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ABSTRACT 

Experiments were conducted to examine the cause of 

lag-phase growth during phenol degradation by mixed 

microbial cultures that had been acclimated to one of four 

substrates. Four aerated Imhoff cones were inoculated with 

wastewater sludge and fed one of four substrates: acetate, 

egg albumin, vegetable oil, or phenol. Inocula from these 

cones were injected into batch reactors containing phenol. 

Time-dependent growth was measured by two methods: most 

probable number (MPN) and epifluorescence microscopy (EM). 

The MPN technique was used to distinguish two cell 

concentrations: total cells and a phenol-degrading 

community within the total; EM was also used to count total 

cells. The results indicated that a lag in phenol 

utilization for all cultures, except the phenol-acclimated 

cultures, was a result of growth of a phenol-degrading 

subpopulation, and not due to enzyme induction of the 

existing population. Similar experiments were conducted 

using 2,4-dichlorophenol (2,4-DCP), which resulted in no 

growth and no degradation of 2,4-DCP. 
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1.0 INTRODUCTION 

Microorganisms are capable of utilizing a variety of 

chemicals for energy production and growth, but may adopt 

metabolic pathways that optimize growth rates for preferred 

substrates. For example, in the presence of glucose and 

lactose, E. coli will preferentially utilize glucose. When 

the glucose is exhausted lactose can be used, but only 

after a lag, or acclimation period by the culture to 

lactose (Stanier et al., 1976). Depending on the 

biodegradability of the compound of interest, acclimation 

periods can vary from minutes to 120 hours (Spain et al., 

1984), to 10 months (Schraa et al., 1986) to 1.4 years 

(Spain et al., 1987), when a carbon source for a culture is 

abruptly changed. The acclimation period is evidenced by a 

time of no growth—and no degradation of the new carbon 

source—prior to growth. 

Acclimation time, which is almost always a factor in 

the total time required for the biodegradation of a 

chemical, has been attributed to one of three major 

factors: (1) enzyme induction, (2) genetic adaptation, or 

(3) growth of a sub-population. In the case of a pure 

culture, the appropriate enzymes must be induced to begin 

transformation of a new carbon source. For mixed cultures, 
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small existing sub-populations that are capable of 

degrading the new carbon source (and also capable of rapid 

enzyme induction) must increase to sufficient numbers to 

bring about measurable degradation. 

Acclimation is important in understanding the fate of 

man-made organic pollutants, for example, in conventional 

wastewater treatment plants. Likewise, it is important to 

know if xenobiotic compounds in natural environments, such 

as drinking water aquifers, will be degraded by the 

indigenous microbial populations. A better knowledge of 

microbial acclimation and biodegradation will aid the 

development of biological techniques for in-situ treatment. 

Most bioremediation techniques focus on either enhancing 

the degradative capacity of indigenous organisms or adding 

acclimated organisms to degrade the pollutant (Lee et al., 

1987; Canter and Knox, 1986). Recent research into 

decreasing acclimation times of indigenous microbial 

cultures suggests that priming of microbial communities 

near potential pollution discharge sites with a small 

amount of pollutant could ensure rapid microbial response 

after a spill (Spain and VanVeld, 1983; Haller, 1978). 

However, the intentional release of a pollutant into the 

natural environment should be avoided. 

The purposes of this research were to examine if 

non-toxic pollutants could be used to reduce acclimation 
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times of mixed cultures for biodegradation of a toxic 

chemical, and to determine whether lags in toxic chemical 

utilization were due to enzyme induction or growth of a 

sub-population. 

Mixed microbial populations, obtained from a 

refrigerated wastewater lagoon sample, were acclimated to 

four substrates: 

1) Acetate, an easily degradable compound and commonly 

used as a substrate for biodegradation experiments, 

2) Egg Albumin, a large molecular weight (45,000 amu) 

protein, 

3) Vegetable Oil (Wesson), generally consisting of fatty 

acids of 16-18 carbons, and 

4) Phenol, a toxic aromatic. 

Glucose was not chosen since it is usually preferentially 

utilized over phenol (Rubin and Alexander, 1983). 

The acclimated cultures were grown to encourage both 

suspended and attached growth and then in separate 

bioreactors exposed to phenol. The culture utilization of 

phenol was studied to determine: 

1) the lag period for toxic chemical utilization and 

subsequent rate of biodegradation of phenol by the 

different acclimated cultures? 
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2) if the lag was due to the growth of a sub-population, 

by estimation of the time-dependent number of 

phenol-degraders versus total number of cells. 

3) the accuracy of a computer model to predict phenol 

degradation on the basis of kinetics and cell number. 

Phenol was chosen as the pollutant of interest in this 

study, since it is designated a toxic substance under the 

Clean Water Act (CWA); Resource Conservation and Recovery 

Act (RCRA); and the Comprehensive Environmental Response, 

Compensation and Liability Act (CERCLA or Superfund), which 

are laws designed regulate the release of hazardous 

chemicals into the environment. Phenol, also called 

carbolic acid and hydroxybenzene, is a versatile chemical 

that serves as a starting point for the production of epoxy 

and phenolic resins, aspirin and other drugs, herbicides 

and pesticides and other products. Today more than 2 

billion pounds of phenol are used in the United States 

(Americana Encyclopedia, 1988) per year. Due to its 

economic importance and toxicity, phenol has also been used 

as a model compound in many other biodegradation studies: 

in fixed-film reactor kinetics (Namkung and Rittmann, 

1986), for co-metabolism of trichloroethylene (Nelson et 

al., 1987), in aquatic microbial communities (Shimp and 

Pfaender, 1987), as a biodegradability standard (Tabak et 

al., 1981), in preadaptation studies (Haller, 1978), in 
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abiotic (photolysis) experiments (Hwang and Hodson, 1986), 

and in fresh water studies (Rubin and Alexander, 1983). 

The effect of acclimation of the mixed cultures on 

biodegradation of 2,4 dichlorophenol (2,4-DCP) was also 

examined. 2,4-DCP is a pesticide now listed for control 

under RCRA, CERCLA, CWA, as well as the Safe Drinking Water 

Act (SDWA). 
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2.0 LITERATURE REVIEW 

The fate of organic chemicals in the environment is. 

largely dependent on their susceptibility to biological 

attack and, to a lesser extent, on photooxidation and other 

abiotic mechanisms. The time required for the 

biotransformation of a xenobiotic compound has been 

characterized as its biodegradability, which is a function 

of the inherent structure of the chemical, but often times 

more importantly a function of the environmental conditions 

required for biodegradation. Some compounds originally 

labeled non-biodegradable or recalcitrant have been found 

to degrade in the presence of other carbon sources by a 

process called co-metabolism (Horvath, 1972). These types 

of compounds, which were persistent in pure cultures, have 

also been degraded by the combined activities of several 

organisms (Grady, 1984). A review of the recent studies of 

the metabolic degradation pathways for aromatics and 

chlorinated aromatics contributes to a better understanding 

of the acclimation time caused by enzyme inductions. 

2.1 Biodegradation 

Since no accumulation of naturally occurring organics 

has been observed, the "doctrine of microbial 

infallibility" is that these chemicals must all be 
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biodegradable. Thus only man-made chemicals are 

non-biodegradable. The term biodegradation simply means 

the biological transformation of an organic compound into 

another form, which does not necessarily imply 

mineralization to carbon dioxide, water and inorganic 

constituents (Grady, 1984). Generally, when the term 

biodegradable is used by engineers and scientists, 

mineralization is implied. 

A chemical that degrades rapidly is considered more 

biodegradable than one that requires a longer time. The 

biodegradability of a chemical is a function of 

environmental conditions and structural nature of the 

chemical. Grady (1984), introduced a multi-tiered approach 

to determine biodegradability. First, if a low 

concentration of a chemical is mineralized as a sole carbon 

source within 28 days, it is considered readily 

biodegradable. Second, if the above chemical persists 

longer than 28 days, it is subjected to more favorable 

conditions for degradation, such as: (1) a continuous 

inoculation of mixed populations of microorganisms 

(sewage), and (2) multi-component carbon sources for 

possible co-metabolic degradation. To ensure that the 

persistence in the first tier was not due to inhibitory 

effects, a third test calls for a re-test of tier 1 using 

the acclimated organisms from tier 2. If the chemical is 
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found to degrade, the kinetics can be evaluated by a fourth 

test to predict the fate of the chemical. The above four 

steps are performed under both aerobic and anaerobic 

conditions. 

When a compound fails to degrade after carefully 

ensuring that no factor in the experimental protocol 

inhibits biodegradation, the chemical can be judged as 

recalcitrant (Grady, 1984). However, members of almost 

every class of anthropogenic compound can be degraded by 

some form of microorganism (Kohbayshi and Rittmann, 1982) , 

but may require a long acclimation time before degradation 

begins. 

From a biological perspective, recalcitrance is caused 

by two general conditions. First, the lack of suitable 

enzymes to make even small modifications in the molecular 

structure and second, inability of the substrate to enter 

the cell (Dalton and Shirley, 1982). 

Many microorganisms undergo a lag period before 

adaptation to a newly introduced substrate. Adaptation can 

be operationally defined as the increased ability of a 

microorganism (or microbial community) to degrade a 

chemical after prolonged exposure, or acclimation, to the 

chemical. The causes of a lag in utilization include one or 

more of three reasons: (1) enzyme induction, (2) genetic 

change through mutation or acquisition of foreign DNA, and 
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(3) growth of a sub-population within a mixed culture 

(Shimp et al, 1987; Spain and VanVeld, 1983). The 

differing characteristics of these phases are discussed 

below. 

2.1.1 Enzyme induction 

Lag phase growth is exhibited by an organism when it 

must induce or derepress enzymes: for example, when E. coli 

switches from glucose to a less preferred but available 

substrate, such as lactose (Stanier et al., 1976). 

Constitutive enzymes are always needed by the cell and are 

produced at all times; others, called inductive enzymes, 

are switched on and off as environmental or intracellular 

conditions dictate. It is energetically efficient for an 

organism to synthesize only the enzymes needed to 

metabolize the substrate at hand. 

2.1.2 Genetic Change 

A lag will also result if an organism does not carry 

the genetic capability to produce the enzymes needed to 

degrade a compound (Grady, 1984). Genetic material 

necessary for the synthesis of the required enzyme may be 

obtained through DNA transfer or by a fortuitous mutation 

in the existing DNA of the organism. DNA transfer can be 

accomplished either directly (transformation), or 

indirectly: (a) during conjugation, when extrachromasomal 
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DNA or a plasmid, travels through a hollow physical bridge 

to the recipient cell, or (b) by phage-mediated transfer 

(transduction). The importance of DNA transfer was noted 

in a study by Schraa (et al. 1986). One microbial 

community had lost the ability to degrade 1,4 

dichlorobenzene (1,4-DCB) after prolonged growth without 

1,4-DCB. Although a strain that could degrade 1,4-DCB 

could not be isolated, a combination of 2 strains was found 

with this capability. Schraa et al. concluded that 

plasmids carrying genes containing a metabolic pathway of 

1,4-DCB were transferred by interspecies movement, thus 

there was insufficient genetic information in a single 

strain but enough in two for degradation of 1,4 DCB (Schraa 

et al.,1986). 

