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ABSTRACT 

The objectives of this study were to investigate the effects of multiple bacterial species 

and nutrient injection on phenanthrene degradation, cell elution, and cell distribution 

within a column system. Three indigenous, phenanthrene degrading species, Actinobacter 

Junii, Pseudamonas oleavorans, and Methylbacterium sp., were used. Characterization 

studies were conducted to determine the relative cell yield and cell hydrophobicity. 

Transport studies were conducted in a saturated column system. Results show single 

bacterial species produce relatively stable cell elution and phenanthrene biodegradation 

curves. In addition, it appears that cell density within the column may be dependent on 

cell hydrophobicity and possibly column carrying capacity. Conversely, phenanthrene 

degradation and cell elution was variable in the presence of multiple bacterial species. 

Results indicate that synergistic and antagonistic interactions occurred among the species. 

Injection of an alternative carbon source (Ri^) enhanced phenanthrene degradation only in 

the single species column containing Actinobacter junii. It caused increased cell elution in 

Actinobacter junii and Pseudamonas oleavorans single species columns. No increase in 

degradation was found in multi-species columns injected with R2B. These studies 

illustrate that the dynamics of complex microbial communities should be considered when 

evaluating contaminant biodegradation and transport in subsurface systems. The findings 

presented here have important implications for representation of biodegradation in 

computer modeling and in the design of bioremediation strategies. 
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Explanation of Dissertation Format 

This dissertation consists of 3 major parts; the literature review, investigations, and 

references. 

There are 6 sections included in the literature review. Li the first section, polycyclic 

aromatic hydrocarbons (PAHs) are defined and discussed with regard to their 

bioavailability. Biodegradation kinetics are then discussed with regard to their origin, 

development, and their impact on contaminant transport. The third section introduces the 

concept of conmiunity structure and the consequences that contamination may have with 

regard to system structure. In the fourth section, competition in microbial systems is 

explored. The fifth section reviews what is known to-date about the effects of multiple 

bacterial species on contaminant transport. The final section briefly discusses cell surface 

hydrophobicity. 

Subsequent chapters are organized in the following manner: Chapter 3 deals with 

organism and substrate selection and characterization experiments conducted in batch type 

systems; Chapters 4-8 examine those biodegradation studies conducted in saturated 

column systems. Appendix A contains data fi'om replicate column experiments and 

Appendix B contains cell distribution data from the colunrn systems. 

I was responsible for designing and conducting all of the aforementioned experiments 

and analyzing their results. There is one exception; the identification of phenanthrene 

• 



degraders obtained from a soil microcosm (Wang, 1999) which was conducted by Adria 

Bodour (Ph.D. student). 
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Research Problem 

Contamination of soils and ground water has received increasing national attention 

over the past few decades. A variety of physical-chemical remediation technologies such 

as pump-and-treat and soil venting have traditionally been used. Di an effort to increase 

efficiency and cost-effectiveness, in situ bioremediation technologies are currently being 

investigated. Although bioremediation shows great promise, lack of information 

regarding in situ biodegradation processes, indigenous microbial populations, and effects 

on contaminant transport is prohibiting an accurate assessment of contaminant transport 

and in many cases the application of bioremediation technology. To date, laboratory 

studies have investigated bioremediation parameters in the context of small contaminant 

input pulses and singular, well-identified, microbial species (Wang, 1999). 

Models which address the effects of biodegradation on contaminant transport have also 

been constructed. Almost all models focus either on the impact of one microbial species 

or treat the microbial community as a homogenous composite (ie one growth rate, one 

half-saturation constant, etc). Microbial communities as they actually exist in soil 

complicate basic biodegradation models because biodegradation thresholds, toxic or 

inhibitory responses, and multiple-substrate responses dause deviations fi'om ideal 

behavior (Rubin et al., 1982; Kanazawa and Filip, 1986; Scholtz-Muramatsu et al., 1988; 

Kuhn et al., 1985; Maier, 1989). These complications result in studies that provide an 

inaccurate assessment of the ultimate fate of the contaminant as well as projected clean-up 

costs and clean-up times. The major objectives of this study were to: investigate how 
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rates of contaminant biodegradation, by indigenous soil microbes, vary with increasing 

community complexity, examine changes in bacterial cell elution with increasing 

community complexity, assess changes in bacterial distrubution, and investigate the effect 

of nutrient addition on biodegradation and cell elution in a complex conmiunity. 
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Polvcvclic Aromatic Hydrocarbons 

Definition 
* 

A polycycUc aromatic hydrocarbon (PAH) is a solid phase organic chemical that 

contains two or more fused benzene rings. Petroleum products, such as gasoline and jet 

fuel, are complex mixtures of hundreds of organic compounds including PAHs. Such 

compounds, on a total mass basis, are currently the most prevalent environmental 

pollutant (American Petroleum Institute, 1992; Welch and Yando, 1993). PAHs are 

persistent in the environment (Devlin and Barker, 1994; Wilson et al., 1993; Angley et al., 

1992) due to their recalcitrant nature (Gudnlach et al., 1983; Vandermedlen, 1981). 

PAHs persist in the environment for several reasons including; low water solubility, 

strong hydrophobic character, low mass-transfer rates in the soil, and a tendency to sorb 

to soil organic matter. These properties make remediation difScult (Volkering, 1996). 

Several studies have found selected PAHs to be toxic, carcinogenic, and mutagenic (Keith, 

1979; Jacob et al., 1984; White, 1986). As such, the United States Environmental 

Protection Agency classifies several PAHs as priority pollutants (Keith and Telliard, 

1979). 



Phenanthrene (Ci4Hio)is a component of petroleum hydrocarbons and is also a 

polycyclic aromatic hydrocarbon (Birman and Alexander, 1996). Its is composed of three 

benzene rings fused together. 

Similar to other PAHs, phenanthrene is characterized by low bioavailability (Alexander, 

1973, 1975; Weissenfels et al., 1992) and low water solubility (1.28 mg/1) (Dzombak and 

Luthy, 1984). 

Bioavailability 

Investigations of PAH degradation on those PAHs that contain more than 3 rings have 

been conducted by Heitkamp et al. (1988) Mahaffey et al. (1988), Weissenfels et al. 

(1991), Kelley et al. (1991), and Walter et al. (1991). Overall, PAHs are not considered 

to be readily bioavailable due to their tendency to sorb to the soil, form separate solid 

phases, and their low water solubility. Thus, slow mass transfer rates into the aqueous 

phase limits biodegradation rates (Zhang et al., 1997). Despite these findings, soil 

microbes have been shown to degrade PAHs (Cemiglia, 1992; Davies and Evans, 1964; 

Evans et al., 1965). NCcrobial degradation of soil PAHs is believed to be one of the major 

processes that aids in the decontamination of soils (Sims et al., 1990). 

Figure 1. Structural representation of phenanthrene 



Three general mechanisms of substrate uptake have been proposed: 1. the substrate is 

utilized from the dissolved state (Wodzinski and Bertolilni, 1972; Wodzinski and Coyle, 

1974 in Kdhler, 1994), 2. the production of bio-detergents or metabolites dissolves solid 

substrates into the aqueous media (pseudosolubilization) (Chakravarty et al., 1975; 

Cameotra et al., 1983 in Kohler, 1994), 3. direct contact occurs at the solid-material 

interface, whereby the substrate may transfer into the ceil envelope through adsorption-

desorption (interfacial adsorption) (Zilber et al., 1980; Goswami et al., 1983). It is 

believed that the first two mechanisms are the most probable ^aier et al., 2000). 

Strictly speaking, bacterial degradation of a PAH would not be dependant on the 

amount of solid phase PAH present, but rather, would depend on the amount of dissolved 

solutes and the rate at which they move into the bulk solution (Woodzinski and Bertolini, 

1972; Woodzinski and Coyle, 1974; Stucki and Alexander, 1987). Studies conducted by 

Wodzinski and Coyle (1974) do in fact show that phenanthrene up take is restricted by 

low solubilization rates. 
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Biodegradation Kinetics 

Growth Kinetics 

A great deal of interest exists in regard to bacterial growth kinetics and the appropriate 

manner in which to describe them. In general, the logarithmic or exponential growth 

phase of the microbial growth curve has been most widely studied. The exponential 

growth phase describes the phase in which bacterial numbers increase exponentially with 

time. This phase may occur when a small number of bacterial cells is introduced into an 

aqueous solution that contains a finite amount of nutrients and carbon source. The 

relationship between the increase in biomass over time (dB/dt) and the biomass 

concentration (B) may be mathematically described as follows: 

dt 

This is a first order equation. The growth rate per unit of biomass, ji, is also termed the 

specific growth rate and carries units of timeThe specific growth rate is constant for a 

given carbon source, at a given concentration, and for a given species; however, it may 

vary if any of the aforementioned parameters, or other parameters such as temperature or 

pH, changes. A relationship between the rate of substrate utilization (dS/dt) and the rate 

of biomass growth (dB/dt) can be established by introducing the yield coefficient (Y). The 

yield coefficient is defined as the mass of cells produced per amount of substrate 

r 
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consumed over a fixed period of time (Gaudy and Gaudy, 1980). Incorporating the yield 

coefficient allows the following mathematical relationship; 

dt dt 

The negative sign indicates that the growth-limiting substrate concentration is declining 

over time. From this equation, the rate of substrate utilization can be expressed as a 

function of the biomass concentration (B), specific growth rate (^), and yield coefficient 

(Y): 

[3] 
dt Y  ̂  ̂

Monod Equation 

Several biotransformation models describing biodegradation kinetics have been 

created. One of the most well-known and widely used models is that developed by 

Monod (1949). The Monod equation was developed for batch system use. It describes 

microbial growth kinetics in a well-controlled system where substrate, oxygen, and 

nutrients are not limiting. In addition, several assumptions are inherent to this model. The 

first assumption is that the system contains a single, pure culture. As well, the system 

must be well agitated, contain a water soluble, non-toxic carbon/energy source, and the 

metabolite being used should not be harmful to the degrading species. When these 



assumptions are met, bacterial growth rate is proportional to substrate concentration. A 

decrease in substrate concentration produces a decrease in the bacterial growth rate, while 

increases in concentration produce an increase in the bacterial growth rate. Consequently, 

the bacterial growth rate is concentration specific and restricted by the concentration of 

the growth-limiting substrate. Monod developed an empirical mathematical expression to 

describe these relationships. This expression is written in the following manner 

II maxiS 

"--EVs 

where 

^ = specific growth rate of biomass, [T 

^ maximum specific growth rate of biomass, [T 

S= substrate concentration, [ML'^]; 

K, = the half-saturation constant, [ML"']; 

This equation [4], describes the biomass growth in response to the amount of substrate 

available. Mathematically, this expression is a hyperbolic fiinction where increases in 

substrate (S) show p. asymptotically approaching |i^. The Monod equation sets time 

"zero" at the end of the lag phase/beginning of the exponential phase (Kelly et al., 1996). 

As such, the Monod equation describes only the exponential growth phase. It does not 

describe the lag phase, in which bacteria are presumed to be acclimating but not 
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degrading, stationary phase, in which no net bacterial growth occurs, and the death phase, 

in which bacterial numbers decline. 

A differential equation which describes substrate loss and microbial growth can be 

obtained by substituting for ^ in equation [3], The resulting equation: 

ds U max (S) _ 

Y  { K s + S )  

is valid for a liquid batch system that is maintained at a constant temperature, and 

contains a single limiting substrate and a pure culture microorganism. As the substrate 

concentration (S) increases, the rate of substrate utilization also increases. Eventually, the 

rate of substrate utilization will asymptotically approach a maximum value (u,.yy)B. As 

shown by this value, the fastest possible substrate utilization rate is a function of the 

maximum specific growth rate, the yield coefiBcient, and the biomass concentration. The 

relative values of S and K, control the asymptotic approach. 

Equation [5] is key, as it allows the dS/dt term to be substituted for the mass loss term 

in the advection-dispersion transport equation. This allows for the coupling of 

biodegradation and transport processes. 

It is possible to rearrange the Monod equation a maimer such that a plot of \/\x versus 

1/S yields values for and K,. This is done by taking the reciprocal of both sides of 

the Monod equation to give a linear formula: 

r 
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When a plot of l/ji versus 1/S is performed, a straight line is created. The ordinate 

intercept (l/n„aJ allows the calculation of u„„. A regression line slope (K, / ) 

provides a value for 

Half-Saturation Constant 

The half-saturation constant, K„ is one of several important parameters controlling 

biodegradation rates. The half-saturation constant, also known as the afiBnity constant, 

deSnes the substrate concentration, S, when ^ is equal to / 2 (Alexander, 1994). It 

carries the same units as substrate concentration [ML*^]. In practical terms, the half-

saturation constant may be used as an index in determining microbial population capacity 

for growth. A large K, indicates a low biomass growth rate and a low substrate utilization 

rate (Brusseau et al., 1999). A lower value of K, implies that the microorganism has a 

greater ability to grow in an environment with a low substrate concentration (Lynch and 

Poole, 1979). However, it must be noted that K, values are species and substrate specific. 

