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ABSTRACT 

This research presents stoichiometric and kinetic data describing 

the consumption of substrate and sulfate in pure and mixed microbial 

cultures. Data were obtained for pure cultures of Desulfovibrio vulgaris 

and Escherichia coli in the presence of glucose and lactate. Lactate 

and sulfate were consumed in a stoichiometric ratio of 2:1 by D. vulgaris 

in both pure and mixed culture. The mixed culture experiment simulates 

the microbial interactions that lead to crown corrosion in sewers and to 

"sour" conditions in anaerobic digesters. A novel approach for sulfide 

control by oxidation with granular manganese dioxide was studied. In a 

cell free system, the reaction proceeded on a first order basis over the 

course of one half-life. Heterogeneous cultures of sulfate-reducers 

were grown in the presence and absence of granular manganese dioxide. 

Examination of the differential sulfide yield suggests that neither the 

rate nor the order of the reaction is altered. 
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INTRODUCTION 

The stabilization of an organic waste is a concentration process by 

which organic matter present in soluble form is biologically converted 

into particulate cell matter through coupled redox pairings. The sanitary 

engineer makes use of two biological processes in effecting this trans¬ 

formation, aerobic and anaerobic waste treatment. In the former, oxidation 

of an organic molecule is coupled to the reduction of an oxygen molecule; 

and in the latter, oxidation is accompanied by the reduction of one of 

many compounds. Inorganic ions which suitably replace oxygen as a terminal 

exogenous acceptor include chlorate, ferricyanide, nitrate, nitrite, 

nitrous oxide, tetrathionite, thiosulfate, sulfate, hydrogen, and carbon 

dioxide. In the absence of exogenous acceptors, the organic molecule 

functions both as an electron acceptor and as a donor. This study is con¬ 

cerned with the use of sulfate as the terminal electron acceptor. 

A wealth of literature exists concerning the metabolism of sulfate- 

reducing bacteria. First described by Beijerinck (1895) and isolated in 

pure culture by Van Delden (1903), their physiology and biochemistry was 

thoroughly investigated by Barrs (1930). Within the same decade, 

Von Wolaogen Ruhr and Van Der Vlught (1934), followed by other investiga¬ 

tions (Copenhagen, 1934; Burke, 1936; Starkey, 1938; Datta, 1943; Zobell, 

1945), identified them as essential agents contributing to pipe corrosion. 

Within the past 25 years, many studies concerning substrate, growth factor, 

and environmental requirements have been performed for pure cultures of 

these organisms. 

- 1 - 
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Relatively little interest has been focused upon the possibility for 

sulfate-reducers enhancing waste treatment systems. While biologists 

have concerned themselves primarily with the biochemical and qualitative 

aspects of sulfate reduction, little quantitative data of special interest 

to engineers has been provided. At the same time, recent biological 

research concerning these organisms has either been ignored or misunder¬ 

stood in the engineering field. The purpose of this study is to provide 

information to bridge this gap. 
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BIOLOGICAL BACKGROUND 

The sulfur bacteria are a heterogeneous group of microbes within 

which inorganic sulfur plays an important metabolic role as evidenced by 

the sulfur cycle (Figure 1). 

The metabolism of inorganic sulfur compounds in this scheme has been 

reviewed by Butlin and Postgate (1956), Formageot and Senez (1960), and 

Peck (1960). The participating microbes are physiologically diverse, 

being categorized as heterotrophic as well as autotrophic. Four groups 

may be distinguished: (1) sulfur-oxidizers, Thiobacillus species; 

(2) sulfate-reducers, Desulfovibrio and Desulfotomaculum species; 

(3) colorless sulfur bacteria, Beggiatoa species; and (4) colored sulfur 

bacteria, Chlorobium species. Only sulfate-reducers and sulfur-oxidizers 

are understood to any degree while little is known of the nutrition or 

metabolism of Beggiatoa and Chlorobium species. 

Sulfate-reducing bacteria form a specialized group of organisms 

capable of employing certain sulfur compounds as exogenous electron 

acceptors. Many heterotrophs are quite capable of reducing inorganic 

sulfur compounds for incorporation into cellular material (assimilatory). 

Dissimilatory, or respiratory sulfate reduction, involves a turnover of 

sulfur some 10 to 100 times that of assimilatory reduction (Postgate 1965) 

and is accompanied by production of large amounts of hydrogen sulfide. 

Taxonomy 

Despite the widespread observation of hydrogen sulfide production, 

surprisingly few sulfate-reducers have been isolated. Dissimilatory 

sulfate-reducers are categorized under two genera (Postgate and Campbell 

1966). 
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Genus Desulfovibrlo Genus Desulfotomaculum 

1. D. desulfuricans 1* nigrificans 

2. D^_ vulgaris 

3. D^_ salixigens 

2. D. orientis 

3. D. ruminis 

4. IL_ africanus 

5. D^_ gigas 

All are obligate anaerobes despite reports to the contrary. The formation 

of micro-environments by mannose polysaccharide layers has led to erroneous 

conclusions regarding oxygen toxicity. With the exception of nigrificans, 

a thermophile, all are mesophilic. Excepting D^_ salixigens» a halophile, all 

are fresh water species. 

Desulfovibrio is nonspore forming, contains cytochrome C3, has a polar 

flagellum, and contains a pigment, desulfoviridin. This pigment is absent 

from one mutant, Norway 4; a halophile (Miller and Saleh 1964). This is 

most interesting in light of the recent identification of desulfoviridin 

as bisulfite reductase (Lee 1972). Another enzyme pathway must be present 

in Norway 4. Research is currently being conducted in this area. 

Desulfotomaculum sporulates, has peritrichous flagella, contains 

cytochrome b, but not desulfoviridin. Its nucleic acid composition is 

different from Desulfovibrio. 

Neither Desulfovibrio nor Desulfotomaculum is pathogenic. 

Biochemistry 

A resolution of the enzymology and sulfate intermediates has been 

presented recently by Peck (1960, 1962, 1966), Ishimoto (1961), and Lee 

(1970, 1972). 

Whole cells of Desulfovibrio reduce sulfate, sulfite, or thiosulfate 

to sulfide in the presence of an electron donor. For the sulfate ion, 



the first step involves an esterification (Lippman, 1958; Lippman and 

Robbins, 1959; and Peck, 1960). ATP is required in the reaction. 
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ATP + SO4 APS + PPt 

[I 
The required enzyme, ATP sulfurylase, requires Mg for activity. In 

addition to pyrophosphate (PP^), adenosine-5'-phosphosulfate (APS) is 
« 

formed. 

