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ABSTRACT

John Edmund Wear, Jr.

Environmental Diagnostic Analysis of Ground Water Bacteria

and their Involvement in Utilization of Aromatic Compounds

Pissertation under the direction of Terry C. Hazen, Ph.D., Adjunct Professor of Biology,

Wake Forest University and Principal Scientist, Savannah River Technology Center.

The objective of this study was to examine the hypothesis that select functional

groups of bacteria from pristine sites have an innate ability to degrade synthetic aromatics

that often contaminate groundwater environments, due to exposure to naturally occurring

recalcitrant aromatics in their environment.

Ground water was pumped at monthly intervals from twelve wells at four different sites.

Two of these sites could be considered pristine. The other two sites were contaminated,

one with trichloroethylene, the other with polyaromatic hydrocarbons and possible sulfur

compounds. The bacteria in shallower wells tended to have both the greatest direct

counts and heterotrophic viable counts. Acridine orange direct count differences between

any of the wells were less than one order of magnitude. In contrast, viable counts had

several orders of magnitude difference between wells. This illustrates that there are great

variations in physiological states and metabolic needs of bacteria in these different

aquifers. Ali but one of the wells studied demonstrated higher counts on low nutrient

media than high nutrient media, suggesting the oligotrophic nature of these groundwater

environments.

This study demonstrates that subsurface microbial communities are capable of

utilizing lignin and humic acid breakdown products. Utilizers of these compounds were

xvi



found to be present in most ali the wells tested. Even the deepest aquifer tested had

utilizers present for ali six of the aromatics tested. Highest counts for the aromatics tested

were observed with the naturally occurring breakdown products of either lignin or humic

acid. Carboxylic acids were found to be an important sole carbon source for groundwater

bacteria possibly explained by the fact that they are produced by the oxidative cleavage of

aromatic ring structures. The carbohydrate sole carbon sources that demonstrated the

greatest densities were ones commonly associated with humics. This study indicates that

utilization of naturally occurring aromatic compounds in the subsurface is an important

nutritional source for groundwater bacteria. In addition, it suggests that adaptation to

naturally occurring recalcitrant substrates is the origin of degradative pathways for

xenobiotic compounds with anal,_gous structure. This work has important implications

for in _ bioremediation as a method of environmental cleanup.
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INTRODUCTION

Ground water and _ _ contamination. Potable ground water is vital to

everyone. Ground water makes up over 95% of the world's freshwater reserves and is the

main source of drinking water for a large percentage of the world's people. Nearly half of

the population of the United States uses ground water from wells or springs as their

primary source of drinking water (Bouwer, 1984). Thirty-six percent of the municipal

public drinking water supply comes from ground water and seventy-five percent of major

U. S. cities depend on ground water as their major water source (Pye and Patrick, 1983).

As a result of various human activities, particularly those involving disposal of

chemical waste to the land, the quality of ground water is becoming increasingly

threatened. During this century there has been a phenomenal expansion of the chemical

industry. Due to this expansion there has been an increase in hazardous waste

production. Total annual world production of synthetic organic chemicals is over 300

million tons. In addition, more than 1000 new compouads are marketed each year

(Fewson, 1988). It was estimated that over 57 million metric tons of hazardous industrial

waste were produ_d in the US during 1980 alone (Keswick, 1984). For these reasons,

pollution of ground water due to hazardous waste is becoming a very serious problem.

According to J. H. Lehr of the Association of Ground water Scientists and Engineers in

Worthington, Ohio, more than 10 million Americans probably now use tap water with

contaminant levels that exceed EPA standards (Knox, 1988). Each year our total

withdrawals and our dependency on ground water increase, thus amplifying the impact

that pollution has upon us. Industrial waste landfills are the most common sora ce of

serious ground water contamination because of their potential for leaching a wide variety

of hazardous substances into underlying ground water (Keswick, 1984).



One of the best known cases of industrial waste landfill pollution is the Love

Canal Landfill in Niagara Falls, New York. Hooker Chemical Co. disposed of more than

43,000 tons of waste from 1942 to 1952 containing many hazardous chemicals. The

chemicals disposed of included dioxin, hexachlorobenzene, tetrachloroethylene,

chloroform, dichloroethane, benzene, hexachloride, tricldoroethylene, toluene, and

phenol. These substances have migrated from the landfill to other areas, and have

affected both ground and surface waters. The cost to clean up this site was estimated at

45 million dollars (Keswick, 1984). The Superfund bill was passed by Congress in 1980

to assist in the cleanup of sites like this one, the greater portion of the money coming

from industry. Originally the Superfund was to raise four billion dollars to be used in the

clean up of hazardous waste. This amount has been increased substantially since. A

1983 report by the Office of Technology Assessment (OTA) estimated that 10,000 sites

or more may require cleanup by Superfund (Goldsmith and Hildyard, 1988).

Conventional methods for cleaning up toxic waste polluted sites include air

stripping, charcoal filtration and incineration. These methods tend to be expensive and

essentially move the pollutant from one part of the environment to another. Air stripping

volatilizes toxic waste, thus releasing them into the atmosphere. Charcoal filtration can

efficiently remove toxic waste but only captures the toxic waste by adsorption and does

not destroy it. These wastes can potentially leach out of the charcoal once the charcoal

has been disposed of in the landfill. High temperature incineration can, if properly

operated, have very good destruction efficiencies. But, if not operated correctly,

incineration can result in the release of wastes that were not destroyed, or in the formation

and release of new products of incomplete combustion (Goldsmith and Hildyard, 1988).

There is a tremendous potential for utilizing subsurface microorganisms to clean-

up toxic waste contaminated sites. Many contaminants in solution in the ground water, as

well as vapors in the vadose (unsaturated) zone, can be completely degraded and possibly
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utilized or transformed into new compounds by naturally occurring indigenous microbial

populations. In fact, the complete degradation of organic molecules in water and soils is

almost always a consequence of microbial activity (Alexander, 1980). This

biodegradation can often result in the transformation of hazardous organic chemicals into

innocuous products.

A term used to describe the utilization of microorganisms to clean up

contaminated sites by biodegradation of the contaminants is bioremediation. For

bioremediation to be an effective method of cleaning up toxic waste sites, some

assistance must be given the microorganisms so that they can carry out biodegradation

more efficiently. According to John T. Wilson of the EPA's Kerr Laboratories, without

human intervention microorganisms typically degrade only about 1% of the hydrocarbon

pollution flowing past them (Knox, 1988). There are a number of ways that the

subsurface environment can be modified to increase the rates at which biodegradation

will occur. Since oxygen is frequently one of the major limiting factors, dissolved

oxygen can be increased by injecting hydrogen peroxide into the subsurface through

injection wells. Other limiting nutrients like nitrogen and phosphorus can also be

injected. The amounts of these nutrients are determined by the specific environmental

conditions and the requirements of the microorganisms that have the potential to break

down the pollutant.

Altering the subsurface environment in order to stimulate the indigenous

microorganisms to degrade xenobiotic contaminants is called in situ bioremediation. In

situ bioremediation of aquifers is a promising method for cleaning up contaminated sites

in a cost effective manner. An important aspect of in situ bioremediation is that the

physical removal of contaminated soils is not necessary, which significantly reduces cost

and public health risks (Wilson et al., 1986). There are some problems associated with in

situ bioremediation. Upon injection of nutrients, so much bacterial biomass may be



producedthat the flow of water in thatvicinity is restricted. Anotherpotential problemis

that compoundsthat areeven more toxic than the contaminantitself may be produced.

Forexample,underanaerobicconditionstrichloroethylenemay be transformedinto vinyl

chloridea muchmoretoxic compound(Wilson _ ld Wilson, 1985). A fundamental

problemwith in situ bioremediationis the inabilityof microorganismsto break clown

specific contaminantsdue to the structureof the contaminant. Recalcitrance,or the

abilityof a substanceto remainin a particularenvironmentin an unchangedform, can be

increasedas a result of polymerizationandbranching,and the presenceof chlorineatoms

on the molecule. The greaterthe numberof attachedchlorineatoms permolecule relative

to the total number of carbonatoms,the moredifficult it is for a compoundto be broken

down (Alexander, 1965; Fewson, 1988).

Cleavageof thecarbon-halogenbondis endergonicandthus requiresa substantial

energy input. The energetics of the degradationof extensively halogenatedcarbon

compoundsis such that thereis little prospect formicroorganismsto adapt to manyof

these compoundsas growth substrates(Atlas and Bartha,1987). Other factorsmay also

affect the biodegradationof specific pollutants. The pollutantsmay be presentin

mixturesthat are incompatiblefor effective degradationor they may be in too low or too

high a concentration.Genetic factorsmay also be involved, for instance, the inducerfor a

pathway may not be present,or the pathwaymay be blocked by inhibitors (Lindow et al.,

1989).

In additionto the recalcitranceof certaincontaminants,otherfactorscan affect in

s_Rgbioremediation. Severalenvironmentalfactors areknown to influence the capacity

of the indigenousmicrobialpopulationto degradecontaminants. These factors include

dissolvedoxygen levels, pH, temperature,oxidation-reductionpotential,availabilityof

mineralnutrients,salinity, concentrationof specific pollutants,andthe nutritionalquality

of dissolved organiccarbonin the ground water (Wilson et al., 1986). In some situations



the pollutantis brokendown or modifiedeven though it is not utilizedfor growthby the

microorganism. This process,called co-metabolism,occurswhile the microorganismis

metabolizing anothersubstrate(Horvath,1972). Co-metabolismmay proveuseful as a

meansof utilizing bacteriato degraderecalcitranthalogenatedorganics,as, for example,

the breakdownof trichloroethylene(TCE)by PseudomonasputidaharboringtheTOL

plasn,.id(Nelson et al., 1.988). While thesestrainsdo not utilizeTCE, it is brokendown

by enzymes thatareproducedby these microorganismsfor the metabolismof another

substrate.

Probablythe best way to studythe potentialfor in situbioremediationis by

examiningthe sediments,but ourtechnologyat the presenttimedoes not enableus to do

this in a cost effective way. Also, since samples of subsurfacesedimentsaretakenat

only one point andthe samplingprocessis destructive,the precisepo;._itatwhich the

sample was takencannotbe sampled again,althoughnearbysites could be sampled.

An alternativeto samplingsedimentsis to study the groundwater. Water

samplinghas severaladvantagesover sedimentsampling. Groundwatercan be sampled

at differentintervals,therefore,subsurfacemicroorganismscanbe studied as the

parametersof interestchangewith time. Thesevariationsmay be due, for instance,to

precipitationand seasonalchangesaffecting therateof rechargeof the aquiferand

causing the levels of otherparameterssuch as pollutantconcentrationto fluctuate. A

majordisadvantageof groundwatersamplingis that undermanyconditionsthe ground

watermay notbe indicative of the microbialcommunitiesactually associatedwith the

surroundingsediments(Hazenet al., 1991;Kolbel-Boelkeet al., 1988). Ithas been

clearlyshown that the microbialfloraof sediment andgroundwaterenvironments

decreasein similaritywith increasingdepth and as conditionsgo from eutrophicto

oligotrophic(Hazenet al., 1991). Thus, the value of using groundwatermethodsis

greatestin near-surfaceenvironmentswhich areusuallywhere contaminantsarefound.



The importance of subsurface microorganisms in controlling the quality of ground

water has recently become apparent (Wilson and MeNabb, 1983). Yet, relatively little is

known about the microbiology of ground water (MeNabb and Mallard, 1984). Early

microbiological studies concluded that the sediments below the root zone were essentially

devoid of life (Waksman, 1916). However, these early studies depended solely on the

culturability of the microorganisms, and the high nutrient culture methods employed were

subsequently demonstrated to be of limited value in determining the bacterial densities in

the subsurface environment. These erroneous conclusions delayed progress in the study

of the microorganisms in subsurface habitats for many years later. For example, a

comprehensive search of the literature by United States Environmental Protection Agency

scientists in the early 1970's revealed virtually no information on the indigenous

microflora of common drinking-water aquifers between a few meters to several hundred

meters deep (Ghiorse and Wilson, 1988).

Not only is it now clear that microbial communities exist in deep subsurface

environments but it has also been demonstrated that these microorganisms are abundant.

For example, Wilson et al. (1983b) found that the numbers of microorganisms in a

shallow water-table aquifer were surprisingly high and did not appear to decrease

dramatically with increasing depth. Indeed, researchers associated with the Department

of Energy's Deep Probe project demonstrated that microbial life was abundant at far

greater depths (greater than 300 m) than ever before aseptically sampled (Fredrickson and

Hicks, 1987).

The density of heterotrophic microorganisms is often limited by the concentration

of metabolizable carbon (Poindexter, 1981; Atlas and Bartha, 1987). For microorganisms

to be abundant in deep subsurface habitats, carbon sources must be available that would

support growth. Subsurface areas not associated with petroleum, peat, or coal deposits

usually have low organic carbon concentrations and, hence, can be considered



oligotrophic (Ghiorse and Balkwill, 1983; White et al., 1983). The populations of

subsurface bacteria found in these areas most closely resemble populations seen in

oligotrophic aquatic environments (Kuznetsov ct al., 1979). Since primary production in

the subs_:ffa¢¢ is low, bacterial cells must utilize carbon sources leached from the surface

or deposited in the adjacent geological strata. Microbes in the subsurface environment

are forced to exist "on the stuff that no one bothered to eat" (Wilson and McNabb, 1983).

Due to the low organic carbon, competition is likely to be extreme, with selection

favoring microorganisms that can utilize carbon sources that might otherwise not be

exploited (Jim6nez, 1989). Selection, under these conditions, might result in

microorganisms in the subsurface environment with unusual pathways for

biotransformations that are very different from those of microbes found at the surface

(Wilson and McNabb, 1983; McCarty et al., 1984).

A relatively new source of nutrients in many aquifers is organic contamination.

Many microorganisms have adapted to the pollution that has entered their environment

and, in fact, can utilize it as a source of energy and orgaaic carbon. Because of the low

levels of metabolizable cal_on in these environments, the addition of hydrocarbon

pollution enables many of these microorganisms to flourish (Harvey ct al., 1984; Knox,

1988).

In some situations these organic contaminants are not readily utilized as carbon

sources but instead remain in the environment for extremely long times. One reason is

that many of these compounds are xenobiotics, these are compounds that are man-made

and therefore have chemical structures to which these microorganisms have not been

exposed (Fewson, 1988). Since the microorganisms have not been exposed to these

chemicals there has been no selection for organisms able to utilize these potential organic

carbon sources. Therefore these compounds are often resistant to biodegradation.
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Mechanisms of _ adapt_2jg.lh

A number of mechanisms have been suggested that might account for genetic

adaptation of microorganisms to xenobiotic compounds. One possible way a catalytic

pathway may arise is for a mutation to occur that enables a bacterium to utilize a substrate

that it could not otherwise utilize or would not utilize efficiently. A mechanism that

would allow this to occur (without loss of the ability to utilize the original substrate)

would be gene duplication followed by sequence divergence. The original gene might

remain functional while the duplicated gene is free to undergo mutational events that

might increase its catabolic specificity f:_rother substrates (Clarke, 1984). For example,

chemostat cultures of Esche_ coli that were maintained on low concentrations of

lactose, have been shown to undergo duplication of the lac genes and as a result

experience more rapid growth and a greater capability to store food reserves than those

bacteria with single copies (I-Ioriuchiet al., 1962). There l_ave been similar observations

with other species (Inderlied and Mortlock, 1977; Rigby et al., 1974).

A complication with genetic adaptation is that an accompanying regulatory

mutation may need to occur. For example, an existing catalytic pathway might enable the

bacteria to break down the contaminant but a regulatory mutation needs to occur in order

that the pathway be induced (Mortlock, 1981). Another possibility is that a mutation may

alter the specificity of the fh'st enzyme in a pathway that lirasalready uv.dergone a

constitutive mut_,,tion,followed later by a regulatory mutation that induces the pathway

only when the new substrate is Fcesent (Hall, 1984). Bo_l of these events might occur

following gene duplication.

Transposons may pley an important role in adaptation of bacteria to xenobiotics.

Transposons carry genes that allow the transposon to move from one DNA replicon to

another, for example, from chromosome to conjugative plasmid (Beringer and Hirsch,

1984). Some transposons are known to contain active catabolic genes (Comelis et al.,



1978), and there is evidence thattransposonsaretransferredwidely. TransposonTN1,

which contains a gene for ampicillinresistance,hasbeen observedali over the world in a

numberof differentgenera(Heffronet al., 1975).

Once a pathway exists for the utilizationof a novel substrate,mechanismssuch as

transformation,transductionand conjugationcouldallow the rapiddisseminationof those

genes throughoutbacterialpopulations. Horizontaltransferby conjugative plasmidsmay

play animportantpartin the formationof novel pathways. Studieshave shown a higher

frequencyof plasmidsin bacterialisolates from environmentswhere nutritionalor

pollution stressexists (Wickhamand Arias,1988; Fredricksonet al., 1988). A numberof

plasmidshave been foundthat enabletheir host to degradecompoundsthatwould

otherwise remainin the environmentas pollutants. Many bacterialgenes for xenobiotic

degradationhave originatedfrom strainsisolatedfrom contaminatedwaste sites andthese

genes areoften found on plasmids (Lindowet al., 1989).