For example, B. ruminicola is known to have a different K, value for glucose, maltose, 

sucrose, and cellobiose. And B. fibrisolverts and S. bovis have different afSnities for 

glucose (Russell and Baldwin, 1979). In addition, pure culture and multi-species 

microbial communities also exhibit different (van der Kooij and Hijenen, 1981; Larson, 

1980), and in some cases concentration-dependent (Ishida et al., 1982) , K, values. 



Modified Monod Equation 

Two categories, with 6 variations (Alexander, 1994) of Monod kinetics have been 

proposed. All 6 variations (Monod-no-growth, zero-order, first-order, Monod-with-

growth, logarithmic, and logistic) are based on a mass balance of carbon. That is, 

equations [1-5] assume that substrate disappearance is directly correlated to an increase in 

the number of cells; bacterial decay is ignored (Simkins and Alexander, 1984). 

The Monod-no-growth model is used under conditions where the initial concentration 

of bacterial cells in the system is high. Thus, it is assumed that there is no growth in the 

system because there is a threshold or because the initial number of cells in the system is 

too large to permit growth on the existing substrate. In this situation, the biodegradation 

rate remains constant as there are no new cells available to influence the rate. The 

Monod-no-growth model, based on equation [5] can be expressed in the following 

manner; 

—ds u max S 
- r — — )Bo [ 7 ]  

dt V Ks-k-S' 

where 

Bo = initial bacterial cell concentration, S-So+B 

So = initial substrate (carbon) concentration 
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The Monod-with-growth model is the form of the Monod model that is most 

commonly used as growth within the system would yield a change in the biodegradation 

rate. It is valid for systems that initially contain a small.biodegrading population relative 

to a large substrate concentration. That is to say, the amount of existing substrate is 

above any growth threshold that might exist. In this system, bacteria will continue to 

grow, but the growth rate will decrease accordingly as the substrate diminishes. The 

model can be rearranged to form a logistic kinetic (S«KJ model. To do this, equation 

[S] is reduced to the following first-order equation; 

dt Y ' fg] 

This equation is for biomass under steady-state conditions. Equation [7] can be integrated 

to form: 

[91 
lnS=-k t̂+\tiS  ̂

where kj is the first-order rate constant [T"^]. The value for kj is the slope of the best fit 

line, on a plot of the natural log of the substrate concentration versus time. In the case 

where S is greater than K, (S»K,), the following zero-order equation may be obtained 

fi'om equation [5]: 

dS _ . [10] 
dt r I " 



Equation [10] can be integrated as well, to form 

S=-kt^S„ o o 
[11] 

where is the zero-order rate constant with units [T^]. Here as well, k„ is the slope of 

the best fit line on a plot of substrate concentration versus time. 

Limitations and Applications of Monod Kinetic Model 

The Monod kinetic model is an empirical model, derived fi-om experimental settings 

that were well controlled (i.e. no nutrient or electron acceptor limitations, pure culture, 

single substrate). Therefore, difGculty may be experienced when applying this model to 

more complex situations, such as those that contain multiple substrates, limiting nutrients 

or electron acceptors, and multiple species. Attempts to use the model to describe 

biodegradation in soil systems that contain sorbing substrates or low concentrations of 

substrates were not successful (Scow et al., 1986). Use of the model in situations where 

the substrate is toxic or insoluble or under varying experimental designs has also proven 

unsuccessful (Koch and Wang, 1982; Alexander, 1994). However, the successful 

application of this model to mixed cultures (Alexander and Scow, 1989), activated sludge 

reactors (Shamat and Maier, 1980), and continuous-flow bioreactor systems (Gaudy and 

Gaudy, 1980) has been demonstrated. 

Due to some of the previously mentioned limitations, several modifications to the 

Monod model have been made and have produced successful results. Yoon et al. (1977) 



and Papanastasiou and Maier (1982) successfully modified the model for use in 

competitive inhibition batch systems as well as for use in continuous flow, stirred tank 

reactor (CSTR) systems (Papanastasiou and Maier, 1983). Klecka and Maier (1988) 

included the effect of endogenous decay of cells in the Monod model. 

Monod kinetics have been incorporated into solute transport models in an attempt to 

couple biodegradation processes with solute transport. Theoretically, this would allow 

models to better predict the mass loss of contaminant (substrate) that is due to 

biodegradation and thus better predict subsur&ce contaminant transport (Ardakani et al, 

1973; Sykes et al., 1982; Corapcioglu and Haridas, 1985; Borden and Bedient, 1986; 

Molz et al, 1986; Bouwer and Cobb, 1987; Srinivasan and Mercer, 1988; Bosma et al., 

1988; Kindred and Celia, 1989; MacQuarrie et al, 1990; Chen et al., 1992). However, 

limited success has been achieved matching modeling results with experimental data 

(Estrella et al., 1993; Maier et al., 1996; Hu and Brusseau, 1998). Through reviews of 

coupled-transport processes may be found in Baisseau et al. (1992) and ^e (1996). 

Systematic evaluations of the efifects of and K, on solute transport in soil columns 

may be found in Brusseau et al., (1999a; 1999b). 

Effects on Contaminant Transport 



Biodegradation is an extremely important process in the subsurface that must be 

considered if an accurate estimate of contaminant transport and fate is to be made 

(Budzinski et al., 1998; Cullen et al., 1994). Both McCary et al. (1981) and Borden and 

Bedient (1987) found that biodegradation a major, if not the most important, subsurface 

process taking place. As such, biodegradation has the potential to greatly influence 

contaminant transport (Dobbins et al., 1992). The effects of biodegradation on 

contaminant transport are noticeable for both steady state and non-steady state conditions. 

Brusseau et al. (1999a, 1999b) conducted a series of simulations to determine when it is 

appropriate to use first-order kinetics to describe biodegradation and when it is more 

appropriate to use zero- order Monod kinetics. 

Zero-order biodegradation occurs in a system which contains sufBcient substrate, 

electron acceptors, and nutrients. In this case, the nonlinear Monod equation may be used 

to describe the biodegradation process previously explained in this literature review. In 

zero-order systems, S» Ks, therefore, microbial biomass is increasing as is the 

biodegradation rate (Alexander and Scow, 1989). In this case, the contaminant "break 

through curve" (BTC) exhibits a bell shaped curve, that may or may not be skewed, and 

C/Co may eventually reach zero (Wang, 1999). Both Chen et al. (1992) and Estrella et al. 

(1993) have observed non-steady state behavior. 
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Figure 1.1. Non-steady state biodegradation. Co is 
influent concentration, C is the effluent concentration, 
PV (pore volume) is non-dimensional time. 

Subsurface biodegradation usually takes place at the first-order kinetic level (Dobbins, 

1990; Swindoll et al., 1988). Linear, first-order degradation occurs in a system when S 

« Ks O-C- limited substrate concentration), or there is a lack of desired nutrients, or a 

limited electron acceptor concentration. In this case, there is steady-state degradation 

(Brusseau et al., 1999) and there is no net cell growth (Alexander and Scow, 1989). First-

order systems exhibit steady state transport behavior, meaning that the efiQuent 

concentration plateaus at a concentration that is less than the influent concentration (C/CQ 

<1) (Brusseau et al., 1999; Wang, 1999). The kinetics of first-order biodegradation have 

been observed for various polycyclic aromatic hydrocarbons (PAHs) and environmental 

contaminants such as benzene, toluene, and xylene (Angely et al., 1992) and for 2,4-

dicholorphenoxyacetic acid (2,4-D) (Hu and Brusseau, 1998). 
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Figure 1.2. First-order (steady-state) biodegradation curve. 

Community Structure 

Long-term sustainability and system health are dependant on healthy soil biota function 

and community structure. Soil biota functions include recycling of nutrients, soil structure 

maintenance, biological control of pests, and degradation of chemicals (Parkinson and 

Coleman, 1991; Lee and Pankhurst, 1992). Microbial degradation processes play a key 

role in reducing the dissolved concentration of many chemical contaminants (Barker et al., 

1987). Major factors influencing the magnitude and rate of biodegradation in a system, are 

the properties of the microbial population (Brusseau et al., 1999), and thus the structure of 

the microbial community. If microbial processes are to be harnessed for bioremediation, 

an increased understanding of microbial community structures, metabolic activities, and 

factors controlling microbial distrubution is critical (Fand and Barcelona, 1998). The 

following subsections will examine microbial community structure and its importance in a 



contaminated system. 

Biodiversity 

Microbial biodiversity is a measure of the range of significantly different kinds of 

organisms found within the habitat or community of interest (Atlas, 1984). The degree of 

diversity found in a microbial community is related to the environment and the 

environment's heterogeneity and complexity (Dobbins et al., 1992). Bacteria, by nature, 

are not specialists. They consume combinations of substrates depending upon physico-

chemical conditions (Brack and Madigan, 1988; Paul and Clark, 1989). Even so, many 

contaminants are not readily degradable by microbes. This may occur for several reasons 

including the lack of microbial enzymes necessary to degrade the compound (Dobbins et 

al., 1992). However, as illustrated by Wiggins et al. (1987) and Spain et al. (1980) it is 

possible for microbes to adapt, develop, or acquire the ability to degrade a specific 

contaminant. With this in mind, it is important for a microbial community to be 

biologically diverse. A biologically diverse community provides the potential for microbes 

to acquire degradation abilities via induction/repression of necessary enzymes, genetic 

transfer, genetic mutation, co-metabolism, and microbial competition (Heitkamp and 

Cemiglia, 1988; Madsen et al., 1992; Cemiglia, 1992). Likewise, Mary (1974), Tilman 

(1996), and Naeem and Li (1997) have proposed that increases in variability among 

species may actually lead to a stabilization of total community biomass or other total 

ecosystem functions and properties. 



How is it possible for soil microbial biodiversity to be so high even though 

competition theory predicts that the number of limiting resources will dictate the number 

of coexisting species (Hardin, 1960; Phillips, 1973; Armstrong and McGehee, 1980; 

Grover, 1997)? This case is similar to that of the plankton that are found in the world's 

oceans. Plankton diversity is incredibly high (Hutchinson, 1961) despite a low number of 

limiting resources (nitrogen, phosphorus, silicon, iron, light, inorganic carbon and possibly 

vitamins or trace metals) (Hutsman and Welssings; 1999). Many have used the plankton 

system in resource competition models (Grover, 1997; Leon, 1975; Tilman, 1977; Hsu, 

1981; Huisman and Weising, 1994). Hutsman and Welssings (1999) demonstrated that 

plankton population oscillations and associated chaotic behavior may be the result of 

species competition for three or more resources and that such oscillations in populations 

may be the reason that plankton biodiversity is so high. In addition, Hutsman and 

Welssings (1999) state that the processes examined in these models occur in other 

systems. As such, the idea of population oscillation and chaos may be applicable to the 

soil microbiological realm, where continual disturbance prevents attainment of equilibrium 

conditions and allows greater biodiversity than would otherwise be found (Armstrong, 

1990; Sommer, 1985; Levins, 1979). 

Functional versus Taxonomic Diversitv 

After knowledge regarding system biodiversity is obtained, one may begin to assess 

other aspects of a microbial population (Zak et al., 1994; Garland and Mills, 1994). The 



most common community aspects examined are functional diversity and genetic 

(taxonomic) diversity. Functional and genetic diversity are both important factors in 

defining ecosystem processes (Ovreas and Torsvik, 1998). 

Genetic diversity is a measure of DNA heterogeneity. It represents the total diversity 

of the soil microbial community including viable but non-culturable organisms. Such non-

culturable organisms are thought to be K-selected organisms that are highly selected to 

grow on low concentrations of specific substrates (Atlas and Bartha, 1993). 

Though genetic diversity provides a complete characterization of a system, functional 

(metabolic) diversity may be a better indicator of system change (Ovreas and Torsvilc, 

1998). Functional diversity is the range of significantly different functional activities found 

within a system (Walker, 1992). Diversity measured in this manner can provide insight 

into the significant changes in community structure and function that occur in a 

contaminated system (Thompson et al., 1999). The understanding of functional diversity 

is important in understanding the long-term stability of the ecosystem (Walker, 1992), and 

thus the continued ability of the system to perform biodegradation activities. 

Soil Heterogeneity 

Soil heterogeneity also plays a roll in determining community structure. Many 

microbial habitats exist, i.e. marine, terrestrial, aerial, etc.. Of these habitats, the terrestrial, 

soil environment is thought to be the most physically and chemically complex (Stotzky, 

1972). This is due to the enormous number of micro-habitats that exist in a soil matrix. 



