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ABSTRACT

Diversity of Mono Aromatic Hydrocarbon Degrading Bacteria
and Their TCE Co-oxidation Potential.

BY

Marcos Rubens Fries

Trichloroethene (TCE) is the most frequently observed volatile organic
contaminant in ground water. Bacteria with certain aromatic mono- or
dioxygenases have the potential to co-oxidize TCE. A shallow anoxic aquifer
was amended with phenol + O, and then toluene + O. to determine the
effectiveness of these treatments in removing TCE. We isolated the phenol and
toluene-degrading populations after both treatments from the terminal positive
MPN dilution tubes using phenol and toluene as substrates. A high percentage
of the isolates could grow on both phenol and toluene regardless of the
substrate on which they were isolated . Half of the isolates were also
denitrifiers, which may have been a result of high nitrate and low oxygen in this
aquifer. When restricted genomic DNA from the isolates was probed in
Southern blots with DNA probes encoding genes for the first steps of the five
different catabolic pathways for toluene metabolism, we found that the toluene
ortho-hydroxylase pathway was dominant among the isolates . Other organisms
with this pathway are known to be effective TCE co-oxidizers. ARDRA analysis
suggested similar community structures when phenol and toluene were the

primary carbon sources, consistent with the interpretation from analysis of the
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dominant isolates. The majority of bands observed in ARDRA from community
DNA were found in ARDRA for the most common isolates, suggesting that we
did isolate the major populations from the site and that unculturable populations
were not important in this study. When 1,1-DCE was injected into the aquifer,
the population of heterotrophs and monoaromatic degraders as well as diversity
were drastically reduced. Once 1,1-DCE was removed the microbial populations

rebound to the original density and composition.
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Figure 3.3. REP genotypes persistent during the course of the experiment. The population
levels of each isolate is estimated using the most dilute tube from which the strain was
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Figure 2. Phase-contrast photomicrographs of isolates Td-2 (A), Td-3 (B), and Td-17 (C).
Isolate Td-2 was grown on BS-toluene liquid medium to late exponential phase. Isolates Td-
3 and Td-17 were grown on M-R2A solid medium for 48 h. Bars, 14 pm.............c.cceneen. 167
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Figure 4. Phylogenetic position of the toluene-degrading denitrifier (Td) isolates. This tree was
constructed by using the programs SEQBOOT, DNAPARS, and CONSENSE in PHYLIP 3.5
and rooted by reference to E. coli. The numbers under the nodes are the bootstrap
confidence estimates on the branches in 100 replicates. All other 16S rRNA gene
sequences were obtained from the Ribosomal Database Project.................cccccceeeeunnnnnne. 169

Xv



Thr
Hazardoyg
Microbia|
Research |
Environmen
Program wa
tnhance a
Qfﬁund\ﬂ,ater
Cepaciy G4
mnstituﬁ\,e,y
effeC‘HVe inT

Thi
obJeques ai

phe”°%ic Pa



Chapter |

Introduction

Overview

Through the combined efforts of researchers within the Western Region
Hazardous Substance Research Center at Stanford University, the Center for
Microbial Ecology and the Great Lakes Mid Atlantic Hazardous Substance
Research Center at Michigan State University, and the EPA Gulf Breeze
Environmental Research Laboratory and associated collaborators a research
program was initiated in 1993, for the field scale study of bioaugmentation to
enhance and improve the in-situ bioremediation of TCE contaminated
groundwater. The organism proposed for bioaugmentation is Pseudomonas
cepacia G4 PR1, the nonrecombinant derivative of P. cepacia G4 that
constitutively expresses toluene ortho-monooxygenase (TOM), and is highly
effective in TCE degradation (Shields and Reagin, 1992).

This research was part of the main project and describes research
objectives aimed at answering fundamental questions regarding genotypic and
phenotypic patterns of natural biodegrading populations as well as to evaluate
community and population changes when the primary carbon source stimulating

the TCE degradation is switched from phenol to toluene. The general goal of
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the isolate portion of the study was to understand which populations are the
important competitors of G4, what activity they have on TCE, and to learn how to
recognize, and differentiate them from G4 in the field. The goal of the
community analysis portion of the study was to determine which populations
dominated the competition in the field study. | also investigated if the natural
high levels of nitrate present in the low O, aquifer water played a role in
determining which populations of denitrifiers were selected. These objectives
were addressed in laboratory studies using samples collected by the Stanford

group and sent to MSU.