Plasmids are autonomouslyreplicatingcovalently closed, circular

extrachromosomalDNA. They can be inheritedwithoutbeing linkedto the chromosome

(Crosaand Falkow, 1981; Hardy,1986). They arenot essential for survivalbut they may

encode genetic determinantsthatpermitthe host to survive better in an adverse

environmentor to compete betterwith others occupying the same ecological niche (Crosa

and Falkow, 1981). Plasmids could assist genetic adaptationto xenobiotics because there

is not only a greater potentialfor plasmidsto transferto othermicroorganismsbutalso

for plasmids to recombinewith each other to producenew arrangementsof genes

(Beringerand Hirsch, 1984). Studieshave shown that the evolution of an interacting

microbial community may be moreimportantin the evolution of a novel pathwaythana

series of evolutionaryevents occurringwithinone organism (Slater,1984). Several

studiesusing chemostatshave indicatedthat it is possible to observegene transferandthe

formationof novel pathwaysusing mixed culturesof bacteriaandmobilizable plasmids
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(Kellogg et al., 1981; Knackmuss, 1981, Slater et al., 1984). Evidence exists that relicons

such as plasmids can be disseminated widely, even to other genera. Plasmid RP1 has

been identified as appearing unchanged in 17 different bacterial genera (Slater, 1984).

Almost ali of the plasmids characterized to date that have genes for xenobiotic

catabolism have been from gram negative bacteria, predominantly I'_eudomonas. (Lindow

et al., 1989). The most studied andbest understood catabolic plasmid is the TOL

plasmid. The archetype TOL plasmid was first described in 1974 (Williams and Murray,

1974). This plasmid codes for enzyme pathways that enable the microorganism

harboring it to degrade toluene, m-xylene, p-xylene and other similar organic substances

(Figure 1). TOL plasmids are usually found in Pseudomonas species (Burlage et al.,

1989). The toluene utilizing genes of the TOL plasmid may not be confined to plasmids,

but may also be located on chromosomes. Genes that are almost identical to those on the

TOL plasmid have been detected in the chromosome of an isolate of Pseudomonas putida

that was able to live on toluene as a sole carbon source (Sinclair et al., 1987). The host

range of the TOL plasmid possibly includes other genera. For example, a TOL-like

plasmid has been described in _ eutrQphus(Hughes et al., 1984).

The ubiquity of the TOL plasmid has been examined using standard methods of

enrichment and isolation. Williams and Worsey (1976) isolated thirteen bacteria from

soil samples using selective enrichment on m-toluate minimal medium. Ali thirteen

carried plasmids that were similar to the archetype TOL plasmid although these plasmids

did show variations in their properties.

The TOL plasmid can dissociate into two or more separate plasmids that are

capable of independent replication. Dissociation gives rise to a non-conjugative plasmid,

which specifies the degradative pathway, and to a separate conjugative plasmid. The

fragment of TOL which can be inserted into unrelated DNA molecules has a molecular

weight of about 40 X 106 daltons. TOL plasmids can also dissociate to lose a fragment
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that has a molecular weight of about30 X 106 daltons. This appearsto involve

recombinationbetween directlyrepeated1400 base pair sequences (Hardy,1986).

Catabolic plasmids which appear to be related to the TOLplasmid include the

NAH plasmid (Dunn and Gunsalus, 1973) which codes for naphthalene degradation,the

OCT plasmid (Chakrabartyet al., 1973) whichcodes for n-octane degradation,the SAL

plasmid which codes for salicylate degradation(Chakrabarty,1972) and the CAM

plasmid which codes for camphordegradation(Rheinwald et al., 1973). All of these

plasmids were originally found in differentstrains of Pseudomonasputida.

Carbonsourcesin ground_ environments.

Organiccompoundsin groundwaterconsist mainly of recalcitranthumic and

fulvic acids,tanninsandlignins (Wallis et al., 1981). These recalcitrantsubstances and

their breakdownproductsmay be a majorcarbonandenergysource for bacteriain

sedimentsandgroundwater. Humicsubstances(Figure2) area majorreservoirof

organic carbonin aquifers(Aikenet al., 1985), andcan consist of 21%to 66%of the total

dissolved organiccarbon(Thurman,1985). Humicacid resistsdegradationby

microorganismsas evidencedby the long residencetimes of this compound(Campbellet

al., 1967). Radiocarbondatinghas demonstratedhumic compoundsthousandsof years

old in some soil (Jenkinsonand Rayner,1977). The recalcitranceof humic molecules is

due to their molecularweight and complex structure,both resultingfrom disorderly

condensationand extensiveco-polymerizationandcrosslinking(Stoutet al., 1981).

Thereareatleast two hypotheses to accountfor theoriginof humicsubstances in

groundwater, one, that humic materialoriginatesin overlying soils and is leachedfrom

organic mattermoving throughthevadose zone andinto rechargewaters, and two, that

humic substancesare leachedfromkerogenin the sedimentof the aquifer(Thurman,
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1985). In fact, kerogenhasbeen describedas the most common organic materialon earth

(Brownlow, 1979).

Lignin (Figure3) is second only to cellulose as a reservoirof metabolically

derived carbon in the biosphere (Zelkus, 1981). One function of lignin in plants is to

impedemicrobial destructionof plant tissues, which might explain in partwhy it is the

most recalcitrantnaturalproduct(Zelkus, 1981). In certain environments the

recalcitranceof lignin can result in the formationof lignites and coals, the major forms of

fossilized organic matteron earth(Zelkus, 1981). Among the reasons for the

recalcitranceof lignin are that it is slowly metabolizedbecause it is an insufficient energy

source formicrobial growth,its insolubility in water,and the inaccessibility to cleavage

of its intermolecular bonds. It also appearsthat lignolytic microbes requireoxygen, since

lignin does not degradein anaerobicenvironments (Zelkus, 1981). The breakdownof

lignin is important in humic acid formation (Brownlow, 1979). Although lignin is

resistant to degradation,there are known lignin-degradingfungi, actinomycetes, and

bacteria (Crawford, 1981; Crawfordand Crawford,1984).

Because the concentrationof organic carbon in ground water is commonly less

than 1 mg carbonper liter(Leenheeret al., 1974), it is difficult to isolate and characterize

the breakdownproductsof these compounds, and forthis reason there are relatively few

studies of these substances in groundwater (Thurman,1985). Therefore,dataare not

available on naturallyoccurringaromaticbreakdownproductsof lignin and humic acid in

ground water.

The oxidation of both lignin and humic acid (Figure 4) results in a mixture of

phenolic aldehydesand acids (Atlas andBartha, 1987). Laboratory investigations

indicate what some of these compounds might be. Lignin and humic acid must be broken

down extracellularlybefore the chemical subunits enter the cell. Forexample, the white-

rot fungi must breakdown lignin extracellularlyto fragments small enough to diffuse to
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and enter the hyphae. Chen et al. (1982) identified nine aromatic acids produced during

the degradation of lignin by the white-rot fungus phanerochaete chrysosporium. These

compounds included p-hydroxybenzoic acid, vanillic acid, isovanillic acid, veratric acid,

dehydrovanillic acid, and 4-hydroxy-5-methoxypthalic acid. Crawford (1981) used gas

chromatography and G.C.-mass spectrometry to identify several simple lignin

derivatives, including p-hydroxybenzoic acid, vanillic acid, protocatechuic acid, p-

coumaric acid, syringic acid, and ferulic acid, from cultures of the aerobic lignolytic

actinomycete Streptomyces viridosporus. A study by Donnelly and Crawford (1988)

demonstrated that p-coumarate was the dominant compound in culture supernatants of a

species of Streptomyces.

Therefore, from these studies, it would appear that aromatic monomers should

occur in ground water wherever lignin or humic acid is being broken down. If this is true

then these aromatic compounds should be a source of metabolizable carbon for bacteria

in subsurface environments. In addition, aromatic compounds with similar structures

might be degraded as well. Prior evidence has demonstrated this possibility.

A study of microbes in shallow subsurface soil demonstrated that these microbes

could degrade toluene (Wilson et al., 1983a). A study by Ventullo and Larson (1985)

found that benzoic acid was rapidly mineralized in ground water. Ward (1985)

demonstrated that benzoic acid was mineralized in both anaerobic and aerobic soils.

Suflita and Miller (1985), using ground water aquifer microcosms, demonstrated that the

microflora of ground water aquifers have the potential for degrading phenolic substrates.

Phenol was metabolized in ali the tested ground water habitats. Dobbins et al. (1987)

demonstrated that there was great variation in mineralization potential of phenol between

differing soil types and subsurface horizons. Federle (1988) demonstrated that phenol,

benzoic acid and benzylamine (ali monosubstituted aromatic compounds) were

mineralized rapidly in two shallow (20 m) soil profiles. In addition, the variability in
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mineralizationactivity within a soil profilecouldexceed the mineralizationactivity

between two quite differentprofiles. Hicks andby Fredrickson(1989) studied

mineralizationof acetate, phenoland 4-methoxybenzoicacid in deep subsurface

sediments atSRS. They foundthat biodegradationof the labeledsubstratesdid not

appearto be relatedto depthandwas often as high or higher in the lower strataas it was

in the upperstrataor in the surfacesoft. A numberof otherstudieshave isolated bacteria

capableof utilizing the breakdownproductsof lignin and humicacid (Gonzalez et al.,

1986; Ba.Uet al., 1989).

Therefore,it would appearthat utilizationof aromaticcompoundsfound naturally

that arebreakdownmonomersof lignin andhumic acid or other complex aromatic

substancesmay allow microbesin the subsurfaceto geneticallyadapt to the utilizationof

xenobiotic aromatic compoundsintroducedinto the environment.

Objectives. My hypothesis is that, due to exposureto naturallyoccurring

recalcitrantaromaticsin theirenvironment,select functionalgroupsof bacteriafrom

pristinesites have an innateabilityto degradesyntheticaromaticsthat often contaminate

groundwaterenvironments. This study differs frompreviousstudies that have examined

this areain that naturallyoccurringbreakdownmonomersof lignin and humicacid were

used andthe indigenousbacteriacapableof using these compoundswere quantified.This

hypothesiswas tested in the following ways: First, by determiningthe density of select

functionalgroupsof bacteriaresponsiblefor the degradationof certainnaturally

occurring andsynthetic aromaticsin pristineandcontaminatedgroundwater

environments. Second, by determiningthe innateabilityof microbialcommunities from

pristineand contaminatedenvironmentsto degradesyntheticaromaticcompounds.

Third,by examining the ways in which abiotic factors mightaffect the density and

catabolic potentialof these microbes to degradearomatics.

14



MATERIALS AND METHODS

Sample _. This research was conducted at the Department of Energy's

Savannah River Site, a 768 km2 nuclear production facility, producing nuclear materials

for national defense, medical applications and the space program. Located in the Upper

Atlantic Coastal Plain, near Aiken, South Carolina (Figure 5), the site is operated by

Westinghouse Savannah River Company for the United States Department of Energy. It

was built in the early 1950's and has five different nuclear reactors, one of which is still

functional. Therefore, it has ali the processing wastes associated with these types of

operations, including solvents, petroleum and coal pile leachates. Geologically, the

surface at the site is composed of approximately 400 m of unconsolidated sands, clayey

sands and sandy clays that overlie a basement of dense metamorphic rock, igneous

intrusives, or consolidated sedimentary rock. For a complete geological description see

Sargent and Fliermans (1989). Ground water was pumped at monthly intervals from

twelve wells at four different sites: P28, P29, DCB, and MSB (Figure 6). The screened

interval (well casing water intake holes) for these wells ranges from depths of 33.2 m to

210.3 m (Table 1). Two of the most common ground water contaminants at the Savannah

River Site have been trichloroethylene and polyaromatic hydrocarbons.

Trichloroethylene was used in the past for used for degreasing target elements. The MSB

site is associated with a leaky process sewer line that has released trichloroethylene into

the surrounding soil and subsequently into the underlying ground water. This site has the

highest trichloroethylene contamination of ali four sites with a mean concentration of

41,100 ppb. Although the Savannah River Site has had a number of different nuclear

reactors, energy is produced using coal. Therefore coal piles are present and the

accompanying contamination by polyaromatic hydrocarbons. The DCB site is associated
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with coal piles and is contaminated with a heterogeneous mixture of trichloroethylene,

polyaromatic hydrocarbons and possible sulfur compounds. The DCB site has a mean

TCE concentration of 60 ppb. The P28 (Figure 7) and P29 (Figure 8) sites could be

considered pristine. The direction of vertical flow in these wells is downward for the

Congaree but upward for the formations sampled below the Congaree which in this study

were the Pee Dee and Middendorf fol_aations (Sargent and Fliermans, 1989). Two wells,

P29TA and P28TA are wells bored and sampled for the Department of Energy's Deep

Subsurface Microbiology Program (Fredrickson et al., 1987; Fredrickson et al., 1989;

Fliermans and Balkwill, 1989). For a complete discussion of the Deep Subsurface

Microbiology Program results see volume 7 of the Geomicrobiology Journal.

grg¢._ water. A portable generator supplied electrical power to the

submersible pumps already in place at each well site. A Hydrolab surveyor model SVR2o

SU sonde unit (Hydrolab Inc., Austin, TX) was connected to a valve at the surface. Since

water in the well casing exchanges gases with the atmosphere and interacts with the well

casing, it is not representative of the water in the aquifer. Therefore, the water was

pumped from each well until the conductivity and pH of the water being purged

stabilized (Lee and Jones, 1983; US EPA, 1987, Handbook 625/6-87/016), at which point

a sterile 4 liter and 250 ml Nalgene bottle was filled aseptically for bacterial analysis. A

30 ml amber glass bottle with teflon septa also was filled for chemical determination

using gas chromatography.

Ar.¢.Iggig g:0m_voundsused ill _ gg._. The ability of the indigenous bacteria to

utilize each of six aromatic compounds was quantified in this study (Figure 9). Ferulic

acid, p-coumaric acid and isovanillic acid represent lignin and humic acid breakdown

products (Chen et al., 1982; Crawford, 1981; Donnelly and Crawford, 1988). Salicylic

acid is produced by plants and is an intermediate in the degradation of some polyaromatic
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compounds (Cemiglia, 1984). Salicylate (also known as 2-hydroxybenzoate) has been

identified as an intermediate in the naphthalene degradation pathway and as an inducer of

the nab operon carded on the NAH7 plasmid for the degradation of naphthalene (Schell,

1985). Phenol represents a class of ground water contaminants (MacRae, 1989). M=

Toluic acid is a substrate utilized by Pseudomonas putida MT-2 which harbors the TOL

plasmid and has been used as an enrichment medium for the isolation of TOL plasmids in

a number of studies (Williams and Worsey, 1976).

Aromatic _. In order to quantify the number of bacteria capable of

utilizing aromatic compounds, a most probable number method was used. The bacterial

cells in ground water were concentrated by filtration. One hundred ml, 10 ml and I ml

aliquots of ground water were taken from the 250 ml sample flask and were filtered

through 0.22 Ian pore size Nuclepore polycarbonate filters (Costar Corp., Cambridge,

MA). Filters were then placed in tubes containing 7 ml of modified Stanier's minimal

media (Stanier et al., 1966) and 100 ppm of the aromatic to be tested. Smaller volumes,

0.1 ml and 0.01 ml, were dispensed directly into the tube without filtration. Five

replicates were made for each volume. After three weeks of incubation at 25°C a 600 ml

aliquot was removed and filtered using a 0.45 lun Durapore filter (Millipore Corp.,

Bedford, MA) and examined for the disappearance of the aromatic substrate using a

Gilford Response UV spectrophotometer (Ciba Coming Diagnostics Corp., Norwood,

MA). (Note: Stanier's minimal media has been used in sole carbon source studies of

aerobic Pseudomonads; Stanier et al., 1966). Preliminary experiments indicated that the

greatest number of bacteria were observed when using the medium as specified by the

author and with the addition of 100 ppm of the aromatic carbon source.

Toluen¢ enrichment. Ground water (100 ml) was filtered through 0.22 _rn pore

size Nuclepore polycarbonate filters (Costar Corp., Cambridge, MA) and the filters were
)

placed in cotton stoppered tubes of Stanier's minimal media with no carbon source. The
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tubeswere then placed in jarswith an atmospheresaturatedwith toluene. Additional

tubes containing Stanier'sminimal media were inoculated with 1000 ppm or 100 ppm

toluene and capped witha teflon septum.

of bacterial cells forPCR amplification. A 200 _1volume of the Stanier's

minimal medium enrichedwith one of the aromaticswas placed in a sterile 0.5 ml

microfuge tube, centrifugedandwashed once with sterile ultra-filteredwater. Tubes

were then placed in dryice for 10 minutes, removedthenheated to 50°C for I minute in a

thermalcycler (DNA Thermal Cycler, Perkin-ElmerCorporation,Norwalk, CT). The

freeze-thawprocedurewas repeatedsix times. After every second freeze-thawcycle, the

tubes werevortexedfor 15 seconds then centrifugedbriefly to bringfluid to the bottom of

the tube. After ali six freeze thaw cycles werecompleted, the tubeswere placed in the

thermalcycler at 850Cfor 5 minutesto inactivatenucleases. Tubeswere then readyfor

the additionof the PCRmix (Bej et al., 1991).