Adjacent micro-habitats may vary greatly with respect to water content, oxygen 

availability, and pH. Micro-habitats allow for increased microbial diversity. In addition, 

the microbes existing in a particular habitat may change the habitat conditions over time 

(Dobbins et al., 1992). Single, localized soil sites may be quite heterogenous in nature 

with respect to physical/chemical characteristics as well as with respect to microbial 

activity. Dobbins (1990) found that single-site biodegradation rates may vary by as much 

as two orders of magnitude. 

Subsurface soils were thought to be sterile or sparsely populated prior to the 1970's 

(Dockins et al., 1980; Dunlap and McNabb, 1973; Whitelaw and Edwards, 1980). 

Though recent studies have shown this to be untrue, it still appears that subsurface 

microbes generally have a lower activity level than do those in surface soils ^aier et al., 

2000; Ward, 1985). Federle et al. (1986) showed that increasing soil depth leads to a 

decline in microbial activity and biomass; however, changes in microbial diversity were not 

examined. The study also showed that edaphic soil factors (chemical and physical) 

explained 88.6% of the microbial biomass variation, and 82.4% of the microbial activity 

variation. Based on these findings, Federle et al. (1986) believes that soil type may well 

determine the potential biodegradability of pollutants in the unsaturated zone. 

In addition, soil porosity has been shown to influence both the establishment of 

microbial niches and contaminant flow patterns (du Plessis et al., 1998). Models which do 

not account for variations in soil porosity may not accurately represent contaminant 

migration, thus, inaccurately simulating microbial growth patterns (du Plessis et al., 1998). 
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Micropores may successfiilly protect microorganisms from high concentrations of toxic 

compounds and may increase microbial adhesion and biomass formation (du Plessis et ai., 

1998). 

Effects of Contamination 

Soil microbial communities are composed of many taxa, with ranging sensitivities to 

contaminant exposure (Welp and Brummer, 1997). Due to the important role that soil 

microbes play in nutrient recycling, soil health, and biodegradation processes, it is critical 

that microbe response to contaminant exposure be understood (Thompson et al., 1999). 

Both contaminated and uncontaminated sites have been screened for the presence of 

microbial populations. Results indicate that both types of sites contain sizable, actively 

metabolizing, microbial communities (Long and Aelion, 1999). Communities have shown 

the ability to adapt to repeated contaminant exposure (Atlas, 1981); therefore, microbes 

taken from a contaminated site would be expected to posses the ability to degrade 

contaminants found at that site (Budzinski et al., 1998). Indigenous microorganisms that 

are adapted to living in a polluted environment may have K, values that are substantially 

lower than previously thought (e.g. K, < lmg/1) due to multi-substrate interactions or 

physiological adaptions (Rozkov et al., 1998). 

There are several schools of thought in regard to changes that occur in a microbial 

community after contamination has occurred. Odum (198S) found that microbial 

communities are resilient; that is, they are able to rebound to their initial numbers and 

r 



community-structure after a severe disturbance. Though microbial numbers appear to 

remain constant, it appears the overall community structure may change when exposed to 

a contaminant. For example, microbial growth and species richness were found to be 

reduced in systems contaminated with dichloroethene (Fries et al., 1997). And 

communities contaminated with oils have been shown to have significantly more gram-

negative bacteria than oil- fi'ee samples (MacNaughton, 1999). 

It appears that a single contaminant incident may cause very little change in community 

structure, while multiple contaminant incidents may cause significant changes in structure. 

A number of studies indicate that this is due to the diffusion and sequestration of the 

contaminant that occurs within the soil. In this scenario, the toxic effects of the first 

contaminant incident are ameliorated as the contaminant diffuses and sequesters into 

spatially-remote soil micro pores, causing the contaminant to be less bioavailable, and 

thus, less toxic. A subsequent incident would be increasingly toxic to the system as micro 

pores would already be filled, and the contaminant would be more bioavailable 

(Alexander, 1995; Hatzinger and Alexander, 1995). 

Multiple applications of an organic pollutant have been shown to shift the microbial 

community away fi'om opportunistic cells (ex. Pseudamonas) and move the community 

toward Bacillus cells (Thompson et al., 1999b) which are capable of handling more 

stressful environmental situations by producing resistant endospores (Sneath, 1986). In 

addition, Thompson et al. (1999b) showed that multiple exposure to contaminants causes 

a reduction in the metabolic potential of a community, possibly due to the loss of the 



Pseudamonas sp.-component. Pseudamonas appear to. be one of the taxa that is sensitive 

to contaminant events (Thompson et al., 1999b). 

Competition 

Competition is the interaction of two organisms that are striving for the same thing 

(e.g. nutrients, light, space, etc.). In general, when two strains of bacteria are in 

competition for a resource, it appears that the strain that leaves the lowest residual 

substrate concentration will out compete the other strain a majority of the time (Duetz et 

al., 1994). An additional factor that also comes into play is which strain has the highest 

specific growth rate at low substrate concentrations (Harder et al., 1997). In addition, 

Stefifensen and Alexander (199S) found competition for inorganic nutrients may slow 

degradation; however, addition of nutrients does not necessarily increase degradation. 

And the presence of additional bacterial species may also slow substrate degradation. 

Exploitation vs. Interference 

Two major types of competition have been identified; exploitation competition and 

interference competition. Exploitation competition is indirect competition through mutual 

exploitation of the same resource where the organisms do not necessarily come into 

contact (Atlas and Bartha, 1993). A prime example of exploitation competition among 

microbes can be found in work conducted by Steffensen and Alexander (199S). The 
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authors found that benzylamine was degraded by P. putida in the presence of phosphorous 

(lOOnM), but if/*, aeruginosa was also present, degradation did not occur. The exception 

appeared to be if the concentration of phosphorous was increased. Based on these and 

other resuhs, it was suggested that the competition for inorganic nutrients, phosphorous in 

this case, inhibited P. putida growth and therefore, biodegradation. While P. aeruginosa 

did not predate or directly harm P. putida, the presence of P. aeruginosa proved 

detrimental to the P. putida population or the population's ability to degrade benzylamine 

by exploiting the mutually desired phosphorous resource. 

Interference competition is that in which one organism directly harms another organism 

through actions such as predation, secretion of toxic or inhibitory enzymes, etc. In many 

cases, interference competition replaces exploitation competition when resources become 

scarce (Atlas and Bartha, 1993). It is generally accepted that bacteria may secrete 

enzymes or other substances that are toxic or inhibitory to other microbes; however, 

evidence of bacterial predation has yet to be put forth (Maier et al., 2000). To date, very 

few studies have been conducted to investigate bacterial-bacterial interference. However, 

cases of protozoan-bacterial and fungal-bacterial interference have been documented. 

Many fungi produce anti-bacterial substances that slow or inhibit bacterial growth (Maier 

et al., 2000). Recently, Hahn and Hdfle (1999) investigated protozoa-bacteria 

interference. The size and morphology of cells in a mixed bacterial community were found 

to be noticeably different after the community had undergone predation by Ochromonas 

sp. strain DS. Ochromonas sp. predation interferes with bacterial community structure by 



reducing or eliminating bacteria of a specific size that compete with Ochromonas sp.. The 

bacteria of the intermediate size range, though able to compete in the absence of 

Ochromonas sp. strain DS, were unable to compete in the presence of the strain due to 

selective predation and interference competition. Field studies examining in situ microbial 

degradation of TCE by methanotrophs concluded that the oscillations in the soil 

methanotroph population were due to predation by protozoa, and also possibly by 

competition from other microbial populations (Travis and Rosenberg, 1997). 

Competition has been shown to cause changes in bacterial diversity as well as in 

bacterial distribution and biomass density. Noguera et al. (1999) developed a 

mathematical model designed to simulate competition for substrate and space. Three 

conditions were tested; D. vulgaris grown alone, in association with M. formicium, and in 

the presence of M. formicium and sulfur. Results showed biomass densities of D. vulgaris 

to differ under each of the conditions imposed, indicating that type and degree of 

competition are important influences in bacterial distribution. 

Recently, Lewandowski et al. (1998) showed that simple competition may not always 

be the only interaction between two bacterial species. The studies conducted in pure 

culture and with multiple species concluded that while a simple competition model is 

capable of predicting biomass growth, it may not be able to match experimental substrate 

utilization data indicating that additional interactions (such as inhibition, secondary 

metabolite utilization, and synergism) may take place in a multi-species system. 
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Lotka-Voltera Equations 

Interspecific competition, that is competition between different species, can be 

described using the Lotka-Volterra equations (Lotka, 1932; Volterra, 1926). The Lotka-

Volterra equations are actually extensions of the logistic equation [8], Several terms are 

added to the logistic equation to account for competitive interactions. The following 

equations describe the population dynamics of a two-species interaction: 

[12] 
dt Ki  ̂

dNi „ Ki-Ni-fiNi 
— [.3, 

where: 

K= equilibrium level 

Ni,N2= number of species 1, 2 respectively 

^^competition coefBcient explaining the inhibitory effects of species 2 on species 1 

competition coefficient explaining the inhibition of species 2 by species 1 

Equation [12] describes how the growth of species one (N^) is affected by interaction with 

species two (Nj). Equation [13] describes the growth of species two as affected by 

species one. 

• 
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While the Lotka-Volterra equations are helpfiil in determining conditions under which 

coexistence may occur, they are not valid in all cases. Ayala (1970) conducted a series of 

laboratory experiments using Drosophila pseudoobscura and D. serrata (firuit flies). After 

applying the equations to the obtained experimental data, Ayala (1970) found a poor 

match. The final conclusion was that the detail of the Lotak-Volterra equations was not 

sufi5cient to describe the system studied. This lack of detail may be found in the 

competition coefBcients (a and P) which remain constant. Constant competition 

coefficients create a model where competition is density independent. This assumption, as 

illustrated by Ayala (1970), may invalidate the use of the Lotka-Volterra model for many 

systems (Ricklefs, 1973). 

Soil 

Soil type is also believed to have an effect on competition, as the size of the soil 

granules and pore spaces may increase the number of micro niches. Nficro niches may 

reduce predation of one species upon another, increase the availability of substrate and /or 

nutrients, or modify soil conditions to a point at which cellular physiolo£^ is also modified 

(vanElsas 1991). 

r 
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Genetically Engineered Microbes 

Of special interest in the field of bioremediation is the ability, or lack there o^ of GEMs 

(genetically engineered microbes) to compete with indigenous soil populations. When 

placed in competition with indigenous microbes, GE\fe generally show a decline in 

population numbers. The rate of decline may be a function of soil type (Zechman and 

Casida, 1982; van Elsas et al., 1986; Compeau et al., 1988; Dupler and Baker 1984). 

Several factors are believed to be involved in the competitive disadvantage of GEMs. The 

obvious genetic factors include, additional proteins required for degradation lead to energy 

deviation, disruption of cellular function by the introduction of additional proteins, or 

possibly that genes needed for survival are disrupted by the extra protein insertion (van 

Elsas et al., 1991). As well, there are a series of abiotic and biotic factors that may also 

affect GEM competition among soil populations. Biotic factors known to afifect the 

survival of introduced organisms include antagonism, competition, and predation; abiotic 

factors include soil moisture levels (Dupler and Baker, 1984; Postma et al., 1989), soil 

temperature (Wessendof and Lingens, 1989) soil nutrients (van Elsas et al., 

1991;Wessendof and Lingens, 1989), and soil texture (van Elsas et al., 1991;Wessendof 

and Lingens, 1989; van Elsas et al., 1989; van Elsas et al., 1990). 

r 



Multiple Species 

Multiple species substrate use is an area that, until recently, has not received much 

attention. Previous studies, such as those performed by Lewandowski et al. (1998) use 

batch systems and focus on sewage treatment plant efiQuent. In an effort to better 

understand how a microbial community interacts with a substrate, Lewandowski et al. 

(1998) designed a model to be used with a 2-species community. Accompanying 

experiments using indigenous phenol degraders from a sewage treatment plant provided 

the data to be modeled. Though the authors were able to model changes in system 

biomass, they were unable to accurately model phenol degradation due to other factors 

(such as competition, inhibition, and toxicity) which were not represented m the model. 

Rittmann and Manem have recently (1990) developed a multi species biofilm model 

that allows multiple species to coexist in the face of competition. This is due to 

competition for more than one resource, in this case substrate and space. The two most 

probable scenarios consist of the faster growing species occupying the top portion of the 

biofilm, close to the solution surface, while the second species, which is able to grow on a 

lower concentration of substrate, is found deeper in the biofilm. This same distrubution 

may also occur if the affinity for the substrates is the same, but one species grows faster 

than the other. Here, Rittmann and Manem suggest that one species would only be found 

deep in the biofilm as it would not be able to out compete the &ster growing species 

unless the substrate supply was limiting. Even though the two species are in competition. 
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the presence of the faster growing species may be beneficial for the slower growing 

species as the faster growing species may help to protect the slower growing species. 