Overall this study was designed to answer the following questions:
Fundamental properties:
i. What portion of the C-selected phenol degraders also degrade toluene and vise-versa?
ii. How effective are the selected indigenous populations at TCE degradation and how does their
TCE oxidizing capacity compare to that of the well-studied strains, specially Pseudomonas
cepacia G-4?
iii. What is the extent of diversity among the selected toluene and phenol degrading strains as
judged by REP, FAME, and biochemical methods?
iv. What is the effect of anoxic conditions on TCE co-oxidation?
Ecology of the site:
i. What is the biological limit (population size) of phenol and toluene degraders when compared
to the total heterotrophic population?
ii. How does the community structure respond to a perturbation, i.e., the change in the primary
carbon source from phenol to toluene?
iii. |s dominance maintained during the field experiment, i.e., do the same populations repeat
over time?
iv. What is the role that denitrification plays in the ecology of this site? Does denitrification
confer a competitive advantage to certain microbial populations?
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Background

Sources of aromatic compounds and biodegraders in the environment.
Aromatic compounds from natural and anthropogenic sources readily

enter oxic or anoxic environments. Aromatic structures are found in many
rpimary and secondary plant metabolites and several thousand plant phenols
have been described (Harborne, 1980). They are an integral part of the
structural plant matrix, serve as flower pigments, act as constitutive protection
against invading organisms, function as signal molecules, act as allelopathic
compounds, and affect cell and plant growth. Plants produce simple phenols,
including hydroxyquinone, gallic acid, salicylic acid, protocatechuic acid, and p-
hydroxybenzoic acid; more complex phenols, such as the flavonoids; and
complex phenolic polymers, including lignins, catechol, melanins, and flavolans
(Harborne, 1980). Phenolic units may also originate through microbial synthesis
from non aromatic carbon and energy sources. Numerous phenolic and
hydroxybenzoic acid compounds are synthesized by fungi and other
microorganisms. Cultures of Hendersonula toruloidea (Martin et al, 1972) and
Stachybotrys atra, Stachybotrys chartarum and Epicoccum nigrum (Martin and
Haider, 1969) synthesize dark colored, humic acid-type substances when
growing in glucose medium. They are formed in the culture media, in the cells,
or both, and have been referred to as lignin-like because they resist degradation
in 72% sulfuric acid, as melanins because they are dark colored, or as humic

acids because they are soluble in alkali, precipitated by acid and have high
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exchange capacities (Martin and Haider, 1969 and Martin et al, 1972).
Compounds which could be separated from glucose -based culture medium
included phenolic acids and hydroxylated toluenes (Martin and Haider, 1969).

Aromatic structures are also present in large amounts in fossil fuels.
Although the detailed composition of crude petroleum deposits depends upon
the origin and location of the petroleum, considerable similarities exist among
various sources. Aromatic compounds comprise more than 50% by volume of
such deposits and include homocyclic aromatics, both nuclear (benzene,
toluene, ethylbenzene, xylenes) and polynuclear (naphthalene, phenanthrene,
anthracene) (Cole, 1994). About 65% of the petroleum used as a fuel is
consumed as gasoline, which is stored primarily underground in an estimated
1.5 million storage tanks. Almost all of the tanks installed prior to 1988 were
unprotected steel underground storage tanks that have leaked or have the
potential for leaking gasoline into the environment (Cole, 1994). Thus,
petroleum products have become an increasingly common substrate in the
modern environment.

Due to the ubiquitous nature of aromatic hydrocarbons in the environment,
is not surprising that microorganisms have evolved with the ability to degrade
these compounds. This activity can be considered as part of the normal process
of the carbon cycle. Bacteria and fungi are dominant members of most soil
communities and representatives of both groups are capable of hydrocarbon

degradation (Bossert and Bartha, 1984). The ability to degrade and/or utilize
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hydrocarbon substrates is exhibited by several bacterial and fungal genera.
Compilation of reported genera for hydrocarbon degrading bacteria and fungi is
presented in Table 1.1. Hydrocarbon-degrading bacteria are represented in 25
genera found in the marine environment and 29 genera found in soil. Similarly
hydrocarbon-degrading fungi are found in 25 genera from marine environment
and 31 genera found in soil.