0 0 
I I 

-O-S-O-P—0—ÇH9 - 0 — adenine 

OH OH 

adenosine-5'-phosphosulfate (APS) 

As depicted, the equilibrium point lies to the left and necessitates 

another enzyme, pyrophosphotase, to remove PP^ and force the reaction 

towards APS formation. The following scheme has been suggested. 

ppi + H2° 

Following this reaction, the APS is now prepared to accept two electrons 

with the aid of APS reductase, 

APS + 2e ^ AMP + SO3 

The occurrence of sulfite as an intermediate has been demonstrated. Millet 

(1955) first reported the identification of sulfite as an intermediate with 

whole cells. Peck (1959) reported identical results using cell-free 

extracts. 

The pathway between sulfite and sulfide has only recently been 

elucidated. A sequence of at least three enzymes has been determined 

(Lee 1972), The first, bisulfite reductase (desulfoviridin), catalyzes 

the formation of trithionate. 

3HSO3 + 3H+ + 2e" S30g + 3H20 

The optimum pH for this enzyme is 6.0. At this pH the predominant species 
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is bisulfite. The final two reactions are postulated. Enzymes have not 

been isolated. 

S3°6 + 2H+ + 2e~ trithionate^ 
reductase 

s2°3 + HSO3 + H+ 

s2°3 + 2H+ + 2e~ thiosulfate^ 
reductase 

s’" + HSO3 + H+ 

It has been suggested that free thiosulfate also functions as an 

acceptor. Recently Haschke and Campbell (1971) reported purification of 

a thiosulfate reductase which quickly reduces thiosulfate to sulfite and 

sulfide. However, the same result was obtained when this preparation was 

applied to any of the polythionates mentioned; and it is not known if the 

enzyme displays multiple specificity or if contamination is involved. 

Metabolism 

The carbon metabolism of sulfate-reducers has been the subject of 

exhaustive reviews by Mechalas and Rittenberg (1960), Postgate (1953, 1960), 

Alico and Liegy (1966), and Butlin and Adams (1947). A point of interest 

has been that of autotrophy, because hydrogen is an acceptable electron 

donor. Limited growth in the presence of hydrogen and bicarbonate ion 

has been reported; however, Postgate (1955), and Mechalas and Rittenburg 

(1960) have attributed these reports to reagent impurities. Garvie (1955), 

and Strange, et al (1961) have reported that 0.067M phosphate buffer can 

£ 

support growth of as much as 10 coliform bacteria per milliliter due to 

impurities. For all practical purposes, the bacteria are not considered 

autotrophic, requiring an organic carbon source for growth with hydrogen. 

The sulfate-reducers are most unique in that an organic molecule 

might serve only as an energy source for sulfate reduction and not provide 

structural carbon for biosynthesis. Thus, many electron donors may be 

viewed as equivalent to molecular hydrogen in metabolism. Few organic 
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substrates are utilizable, being confined for most strains to some organic 

acids. Carbohydrates are not used. Since only a portion of the tricar¬ 

boxylic acid cycle exists, these substrates are oxidized to acetic acid 

(Postgate, 1966; Mechalas and Rittenberg, 1960). 

In addition to the compounds shown in Figure 2, other suitable donors 

found to be acceptable are ethanol, propanol, butanol, isobutanol, and 

choline. Of all donors mentioned, only three - ethanol, lactate, and 

pyruvate - also provide a fund of structural carbon. In the presence of 

choline or pyruvate, growth may occur in the absence of sulfate (Postgate, 

1963); because both choline and pyruvate are each capable of serving as 

the exogenous hydrogen acceptor. 

Senez and Pascal (1961) have noted the requirement for bicarbonate 

for growth with choline, and Postgate (1966) noted the same requirement 

for growth on certain complex media. Sorokin (1960) did extensive work 

with labelled bicarbonate and found that the labelled proportion 

incorporated was as high as 50% of total cell carbon in the presence of 

yeast extract. Mechalas and Rittenberg (1960), performing a similar study, 

reported between 25 and 30% incorporation in the presence of yeast extract. 

With the exception of the three substrates mentioned, any organic molecule 

used by the sulfate-reducers will require the presence of a structural 

carbon source. In conjunction with bicarbonate, yeast extract fulfills 

this function. Senez (1951) showed that growth improved as a direct 

function of yeast extract concentration up to one gram per liter for 

D. desulfuricans. 

In addition to supplying cellular carbon in the absence of ethanol, 

lactate, or pyruvate, yeast extract lowers the redox potential (E^) of the 

medium by virtue of its cysteine content, Alico and Liegy (1966) confirmed 

the findings of Grossman and Postgate (1955) in determining that the E^ 
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must stand below zero for growth to occur. For small innocula, E^ from 

-200 to -300 mv is required. In the presence of bicarbonate, yeast extract 

could be replaced by sodium sulfide or any agent sijch as thioglycollate 

which lowers the E^. Malek (1958) reported that an iron nail was satis¬ 

factory for this purpose. 

One final, but not crucial, function fulfilled by yeast extract is to 

increase the solubility of ferrous sulfide. Since the sulfide produced 

precipitates iron, it is possible that biological needs will not be met. 

Butlin, et al (1949), and Hata (1960) reported an absolute requirement for 

iron, and Postgate (1956) established the threshold requirement to be 

10-15 ug/1. Curiously, no such requirement is present when employing 

pyruvate as the electron acceptor (Postgate, 1963). 

Hydrogen and Nitrogen Metabolism 

Hydrogenase activity in sulfate-reducers was first discovered by 

Stephenson and Stickland (1931) and has since been confirmed for almost 

all species. 

Nitrogen fixation by certain obscure strains has been reported 

(Sisler and Zobell, 1951; LeGall, et al, 1959), although growth is slow 

and yields are low. For practical purposes, sulfate-reducers do not fix 

nitrogen. 

Electron Transport 

The electron transport chain and its associated pigments have received 

considerable attention recently. In addition to desulfoviridin and 

cytochrome C3, additional components have been identified. 