This model is supported by Sturman et al. (1994). Laboratory experiments used 

Pseudomonas aeruginosa and Klebsiella pneumoniae as model organisms in a 

colonization, competition investigation. P. aeruginosa is characterized as a motile 

species, and obligate aerobe with a umax of 0.4/h, while K. pnetmoniae is a non-motile 

species, a facultative anaerobe, and has a growth rate 5 times greater (umax = 2.0/h) than 

P. aeruginosa. K. pneumoniae^ when introduced into a system that was already inhabited 

by P. aeruginosa was able to out compete the P. aeruginosa. An increase in P. 

aeruginosa numbers was prohibited, and a majority of the colonies were found in the 

center of the small spherical beads used as the solid growth stratum. However, P. 

aeruginosa was unable to out compete a previously established K. pneumoniae 

population. It was concluded the K. pneumoniae was able to out compete P. aeruginosa 

due to its faster growth rate and increased afiSnity for the substrate. 

Recently, a long-term study conducted by Wang (1999) investigated multiple 

indigenous microbial species effects on phenanthrene degradation in a soil column system. 

Where a single microbial species generally produces a mono-modal substrate utilization 

curve, cyclic patterns of phenanthrene degradation were observed by Wang (1999). The 

patterns were attributed to shifts in the "dominant" phenanthrene degraders in the column. 

This was not unexpected as multiple microbial populations exhibit a variety of behaviors 

such as competition, antagonism, synergism, utilization of secondary metabolites, or 
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inhibition (Lewandowski et al., 1998). Such interactions create a dynamic community 

where population dominance, growth rates, and substrate utilization rates may change 

over time (Wang, 1999). As such, it would not be unexpected for a microbial population 

to produce a bi- or even tri- modal substrate utilization curve. However, such phenomena 

are generally not accounted for in mathematical biodegradation models as degradation by 

multiple microbial species is not well understood. 

As demonstrated by recent studies, the effects of multiple microbial species and 

microbial succession on contaminant transport, bacterial cell elution, and species 

distribution are a field that merits further investigation. 

Cell Surface HvdroDhobicitv 

How bacteria are transported through the subsurface and their ultimate fate is a topic 

of interest to a variety of researchers in diverse industries including; oil recovery (Jang et 

al, 1989), bioremediation (Harms and Zehnder, 1994; Wilson et al., 1986; Reynolds et al., 

1989), and public health and safety (Gerba, 1985). Microbial transport is influenced by 

many factors that, unfortunately, are not well understood (Yates and Yates; 1988; Harvey, 

1989). Recently, cell adhesion has been shown to influence transport behavior (van Schie 

and Fletcher, 1999). But what influences cell adhesion? 

Cell adhesion is predominantly influenced by cell surface hydrophobicity (van 

Loosdrecht et al., 1987a; Absolom et al., 1983; Busscher et al., 1984). However, 

conclusions regarding cell surface hydrophobicity research are varied (Albinger et al.. 



1994; Baygents et al., 1998; Martin et al., 1996; Simoni et al., 1998). In addition, it has 

been suggested that the type of substrate consumed by the organism may also influence 

cell surface hydrophobicity (Lawrence and Hendry, 1996; McEldowney and Fletcher, 

1986). 



CHAPTER 3: MATERIALS AND METHODS 

This chapter is divided into 5 sections; 1. Organism and Substrate Selection, 2. 

Determination of Yield in a Batch System, 3. Substrate Utilization in a Batch System, 4. 

Determination of Yield by Plate Count, and 5. Bath Assay Study. 

Organism and Substrate Selection 

The purpose of this study was to select: I. a model substrate or pair of substrates, 2. 

three bacterial species, to be used in flirther investigations. 

Five possible substrates were investigated. A series of paired substrate combinations 

were examined. Each substrate pair contained a substrate likely to sorb to a porous 

matrix, and a "minimally" sorbing substrate. The minimally sorbing substrate was also 

found in the biodegradation pathway of the sorbing substrate. 

Previous investigations (Wang, 1999) isolated and identified approximately 120 

indigenous microorganisms fi'om a 20/80 mix of Mount Lemmon/Mexican soil, including 

24 phenanthrene degrading species (150 isolates, 24 species). Three organisms, from the 

Wang (1999) study, were selected based on the following criteria, all three organisms; 

must be of different color when plated so as to be distinguished from one another, must 

have been present during different time periods as designated in Wang (1999) (3-day 

colony, 14-day colony, column breakdown colony), have different observed growth rates, 

and must be capable of growing on a common substrate. 



Organism selection 

Each of the 120 previously mentioned isolates was reviewed. Bacillus and other spore 

forming species were eliminated as the formation of spores would complicate the 

enumeration process. Three groups of organisms were then selected. Group A (Table 

3.0) organisms are white, were observed to be fast growing, have been found throughout 

the effluent and column in previous experiments, and have been characterized as 3-day 

colonies or breakdown colonies (Wang, 1999). Group D (Table 3.0) organisms were 

found during the middle time period, were characterized as 14-day colonies, and are 

unmistakably yellow in color. Finally, Group 5 (Table 3.0) was selected as these 

organisms are pink in color and were found after 8,000 pore volumes in the previously 

mentioned experiment, and were characterized as a 14-day colony. Organisms from these 

three groups where then screened on several media types, as described below, and one 

isolate from each group was selected to be used in further investigations, based on the 

previously mentioned criteria. 

Substrate selection 

Growth on each substrate was determined in the folloAving manner. Two hundred-fifty 

ml Erlenm^er flasks were sterilized via autoclave (25 minutes) and filled with 25 ml of 

solution containing the substrate being investigated. Flasks were inoculated using colonies 

obtained from RjA plates and placed on a rotary shaker at 200 rpm. After 3 days, 

bacterial samples were taken from each flask, serially diluted, and plated on media 



corresponding to the substrate found in the flask as well as on R2A plates (ie, bacterial 

samples from a flask that contains salicylate would be plated on salicylate plates as well as 

on RjA plates). Plates were incubated and examined after 3, 7, 10, and 14 days. A 

bacterial species were considered to grow on a specific substrate if bacterial colonies 

were present after 14 days of incubation. 

Results and Discussion 

A total of 3 bacterial species were selected for further study. From Group A, #3, 

Acinetobacter junii, a white bacteria was chosen; Group D, ^Mll, Pseudomonas 

oleovorans^ a yellow bacteria, and from Group 5, # 35, Methylobacterium sp., a dark pink 

bacteria. These 3 species fulfilled the previously mentioned criteria in that they were 

capable of phenanthrene degradation, were morphologically different on RjA and 

phenanthrene plates, had different observed dates of appearance on phenanthrene plates, 

and were present during different time periods in experiments conducted by Wang (2000). 

In addition, all three bacterial species are gram negative and rod shaped. The definitive 

size of each species was found to be similar (0.2 um to 2 um in diameter, 2 to 8 um in 

length). In addition, each species occurs in a semi-starvation state when phenanthrene is 

provided as the sole carbon source. This semi-starved state causes the cells to become 

rounded and facilitates their transport through porous media. As the porous media to be 

used in future experiments is a large grained silica sand there should be no transport 

restrictions due to size. Phenanthrene degradation is commonly plasmid borne as opposed 
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to chromosomally borne ^aier et al., 2000). The literature is replete with examples of 

phenanthrene degradation hy Pseudomonas sp.. However, evidence oiMethylobacterium 

sp. and Actinobacter junii degradation was not found. 

Substrate Selection 

Attempts to find sorbing/non-sorbing substrate pairs did not succeed. Growth on all 

substrates tested, with the exception of phenanthrene, was found to be negligible or non

existent (Table 3.1). Therefore, phenanthrene will be used in all fiirther studies. 
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Table 3.0 Classification of isolates, Wang (1999). 

nraupR Group C CraaiB J 

Ml 26 70 M22 Mil 78 M8 M20 MI7 72 MI8 MI9 

MM 27 M23 MI2 79 M9 M2I 64 73 16 40 

1 28 M24 MI3 80 MI5 65 74 17 77* 

2 29 50 66 75 91 92 

3 30 51 37 97 

4 31 52t 68 98 

5 32 52b 69 99 

6 33 77b 

7 34 82 

8 37 86 

9 39 85 

10 41 86 

11 42 87 

12 

13 nnuiB 1 rirmiB 2 Hnuia} rSnuiB A ft 

14 53 90 7U M4* 95 M16 M3 M2 62 MIO 35 

15 54 84 71b M4b 102 94 36 MS 63 

18 55 103 96 38 M6 

19 56 104 M2S M7 

20 57 M26 

21 58 M27 

22 59 M28 

23 60 M28 

24 61 

23 79 

81 
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Table 3.1 Growth on selected substrates. Growth is defined as the visible presence of CFU 
oh petri plates. 

Sorbins Substrate Minimallv Sorbinff Substrate 

Naphthanene No growth Salicylate No growth 

Benzoate No growth 

Phenanthrene Growth Catechol Noipt}wth 
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Determination of Yield by Weight in a Batch System 

Yield, denoted 'V, is the amount (grams) of cell mass produced per amount (grams) 

of substrate consumed. The purpose of the following experiments was to determine yield 

for each of the 3 bacterial species being used. 

Small flask studies: 

The solubility of phenanthrene, 1.28 mg/L, does not provide sufBcient energy to 

produce a measurable increase in cell mass. Therefore, the following experiments were 

conducted with greater than 1.28 mg/L total phenanthrene. 

Sterilized 250 ml Erlenmeyer flasks were coated with a phenanthrene-chloroform 

mixture. The chloroform was then allowed to evaporate. The mixture contained 

sufficient phenanthrene to produce equivalent concentrations of250, 100, 75, and 10 mg/1, 

when 25 ml of mineral salts broth (MSB) (XH^PO^, l.Og/1; Na2HP04, l.Og/1; NH4NO3, 

0.5g/l; (NHJjSO^, 0.5g/l; MgSO^ TH^O, 0.2 g/1; CuCl^ 2H2O, 0.02g/l; FeCl,, 0.002 g/1) 

was added; assuming all of the phenanthrene to be bioavailable, which it was not. Flasks 

were then placed on a rotary shaker at 200 rpm for 48 hours. 

After 48 hours, flasks were inoculated with a pre-grown culture to produce a bacterial 

concentration of approximately 7X10^ CFU/ml. Inoculum samples were plated and 

weighted to determine iiutial numbers and an aliquot oven dried to determine the weight 

of the initial inoculum. 



Flasks shook for an additional 48 hours (a repeat of this experiment was conducted, 

where the flasks shook for 14 days) after which the contents of each flask were 

centrifiiged (10,000 rpm, lOminutes) and the resulting cell pellet dried and weighed. 

Samples were also taken to determine final cell density via plate counts. 

Large flask studies: 

A procedure similar to that of the small flask investigations was used. Three large, 

2,800 ml flasks were employed. Each flask contained 1,000ml of MSB with an equivalent 

phenanthrene concentration of 10 ug/1. At the time of centrifugation, all 3 flasks were 

combined to produce a single cell pellet. 

Results and Discussion 

The low solubility of phenanthrene combined with the possibility of a toxicity threshold 

in the organism (inferred from the decrease in cell numbers observed) made determination 

of yield problematic. In all treatments no increase in cell mass was found. In addition, 

treatments yielded no change or a decrease in ceil mass. 

The selected organisms have been observed to grow on petri plates that contain 

phenanthrene (0.25 mg) as the sole carbon source. Therefore, it is known that these 

organisms are capable of phenanthrene degradation and increasing their cell mass using 

solely phenanthrene. However, it is quite possible that the cells are not able to grow in a 

liquid broth medium. Growth may be prohibited by degradation intermediates or toxic 
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metabolic by-products of phenanthrene biodegradation. In addition, it is possible that the 

chosen organisms prefer to grow attached to a solid surface, attached to the phenanthrene 

itself or that a larger amount of substrate is needed to produce measurable increases in 

cell numbers. These possibilities will be investigated. 

r 
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Substrate Utilization in a Batch System 

The purpose of the following investigations was to determine a substrate utilization 

rate as well as the lowest concentration to which each bacterial species can degrade 

phenanthrene. 

Erlenmever flasks 

Two thousand eight hundred ml squat Erienmeyer flasks, each containing 1 liter of 

phenanthrene solution (at lmg/1), were inoculated with approximately 10^ CFXJ/ml 

bacteria. The flasks were placed on a rotary shaker at 200 rpm Using a sterile, glass 

pipet, periodic samples were taken and analyzed for phenanthrene using a fluorescence 

spectrophotometer. The experimental duration was determined by the individual 

organism. Each experiment was terminated when 3 days of consecutive sampling revealed 

no fiirther decrease in phenanthrene concentration. Data were plotted concentration vs. 

time and a regression line used to And the best fit line with the slope being the rate of 

substrate utilization. All experiments were performed in triplicate and repeated. 