2.1.3. Importance of Mixed Populations 

A lag phase is also witnessed when only a small 

population within a microbial community can degrade a 

chemical. This type of lag phase can be reduced, but not 

eliminated, by use of a larger inoculum (Shamat et al., 

1980). 

Numerous investigators have observed a lag growth phase 

prior to uptake of compounds by mixed cultures (Grady, 

1985; Mikesell and Boyd, 1986; Spain and VanVeld, 1983). 

Spain found that after a 120-hour acclimation period, an 
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added chemical, p-nitrophenol (PNP), degraded rapidly and 

the population of PNP degraders in a natural pond increased 

by three orders of magnitude (Spain et al, 1984). In 

another study, the degradation of m-chlorobenzoic acid and 

p-chlorophenol in the presence of a second substrate was 

attributed to a small minority microbial population within 

a wastewater sludge (Haller, 1978). 

Microbial communities may be capable of utilizing 

compounds as sole sources of carbon that cannot be degraded 

by any individual organism (Grady, 1985). In this 

situation, the products of the initial transformation by 

one organism may be subsequently broken down in a series of 

steps by different organisms until compounds are formed 

that can be metabolized via normal pathways (Kobayashi and 

Rittmann, 1982; Gibson, 1984). Therefore, organisms in 

mixed cultures that cannot degrade the target compound 

survive on chemical intermediates produced by other 

organisms (Shamat et al, 1980). The results of a study 

using digester sludge showed that the combined activities 

of 2 or 3 anaerobic chlorophenol-degrading organisms were 

required for the complete reductive dechlorination of 

pentachlorophenol (Mikesell and Boyd, 1986). 
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2.1.4 Pathways 

Biodegradation pathways of aromatics have been widely 

studied (Rochkind-Dubinski, 1987; DeBont et al., 1986; 

Reineke and Knackmuss, 1984). Figure 2.1, (Gibson, 1984) 

describes the common pathway for the degradation of 

aromatic compounds. In the case of chlorinated aromatics, 

two pathways have been determined: cleavage before 

dechlorination (Figure 2.2, Spain and Nishino, 1987; Schraa 

et al., 1986) and the reverse, dechlorination prior to ring 

cleavage (Figure 2.3, Mikesell and Boyd, 1986). 

The most common aerobic pathway used by microorganisms 

in the breakdown of aromatics is based on conversion of the 

aromatic into catechol or protocatechuate, which is then 

the "starting substrates" for the subsequent oxidative ring 

cleavage reactions. Phenol provides an example of an 

aromatic that is converted to catechol (Gottschalk, 1986). 

For higher molecular weight aromatics, the pathways 

generally converge to catechol prior to ring cleavage. As 

shown in Figure 2.1, the ring can be opened either between 

(ortho) or adjacent to (meta) the two hydroxy groups via 

dioxygenase reactions (Spain and Nishino, 1987). The 

ortho-cleavage pathway yields succinate and acetyl-CoA and 

the meta-cleavage route, pyruvate and acetaldehyde 

(Gottschalk, 1986). Both pathways produce compounds that 
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Figure 2.3 Pathway of Pentachlorophenol degradation 
in an anerobic mixture of cholorphenol-
activated sludges (Mikesell and Boyd, 1986). 
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the cell can use for energy generation via the 

tricarboxilic acid cycle. 

Dioxygenases carry out benzene ring cleavage by 

insertion of oxygen atoms directly into the ring; however, 

the ring must already contain two hydroxyl groups placed 

ortho or para (opposite) each other (Grady, 1985). 

Monooxygenases can cleave the ring but require additional 

reducing power usually in the form of NAD(P)H (Dalton and 

Stirling, 1982). 

When halides, such as chlorine, are attached to the 

ring, the degradation process is somewhat more complicated. 

Generally, under aerobic conditions, haloaromatics that 

have one or two halides leave the carbon-halide bond intact 

until after ring cleavage. Other times dehalogenation 

precedes ring cleavage (Grady, 1985). 

2.1.4.1 Aromatic Ring Cleavage Prior to Dechlorination 

Most systems studied usually involve dehalogenation 

after ring cleavage (Spain and Nishino, 1987). A typical 

pathway is shown in Figure 2.2, which is a proposed pathway 

for degradation of p-dichlorobenzene (p-DCB). p-DCB is 

first converted to 3,6 dichlorocatechol, which contains the 

two hydroxyl groups required for ring cleavage. After the 

ring is cleaved, the chlorines are removed. DeBont et al. 

(1986), found that the initial degradation pathway for 
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1.3-dichlorobenzene by a pure culture of Alcaliqenes SP. 

revealed ring cleavage but no dechlorination (DeBont et 

al., 1986). 

Pseudomonas sp. are known to utilize dioxygenase- and 

not monooxygenase-mediated reactions to cleave the 

1.4-dichlorobenzene (1,4-DCB) ring. Attempts by Schraa et 

al. (1986), to detect NAD(P)H and monooxygenase mediated 

by-products, failed: upon subsequent addition of 

monooxygenase reaction by-products to the culture, none 

were taken up. Spain and Nishino (1987), however, detected 

the by-products of a dioxygenase reaction for a Pseudomonas 

sp., confirming the importance of dioxygenase for this 

species. A similar cleavage by dioxygenase prior to 

dechlorination was found for 1,4-DCB when degraded by 

Alcaliqenes sp. Strain A175 (Schraa et al., 1986). 

2.1.4.2 Dechlorination Prior to Ring Cleavage 

It is also possible that the first process in 

biodegradation of haloaromatics is dehalogenation 

(Kohbayashi and Rittmann, 1982). Mikesell and Boyd, (1986) 

found that pentachlorophenol was completely dechlorinated 

prior to ring cleavage in a reductive environment by the 

combined activities of two or three chlorophenol-degrading 

populations within anaerobic digester sludge by the pathway 

proposed in Figure 2.3. 
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2.1.4.3 Suicide Pathways 

Suicide inactivation occurs when a degradative pathway 

is interrupted by the formation of by-products that prevent 

the cell from utilizing the origional substrate for energy 

or growth. Rieneke and Knackmuss (1984), describe a 

situation in which a benzene-acclimated Pseudomonas SP. 

that was slowly switched from benzene to chlorobenzene, 

under aerobic conditions, became unable to induce enzymes 

to degrade benzene. It was found that organisms that had 

lost the meta-cleavage pathway, which is used for benzene 

degradation, were better able to utilize the chlorobenzene. 

After several generations, the population with 

meta-cleavage capabilities became extinct, and when 

reintroduced to benzene, could not utilize it. 

Suicide inactivation can also be caused when a 

non-toxic halogenated compound is degraded along a normal 

pathway until by-products are formed that act as specific 

enzyme inhibitors. When cathecol 2,3-dioxygenase, a 

ring-cleavage enzyme on an aromatic compound degradative 

pathway, comes into contact with 3-chlorocathecol, a common 

by-product of dehalogenation of such compounds as 

chlorobenzene (Reineke and Knackmuss, 1984), the enzyme is 

irreversibly inactivated (Bartels et al, 1984). 
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2.2 co-metabolism 

Although microbes may preferentially utilize specific 

compounds, it is also possible that different compounds may 

be simultaneously oxidized. Horvath (1972) defines 

co-metabolism as the process by which a microorganism 

oxidizes a substrate without being able to utilize the 

energy derived from this oxidation to support growth. 

Since a co-metabolite cannot serve as a sole source of 

carbon and energy, another source must be present. Dalton 

and Stirling (1982), suggested an expanded definition: 

co-metabolism is the transformation of a non-growth 

substrate in the obligate presence of a growth substrate or 

another transformable compound. This non-growth substrate 

or co-metabolite will not support cell division (eg. it 

cannot serve as the sole source of carbon and energy for a 

pure culture of bacteria). 

A xenobiotic compound that is co-metabolized will 

always cause the accumulation of metabolic by-products in a 

pure culture, inferring that the accumulated by-products 

are either more toxic than the original substrate, or that 

there is no enzymatic pathway available to further degrade 

the by-product (Grady, 1985). If by-products do not 

accumulate, the compound of interest would be degraded, and 

provide energy for a gratuitous type metabolism, 

disqualifying it as co-metabolism. This agrees with 
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Horvath who states that the proof of disappearance of 

substrate and accumulation of end-products is required to 

clearly demonstrate a co-metabolic process (Horvath, 1972) . 

The presence of second substrates may be important for 

the mineralization of aromatic compounds. Haller (1978), 

for example, reports that co-substrate glucose increased 

both the rate of degradation and the amount degraded for 

the co-metabolism of m-chlorobenzoic acid and 

p-chlorobenzioc acid. Also reported was an accelerated 

degradation of herbicides in soil with applications of 

nutrient broth. 

Significant degradation and rapid adaptation (as 

compared to phenol) was observed by Tabak et al. (1981), 

for the co-metabolism of 2,4-DCP in the presence of 5 mg/L 

yeast extract using settled domestic wastewater as the 

microbial medium. However, there seems to be no basis to 

predict the usefulness of a compound as a co-metabolite. 

Trichloroethylene (TCE), a chlorinated aliphatic 

hydrocarbon, was co-metabolized aerobically by a pure 

culture of Strain G4, in the presence of phenol, by 

induction of enzymes of the meta-fission aromatic pathway 

(Nelson et al., 1987). 
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2.3 Acclimation 

The ability of an aquatic microbial community to 

degrade toxic chemicals can be enhanced by previous 

exposure of the community to the pollutant of interest or a 

pollutant that is structurally similar. Shimp et al. 

(1987) found that m-cresol, m-aminophenol and 

p-chlorophenol biodegradation was enhanced when the 

community was pre-acclimated to phenol. Phenol represented 

a compound that is similar in both structure and membrane 

transport systems and was broken down by similar catabolic 

pathways. The total number of cells (determined by Most 

Probable Number, MPN) were little affected while the number 

of phenol-degrading MPN increased by 15 times the initial 

phenol-degrading community population. 