Based on the number of times that each genera was reported in this survey,
the most frequently isolated hydrocarbon degrading bacteria in both marine and
soil environments are Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter,
Bacillus, Flavobacterium, Nocardia, Pseudomonas spp. and the coyneforms.
Among the fungi, Aureobasidium, Candida, Rhodotorula, and Sporobolomyces
spp. are the most common marine isolates and Tricoderma and Mortierella spp.
are the most common soil isolates. Aspergillus and Penicillium spp. have been
frequently isolated from both environments. The relative contribution of bacteria
versus fungi in the biodegradation of hydrocarbons in nature has not been
extensively studied and may be a function of the ecosystem and local
environmental conditions. In a comparative study of hydrocarbon degradation by
bacteria and fungi in a sandy loam soil, 82% of the n-hexadecane mineralization
was attributed to bacteria and only 13% was attributed to fungi (Song et al.,
1986).

The fraction of monoaromatic (phenol and toluene) biodegraders in nature

is estimated to be in the order of 1 per every 100 total heterotrophic bacteria



Table 1.1. Major genera of hydrocarbon degrading microorganisms'.

Bacteria Fungl
and Genera b Marine and
Genera son” ":‘M Soll Brackish water
water b environment
environment
Achromobacter 4 [ ] Acremonium 2
Acinetobacter 3 4 ANescheria 1
Actinomyces 2 Aspergiliuve 3 4
Aeromonass 2 Aureobasidium 2 3
Alcaligenes [ ] ] Besuveria 1
Arthrobscter 7 8 Botrytis 1 2
Bacliius 2 § Candida 2 §
Beneckea 1 Cephalosporium 1
Brevibacterium 1 1 Chrysosporium 1
Chromobacterium 1 Cladosporium 1 2
Corynebacterium 6 Cochliobolus 1
Coryneforms 7 Cunninghamelia 1
Cytophaga 2 Cylindrocarpon 1
Erwinia 1 1 Debsromyces 1 2
Flavobacterium 6 (] Fusarium 1 1
Kiebsielia 1 Geotrichum 1
LactobacHiiue 1 Glocladium 1
Leucothrix 1 QGonytrichum 1
Micrococcus 3 Graphium 2
Moraxella 1 Hansenuls 1
Mycobacterium 3 Heiminthosporium 1
Nocardia 3 [} Humicols 1
Peptococcus 1 Monliia 1
Proteus 1 Mortierelia 3
Pseudomonass 12 8 Mucor 1
Sercina 2 1 Oidiodendrum 1
Serratia 1 Paecliomyces 1 1
Spherotiius 1 Peniclliium 4 4
Spirillum 1 1 Phialophora 2
Streptomyces 1 1 Phoma 1
Vibrio 1 7 Rhodosporidium 2
Xanthomonas 2 1 Rhodotoruia 1 4
Ssccharomyces 2 2
Ssccharomycoplsis 1
Scolecobasidium 2
Scopulariopsis 1
Spicaria 1
Sporobolomyces 1 4
Sprotrichum 1
Tolypociadium 1
Torulopsis 1 1
Trichoderma [ 1
Trichosporon 2
Verticlllium 2

*Data compiled by Bossert, |., and Bartha, R., (1984) for soils and by Floodgate, G. D.,
(1984) for marine and brackish water environment.

® Number of citations for each genera in different publications. There were 19
publications for marine and brackish water and 20 publications for soil data.
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7
(Figure 1.1.). Therefore, the focus for remediation technologies for this class of
compounds should be on insuring that the environmental conditions do not limit

microbial growth (Tiedje, 1993).