Radio-labeled experiments 

Methods used for this experiment were similar to those discussed previously. Specially 

altered 250 Erienmeyer flasks were sterilized via autoclave. Then the bottom of each flask 

coated with a phenanthrene/chloroform solution, sufficient to produce lmg/1 phenanthrene 



58 

solution when 25 nd of MSB were added. Flaslcs were allowed to shake on a rotary 

shaker for 24 hours, sufScient time for the phenanthrene coating the flask bottom to 

dissolve into the MSB and create a Img/l phenanthrene solution. Radio-labeled 

phenanthrene-9-'^C (Sigma) was then added. Each flask contained approximately 46,000 

dpm. Flasks were then inoculated with Acinetobacter junii (3), Peudomonas oleovorans 

(Mil), and/or Methylobacterium sp. (35). Trials were done in pure culture and in 

mixtures of 2 and 3 species. Inoculations resulted in a microbial density of at least I x 10^ 

CFU/ml. All experiments were conducted in triplicate. 

Flasks were sampled via a flushing tree designed to trap radio-labeled COj. Samples 

were collected periodically over a period of 80 hours. Disintegrations per minute were 

read on a scintillation counter. 

Results and Discussion 

Substrate utilization plots generated for species 3, Acinetobacter jtmii, show a slope of 

-0.007 (R^ 0.96) and a degradation limit of 0.72 mg/1 (Figure 3.0). Substrate utilization, 

as described above, was not achieved ioxPseudomonas oleovorans (Mil) (Figure 3.0), 

tmMethylobacterium sp. (35) (Figure 3.0). It appears that these organisms do not have a 

very strong a£Bnity for phenanthrene under the growth conditions and concentrations 

imposed. 

Radio-labeled experiments 



Data were plotted C/Co (cumulative dpms evolved/initiai dpms) vs time (hours) in 

order to obtain the total dpms evolved from the flask as compared to dpms initially in the 

flask. In general, flasks containing pure cultures degraded more phenanthrene than was 

degraded by the mixed cultures. Acinetobacter junii degraded the most phenanthrene by 

far (13%) followed hy Pseudomonas oleovorans (2%) and Methylobacterium sp. (0.3%) 

(Table 3.2). Data were also plotted log C/Co vs time. Regression analysis was then 

performed (Table 3.2). 

Results once again indicate that phenanthrene degradation is minimal. It is possible 

that phenanthrene degradation by these three species is truly minimal, despite substantial 

growth on petri plates where phenanthrene is the sole carbon source. Conversely, it is 

possible that the growth conditions imposed are not favorable. This is supported by the 

results presented later in this chapter that show that cell growth on phenanthrene in a 

liquid medium is possible under very specific conditions. 
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Table 3.2. Summary of radio-labeled batch experiments. Acinetobacterjtmii (3), 
Peudomonas oleovorans (Ml 1), Methylobacterium sp. (35). A regression was calculated 
for the plot C/Co versus time (hours). 

Organism 
Total dpms evolved/ 
Initial dpms in flask 

Slope of 
Resression 

R' Value 

3 0.13 0.0306 0.3364 

Mil 
0.02 0.0457 0.4817 

35 
0.003 0.3042 0.5708 

35 & 3 
0.0036 0.3173 1 

3&M11 
0.006 0.0397 0.6762 

Mil & 35 
0.006 0.0397 0.6762 

all species 
0.0105 0.0481 0.713 



Substrate Utilization 
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Figure 3.0. Actinobaclerjunii (3), Pseudomonas oleavorans ( M i l ) ,  a n d  Methylobaterium sp. (35) 

substrate utilization over lime. 
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the measurement of phenanthrene by conventional methods (i.e. fluorescence 

spectrophotometer of HPLC). In addition, the use of radio-labeled phenanthrene would 

also be problematic. First, the radio-labeled phenanthrene resides in the solution within the 

flask and would be degraded first. This would leave nothing left to "measure" 

phenanthrene degradation as more phenanthrene solubilizes. Second, cell growth is 

measured when cells are inoculated at 5x10^ CFU/ml and grow to 1x10^ CFU/ml. 

Detectable or noticeable degradation is not thought to occur until 1x10^ CFU/ml. 

Therefore, degradation would not be able to be detected in this system. 



Bath Assay Study 

This study used thr^ species of indigenous microorganisms (Acinetobacter junii, 

Pseudamonas oleovorans, Methylobacterium sp.) to investigate variations in cell sur&ce 

hydrophobicity. Specifically, the effects of substrate variation and buffer solution variation 

on cell sur&ce hydrophobicity will be examined. 

Materials and Methods 

Bacteria: The three indigenous species of bacteria (Acinetobacter junii, Pseudamonas 

oleovorans, Methylobacterium sp.) used in this study were previously isolated from a soil 

mixture and identified as described in Wang (1999). 

Substrates and Solutions: Bacteria were grown in petri plates containing sterile media. 

Two different types of media were used: RjA and phenanthrene. RjA media was 

purchased from Difco Laboratories (Detroit, MI) ^east extract 0.5g/l; protease peptone 

no.3 0.5 g/1; casamino acids 0.5 g/1; dextrose 0.5 g/1; soluble starch 0.5 g/1; sodium 

pyruvate 0.3 g/1; dipotassium phosphate 0.3 g/1; magnesium sulfate 0.05 g/1; agar 15.0 g/1). 

Phenanthrene medium is a mineral salts medium Q^SM) (iCH{P04, l.Og/1; Na2HP04, 

l.Og/1; NH4NO3, 0.5g/l; (NH4)2S04, 0.5g/l; MgS04 THjO, 0.2 gA; CaClj 0.02g/l; 

FeCla, 0.002 g/1; punfied noble agar, 15 g/1) with the addition of 0.25 mg phenanthrene 
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per plate. Organisms were pre-cultured, serially diluted, plated, and finally incubated at 

room temperature for 3 days in the case of RjA, or 14 days in the case of phenanthrene. 

Hexadecane 99% pure (Aldrich, Milwaukee, WI) was used as the hydrocarbon 

solution. Three different buffer solutions were used; MSB (mineral salts broth), 

phenanthrene, and phenanthrene/R2B. The MSB buffer solution contained the same 

compounds as did MSM with the exception of the noble agar. The phenanthrene buffer 

solution was composed of MSB solution with the addition of phenanthrene to create a 

lmg/1 solution. And the phenanthrene/R2B buffer solution was the above described 

phenanthrene solution with the addition of sufBcient RjB media to create a solution that 

derived 66% of its carbon from phenanthrene and 33% from R2B. is identical to RjA 

media with the omission of agar. 

Bath Assay: A BATH assay (Bacterial Adherence to Hydrocarbon) was performed as 

described in Rosenberg (1984). For each species, six assays were performed; organisms 

grown on phenanthrene media were placed in buffer solutions of MSB, phenanthrene, 

phenanthrene/RsB; likewise, organisms grown on RjA media were placed in buffer 

solutions of MSB, phenanthrene, phenanthrene/RjB. Hexadecane was used as the 

hydrocarbon solution in all treatments. Optical density (O.D.) was the parameter 

monitored. Analysis was perform^ on a Hitachi UV spectrophotometer at a wavelength 

of600nm. All assays were performed in triplicate and all experiments were repeated. 



Statistical Analysis: Percentage decrease in absorbency ((initial O.D. - final OJ).y initial 

O.D.)*100) was used for all comparisons. ANOVA was used to determine differences 

between and among treatments. 

Results 

As determined by ANOVA, differences between experiments were not significant (p= 

0.183 or greater); thus, replicate experiments yielded comparable results. In ail cases, 

organisms grown on RjA were more hydrophobic (larger % decrease) than those grown 

on phenanthrene (Table 3.3). A significant substrate interaction was found for all three 

species (p= 1.9 x lO'^^^cinetobacter junii; p=1.0 x 10"*, Pseudamonas oleavorans; 2.1 x 

10*" Methylobacterium sp.). Therefore, the substrate on which the aforementioned 

species were grown significantly affects cell hydrophobicity. Significant buffer solution 

interactions were found for Acinetobacter junii ( p= 2.3 x 10'̂ )̂ and Methylobacterium 

sp. (p= 8.5 X 10"'), however, not Pseudamonas oleovorans (p=0.302). 

As shown in Table 1.1, Acinetobacter junii tends to-be the most hydrophobic species 

(largest % decrease) followed by Methylobacterium sp. znd Pseudamonas oleovorans. 

Discussion 

The transport of bacterial cells is influenced by cell hydrophobicity as well as other 

factors. Differences in cell hydrophobicity may lead to differences in cell elution behavior. 

Therefore, this experiment was conducted to determine if the selected species differ in 

their cell surface hydrophobicity, and if so, by how much. As demonstrated, the nutrient 



media on which the aforementioned species are grown significantly influenced cell 

hydrophobicity. RjA media, the more nutrient rich substrate, yielded a larger % decrease 

(increased hydrophobicity) over the phenanthrene media. The difference in "nutritional 

status" of the bacteria is one possible explanation for this behavior. While the bacteria in 

this study were not under strict starvation conditions, growth on phenanthrene plates is 

more limited (cells are observed to become round when examined under a microscope) 

than that on RjA plates (cells are observed to be rods under a microscope). These results 

concur with those of Lawrence and Hendry (1996) who also found that a major factor 

influencing bacterial transport is the type of substrate that the bacteria consume 

(Lawrence and Hendry, 1996). In addition, Wrangstadh et al. (1986) observed a decrease 

in cell hydrophobicity when under starvation conditions. 

Buffer solution significantly affected Actinobacter junii (3) wAMethylobacterium sp. 

(35), yet not Pseudcanonas oleavoram (Ml 1) (p=0.302). The mechanism for this 

interaction is not known and would be an interesting set of investigations. However, it is 

not the mechanism that is of interest in this study, but the organisms response to different 

conditions that is of interest. The information obtained here will be referenced in 

subsequent chapters and used to explain observed behaviors. 
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Table 3.3. Percentage decrease in O.D. Mineral salts broth (MSB), Phenanthrene ^hen). 
A larger Yo decrease indicates increased hydrophobicity. Numbers are given in 
percentage; standard error is indicated. 

Substrate MSB 

Buffer solution 

Phen Phen/RjB 

Acinetobacter junii 

R,A 46.77 ± 0.89 41.06 ± 1.91 50.27 ± 0.98 

Phen 38.24 ±0.90 19.35 ±0.89 37.76± 1.85 

Pseudomonas oleavorans R,A 4.63 ± 0.93 4.05 ± 0.83 6.09 ± 0.89 

Phen -0.18 ±0.89 1.61 ±0.31 0.86 ± 0.76 

Methylobacterium sp. R,A 13.85 ±0.18 22.99 ± 0.69 26.45± 3.27 

Phen 1.33 ± 0.12 2.74 ± 1.99 12.75 ± 1.91 



CHAPTER4: BIODEGRADATION IN A COLUMN SYSTEM 

In order to investigate the effects of multiple species on contaminant degradation, it is 

first necessary to characterize the degradation behavior of the individual species. System 

complexity may then be increased by employing multiple-species communities that contain 

two and three bacterial species. The following column experiments were performed to 

meet such an objective. 

Materials and Methods 

System setup: All experiments were conducted using a stainless steel column (Aldrich), 15 

cm in length, homogeneously packed with 40x50 Acusand (silica sand approximately 297-

420 um in diameter, minimal organic matter content). A SSI piston pump was used and a 

flow rate of approximately 9 cm/hr was induced. All experiments were conducted under 

saturated conditions. 

Bacteria: Bacteria were pre-cultured in a solution of RjB. A colony, taken from an RjA 

plate, was used as the initial inoculum for a flask containing 25 ml R2B. After 48 hours on 

a rotary shaker, 1 ml of pre-culture was transferred to a flask containing 25 ml of fresh 

RjB and returned to a rotary shaker, 200rpm. Cultures were incubated an additional 24 

hours before harvesting. At harvest, the contents of each flask were transferred to sterile 

centrifuge tubes, and centrifliged at 10,000 rpm for 10 minutes. The supernatant was 



decanted and the resulting pellet resuspended in 25 ml saline solution and centrifuged. 

Once again, the supernatant was decanted and the pellet resuspended in 10 ml mineral 

salts broth. The resulting mixture contained approximately 10' cfli/ml, as determined by 

plate counts. All bacteria in the following studies were enumerated by plate counts. 

Therefore, all bacterial data reflect culturable numbers of bacteria in the system. Exact 

inoculum densities and distribution within the column may be found in App-. ndix B. 