Ferrodoxin originally reported in desulfuricans and D_j_ nigificans 

has been crystallized from D. gigas by LeGall and Dragoni (1966). Its 



influence was demonstrated by the same researchers who reported a first 

order relationship between rate of sulfite reductase degradation and 

ferridoxin concentration. 
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Two other pigments, a flavo-protein and a pink protein, have been 

isolated from D_;_ gigas (Hatchikian and LeGall, 1967) • The flavo-protein 

was purified and resembles flavodoxin, and the pink protein resembles 

rebredoxin reported to be present in vulgaris. Coenzyme Q is absent 

from Desulfovibrio (Lester and Crane, 1959). 

Guarraia, et al (1968), has reported that a single pathway exists 

between hydrogen and the terminal acceptor. The following scheme has been 

hypothesized: 

/ ferrodoxin 

[ flavodoxin j 

\rubredoxin / 

dehydrogenase] ^deh} 

electron donor 

'~V 
( sulfite \ 
V reductase J 

sulfite 

Electron Transport in Desulfovibrio 

Figure 3 summarizes energy coupling in Desulfovibrio spp. 

Growth 

Batch growth curves of sulfate-reducers in a closed system are linear 

rather than exponential (Senez, 1951). Three causes might be cited. First, 

the production of sulfide could precipitate iron to the extent that it is 

unavailable as a micronutrient. Second, the actual presence of sulfide is 

inhibitory. Third, the evaporation of hydrogen sulfide raises the pH. 

Exponential growth occurs only when hydrogen sulfide is removed from the 

culture by purging with a carbonated gas which buffers the medium. 
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Identical results can be obtained if EDTA is added to the medium. A 

minimum doubling time of three hours has been reported (Senez, 1951). 
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ENGINEERING BACKGROUND 

McKinney and Conway (1957) studied nitrate, sulfate and carbon dioxide 

as possible terminal exogenous acceptors for purification of sewage and 

trade wastes and postulated that pyridine nucleotides mediated all redox 

couplings. On an energetic basis, calculations indicated that the 

preferred hydrogen acceptor would be oxygen, nitrate, sulfate, oxidized 

organics, and carbon dioxide in order of preference. The calculations 

were predicated on change in free energy of the reactants; and intra¬ 

cellular energy conversions were not considered, leaving the thermodynamic 

analysis incomplete, 

Sodium acetate was used along with an unknown industrial waste. Yet 

acetate is the end product of carbon metabolism with sulfate-reducers and 

does not constitute a substrate. This explains the difficulty reported 

in starting the reactor with the usual inoculation of 10 ml/1, or even 

100 ml/1. Only a "very large inoculum of activated sludge" initiated 

growth. Curiously, total carbon degradation was reported with the sulfate 

reduction scheme. 

Schroeder (1966) studied nitrate reduction in mixed microbial popula¬ 

tions employing three basic systems: aerobic, anaerobic with a nitrate 

acceptor, and anaerobic with no exogenous acceptor. Acclimation to each 

of the aforementioned environments provided three types of seed. 

Initially, this study was to complement Schroeder's research using 

sulfate. However, it became apparent that basic differences in the two 

metabolic processes would preclude such a study. First and foremost, 

nitrate-reducers are facultative aerobes while sulfate-reducers are 

obligate anaerobes, and acclimation of seed would be impossible. Second, 

the metabolic end product of sulfate reduction is inhibitory and sometimes 
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toxic to other organisms unlike nitrate reduction. Third, carbon degrada¬ 

tion may proceed to completion with nitrate-reducers while sulfate-reducers 

are capable of proceeding only to the acetate level. Fourth, while glucose 

sufficed as the only substrate in Schroeder's system, it cannot be used in 

the sulfate system. Finally, the medium for sulfate reduction to occur 

must be significantly lower than that required for nitrate reduction to take 

place. 

Pipes (1961) suggested the feasibility of employing sulfate-reducers 

in digesters assuming that complete stabilization could occur. Qualitative 

experiments indicated that keratins and grease would be metabolized quicker 

with sulfate-reducers than with methane producers. An unsuccessful attempt 

was made to determine the sulfate stoichiometry of the process. 

Barta (1961) succinctly reported the successful employment of sulfate- 

reducers in a full-scale two stage continuous system. He reported that 

the required time for a given degree of degradation of organics could be 

reduced to one third the time with sulfate-reducersl The final effluent 

showed 80% removal of both initial BOD and COD values. Initial seeding 

reportedly consisted of a mixed culture of Clostridium and D^ rubenshiki; 

however, this species assignment is probably incorrect. D^ rubenshiki 

allegedly can utilize acetate for sulfate reduction. Repeated attempts 

by various workers have failed to isolate such an organism. 

Small scale batch tests performed by Barta with the samed mixed cul¬ 

ture showed no enhancement in either rates or degree of stabilization. 

Work of a similar nature has been reported in India. Crude cultures 

of sulfate-reducers were employed in the treatment of distillery wastes. 

Basu and Ghose (1961), Ghose and Mukkergee (1964), and Knivett (1960) all 

reported a decreased water content in the digested product when compared 
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to a methane fermented product. The mannose polysaccharide capsule layer 

on sulfate-reducers probably aids agglomeration. 

A batch system was operated by DeBruin (1966) which purportedly 

monitored dissimilatory sulfate reduction in a mixed microbial culture. 

Several points question the validity of the reported data. First, the 

sole substrate was glucose, and carbohydrates are not useful for growth 

with most sulfate-reducers; consequently, degradation was probably 

accomplished by saphrophytic bacteria since the seed was heterogeneous. 

Second, since the stirred reactor was open to the atmosphere, sulfate 

growth would probably not be initiated in the absence of a strong reducing 

agent. Third, optical density was used as a growth parameter; and since 

sulfide precipitates iron, turbidity would not be a valid growth indicator 

in his system. Fourth, a small amount of sulfite production was reported, 

although sulfite has been long established as an intracellular intermediate 

exclusively. Finally, no sulfate degradation was reported. 