PCRamplificationof thecatecholglioxygenasegg.l_. The nucleotidesequences

for the catechol dioxygenasegene fromboth the NAt/and TOLplasmidshave been

reported(Harayamaet al., 1987). By comparingboth segments it was possible to

determinehighly conservedregions that may be suitable to use as oligonucleotide

primers. Threepositive strandprimersand three negativestrandprimerswere chosen and

combinationsof all possiblepairs of these primerswere tested. The pairof primers

selected in this studywere the pair that producedthe greatestamount of ampliconusing

the model organismfor thisstudy(Pseudomonasputidamt-2 which harbors the TOL

plasmid). These were 20-base oligomersspecific for sites flankingthe targetsequenceon

the catechol dioxygenasegene. To determine that the ampliconproducedwas the correct

sequence,a restrictiondigest was performed using severaldifferentrestrictionenzymes

and the sizes of the fragmentscomparedwith knownsize standards(Sambrooket al.,

1989).
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PCR amplification was performed using AmpliTaq DNA polymerase and a

GeneAmp kit (Cetus Corp., EmeryviUe, CA) as described by Saiki et al. (1988). In order

to determine suitable primers for amplification of the catechol 2,3 dioxygenase gene,

regions in the gene were first chosen that were identical in both the NAH and TOL

plasmids. These regions would be less likely to undergo mutation and therefore the

chances of finding this sequence in the environment using PCR would be improved. A

number of positive and negative strand primers were synthesized with sequences that

were from these conserved sequences. Pairs of primers were then tested using the model

bacterium, Pseudomonas 9uti_la mt-2 (which harbors the TOL plasmid). PCR primers

were chosen using the following guidelines: a length of 18 to 28 bases, 50% to 60% G+C

content, the calculated thermal melting points for the bases should be balanced,

complementarity at the 3' ends should be avoided, and there should be no (or little)

internal homology capable of forming hairpin structures (Innes and Gelfand, 1990). The

primer pair 5' GGG CCG TGT CTA TCT GAA GGC 3' and 5' GGT TAC CGG ACG

GGT CGA AG 3' was chosen because it gave the highest yield of amplicon when PCR

was performed on Pseudomonas putida mt-2. The calculated Tm for these two primers

was 68°C and 66°C, respectively. These primers were synthesized to these

specifications and purified using polyacrylamide gel electrophoresis by Synthetic

Genetics, San Diego, California. The protocol for PCR was 10 min at 95°C followed by

30 cycles of 1 rain at 95°C, 1 rain at 60°C, and 1 min at 72°C then finally 3 rain at 72°C.

_ water samples for _ _. Samples were taken in

amber (30 ml) glass bottles and sealed with teflon septa. Upon reaching the laboratory 10

ml aliquots of ground water were dispensed into 20 ml serum vials with teflon-sealed

crimp tops and refrigerated until ready to test using gas chromatography. Sealed samples

were tested the day the sample was taken using a headspace sampling method. When

volatile organics in water are allowed to come to equilibrium with the vapor head space,
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the concentration in the head space is proportional to the concentration in the water

(Micure, 1981). Samples were processed using an automated head space gas sampling

device (Model 19395A, Hewlett Packard, Avondale, PA) with a bath temperature of

75°C. Trichloroethylene was analyzed using a Hewlett Packard 5890 gas chromatograph

(Hewlett Packard, Avondale, PA) equipped with a 60m X 0.75 mm I. D. VOCOL

capillary column (Supelco, Bellefonte, PA) and an electron-capture detector (ECD). The

following conditions were used: oven temperature, 32°C for 8 min then increased

4°C/min until reaching 80°C, then held at 80°C for 1 minute; injector temperature,

175°C; and detector temperature 325°C. The split ratio was set at 1:1. The carrier gas

was He and the make-up gas was N2. Quantitative analyses were made for TCE by

relating peak heights of samples to those of prepared standard curves.

Direct counts of _ water bacteria. Acridine orange direct counts were used

to enumerate ground water bacteria. This is a method that is widely used and has been

demonstrated to be one of the best methods available today for enumeration of bacteria in

environmental samples (Daley, 1979). It is useful when enumerating the entire

population of microorganisms but it does not distinguish between specific organisms or

groups. Samples (4.4 liters) were concentrated to 10 ml using continuous flow

centrifugation. Ten gtlaliquots were applied to the eight wells of a toxoplasmosis slide

(Cel-Line Associates Inc., N. J.) and heat f'Lxedby placing the slide on a slide warmer at

50°C until dry. Slides were stained with acridine orange (Difco SpotTest #3561-26-5) for

2 minutes, rinsed with f'fltereddistilled water and bacterial numbers counted using a Zeiss

epifluorescence microscope (Lopez de Victoria, 1989).

counts. Two media were used for heterotrophic viable plate counts, PTYG

and 1% PTYG. PTYG agar contains the following ingredients per liter of distilled water:

glucose, 10 g; yeast extract, 10 g; peptone, 5 g; Trypticase, (Becton Dickinson

Microbiology Systems, Cockeysville, MD), 5 g; MgSO4"TH20, 0.6 g; CaCI2.H20, 0.07
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g; agar, 15.0 g (Balkwill and Ghiorse, 1985). The 1% PTYG agar is a 1:100 dilution of

PTYG, except that the concentrations of MgSO4'TH20, CaCI2.H20 and agar are the

same as with PTYG. Previous studies have demonstrated that different populations are

generally isolated on the two types of media. Therefore, both media were used to get a

better approximation of heterotrophic bacterial numbers (Balkwill et al., 1989).

One, 10 and 100 ml samples of well water were filtered through OAS _m pore size

Millipore filters (47 _ diameter, type HA). Filters were placed on duplicate plates of

PTYG and 1% PTYG, incubated at 27°C and read using a binocular microscope (Wild

Heerbrug model MS, Switzerland) after 5 days.

of _ cells. The percentage of active cells as measured by acridine

orange is believed to be a measure of the percentage of actively growing and synthesizing

bacterial cells in the microbial community (Daley, 1979; Lopez-Torres et al., 1988).

When acridine orange attaches as a mor, omer to double-stranded DNA it will fluoresce

green, and when attached as a dimer to single-stranded RNA or denatured DNA it will

fluoresce orange-red. Therefore, inactive cells containing mostly double-stranded DNA

fluoresce green and actively growing cells with large amounts of RNA should fluoresce

orange-red (Daley, 1979). One drawback o¢ this method is that dead cells with denatured

DNA would also fluoresce orange-rod. For this reason it is important to count discrete

cells and not cells that appear to have disrupted membranes. Using this method the

percentage of active cells is the percentage of red fluorescing cells in the total community

of red and green cells.

Biolo2-MPN quantification of _ carbon source _. The Biolog

technology is based on tetrazolium dye reduction as an indicator of sole-carbon source

utilization (Bochner, 1989a; Bochner, 1989b). The Biolog GN microplate (Biolog Inc.,

Hayward, CA) classifies Gram negative bacteria by testing for 9S different sole carbon

sources (Table 2). A study by Garland and Mills (1991) examined bacterial communities
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by the direct addition of water samples to plates but no quantification was made of the

densities of bacteria capable of using each carbon source. To quantify the densities of

bacteria capable of using each carbon source, the present study combined a most probable

number assay and the direct addition of ground water samples to Biolog GN microplates.

Ten plates were inoculated directly with ground water. Additional Biolog GN plates

were inoculated with ten-fold dilutions of ground water. Plates were placed in whirl-pak

bags _ud incubated at 25°C for two weeks. At the end of two weeks the plates were read

using a Biolog Microstation System and MicroLog So,ware release 2.01 (Biolog, Inc).

The most probable number of bacteria per milliliter was calculated using a Basic

computer program written by Hurley and Roscoe (1983).

analysis. Two different analysis ,'f vari'_nc: test using Systat (Systat:

Version 5.2 Edition, Evanston, IL) and JMP, version 2 _ISASInstitute Inc., Cary, NC),

were conducted for density, physical and chemical data. The _'irstwas a standard single-

factor ANOVA, where variances are assumed to be homogeneous (Sokal and Rohlf,

1981). However, the Hartley F-max test (Sokal and Rohlf, 1981) revealed significant

deviations from homoscedasticity for many of the data explained as so indicated in the

appendix.. The data for any single factor ANOVA given passed the Hartley Fmax test.

Skew and kurtosis were reduced by transformation for many of the physical and chemical

parameters. Log(Y+l) transformation allowed the distaibutions of density data to assume

homogeneous variances in most cases. Dissolved oxygen,_oxidation-reduction potential,

conductivity, and trichloroethylene data were transforn_edusing square root, (Y+2) 3, arc

sine square root, and log transformations, respectively. Of these parameters,

transformation allowed the distribution of only one, dissolved oxygen, to assume

homogeneous variances. When variances were homoscedastic, pairwise comparisons

were made using the Tukey method because it provides narrower confidence limits than

methods used for general contrasts. In 3rder to analyze heteroscedastic data a second
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ANOVA test, the Welch A_NOVA (Welch, 1951; Brown and Forsythe 1974), was

conducted. This test does not require that variances be homogeneous. Data not passing

the Hartley Fmax Test was analyzed using the Welch ANOVA. The group means

multiple-range-tests of ali heteroscedastic data were conducted according to the Games

and Howell procedure (Games and Howell, 1976; Sokal and Rohlf, 1981). This method

does not assume equal variances or equal sample sizes. When variances are not equal,

counter-intuitive results may occur, with closer groups sometimes appearing significantly

different while more distant groups with larger variances may not. For ali tests a

probability level of 0.05 was assumed to be the critical level of significance.

23



RESULTS

of aromatic _. The first objective of this study was to determine

the density of select functional groups of bacteria responsible for the degradation of

certain naturally occurring and synthetic aromatics in pristine and contaminated ground

water environments. The densities of bacteria capable of utilizing the aromatics tested

ranged from higher than 800,000 cells per liter (beyond the range of the assay) to less

than one cell per liter (below detectable limits) depending on the aromatic compound and

the well tested (Table 3).

One area of interest was whether naturally occurring aromatic compounds were

utilized by the indigenous species of pristine ground water aquifers. A comparison of the

pristine sites, P28 and P29, (Figure 10) demonstrated that the naturally occurring

aromatic monomers p-coumarate, ferulate, isovanillate and salicylate were utilized in all

six wells. The compound representing a class of contaminants, phenol, was utilized in all

the P28 wells but only in the Congaree formation in the P29 well cluster. M-toluate was

utilized in the Pee Dee and Middendorf formations of the P28 cluster and only the

Congaree in the P29 cluster. Utilizers for ali six aromatic compounds were found in well

P28TA, a pristine well screened in the Middendorf formation and the deepest well in this

study.

_ources _ ILYggg.g_ water bacteria. In order to study the carbon

sources utilized by ground water bacteria in more detail, a method was developed using

Biolog-GN microtiter plates in combination with a most probable number enumeration

method. Using this method it was possible to quantify the number of bacteria capable of

utilizing a variety of additional sole carbon sources. The Biolog sole carbon source c_-D-

glucose was found to be highly correlated with heterotrophic plate counts on 1% PTYG
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(r=0.843, df=7, p<0.01) and PTYG (_0.804, dr=7, p<0.01). This is important since

glucose is a major component of PTYG and 1% PTYG therefore validating the usage of

the Biolog MPN method used in this study.

Densities were found to be significantly higher for some classes of carbon

compounds. A Welch ANOVA indicated that there were significant differences (F=13.5,

df=2 and 356.2, p<0.001) between the densities of utilizers of carboxylic acid, amino acid

and carbohydrate utilizers. A Games and Howell multiple-range-comparison test

demonstrated that the density of carboxylic acid utilizers was significantly higher as

compared to amino acid or carbohydrate sole carbon source densities. Large numbers of

different carboxylic acids (Table 4) gave high densities, in contrast to different

carbohydrates (Table 5) and amino acids (Table 6). In addition, carbohydrates that gave

the highest densities of the carbohydrates tested were those commonly associated with

humic acids.

Direct counts and heterotroDhicviable _. The total numbers of bacteria in an-

aquifer could be an important determinant of the total numbers of aromatic utilizers. Two

methods were used to determine bacterial density; acridine orange direct counts and

heterotrophic plate counts. Acridine orange direct counts give an indication of the total

numbers of ali types of bacteria. Heterotrophic plate counts provide an indication of the

total number of bacteria that could grow on a particular media under the incubation

conditions used. In general, utilizers for each aromatic made up less than 2% of the

bacteria when compared to heterotrophic viable counts on 1% PTYG agar and a much

smaller percentage as compared to direct counts.

Bacterial numbers decreased with increasing depth below the surface. This was

true for both methods of bacterial density determination; acridine orange direct counts

and heterotrophic plate counts. In addition, the densities for aromatic utilizers were

highest in the shallowest wells (depths less than 63 meters) with the exception of the
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DCB7 weil. A significant negative correlation between depth and acridine orange direct

counts for ali wells was observed (r=-0.224, df=227, p<0.01). A Welch ANOVA

indicated significant differences in bacterial densities for the different wells as

determined by acridine orange direct counts (F= 8.7, df=10 and 83.2, P<0.001). Only one

site, the P29 site, did not have higher direct counts in the shallower wells (Figure 11).

The shallowest well (DCBT) had the highest direct counts which were significantly

greater than three of the eleven wells in this study.

As with direct counts there was a significant negative co:relation between depth

and viable counts on PTYG (rffi-0.514, df=168, p<0.01) and 1% PTYG (r=-0.363,

dfffi242, p<0.01). Single factor ANOVA indicated a significant difference in viable

counts between sites on FTYG (F= 20.6, dr=2 and 87, p< 0.0001) and 1% PTYG

(F=33.5, df=2 and 177, p< 0.0001). Densities were significantly higher for ground water

samples at the MSB site than either the P28 or P29 sites for PTYG and for 1% PTYG as

determined by Tukey multiple comparison tests. Significant differences were observed

between the P29 and P28 sites for densities on either PTYG or 1% PTYG. There was a

significant difference between some well viable counts on PTYG agar (F=16.3, drf10

and 30.7, p<0.0001) and 1% PTYG agar (F=17.9, drf10 and 83, p<0.0001) as determined

by Welch ANOVA. Viable counts on 1% PTYG (Figure 12) were significantly lower for

well DCB7 than for the other five shallowest wells, but were not significantly different

from the four deep well densities on 1% PTYG. DCB7 counts were also much lower on

PTYG agar but a significant difference was not detected due to the high variance in

PTYG counts associated with this well (Figure 13). The four deepest wells each had

counts on both media that were significantly lower than ali the wells that were shallower

except well DCB7. Therefore depth appears to be an important factor influencing both

the total numbers of bacteria and species capable of utilizing aromatic compounds.
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of active cells. A single factor ANOVA demonstrated a significant

difference in mean activity between the different wells (F-8.94, df= 10 and 209,

P<0.0001). The wells with the highest densities of aromatic utilizers (MSBllB,

MSB11C, MSBllD) also had the highest percentage of active cells as measured by

acridine orange. The mean activities of wells MSBllB (77%) and MSBllD (75%) were

significantly higher than well P29TA (53%) but not P28TA (64%). The latter two wells

are screened in the Middendorf formation. Well DCB7, which had the lowest densities of

aromatic utilizers, had the lowest mean activity (28%) which was significantly lower than

all the other wells tested (Figure 14). This lower activity may be a result of the extremely

low pH of this weil.

Detection of the _ g.ed_. The second objective of this study was to determine

the innate ability of microbial communities from pristine and contaminated environments

to degrade synthetic aromatic compounds. Amplification by the polymerase chain

reaction was performed as a means of detection of the catechol 2,3-dioxygenase (XylE)

gene. This gene was chosen because it is the ring cleavage gene in the degradation of

aromatics by the TOL (toluene degradation) and NAH (naphthalene degradation)

plasmids. Enrichments containing minimal media and one of the aromatics (either

toluene, m-toluate, salicylate, femlate, p-coumarate, isovanillate or phenol) were made

for ali wells. After a two week incubation the enrichments were tested for the presence of

the XylE gene sequence. In addition a combined total of over 250 isolates (from the six

different aromatic compounds and nine wells) were tested. The positive control,

Pseudomona_ putida mt-2, gave positive signals (a visible amplicon as detected with gel

electrophoresis). No positive signals were observed with either the enrichments or the

isolates.

physical and chemical parameters. The third objective of this study was to

examine the ways in which abiotic factors might affect the density and catabolic potential
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of these microbes to degrade aromatics. The temperature, dissolved oxygen,

conductivity, redox and salinity were measured simultaneously as samples were taken

(Table 7). A two factor ANOVA indicated significant interaction between well and time

for temperature, pH, and conductivity. This indicates that over time, these parameters are

not changing consistently for the different wells tested. This would be expected since the

shallower wells, specifically the wells screened in or above the Congaree formation,

would be influenced by changes in precipitation.

Dissolved _ As mentioned previously, depth below the surface appears to

be an important factor influencing the density of both aromatic degraders and total

numbers of bacteria. One parameter that might be affected by depth is the dissolved

oxygen level. Shallower wells are recharged not only from the recharge zone but also

from percolation of the water down from the surface therefore higher dissolved oxygen

levels in these wells would be expected. A Welch A_NOVAindicated significant

differences in dissolved oxygen by site (F= 62.9, df=2 and 184.5, P<0.0001) and factorial

analysis of variance indicated significant differences in dissolved oxygen by well

(F=11.7, df-10 and 165, P<0.0001). The MSB wells had mean dissolved oxygen levels

that ranged from a mean of 6.9 to 7.0 ppm. The MSB site (with shallower wells than

either the P28 or P29 site) had significantly higher dissolved oxygen than either of these

sites. There was not a significant difference between the P29 and P28 dissolved oxygen

levels. The lowest mean dissolved oxygen levels were observed in the two deepest wells

of the P29 site (Figure 15)_ Well P29TA and well P29TC had mean dissolved oxygen

levels of 2.7 ppm and 2.0 ppm respectively. Well DCB7 (4.3 ppm) had significantly

higher dissolved oxygen than the P29 and P28 wells but not the MSB wells. Dissolved

oxygen correlated positively with viable counts on both 1% PTYG (r=0.176, df=201,

p<0.05) and PTYG (r=0.369, df=135, p<0.01) agar. Therefore oxygen levels may be one
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of the more important factors influencing density of both total numbers of bacteria and of

aromatic utilizers.