Frequency Widespread Common Rare Unknown
>11102 m  uid o'
- —>
Phenol Naphthalene NTA EDTA Arodlor 1260
Example Tolusne 24D dibenzofuran fluorene TCDD
Time to Application

- >

Application Short-range Long-range Exploratory

Foous of Ressarch or Evaluation important to Application

Research Environmental Organismal Molecular
Focus

Figure 1.1. Relationship of frequency of biodegraders in the community to
application of bioremediation (Tiedje, 1993).
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Biochemical pathways for aromatic hydrocarbon degradation

The aerobic biochemical mechanisms by which microorganisms utilize
aromatic hydrocarbons have been studied in great detail in the last decades and
in general can be sub-divided in three parts (reviewed by Williams and Sayers,
1994). During the first set of reactions, substituent groups are introduced on the
benzene ring making possible alternative modes of biodegradation by side chain
attack or ring attack. For almost all aromatic substrates, the introduction of
hydroxyl groups onto the substrate is accomplished by mono or dioxygenases to
produce a dihydroxyaromatic metabolite, most commonly catechol (1,2-
dihydroxybenzene) or protocatechuate. The versatility of these reactions is best
illustrated for toluene metabolism (Figure 1.2.).

The formation of compounds carrying two hydroxyl groups seems to be an
important biochemical strategy to destabilize the chemically stable resonant
structure of the aromatic ring in order to facilitate its subsequent opening
(Dagley, 1986). The second set of reactions involves the opening of the
catechol ring and is accomplished by dioxygenases which break one of the
carbon-carbon bonds of the ring adjacent to the hydroxyl substitution by the
addition of molecular oxygen, producing an unsaturated aliphatic acid. One of
two different cleavage enzymes can be responsible for ring attack. An intradiol
(ortho) dioxygenase which produces cis-cis muconate or an extradiol (meta)
dioxygenase that yields 2-hydroxymuconate. Depending on the initial ring

substitutions, analogous products can be observed at this stage. After ring
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cleavage, a third set of enzymes converts the products to small aliphatic
compounds which can directly enter central metabolic routes.

Of major interest to this project, is the degradation of toluene and phenol.
Toluene, the simplest of these substituted benzenes, is biodegraded by both ring
attack and methy! group hydroxylation. There are five elucidated pathways for
degradation of toluene and they share similar reaction sequences from catechol
to tricarboxylic acid cycle intermediates, but each has a unique series of
reactions and distinctive intermediates, prior to catechols (Figure 1.2.). Pathway
A for the degradation of toluene is almost always encoded by large plasmids
collectively called the TOL plasmids (Assinder and Williams, 1990). The
pathway encoded on the TOL plasmid of Pseudomonas putida strain mt-2
(plasmid pWWO) involves the conversion of toluene to catechol by sequential
oxidations of the methyl group, through benzyl alcohol and benzaldehyde to
benzoate which is then converted to catechol in two steps, a dihydroxylation
followed by a dehydrogenation / decarboxylation. Catechol is then degraded by
enzymes of a meta cleavage pathway to CO,, acetaldehyde and pyruvate
(Worsey and Williams, 1975; Kunz and Chapman, 1981).

Pathway B, in Figure 1.2., characterized in Pseudomonas putida F1 by
Gibson and co-workers, is chromosomally encoded and involves a
muliticomponent enzyme system, designated toluene dioxygenase, that
incorporates two atoms of molecular oxygen directly into the aromatic nucleus to

produce cis-toluene dihydrodiol (Zyistra and Gibson, 1989). The further



metabolis
form 3-me
6-0x0-2.4.
dienoate
metabolite
Gibson, 1
Three paf
groups by
of Pseud
hydroxyla:
P‘hydroxy
Complete |
Pathway ¢
PseUdOmc
al, 1994).

Position o

o Meta Cre



1

metabolism of cis-toluene dihydrodiol involves é dehydrogenation reaction to
form 3-methyicatechol and meta cleavage at the 2,3 position yields 2-hydroxo-
6-ox0-2,4-heptadienoate , which is further metabolized to 2-hydroxypenta-2,4-
dienoate and acetate. Further reactions in the pathway, eventually yielding
metabolites that enter the TCA cycle, have not been investigated (Rogers and
Gibson, 1977).