Mis concep tions 

Two facts about sulfate-reducers require clarification: (1) sulfite 

is an intermediate in sulfate reduction; and (2) in the presence of equal 

concentrations of sulfite and sulfate, sulfate-reducers will preferentially 

exhaust the medium of the latter before starting on the former. These 

facts have prompted the misconception that an excess of sulfate in the 

medium will prevent the formation of sulfide. The presence of sulfur in 

a higher oxidation state (sulfate as opposed to sulfite) may prompt 

reduction of all sulfate before reduction of sulfite. However, once 

sulfite or sulfate is absorbed intracellularly by a sulfate-reducer for 

dissimilatory reduction, it is not released until it has been reduced to 

sulfide. Therefore, (1) an excess of sulfate above that required for 
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degradation of available substrate will not quantitatively affect the 

production of sulfide; and (2) a scheme based upon the atmospheric oxida¬ 

tion of sulfite, catalyzed or otherwise, will not constitute a regenerative 

system. 

Another point of clarification concerns the "forcing" or acclimation 

of certain organisms to use alternate electron acceptors. As pointed out 

earlier, organisms which employ nitrate as a terminal electron acceptor are 

facultatively aerobic. Their electron transport chain contains both types 

of cytochromes necessary for mediating electron transfer with nitrate or 

oxygen so that two distinct modes are available for redox coupling. The 

choice is a function of both oxygen and nitrate concentrations. An 

acclimation procedure merely maintains a specific concentration of these 

ions for a long enough period such that the facultative nitrate-reducers 

present may: (1) all shift over to one mode of electron transport, and 

(2) multiply at a higher rate, thereby increasing their influence in a 

given mixed culture. Organisms other than strains of nitrate-reducers 

may not be "forced" or acclimated into using alternate acceptors. The 

same point applies for dissimilatory sulfate reduction. Of additional 

concern, however, is the fact that the latter are obligate anaerobes. 

There is no shifting over between different modes of electron transport, 

because there exists but one. The acclimation process for sulfate-reducers 

involves only a relative increase in the population of that type organism. 

Nothing other than a population decrease occurs with the other types of 

organisms present, because none shift over to sulfate respiration since 

none possess the requisite cytochromes. 
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Ecological Considerations 

The sulfate-reducers are Involved in a number of phenomena which have 

special interest to environmental engineers. Their role in the corrosion 

of metal pipes is well known, but their importance in microbial ecology is 

less widely realized. 

(1) The end product of sulfate metabolism is sulfide. Its is 

about -300mv at pH 7. At that pH, hydrogen sulfide is highly 

volatile, oxygen exists only transiently, and aerobes cannot 

survive. Sulfide is also toxic to most anaerobic organisms, 

and the resulting dead cell matter provides additional nutrients 

for sulfate-reducers. 

(2) The phosphate concentration in natural water often is the limiting 

nutrient for phytoplankton growth. Phosphate is often bound as 

ferric phosphate in fresh water mud. Hayes and Coffin (1951) 

suggested that bacterial sulfide production could release ferric 

phosphate bound in fresh water mud by converting ferric phosphate 

to less soluble ferrous sulfide. Sperber (1958) showed that 

hydrogen sulfide did release soluble phosphate in soils. 

(3) Besides the removal of sulfate, sulfate-reducers are responsible 

for the removal of heavy metals. The aesthetically displeasing 

black precipitate is the result. 

(4) The removal of sulfate in certain instances may affect the food 

chain. Beauchamp (1953) reported that in two lakes of East Africa 

sulfate deficiency limits the growth of plankton; and hence, fish 

productivity. 

Methods of Control 

There is no straightforward solution to control of sulfate-reducers 

other than to maintain aerobic conditions. Alternate expedients are as follows: 
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(1) Bunker (1939) first showed that pH values below 5 preclude growth 

of sulfate reducers, Anderson, et al (1958) used acidification 

with hydrochloric acid to control the growth in flood waters of 

oil wells. 

(2) Apse, et al (1955) described the use of chromate for the control 

of sulfate-reducers. It did not prevent multiplication of the 

aerobes normally associated with sewage treatment, but it stopped 

development of sulfate-reducers at concentrations of 2 mg/1. 

(3) As stated earlier, McKinney and Conway implied that, in the 

presence of nitrate and sulfate, nitrate-reducers will predominate 

over sulfate-reducers. Practical experiments on this specific 

point have not been recorded. 

(4) The last method involves the use of manganese dioxide to react 

with hydrogen sulfide to produce elemental sulfur. The 

stoichiometry of this reaction is not known. A problem with 

this method exists in that highly alkaline conditions are 

created. Results from this study describe this reaction in the 

presence of viable sulfate-reducers. 
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EXPERIMENTAL 

A great amount of effort has been directed at sulfate-reducers in pure 

culture, but little work has examined sulfate-reducers in mixed culture. 

Further, the mixed cultures that have been examined contained a conglomerate 

of unknown species all with different characteristics. This study examined 

the synergism that exists between two organisms. 

System Description 

The growth chamber was a one-liter volumetric flask where the long 

narrow neck minimized surface area and diffusion of atmospheric oxygen. 

A teflon-coated magnetic stirring bar provided vigorous agitation to break 

up cell clumps and filaments. A rubber stopper closed off the system. 

Ambient conditions dictated the temperature which remained at 24 C ± 3 . 

Techniques and Methods 

Maintaining both sterile and anaerobic conditions required a combina¬ 

tion of the following techniques. 

The first, developed by Smith (1961), involves an initial inoculation 

with aerobes followed by tightly stoppering the flask. After anaerobiosis 

is achieved, the stopper is secured by wire; and the flask is autoclaved 

and cooled. The vacuum created by the oxygen consumption offsets the expan¬ 

sion due to heating. The drawback to this method is the unpredictability 

of how much substrate is consumed during the aerobic period. Also, the 

resulting particulate cell matter is undesirable. 

The second technique, developed by Hungate (1958), involves the use 

of a cotton-packed syringe - the needle bent at a 45° angle. The syringe 

is connected to an oxygen-free gas source intermediated by a heated copper 

catalyst. The latter absorbs trace amounts of oxygen usually present in 
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commercially prepared gas. Immediately after removing the medium from the 

autoclave, the syringe, with gas now flowing, is inserted within the neck 

of the flask until room temperature is reacher. 

Another method involves the use of alkaline pyrogallol. A reservoir 

of this mixture is attached to the flask and is connected to the reactor 

via a cotton-packed tube. The oxygen is absorbed from the medium by 

pyrogallol. 

Lastly, prior to autoclaving a strong reducing agent such as 

thioglycollate, sulfite or sulfide can be added to the reactor. The E^ 

will be lowered so that a small inoculum can be added after cooling. 

Combinations of all these techniques were employed depending upon 

the specific experiment. 