Pre-acclimation of a community by a structurally 

similar compound, a technique called analog enrichment, can 

not only shorten the lag period, it can also increase the 

amount of a chemical that can be degraded. The degradation 

of the herbicide 2,3,6-trichlorobenzoate was enhanced in 

the presence of benzoic acid from 35% reduction in 18 days 

to 35% reduction in 4 days and 80% reduction in 14 days 

(Horvath, 1972). Lu and Speitel, (1988), ran an enrichment 

study using biofilm reactors on pentachlorophenol, a 

chemical previously considered recalcitrant. The addition 

of acetate, an easily degradable compound did not cause the 
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induction of the necessary enzymes for PCP degradation, nor 

was degradation enhanced in the presence of phenol, a 

structurally similar compound. However, when both 

2,4-dichlorophenol (2,4 DCP) and PCP acclimated organisms 

were added to a reactor containing both PCP and 2,4 DCP, 

the PCP removal was greater in the presence of 2,4 DCP, a 

more easily degraded compound. 

It is not well understood how microbial acclimation to 

non-toxic chemicals influences the subsequent ability of a 

culture to degrade a toxic chemical. Several researchers 

have examined biodegradation of pollutants by microbial 

cultures grown on simple, low molecular weight substrates, 

such as glucose (Stanier et al., 1976), but few studies 

have considered mixed culture growth on higher molecular 

weight compounds. For this reason, oil and egg albumin 

were chosen as acclimation substrates for mixed cultures, 

as further discussed in Section 3.0. 
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3.0 METHODS AND MATERIALS 

A series of experiments using mixed cultures of 

microorganisms was designed to determine (1) the length of 

time required for a mixed culture to initiate degradation 

of the pollutant of interest (phenol or 

2,4-dichlorophenol), and (2) whether the lag in growth on 

the pollutant was due to enzyme induction or growth of a 

pollutant degrading subpopulation. Additionally, tests 

were conducted to determine the ability of a computer model 

to predict phenol degradation on the basis of kinetics and 

cell number concentration. 

Four Imhoff cones (Sect 3.1) were inoculated with a 

wastewater sludge, and each cone was provided one of four 

substrates. The cones were operated aerobically for 6 

months prior to a kinetic biodegradation test and 10 months 

before beginning the acclimation biodegradation 

experiments. The inocula for all experiments were 

withdrawn from these four cones. 

In the acclimation experiments (Sect 3.2), individual 

24 mL reactors were inoculated with fixed or suspended 

cultures from each cone reactor and spiked with additional 

phenol. Cell counts (Sect 3.4) were determined by two 

methods: most probable number (MPN, Sect 3.4.1) and by a 



34 

direct count method, epifluorescent microscopy (EM, Sect 

3.4.2). Two distinct cell colonies were monitored 

throughout each experiment: the total number of cells and 

the number of phenol-degraders within the total community. 

The total number of cells were measured by both MPN and EM, 

and the number of phenol degraders were determined by the 

MPN method. Phenol concentrations were monitored 

concomitantly with cell counts, as described below. 

The computer model requires kinetic coefficients for 

phenol biodegradation. Therefore, separate experiments 

were conducted (Sect 3.3) to determine: u, the maximum 

substrate utilization rate; Ks, the half-velocity constant; 

and Y, the yield coefficient. The kinetic coefficients 

were determined for degradation of phenol, both in the 

absence and presence of egg albumin. 

Phenol and 2,4-DCP concentrations were initially 

measured by gas chromatography (GC, Sect 3.5.1). Due to 

the expense and time requirements incurred, GC analysis was 

replaced by ultra-violet (UV) spectrophotometry (Sect 

3.5.2). Since the accuracy of phenol detection by GC 

analysis is well known (and was verified for this report), 

tests were conducted to determine the reliability of UV 

spectrophotometry for phenol detection when possibly 

interfering background substances were present (Sect 

3.5.2). 
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An experiment to determine the effects of starvation on 

phenol-acclimated organisms is described in Section 3.6. 

3.1 Cone Setup and inoculation 

Initially, identical microbial cultures were enriched 

using four different carbon sources, each within an Imhoff 

cone, as shown in Figure 3.1. Tubing for aeration was 

installed at the base of each of the four cones. Machined 

plexiglas separators, which allowed for free flow of air 

and reactor fluid, served as supports for glass beads and 

were fitted at the mid-height portion of the cones. 

Sponges were inserted into the air-supply tubes to produce 

small bubbles for more efficient aeration. The capacity of 

the cones was 1 liter, separated into a 150 mL compartment 

occupied by the beads and plexiglas supports, and a 750 mL 

compartment, filled with reactor fluid. 

The primary growth substrate in each cone consisted of 

one of the following: 

Sodium Acetate 220 mg/L 

Phenol 75 mg/L 

Egg Albumin 100 mg/L 

Vegetable Oil 2 drops/L 

Nutrient mineral salt-buffer (MSB) solution (Domach et 

al., 1984) was used in all cones. The recipe per liter is: 



Acetate PheNol E^gAlbuNiiw Oil 

.glass 

BEADS 
PLEXIGLAS 
SUPPORT 

SPONGE 

Figure 3.1 Imhoff Cone Reactor Setup 
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K2HP04 3.00 g 

KH2P04 1.50 g 

(NH4)2S04 1.25 g 

MgS04*7H20 0.10 g 

NaCl 0.01 g 

FeS04*7H20 0.001 g 

Na2EDTA*7H20 0.0372 g 

TOTAL 5.9 g 

The MSB was mixed at a 5x (29.5 g/L) concentration for 

convenience, and diluted to 5.9 g/L with laboratory 

distilled water as needed. 

All four cones were inoculated with a refrigerated 

sample from a wastewater lagoon sludge (likely containing 

high total organic halide concentrations) on 18 May 1987. 

Each cone was emptied, rinsed with MSB and refilled with 

MSB plus substrate, 5 times per month. The cones were 

operated at ambient temperature (23°C). 

3.2 Acclimation Biodegradation Experiments 

Biodegradation experiments were conducted in 24 mL 

capacity glass scintillation vials with teflon-lined 

plastic screw caps and filled to 10 mL with 50 mg/L phenol 

(final concentration) in MSB. 

Each vial was inoculated with 1 mL of fluid from a 

specified cone. A control vial was not inoculated. The 
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cap was tightly closed and the vials were stored at 20°C. 

For a five-day experiment, 20 vials were required, with 4 

opened each day (including one blank). 

At each sampling interval the fluid from the three 

inoculated vials was pooled and used as one sample 

(preliminary tests confirmed no difference in samples). 

Phenol concentration and cell number (total and 

pnenol-degraders) were measured at each sampling interval. 

Time-dependent phenol concentrations were combined to 

produce a degradation curve; cell counts were used to 

produce growth curves. The results are presented in 

Section 4.2. 

3.3 Kinetic Coefficients 

Batch reactor experiments were conducted to determine 

the following kinetic constants: u, the maximum substrate 

utilization rate, Ks, the half velocity constant, and Y, 

the yield coefficient. These constants were determined for 

phenol-acclimated cultures growing on (a) phenol and (b) 

phenol plus egg albumin. Phenol concentrations were 

measured by gas chromatography (GC), as described in 

Section 3.5.1. Biomass concentrations were determined by 

volatile suspended solids (Standard Methods, 1975). The 

batch reactors were incubated at 37°C using a shaker-bath 

(Orbit Model 3540). Data was interpreted using standard 



39 

Lineweaver-Burk plots (Figures B.9, B.10). The temperature 

was corrected to the operating temperature (20°C) used in 

the acclimation experiments, by a standard temperature 

correction factor of 1.035T"*20. 

3.3.1 Phenol Biodegradation Modelling 

A model for batch reactor kinetics can be developed 

using generalized values to determine the theoretical 

number of cells are required to cause an observable 

reduction in the concentration of the chemical of interest. 

The growth rate of microorganisms in a batch reactor 

can be expressed as a function of time (t) as: 

dX 
— = uX 1) 
dt 

where: X = concentration of biomass (mass/volume) 
u = specific growth rate, (1/time) 

dX/dt = biomass growth rate (mass/vol/time). 

u is the Monod growth rate constant, which can be 

expressed as a function of substrate concentration, (S), 

according to (Visseman, 1985): 

u * S 
u 2) 

Ks + S 
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Combining equations 1) and 2), the growth rate is defined 

to be a function of time and substrate concentration as: 

dX u * S * X 

dt Ks + S 

The yield coefficient, Y, is defined as the ratio of 

the biomass produced to the substrate utilized, and is used 

to relate the reactor substrate and cell concentrations. In 

a batch reactor: 

X - Xo -dX dS 
Y or — = Y * — 4) 

So - S dt dt 

Then substituting in equations 1) and 3) respectively, 

the substrate concentration is determined as a function of 

time by integrating the following expressions: 

dS -u * X dS -u * S * X 

dt Y dt Y * (Ks + S) . ^ 

3.3.2 Computer Model 

The cell concentration Nc, and not the cell mass 

concentration, X, was used in this study. Therefore, 

equations 3 and 5 were converted from X to Nc using the 

following relationship: 

X = Nc * pc * Vc * (1 - e), 
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where: X = mass concentration of cells (dry weight 
basis, mg/L), 

Nc = number concentration of cells (cells/mL), 
pc = density of dry cell material (mg/cm3), 
vc = volume of a single cell (cm3), 
1-e = fraction of a cell that is dry weight. 

and by assuming that: 

pc = 1100 mg/cm3 
diameter of a cell = 2 * 10~4cm 
volume = 4.19 * 10~12 cm3 
1-e =0.2. 

Therefore: X = 9.2 * 10~7 Nc. 

Substituting into equations 3 and 5: 

dNc u 
* Nc * S 6) 

dt Ks+ S 

dS 9.2 * 10"7 u 
— * * Nc * S 7) 
dt Y Ks + S 

Equations 6 and 7 were solved using a 4th order 

Runge-Kutta model developed by H.R. Bungay and modified by 

B.E. Logan; the model is contained in Appendix C. 

3.4 Cell counts 

3.4.1 Most Probable Number (MPN) 

The total number of organisms in a milliter of fluid 

was estimated by use of an MPN technique (Standard Methods, 

1975). The MPN per mL fluid was determined by serially 
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diluting cultures in MSB fortified with 8 g/L (Difco) 

nutrient broth (Spain et al., 1984). 

Phenol-degrading MPNs (PD-MPN) were determined by 

diluting the 24 mL reactor contents in MSB containing 

phenol, a sole-carbon source (Shimp et al., 1987). 