Experimental Design: Column porous media was sterilized via autoclave (1 hour), 

inoculated with a bacterial ceil culture, and then homogeneously packed into a sterile, 

stainless steel column. Porous media samples were sequentially taken 3 times during the 

packing process and plated in order to determine the total number of bacteria initially 

present and initial distribution of bacteria in the column. Once connected to a pre-sterilized 

pump (sterilization via 30 minutes bleach, S minutes sodium thiosulphate, 30 minutes 

sterilized deionized water), the column was saturated with mineral salts broth for a 

minimum of 18 hours to achieve complete saturation. A continuous flow of phenanthrene 

broth (MSB containing approximately 1 mg/1 phenanthrene) was then begun. Input of 

phenanthrene broth continued for 3 weeks (approximately 300 pore volumes). 

Phenanthrene effluent concentration and dissolved oxygen concentration (mV), as well as 

bacterial elution (CFU/ml- determined by plate counts) were monitored throughout the 

course of the experiment. At the end of the experiment, the column was dissected using 

sterile technique and porous media samples plated to determine final bacterial counts and 
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distribution. Replicate columns were prepared in the same manner. 

Results and Discussion 

Single-species experiments 

Phenanthrene in the single-species Acinetobacter junii column never reached C/Co 

(efiQuent concentration/influent concentration) of 1. Stable degradation, with a plateau 

C/Co of 0.70, was reached after 89 pore volumes. Degradation decreased with a 

concomitant increase in C/Co to 0.76 at 158 pore volumes, and remained stable for 45 

pore volumes at which time degradation increased slightly to C/Co of 0.73 (Figure 4.0). 

No significant correlation between phenanthrene concentration and dissolved oxygen was 

found (df=l, F-ratia=1.987, p=0.178). No growth, calculated as the number of cells 

eluted plus the final number of cells present in the colunm minus the initial number of cells 

inoculated into the column, occurred in the column. The unaccounted for cells may be 

attributed to cell death during the study or may be due to a loss in culturability of the cells. 

In either case, the number of culturable and thus actively metabolizing cells was found to 

decrease (Table 4.0). Replicate data are shown in Appendix A. 

Phenanthrene in the Pseudomonas oleavorans column reached a C/Co (efiQuent 

concentration/influent concentration) of 1 almost immediately. Phenanthrene effluent 

concentrations remained stable at C/Co of 1 for approximately 100 pore volumes. After 

100 pore volumes, effluent concentrations decreased to 0.8 and remained between 0.8 and 

0.8S until the 250"' pore volume. At 250 pore volumes, degradation decreased and 

r 



effluent concentrations of phenanthrene returned to 0.9 (Figure 4.1). No significant 

correlation between dissolved oxygen and phenanthrene concentration was found (d^l, 

F-ratio=0.001, p=0.974).Growth calculations showed that 4.97x10^° to 5.00x10^° 

additional CPU were produced during the experiment (Table 4.0). 

Phenanthrene in the Methylobacterium sp. column reached a C/Co (efiQuent 

concentration/influent concentration) of 1 abnost immediately. Phenanthrene effluent 

concentrations remained stable at C/Co of 1 for approximately IIS pore volumes. After 

115 pore volumes, effluent concentrations decreased to 0.8 and remained between 0.8 and 

0.85 until the 230"' pore volume. At 230 pore volumes, degradation decreased and 

effluent concentrations of phenanthrene returned to 0.95 (Figure 4.2). No significant 

correlation between phenanthrene and dissolved oxygen concentration was found (df=l, 

F-ratio=1.155, p=0.304). A cell mass balance shows a net loss of cells (i.e. cell death) 

during the experiment (Table 4.0). 

Several aspects of this series of experiments proved to be interesting. Each of the 

three bacterial species produced a unique phenanthrene biodegradation breakthrough 

curve (Figure 4.3). Acinetobacter junii (3), observed to grow rapidly on plates, does not 

exhibit any degradation lag and phenanthrene C/Co therefore never reaches 1. This 

species also exhibits the greatest afi&nity for phenanthrene (i.e. degrades to the lowest 

C/Co). Pseudomonas oleavorans (Ml 1) and Metf^lobacterium sp (35), exhibit a 

biodegradation lag time of roughly 90 pore volumes, with the lag iox Methylobacterium 

sp. appearing to be slightly less than that of Pseudomonas oleavorans. This is an apparent 



effect caused by a smaller pore volume in the Pseudomonas oleavorans column. Lag time 

(approximately 96 hours) is the same for both species. This concurs with observations of 

growth on plates in which colonies of both species begin to appear after 12 days. 

Pseudomonas oleavorans and Methylobacterium sp. affinity for phenanthrene appears to 

be similar. 

Cell growth calculations showed that Pseudomonas oleavorans produced an increase in 

culturable cells (growth) over the experimental time course Actinobacter junii and 

Methylobacterium sp. did not. The lack of growth for Actinobacter junii and 

Methylobacterium sp. was most likely due to "environmental conditions" rather than lack 

of substrates. As explained in Chapter 3, these organisms require a very specific set of 

conditions to be able to degrade phenanthrene and to increase in cell numbers. It seems 

likely that the flow-through nature of the column provided conditions which were not 

suitable for Actinobacter junii or Methylobacterium sp. growth. Perhaps these two 

species need to be in a system where extracellular metabolites are allowed to build-up, as 

in a batch system, rather than in the current system where they are washed away. As will 

be shown below, both Actinobacter junii and Methylobacterium sp. are capable of growth 

in systems where there is an additional bacterial species present, which may supply the 

metabolite(s) needed for growth. In addition, death of Actinobacter junii and 

Methylobacterium sp. decreases in columns injected with RjB (Chapter S), once again 

supporting the hj^othesis that an additional metabolite may be required for cell growth. 



In summary, the bacterial species appear to have diiferent affinities for phenanthrene. 

Acinetobacter jtmii has the strongest affinity for phenanthrene, capable of substrate 

degradation to C/Co of 0.70, while MethylobcKterium sp. and Pseudomonas oleavorans 

exhibited similar affinities (C/Co= 0.8). Such differences in phenanthrene afi&nity would 

be expected for members of a diverse soil bacterial community. This was an important 

aspect of this project as these organisms are meant to represent, on a simple level, the 

diversity that is found in a soil system. This raises interesting questions as to how 

degradation behavior may change when two or more species are inoculated into a soil 

column. Such questions will be addressed in the discussion of the two species column 

results that follows. 

Acinetobacter iunii andMethvlobacterium sp. 

Phenanthrene effluent concentrations for the Acinetobacter junii (3) / 

Methylobacterium sp.(3S) experiment oscillated between C/Co of 1 and 0.8. Maximal 

degradation was achieved around 120 pore volumes and then again at 247 pore volumes, 

after which degradation decreased rapidly (Figure 4.4). Methylobacterium sp. appears to 

have a dampening effect on degradation in the Metf̂ lobacterium sp./Acinetobacter junni 

column (Figure 4.5). At no time during the experiment did the extent of degradation 

reach that exhibited in the single-species Acinetobacter junni column. However, it is 

possible that the decrease in degradation is due to an order of magnitude fewer 

AcUnobacter junii cells in the two-species column as compared to the single species 



Actinobacter junii column, rather than inhibition. Lag time did appear to decrease in the 

Acinetobacter junii/Methylobacterium sp. species column. 

Over all, the column experienced a net increase in cell numbers (ie. population growth) 

(Table 4.1). A cell mass balance, showed xhdXMethylobacleriwn sp. experienced a net 

increase in cell numbers with 6.37x10^ to 1.1x10' additional CFU produced, while 

Actinobacter junii showed a net increase in CFU with 7.40x10^ to 3.45x10' additional 

CFU produced (Table 4.1). 

Acinetobacter iuniilPseudomonas oleavorcms 

For the Acinetobacter junii (3)1 Pseudomonas oleavorans (Mil) experiment, the 

phenanthrene concentration in the efDuent did not reach C/Co of 1. Throughout the 

course of the experiment, degradation reached a high of C/Co 0.7S at 224 pore volumes. 

Degradation continued at this level for approximately 75 pore volumes and then decreased 

to C/Co 0.87 for the remainder of the experiment (Figure 4.6). Di addition, lag was 

reduced in the Pseudomonas oleavorans/Acinetobacter junni experiment as compared to 

the single-species Pseudomonas aavorans experiment (Figure 4.7). 

Pseudtmonas oleavorans had a slight inhibitory effect in the two-species experiment, 

however, by 200 pore volumes concentrations were equivalent to those found at 200 pore 

volumes in the single species Acinetobacter jurmi column. After 200 pore volumes, 

concentrations increased, though were still less than those found in the single-species 

Pseudomonas oleavorans column. Over all, the column experienced a net increase in cell 



numtpers (Table 4.1). Ps&udomottas oleavorans produced an additional 8.16 x 10' to 8.3 

X 10' CFU during the experiment (Table 4.1). Acinetobacter junii showed the greater 

production of additional ceils at 8.49 x 10' to 8.5 x 10' CFU. 

Pseudomonas oleavorans and Methvlobacterium sp. 

For Pseudomonas oleavorans (Ml X)!Methylobacterium sp. (35) experiement, 

phenanthrene reached a C/Co of 1 within the first several pore volumes after which 

degradation began and C/Co of 0.70 was reached by 40 pore volumes. This level of 

degradation was sustained until 140 pore volumes. At 140 pore volumes, degradation 

ceased and C/Co returned to 1 (Figure 4.8). Minimal degradation occurred until just after 

320 pore volumes at which time degradation increased again to C/Co of 0.9. Total cell 

growth (1.16 X 10^° to 1.18 x 10^° additional CFU produced) was achieved during the 

experiment (Table 4.2). Pseudomonas oleavorans (Ml 1) showed the greater production 

of new, culturable cells (1.16 x 10'° CFU) than did Methylobacterium sp, (Table 4.1). 

T\s& Methylobacterium sp./Pseudomonas oleavorans column showed decreased lag and 

increased degradation during the first 150 pore volumes, versus the single-species 

experiments (Figure 4.9) and as for the single-species experiements, degradation 

decreased dramatically before increasing once again. 



Three-Species Experiments 

Phenanthrene effluent concentration in the three-species experiment oscillated between 

C/Co of 1 and 0.9. Maximal degradation was achieved during the first 170 pore volumes. 

Degradation appeared to cease between 220 and 270 pore volumes, increasing slightly 

there afterwards (Figure 4.10). Overall, the column experienced a net growth in cell 

numbers. Acinetobacter jtmii (3) showed the greatest production of new cells (6.28 x 

10' to 1.69 X 10' CFU) followed by Pseudomonas oleavorans (3.28 x 10' to 4.25 x 10' 

CFU). Final culturable cell counts fox Methylobacterium sp. were not obtained as 

Methylobacterium sp. was present at 2 or more orders of magnitude less than the other 2 

species. 

While lag is decreased, somewhat, by the presence o£ Acinetobacter junii, the 

combination of the three-species does not increase biodegradation of phenanthrene. Any 

synergism that might have been present in the Methylobacterium spJPseudomonas 

oleavorans system did not appear in the three-species system. On the contrary, 

dampening or averaging efifects, such as those seen in the Acinetobacter 

junii!Pseudomonas oleavorans and Acinetobacter juniUMethylobacterium sp. systems 

appear to dominate. 

Acinetobacter junii and Pseudomonas oleavorans show a net increase in culturable 

cells during the 3 species experiment (Table 4.3), suggesting once again a favorable or 

mutually beneficial relationship between the two species. Methylobacterium sp., on the 

other hand, was present in such small numbers at the end of the experiment as to not be 



possible to enumerate. This suggests ^oaiMethylobacterium sp. was not able to compete 

for sufficient phenanthrene to survive, and that it was not able to establish a "relationship" 

^HciAcinetobacter junii as it had in the two-species system, and/or that it did do both of 

these things on a more limited basis and therefore, existed at lower numbers. 

Conclusions 

As shown above, three-species and two-species systems produced biodegradation 

patterns different from those exhibited by the single-species systems, depending upon 

which species were present (Figure 4.11). In addition, substantial differences in cell 

growth were found in each system. The combination ofMethylobacterium 

spJPseudomonas oleavorans resulted in a synergistic effect. First, lag time was 

substantially reduced as compared to the single- species systems (Figures 4.5, 4.7, 4.9). It 

is possible that each of these species requires the productions of a specific enzyme or other 

factor to degrade phenanthrene and the production of this factor requires time. 

Pseudomonas oleavorans and Methylobacterium sp. may each produce a factor required 

by the other. This would explain the decrease in lag time shown in the two-species 

system. In addition, phenanthrene degradation in this system was enhanced with the 

presence of these two species as compared to the single- species system. Perhaps the 

exchange of an abundant supply of required factors allowed more energy to be spent on 

degradation, rather than on factor production. 



Degradation ^ergism to this degree was not present in i}a& Actinobacter 

junii/Pseudomonas oleixvorcms nox Methylobacterium sp.lActinobacter junii system. 

However, a slight reduction in lag time for these systems as compared to the 

Pseudomonas oleavorans and hdethylobacterium sp. single-species systems was found. 