For the stock culture of sulfate-reducers, thioglycollate was added 

to the medium immediately prior to autoclaving. It was cooled under a 

sterile cotton plug and then inoculated. 

The mixed culture required a different technique because strong 

reducing agents are toxic to most aerobic organisms, and oxygen is toxic 

to sulfate-reducers. The mixed culture medium was autoclaved, cooled, 

seeded with the facultative aerobe, and sealed. After anaerobiosis was 

achieved, the culture was seeded with the sulfate-reducer. Yeast extract 

was present in the medium to obtain the desired E^. 

The same medium used for mixed culture studies was used to monitor 

growth of pure cultures. Facultative aerobes presented no problem, but 

growth of sulfate-reducers required preparation of the medium by the 

pyrogallol method before seeding. 

The determination of anaerobiosis was made by an indicator, resazurin. 

Resazurin becomes active upon heating; and in this reduced state, it 

equilibrates between two forms as a function of oxygen concentration. In 
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the presence of oxygen, it is pink; in the absence of oxygen, it is clear, 

resazurin — ^ resorufin di-hvdroxv-resoruf in 

clear (0£ absent) pink (O2 present) 

The Hungate Method was used to take samples, inoculate, and make 

any alterations whatever on the medium. 

Organisms 

Two organisms were employed. The sulfate-reducer was D. vulgaris, 

and the facultative aerobe was Escherichia coll BB. vulgaris was 

obtained from J. P. Lee at The University of Georgia. E. coli BB was 

obtained from E. D. Bruner at Rice University, 

The aerobe was chosen for its versatility as compared with an 

obligate species. E. coli is quite ubiquitous; and therefore, a good 

case can be made for extrapolating results gained from experiments with 

this organism. 

D. vulgaris was chosen because it is believed to be the most prevalent 

sulfate-reducer in natural fresh-water systems. 

Media 

Three media were employed - one for each stock pure culture, and one 

for experimentation. 

D. vulgaris was grown in the following modified Baar's medium for 48 

hour periods (Lee 1972). 

Sodium lactate (60%) 6.0 ml CaCl O.lg 

Na S04 

Mg SO4 

NH4CI 

1.0 g Yeast ext 1.0 g 

2.0 g Thioglycollate 0,2 g 

1.0 g Fe (NH4)2(S04)2 6H2) 0.1 g 
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®®2P®4 0.5 g Tap water to one liter 

Prior to autoclaving, adjust pH to 7.2 with dilute KOH. 

The alkalinity of this medium increases as a function of sulfate 

utilization. Greater growth is attained in this medium for a 48 hour 

period than other media as noted in extensive reviews by both Postgate (1959) 

and Pankhurst (1970), 

Stock cultures of E_;_ coli were grown aerobically and anaerobically in 

a modified Spizizen*s medium. 

MgS04 7 H20 .... 0.2 g KH2
p04 6.0 g 

Sodium citrate ... 1.0 g Glucose 2,0 g 

(NH4)2 SO4 2.0 g 

K2HPO4  14.0 g Deionized water to one liter 

pH requires no adjustment 

Formulation of a medium for experimentation with both pure and mixed 

cultures presented problems. First, ferrous sulfide formation interferes 

with gravimetric measurements. Therefore, in accordance with the determined 

absolute iron requirement, only 0.004 gm/1 Fe SO4 7 H2O was added to 

minimize error in gravimetric analysis. 

Second, a sodium-sulfate enriched medium becomes too alkaline over 

larger than a 48 hour period. Growth is inhibited. The use of ammonium- 

sulfate was used to alleviate this condition. The buffering system is 

represented by the following equation. 

NH4 + 0H~ V ■ NH4OH ^ ^ NH3 + H20 (For pH 8.5 - 10.0) 

To insure a neutral pH over at least a four day period, additional buffer 

capacity was provided by the addition of phosphate. 

LeGall and Dragoni (1966) determined the absolute requirement for 

calcium in sulfate-reducers to be one grain of CaCl2 per liter. 

No reducing agent other than yeast extract was added because of 
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toxicity to coll. The technique described above obviated the require¬ 

ment for a reducing agent. 

The resultant medium was satisfactory. 

Sodium lactate (60%) 3.0 ml 

 3.0 g 

 7.0 g 

(NH4)2 S04   1.38 g 

Fe S047 H20 .... 0.004 g 

KH2P04 

K2HPO4 

Yeast ext 1.0 g 

Ca Cl2 1.0 grain 

Resazurin   0.001 g 

Glucose 0.5 g 

Tap water to one liter 

pH requires no adjustment 

The inoculum was either 5 or 10 ml/1 with D. vulgaris, and 3 ml/1 

for 15^ coli. 

Purity checks on contamination in IL_ vulgaris were conducted by 

inoculating drops of culture anaerobically and aerobically on nutrient 

agar. The agar was examined for colonies that were not black. The pure 

culture medium was also examined for (1) bubbles, (2) typical morphology, 

and (3) characteristic black precipitate. 

Analyses 

Glucose was measured enzymatically with the commercial Glucostat 

preparation (Wothington Biochemical Corp.). The analysis is based on the 

following reaction sequence. 

Glucose + 02 + H20 ^Glucose^ H2O2 + Gluconic Acid 
Oxidaser 

®2®2 + reduced chromogen ^eroxidase^oxidized chromogen 

The detailed procedure is described in Appendix A. 

Lactate was also measured enzymatically with a commercial preparation 

(Boehringer Mannheim). The procedure is outlined in Appendix B. 

Sulfate was measured by the turbidimetric method described in 

Standard Methods (1971). The basis for the analysis is the formation of 
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barium sulfate in an acid medium to form a white precipitate. The 

precipitate is measured spectrophotometrically. The amount of sulfate is 

determined by comparing samples to a standard curve. 

Sulfite was determined iodometrically as outlined in Standard Methods 

(1971). The commercial agent Thyodene (Magnus Chemical Co) was used in 

this determination. 

Hydrogen sulfide was first trapped in an alkaline zinc acetate 

solution. It was then analyzed colorimetrically by the method of Fogo and 

Popowski (1949). This analysis is based upon the role of sulfide in the 

formation of methylene blue. Details are in Appendix C. 

Redox potential was measured by a pH meter equipped with calomel and 

platinum electrodes. It was found that a platinum screen rather than a 

wire yields quicker and more stable readings due to its increased surface 

area. 