Cell growth, within an MPN tube, was routinely 

confirmed using visible turbidity. Since only a positive 

or negative growth indication is needed for an MPN 

determination, visual examination was sufficient—given 

enough time for cell growth from a small number of 

organisms. The MPN dilution tubes containing nutrient 

broth (for total MPN) required 2-3 days incubation time to 

produce high visual turbidity; the tubes containing phenol 

(for phenol-degraders), 6-9 days. Standard Methods (1985), 

reference table 908 II was used to convert positive tube 

sequences to cells/mL (see example calculation, Figure 

A. 1) . 

3. 4 .2 Epifluorescence Microscopy (EM) 

Total cell concentration was also determined by 

epifluorescent microscopy (EM), using procedures described 

by Hobbie et al. (1977). A sample was filtered onto a 25 

mm diameter, 0.22 um pore diameter polycarbonate filter 

(Nuclepore or Poretics) that had previously been stained 

with Irgalan Black. The bacteria were stained with 
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acridine orange (AO, 0.1% by volume). Organisms that had 

been growing at high growth rates, as well as heat-killed 

cells, fluoresce red-orange due to higher concentrations of 

ribonucleic acid (RNA); inactive bacteria have mostly 

deoxyribonucleic acid (DNA) and fluoresce green (Hobbie et 

al,. 1977). Dilution tubes, used for EM counts, were 

filled with 0.45 um filtered MSB to minimize background 

particulates; samples were diluted to obtain 200 total 

counts from at least 10 randomly chosen microscope fields 

(Hobbie et al., 1977). Two milliters of sample were 

withdrawn from a chosen dilution tube and placed into 0.2 

mL AO solution (see below), mixed, and allowed to sit for 2 

minutes. The mixture was drawn through a black-stained 

0.22 um filter supported by a glass holder and tower 

(Millipore 1-XX10-025-00). Two tube rinsings (Milli-Q 

water) were run through the filter to capture all 

microorganisms. 

The filter was placed on a glass slide and one drop of 

immersion oil was added before covering with a glass slip. 

Cells were counted at 1000X power on an Olympus BH2 

microscope equipped with a Mercury 100 fluorescent lamp. 

Each field diameter measured 0.145 um; the diameter of the 

filter portion that captured cells was 15.5 cm, yielding 

11,427 fields per filter. Figure A.2 shows a sample 

calculation for a fluorescence count. 
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The recipe for Acridine Orange (AO) stain solution is: 

Acridine Orange (Aldrich, 15,855-0) 0.1% by vol 

Formaldehyde 2.0% by vol. 

The AO solution was filtered through 0.22 urn millipore 

filter and stored at 5°C. 

The recipe for Irgalan Black filter stain is: 

Irgalan Black (Aldrich, sample) 2 g/L 

Acetic Acid 2% by vol. 

Several filters were immersed into filter stain for 24 

hours. The filters were then removed, rinsed in Milli-Q 

water, and dried on absorbant paper until needed. 

3.5 Phenol Measurement 

Phenol concentrations were measured using GC and UV 

absorbance methods. Phenol detection was first conducted 

on the GC. Since GC analysis can detect any change in 

molecular structure (Horvath, 1972), any slight degradation 

of phenol or the presence of other structurally similar 

chemicals will not interfere with the detection of phenol. 

Although GC analysis is accurate, it is also time 

consuming and expensive, therefore, the feasibility of 

phenol detection by UV absorbance was investigated. UV 

absorbance measurements were performed on phenol in other 

solutions of various possibly interfering, substances such 

as: Milli-Q water, MSB, egg albumin, and end-product 
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reactor fluid. The UV absorbances were compared to GC 

calibration curves using the identical solutions. 

Cross-calibrations were also performed for 

2,4-dichlorophenol (2,4 DCP) in Milli-Q water. 

3.5.1. Detection of Phenol by Gas Chromatography (GC) 

The accuracy of GC analysis was tested by developing 

calibration curves for phenol in Milli-Q water and in MSB 

medium. A Hewlett-Packard Model 3390 Gas Chromatograph 

with Megabore DB-Wax,(30 meter by 0.53 millimeter(ID)), 

column with a flame ionization detector, was adjusted to 

the following parameters: 

Oven Temp 170°C 
FID Detector 200°C 
Injector Temp 200°C 

Carrier Gas (He) Pressure 100 KPA 
Hydrogen Gas Pressure 110 KPA 
Air Pressure 140 KPA 
Injection Volume 1.0 uL 

It was found that a ramp-up program was not needed as 

there were no peaks beyond phenol. The Hewlett-Packard 

Model 2230 Integrator was set with the following 

parameters: 

Run Parameters Time Table 

Attenuation 7 2.00 min Integ #2 
Chart Speed 0.5 cm/min 6.00 min Stop 
Peak Width 0.16 
Threshold 4 



Samples were injected in replicates of five for 100, 

50, 25, 12.5, and 0 mg/L phenol in distilled water and in 

MSB medium. All samples were contained in serum bottles 

with rubber septa crimped on with aluminum cap. The 

resulting regression lines were: 

Phenol in H20: 

[phenol] = -0.6508 + 1.4308E-5 * Area (r2 = 0.98) 

Phenol in MSB: 

[phenol] = -1.5307 + 1.4353E-5 * Area (r2 = 0.996). 

Both curves provide an accuracy to within 1.0 mg/L at 

60 mg/L phenol concentration represented by a GC area of 

4*106. 

A further test was conducted to determine if egg 

albumin interfered with phenol on the GC. One uL 

injections of a solution containing 51 mg/L phenol with a 

49 mg/L egg albumin background were tested using identical 

settings as specified above. The resultant areas indicated 

that egg albumin did not interfere with phenol detection. 

3.5.2 Detection of Phenol by UV spectrophotometry 

Phenol concentrations were also determined by 

ultra-violet (UV) light absorbance at 270 nm (A270). All 

samples were prepared by centrifugation at 5500 * g, (8000 

rpm) for 6 minutes in an Eppendorf Model 5415 centrifuge, 

using 2 mL polyproplyene vessels. The top 1 mL of fluid 
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was decanted off from 2 vessels and slowly injected into a 

washed 4 mL cuvette (Whatman, type 1, Far UV Quartz, 10mm 

pathlength). All absorbances were zeroed against Milli-Q 

water in a matching cuvette. 

The maximum phenol absorbance peak was determined by a 

continuous wavelength scan using a Perkin Elmer Hitachi 

Model 200 Spectrophotometer with a Model 200 Recorder. 

Solutions of 100, 50, 25, 12.5, and 6.3 mg/L phenol were 

scanned from 320 to 230 nanometers (nm). Consistent peaks 

were recorded at a 270 nm wavelength (A270) , which was 

subsequently used for all phenol measurements. 

Interferences due to MSB in distilled water were 

evaluated by performing a similar scan. Although no peaks 

were recorded in the scan, the baseline absorbance rose 

from 0.00 for Milli-Q water to 0.02 for MSB. 

Further tests were conducted to determine the effect of 

possible cell metabolism by-products on absorbance at 270 

nm (A270). A calibration curve for phenol with no 

interfering background substances (Milli-Q water) was 

compared to a curve with background substances (fluid from 

an actual phenol biodegradation reactor). The solutions 

for the calibration curve that represented no background 

interferances contained 60, 30 and 12 mg/L of phenol in 

Milli-Q water. These were analysed for phenol 

concentration using the GC and A270 simultaneously. The 
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solutions containing interfering metabolic by-products were 

withdrawn from a bioreactor at the initial inoculation time 

and after complete exhaustion of phenol. The samples were 

centrifuged and analysed for phenol as above. The sample 

for the GC was taken directly from the absorbance cuvette 

to minimize error. Although background substances did not 

hinder phenol detection using GC, they did affect phenol 

detection at A270. However, interfering substances did not 

cause non-linear measurements, and since linear deviations 

and GC measurements were accurate and precise over the 

measurement range, only 2 concentrations were required to 

calibrate the spectrophotometer and the GC procedures. The 

calibration curve for phenol concentration, allowing for 

metaboloisra by-products in a bioreactor is: 

[Phenol] = 67.9033 * A270 - 8.7599 

and is shown in Figure A.3. 

It was found from subsequent tests that the background 

interference represented in the above curve was somewhat 

high at low phenol concentrations. However, the critical 

portion of the experimental phenol degradation curves 

occurs at higher phenol concentrations, such as during the 

acclimation time, when background interference is at a 

minimum. Therefore, the above formula was used for all 

phenol concentration calculations. 
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3.6 Starvation-Survival Experiment 

According to Kurath and Morita (1983), cell numbers 

will vary even if cells do not utilize substrate. A 

starvation test was conducted to determine cell populations 

over a 30 day period without an added carbon source. A 

mixed culture was withdrawn from the phenol-fed cone and 

centrifuged at 2000 rpm for 20 minutes (International 

Centrifuge, Model SBV, Size 1). The fluid was poured off 

and the 100 mL centrifuge vessels were refilled with MSB. 

This procedure was repeated, and a low absorption of the 

solution at 270 nm verified the absence of phenol. Total 

and phenol-degrading cells were subsequently counted, 

during the 30-day period, following th same procedure as 

for the acclimation biodegradation experiments (MPN and EM, 

Sect 3.2). 
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4.0 RESULTS 

The results of the biodegradation experiments using the 

four acclimated cultures are presented in four sections. In 

the first section, (4.1), enzyme induction for the 

degradation of phenol by a pure, gram-negative 

acetate-acclimated culture is shown to be rapid (3 hours). 

In sections 4.2 and 4.3, the results of the phenol and 

2,4-dichlorophenol biodegradation experiments are 

presented. Total cell counts are reported using the most 

probable number (MPN) technique, while phenol degrading 

(PD) subpopulations are determined using a defined (phenol) 

medium in an MPN analysis (PD-MPN). The difference between 

the MPN and PD-MPN represents the non-phenol degrading MPN. 

Total cell concentrations were also determined by 

epifluorescence microscopy (EM). The kinetic coefficients 

for a mixed culture of phenol-acclimated microorganisms and 

the results of computer model predictions for the 

phenol-degrading subpopulations within each acclimated 

culture are presented in section 4.4. The effects of 

starvation on the number concentration of phenol-degraders 

are presented in section 4.5. 
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4.1 Enzyme Induction 

The time scale required for enzyme induction was 

determined using a pure, suspended, gram-neqative culture 

isolated from the cone containing the acetate-acclimated 

culture. The culture, which was shown to grow on phenol or 

acetate sole-source substrates, was divided into two 

reactors: one containing acetate, the other phenol. The 

cultures from each reactor were separately centrifuged and 

resuspended in MSB to ensure negligible residual substrate. 

To equalize the cell number concentrations of the 

resuspended acetate- and phenol-acclimated cultures, MSB 

was added until the light scattering absorbance at 600 nm 

(A600) readings were equal. Inocula from each acclimated 

culture were injected into identical reactor vessels 

containing phenol, and agitated in a shaker-bath (Orbit 

Model 3540) at 30°C. Cell growth was monitored using A600 

and phenol concentration was measured using absorbance at 

270 nm. The phenol-acclimated culture began growing (and 

utilizing phenol) immediately, while the growth of the 

acetate-acclimated culture remained constant. The time 

required for the acetate-acclimated culture to acclimate to 

phenol was determined by measuring the time interval 

between the log-growth curves on the A600 vs time plot for 

each culture as shown in Figure 4.1. The time required for 

the acetate-acclimated culture to induce enzymes for the 
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Figure 4.1 Growth Curves for a Pure, Gram-negative 
Culture of Phenol- and Acetate-Acclimated 
Organisms in Phenol Substrate at 30°C. 
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utilization of phenol, when switched from acetate, was 

determined to be approximately three hours. 