This reduction in lag time would be due to the presence of Actinobacter junii, which 

shows no lag time when present as a single species. Furthermore, it appears that 

Actinobacter jtmii does not produce the "complementary factors" necessary for 

Pseudomonas oleavorans or Methylobacterium sp. to reduce their lag time as an incrase 

in degradation does not also occur. 

When the level of complexity in the column system is increased, by the addition of all 

three species to the system, the degradation synergism and decrease in degradation lag 

time found in the Pseudomonas oleavorans/Methylobacterium sp. column disappears. 

This suggests that the complementary factors produced in this system are either not 

produced or they do not reach the target organism. 

Calculations to determine the number of culturable bacteria produced by each colunm 

system support the synergistic behavior found in the Pseudomonas 

oleavorans/Methylobacterium sp. column. The number of culturable bacteria produced by 

Pseudomonas oleavorans in the Pseudomonas oleavorans/Methylobacterium sp. column 

is similar to that produced in the single species Pseudomonas oleavorans column (Table 

4.4). In addition, the number of culturable bacteria produced hy Methylobacterium sp. is 

significantly greater when a second bacterial species is also present in the system (Table 



4.4), suggesting once again that the interaction among bacterial species involves an 

exchange of factors or compounds that efiEect bacterial growth and thus biodegradation. 

The differences in biodegradation and culturable cell production among those bacteria 

in a single species column system versus a two or three species system are significant. 

These results show that doing individual "pure-culture" experiments to measure 

biodegradation would not give accurate results for a consortium. Future work must be 

conducted to better understand bacterial interactions and how such interactions will effect 

contaminant transport and biodegradation. 

From the investigations conducted it is clear that the species used in these 

investigations interact in a variety of ways (ie. synergism and inhibition). Such interactions 

produce dramatic changes in cell growth and biodegradation. Growth rates of each 

species are different in single-species systems versus those in the multiple-species systems. 

Phenanthrene degradation is also different with each different species combination. Such 

variations in behavior indicate mutualistic and inhibitory interactions are occurnng and 

that the nature of the interactions is dependent on the species present. These findings 

support the idea that the community acts as a consortium in degradation and nutrient 

cycling. They also support the idea that each species within the consortium has a specific 

fiinction or niche, without which proper fijnctioning of the system does not occur. 



Table 4.0. Single species column cell elution and growth. Values given are a range (minimum possible to maximum possible) as 
calculated using 95% confidence intervals. 

Initial 
number of 
cells 

Number of 
cells eluted 

Final number 
of cells 
remaining in 
the column 

Number of 
cells eluted/ 
Initial number 
of cells 

Final number of 
cells remaining in 

the column/ 
Initial number 

inoculated 

Growth (number of 
cells eluted + final 
number of cells in 
the column- initial 
number of cells 
inoculated into the 
column) 

Acinetobacter 
junii 

2.06x10' 1.43^10* 1.58x10' to 
1.53x10' 

0.069 -0.340 to 0.490 -1.61x10'to 
-1.63 X 10' 

Pseudomonas 
oleavorans 

7.46x10' 5.47x10'" 7.45x10'to 
7.18x10' 7.38 

0.000 to 0.004 4.97 X 10'" to 
5.00x10'" 

Meihylobacterium 
sp. 

4.57x10'° 1.38x10' 2.84x10' 
0.003 0.000 to 0.000 

-4.11x10'" to 
-4.26 X 10'" 

00 



initial number of cells 
inoculated 

remaining in the column/ 
initial number inoculated 

Actinobacter junii/Methylobacterium sp. 
total cell numbers 

3.57 to 3.57 -0.455 to 0.665 9.32x10'to 
9.39x10' 

Actinobacter junii in 
Actinobacter junii/Methylobacterium sp. column 

1.31 to 1.31 -0.185 to 0.601 7.49 X 10' to 
3.45 X 10» 

Methylobacterium sp. in 
Actinobacter junii/Methylobacterium sp. column 

1.150 to 1.150 -0.027 to 0.140 6,37 X 10' to 
1.11 X 10' 

Actinobacter junii/P. oleavorans 
total cell numbers 

3.57 to 3.57 -0.455 to 0.665 9.32 X 10' to 
9.39 X 10' 

Actinobacter junii in 
Aftinobacterjunii/P. oleavorans colunm 

3.59 to 3.59 -0.094 to 1.12 8.49x10'to 
8.54 X 10' 

P. oleavorans in 
Actinobacter junii/P. oleavorans column 

3.37 to 3.37 -0.066 to 0.264 8.16X 10' to 
8.30x10' 

P. oleavorans/Methylobacterium sp. 
total cell numbers 

0.000 to 0.000 0.053 to 0.076 1.16x10'° to 
1.16X 10'° 

P. oleavorans in 
P. oleavorans/Methylobacterium sp. column 

7.03 to 7.03 -0.177 to 0.271 1.16x10'° to 
1.16x10'° 

Methylobacterium sp. in 
P. oleavorans/Methylobacterium column 

1.02 to 1.02 0.000(8) to 0.000(3) -2.08 X 10'to 
1.34 X 10» 



Table 4.3. Three species column cell elution and growth. Values given are a range (minimum possible to maximum possible) as 
calculated using 9S% confidence intervals. 

cells eluted/ 
initial number of cells 
inoculated 

final number of cells 
remaining in the column/ 
initial number inoculated 

growth 

Species total 2.766 to 2.770 -0.241 to 0.689 1.5xlO'®tol.5xlO"' 

Actinobacter junii 2.67 to 2.67 -0.233 to 0.874 6.28x10'to 1.69x10' 

Pseudomonas oleavorans 5.64 to 5.64 -0.027 to 0.270 3.25 X 10* to 4.25x10' 

Meihylobacterium sp. 2.40 to 2.40 n/a n/a 

* Melhylobacierium sp. was present at 2 or more orders of magnitude less than Actinobacter junni and Pseudomotms 
oleavorans at the end of the experiment and thus was not able to be enumerated via plate counts. 



Table 4.4. Final cell density within each column. Pseudamonas oleavorans (Ml 1), Actinobacter junii (3), Methylobacierium 
sp. (35). Final density is independent of growth or inoculation density iot Actinobacter junii and Pseudomonas oleavorans, but 
not for Methylobacterium sp.. Data shown are a range as determined by 95% confidence interval. 

Inoculation Density (avg.) Growth Final Density 

Ml 1 grown alone 5.73x10' CFU/g sand 4.97x10'" to 5.0x10'" 2x10* to 7x10' 

Mil grown with 3 3.5x10" CFU/g sand 8.16x10* to 8.3x10* 8x10* to 1x10" 

Ml 1 grown with 35 2.14x10'CFU/g sand 1.16x10'" to 1.16x10'" IxlO"tolxlO* 

3 grown alone 2.18x10'CFU/g sand -1.6x10'to-1.63x10' 5x10* to IxlO' 

3 grown with Ml 1 2.99x10' CFU/g sand 8.49x10'to 8.54x10' 5x10" to 5x10' 

3 grown with 35 3.8x10" CFU/g sand 7.49x10' to 3.45x10* 5x10' to 2x10" 

35 grown alone 7.55x10* CFU/g sand -4.11x10'" to -4.26x10'" 1x102 to 1x10^ 

35 grown with 3 1.25x10'CFU/g sand 6.37x10'to 1.11x10' 5x105 to IxlO" 

35 grown with Ml 1 3.95x107 CFU/g sand -2.08x10' to 1.34x10* 5x104 to 2x10* 
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CHAPTER 5: IMPACT OF NUTRIENT INJECTION ON BIODEGRADATION 

Introduction 

Nutrient (carbon) addition is a method commonly employed in bioremediation to 

aid in increasing cell numbers and biodegradation. However, the efifects, other than 

possible increased degradation are not well defined. Therefore, this study is an 

introductory look at the effects of nutrient (carbon) addition to a system. 

Materials and Methods 

System setup: All experiments were conducted using a stainless steel column (Aldrich), IS 

cm in length, homogeneously packed with 40x50 Acusand (silica sand approximately 297-

420 um in diameter, minimal organic matter content). A SSI piston pump was used and a 

flow rate of approximately 9 cm/hr was induced. All experiments were conducted under 

saturated conditions. The following solutions were used throughout the experiment; 

Mineral Salts Broth (MSB) (KH^PO^, l.Og/1; Na2HP04, l.Og/1; NH4NO3, 0.5g/l; 

(NH4)2S04. 0.5g/l; MgS04 THA 0.2 g/1; CaClj 2H2O, 0.02g/l; FeClj, 0.002 g/1), 

phenanthrene (MSB and phenanthrene at approximately I mg/1), and phenanthrene/R2B 

(10 ml R2B for every 990 ml MSB, and phenanthrene at approximately 1 mg/1; RjB 

contains yeast extract 0.5g/l; protease peptone no.3 0.5 g/1; casamino acids 0.5 g/1; 

dextrose 0.5 g/1; soluble starch 0.5 g/1; sodium pyruvate 0.3 g/1; dipotassium phosphate 0.3 

g/1; magnesium sulfate 0.05 g/1) 

• 
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Bacteria: Baaeria were pre-cultured in a solution of R2B. A colony, taken from an RjA 

plate, was used as the initial inoculum for a flask containing 25 ml R^B. After 48 hours on 

a rotary shaker, 1 ml of pre-culture was transferred to a flask containing 25 ml of fresh 

R^B and returned to a rotary shaker, 200rpm. Cultures were incubated an additional 24 

hours before harvesting. At harvest, the contents of each flask were transferred to sterile 

centrifuge tubes, and centrifiiged at 10,000 rpm for 10 minutes. The supernatant was 

decanted and the resulting pellet resuspended in 25 ml saline solution and centrifiiged. 

Once again, the supernatant was decanted and the pellet resuspended in 10 ml mineral 

salts broth. The resulting mixture contained approximately 10' cfii/ml, as determined by 

plate counts. Exact inoculum densities and distribution within the column may be found in 

Appendix B. 

Experimental Design: Column porous media was sterilized via autoclave (1 hour), 

inoculated with a bacterial cell culture, and then homogeneously packed into a sterile, 

stainless steel column. Porous media samples were sequentially taken 3 times during the 

packing process and plated in order to determine the total number of bacteria initially 

present and initial distribution of bacteria in the column. Once connected to a pre-sterilized 

pump (sterilization via 30 minutes bleach, 5 minutes sodium thiosulphate, 30 minutes 

sterilized deionized water), the column was saturated with mineral salts broth for a 

minimum of 18 hours to achieve complete saturation. A continuous flow of phenanthrene 

broth (MSB containing approximately 1 mg/1 phenanthrene) was then begun. After 
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several days, the phenanthrene solution was replaced with the phenanthrene/RjB solution. 

The phenanthrene/ R2B solution pulse lasted for at least 24 hours but not more than 48 

hours after which the solution was returned to phenanthrene only. Experiments were 

conducted in pure culture with a single species and in a mixed culture where all three 

species were inoculated. Inoculation densities were as follows: single species 

Actinobacler junii 1.99x10' CFU/g sand, Pseudomonas oleavorans 1.18x10* CFU/g sand, 

Melhylobacterium sp. 4.88x10' CFU/g sand; mixed species Actinobacter junii 4.51x10' 

CFU/g sand, Pseudomonas oleavorans 7.44x10® CFU/g sand, Methylobacterium sp. 

6.40x10® CFU/g sand. Phenanthrene effluent concentration and dissolved oxygen 

concentration (mV), as well as bacterial elution (CFU/ml- determined by plate counts) 

were monitored throughout the course of the experiment. At the end of the experiment, 

the column was dissected using sterile technique and porous media samples plated to 

determine final bacterial coun and distribution. Replicate columns were prepared in the 

same manner. 

Result and Discussion 

Acinetobacter junii initially degraded phenanthrene to a C/Co of 0.65. Degradation 

increased, resulting in a decrease in C/Co to 0.24, upon addition of RjB. Degradation 

returned almost to pre-R2B levels (C/Co= 0.72) after the pulse was terminated (Figure 

5.0). A dramatic increase in cell elution occured during the R2B pulse. Cell elution was 

found to be 1.14 times greater per pore volume during the pulse than during non-pulse 
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time (Pigure 5.0). It was detemiined that a net increase in culturable cells did not occur 

over the time course of the experiment (Table 5.0). 

Pseudamonas oleovorans initially degraded phenanthrene to a C/Co of 0.92 (Figure 

5.1). Degradation of phenanthrene increased slightly upon RjB addition, after which 

degradation then decreased. Cell elution during the R2B pulse increased dramatically 

(Figure 5.1), accounting for 2.6 times more cell elution per pore volume than occurred 

during non-pulse time (Table 5.0). 

Methylobacterium sp. degraded phenanthrene to a C/Co of 0.86 prior to the RjB pulse 

(Figure 5.2). However, during the R2B pulse, phenanthrene concentration increased to 

almost C/Co = 1. Phenanthrene degradation after the RjB pulse stabilized at a C/Co of 

0.86 for 66 pore volumes, suddenly increasing to C/Co of 1 thereafter. 