Gravimetric analyses were conducted according to the method of Eaton 
r 

and Likens (1969). Twenty-five milliliter samples were each filtered 

through two Millipore filters and predried for three hours at 60 C. 

Total organic carbon was measured with a Beckman Carbon Analyzer. 

Design of Experiments and Results 

An experiment was designed to substantiate claims that bacteria can 

be forced to use sulfate as an alternate electron acceptor. The mixed 

culture medium described will support both vulgaris and E^ coli. Two 

flasks were filled with this medium except that in one flask no sulfate 

was present. Each was seeded with aerobically acclimated E_j_ coli. The 

object of the experiment was to determine if growth would be enhanced in 

any way by the presence of sulfate and if sulfate would be used in a 

dissimilatory fashion. The same experiment was repeated with anaerobically 
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acclimated coli. The results of this experiment to determine if JEj_ coli 

could be forced to use sulfate are represented in Figures 4-6. 

As expected, there was no discernible difference in growth of E. coli 

in the medium with sulfate and without sulfate. However, gravimetric 

results indicate that exponential growth occurs immediately with the aerobic 

seed and not the anaerobic seed. This suggests that two distinct electron 

transport chains do not exist concomitantly in the organism and that the 

participating enzymes are inductive rather than constitutive. 

Lactate consumption proceeded at a rate much slower than expected. 

Dissimilatory sulfate reduction was not observed in aerobic or anaerobic 

cultures of coli. 

The behavior of D^_ vulgaris in this medium was also analyzed. The 

sole difference in medium preparation was prior adjustment of the E^ with 

alkaline pyrogallol. The purpose of this experiment was to provide a 

comparison with the mixed culture experiment. 

Results of the experiment using a pure culture of IK_ vulgaris are 

shown in Figures 7-11. 

Gravimetric results indicate exponential growth with plateau values 

corresponding to exhaustion of available lactate. 

Sulfide production did not conform to the stoichiometry reported by 

Senez (1951): 

2 CH3CHOH COOH + 2 H20 - ) 2 CH3COOH + 2 C02 + 8 H 

8 H + H2 SO/, — ■ + 4 H20 

System design may account for this. The Hungate technique used for 

taking samples permits volatile hydrogen sulfide to escape. 

The rate of glucose metabolism was slight. Pankhurst (1970) reports 

that spore-formers residing in yeast extract have caused problems. The 
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sterilization of yeast extract for these experiments involved nothing 

beyond preliminary autoclaving prior to inoculation. 

A stoichiometry has been developed from the reported data based on 

the following assumptions: 

(1) . Since acetate is the end product of carbon metabolism, moles 

of initial lactate must equal final moles of acetate. There¬ 

fore, each mole of lactate can provide only one carbon for 

biosynthesis. 

(2) . At least two moles of lactate are required to provide eight 

hydrogens to reduce one mole of sulfate to the sulfide level. 

(3) . Increased alkalinity results as a function of sulfate utiliza¬ 

tion. 

(4) . The decarboxylation accompanying the conversion of acetyl-S-Co A 

to acetate should cause an increase in the inorganic carbon 

level if the resultant bicarbonate is left in the medium. 

Inorganic carbon is constant, however, indicating that it is 

immediately metabolized for structural carbon. Consequently, 

lactate provides structural carbon indirectly through bicarbonate 

production (See Table IIF, p. T9). 

(5) . The empirical formulation for bacteria, H7 NO2, may be applied. 

(6) , The oxidation state of nitrogen does not change upon incorpora¬ 

tion into cellular material. 

(7) . The reduction of SO^- is accompanied by partial oxidation of 

carbon to CO2. 

(8) . Carbon is assimilated at a zero oxidation state. 

The following stoichiometry could describe the biological reaction for 

a pure culture of vulgaris in this system: 
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3S04 + 4H+ + NH4 + 7CH3 CHOH C02 —- —^3HS + 6C02 

+ C5H7NO2 + 5CH3C02 + 9H20 

The next experiments involved a mixed culture of the two organisms 

using the same medium. Initial seeding took place with aerobically 

acclimated E^_ coli. After the dissolved oxygen was depleted, a second 

seeding with D. vulgaris was carried out. The purpose of the experiment 

was to examine the performance of a mixed culture wherein the capabilities 

of all organisms present are known and understood. 

Results of the mixed culture experiment are presented in Figures 12-16. 

The gravimetric results indicate diauxic-like growth. The pause in growth 

is not believed to be due to an induction period. Also, the second cell 

mass increase is arithmetic. Therefore, this is not true "diauxie" as 

originally described by Monod. The second increase can be attributed to 

(1) consumption of excretory products of anaerobic E. coli by D. vulgaris, 

and (2) consumption of lysed E^ coli by vulgaris. 

Sulfide production was greater than expected based on pure culture 

results. Species interaction must be the same. Consumption of excretory 

products of coli is a feasible explanation. Sulfate and lactate are 

removed in stoichiometric proportions. 

The use of manganese dioxide to consume nuisance hydrogen sulfide was 

investigated. The first experiment was to determine if manganese dioxide 

(MnC^) demonstrated identifiable toxic or inhibitory effects in the system. 

Two flasks were used. Flask number one held the mixed culture medium; and 

flask number two, in addition to the mixed culture medium, held granular 

MnC>2 at 5 grams per liter. Both flasks were simultaneously seeded with 

3 ml/1 of aerobically acclimated E. coli and stirred continuously. The 

time required to reach anaerobiosis in each was recorded and compared. The 

experiment was replicated, and no significant difference was observed 
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between the two systems. It was concluded that neither a toxic nor an 

inhibitory effect was demonstrated by MnC>2 in the system. 

The next experiment was to determine the kinetic relations in the 

sulfide-manganese dioxide reaction. Sulfide was added to a two liter 

boiling flask containing Mn02 and phosphate buffer. The reactor content 

was as follows: 

Na2 7 H20 . . . s 

Mn(>2  g 

K H2 PO4   g 

K2 H PO4   g 

Deionized water to two liters 

The flask contents were purged with nitrogen to eliminate oxygen which 

reacts with hydrogen sulfide according to the following equations (Chen 

and Morris, 1972): 

2HS~ + O2 + 2H+ V 2H20 + 2S 

2HS~ + 202 'S ^ H20 + S2C>3 

2HS + 402 W 
V
 2SO4 + 2H+ 

Hydrogen ions can either be consumed or produced as a result of the 

oxidation - another reason for buffering. 