Oxidation-reduction potential. The ability of a bacterium to carry out oxidation-

reduction reactions depends on the oxidation-reduction state of the environment (Atlas

and Bartha, 1987). Redox potentials are affected by the oxygen sink or the demand for

oxygen itself which is determined by the presence of degradable organic carbon and

bacterial activity (Bouwer, 1984). Earlier studies by Fredrickson et al. (1989) indicated

that the SRS sediments were not highly reduced. Similar findings were observed in this

study, with the oxidation-reduction potential ranging from +0.51 in the DCB7 well to

+0.14 in the P29TC weil. Depth appears to be a factor when considering the oxidation-

reduction potentials of the various wells studied. A significant negative correlation was

observed between well depth and oxidation-reduction potential (r=-0.470, df=219,

p<0.01) and, as would be expected, there was a positive correlation between dissolved

oxygen and oxidation-reduction potential (r=0.363, df=193, p<0.01). Graphical analysis

of the oxidation-reduction potential of the wells (Figure 16) demonstrated a similar

pattern as that observed with dissolved oxygen. Wells with depths less than 63 meters

had mean oxidation-reduction potentials greater than 0.325 volts whereas wells with

depths greater than 63 meters had mean oxidation-reduction potentials less than 0.287

volts. Density may also be influenced by oxidation-reduction potential. The oxidation-

reduction potential correlated with direct counts (r=0.152, df=211, p<0.01) and with

viable counts on 1% PTYG agar (r=0.240, df=219, p<0.01) and PTYG agar (r=0.173,

df=145, p<0.05). Therefore as with the dissolved oxygen, the oxidation-reduction

potential does appear to be more reducing in the deeper wells and may therefore be a

factor determining numbers of bacteria specifically aromatic utilizers in these ground

water environments.
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Ground water P.tt. A factor that profoundly affects ali microorganisms is pH.

Welch ANOVA indicated significant differences in pH by site (F=76.2, dr=2 and 159,

P<0.0001) and well (F=44.5, dr=9 and 68.5, p<0.0001). The P28 site (pH 7.4) had a

significantly greater mean pH compared to the P29 site (pH 6.0) and MSB site (pH 4.9).

Well P28TB (Figure 17) had the highest pH mean (7.27). Well DCB7 had the lowest pH

mean (pH 2.57). Because of the presence of contaminant polyaromatic hydrocarbons and

because direct counts demonstrated high numbers of bacteria present in these wells, the

DCB7 well might be expected to have a high number of aromatic utilizers, instead, this

well had utilizers for only coumarate and ferulate and densities were low for both

compounds (Figure 18). In addition, low viable count densities were also observed.

Therefore utilizers of aromatic compounds may be present but unable to acclimate to the

higher pH of the media.

Temperature. The temperature of these ground water wells was extremely stable

and did not differ more than one or two degrees over the entire year for any one well.

The mean temperature ranged from 18.5 in the MSB11D well to 22.3 for the DCB7 weil.

A Welch ANOVA demonstrated a significant difference in mean temperature between

some of these wells (F=40.0; df=10 and 65.5; p<0.0001), with well DCB7 having a

significantly higher mean temperature than 8 of the 10 other wells (Figure 19) as

demonstrated by a Games and Howell multiple comparison of means test. The deeper

wells, P28TA, TB and A and P29TA, TC had significantly higher temperatures than the

shallower wells, e.g.) ali MSB wells and the P29C well excluding well DCB7.

It is interesting that the shallowest and deepest wells had significantly higher

temperatures than wells between these depths. The temperature of ground water responds

to seasonal variations in the heat received at the Earth's surface from the Sun and by

movement of heat from the Earth's interior. The movement of heat from the Earth's

interior causes ground water temperatures to increase with depth. This increase is
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referred to as the geothermal gradient and is approximately 1.8°C per 100 m in areas

underlain by thick sections of sedimentary rocks (Heath, 1984). This would explain the

significantly higher temperatures of the deeper wells. The increased temperature of the

DCB7 could possibly be explained as a result of solar radiation, since it is much

shallower than any of the other wells studied.

Temperature correlated with a number of other factors including heterotrophic

viable count density and dissolved oxygen but because the variations in temperature

between and within each well were so small it is very likely that these correlations were

actually due to other factors. For example, the wells with the highest temperatures,

DCB7 and the four Middendorf wells (P29TA, P29TC, P28TA and P28TB), had the

lowest heterotrophic viable counts. The lower heterotrophic viable counts in the DCB7

well were probably related to the low pH of that weil. The lower heterotrophic viable

counts of the Middendorf wells may be a result of the lower dissolved oxygen levels of

these wells or to some other depth related factor. Because the range of temperatures

between wells and the variations in temperature within a well were so small it is very

doubtful that temperature would affect utilization of aromatic compounds in these wells.

Conductivity. Conductivity is a numerical expression of the ability of an aqueous

solution to carry an electric current. Factors that affect conductivity include the

concentration of ions, and the temperature, among other factors (C!esceri et al., 1989). A

Welch ANOVA demonstrated a significant difference between wells (F=51.3, df=10 and

73.9, p<0.0001). Conductivity was significantly higher in the DCB7 well (Figure 20)

than ali the other wells tested as determined by a Games and Howell multiple comparison

of means test. The elevated conductivity of the DCB7 well is most likely clue to metal

ions associated with the contamination at this site.

Salinity. Salinity was at detectable levels at only the DCB site. The salinity

measurements taken by the Hydrolab are based on conductivity. Therefore, the salinity
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values at the DCB7 site aremost likely due to the elevatedlevels of metal ions that are

found at this site.

Trichloroethylene.The MSB site, which was highly contaminated with

trichloroethylene,had the greatest numbersof aromaticutilizers and ali three wells had

utilizersfor ali six aromatics tested. Well MSBllC had the highest mean TCE

concentration (147,719 ppb), and MSBllA had the lowest (22 ppb)of the four MSB

wells (Figure21). A decrease in trichloroethyleneconcentrationoccurredduring this

study in some of the wells at the MSB site. This decrease may have been due to the

injection of air into wells nearby followed by increasedbiodegradation, to air stripping

processes, or possibly the migrationof the contaminantplume away fromthe MSB site

sampled. Significant negative correlations were observedin trichloroethylene

concentration over time in 3 of the 4 wells, well MSBllA (r=-0.867, df=12, p<0.001),

MSBllC (r=-0.7023, df=7,p<0.05)and MSBllD (r=-0.9476, df=12, p<0.001).

Contamination of groundwaterwith elevated levels of trichloroethylenedidnot appear to

decreaseeither the numbersof aromaticdegradingbacteriaorthe total numbersof

bacteria. In fact, the MSB wells (Figure 22) hadboth the highest numbers of aromatic

utilizers and ali three wells had utilizers for ali six of the aromatics tested. Although

higherdensities were observedfor both viable counts and for utilizers of aromatic

compounds with bacteriafrom the MSB wells, it is difficult to determinewhetherTCE is

an important factor determining bacterial numbers. Dissolved oxygen and depth may be

a greaterinfluence since the MSB wells are shallowerand have higherdissolved oxygen

levels than five of the six wells fromthe P28 and P29 sites.
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DISCUSSION

of recalcitrant _ comvounds in _ #ubsurface. If lignin and

humic acid breakdown products such as p-coumarate, ferulate and isovanillate are

metabolizable carbon sources being utilized by subsurface bacteria then we might expect

utilizers of these compounds to be present in most ali the wells tested, and this is what

was observed. Even the deepest aquifer tested (P28TA, Middendorf aquifer) had utilizers

present for ali six of the aromatics tested. The aquifers in both the Pee Dee and

Middendorf formations could be considered pristine. The positive head pressures

associated with the ground water in the formations below the Congaree causes water

movement to be upward to overlying formations (Sargent and Fliermans, 1989).

Therefore, contaminants that might exist at the surface would not tend to move

downward into the deeper aquifers.

Of the six compounds tested, the highest counts were observed with p-coumarate,

ferulate and isovanillate, ali of which have been observed as breakdown products of

either lignin or humic acid. In addition, an examination of P. putida mt-2 (harboring the

TOL plasmid), demonstrated that it was capable of utilizing many of the aromatic

substances tested in this study (Table 8). This does not necessarily mean that this gene

would be involved in the utilization of these other naturally occurring aromatics. It

would be an indication that the bacterium is capable of existing on these types of

compounds and could have depended on similar compounds for it's existence in it's native

environment. This might serve to explain to some degree the origin of these genes.

Other supporting evidence thatsubsurface bacteria are utilizing lignin and humic

acid breakdown products is the differences in density of bacteria utilizing carboxylic

acids, carbohydrates and amino acids. As can be observed in Table 4, a large number of
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carboxylic acids were utilized by ground water bacteria. Similar results were found for

sediment bacteria (Fredrickson et al., 1991). This may be an indication of what

compounds these ground water bacteria are actually subsisting on and are best adapted to.

Humic acid molecules have a large number of carboxyl groups associated with them. In

addition, cleavage of aromatic ring structuresby oxidative reactions results in the

formation of carboxylic acids. The type of side group(s) attached to the aromatic ring

would determine the type of carboxylic aromatic produced by oxidation of the aromatic

ring. Therefore, we might expect to see greater numbers of utilizers of carboxylic acids

by bacteria that are exposed to these compounds in the environment. For most of the

wells studied the compounds with the greatest numbers of utilizers were carboxylic acids.

Carbohydrates and amino acids did not appear to be as important as sole carbon

sources to ground water bacteria (Table 5 and 6). There is evidence that as humics

descend through the soft and sediment column many of the readily utilizable carbon

sources, for example carbohydrates, are removed. Humic substances in soil commonly

vary from 5 to 10% carbohydrates (Stevenson, 1982). The carbohydrate content of humic

substances from a number of different aquifers was tested and all were found to be below

the detection limit of 0.1% (Thurman, 1985). Therefore we might not expect

carbohydrate utilization to be as important in ground water environments. With

Pseudomonas putida mt-2, sixteen of 24 carboxylic acids were utilized as sole carbon

sources whereas only 3 of 28 carbohydrates were utilized (Table 9).

Some carbohydrates are associated with humic acid molecules. Table 10 lists

carbohydrates commonly found associated with humic compounds and the relative

proportion each makes up of the total carbohydrates (Uzaki and Ishwatari,1983). When

these are compared with the carbohydrates giving the greatest densities in the pristine

wells (Table 11) it can be seen that ali the carbohydrates giving greatest densities are ones

commonly associated with humics. In addition, ali four of the Middendorf wells had the
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highest carbohydrate densities with L-arabinose as the sole carbon source. Therefore, it

appears that bacteria in ground water environments may be adapted to and utilize the

carbohydrates associated with humic compounds when these carbohydrates are present.

Interactions between bacteria _ contaminants. The highest densities of aromatic

utilizers were at the MSB site. This is important because it demonstrates that

contamination of ground water with elevated levels of chlorinated hydrocarbons did not

decrease the numbers of aromatic degrading bacteria. A number of bacteria have been

isolated that are capable of co-metabolizing trichloroethylene while metabolizing

aromatic compounds (Harker and Kim, 1990; Nelson et al., 1986; Nelson et al., 1988;

Wackett and Gibson, 1988). Prevalence of aromatic degraders at even the deepest

aquifers demonstrates that the potential exis_ that similar bacteria may already be present

in ground water that could co-metabolize TCE. Utilizing these indigenous species for

bioremediation avoids the pitfalls of introducing genetically engineered species or species

not indigenous to these waters. This makes a strong case for using bacteria that are

already present in contaminated aquifers as tools for the clean up of the aquifer.

Physical factors such as pH appear to influence the distribution of aromatic

utilizers. Even though we would expect aromatic utilizers to be present in polyaromatic

hydrocarbon contaminated water, they were lower in density than the other wells tested

and had the least number of different aromatics utilized. Therefore, from what has been

observed in this study, the pH could affect the utilization of the aromatic in two ways.

The most immediate affect would be to limit the types of aromatic utilizers able to

survive low pH. Another possibility is that many of the bacteria that could utilize these

aromatics were unable to acclimate to the higher pH of the media.

Types _._bacteria in v_,S.tggllllgh_ Site Aquifers. Sinclair and Ghiorse (1989)

found that dissolved organic carbon was not a good predictor of microbial abundance.

Microbial numbers varied from layer to layer and correlated with changes in sediment,
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pH and concentration of metallic cations. Of ali the environmental factors, texture was

the best predictor of abundance and activity in the deep subsurface sediments. Sandy

samples from deeper formations demonstrated elevated diversity numbers. Low

populations of culturable bacteria were found in the b_ighclay sediments. This was

possibly clue to decreased hydrau!ic conductivity although the pH of these sediments was

also low (Fredrickson et al., 1989)

The percentage of sand versus clay appears tc, determine the relative percentages

of gram negative and gram positive bacteria. Sinclaijr and Ghiorse (1989) found a strong

association of Gram positive isolates with samples containing more than 50% clay.

These samples yielded 100% gram-positive and no gram-negative isolates whereas

samples containing less than 30% clay yielded 21% j_'am positive and 79% gram-

negative. In no cases were gram positives completely excluded from samples with very

high sand content. Isolates from both media (FTYG and 1% PTYG) and from three of

the MSB wells (Table 12) had between 84% and 96% gram negative bacteria. This

agrees with other st_;0!,esthat have indicated that gr_m-negative bacteria are more

abundant than gram-positive bacteria in sandy aquifer sediments and ground water

(H.irschand Rades-Rohkohl, 1988; Kolbel-Boelke et al., 1988). Gram negative bacteria

may be at an ad_ptive advantage in the dilute aquatic:environments of sandy aquifer

sediments (Sinclair and Ghiorse, 1989). These advantages include the structure of the

gram-negative cell envelope which is believed to provide greater survival advantages in

' dilute aquatic environments (Brock and Madigan, 1987) and the chemical properties of

_e outer membrane of grara negatives which allow for alterations of surface

hydrophobicity during cycling between attached and detached states (Bevericlge, 1981).

h.u.I-NFT on isolates taken from P'I_G and 1% PTYG from three of the MSB

wells indicated that a large number of these isolates were possibly Pseudomonads.

Balkwill et al. (1989) had similar findings with sediment isolates from the Savannah

_
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RiverSite. These includedisolates from the P28 and P29 sites. He found thata large

numberappearedto be Pseudomonads. Thiswould be of possible advantagefor in situ

bioremediationbecause this grouphas been shown to frequentlyharborcatabolic

plasmids(Lindow et al., 1989; SaylerandBlackburn,1989). Plasmidstudieshave been

conductedat this site on isolates from sedimentsamples. Fredricksonet al. (1988)

demonstratedanincreasingfrequencyof plasmidsamongisolates with increasingdepth

at these sites. These plasmidswould benefit bacteriain environmentswherecarbon

sourcesare notas readilyavailable. As the environmentbecomes morerecalcitrantit

becomes moremetabolically economical for the bacteriato increasetheirplasmidburden

in orderto increasethe numberof compoundsavailablefor degradation(Hazenet al.,

1991).

IL_ 9,fthe_ g¢_ in utilizationof aromatic,¢ompoun_lsin _ water

environments. One objective of this studywas to determinewhat part a single gene such

as the catechol-2,3-dioxygenase (XylE) gene might have on the utilization of aromatics in

groundwater. Several studies have been conducted that have examined the prevalence of

the TOL plasmid in groundwater and sediments. A study by Ogunseitan et al. (1987)

found there was no homology of TOLDNA with DNA of bacteria from relatively

shallow aquifer sediments. Fredricksonet al. (1988) using a whole TOL plasmid probe

found homology with plasmids from four bacteria isolated fromsediments at the

Savannah RiverSite. In addition, two isolates showed homology with chromosomal

regions. Because plasmids which hybridizedwith whole TOL plasmid probes were

found in previous studies in sediments from some of these same formations at the

Savannah RiverSite used in this study it was believed that the XylE sequence should be

detectable. Identification of isolates harboring this gene might indicate the prevalence of

the sequence and providesome indication of it's involvement in genetic adaptation. Two

methods were used in this study to test for the presence of the XylE gene sequence. The
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first method was to examine enrichments. Enrichments for ali aromatics including

toluene were tested for the presence of the XylE gene. In addition, approximately 250

aromatic utilizers from these ground water samples were examined. These included

utilizers of m-toluate, p-coumarate, ferulate, isovanillate, salicylate and phenol. Under

stringent conditions (a 60°C reannealing step, which was the Tm-6°C) none of the

isolates demonstrated an amplicon although an amplicon was observed with the model

organism (Pseudomonas _vutidamt-2, which harbors the TOL plasmid).

Therefore, the catechol 2,3 dioxygenase gene found on the TOL and NAH

plasmids does not appear to play a role in the degradation of aromatic compounds in

these ground water environments. Degradation of aromatic compounds may have been

due to diverged genes or different genes altogether. This implies that the homology

detected with whole TOL plasmid probes (Fredrickson et al., 1988) may have been to

sequences not related to the catabolic pathway that are commonly found on many

plasmids (such as sequences for an origin of replication) or to sequences that are related

to the pathway but have undergone a high degree of divergence. More specific TOL

plasmid probes may better define this homology and aid in the development of new

strategies for primer design.