4.2 Phenol Biodegradation Experiments 

The rate of phenol utilization and the change in cell 

populations are separated into four sections, corresponding 

to the results for each acclimated culture: phenol, 

acetate, egg albumin, and oil. 

4.2.1 Phenol-Acclimated cultures 

The rate of phenol reduction in a mixed culture of 

phenol-acclimated organisms is shown in Figure 4.2, with 

phenol concentration (mg/L) plotted against elapsed time 

(hours). The initial phenol concentration in the reactor 

was 62 mg/L. A 68% reduction in phenol occurred after 20 

hours; wihtin 68 hours, phenol had been degraded to 

non-detectable levels. A non-inoculated blank indicated no 

abiotic losses. The results shown in Figure 4.2 indicate 

there was no lag in phenol utilization. 

Figure 4.3 is a plot of the time-dependent, logarithmic 

MPN versus elapsed time corresponding to the phenol 

degradation curve in Figure 4.2. Initially, both the total 

MPN (MPN) and phenol-degrading MPN (PD-MPN) were equal, at 

7.9xl05, thus all organisms were phenol degraders, which is 

expected for a phenol-acclimated culture. The non-phenol 
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Figure 4.2 Phenol Degradation by Phenol-Acclimated 
Mixed Microbial Culture at 20°C. 



55 

-fi- Total Cells 

Pheaol Degraders 

Non-Phenol Degraders 

20 40 60 

Time (hours) 

Figure 4.3 Log-Scale Growth Curves for Phenol-Acclimated 
Mixed Microbial Culture: Total, Phenol 
Degrading and Non-Phenol Degrading 
Subpopulations at 20°C. 
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degraders, calculated as the difference between the total 

MPN and PD-MPN, were initially insignificant. 

At the conclusion of the test, however, the number of 

phenol degraders had not increased substantially, while the 

non-phenol degrading population increased to represent 85% 

of the total MPN. This suggests that cells were utilizing 

by-products of phenol breakdown, which is discussed in 

Section 5.1. 

4.2.2 Acetate-Acclimated Cultures. 

The phenol concentration verses time curve for the 

acetate-acclimated mixed culture is shown in Figure 4.4, 

and the corresponding cell counts are shown in Figure 4.5 

During the first 20 hours, a small increase in the 

PD-MPN was seen along with a correspondingly small decrease 

in the phenol concentration, while the total cells/mL 

remained approximately constant. After 40 hours, 10% of 

the phenol had been utilized, at which time the 

phenol-degrading population was 103 cells/mL. Beyond that 

point, phenol degradation was rapid and the 

phenol-degraders increased logarithmically. Overall, the 

phenol-degraders increased from 1.6xl02 to 13,000xl02 

cells/mL, or 4 orders of magnitude (OM), while the total 

number of cells (by MPN), increased from 5.0x06 to 100x10s 

cells/mL, or only 1.3 OM. 
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Figure 4.4 Phenol Degradation by Acetate-Acclimated 
Mixed Microbial Culture at 20°C. 
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Figure 4.5 Log-Scale Growth Curves for 
Acetate-Acclimated Mixed Microbial Culture: 
Total, Phenol-Degrading and Non-Phenol 
Degrading Subpopulations at 20°C. 
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Figure 4.5 also indicates that the total cells counted 

by epifluorescence microscopy averaged 185% greater than 

the total MPN (all five data points) and 278% greater when 

the very high MPN, (for the total count at 72 hours), is 

neglected. The fluorescence counts indicated an overall 

1.2 OM increase, which was approximately the same increase 

shown by the MPN counts. 

A replicate test gave similar results (see Figures B.l 

and B.2), indicating the initial phenol concentration (44 

mg/L) was 10% degraded in 50 hours. At the end of the 

50-hour period, the number of phenol-degrading 

microorganisms approached 104 cells/mL. Since the initial 

phenol-degrading MPN for the replicate experiment was 

double that of the first test, the MPN after 10% phenol 

reduction, was larger than during the origional experiment. 

The phenol blanks for both tests remained constant within 

7% of the initial phenol concentration. 

4.2.3 Egg Albumin-Acclimated Cultures 

The phenol concentrations measured as a function of 

time for the egg albumin acclimated culture are shown in 

Figure 4.6. After 69 hours, the initial phenol 

concentration was reduced by 10% and the PD-MPN was 

relatively constant at 3.2x10s cells/mL (Figure 4.7). 

Beyond this time, phenol uptake was very rapid; the 
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Figure 4.6 Phenol Degradation by Egg Albumin-Acclimated 
Mixed Microbial Culture at 20°C. 
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Figure 4.7 Log-Scale Growth Curves for Egg Albumin-
Acclimated Mixed Microbial Culture: Total, 
Phenol Degrading and Non-Phenol Degrading 
Subpopulations at 20°C. 
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remaining phenol was utilized within 35 hours. The overall 

increase in total MPN was 1.9 OM while the increase in MPN 

of the phenol-degraders was 5.1 OM. A replicate test, 

(Figures B.3 and B.4), produced approximately the same 

results; 53 hours elapsed before the phenol was reduced by 

10% and the corresponding phenol-degrading MPN was nearly 

constant at 3.2xl04. 

The EM counts followed the same general trend as the 

total MPN, except during the initial (time = 0 hour) 

counts, when long chains and floes producing low-contrast 

fluorescence made counting exceedingly difficult. The 

remaining EM counts (time > 0 hour), were 147% higher than 

the MPN results. 

As shown in Figure 4.7, the non-phenol degrading 

subpopulation initially represented nearly 100% of the 

total MPN; however, at the conclusion of the test, the 

total MPN was approximately equal to the number of phenol 

degraders. 

Similar results were obtained in the replicate 

experiment (Figure B.3 and B.4). 

4.2.4 oil-Acclimated Cultures 

As shown in Figures 4.8 and 4.9, the initial 

degradation of phenol by the oil-acclimated culture was 

rapid. A 10% reduction in phenol occurred in only 9 hours; 
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Figure 4.8 Phenol Degradation by Oil-Acclimated 
Mixed Microbial Culture at 20°C. 
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Figure 4.9 Log-Scale Growth Curves for oil-Acclimated 
Mixed Microbial Culture: Total, Phenol 
Degrading and Non-Phenol Degrading 
Subpopulations at 20°C. 
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the number of phenol degraders remained approximately 

constant at 103 cells/mL during that period. At the 

conclusion of the test, the phenol-degraders had reached 

7.9xl07 cells/mL, or virtually 100% of the total MPN. 

A replicate test (Figures B.5 and B.6), did not support 

these observed trends. The initial degradation in the 

replicate experiment was less rapid, with a 10% reduction 

in phenol 25 hours after inoculation. After 25 hours, the 

phenol-degraders reached a maximum population of 7.9xl06 

cells/mL, corresponding to 1.8% of the total cell number. 

Fluorescence counts, shown in Figure B.6, averaged 3 30% 

greater than the total MPN. 

4.3 2,4-Dichlorophenol Biodegradation Experiments 

Three tests were performed using a 2,4-dichlorophenol 

(2,4-DCP) substrate. The test procedure matrix for 2,4-DCP 

degradation is summarized in Table 4.1. In the first test, 

60 mg/L of 2,4-DCP (final concentration) in MSB was 

injected with mixed cultures that had each been acclimated 

to acetate, phenol, egg albumin or oil. All four 24 mL 

reactors showed no 2,4-DCP degradation after 5 days. All 

reactors also exhibited a decrease in absorbance at 600 nm, 

suggesting a decreased biomass. In the second test, a 

lower concentration of 20 mg/L of 2,4-DCP in MSB was 

injected as above. The results were the same as test 1. 
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Table 4.1 Test Matrix for Growth of Acetate-, Phenol-, Egg 
Albumin- and Oil-Acclimated Cultures on 
2,4-Dichlorophenol. 

Test Substrate Concfmq/L) 

Source of 
Initial Microbial 
Community 

1) 2,4 DCP 
2,4 DCP 
2,4 DCP 
2,4 DCP 

60 
60 
60 
60 

Acetate 
Phenol 
Egg Albumin 
Oil 

2 )  2,4 DCP 
2,4 DCP 
2,4 DCP 
2,4 DCP 

20 
20 
20 
20 

Acetate 
Phenol 
Egg Albumin 
Oil 

3a) 27 mg/L 2,4 DCP PLUS 
Acetate 40 
Phenol 40 
Egg Albumin 40 
Oil <solubility 

3b) 27 mg/L 2,4 DCP PLUS 
Acetate 20 
Phenol 20 
Egg Albumin 20 
Oil <solubility 

Acetate 
Phenol 
Egg Albumin 
Oil 

Acetate 
Phenol 
Egg Albumin 
Oil 
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The third test included the addition of the substrates 

used for the culture acclimation with 2,4-DCP as a 

secondary substrate. Two concentrations (40 and 20 mg/L 

final concentrations) of acetate, phenol, egg albumin or 

oil were mixed with 27 mg/L 2,4-DCP. Injections of the 

corresponding acclimated mixed cells gave the same results 

as above—no growth as determined by visual inspection of 

turbidity after 30 days. 

4.4 Phenol Biodegradation Modelling 

4.4.1 Phenol Biodegradation Kinetics 

The kinetic coefficients, Ks and u, were determined 

from plots of X*dt/dS versus 1/S (Figures B.9 and B.10) for 

phenol and phenol in egg albumin, respectively. X, the 

volatile suspended solids (VSS) in each reactor, was 

determined by averaging the initial and final VSS weights 

according to Standard Methods, (1975). The parameter, 

dS/dt, was derived from the slopes of the phenol 

concentration versus time curves (Figures B.7 and B.8). 

The results from the degradation of phenol by a 

phenol-acclimated culture at 37°C were: 

(a) phenol in MSB: 

u = 0.347 hr"1 

Ks = 11.78 mg/L 

Y = 1.69 mgVSS / mg phenol 
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(b) phenol in 49 mg/L egg albumin and MSB: 

u = 0.367 hr"1 

Ks = 15.84 mg/L 

Y = 2.43 mgVSS / mg phenol 

The correlation (r2) coefficients for phenol and for 

phenol in egg albumin are 0.99 and 0.92, respectively. 

These results agree with the kinetic coefficients 

determined for the degradation of phenol by other 

researchers, as shown in Table 4.2. A plot of substrate 

utilization as a function of substrate concentration 

(Figure B.ll) indicates that the presence of egg albumin in 

the reactor reduces the degradation of phenol by the 

culture. 