The reaction between MnÛ2 and H2S is presented in Figure 17. Residual 

oxygen was consumed within the first three hours of the reaction at which 

point hourly sulfide measurements were initiated, The reaction was first 

order over one-half life. The experiment was run successively with greater 

concentrations of granular Mn02 to determine if surface area was limiting, 

but no decrease in reaction rate was observed. 

The following rate expression described H2S consumption in the presence 

of excess Mn02 in the system: 
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r = K [H2S] 

-4 
where K = -.24lx (10) sec 

A final experiment investigated the reaction of Mn02 in the presence 

of viable sulfate-reducers. Sulfide production was monitored in two crude 

cultures of sulfate-reducers, one of which contained Mn02 (five g/1). 

Nutrient and substrate concentration were identical. The objective was to 

determine if the kinetics remained the same in the presence of biochemical 

excretory products. 

Figure 8 represents the production of sulfide by a crude culture of 

sulfate-reducers in the presence and absence of manganese dioxide. Curve 

(a) represents sulfide production in the absence of Mn02. Curve (b) 

represents sulfide production in the presence of Mn02. Curve (c) represents 

the differential sulfide production. The latter was determined graphically. 

The reaction remains first order and conforms to the following rate 

expression: 

where K = -.187 x (10) sec 

Insufficient runs were conducted to state that reaction rate is not 

inhibited by excretory products. 
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CONCLUSIONS 

1. EU. coll may not be forced to use sulfate as an electron acceptor. 

2. The stoichiometry of the biological reaction of D. vulgaris consuming 
lactate in this system may be represented as follows: 

3S04~ + 4H+ + NH4 + 7CH3 CHOH C02 ^3H S” + 6C02 

+ C5H7N02 + 5CH3C02 + 9H20 

3. A medium suitable for cultivation of both aerobes and sulfate-reducers 
is as follows: 

Sodium lactate (60%) 3.0 ml 

KH2P04 3.0 g 

K2HP04 7.0 g 

(NH4)2 S04   1.38 g 

Fe S047 H20   0.004 g 

Yeast ext     1.0. g 

Ca Cl2   1.0 grain 

Resazurin   0.001 g 

Glucose 0.5 g 

Tap water to one liter 

pH requires no adjustment 

4. The production of hydrogen sulfide in mixed culture exceeds that 
predicted from pure culture studies. 

5. Manganese dioxide appears to oxidize hydrogen sulfide according to 
the following rate expression: 

-K M _4 
where k = -.241 x (10) sec 

6. Addition of manganese dioxide is a feasible method for consuming 
nuisance hydrogen sulfide in waste water. 
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APPENDICES 



Al 

Reagent : 

Standard: 

Sample: 

Procedure: 

APPENDIX A 

COMMERCIAL GLUCOSE ANALYSIS 

Dissolve contents of Chromogen vial with distilled water 

and add to graduated cylinder containing approximately 

60 ml of distilled water. Dissolve contents of Glucostat 

vial in distilled water and add to the graduated cylinder. 

Adjust final volume to 90 ml. 

Dilute stock glucose standard with water to produce four 

or five standards in the 30 to 300 mg/1 glucose range. 

Dilute so that sample contains 30 to 300 mg/1 of glucose. 

The pH should he between 6.8 and 7.2. 

To 9.0 ml reagent, add 1.0 ml sample. Include a reagent 

blank and four or five standards with each set of unknowns. 

After exactly 10 min. at room temperature, add one drop 

of 4M HC1 to stop reaction and stabilize color. The 

reaction time for all tubes should be identical. The 

tubes may then be read at any time, using a photometer in 

the region of 400 m setting the reagent blank at zero 

absorbancy. 
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APPENDIX B 

COMMERCIAL LACTATE ANALYSIS 

Reagents : 

Procedure: 

Perchloric Acid (0.1 M) 

A. Make up blank in 5 ml test tube. 

1. Add solution //I 2.00 ml 

2. Add solution #2   0.20 ml 

3. Add solution #3 0.02 ml 

4. Mix by swirling 

B. Prepare sample in 5 ml test tube 

1. Add Perchloric acid 1.00 ml 

2. Sample 0.50 ml 

3. Mix and centrifuge 10 minutes @ 3,000 RPM 

4. Use supernatant for next step 

C. Make up sample 

1. Add solution //I  2.00 ml 

2. Add supernatant from step B 0.20 ml 

3. Add solution #2 0.20 ml 

4. Add solution #3 0.02 ml 

D. Incubate blank from step A and sample from step C @ 
25° C for one hour. 

E. Measure 0D of blank (E^) and sample (Es) at 340 nm 
against air. 

F. Compute lactate concentration using following formula: 

lactate mg/1 = (Es - Ej,) x 49.9 
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Reagents : 

Procedure: 

APPENDIX C 

SULFIDE ANALYSIS 

A. Zinc acetate solution, 2Nî Dissolve 220 g Zn(C2H3Û2)2 

2H2O in 870 ml water; this makes 1 liter of solution. 

B. Sodium carbonate solution: Dissolve 5.0 g Na2CÛ3 in 

distilled water and dilute to 100 ml. 

C. Amine-sulfuric acid stock reagent: Dissolve 26.6 g 

N, N-dimethyl-p-phenylenediamine oxalate (also called 

p-aminodimethylaniline oxalate) in a cold mixture of 

50 ml cone sulfuric acid and 20 ml distilled water; 

cool, then dilute to 100 ml with distilled water. Store 

in a dark glass bottle. This stock solution may discolor 

on aging, but its usefulness is unimpaired. 

D. Diammonium hydrogen phosphate solution: Dissolve 40 g 

(NH^^HPO^ in distilled water and dilute to 100 ml. 

E. Amine-sulfuric acid reagent: Dilute 25 ml amine-sulfuric 

acid stock solution with 975 ml 1 + 1 H2SO4. Store in 

. a dark glass bottle. 

F. Ferric chloride solution: Dissolve 100 g FeCl3 6H2O in 

39 ml water; this makes 100 ml of solution. 

G. Stock sulfide solution: Dissolve 4.10 g sodium sulfide 

trihydrate (Na2S 3H2O) in boiled, cooled distilled water. 

Weigh the sodium sulfide from a well-stoppered weighing 

bottle. 