Ground _ _ _ _7dl_L_g. The nutritional studies performed

indicate that under certain conditions ground water sampling may be indicative of what is

occurring in the sediments. Comparisons between this study using ground water samples

and other studies conducted on sediment samples from this site have been surprisingly

similar. Tween 40 and Tween 80, polymers of fatty acids, were found to be utilized by

large numbers of ground water bacteria in this study. This agrees with results from two

other subsurface studies. Kolbel-Boelke et al. (1988) found that Tween 40 was

commonly metabolized by bacterial isolates from sediment (71%) and ground water

(52%). The substrate most commonly _._etabolizedby Middendorf and Cape Fear



sediment isolates from the Savannah River Site was Tween 40 which was metabolized by

85% of the isolates. Tween 80 was metabolized by more than 50% of the isolates

(Fredrickson et al., 1991). There are at least two possible explanations for the high

densities observed with this compound. The compound may be similar in structure to

compounds that are commonly used as a carbon sources in the subsurface. Another

possibility is that since the compounds are polymers, and do not readily diffuse into the

cell, there is less toxicity to those species that might be inhibited by similar but smaller

and more readily diffusible compounds.

Another substrate that was utilized by large numbers of ground water bacteria was

b-hydroxybutyric acid. Similar results were observed by Fredrickson et al. (1991).

Middendoff and Cape Fear sediment isolates commonly metabolized organic acids and b-

hydroxybutyric acid. b-hydroxybutyric acid can accumulate intracellularly as the

polymer poly-b-hydroxybutyric acid (PI]B) in some bacteria and can be an important

survival mechanism for bacteria in oligotrophic subsurface environments (Fredrickson et

al., 1991). These large granules of reserve material are present in amounts that vary with

nutritional conditions and allow storage of carbon in a form that is osmotically inert

(Startleret al., 1986). PHB accumulates during times when carbon sources are abundant

and is catabolized during times when nutrients are limited, thereby allowing the cells to

maintain viability. Accumulation of PHB occurs under conditions of unbalanced growth,

e.g., when an inorganic nutrient such as nitrogen is limiting and utilizable reduced carbon

is in excess (Karl, 1986). A study by Sinclair and Ghiorse (1989) demonstrated that 74%

of the bacteria isolated from the deep sandy subsurface at SRS had deposits of a

lipophilic storage material assumed to be poly-b-hydroxybutyric acid (Fredrickson et al.,

1991). The MSBllC b-Hydroxybutyfic acid utilizers had the highest density of any

compound tested.
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Results with ground water isolates using API-NFF tests were very similar to

studies with sediment isolates. Using API-NFT tests, Balk'will et al. (1989) found that

physiological traits of aerobic chemoheterotrophs isolated from Savannah River Site

surface soils on both PTYG and 1% PTYG plating media differed markedly from

subsurface isolates. The surface soil bacteria more readily utilized most of the carbon

sources offered in the assimilation tests; 8 of the 12 sources were used by at least 75%

(often by more than 85%) of the surface soil isolates (compared with 3 of the 12 sources

for the subsurface isolates). Similar results were observed in this study with ground

water isolates from the MSB site wells. Of the 12 carbohydrates tested for using API-

NFT, 75% of the ground water isolates used three or fewer carbohydrates. In Balkwill's

study surface and subsurface bacteria responded similarly to the other API tests, except

that a significantly larger proportion of the surface soil isolates hydrolyzed esculin and

gelatin, whereas a significantly larger percentage of subsurface isolates reduced nitrate.

Isolates from the same two isolation media but from ground water and not sediment

samples gave similar results (Table 13). As the depth of the well increased from 50 m

(MSB11B well ) to 63 M (MSBllD weil) the number of bacteria capable of gelatin

hydrolysis decreased and the number capable of nitrate reduction increased. Balkwill

found that most of the bacteria isolated on PTYG and 1% PTYG from sediments at SRS

were oxidative rather than fermentative (82% assimilating glucose aerobicaUy but only

4% fermenting it). Isolates taken from the MSB ground water gave similar results with

74% assimilating glucose aerobically and none of the isolates fermenting glucose.

Similarity in results for assimilation of glucose may be a result of using the same

isolation media (PTYG and 1% ZING) since there is some selection for isolates that

could use glucose aerobically with this media.

densitie_ _ diversity in ground water. As can be observed in Figure

23, all but one of the wells studied demonstrated higher counts on 1% PTYG (the low

4O
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nutrient media) than PTYG (the high nutrient media). This demonstrates the oligotrophic

nature of these ground water environments. The exception was well DCB7 which had

higher PTYG counts. This might be expected since this well had high levels of organic

carbon due to polyaromatic hydrocarbon contamination.

In studies by Balkwill et al. (1989) using the same two types of media (PTYG and

1% PTYG) but with sediment isolates, physiologically distinct types of bacteria were

isolated on the two media, with only 11% overlap between the two groups. Similar

differences between the two media were evident as observed from the results of the

oxidase tests performed on MSB site isolates taken from the two different media.

Oxidase reactions for isolates were very different, 45% of the PTYG isolates were

oxidase positive whereas only 5% of the 1% PTYG isolates were oxidase positive (Table

9).

Earlier studies at this site demonstrated that ground water adjacent to sediments

had direct counts that were 2-3 Ordersof magnitude lower and viable counts that were 3-5

orders of magnitude lower than sediment densities. The ratios of direct to viable counts

were much greater for ground water samples (Hazen et al, 1991). The acridine orange

direct count difference between any of the wells was less than one order of magnitude.

This differed from viable counts in which there were several orders of magnitude

difference between wells (Figure 24). DCB7, had the lowest viable counts and the

highest direct counts. The bacteria in this well may not have been able to acclimate to the

higher pH of the plate count media. This demonstrates that even though bacteria can be

visualized and the densities in different aquifers are similar, there are great variations in

physiological states and metabolic needs of bacteria in these different aquifers.

A number of sediment studies have been conducted that provide insight into

bacterial diversity and numbers in aquifer sediments. Kolbel-Boelke et al. (1988) studied

aquifer sediments (depths to 35 m) in the Federal Republic of Germany and concluded
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that the microbial community at each depth was both very diverse and distinctly different

from those at other depths. Balk'will et al. (1989) reported that different geological

formations at the Savannah River Site contained distinct types of bacteria (strains with

different API-NFT patterns). Sinclair and Ghiorse (1989) found similar results with

samples from the same site. They observed no decline in diversity or numbers with

increasing depth. Dramatic differences were observed in the utilization of sole carbon

sources between sites and strata in this study. This demonstrates that different

approaches might need to be developed that are suitable to the microflora of a particular

stratum in order to stimulate the in situ biodegradation of a contaminant at particular site.

P..C.lg..qlltg_of active cells in _ water environments. Phelps et al. (1989)

demonstrated that when comparing sediments from the various formations at the pristine

sites the highest activities were in the water-bearing sands of the Congaree. Of the

pristine wells, well P29C was the only well studied thatlies in the Congaree formation.

This well had significantly higher activity than the other two wells studied at the P29 site.

There was significantly greater activity from samples from the MSB site as compared to

the other sites, P29 and P28. These results were supported by the findings of Phelps et al.

(1988). In their study, zones containing TCE concentrations greater than 500 mg per liter

were devoid of microbial activity. At the onset of this study the well with the highest

TCE concentration, MSBllC, had a mean concentration of TCE of 123,356 ppb, which

was well below the level found to be devoid of life. As a whole the MSB site was

significantly higher in densities on both PTYG and 1% PTYG than wells from the other

sites. Phelps et al. (1988) found that above and below the TCE laden zones were areas

that exhibited greater metabolic activity than near surface soils. As TCE concentrations

decreased and water availability increased, microbial activities were greater than in near-

surface sediments. Several other factors may contribute to the increased activity of the

MSB wells. The MSB site had significantly higher dissolved oxygen levels as compared
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to the other sites. As a whole, the depths of the wells of this site are shallower as

compared to the wells of the P28 site and two of the wells of the P29 site. Well P29C,

which was of similar depth with wells in the MSB site, did not differ significantly in

activity. Therefore it appears that depth may also have been important in determining

activity. In addition, there was a great deal of disturbance to the aquifer sediments by

nearby drilling operations that may have increased nutrient levels and activity.

In conclusion, this study demonstrates the importance of aromatic compounds as

nutritional sources for bacteria in the subsurface. A number of findings provide

supportiug evidence. Aromatic utilizers were found in ali the geologic formations tested

a,ld J', both contaminated and pristine aquifers. Carboxylic acids (which can be produced

by the oxidative cleavage of aromatic ring structures) were found to be an important sole

carbon source for ground water bacteria. In addition, carbohydrates giving greatest

densities were found to be ones commonly associated with humics. These findings are

important since aromatic utilizers in ground water environments may play an important

part in the biodegradation of contaminants either metabolically or co-metabolically. The

presence of these aromatic utilizers in even the deepest aquifers would indicate that the

potential exists for genetic adaptation to xenobiotie compounds with analogous structure

in even relatively pristine aquifers. These findings, therefore, have important

implications for in situ bioremediation as a method of cleanup of contaminated aquifers.
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CONCLUSIONS

1. Aromatic monomers that are breakdown products of lignin and humic acid were

utilized by bacteria in ali the aquifers tested, including the Middendoff, a very deep

aquifer.

2. Highest counts for the aromatics tested were on the more common naturally occurring

aromatic and humic acid breakdown products.

3. Utilizers of phenol, which represented a class of ground water contaminants, and

salicylate, an intermediate in the breakdown of polyaromatic hydrocarbons, were

present in ali of the pristine aquifers tested.

4. Elevated levels of tdchloroethylene, a compound co-metabolized by some aromatic

degraders, did not decrease the numbers of bacteria capable of utilizing the aromatics

tested.

5. Carboxylic acids appear to be an important source of carbon for bacteria in ground

water environments.

6. Carbohydrates utilized by ground water bacteria appear to be those commonly present

in humics.

7. Great variations existed in sole carbon source utilization between sites and formations.

8. Ground water may be characteristic of the associated sediments in some aquifers.

9. Shallower aquifers had both higher dissolved oxygen and higher direct counts and

heterotrophic viable counts.

10. Several orders of magnitude difference were observed between viable counts from

different wells. Direct counts on the same wells varied less than an order of

magnitude. This implies that there is a high degree of variation in the physiological

states and metabolic needs of the bacteria from the ground water from different

formations.
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11. Higher counts were observed on low nutrient media as compared to high nutrient

media suggesting that ground waters are predominantly oligotrophic in nature.
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Table 1.

Screened interval for ground water wells sampled in this study.

Site Well Screened interval
(meters)

P28 P28A 101 - 104
P28TB 188 - 195
P28TA 228- 238

P29 P29C 40 - 43
P29TC 149 - 155
P29TA 204 - 210

MSB MSB11A 40 - 43
MSBllB 49 - 51
MSB11C 54 - 55
MSB11D 62 - 63

DCB DCB7 33 - 39
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Table 2.

Sole Carbon Sources in Biolog GN Microtitre Plates.

Carbon Sources

Carbohydrates. Carboxylic acids Amino Acids

N-Acetyl-D-galactosamine Acetic acid D-Alanine
N-Acetyl-D-glucosamine cis-Aconitic acid L-Alanine
Adonitol Citric acid L-Alanylglycine
L-Arabinose Formic acid L-Asparagine
D-Arabitol D-Galactonic acid lactone L-Aspartic acid
Cellobiose D-Galacturonic acid L-Glutamic acid
i-Erythritol D-Gluconic acid Glycyl-L-asparitic acid
D-Fructose D-Glucosaminic acid Glycyl-L-glutamic acid
L-Fucose D-Glucuronic acid L-Histidine
D-Galactose a-Hydroxybutyrie acid Hydroxy-L-proline
Gentiobiose 13-Hydroxybutyric acid L-Leucine
ct-D-Glucose `c-Hydroxybutyric acid L-Ornithine
m-Inositol p-Hydroxyphenylacetic acid L-Phenylalanine
ct-D-Lactose Itaconic acid L-Proline
Lactulose ct-Ketobutyric acid L-Pyroglutamic acid
Maltose a-Ketoglutaric acid D-Serine
D-Mannitol a-Ketovaleric acid L-Serine
D-Mannose D,L-Lactie acid L-Threonine
D-Melibiose Malonic acid D,L-Carnitine
13-MethylD-glucoside Propionic acid ,c-Aminobutyric acid
D-Psicose Ouinic acid
D-Raffinose D-Saccharic acid Aromatics
L-R.hamnose Sebacic acid
D-Sorbitol Succinic acid Urocanic acid
Sucrose Inosine
D-Trehalose _ Uridine
Turanose Thymidine
Xylitol 2,3-Butanediol

Glycerol Brominated Chemicals.
Estel's

Amides Bromosuccinic acid
Methylpyruvate
Mono-methylsuccinate Succinamic acid Amines

Glucuronamid¢
Polymers Alani,nami& _. Phenylethylamine

Putrescine
a-Cyclodextrin Phosphoralated Compounds 2-Aminoethanol
Dextrin
Glycogen D,L-a-Glycerol phosphate
Tween4f Glucose-lophosphate
Tween80 Glucose-6-phosphate
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Table 8.

Aromatic compounds utilized by pseudomonas _ mt-2

p-Coumarate +a
Ferulate +
Isovanillate
Phenol
Salicylate +
m-Toluate +

a Positive values represent enrichment tubes in which
dissapearance of the aromatic substrate occurred.
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Table 10.

Carbohydrates commonly found associated with humic acid, humin and fulvic
acid and the relative proportion each makes up of the total carbohydrates
(Uzaki and Ishwatari, 1983).

Glucose 31.9 %
Galactose 16.7 %
Mannose 15.4 %
Xylose 9.5 %
Arabinose 7.8 %
Ribose 1.7 %
Fucose 6.1%
Rhamnose 9.2 %
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Table 11.

Carbohydrates giving greatest density in the pristine wells. These compounds are the

carbohydrates giving the greatest density of 28 carbohydrates tested for each of the

wells.

Well Carbon Source

P28A a-D-Glucose

P28TB L-Arabinose

P28TA L-Arabinose

P29C L-Fucose

P29TC L-Arabinose

P29TA L-Arabinose
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Table 12.

API-NVF results for isolates taken from three of the MSB cluster wells. Fifty

isolates were taken at random 1% PTYG and 50 isolates were taken randomly from

PTYG for each of the wells. These results represent the pooled results from PTYG

and 1% PTYG for each weil.

Well MSBllB MSBllC MSBllD
% Positive % Positive % Positive

Gram negative 96 84 89

Nitrate reduction 6 27 44

Tryptophanase 0 0 2

Glucose fermentation 0 0 0

Arginine dihydrolase 0 0 0

Urease 12 36 18

Esculin hydrolysis 52 49 47

Gelatinase 28 2 0

13-Galactosidase 74 33 36

Oxidase 14 31 29
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Table 13.

API-NFr results and Gram stain reaction for isolates taken from PTYG and 1%

PTYG. Fifty isolates were taken at random from 1% PTYG agar plates and 50

isolates were taken randomly from PTYG agar plates from wells MSB11B, MSB11C,

and MSB11D. These results represent the pooled results from all three wells.

Media PTYG 1% PTYG
%Positive %Positive

Gram negative 88 92

Nitrate reduction 15 36

Tryptophanase 1 0

Glucose fermentation 0 0

Arginine dihydrolase 0 0

Urease 20 22

Esculin hydrolysis 34 63

Gelatinase 0 19

13-galactosidase 41 54

Oxidase 45 5

76



??

_.=--_.=.m.w-,.. _,,.=w_==--_.-_,,mwn_ m,_mmmmnnn_mmaNaunnnnummm nnaunnmmw=nunu_,,wnnnumnnnnnnumnll n_ m_ "qnulumnohi nanm_llllnnllnunm NINIILIINIINN_INNllN_NIIIINi



.1

,.o

78



7_



C_

om

80



81



C_

82



I

0

i"3

o "I-
, 0

0-o 0

lq_ ......./ C'9
"I- -I-

,,0 __-'<,'...... '"' ,'--0 0• _"_

..... ' I o ..I -r-
." ..... ',, l',..,,)

0 --0 "'"'.--0 "r

_I ,.- ..... , 0 0 ] , . ,'
Oio o -o-o-_'/\>-o •\ /

c_ • 0"i" u- "I- I, ,"
J I '"'_0 -r 0 z0 --0 --0 --, .' 0

I ...... / 1

/ \" ' _' ....../ I .o o ....._' z _ "- v0 '/

'........"---_0 / 0 :_ 0 0 -- 0--0--',' '>-0
0 -r

0 0 I _ :
......_ _ _ o o_4/"'>-o o} .... T-m 0

o / ":-< I .---_
o o_o_? '("_-o

0 c_ "r -r" ,. __ i !