4.4.2 Computer Model Results 

The kinetic coefficients developed for phenol were 

conducted at 37°C, corrected to 20°C for compatibility with 

the acclimation experiments, and inserted into the computer 

model. The model predicts the time required for a given 

initial number of cells to degrade a given concentration of 

phenol. Therefore, the initial phenol concentrations along 

with the initial PD-MPN in each acclimated culture were 

inserted in to the model. Table 4.3 summarizes the times 

required for each culture to degrade the initial phenol 

concentrations to 10 mg/L, both experimentally and as 
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Table 4.2 Kinetic Coefficients for Phenol as Determined 
by Various Researchers. 

Researcher Culture 

Yang and 
Humphrey 

Pseudomonas 
putida 

Temp u 
—L~C) fhr^ll 

30 0.567 

KS 
fma/L^ 

2.38 0.85 

Radhakrishnan 
and Ray 

Valiknac and 
Neufeld 

Drummond et al. 

Singer et al. 
(synthetic ww) 

This study 

Bascillus 
cereus 

Mixed 
pop. 

Mixed pop. 
(based on 
phenol) 

(COD basis) 
(BOD basis) 

Mixed pop. 
(BOD basis) 

30 
40 

22 

0.39 
0 . 6 2  

0.287 2.11 

0.026 30. 

0.04 120. 
0.02 5. 

0 .008  

Mixed pop. 
(phenol+egg 

albumin) 
37 

0 . 6 8  
0 . 8 2 '  

1.22' 

0.47 
0.53 

0.27 

*** 

** 

** 

Mixed pop. 37 0.35 11.78 1.69" 

0.37 15.84 2.43 

** 

*** 

gram cells/gram phenol 
mg MLSS/mg BOD 
mg MLSS/mg COD 
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Table 4.3 Comparison of Observed and Computer-Predicted 
Times to Reduce Phenol Concentration to 10 mg/L 
by Mixed, Acclimated Cultures. 

Initial 
Acclimated Initial Phenol PD-MPN Hours —> 10 mcr/L 
Culture Cone. (mq/Ll (per mL^ Observed Predicted 

Phenol 62 631,000 25 27 

Acetate 53 160 80 75 

Egg Albumin 49 1,000 100 65 

Oil 51 1,300 45 64 
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predicted by the model. Predictions for both the phenol 

and acetate-acclimated cultures were similar to calculated 

values. The egg albumin-acclimated culture required longer 

to degrade the phenol than predicted, which is in agreement 

with previous finding (Sect 4.4.1), that phenol utilization 

is lowered in the presence of egg albumin (Figure B.ll). 

The oil-acclimated culture degraded the phenol faster than 

predicted by the model. 

4.S Starvation-Survival Experiments 

The cell counts determined using the phenol-acclimated 

culture for starvation experiments are shown in Figure 

4.10. Non-phenol degraders are determined as the difference 

between MPN and PD-MPN. Initially the PD-MPN subpopulation 

was 7.9xl04 cells/mL, representing 3.6% of the total MPN. 

After 2 days both the total MPN and the PD-MPN 

increased by 50% and 23%, respectively. The total MPN then 

decreased after 2 days and stabilized at 1.3xl06 cells/mL 

for 10 days. During the same time span, the PD population 

increased to 7.9xl05 cells/mL for 10 days. From 20 to 30 

days both the MPN and PD-MPN populations increased by 

approximately 150% and 113%. After 30 days, the phenol 

degraders reached a maximum of 18% of the total population 

determined by MPN. 



72 

-s- Total Cells 

Phenol Degraders 

Non-Phenol Degraders 

Total (Fluorescence) 

10 15 20 25 30 

Time (days) 

Log-Scale Growth Curves for Phenol-Acclimated 
Cells Under Starvation Conditions: Total, 
Phenol-Degrading, and Non-phenol Degrading 
Subpopulations at 20°C. 
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The fluorescence counts followed the same general trend 

as the total MPN. Fluorescence counts were slightly lower 

than the MPN counts for the first 15 days and somewhat 

greater thereafter. The differences between the MPN and 

fluorescence are insignificant within the errors of the MPN 

and fluorescence counts. For example, at 10 days in the 

starvation-survival experiment (Figure 4.10), the total 

number of cells per mL as the 95% confidence interval, was 

determined to be: 

MPN = 1.3X106 + 1.3x10s 

EM = 1.2x10s ± 8.3x10s. 

It can be seen that wihtin this confidence interval, 

these values are equal. 
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5.0 DISCUSSION 

Several important observations can be made on the basis 

of the experimental results. First, the phenol-degrading 

subpopulations within each culture grew at a substantially 

greater rate than the total populations. Second, a 

comparison of MPN and PD-MPN results for the phenol 

biodegradation experiments (Figures 4.2 to 4.9) indicates 

that a lag in phenol utilization for all cultures, except 

the phenol-acclimated cultures, was a result of growth of a 

phenol-degrading subpopulation. Third, the choice of 

acclimation substrate influenced the ability of the 

enrichment cultures to degrade phenol. All cultures were 

able to utilize phenol within 69 hours but unable to 

utilize the chlorinated phenol, 2,4-dichlorophenol, within 

30 days. Finally, the total cell counts determined by the 

EM method were about 2X higher than the totals determined 

by the MPN method. The basis of these observations are 

discussed below. 

5.1 Comparison of Total and Phenol Degraders 

The overall increase in the total MPN was small 

compared to the growth of PD-MPN. As shown in Table 5.1, 

the initial total MPN ranged from 630 to 13,000xl03 and 

increased to 32,000 to 130,000xl03 cells/mL, for an average 
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Table 5.1 Initial Phenol Concentrations; Total- and PD-MPN 
Initial and Maximum. 

Source of Initial Total MPN 
Initial Phenol (103/mL) 
Community Cone fma/L) Init. Max. 

PD-MPN 
(103/mL) 

Init. Max. 

Phenol 62 630 320,000 600 5,100 

Acetate 

Acetate 

53 

44 

2,500 

5,000 

2,500 

50,000 

0.2 1,300 

0.3 2,500 

Egg Albumin 49 

Egg Albumin 49 

2,500 

1,600 

130,000 

79,000 

1.0 130,000 

5.0 79,000 

Oil 

Oil 

51 

48 

13,000 

7,900 

79,000 

130,000 

1.0 79,000 

8.0 2,500 
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increase of 1.2 orders of magnitude during growth on 

phenol. However, the PD-MPNs, for all but the 

phenol-acclimated culture, initially ranged from 0.16 to 

7.9*103, and increased to a range of 1,300 to 130,000xl03; 

this represents an average increase of 5 orders of 

magnitude during the same time period. 

The acetate-acclimated community contained the lowest 

initial number of PD: 0.16X103 cells/mL (0.25xl03 cells/mL 

in the replicate). The egg albumin- and oil-acclimated 

cultures contained approximately the same number of PD: 103 

and 1.3xl03 cells/mL respectively (5xl03 and 7.9xl03 

cells/mL in the replicates). As expected, the initial PD 

within the phenol-acclimated community was higher: 630xl03 

cells/mL. With the exception of the phenol-acclimated 

culture, the average initial PD subpopulation for the 

cultures was 1.3X103 cells/mL. 

At the conclusion of the phenol biodegradation 

experiments, phenol-degraders dominated the microbial 

communities in egg albumin- and oil-acclimated cultures as 

shown in Table 5.2. The percent PD population in both 

cases was small initially, 0.3% and 0.002%, respectively, 

(0.065% and 0.001% in the replicates), and grew to 

represent 100% of the total MPN (neglecting the 

oil-acclimated replicate, Figure B.6). Although it is 

possible that the PD population did in fact represent the 
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Table 5.2 Initial and Final Percent Phenol Degraders 
within Acclimated Cultures during Phenol 
Enrichment. 

Acclimated Initial Final* 
Culture Population (%) Population (%) 

Phenol 100.0 15 

Acetate 0.003 1.4 
Acetate 0.010 5.7 

Egg Albumin 0.304 100.0 
Egg Albumin 0.065 100.0 

Oil 0.002 100.0 
Oil 0.001 1.2 

* The maximum percent phenol-degrading population did 
not always occur at the final sample time. 
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total MPN, it is more likely that the egg albumin 

phenol-degraders outnumbered the non-phenol degraders 

(non-PD). Therefore, it is evident that phenol-degraders 

were able to use both phenol and nutrient broth. Since the 

non-PD is determined indirectly by the difference between 

the total and PD-MPN, the estimated number of non-PD 

microorganisms represents the difference between two large 

numbers, and may not equal zero. 

In the replicate oil culture test (Figure B.6), the 

post-enrichment culture was characterized by only 1.2% PD 

at the final data point (Table 5.2). Assuming that initial 

communities (both from the same cone) were essentially 

identical at the start of the enrichment period, the reason 

for the disparity between these results is unknown. 

At the conclusion of the acetate-acclimated culture 

test, the PD population remained small: 1.4% the total MPN 

(Figure 4.5) and 5.7% in the replicate (Figure B.2). The 

phenol degradation curve and the growth curve for the 

acetate culture indicate that the reactor may have 

exhausted the phenol, preventing further growth of PD. 

The replicate acetate-acclimated test (Figures B.l and 

B.2) yielded slightly different results. When the phenol 

concentration was approximately 15 mg/L (66% degradation), 

the PD-MPN reached 2,500x10-* cells/mL; thereafter the 

population dropped rapidly to 32 xlO3 cells/mL. In all 
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other tests the PD continued to increase up until the 

phenol was exhausted. This difference may be explained by 

procedural error in this test, which omitted some crucial 

dilutions. Therefore the resultant MPNs were somewhat 

interpolated. All other tests were conducted after 

procedural corrections had been made. 

At the conclusion of the tests using phenol- and 

acetate-acclimated cultures, non-phenol degraders 

represented a significant fraction of the total cells. 

Figure 4.3, for example, showed that the non-PD population 

within the phenol-acclimated culture increased to represent 

85% of the total MPN after 69 hours. The non-PD population 

apparently grew on by-products of phenol degradation. 

Namkung and Rittmann, (1986), found that 85% of the 

effluent soluble organic carbon produced from a phenol-only 

utilizing fixed-film reactor, consisted of soluble 

microbial products (SMP). Seventy percent of the SMP, 

which was analyzed by ultrafiltration, consisted of 

substances with a molecular weight greater than 1000 atomic 

mass units. Moreover, utilization associated SMP, those 

SMP produced directly from substrate utilization, accounted 

for more than the SMP produced from biomass accumulation in 

the reactor. This provides one explanation for the 

increase in the non-phenol utilizing population. In the 

process of phenol utilization, subpopulations might grow 
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using the high molecular weight (HMW) phenol by-products 

and not utilize phenol. The development of a HMW product 

from a simple substrate was observed in other studies 

(Grady, 1985; Gibson, 1984; Kohbayashi and Rittmann, 1982; 

Shamat et al., 1980). Alternately, the non-PD population 

may compete with the PD for the secondary breakdown 

products of phenol. 