A. Make up five sulfide standards with range 0-100 mg/1. 

Standardize iodimetrically with thiosulfate titrant. 



A4 

B. Add 10 drops each of zinc acetate and sodium carbonate 

solutions to 25 ml of deionized water. 

C. Pipette 10 ml of standard into solution from (B). 

Evaluate from pipette prior to drawing standard. 

Fill to 100 ml, mix well. 

D. Draw 7.5 ml of resultant mixture into 10 ml test tube. 

E. Add 10 drops amine solution and six drips FeCl^ solution. 

F. Stopper. Mix by inverting once. 

G. Wait one minute. 

H. Add 1.6 ml diammonium solution. 

I. Measure OD at 625 m against deionized water. 

J. Prepare calibration curve. 

K. Repeat same procedure for subsequent sampling. 
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TABLES 



TABLE I. A 

Pure E. coll - Cell Mass (mg/1) 

Presence of Sulfate: 

Hour 0 6 9 17 28 42 

Aerobic Seed 92 204 256 308 300 256 

Anaerobic Seed 120 184 272 328 320 324 

Absence of Sulfate: 

Hour 0 6 12.5 26.5 36.5 56.5 77 

Aerobic Seed 224 300 340 432 412 364 404 

Anaerobic Seed 236 260 348 440 400 476 376 

T1 



TABLE I. B 

Pure 13. coll - Glucose (mg/1) 

Presence of Sulfate: 

Hour 0 6 9 17 28 42 

Aerobic Seed 520 102 5 0 0 

Anaerobic Seed 495 315 0 0 

Absence of Sulfate: 

Hour 0 6 12.5 26.5 36.5 56.5 

Aerobic Seed 525 300 5 0 0 

Anaerobic Seed 505 410 0 0 

77 

T2 



TABLE I. C 

Pure lî. coli - Lactate (mg/1) 

Presence of Sulfate: 

Hour 0 6 9 17 28 42 

Aerobic Seed 310 313 308 297 289 287 

Anaerobic Seed 370 365 350 343 320 294 

Absence of Sulfate: 

Hour 0 6 17.5 26.5 36.5 56.5 77 

Aerobic Seed 320 321 315 300 294 279 260 

Anaerobic Seed 346 340 332 342 320 297 284 

T3 



TABLE II. A 

Pure D 

Hour 

I 

. vulgaris - Cell Mass (mg/1) 

Run — #1 »2 #3 

0.00 75 120 140 

10.75 82 172 152 

12 98 - - 

15.5 138 200 212 

19 198 251 301 

23.25 251 299 302 

33 357 440 450 

38.5 343 452 465 

40 - - 460 

42 402 450 - 

44 447 - 465 

58 380 492 485 

T4 



TABLE II. B 

Pure D. vulgaris - Glucose (mg/1) 

Run IL. n 
Hour 0 475 490 

10 476 487 

38 460 485 

44 455 476 

58 443 471 

T5 



TABLE II. C 

Pure D. vulgaris - Lactate (mg/1) 

Hour 

Run n #2 

0.00 1,710 1,685 

10.75 1,707 1,680 

19 1,170 1,110 

33 736 720 

38.5 5 11 

58 0 0 

T6 



TABLE II. D 

Pure D. vulgaris - Sulfide (mg/1) 

Run ÿl #2 

Hour 0 00 

11 3 1 

13 11 8 

16 38 24 

22 120 107 

34 - - 

38.5 232 205 

44.5 253 232 

58 247 245 

T7 



TABLE II. E 

Pure D. vulgaris - Sulfate 
è 

Run 

Hour 0 

10.5 

12 

15.5 

19 

23.25 

33 

38.5 

42 

44.25 

58 

n #3 

1,015 996 

992 979 

927 943 

875 869 

792 758 

599 574 

- 369 

- 382 

264 263 

205 203 

182 175 

(mg/1) 

n 
984 

981 

918 

888 

787 

591 

375 

251 

189 

140 

T8 



TABLE II. F 

Pure D. vulgaris - Inorganic Carbon (mg/1) 

Hour 

Run il il il 

0 14 14 ii 

10 12 11 13 

38 10 10 12 

44 12 11 9 

58 11 9 10 



TABLE III. A 

Mixed Culture - Cell Mass 

Run 

Hour 0 

10 

11 

22 

37 

42.5 

47.25 

58 

n n 
113 154 

245 265 

331 369 

383 467 

471 380 

463 497 

533 592 

638 694 

(mg/1) 

#1 

82 

203 

352 

330 

343 

375 

447 

612 

T10 



TABLE III. B 

Mixed Culture - Glucose (mg/1) 

Run #1 #2 #3 

Hour 0 518 489 511 

11 0 0 0 

Til 



TABLE III. C 

Mixed Culture - Lactate (mg/1) 

Hour 

Run #1 #2 

0 1,792 1,806 

10 1,781 1,771 

22 1,700 1,694 

37 715 722 

47.25 359 368 

58 3 3 

T12 



TABLE III. D 

Mixed Culture - Sulfide (mg/1) 

Run //I j[2 

Hour 0 0 

14.25 4 2 

17 5 

22.75 11 8 

37.5 132 127 

42 241 233 

46.5 357 333 

59 351 343 

T13 



TABLE III. E 

Mixed Culture - Sulfate (mg/1) 

Run 

Hour 0 

11 

27 

42.5 

47.5 

58 

in n 
996 998 

995 1,003 

949 954 

303 297 

0 0 

0 

Tl 



TABLE IV 

Hydrogen Sulfide Oxidation by M11O2 

Run £1 n SI 
Hour 0 83 60 48 

1 - - 44 

1.3 - - 38 

2 55 78 

4 - - 32 

5 39 34 28 

6 - - 25 

7 - 28 - 

8 32 - - 

18 - 5 - 

19 5 — — 

T15 



TABLE V 

Hydrogen Sulfide Oxidation by Mn02 in Presence of Viable Sulfate-Reducers 

Time (Hours) 
Mn02 Present 
Sulfide (mg/1) 

Mn02 Absent 
Sulfide (mg/1) 

Differential 
Sulfide (mg/1) 

0 0 0 0 

14.25 4 4 0 

17.00 8 8 0 

22.75 155 150 -5 

37.5 128 150 32 

41.75 103 157 54 

. 47.75 77 141 64 

51.25 64 141 77 

T16 