":" / <.......I

0 _ c"r
•I- (D i

0
"r i

"r-
O c

/ ......O4

"" " -"_/ V--_-
.i- 0 -- 0 -- 0 \.....--2... 0

o . !i <" " 'iV o0 --0-0 -_/ _
'. #_

i "r _\_--/ 0 "r-
O ........\ 0 0 ,

_"f <, o = ,II __tj _.___._ >--0 _ i_-_ / i_ 0 ,_-{"1- ,, ....... "r .

o o m o_<_ '\--o--m / \ "-_=

o I ,,<_<, o
o 0

e9

83



_ °_

84



85



I,,.I

omq

_°

86



87



°i
•_ _

iml

tj)
olU

qtwl

E_

C.lm4 o_ll

_ o

_4

88



ii

. ...,-4 o • "_ • ...." • _ ,E, EZ ,_ U<,"_ "_ ,,,
...... I_ " J'_-'_ "-! .' L "_ " " ,'_\.'7_" -_

". . ! ". _, .'.._ ' _ '. ,i .....? :!:i:':_.,'.'.i :_:.: ._

_" / Pe - • -" • " : -- _ , , :, ,%._ :'_A,::: • x,._:,v._,<:.., .:: _ ,

"_ i,J, _ _..." _..-..,. \ ,..i _.... '.; _ ...:'::!!':ii.il;i_.ili;._ :"'_]_ :

:_........... :. " _ -_ _ ..... _ _ ', _ _ ':..,'___<__':...._ _, ........_:..............-.....L_.)..___............
_'_ •..... : _ .......... I . - ...................... ","_.T __ _ , :-_ _ ._", i_ ................ -I
/ _._ ,,,.'_,,_ ,I ......,..-_--_-II_I_,,-ll

........ "'" "Y"'., _'¢, ", '. " i, \ . : ,_, ........... ill_ _^ ! I
Y "_° ,% ..",',_!I ,,..... ._'-

• " " _ _" " ; "'¢ -- _I_

= .__ - ,.." • i- ,._,.,_..._
•" _ i_, %:._:"

.,,, ,," ' i i!i!_'.:: _ ._.:_ ,/ \ , _ .ii __ I _J I
,'"" \ "'""'"_I I

oO

89



c_





wIII

I

0 _i1ml

92



93



w_j
2

o_
E_

94

i |l i



o -I- _.9.
o a o o

-r 0\ I < 0 -
e_ /-'--\ 0 0 J
o 2

N m

z g
0 0

"r \ / _ ,_ \ /

0 0 0
0 _ "i 0 z
0 0 .a tu- -r

z n
> ! \
0
01

0
:I:: _ 0 Q
o .,. o 5
0 0 -r
0 0 a 0"1" - 0
o _ I o , F.
z o o 0
o D

00
/ \ I11 _

95



J_
t_

_u

_ 2

m

96



E
,,r-

_m

< E

_o

0 0 0 0 O 0 0

JoSHJad Sllaa
jo Joqmnu _lqeqozd _soF_

97



c_

I.i

cr_

c_

lm

98



66

Cells/mi

m/h _ .-z

0 0 0
• , , , . . . • I " I I * " I " '

DCB7

MSBllA

MSBIlC

MSBIlD ___

:____ P28A

P28TA

P28TB

P29C __

P29TA __

P29TC " _



•-_ II

O _

-[1

.._

lO0



tot

CFU/ml

_._ ._L _ ._.t _..t

0 0 0 0 0
0 --_ I_ C_ .b

• • • l l llll ,l • ILl lllll • I * n l III II JL • • l I l l l

MSBIlA

MSBllB

MSBI1C

MSBIlD

P28A

P28TA

P28TB _

P29C

P29TA

P29TC ,,,



II

8_

102



_ot

CFU/ml

--.A m/k m/k .-A
O O O O

PO O_

DCB7

MSBllA

MSBllB,

MSB11C "[

MSBIID _'-I

P28A "1

P28TA _"_

P28TB _q

P29C

P29TA

P29TC



_) li

._. _

'ii

.I.u"t



_ol

Percentage of
active cells

DCB7

MSBllA

MSBllB

MSBllC

MSBllD

--__ P28A

P28TA

P28TB

P29C

P29TA

P29TC



I=

II

_ 0
E ,-

,,0

og

.__I

I06



LOI

Dissolved oxygen
(mg/l)

DCB7

MSB11A

MSB11B 1

MSB11C

MSBI1D

r_ P28A

P28TA

P28TB

P29C

P29TA ]

P29TC _ !



108



6OI

Oxidation.reduction
potential

(mV)

© © © © © © © ._

.! a l • i • | , . l • I • I .

pcB7 t
e:

MSBllA _-t

MSBllB "t

MSBllC "-[

MSBllD "t

r_ P28A "-_

P28TA _

P28TB

P29C

P29TA __-"_

P29TC



_-_
0 II

= E!

e _

_ m

110



III

m I . I i

DCB7 __

MSBllA

MSBllB

MSBllC "_

MSBllD 1

P28A -_

P28TA i

P28TB ---]

P29C ]

P29TA

P29TC



IN

¢}

+I

8
8 =

U

_J

112

I



1

monnDm

lwwwww • • |wwwwuu • • |_wvww • • |_wwwww • • |_w_ww • • |_wwu_w • •

¢0 ii') q' _) N _" 0
o 0 0 0 0 0 0
I-- I _ I_ I m 1m Tin 1_

•_a_ll ._ad SllaO
jo .loqmnu alquqo.ld _SOlAI

113



Icl

oO

114



_;t[

Temperature
(degrees C)

_mk bi _m

J , , I , I i I , I • ' ,

DCB7 __ --]
l

MSBllA _.-n

MSBllD __-[

__ P28A

P28TA -_

i

P28TB

P29C ,'g

P29TA. -_

P29TC {



8_

116



LTI

Conductivity
(ms/cm)

DCB7

MSB11A

MSB11B

MSB11C

MSB11D

-_ P28Al

P28TA _

P28TB

P29C

P29TA

P29TC



°

4

118

z

_



6II

Trichloroethylene
(ppb)

loglO(x.l)

MSB11A

MSB11B

MSBllC

MSB11D



0

'8

,g,m

N

0

e4

O0 0'_

- i20
m



Most probable number of
cells per liter

mi, ,mk ...x _ ,,,& _ ,,,ii,
0 0 0 0 0 0 0

0 "" I_ C_ 4b GI a
| * | I | llnl * I i i iiliJ I I i I " liJ i i ! I i iiJ I i ! i i *Iii I i I I I iU

I

rjl



122

w



MSB11B

MSB11C



124
_

_



Cells/ml or
CFU/ml

._t ...t ...t ...t _ ...t
O 0 O 0 0 0

0 -_ I_ _._ _1_ 01

J

M S B1lA [ii_iii_i._!i_i_iiiiiii!_ii_ii!ii!iii!i_!i_i_iii_iii_iii!iiiiii!i_i_i!_ii!!ii!i_i_iiiii_i_i!_i!ii_!i!iiii_i!iiii;iii_iiiiii_ii_iiii_i!i_iii!!iiiii!_ii_i_iiii_i_iiiii_i!i_ii_i_iiiiii_iiiii_iiiiiiii!ii_i_i)_i_i_i!iii_!iiiiiii_!!_!iiii_!_ii_ii!ii!iii_

.::i!)::)!i::iii::[ii_::_}!_iii_)::)::iiii::i;::iiiii::iii::ii!iiii::!i_iiiiiii}ii_)::ii)i!iii_ii::i::i::)::ii::iiii::iii::iii}i_iii)::ii::ii}_)::)_iigii)::}ii::i::!iii_i!!i::i_j)iiiiiii::_::::_!:_iii}i::::::::!_;ii[_ii!ii::i::i::i::;i!::iii::;}::ii!i!iii::iligiiiiii::)ii;ii::_
MSBllB
MSB11C

MSB11D

P28TB



TableA-1.

Analysis of groundwater temperature by well and time. Two factor analysis
of variance was performed with samples taken between 7/14/89 and 3/8/91
(n=16).

Summary of Fit J

Riquaze O. 895952
Root Mean Square Ergot 0.582716
14eaaof ]L_ix:_le 19.62602
Ctmezvattou (or Stm Wq_) 176

Effect Test J

Source Mparm DF Sum of mquazes F Ratio Prob>F
WELL 10 10 205.48727 60.5161 0.0000
TIME 7 7 6.21639 2.6153 0.0168

WELL*TIME 70 70 45.60066 1.9185 0.0019
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Table A-2.

Analysis of ground water temperature by weil. Samples were taken between 7/
14/89 and 3/8/91 (n=16).

gS ! ,

14 "

!

' .
1|-

I .
17 ! v ! ! i i ! ! ! i

DCD7 NSJlIA NJIII| N8|11¢ N0111D PlOA P20T& PlOTI P2t¢ P2$TA P29T¢

Hunm_oo_noeln_rval

_11 Count Nean _ _ _loh Anova
DCB7 16 22034 lo70 F _ Dr _ral_or DIP I_mceLt,nator Prob>F

HSn I lA 1£ 10.49 0.68 39.9930 10 65,524 0,0000
HSBllll 16 18.60 0.63
)4$D1 lC lE 1006S 0.47
HSBIID lE 18.47 0042
P2 8A 16 19.84 0.2E
P 2eTA 16 20004 0.SS
P28TD 1(; 19.83 0.44
P29C 16 19.38 0.37
P29TA 1£ 20.0tj 0.73

],29'1'C 16 20,20 0,25

Comparison of equality of means for oxidation-reduction potential of wells as deter-
mined by Games and Howell (1976) method (a=0.05). Positive values represent
significant differences.

MSBllD HSBllA HSBIIM HSBllC P2gC P20TB P20A P20TA P29TA P29TC DCB7

HSBllD .... + + + + + + +

HSBllA ..... + + + + + .

HSB11B ..... . . . . . .

MSnllC .... . + + + . + +

P29C . - - . ..... . .

P20Tn + + + + ...... +

p28A + + + + ...... +

P28TA + + + + ...... +

P29TA + + + + .......

P29TC + + . + + ......

DCB7 + + + + + + + + - - -
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Table A-3.

Analysis of groundwater dissolved oxygen by site and time. Data was trans-
formed by taking the square root. Two factor analysis of variance of samples
taken between 7/14/89 and 3/8/91 (n=48).

r

Summary of Fit
RJquaro 0.4S8168
l_ot:)iunSqluaz_ZrL_ 0.683357
J4mmofRoopmme 2.870974
ot_oerwt£otw(or sunwgts) 1_

|||ect Telt 1

8ottroe Np,rlt DP 0urn of 8qulireil r Rat:Lo Prob>F
SIN 2 2 39.174711 41.9451 0.0000
TD4Jt 7 7 , 1.927493 0.5897 0.7833
8IT]_ *TII4B 14 14 6. 282307 0.9609 0.4971
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Table A-4.

Analysis of groundwater dissolved oxygen by site. Data was transformed by
taking the square root. Single factor analysis of variance was performed with
samples taken between 7/14/89 and 3/8/91 (n=48).

3'° __llb '.' J.
2.5 [, ,

o.s' I ;
I
. !

o.o I 'r
NII Ii'II i1'2t

Well Count M@an Std Der

P29 48 1.4999 0.7784

P28 48 1.5044 0.7740

MSB 48 2._086 0.4024

Welch Anova

F Ratio DF Numlrator DF Denominator Prob>F

62.9348 2 84.449 0.0000

i iiiii •

Comparison of equality of means for oxidation-reduction
potential of wells as determined by Games and Howell
(1976) method (ct=0.05). Positive values represent
significant differences.

P29 P28 MSB

P29 - - +

P28 - - +

MSB + + -
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Table A-5.

Analysis of groundwaterdissolved oxygen by well and time. Data was trans-
formedby taking the square root. Two factoranalysis of variance of samples
taken between 7/14/89 and 3/8/91 (n=16).

Summary of Fit 1

Raqua_re 0,684666
_ot;l_mSq'uaz'el_=_r 0.63035
Haanof __ 1.912123
(_DUZ'Va_OM (or Sua_jl_) 176

I

Isft. t T.,t 1
I 8ouroo Mparm Dr Sum of Square8 r Ratio Prob>F
| WELL 10 10 45._ 73109 11.5702 O.O000
/ TI_B 7 7 i.5)12153 0.6875 0.6823

_ WELL*TIME 70 70 28.034651 1.0079 0.4827
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Table A-6.

Analysis of groundwater dissolved oxygen by weil. Data was transformed by
taking the square root. Single factor analysis of variance was performed with
samples taken between 7/14/89 and 3/8/91 (n= 16). Variances were homoge-
neous as determined by the HaRley F max test.

o 2.0-

°_! "_ ' , -1.,- : ' " " b

_ I . , '

0.S- _ , • * •
I

DCI7 illlli il1111 _1111¢ NIILID P21i •3lT& P20Ti P2g¢ P2ITA P29T¢
Tukey-_Ir

WRLL O. 05

Mmuu w_th _ _mUm,al

..11 ;ou.t ..°. s_ _, _a.,.o=_ lDCD7 16 1.988 0.441
HSB1 lA 16 2.207 0.434 _,,m 0.414918
HSBllB lE 2.607 0.412 _i__ 0.627229|
MSBllC 16 2.595 0.417 m,n_ B_pewo 1.912123|o1_ (or a_muJ;,ts) 1_ /
NSBllD 16 2.624 0.405 )

P28A 16 1.302 0.802 _alyoJ.o of Varisnee I 1P28TA 16 1.692 0.646

JP28TB 16 1.519 0.850 |ourae Dfr Sum of 8quires Noln Square • Rat.Lo

P29C 16 1.896 0.409 _ 10 45.97311 4.59731 11.6058

P29TA 16 1.347 0.958 Rrr_ 165 64.91207 0.39341 Prob>•

P29T_ 1 § 1.256 0.69? C S_ ITS 110.0|99| 0._

Co.floss° tor °11 pairs using Tukey HSD (a-.0_
qe

3,24445

Abo(DL2)-IJH) NOBLID NJ|ILB N8B110 Milli& DCi? •2J¢ P20TA P20TB P29TA P20A P29TC
.°SLID -0.723J2 -0.70711 -0.4StSS -0.$0147 -0.00790 0.0035_5 0.207604 0.300905 0.55270? 0.590562 0.644007
.8slln -0.70711 -0.72392 -0.71136 -0.32320 -0.10479 -0.01322 0.19079S 0.3S40iS 0.535978 0.501753 0.627199
NSnll¢ -0.69455 -0.71136 -0.72392 -0.$3S03 -0.11134 -0.02S70 0.170239 0.351S40 0.523422 0.569196 0.226510
KSBIIA -0,30647 -0.32320 -0.33983 -0.72392 -0.50543 -0,41301 -0.20904 _0.03154 0,135340 0.10t114 0.000011
DCI7 -0,01790 -0.1047J -0.1173t -0.50540 -0.73312 -0.63235 -0.42833 -0.25503 -0.00315 -0.03730 -0.00349

P29¢ 0.00350S -0.01322 -0.02970 -0.41301 -0.4323S -0,723J3 -0.5199 -O.3441 -0.17471 -0.12ij4 -0.21751
P2OTA 0.207604 0.190795 0.170239 00.20904 -0.4203_ -0.519J -0.723_2 -0.56062 -0.37073 -0.3329E -0.460|1
P2oTB 0.300905 0.36409g 0.351540 -0.03654 -0,25503 -0.34i4 -0.SS0G2 -0.723J2 -0.55203 -0,50626 -0.6327

?29TA 0.552707 0.535910 0.523422 0.135340 -0.0031S -0.17471 -0.37073 -0.65203 -0.72392 -0.E7014
P21& 0.590542 0.581753 0.5E|190 0.181114 -0.03138 -0.12094 -0.33294 -0.90i24 -0.47014 -0.72392 -0.47847

p2gTc 0.64400? 0.62719J 0.614442 0.224540 0.000071 00.00349 -0.20751 -0.44001 -0.4327 -0.67047 -0.723J2

P0e_Lvevtlumeh0vFeJ_afm_amelCnlflamt_dUfet_t.
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Table A-7.

Analysis of groundwateroxidation-reductionpotentialby site andtime. Data
was transforraed by (Y+2)3. Two factor analysis of variance was performed
with samples taken between 6/19/89 and 5/08/91 (n=48).

=y of rtr ! o.6_92es
I(eenlkimu_l_z_¢ 2.3?3966

Hmmc_]VmpcmJe 11.9765

(_s_WrJ) 144

_ffect Test 1

_;_roe Bpsrll Dr Ilu of Squares F itatJ.o Prob>P
8X_11: 2 2 875,05537 77.6348 0.0000
TZI4B 7 7 327. 93447 8,0592 0.0000
IIZ'I_*TZ)I3 14 14 175.66609 2.2264 0.0103

m
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Table A-8.

Analysis of groundwater oxidation-reduction potential by site. Data was
transformed by ('Y+2) 3. Samples were taken between 6/19/89 and 5/08/91
(n=48).

,°t,_ io I *8 |

o 1

lO-

-"Vs

0 , I

6- j I
4- u w

)48D lP20 P29

8Z'_

,nttn

Well _gunt Mean Std Dev

P28 48 9.134 3.469

P29 48 11.650 3.233

MSB 48 15.146 1.551

i

Welch Anova

F Ratio DF Numerator DF Denominator Prob>F

71.4642 2 81.684 0.0000

i

Comparison of equality of means for oxidation-reduction potential
of wells as determined by Games and Howell (1976) method
(ct=0.05). Positive values represent significant differences.

P28 P29 MSB

P28 - + +

P29 + - +

MSB + + -
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Table A-9.

Analysis of groundwater oxidation-reduction potential by well and time.
Data was transformed by ('Y+2)3. Two factor analysis of variance was per-
formed with samples taken between 6/19/89 and 5/08/91 (n=16).

Summary of Fit 1
RJqU_LL'e 0.797712

Root l4oanSquareF_=_ 2.370063

Hoanofl_mpamm 12.50361

(3b_ucva1_o¢_ (or SumWg_) 176

Effect: Test 1

8ouroe BpaEu DI' Still oE 8quaEell r RAt:Lo PEob>F
WELL 10 10 1233.8632 21.9658 0.0000

T2:J4E 7 7 340.2842 8.6541 0.0000

WELL* TZHE 70 70 375.1519 0.9541 0.5785
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Table A- 10.

Analysis of groundwater oxidation-reduction potential by weil. Data was
transformed by CY+2)3. Samples were taken between 6/19/89 and 5/08/91
(n=16).

