of respiratory electron 

transport in s. putrefaciens was developed. 

8.2 Practical and Environmental Applications 

8.2.1 General Environmental significance 

Facultative anaerobes may be a major constituent of 

bacterial populations in an environment that spatially or 

temporally varies between aerobic and anaerobic conditions, 

e. g., a vadose zone sediment or wastewater treatment lagoon. 

strict anaerobes with dehalogenation ability may also be 

present in anaerobic microsites within a zone which 

fluctuates between aerobic and anaerobic conditions. A 

large population of such organisms, however, would require 

time to develop after the onset of anaerobic conditions. If 

the anaerobic interval was short, a population of strict 

anaerobes of adequate size to catalyze significant amounts 

of dehalogenation might not develop. Facul tati ve anaerobes, 

however, could be present in sufficient numbers to begin 

dehalogenation of a haloorganic contaminant immediately~ 

after anoxic conditions were established. The reductive 

dehalogenation capacity of facultative anaerobes 

demonstrated in these studies, then, suggests that such 
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organisms may be a major factor in pollutant degradation in 

transiently anaerobic environments. 

Bacterially-catalyzed Fe(III) reduction is thought by some 

to be a significant process for oxidation of organic matter 

in some environments, i.e., where Fe(III) is the predominant 

electron acceptor (92). Since dehalogenation of CT by s. 

putrefaciens ,.,as not inhibited by high (15 mM) Fe (III) 

concentrations, 

concomitantly 

haloorganic 

wi th reduction 

dehalogenation 

of oxidized 

environments contaminated with both components. 

may occur 

metals in 

The kinetics of reductive dehalogenation in the natural 

environment are important relative to the fate and transport 

of haloorganic compounds. Dehalogenation can result in 

products with physicochemical characteristics, e.g., 

solubility, volatility, soil:water partition coefficients, 

quite different from the parent compound. Since studies of 

the kinetics of anaerobic CT dehalogenation are few, the 

kinetic parameters and knowledge of product distribution 

developed here could be helpful in modeling the fate and 

transport of CT in an environmental system. Application of 

kinetic parameters for reductive dehalogenation derived from 

pure culture ,york to dehalogenation in environmental systems 

must, of course, be done with caution. 
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8.2.2 Relevance to Biological Treatment Processes 

Knowledge about factors influencing reductive dehalogenation 

by facultative anaerobes has relevance to both in situ and 

reactor treatment methodologies. Efforts at in situ 

stimulation of dehalogenation by facultative organisms in a 

groundwater contaminated with CT and high levels of NOx' for 

instance, might be more problematic than similar efforts in 

a CT-contaminated groundwater having a high concentration of 

Fe(III). Treatment of a similar water in a reactor might 

require initial treatment to remove NO; prior to anaerobic 

treatment of CT. 

8.3 Future {'lork 

Additional work is needed to further clarify (i) the 

arrangement of the electron-transport-chain of S. 

putrefaciens; (ii)-' the identity and biochemical 

characteristics of the cytochrome(s) c involved in 

dehalogenation, and (iii) the utility of S. putrefaciens or 

other capable facul tati ve anaerobes in the treatment of 

contaminated soil, sediment, and groundwater. 
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The studies detailed in this report and others previously 

ci ted suggest that s. pu trefaci ens has a novel 

electron-transport-chain. Al though a model of electron 

transport was developed, the identity, function, and 

location of most components remains obscure. The final and 

intermediate products of nitrate respiration, for example, 

need to be determined. The function of the additional 

cytochromes produced during microaerobic growth also needs 

to be explained. Mutants, deficient in the ability to use 

one or more electron acceptors, are available (T. 

Dichristina, personal communication) that might facilitate 

studies of the electron-transport-chain. Clarification of 

the unique respiratory machinery of s. putrefaciens will 

help understand how bacteria are able to modify metabolic 

function in response to changing environmental conditions. 

Although cytochrome(s) c have been implicated in the 

reducti ve dehalogenation of CT by s. putrefaciens, it is not 

yet possible to identify a particular protein. This could 

be done by (i) protein separations of membrane and 

periplasmic fractions and (ii) testing purified cytochromes 

for dehalogenation ability in the presence of chemical 

reductant. Subsequent study of biochemica I character istics , 

e.g., midpoint potential, might identify those 
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characteristics that allow a particular cytochrome to 

catalyze reductive dehalogenation reactions. 

If the identity of the responsible cytochrome c were known, 

it might be possible, via genetic manipulation, to increase 

production of that cytochrome, to increase the range of 

substrates dehalogenated, or to transfer dehalogenation 

capability to an organism with other desirable 

characteristics, e.g., to one with the ability to mineralize 

CF under aerobic conditions. Genetic manipulation might 

also lead to development of a mu~ant possessing a partially 

defecti ve terminal oxidase. If the kinetic method of 

regulation proposed in the model is correct, such a mutant 

might be capable of aerobic nitrate, iron, or CT reduction. 

It is unclear if s. putrefaciens, as a model organism, is 

able to dehalogenate CT in soil or sediment. Adsorption of 

the compound to natural organic matter might make it 

unavailable for CT dehalogenation. Competition for added 

substrate in nonsterile soil might also limit the activity 

of s. putrefaciens. Proposed studies, then, would examine 

the capabili ty of s. putrefaciens to dehalogenate in 

CT-contaminated soil and soil slurries, under sterile and 

nonsterile conditions. preliminary work done in this area 

was inconclusive. 
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Since s. putrefaciens was unable to dehalogenate TCA or PCE, 

it may be of limited utility in the treatment of 

contaminated soil or water. Enrichment of Fe(III)-reducing 

bacteria from other environments may result in isolation of 

a more capable microorganism. 
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APPENDIX A THE~IODYNAl1IC CALCULATIONS 

Free energy changes described in this work were calculated 

as described by Vogel et al (146). Free energy of formation 

values were obtained from reference 37. When necessary, 

gas-phase free energy of formation values [.1Go r (g)] were 

converted to aqueous-phase free energy of formation values 

[.1Go r(aq)] through use of Henry's constants (H) from 

reference 66. The conversion relates equilibrium gas-phase 

activity to aqueous-phase activity by the relationship: 

Free energy changes of reactions were calculated using 

aqueous-phase free energy of formation values determined as 

described above. Values were calculated at 25°C based on 

[CI-]=1.0 mM, pH 7.0. All other compounds were at 1.0 M 

aqueous concentrations except where noted. 
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