It is likely that a HMW product accounts for the 

significant non-PD populations. In the experiment with 

cultures acclimated to HMW organics, such as egg albumin 

and oil (Figures 4.6 to 4.9), the PD populations dominated 

the culture. In the experiment with low molecular weight 

organics, acetate cultures (Figures 4.4 and 4.5), non-PD 

populations remained significant, suggesting that the PD 

subpopulations could not utilize HMW products. The 

speculative element in this conclusion could be minimized 

in the future by use of pure-culture experiments. 

In these experiments, it was assumed that all 

reproducing cells would grow in a nutrient broth enrichment 

medium, which determined the total MPN (Spain et al., 

1984). It was also assumed that only the cells capable of 

degrading phenol within the cultures would grow in media 

containing phenol as a sole carbon source (Shimp et al., 

1987). As suggested above, another subpopulation, which 

can utilize HMW phenol degradation by-products, but not 
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phenol, may coexist with the phenol-degraders. The 

presence of this non-PD subpopulation may have significant ... 

effect on the PD-MPN for the egg albumin- and 

oil-acclimated test results, since at the conclusion of 

these tests, PD-MPNs represented the total microbial 

population. Moreover, since egg albumin and vegetable oil 

are both HMW substrates, the ability of these cultures to 

utilize HMW degradation by-products is somewhat expected. 

Correspondingly, these HMW utilizing subpopulations should 

not effect the results for the acetate-acclimated culture, 

since the non-PD subpopulation was large and acetate is a 

low molecular weight compound. 

5.2 Lags in Phenol Utilization 

A summary of the times required to achieve a 10 percent 

reduction in phenol following acclimation of microorganisms 

on the four growth substrates is shown in Table 5.3. 

Corresponding PD-MPNs are also provided. The 10% figure 

was chosen as the indication of the end point of the lag 

phase, or the point at which the phenol degradation rate 

became rapid. The egg albumin-acclimated culture required 

the longest lag times, ranging between 53 and 69 hours, to 

reduce phenol concentrations by 10%, followed by the 

acetate-acclimated culture, which required 40 and 50 hours. 

Only 9 hours were required to achieve the same percentage 
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Table 5.3 Phenol Degrading Subpopulations: Initially 
and after 10% Reduction in Phenol 
Concentration. 

Acclimated 
Culture 

Initial 
PD-MPN 

(per/mLl 

After Init. 10% Phenol Red. 
PD-MPN Elapsed Time 
fper/mL^ (hours ̂ 

Phenol 631,000 1,000,000 

Acetate 

Acetate 

200 

300 

1,000 

10,000 

40 

50 

Egg Albn 

Egg Albn 

1,000 

5,000 

316,000 

31,600 

69 

53 

Oil 

Oil 

1,300 

7,900 

1,000 

25,100 

9 

24 
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degradation of phenol in the oil-acclimated culture 

(shorter than the sampling interval). Twenty-four hours 

were required in the replicate test. Not surprisingly, the 

phenol-acclimated culture only needed 5 hours to reduce the 

phenol concentration by 10%. 

If the observed lag in phenol utilization in the egg 

albumin- and the acetate-acclimated cultures, was due to 

enzyme induction, the observed lag time would be much 

shorter than 50 to 70 hours. In the pure culture 

experiment using acetate-acclimated phenol degraders, only 

three hours (at 30°C) were required to induce the enzymes 

necessary to resume a characteristic log-growth pattern 

when utilizing phenol (Figure 4.1). 

The reason for the short lag period in the oil culture 

is more difficult to understand. The 9-hour acclimation 

time required for a 10% phenol reduction at 20°C could have 

been caused by enzyme induction. However, if the majority 

of the community could induce phenol-degrading enzymes, the 

PD counts would have been high (on a percent basis) 

throughout the test. Such is not the case for the test 

shown by Figure 4.9, or by the replicate test (Figure B.6). 

One possible explanation is that the PDs within the 

oil-acclimated culture may synthesize enzymes having a 

lower substrate specificity than those within the egg 

albumin culture. 
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Prior to the point at which phenol was 10% degraded, 

the PD populations grew within each community. The PD 

within the egg albumin culture had the widest range of 

increases: 2.5 and 0.8 orders of magnitude (OM) to reach PD 

populations of 320xl03 and 32xl03 cells/mL (Figures 4.7 and 

B.4). Corresponding increases in the acetate culture of 0.8 

and 1.6 OM, resulted in PDs of 103 and lOxlO3 cells/mL 

(Figures 4.5 and B.2). Fractional PD changes in the 

oil-grown cultures during the same period were -0.1 and 0.5 

for PD's of 103 and 25xl03 cells/mL (Figures 4.9 and B.6). 

The PD population within the phenol-acclimated culture only 

increased to l,000xl03, a change of 0.2 OM (Figure 4.3). 

After the initial 10% reduction, rapid degradation of 

phenol in all reactors was paralleled by rapid growth of 

phenol degraders. 

The PD-MPNs after 10% phenol reduction for each culture 

(Table 5.3) can be averaged to find a representative number 

required to initiate rapid phenol degradation. The PD-MPN 

within the egg albumin-acclimated culture grew to 

approximately 105 cells/mL; the PD-MPN within the 

acetate-acclimated culture, 3.2X103 cells/mL and the PD-MPN 

within the oil-acclimated culture, 5.0xl03 cells/mL. Thus 

less than between 104 to 105 PD-MPN will result in slow 

phenol degradation, indicating a lagged growth. 
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5.3 Effect of Acclimation substrate on Phenol 
Utilization 

The results indicate that acclimation to vegetable oil 

provides a mixed culture that can initiate rapid phenol 

degradation in only 9 to 24 hours, which approches the lag 

time seen by the culture acclimated to phenol (5 hours). 

Acetate, a low molecular weight compound, and egg albumin, 

a protein, produced cultures that contained insufficient PD 

subpopulations to degrade phenol without long lag times 

(40-69 hours). 

5.4 Tests Using 2,4-Dichlorophenol (2,4-DCP) 

Three tests (Table 4.1) were conducted to determine the 

acclimation time and resultant growth when 2,4-DCP was 

provided as a substrate. All tests resulted in zero 

growth. Lack of growth on this compound could result from 

any or all of the following factors: 2,4-DCP is itself 

highly toxic; the cultures had insufficient acclimation 

time, and 2,4-DCP interfered with phenol degradation via 

suicide inactivation of a crucial enzyme. 

In the first test, no degradation of 2,4-DCP (measured 

by GC and UV absorbance) was observed, during an initial 

5-day exposure to inocula from each of the four cones. 

During this time, cell growth, which was measured by 

absorbance at 600 nm, indicated decreasing cell 

concentrations. After the 5-day period, phenol measurement 
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and cell growth monitoring were discontinued but the vials 

were allowed to sit for an additional 25 days. Throughout 

the duration of the experiment, the cells remained on the 

bottom of the vial, which could be seen by gently vortexing 

its contents. The above phenomenon was observed for the 

second and third tests, in which inocula from the cones 

were exposed to 2,4-DCP along with generous amounts of 

their respective acclimated substrates (acetate, phenol, 

egg albumin, and oil). 

If under these conditions 2,4-DCP could have been 

cometabolised, growth would have been sustained by the 

growth substrate. 

Studies show that the most common aerobic pathway used 

during the biodegradation of chloroaromatics is ring 

cleavage prior to dechlorination (DeBont et al.,1986; 

Schraa et al.,1986). Since 2,4-DCP is a phenol, it is 

probable that the rings of both structures are capable of 

being cleaved by similar enzymes. If the initial 

by-products along the 2,4-DCP degradative pathway combined 

with crucial phenol and 2,4-DCP ring cleavage enzymes, 

those enzymes would be inactivated, resulting in a 

cessation of the degradation process. In support of the 

hypothesized mechanism, an initial chlorinated aromatic 

ring cleavage by-product, 3-chlorocatechol, has been shown 

to inactivate the ring cleavage enzyme, 2,3 dioxygenase, 
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during the biodegradation of chlorobenzene (Reineke and 

Knackmuss, 1984). 

Lack of growth and biodegradation could also be due to 

inadequate acclimation time. Many chlorinated hydrocarbons 

require long acclimation times before degradation is 

measurable (Spain and Nishino, 1987; Schraa et al., 1986). 

5.5 Starvation-Survival Test 

The increases seen in the total and PD-MPNs (shown in 

Figure 4.10) by factors of 1.51 and 1.66, respectively, are 

similar to the four-day increases in the plate counts 

observed in a starved culture of marine bacteria (1.41 X) 

by Kurath and Morita (1983). in this study, however, PD 

populations continued to increase after 4 days; in 

contrast, none of the plate counts by Kurath indicated any 

substantial increase beyond that point. Both counting 

methods utilized here (MPN and EM) indicated an increased 

bacterial population after 20 days, not as obtained by 

Kurath, who observed constant populations (using 

epifluorescence counts) for 30 days. 

5.6 Comparison of MPN and EM Techniques 

Several requirements are needed to ensure accurate 

fluorescence counts: All bacteria must be captured and 

retained on the filter surface; the acridine orange (AO) 

reagent and any water used must be free of bacteria; and at 
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least 2 mL of fluid must pass through the filter to 

randomly distribute the cells across the surface. Bowden 

(1977) states that the number of cells passing through a 

0.22 um filter is probably insignificant. Although the 

experimental procedures outlined in section 3.4.2 accounted 

for the above requirements, other problems were 

encountered. Some bacteria were weakly stained, which 

lowered the contrast and caused difficulty in 

distinguishing cells from other unknown material (ie. lysed 

cells, etc.). In such cases, the shape and texture of the 

particles were used as a guide to differentiate between 

bacteria and non-living particulate matter (Bowden, 1977). 

Bacteria had smooth surfaces and rounded shapes, whereas 

other particles had irregular, angular, rough surfaces. 

Although the required dilution was predetermined by the 

target number of cells per filter field and culture 

density, the problem of unknown particulate matter 

recommends the use of relatively high dilutions, >103. 

Upon occasion chains and floes were trapped on the 

filter surface. The cells within each chain or floe were 

counted as individual organisms. Chains consisted of 

between 2 and 8 segments; floes contained 20 cells or less, 

most contained less than 10. Only the oil-acclimated 

culture had floes with greater than 10 cells. In all 

cases, individual organisms were distinguishable. 
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In the most probable number (MPN) experiments, sterile 

technique was scrupulously followed to minimize false 

positive readings. Eight tubes were used in each of five 

dilution replicates. It was important to maintain a 

cushion of two negative tubes beyond the highest dilution 

tube that indicated growth in order to ensure an accurate 

end-point dilution and to verify that sterile conditions 

had been maintained. Moreover, the MPN method (Standard 

Methods, 1975) stipulates that the highest dilution in 

which all 5 replicates yield positive readings, along with 

the next 2 higher dilutions, must be separated by dilution 

factors of 0.1. Experiments were designed to satisfy these 

additional restrictions. 