2O h

._ '

O • !
! ! | i i i i , i i

DCI? NII11& NI|Ill 18111e NlIIID FaO& P2OT& P2O_I P29C P2tT& P2STC

IqlLr_
4_' gmre wit.h o_nf_moo lntarval

Hell ' GQunt Se an Std _v Welch ANOVA of Oxidation-Reduction
DCB7 16 15.908 2.692

weil.HSB1 XA 16 13.763 1.422 rotenuai oy
MSBllB 16 14.528 1.725

• _r_Lo DF Ilumrat_r BF Denominator Prob>F

MSB1 lC 1 6 15.192 1.518 17.7070 1o 6S.612 0.o0o0
HSBllD 16 15.718 1.226
P2 8A 16 9.977 4.103
P2 8TA 1 6 8.595 2.794
P2 8TB 1 6 8.830 3.450
P29C 16 13.131 1.776
P29TA 16 11.653 3.594
P29TC 16 10.167 3.462

Comparison of equality of means for oxidation-reduction potential of wells as deter-
mined by Games and Howell (1976) method (a=0.05). Positive values represent
significant differences.

P2§TA P28TI P28A P29TC P29TA P29C MSBIIA MBBIIB gSDllC MSDIID OCD7

P28TA ..... + . + . + +

P2OTB ...... + + + + --

P28A ......... + +

P29TC ........ + + -

P29TA ...........

P29C + ..........

MSBIIA + + .........

gSBllB + + .........

MSBIIC - + -- + .......

MSBllD . + . . " - ......

DCB7 . -- . ........

135
-

=



TableA-11.

Analysis of groundwater pH by site and time. Two factor analysis of vari-
ance was performed with samples taken between 6/19/89 and 5/08/91 (n=54).

Summary of Fit 1
]L_JKJu_e 0. G16686

Mean Bqua_e_ 0.997169
Heart of __ 6.094259
_rvat_ (or Slm Mgts)

8ouroe Nparm Dr Sum of Squscos P Ratio P=ob>F
SITE 2 2 171.49258 86.2339 0.0000
TIMB 8 8 12.07777 1•5183 O.1564

BITE*TIME lG 16 32.57623 2.0476 0.0142
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Table A-12.

Analysis of groundwater pH by site. Samples were taken between 6/19/89
and 5/08/91 (n=54).

11-

I10-

9- I

e |

' I

4 I
r 1

Mild P20 P2g

8]L'LI _ Ho_o_L_:hoonf.td.

Well Count Mean Sid Dev

MSB 54 4.90 0.84

P20 54 7.41 1.46

P29 54 5.98 0,73

i

Welch Anova

F Ratio DF Numerator DF Denominator Prob>F

64.9599 2 I00.61 0. 0000

Comparison of equality of means for oxidation-reduction
potential of wells as determined by Games and Howell (1976)
method (a=0.05). Positive values represent significant differ-
ences.

MSB P29 P28

MSB - + +

P29 + - +

P28 + + -
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Table A-13.

Analysis of groundwater pH by well and time. Two factor analysis of variance
was performed with samples taken between 6/19/89 and 5/08/91 (n=16).

,Summary O f Fit 1

RJquare O. 893843
Root _ Square Error 0.780662
Moan of __ 5.770556
Observations (or Sun Wgts) 19e

iEffect Toot 1

Source Sparta DF Bum of Squares F Ratio Prob>F
WELL 10 10 407.39149 66.8476 0.0000

TZNE 8 8 II.10209 2.2771 0.0279

WELL*TIME 80 80 89.51781 1.8361 0.0021
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Table A- 14.

Analysis of groundwater pH by weil. Samples were taken between 6/19/89
and 5/08/91 (n--18)

11

Io- :

9"

7" I . : e

', !

4- • •

l" "

i ! i i f i i i ! i
DCD7 MOBllA NOJllJ NS|lie Mg|IID P2OA P2OTA P28TD P29C P29TA P29TC

WBLL

,ola_ count ,,., s_ _ Welch ANOVA of pH by weil•pcB7 lo 2.57 0.6o
MSB 1 lA 18 6.06 0.64

MSID 1 1B 18 5.70 0.57 F illt/o DF Nuilrlitor DF Denim/nat.or Prob>F

MSB11C 18 4.54 0.66
54.202? 10 74.593 0.0000

MSBllD 18 4.44 0.63

P28& 18 7.06 1.25

P2 8TA 18 7.27 1.05

P28TB 18 7.90 1.89

P29C 18 5.48 0.48

P2 9TA 18 6.03 0.71

P2_9TC 18 6.43 0.68

Comparison of equality of means for pH of wells as determined by Games and
Howell (1976) method (a=0.05). Positive values represent significant differ-
ences.

DeE7 MSBllD MBBIIC P29C MBBIIB PigTA MEBIIA PigTC P2OA P2$TA P28TB

DCB7 - . . + + + + + + + +

MSBI1D + - - + + + + + + + +

HSBIIC + - - + + + + . + + +

P29C + . . .... + + + -

MSBIIB + . + ...... + -

P29TA + . + ........

MBBIIA + + + ........

P29TC + + + + .......

P28A + . + + .......

P28TA + + + + . ......

P28TB + + + ........
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Table A-15.

Analysis of groundwater conductivity by well and time. Data was trans-
formed using the are sine square root. Two factor analysis of variance was
performed with samples taken between 6/19/89 and 5/08/91 (n--18).

o,
Rscluare 0. 80437

Root, Heart Squa._ _ 0.071045

Heart of Response 0.265323

C_mz'vations (or Sum I*j_cs) 180

Rffeot Telt 1

8ouroe Nparm DF lure of Rqusre8 F Ratio P_ob>ff
WELl, 9 9 1. 0705006 23 • 5656 0.0000

TZJI4B 8 8 0.1384560 3.4289 0.0017

WEI, L*TIHB 72 72 0.6588421 1.8129 0.0038
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TableA-16.

Analysisofgroundwaterconductivitybyweil.Samplesweretransformedusingarc

sinesquareroot.Samplesweretakenbetween6/19/89and5/08/91(n=18).

1,2

1.I

1.0

0.9 '

>, _ 0.8

°'0.6

0.5
_ o._
_ 0.3

_ 0.1
0.0

u _ =

WSLL e _ _t.h _Id.

Well Col_llt Mean St.d Day
MSBllD 18 0.0563 0.0061
P29TA 16 0.0606 0.0126
NSBllA 18 0.0647 0.0163
MBBllB 18 0.0667 0.0115

P28TA 18 000769 0.0274
XSBllC 18 000824 0.0098
P29TC 18 0.0877 0.0060
P29C 18 0.0893 0.0061

P28A 18 0.1034 0.0364
P28TB 18 0.1357 0.0570
DOlt7 18 0.7260 0.;1475

Welch ANOVA of conductivity by weil.

F Ratio DF Numerator DF Denominator Prob>F

51.3898 10 73.958 0. 0000

Comparison of equality of means for pH of wells as determined by Games and
Howell (1976) method (a=0.05). Positive values represent significant differences.

MSBIID P29TA MSBIIA MSBIIB P28TA NBBIIC P29TC P29C P28A P28TB DCB7

MSBIID ..... + + + + + +

P29TA ..... + + + - + +

MSBIIA ...... + + - + +

MSBIlB ...... + + - - +

P28TA .......... +

HSBIIC + + ........ +

P29TC + + + + ...... +

P29C + + + + ...... +

P28A + ......... +

P28TB + + + ....... +

DCB7 + + + + + + + + + + +
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Table A-17.

Analysis of ground water acridine orange direct counts by site and time. Data

was transformed using Logl0(Y+l). Two factor analysis of variance was
performed on samples taken between 6/19/89 and 5/08/91 (n=60).

_ClU_O O. 466545
_ _ Error 0.719534

14_unof l_apmuJo 8.945716

¢t:ae:wttt.ara (at- Stm wt/ts) la0

ffect Test J
oureo Nparm Dr Sum of Square8 Prob>F

• L_ 2 2 5.026115 0.0091Ttnto 9 9 0.0000

S£te*T£_ 10 18 0.0005
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Table A- 18.

Analysis of ground water acridine orange direct counts by site. Data was
transformed using LogloCY+l ). Samples were taken between 6/19/89 and 5/
08/91 (n=60).

12

11
__

= m : '

- ,o , i ,
____--/ , . ,I i m I

% _ I ,

i " I
o

• 0

7
!

I I

MSB 1)28 1)29

4m. _ vtt.h _ _
_te

Well Number Mean Std Dev
M S B 60 9.0899 0.6977

P28 60 9.0357 0.9909

P29 _9 8.7115 0.955_

Welch Anova

F Ratio DF Numerator DF Denominator Prob>F

3.1881 2 114.7 0.0449

Comparison of equality of means for pH of wells
as determined by Games and Howell (1976)
method (a=0.05). Positive values represent signifi-
cant differences.

P29 P28 MSB

P29 - - -

P28 - - -

MSB - - -
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Table A- 19.
-

Analysis of ground water acridine orange direct counts by well and time. Data
was transformed using Loglo(Y+l). Two factor analysis of variance was
performed on samples taken between 6/19/89 and 5/08/91 (n=20).

Is. °y ,itI 1Rsquaro 0.723187
_n square Error 0.607493 |

.un of mmlxxam 9.097200|
olmervatiou (or Sue _) 220J

source wptrn DF Sun of Squares F Ratio Prob>F

WELL 10 10 46. 527172 9.8440 0.0000

Time 9 9 35.806424 8.4175 0,0000

WELL*Time 90 90 53.495601 1.2576 0.1256
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Table A-20.

Analysis of ground water acridine orange direct counts by weil. Data was
transformed using Logl0('Y+l ). Samples were taken between 6/19/89 and 5/
08/91 (n=20).

12

¢:

11" I

"
, . ! ,O . |

= e " . . i : •

7
e

I I l I I I I I I I

DCI'/ N|IIIIA NIIIII NlllllC NIIIID PIIA PIITA IPlITll PIIC PIITA PIg*IL'C

till,/,
qlJ _ villi oolllldamle

weil count M • a n Std Day

P29C 20 8.5116 0.3877 We1_h Aaova

P29TA 20 8.6201 1.1377 rit_io Dr t_m, rc,to= DI' Denamlnato= I,rob>r

MSBlIC 20 8.7229 0.4217 0.6616 10 03.249 o.oooo

P28TA 20 8.7729 0.8226

MSBIID 20 8.8983 0.6410

P28TB 20 8.9173 1.0857

P29TC 20 9.0027 0.7838

P28A 20 9.4171 0.9762

MSBIIA 20 9.5625 0,6508

MSBIIB 20 9.6487 0.6431

DCB7 20 9m9954 0.7108

Comparison of equality of means for pH of wells as determined by Games and
Howell (1976) method (a=0.05). Positive values represent significant differ-
ences.

P29C P29TA MSBllC P28TA MSBIID P2$TB P29TC P2$A KSBIIA MSBIIB DC_7

P29C ...........

P29TA ...........

MSBIIC ........ + + +

P28TA .......... +

MSBIID .......... +

P28TB ...........

P29TC ...........

P20A ...........

MSBIIA - - + ........

MSBIIB - - + ........

DCB7 - - + + + ......

145



Table A-21.

Analysis of ground water heterotrophic viable counts on 1% PTYG (low
nutrient) agar by site and time. Data was transformed using Logl0(Y+l). Two
factor analysis of variance was performed on sample,,; taken between 6/19/89
and 5/08/91 (n--60).

Su_&ry of Fit 1

IUKI_Ze 0.497514

RoOt Hea_ Square _ 0.558074

Heart of P.eei;x:_m 1.49231
Ctxmrvat/_ns (or Sun _s) 180

8ouroe lip&ra DIP 8mR of Squares r I-t£o ]Prob>F

SZIM 2 2 25.502942 40.9427 0.0000

TI;4]I 9 9 15.9922].1 5.7053 0.0000

8ZTE,TZME ].8 18 4,75954g 0.8490 0.6403
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Table A-22.

Analysis of ground water viable counts on 1% PTYG (low nutrient) agar by
site. Data was transformed using Loglo(Y+l). Samples were taken between
6/19/89 and 5/08/91 (n=60). Variances were homogeneous as determined by
the Hartley F-max test.

3.5 --

. • |

'-" 3.0-

2.5- I
--'= " i C3_._ 2.0"

1.0"
.O m.__

o.5 I

0.0 i i _.1. l_-'s
MSB ]?28 ]?29

Tukey-Kramer
0.05

SITE

1 Well Count Mean Std DerSummary of Fit
#

MSB 60 2.0191 0.5691
RSq_Xm 0.27430%
_ _m, m_,=e_ 0.617397 P28 60 1.1627 0.6162

of _pomm 1.492)I P2 _ _ Q I.2952 0. 6633
¢_r.Lor_ (or gum Wgt.") 280

_L_._._'*"°! y-r*,,,ae)
ouroe Dr aum oE 8quarem Nesn Ilqusre • lattLo

2 25.502142 12.7515 33,4327177 67.460770 0.381:2 •rob>P

c _ 179 • O. 0000

Comparisons for all pairs using Tukey HSD

q * Alpha- 0.0S
2.36365

Abe (DIf)-LSD M S B 1729 !72 8

MSB -0.26643 0.457528 0.590002

P29 0.45"/528 -0.26643 -0,13396

]?28 0.590002 -0.13396 -0.26643

_£ti_ _ _ pairs of m that _ _cpdJ_l_nt.l.y dlffe:w_.
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Table A-23.

Analysis of ground water heterotrophic viable counts on 1% PTYG (low
nutrient) agar by well and time. Data was transformed using Logl0(Y+ 1).
Two factor analysis of variance was performed on samples taken between 6/
19/89 and 5/08/91 (n=20).

Summary of Fit J

R_uare 0.813479
Root. Mean Square Error 0.513894
Mean of Responae 1.474919

O_ations (or SumW_S) 220

| Source Nparm DF Sum of Squares F Ratio PEob>F

| WELL 10 10 67.921638 25.7194 0.0000
| TIME 9 9 22.973780 9.6659 0.0000

_ WELL*TIME 90 90 35.799534 1.5062 0.0204
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Table A-24.

Analysis of ground water viable counts on 1% PTYG (low nutrient) agar by
weil. Data was transformed using Log_o(Y+l ). Samples were taken between 6/
19/89 and 5/08/91 (n=20).

4.0

.0 :_,_, '

,.o -,. . ,
' ' i ; _ l

°
8 t.0" • , , I I
o _ . . . I .
°! . •

> o.o- e .
i t I i i i i i i

DCB? MIBIIA NIIIII NII11C MBBIID f21A P2ITA P2ITB P29C P29TA P29TC

WELL Hunl withcenfid,interval

i

WELL Number Mean Sid Der

DCB7 20 0.4879 0,5552 Welch Anova

P28TA 20 0 9258 0,4382 F patio DF Numerator DF Denominator Prob>F
• 17.8924 10 83.424 0,0000

P29TC 20 1.0477 0,6625

P28TB 20 1,0675 0,4380

P29TA 20 1.1428 0.6145

P28A 20 1,4948 0,7814

P29C 20 1.6949 0.5409

MSBIID 20 1,8720 0,4275

MSBIlC 20 2.0598 0,5599

MSBIIB 20 2.1255 0,6878

MSBI lA 20 2.3054 I.I141

Comparison of equality of means as determined by Games and Howell (1976)
method (ct=0.05). Positive values represent significant differences.

DCI7 P2ITA P29TC 12IT! P29TA P2IA F29C M8BIID HBB11C HSBIIB HBBIIA

DCB7 ...... + + + + +

P2ITA ...... + + + + .

P29TC ........ + + -

P28TB ....... + + + -

P29TA ........ + + .

P28& ...........

P29C + + .........

MSBIID + . - + .......

MSBIIC + + + + . ......

HBBIIB + + + + + ......

NSBIIA + ..........
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Table A-25.

Analysis of ground water heterotrophic viable counts on PTYG agar by site and time.
Two factor analysis of variance was performed on samples taken between 2/28/90 and
2/11/91 (n--30).

i ......... ,,, ,,, , ,, ,

is...., o, ,it 1
Rsquare 0.39096
Root Mean Square Error 0.524369
Mean of Respomm 1.294071
Ck_ervat£ons (or Sum _F.J) 90

II :c ..........1Efr t Test

|Source Nparm DF Sum of Squares F Ratio Prob>F
/ SI_ 2 2 10.866060 19.7591 0.0000
/ TIME 4 4 0.958405 0.8714 0.4852

L SITE*TIME $ 8 1.413539 0.6426 0.7395

1 _:_
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Table A-26.

Analysis of ground water heterotrophic viable counts on PTYG (high nutrient) agar by

site. Data was transformed using Logt0(Y+l ). Samples were taken between 2/28/90
and 3/15/91 (n=30).

2.5

.
m I ' "

• •
+ 1.s- I I :

8_ 1.0- •
o I.m

e_ I I
'_- 0.5-
> • n

- •

0.0" I I " All _dxm
NaB P28 P29

Tukey-Kramer

0.05
SITE

'Well Number Mea. Std Dev
MSB 30 1.7855 0.4610
P28 30 1.0502 0.4715
l??r9 _0 1.046(J .... 0.5984

II

0, }
l_e 0. 320909
Root Hun _luaxe Error 0.514102

Hun of Response 1.294071
c_ervationm (or Sum _/ce) 90

[AnaZl,lso_ varlana.} 1

8ouroe DF Sum of Bquare8 Mean Square Lp Ratio

14odel 2 10.846060 5.43303 20.5562 J

Error 87 22.994186 0.26430 Prob>F I
C TutaRl 0% 33.860246 0.0000 [

,

Comparisons for all pairs using Tukay HaD
q*

2.38450

Ab| (DIE)-LBD 14SlB P28 P29
MSB -0.31652 0.410792 0,422338
P20 0.418792 -0.31652 -0,31297

P29 0.422338 -0.31297 -0.31652

L_el_vo vm2um _ _ of mmn8 t_aX are st_nfflr_rcly different.
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Table A-27.