Methylobacterium sp. did not exhibit a significant increase in cell elution during the R2B 

pulse (Figure 5.2). The experiment yielded neither a net increase nor decrease in cell 

numbers (Table 5.0). 

Addition of nutrients to the system did not afifect all three bacterial species in the same 

manner. The increased degradation coinciding with the RjB pulse in the Actinobacter 

junii column is quite interesting. Cells did not experience net growth in the column and 

the inoculated cell density was 1x10^ CFU/g soil, which is sufQcient to degrade 

phenanthrene at measurable levels. Thus, it is reasonable to say that the increase in 

degradation was a non-numeric (i.e. no change in cell growth/numbers) response. This 

suggests that either provides an additional nutrient needed for degradation that is in 
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limiting supply or that phenanthrene degradation by Actinobacter jtmii is somewhat co-

metabolic. 

Previous investigations (Chapter 4) showed that Actinobacter junii and 

Methylobacterium sp. single-species systems that received only phenanthrene did not 

produce additional culturable bacterial cells. However, pure-culture investigations with 

Pseudomonas oleavorans did produce an increase in culturable bacteria. What is also 

interesting to note is that in this series of experiments the RjB pulse decreased the amount 

of cell death in the Actinobacter junii and Methylobacterium sp. columns, as compared to 

that which occurred in the those single-species experiments with no RjB addition (Table 

S. 1). Conversely, the addition of a second carbon source was detrimental to the 

Pseudomonas oleavorarts population (Table 7.1). The decreased death in the 

Actinobacter junii and Methylobacterium sp. columns was most likely due to the 

additional nutrients provided by the R2B solution. The addition of nutrients to the 

Pseudomonas oleavorans system was not necessary. In fact, it decreased Pseudomonas 

oleavorarts' stoi&ty to produce new, culturable bacteria possibly due to a toxic build-up of 

by-products or some other form of system stress. Similar behavior has been see for other 

substrates, such as salicylate (Sandrin et al., 2001) Where large concentrations of 

salicylate become toxic and inhibit growth. 

Cell elution during the RjB pulse increased dramatically in Actinobacter junii and 

Pseudomonas oleavorans colunms. The instantaneous response of the cells to the RjB 

pulse suggests that the increa^ in cell elution is a chemical response in which a cell 



106 

"adhesion" changes upon addition of RjB. This is not uncommon and the literature 

contains several examples where the introduction of a particular substrate results in an 

increase in cell elution (Sandrin et al., 2001; Yolcubal et al., in review). Based on this 

evidence, it is reasonable to conclude that the increase in cell elution during the 

R^/phenanthrene pulse is due to a chemical response. 

During the pulse of RjB in the three species column, a significant increase in C/Co 

phenanthrene was observed. This indicates a decrease in phenanthrene degradation 

occurred upon addition of RjB (Figure 5.3). In addition, during the R^B/phenanthrene 

pulse an increased cell elution response was elicited &om Actinobacter junii and 

Pseudamonas oleavorans, but not detected for Methylobacterium sp.. 

Conclusions 

RjB, a second carbon source, impacts the three-species system by causing decreased 

phenanthrene degradation despite the system containing Actinobacter junii, which, when 

alone, degrades more phenanthrene in the presence of R2B. Thus, the addition of an 

additional carbon source is not always "beneficial" in terms of increasing degradation. The 

reduction in phenanthrene degradation with the addition of R2B to the three species 

column has several possible explanations. The first is that the density of Actinobacter 

junii in the system was not sufficient to produce noticeable degradation even with the 

addition of the R2B. Final plate counts revealed approximately SxlO^ CFU/g sand 

Actinobacter junii in the column. This amount of bacteria should be sufficient to produce 
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detectable phenanthrene degradation. 

Another possible explanation for the lack of phenanthrene degradation during the pulse 

is that eitYntr Pseudamonas oleavorans or Methylobacterium sp. (or both) were able to 

out-compete Actinobacter junii for the RjB. As shown in the previous chapter, a single-

species Actinobacter junii column showed increased phenanthrene degradation during the 

pulse. With competition occurring in a multiple species column, RjB may have been 

preferentially consumed by Pseudomonas oleavorans znd Methylobacterium sp.. and 

would therefore not have been available to aide Actinobacter junii in phenanthrene 

degradation. This is supported by the results of a mixed-culture batch experiment which 

shows that Pseudomonas oleavorans out competes the other two species for RjB when all 

three species are present in an RjB solution. Specifically, as shown in Figure 5.4, 

Pseudomonas oleavorans exhibits the largest increase in culturable cells over time. 

Therefore, it is reasonable to conclude that an increase in phenanthrene degradation, as 

was observed for the Actinobacter junii single-species system, did not occur for the three-

species system because Pseudomonas oleavorans was able to out- comptX  ̂Actinobacter 

junii for the RjB. The second carbon source impacts the system by causing decreased 

phenanthrene degradation despite the potential of the system to increase in degradation 

due to the presence of Actinobacter junii. Thus, the addition of an additional carbon 

source may not always be "beneficial" in terms of increasing degradation, depending on 

specific interactions within the conununity. 



Table 5.0. Single species cell elution and growth in an RjB pulsed column. Values given are a range (minimum possible to 
maximum possible) as calculated using 95% confidence intervals. 

• 

cells eluted/ 
initial number of cells 
inoculated 

final number of cells 
remaining in the column/ 
initial number inoculated 

cell lost /pv in RjB pulse 
vs cell lost /pv w/o pulse 

growth 

Actimbacter junii 0.153 to 0.153 -0.174 to 0.286 1.14 to 1.14 -1.26x10'to 
1.23x10' 

Pseudomoms oleavonans 0,594 to 0.594 -0.071 to 0.138 2.61 to 2.61 -3.84x10'to 
-3.98x10' 

Methylohacierium sp. 0,619 to 0.619 0.021 to 0.209 0 -1.14 X 10'to 
9.74 X 10* 



Table S. 1. Compares growth in a single species column to that of a single species column that received an RjB pulse. Values 
given are in CFU/g sand, and indicate a 9S% confidence interval. 

Cell growth in a pulsed column Cell growth in a non-pulsed column 

Actimbacter junii -1.26x10'to 1.23x10' -1.61x10'to-1.63x10' 

Pseudomonas oleavorans -3.84x10' to -3.98x10' 4.97x10'® to 5.00x10'" 

Methylobacterium sp. -1.14x10'to 9.74x10* -4.11x10"'to-4.26x10'" 
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APPENDIX A: COLUMN REPLICATE DATA 
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Figure A.3. Phenathrene Biodegradation and cell elution. Methylobacterium sp. 
(35). Replicates shown. 
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Figure A.4 Phenantluene Biodegrdation. Actinobacter junii (3) and Methylobaclerium sp. (35) mixed 
column. Replicates shown. 
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Figure A.5 Total cell elution from a mixed species column (Actinobacler j'unii (3) and Methylobacterium sp (35). 
Replicates shown. 
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Figure A.6. Actinobacter junii (3) cell elution from a mixed species column {Actinobacler junii and 
Methylobacterium sp. (35). Replicates shown. 
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and Methylobacterium sp. (35). Replicates shown. 
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Figure A.8 Phenanthrene biodegradation in a mixed species column (Actinobacter junii (3) 

and Pseudomonas oleavorans (Mil). Replicates shown. 
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Figure A.9, Total cell elution from a mixed species column (Aci'mobacter junii (3) and Pseudomonas oleavorans 
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Figure A. 12 Phenanthrene biodegradation in a mixed species column {Methylobaclerium sp.QS) 

and Pseudomonas oleavorans (Mil). Replicates shown. 
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Figure A. 13. Total cell elution from a mixed species column (Methylobacierium sp. (35) and 

Pseudomonas oleavorans (Mil). Replicates shown. 
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Figure A. 14. Methylobacterium sp. (35) cell elution from a mixed species column {Methylobacterium 

sp. (35) and Pseudomonas okavoram (Mil). Replicates shown. 
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Figure A. 16 Phenanthrene biodegradation in a mixed column (Actinobacter junii (3), Methylobacierium 

sp. (35), and Pseudomonas oleavorans (Mil). Replicates shown. 



l.OOE+08 

Totai Ceil Elution 

l.OOE+07 

'i 

1 
P 

l.OOE+06 

i .  

l.OOE+05 

l.OOE+04 

•Trial A 

"Trial B 

-100 0 100 200 300 400 500 600 

PV 
Figure A. 17 Total cell elution in a mixed species column (Actinobacter junii (3), Methylobacterium sp. (35), and 

Pseudomonasoieavorans (Mil). Replicates shown. a 
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Figure A 19. Melhylobaclerium sp. (35) cell elution in a mixed species column (Act 'mobacter junii (3), 

Melhylobaclerium sp. (35), and Pseudomonas oleavorans (Ml 1)). Replicates shown. 
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Figure A.20. Pseudomonas oleavorans (Ml 1) cell elution in a mixed species column {Actinobacter junii (3), 

Melhylobacterium sp. (35), and Pseudomonas oleavorans (Ml 1)). Replicates shown. 
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Figure A.21. Phenanthrene biodegradation in a three species mixed column system. Arrows indicate 

start/stop of the R2B pulse. Replicates shown. 
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Figure A.22. Total cell elution in a three species mixed column. Arrows indicate start/stop of 

R2B pulse. Replicates shown 
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Figure A.23. Aciinobacter junii (3) cell elution in a three species mixed column. Arrows indicate start/stop of 

the R2B pulse. Replicates shown. 
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Figure A.24. Pseudomonas oleavorans (Ml 1) cell elution in a three species mixed column. Arrows 

indicate start/stop of the R2B pluse. Replicates shown. 
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Figure A.26. Actinobacter junii (3) plienanthrene biodegradation. Arrows indicate 

start/stop of the R2B pulse. Replicates shown. 
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Figure A.27. Actinobacter junii (3) cell elution. Arrows indicate start/stop of the R2B pulse. Replicates shown. 
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Figure A.28. Pseudomonas oleavorans (Mil )  phenanthrene  biodegradat ion and ce l l  

elution. Arrows indicate start/stop of the R2B pulse. Replicates shown. 

1.0011+09 

l.OOE+08 

l.OOE+07 

l.OOE+06 

l.OOE+05 

l.OOE+04 

l.OOE+03 

200 

-trial a- degradation 

-Trial b- degradation 

•trial b- cell elution 

•trial a- cell elution 



Phenaiithrenc Biodegradation and Cell Elution in a Nutrient Injected System 

-50 0 50 100 150 200 

PV 

Figure A.29. Melhylobacterium sp. (35) phenanthrene biodegradation and 

cell elution. Arrows indicate start/stop of the R2B pulse. Replicates shown. 
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APPENDIX B: CELL DISTRIBUTION DATA 



Microbial Distribution (15 cm column) 

l.OOE+08 

l.OOE+07 

l.OOE+06 

l.OOE+05 

Effluent Middle 

Location 

• 'I' 

Influent 

•Initial CFU/g soil 

•Final CFU/g soil 

Figure B. 1. Actinobacter juttii (3) cell distribution. 
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Figure B.2. Pseudomonas oleavorans (Ml  1)  ce l l  d is tr ibut ion.  
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Figure B.3.. Methylobactehum sp. (35) cell distribution. 
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Figure B.4. Actinobacter juni i (3) and Methylobacterium sp. (35) cell distribution. 
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Microbial Distribution (15 cm column) 
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Figure B.5. Aclinobacter junii (3) and Pseudumonas oleavorans (Mil )  ce l l  d is tr ibut ion.  
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Figure B,6. Melhylobacterium sp (35) and Pseudomonas oleavorans (Ml  I )  ce l l  

distribution. 
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Figure B.7. Actinobacter junii (3), Pseudomonas oleavorqns (Mil ) ,  and Melhylobacterium sp. (35) 

cell distribution. 



Microbial Distribution (15 cm column) with R2B pulse 
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Figure B.8. Actinobacter junii (3), Pseudomonas oleavorans (Mil ) ,  and Methylobacterium sp. (35) cell 

distribution in a pulsed column. 
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Microbial Distribution (15 cm column), #3 with R2B pulse 
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Figure B.9. Aclinobacterjunii (3) cell distribution in s pulsed column. 
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Microbial Distribution (15 cm column) with R2B pulse 
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Figure B. 10. Methylobaclerium sp. (35) cell distribution in a pulsed column. 

Initial CFU/g soil 

Final CFU/g soil 



Microbial Distribution (15 cm column) with R2B pulse 
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APPENDIX C: ADDITIONAL RESULTS 

Additional results pertaining to cell elution and ceU distribution may be obtained from 
Dr. Marie L. Biusseau in the Department of Soil, Water and Environmental Science. 
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