Both the most probable number and epifluorescence 

microscopy techniques have characteristic errors. 

Fluorescence counts are expected to be higher than the MPN 

counts, since any organism that was whole, regardless of 

whether it was viable and capable of reproducing, would be 

counted by fluorescence but not via the MPN technique. 

Additionally, cells within the chains and floes were 

counted individually during the fluorescence counts, but a 

chain or floe would produce only a single count in the MPN 

procedure, unless dilution and vortexing broke them apart. 

Particulate matter on the fluorescence filter could be 

counted as a cell. On the other hand, small viable cells 
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could have been dismissed as particulates, especially when 

examining a mixed culture. 

In Table 5.4, the MPN and EM total cell counts were 

compared using the ratio of EM/MPN. The maximum, minimum, 

and average EM/MPN were recorded for each acclimated 

culture test. The results show that the counts determined 

by fluorescence were about 2X higher than the MPN results. 

5.7 Recommendations for Future Research 

These experiments have shown that of the three 

substrates used (in addition to phenol) that phenol was 

degraded most rapidly by vegetable oil-acclimated 

organisms. Therefore, cultures acclimated to other 

long-chained hydrocarbons should be investigated as a 

method to reduce lag times for utilization of toxic 

pollutants. 

In all experiments, 2,4-DCP was not degraded. Lack of 

degradation of 2,4-DCP by the acclimated organisms may be 

due to three major factors: (1) The concentrations of 

2,4-DCP (20 to 60 mg/L) were too high, (2) longer 

acclimation times were needed, and (3) the acclimation 

substrates were inappropriate for 2,4-DCP biodegradation. 

Further experiments should isolate which of the above 
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Table 5.4 Comparison of Epifluorescence (EH) and Host 
Probable Number (MPN) Counts Using a Ratio 
of EM/HPN. 

Total Cell Counts: Epifluorescence 
Acclimated Compared to MPN Counts. 
Culture Maximum Minimum Average 

Acetate 3.0 0.4 1.5 

Egg Albn 16 1.0 2.3 

Oil 6.0 2.0 2.9 

Starvation 1.0 0.5 1.1 
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factors are important, and new biodegradation experiments 

initiated, perhaps in conjunction with oil as a secondary 

substrate. 
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6.0 c0nclusx0n8 

The following conclusions can be supported by this study: 

1) Counts by both MPN and EM techniques revealed that a lag 

period preceded phenol degradation in mixed populations 

that were not phenol-acclimated; the use of the PD-MPN 

showed that this lag was due to growth of a 

phenol-degrading subpopulation. 

2) Lags phase growth for phenol utilization by all cultures, 

except the phenol-acclimated culture, terminated when the 

phenol-degrading subpopulations reached a cell 

concentration between 104 and 105 cells/mL. 

3) When the carbon source was abruptly switched to phenol, 

the oil-acclimated culture exhibited the shortest lag 

time, followed by acetate- and egg albumin-acclimated 

cultures. 

4) A computer model was developed that acculately calculated 

the time required for phenol degradation by a fixed 

number of phenol-and acetate-acclimated microorganisms, 

but not for the egg albumin- or oil-acclimated cultures. 

5) None of the acclimated cultures were able to degrade 

2,4-dichlorophenol, either as sole-carbon source, or with 
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generous amounts of the acclimated substrate present even 

after exposure to this chemical for 30 days. 

Cell numbers (PD-MPN) varied even without an added carbon 

source (starvation conditions). 



APPENDIX A: 

SAMPLE CALCULATIONS? PHENOL CONCENTRATION 

CROSS-CALIBRATION CURVE 
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Figure A.l Most Probable Number (MPN) Procedure and 
Sample Calculation. 
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The cells/mL using the EH method can be calculated as: 

cells counts fields 1 1 

mL field filter dilution volume 

To calculate the number of fields per filter: 

Diameter of filter area = 15.5 mm. 
Field diameter = 0.145 mm. 

fields (15.5)2 

filter (0.145)2 

Example: if the average number of cells per field is 45, 

and the dilution is 10~2, using 2 mL volume: 

cells l 1 
45 x 11,427 x x 2. 6xl07. 

mL 10~2 2 mL 

Figure A.2 Sample Calculation for Epifluorescence 
Hicroscopy (EH). 
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Figure A.3 Comparison of Absorbances at 270 nm for 
Phenol Measurement. Phenol in Milli-Q Water 
and in Bioreactor Fluid for Background 
Effects. 
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REPLICATE ACCLIMATION BIODEGRADATION EXPERIMENTS 

KINETIC EXPERIMENT PLOTS 
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Figure B.l Phenol Degradation by Acetate-Acclimated 
Mixed Microbial Culture at 20°C. 
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Figure B.2 Log-Scale Growth Curves for 
Acetate-Acclimated Mixed Microbial Culture: 
Total, Phenol-Degrading and Non-Phenol 
Degrading Subpopulations at 20°C. 
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Figure B.3 Phenol Degradation by Egg Albumin-Acclimated 
Mixed Microbial Culture at 20°C. 



103 

-B- Total Cells 

Phenol Degraders 

-v- Non-Phenol Degraders 

0 20 40 60 80 100 

Time (hours) 

Figure B.4 Log-scale Growth Curves for Egg Albumin-
Acclimated Mixed Microbial Culture: Total, 
Phenol-Degrading and Non-Phenol Degrading 
Subpopulations at 20°C. 
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Figure B.5 Phenol Degradation by Oil-Acclimated 
Mixed Microbial Culture at 20oC* 
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Figure B.6 Log-Scale Growth Curves for Oil-Acclimated 
Mixed Microbial Culture: Total, Phenol-
Degrading and Non-Phenol Degrading 
Subpopulations at 20°C 
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Figure B.7 Phenol Degradation by Phenol-Acclimated 
Mixed Culture at 37°C. 
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Figure B.8 Phenol Degradation by Phenol-Acclimated 
Culture with 50 mg/L Egg Albumin Background. 
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Figure B.9 Data Reduction (Lineweaver-Burk) Plot of 
Phenol Degradation by Phenol-Acclimated 
Mixed Culture at 37°C. 
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Figure B.IO Data Reduction (Lineweaver-Burk) Plot of 
Phenol Degradation by Phenol-Acclimated 
Mixed Culture at 37°C, Phenol Plus 50 mg/L 
Egg Albumin. 
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Figure B.ll Comparison of Substrate Utilization Rates 
for Phenol-Acclimated Mixed Culture: in 
Phenol and Phenol Plus Egg Albumin. 
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COMPUTER MODEL 
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C****************** PROGRAM MPN.FOR ****************04-JULY-88*****1 
c Originally written by D.C.Stanzione and H.R.Bungay 
c Current modifications by B.E.Logan, D.G. Phillips 
c 

DIMENSION XI(50),0(50),CO(50),T0(50),T6(50) 
OPEN (7,FILE-'MPN.OUT',STATUS-'OLD') 

c 
c Define coefficients: Yield (mgVS/mg-phenol), xmu(l/day), 
c Kc(mg-phenol/L), co(l) (mg/L-hr), 
c co(2) (mg phenol/cell plus conv.units) 
c 

XMU- 0.22 
XKO 12. 
YIELD- 1.69 

c 
C0(1)= XMU/XKC 
CO( 2) — (9.2E-7) /YIELD 

c 
c Tl- Integration interval 
c T2- Total tine 
c T3» Print interval 
c 

Tl-0.01 
T2- 100. 
T3- 5. 

c 
c N- number of equations 

N-2 
c 
c OIC» inital conditions, with N conditions for N equations 

o(l)-ioo. 
0(2)—1000. 
WRITE (6,22) 

22 FORMAT (' ENTER IN INITIAL BUG CONC. PER ml'/) 
READ (5,23) 0(2) 

23 FORMAT (F10.2) 
WRITE (6,24) 

24 FORMAT (' ENTER IN INITIAL SUBSTRATE CONC. mg/L '/) 
READ (5,23) 0(1) 

c 
c Internal Statements, do not touch 

T—INT(T2/T1+0.5) 
T1-T2/T 
T-IFIX (T3/T1+0.5) 
T3—T*T1 
T-0 
T4-0 
IT8-1 
GO TO 1000 

100 IF ((T-T4+T1/10.).LT.0.) GO TO 125 
T4-T4+T3 
IT5-IFIX (T/Tl+0.5) 
T—FLOAT(ITS)*T1 
GO TO 2000 



113 

115 IF ((T-T2+T1/10.).LT.O.) GOTO 125 
WRITE (6,20) 

20 FORMAT (' END OF PROBLEM'//) 
C 

STOP 
125 IF (IT8.EQ.1) GO TO 300 

IF (IT8.EQ.2) GO TO 400 
IF (IT8.EQ.3) GO TO 500 
IF (IT8.EQ.4) GO TO 600 
WRITE (6,30) 

30 FORMAT (' ****** ERROR ******** '//) 
STOP 

300 DO 320 IT5=1,N 
T0(IT5)«T1*XI(IT5) 
T6(IT5)=0(IT5) 

320 O(IT5)=0(IT5)+T0(IT5)/2 • 
T=T+Tl/2. 
IT8=2 
GO TO 1000 

400 DO 420 IT5«1,N 
T7«T1*XI(IT5) 
TO(IT5)=T0(IT5)+2.*T7 

420 0(IT5)-T6(IT5)+T7/2. 
IT8-3 
GO TO 1000 

500 DO 520 IT5=1,N 
T7=T1*XI(IT5) 
TO(IT5)=T0(IT5)+2.*T7 

520 0(IT5)=T6(IT5)+T7 
IT8=4 
T=T+Tl/2. 
GO TO 1000 

600 DO 620 IT5=1,N 
620 O(IT5)=T6(IT5)+(T0(IT5)+T1*XI(IT5))/6. 

IT8-1 
c Internal statements end ************* 
c 
1000 XI(l)=-CO(2)*(xmu/(o(l)+xkc))*0(1)*0(2) 
1010 XI(2)«(xmu/(o(l)+xkc))*0(l)*0(2) 

GO TO 100 
c 
2000 BUGSsO(2)/l.E6 

WRITE (6,2010) T,0(1),0(2) 
WRITE (7,2010) T,0(1),0(2) 

2010 FORMAT (' TIME-',F5.1,2X,' C=',F10.3,2X, ' Nc/ml=',F15.0) 
IF (0(1).LT.O.1) STOP 
GO TO 115 
END 
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