Analysis of ground water heterotrophic viable counts on PTYG agar by well and
time. Two factor analysis of variance was performed on samples taken between 2/
28/90 and 2/11/91.

I .... 1

Summary of Fit

/ Rsc_are 0. 810768

| Root MeanSquare Error 0.4 24259
/ Mean of Response 1.253913

1
ource Hparu OF Sua of Squares P Ratio Prob>F

WELL 10 i0 24.963289 13.8688 0.0000

TIME 3 3 0.547035 1.0131 0.3960

WELL*TIME 30 30 8.422419 1.5597 0.0880
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Table A-28.

Analysis of ground water heterotrophic viable counts on PTYG (high nutrient) agar by

weil. Data was transformed using Logl0('Y+l ). Samples were taken between 2/28/90
and 2/11/91 (n--8). Distribution was normal as determined by the Shapiro-Wilk W test
(Shapiro et al., 1968; Zar, 1984).

4,0 "

3,5 "
t_

3.0

_ao _0 ./,-.• ._./i.,,,b/___L__/_.,. - /" :',,__
_ _.,- -,- • --c <,,_./,_ _ • .

o _0 - --,,,_. . _ : •
_ 0., . -x_'--_._ "-._--._

o:°7" , , , , , , , , ,
DCB7 HEBIIA HEBllE HBBllC HEEIID PlEA P28TA P28TB P29C P29TA P29TC

WELL

Well _umber Mea_ Variance Wel_hAnovs
DCB7 8 0.655 0.509 F Rst/o Dr Hua_rsto: DF Denomlnator Prob>F

MSB1 lA 8 1.918 0.805 16.2779 m 30.655 0.o0oo

MSBllB 8 1.961 0.107

MSBIIC 8 1.830 0.099

MSBIlD 8 1.551 0.I00

P28A 8 1.362 0.144

P28TA 8 0.656 0.081

P28TB 8 0.768 0.042

P29C 8 1.687 0.171

P29TA 8 0.728 0.200

P29TC 8 0.678 0.15_

Comparison of equality of means as determined by Games and Howell (1976)
method (a=O.05). Positive values represent significant differences.

DCI7 P20TA P39TC P29TA P2OTi P2OA MSBIID P29C MSBIIC MSBIIA MSDIIB

DCB7 ......

P28TA ..... + + + - +

P2gTC ..... + - +

P2%TA .... + - +

P28TB - - + + + - +

P2OA ......

MBBIID + - - + - - -
F29C + - - + ....
MSB11C + + _ + ....

NSEllA .....

H8B11B + + + + ....
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Table A-29.

Analysis of the percentage of active cells (as determined by acridine orange)
by site and time. Data was transformed using arc sin square root. Two factor
analysis of variance was performed on samples taken between 6/19/89 and 5/
08/91 (n=60).

,Summary of Fit 1

Rsquazo 0. 426259

Root Mean Square Error 0.204545

Meanof l_sponsa 0.9 60232
Obeervat/ons(or Sum_) 180

ourca Nparm DF Sum of Squares F Ratio Prob>F

SITE 2 2 1.0966804 13.1060 0.0000

TIME 9 9 2.4470406 6.4986 0.0000

SITE*TIME 18 18 I. 1188770 1.4857 0.1023
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Table A-30.

Analysis of the percentage of active cells (as determined by acridine orange)
by site. Data was transformed using arc sin square root. Samples were
taken between 6/19/89 and 5/08/91 (n=60). Variances were homogeneous as
determined by the Hartley F-max test.

1,6 ° a ....,

"_ 1.5-
1.4- 1 !

_ 1.2- : : !'
'_ 1.0- ' ,

41 ,r 0..- I .c: ! s

._._ 0.,- ! '0.,- . : ,O.S- i
0.4-

0.3- *
• .,__

0.I" i ' i AU. PaLm
Mill P2i P25)

Tukey-l_amer
0.05

81"m

.,m. I_,rm vith oc_Ldercm J.nt,,_

_foll _Qunt Mean Sid Dev

MSB 60 1.062 0.192

P28 60 0.946 0.255

P29 60 0.873 0.255

o.10026/
_.t _m _ _ o.a35,o3/

o_ hopoam o._o232 |

i_aslyaJ.a ot_ Vil,rilltlOql_ I 1
Iourae DI' sun of squires NeiI_ 8qu&ril I' I_tio[
Model 2 l.OS)66110 0.540340 4).0617

J177 9.041755 0.055603 P=ob],I'
¢ _ 175 10.9304111 0.0001

Comparisons for all pairs using Tukey HSD
q,

2.36365

AbS(DIf)-LSD MSB P28 P29

MS B -0.10176 0.014518 0.087821

P28 0.014518 -0.10176 -0.02845

P29 0.087821 -0.02845 -0.10176

P_i_vevaluJm_KMpairs_t._ataresig_Lflc_m_y _ffer_nt.
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Table A-31.

Analysis of the percentage of active cells (as determined by acridine orange)
by well and time. Data was transformed using arc sin square root. Two factor
analysis of variance was performed on samples taken between 6/19/89 and 5/
08/91 (n=20).

i1| i

Summary of Fit J

R_Zuaze 0.71156

Root Moan Rluare Error 0.206624

Hoa_ of Rempofule 0.925653

Ct_ervations (or Sum Wg_) 220

Souroe Mpara Dr SuR of Squares r ]tatio prob>r

WELL 10 10 4 • 8772895 11.4240 0.0000
TIME 9 9 2.1694398 5.6460 0.0000

WELL*TIME 90 90 4.5386306 1.1812 0.2019
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Table A-32.

Analysis of the percentage of active cells (as determined by acridine orange)
by weil. Data was transformed using arc sin square root. Samples were
taken between 6/19/89 and 5/08/91 (n--20). Variances were homogeneous as
determined by the Hartley F-max test.

.....
i

, . ; •

_ ' . : , , •

0 i I i ! i i i /d/l_Im
PCB? illllA MIIlII MIIIIC MIIIID Itli P31TA P2i?I P21C P2IT& P39?C

'A'ukey-lr_imer

W|X,X, O. 05
.,ICl,, _ vA'cb ooa.I_ An1_rval

Well Coun_ Mean Sid Dev [Summary of Fit 1

DCB7 2 0 Q.530 Q,246 /'.,- o...
MSB11A 20 1.010 0.192 I_ ,,,,_ srro, o.233294

i _ ot at_ixx_ o.922623
MSBllB 20 1.096 0.181 La_v,_,, (o:,,,,_,) =
MSBllC 20 1.017 0.173

MSB11D 20 1.074 0.219 IAn,I¥sL. o, V,=lanc. I ]P2 8A 20 0.989 0.238 iso...,., o, 8-- 0_ n_.:,, x,,,m_u,=, • _t_o
|.om, z m 4,077210 0.4e7721 e.3:30:)1

P2 8TA 2 0 0.934 0.267 in_= 2oi I_.4043. o.0245. 1,.ob>./
P28TB 20 0.914 0.265 L c :'x_ 211 16.211,34 0.0000}

P290 20 0.940 0.237

P29TA 20 0.815 0.318

P29TC 20 0.863 0.190

Compir£monm _o: all pslE8 using Tukey EBD
qt

3.2S4T?
AbM(DJ_)-_ NIMllM MMM11D KMMIXC MIBIIA F20A P3tC P30TA P20T| P29T¢ P29TA DCB7
HOBIIB -0.34043 -0.31115 -0._6084 -0.15465 -0.14360 -0.00414 -0.07046 -0.05156 -0.00721 0.040674 0.325277
MSBllD -0.31011 -0.3404) -0.10313 -0.174D2 -0.154H -0.10443 -0,10002 -0.00044 -0.02242 0.01039D 0.303702
MOBllC -0.14004 -0.10312 -0.24043 -0.23425 -0.21237 -0.16373 -0.15515 -0.13795 -0.00679 -0.0)091 0.245)13
MSBllA -0.1S465 -0.17632 -0.2)433 -0.34043 -0,21944 -0.14113 -0.16432 -0.14414 -0.0t299 -0.0451 0,240199
P20& -0.13341 -0.14594 -0.21327 -0.21_4_ -0.34043 -0.19011 -0.10531 -0.14511 -0.11395 -0.04407 0.319234
P200 -0.00414 -0.10442 -0.14373 -0.14|92 -0.190|1 -0,24043 -0.33413 -0.21465 -0.10341 -0.11561 0.169595
P20TA -0.07024 -0.10002 -0.1S013 -0.14432 -0.14S21 -0.23404 -0.24044 -0.22025 -0.14_00 -0.12121 0.164095
P20TB -0.05044 -0.00044 -0.13715 -0.14414 -0.16211 -0.31445 -0.22025 -0.24043 -0.10127 -0.14139 0.143915
P29TO -0.00721 -0.0294) -0.00471 -0.00219 -0.11315 -0.14341 -0.14_0_ -0.10027 -0.24043 -0.19254 0.002762
P2gTA 0.040674 0.0143_ -0.03011 -0.0451 -0.06407 -0.11541 -0.13131 -0.14139 -0.19254 -0.24043 0.044876
DCB7 0.325}77 0.305702 0.244)13 0.240191 0.210234 0.169405 0.16401S 0.145_15 0.012702 0.04407| -0.34043

_r.LmvLlumsho_l;m,t._o_m'aW:_z_eign_om_,ly_.
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Table A-,33.

Comparison of densities for heterotrophic viable counts on PTYG (high nutrient) and
1% PTYG (low nutrient) media.

3.5" °
i
!

3.0- I •
I

_. 2.5"

_'o 2.0

I

1.0

0.5 : ,

• !
0.0 T

I%PTYG PTYG

Media

Media _ount Mean Std Der

I%PTYG 132 1.7767 0.7179

PTYG 132 1.3529 0.7010

t--Teat D r Prob_ltl
4,85290024 262 0.0000
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Table A-34.

Comparison of densities of carbohydrate, carboylic acid and amino acid utilizers.

Data was transformed using Log_0(Y+I).

3.0" , oS

,I_ • I '
[!

_ _ 2.0" ' ' '
--= _ : : :

I | • •

-I I I I

o.o--I : : :
J T T

C_boh_/dra_J C_boxyLi.o
Aoldl _IdJ

Carbon So.roe

Carbon Sgurca arou_ Count _ 9 a n Std Dev
Amino Acids 18 0 0. 669 0.665

carbohydrate I8 0 0.818 0.712

.Qarh3xvlia aalda 18 0 1.070 Q.795

Welch ANOVA

F Ratio DF Numerator DF Denominator Prob>F

13.5082 2 356.18 0.0000

Comparison of equality of means for densities of amino acid utilizing bacteria

as determined by Games and Howell (1976) method (al.05).

Amino Acidm Carbohydrate Carboxylic acids

Amino Acids -- -- +

Carbohydrate - - +

Carboxylic Acids + + -



TableA-35.

Comparison of densities of amino acid utilizers between wells. Data was transformed

using Log10(Y+I).

3"0 l

2.S

0

°m

.
_ _ -"'_'-_ •, •
_.e -_
Q O

• i ,,, • • •

0.0- . .
I I I I I I I I

kBBlIB HBBllC HBBllD P28A P28TA P28TB P29C P29TA P29TC

WRLL

Well Count Mg_n Sid Der
P29TA 20 0.016 0.071

P28TA 20 0.160 0.330

P29TC 2 0 0.204 0.159

P28TB 20 0.229 0.176

P28A 20 0.397 0.300

MSBIID 20 0.905 0.321

MSBI IB 20 1.189 0.422

MSBIIC 20 1.433 0.437

P29C . 20 1.484 0.7,41

Welch ANOVA

F Ra_ DF Nummrator OF Deno_itor Prob>F

65.4361 $ 68.17(; 0. 0000

Comparison of equality of means for densities of amino acid utilizing bacteria

as determined by Games and Howell (1976) method (a--.05).

P29TA P28TA P29TC P38TB P20A MEBIlD MBB11B MBBllC P29C

P29TA -- -- + + + + + + +

P28TA ..... + + _ +

P29TC . .... + + + +

P28TB + .... + + + +

P28^ + .... + + + _

Msszxo + + + + + ....

MSalla + + + + + ....

HSB11C + + + + + ....

P29C + + + + + ....

m
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Table A-36.

Comparison of densities of carbohydrate utilizers between wells. Data was trans-

formed using Log10CY+I).

2.5 t '

tt.t • _ •

i • ,,• .1.5-
e

1.0-

" :
0.0" • • •

! i i i I i ! i

NSDllD NSDllC HSDI1D P2$A P28TA P2$TD IP29C P29TA P29TC

WELL

Well _unt Mean Sid Der
P2 9TA 2 0 0.302 0.180

P29TC 20 0.336 0.303

P28TA 20 0.434 0.586

P28TB 20 0.444 0.142

P28A 20 0.557 0.159

MSB 1 1 D 2 0 0.797 0.109

P29C 20 0.878 0.674

MSBIIB 20 1.428 0.563

MSB 11C 2 0 2,188 0.428

F Ratio DF Uuzmrator DF Denumina_or Prob>F

51.4053 0 70. 378 0.0000 i
i lll.i ........

' Comparison of equality oL means for densities of carboxylic acid utilizing

bacteria as determined by Games and Howell 0976) method (a=.05).

P29TA P39TC P28TA P3|TB P38A Hmllll lD P3gC HBB1 lli H3BIIC

P29TA ..... + -- + +

P29TC ..... + - + +

P2OTA ....... + +

P28TB ..... + - + +

P26A + ...... + +

MSB1 lD + + + .... +

P29C ........ +

HSBIIB + + + + + - - - +

HBB1 lC + ,4" + + + + + + -
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Table D-1

Utilization of p-coumarate by ground water bacteria.

_ l._t ,'_

Nsan+ I¢.4u_ktrdar¢'o¢

Mean

Nun- mt.aadard _-rnr

4 _ l.t_t of
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Table D-2

Utilization of femlate by ground water bacteria.

106 11- 1-

l/
Beyond range
of assay

o _. 10 4 I
10_

_ 101

10 0 , . , ..... , . , . , . , . , • ,
t_

Well

ICogn

.l.l_tt of
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Table D-3

Utilization of isovaniUate by ground water bacteria.

10 G

10 s

104

10 0 '1 - • li -'| - l w - w - | " - I - l - ! i, . •

_ | | |
WELL

M_

Limit

n+ er..andarderror

- standard error..,I,. _ _t of
9S_ ocx,_L&lix:nl£htez'v_
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Table D-4

Utilization of salicylate by ground water bacteria.

10'
1-

lOS /
Beyond
range of
assay

104

10 o

'WI_I.J_ Ml.lmm
D_.tectlon
Umll

i_ gSt oc_l_moe inert'ml

I_m + st_nda_ err_

Xean

_ - et;andax-d orr_1.tait of

95t o,=_ld_we lntAmml
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Table D-5

Utilization of phenol by ground water bacteria.

10 6 ,,,
T

lOS /

Beyond range

or assay

10'

i X. 103

I I
. 102

10o : .

Minimum
Well Detection

Limit

kt_.t of

i_._ 951 oonfldmoe latervltl_mr _to:
9St oc_14moe lntAmml
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Table D-6.

Utilization of m-toluate by ground water bacteria.

10 6

$
10

CB °,_

lo4

10 1

100 ' " .... ' " _' .... ' " ' " 'i

WELL Minimum
Detection
Limit

_ l.lad.t o_

i_ 9Sl cce_ldsn_ l_t_rv_

Mean

Mssn - standard errt_

95b c_t£dmos t_rv_
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Table E.

Modification of Stanier's minimal media (Stanier et al., 1966) used for the determi-
nation of aromatic utilization by ground water bacteria in this study.

Minimalmedia: .....

Ammonium sulfate [(NH4)2SO4] 1.0 gm
Distilled water bring to 930 ml

autoclave
1 M Na2HPO4+KH2PO4 bufferpH 6.8 (filter sterilized) 40 ml
Mineralbase (filter sterilized) 20 ml
Carl?onsource 1 _100 ml H20 (_filtersterilized) lO ml

Mineralbase: ,,

1.0 M KH2PO4 pH 6.8 20 ml
Concentratedbase 20 ml
Distilled water to 1000 ml

,, filter_teriliz_

Concentratedbas_;
Nitrilotriaceticacid [N(CH2COOH)3] 10.0 g
Magnesiumsulfate [MgSO4] 14.45 g

Calciumchloride [CaCI2.2H20] 3.335 g

Ammonium molybdate[(NH4)6Mo7024.4H20] 9.25 mg

Ferroussulfate [FeSO4.TH20] 99.0 mg
Nicotinic acid (niacin) [C5H4NCOOH] 50.0 mg

"Ihiamin'HCL[C12H17CIN4OS.HCL] 25.0 mg
Biotin [C10H16N203S ] 0.5 mg
Metals(see below) 50.0 ml
Distilled water to 1000 ml

filter_tefiliz_

Metals: ,. °

Zinc Sulfate [ZnSO4.7H20] 1095 mg

Ferroussulfate [FeSO4.7H20] 500.0 mg

Manganoussulfate [MnSO4.4H20] 154 mg

Coppersulfate [CuSO4.5H20] 39.2 mg

Cobaltousnitrate[Co(NO3)2.6H20] 24.8 mg
Sodiumborate[Na2B407 •10H20] 17.7 mg
Sulfuric acid [H2SO4] a few dropsto retardprecipitation
Distilled water to 100 ml
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