Three pathways have been elucidated involving the incorporation of hydroxyl
groups by ring attack. Pathway C in Figure 1.2., was found to be characteristic
of Pseudomonas mendocina strain KR. In this pathway, toluene is initially
hydroxylated to p-cresol, followed by sequential oxidation of the methyl group to
p-hydroxybenzoate, which is hydroxylated to form protocatechuate and then
complete dissimilated by an ortho cleavage pathway (Whited and Gibson,1991).
Pathway D in Figure 1.2., was detected in Burkholderia pickettii PKO1 (formerly
Pseudomonas pickettii) and also has a ring hydroxylation mechanism (Olsen et
al, 1994). However, in this case hydroxylation of toluene occurs at a different
position on the aromatic ring to produce m-cresol. A subsequent hydroxylation
of meta cresol by a separately inducible enzyme yields 3-methyl catechol which
is completely mineralized by the meta ring cleavage pathway (Kukor and Olsen,
1991). Pathway E in Figure 1.2., was first demonstrated in Burkholderia cepacia
strain G4 (formerly Pseudomonas cepacia). In this strain , a nonspecific

monooxygenase hydroxylates toluene by two successive monooxygenations,
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forming first ortho-cresol and then 3-methyl catechol, which is further degraded

by enzymes of a meta cleavage pathway (Shields et al., 1989).

Trichloroethylene biodegradation

For many years, it was held that chiorinated aliphatic hydrocarbons
(CAH's) could only be degraded anaerobically. In 1985, however, Wilson and
Wilson presented some of the first evidence of aerobic degradation of TCE in
soil enriched with natural gas (77% methane). After their work, aerobic
degradation of CAH’s, such as trichloroethylene, has been widely demonstrated,
initially using methanotrophic bacteria. Unlike anaerobic degradation which can
produce toxic by-products such as vinyl chloride (Vogel and McCarty, 1985), the
products produced aerobically are thought to be relatively harmless for other
organisms (Little et al., 1988; Oldenhuis et al., 1989; Tsien et al., 1989). Many
studies have demonstrated that TCE can not be used as sole energy source by
microbial consortia or pure cultures leading to the suggestion that aerobic
degradation of TCE is a “co-metabolic’ process. A definition proposed for
cometabolism by Dalton and Stirling (1982), states “ the transformation of a non-
growth substrate in the obligate presence of a growth substrate or another
transformable compound ". This definition however implies the concomitant
presence of a growth substrate and does not contemplate transformations that

occur after depletion of the primary growth and/or energy substrate.



13

Methanotrophs are bacteria that can oxidize methane for energy and
growth. In the conversion of methane to methanol, the initial oxidation is
catalyzed by the methane monooxygenase (mmo) enzyme system. Several
investigators have examined the degradation of TCE by this group of
microorganisms. A methanotrophic mixed culture transformed '‘C-labeled TCE
to CO,, cell biomass and nonvolatile or nonchlorinated compounds. Acetyiene,
a known inhibitor of mmo activity, inhibited degradation indicating that methane
oxidizing bacteria probably initiated TCE oxidation (Fogel et al., 1986).

Working with a pure culture, strain 46-1, Little et al. (1988) demonstrated
degradation of TCE only when growth was in the presence of methane. These
studies were conducted using liquid cultures in inverted serum bottles.
Degradation stopped when methane was depleted and continued if additional
methane was added. These researchers concluded that TCE degradation is a
cometabolic process that provides little or no benefit to methanotrophs because
strain 46-1 initiated the degradation of TCE but was unable to metabolize the
intermediates. Preliminary evidence indicated that glyoxylic acid and
dichloroacetic acid were the breakdown products. They also proposed a
mechanism of degradation, which is presented in Figure 1.3(a) and
hypothesized that TCE is first converted to its epoxide, which breaks down
spontaneously, yielding dichloroacetic acid, glyoxylic acid, formate and carbon
monoxide. The end products are completely metabolized to CO. by

heterotrophic bacteria in mixed cultures.
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Henschler et al. (1979) evaluated TCE-epoxide reactivity in aqueous
systems and found that the epoxide decomposes to form formate, carbon
monoxide, glyoxylic acid and dichloroacetic acid. The amount of each product
was pH dependent and at lower pH's, fewer one carbon products were observed.
Newman and Wackett (1991) proposed a new mechanism for Methylosinus
trichosporium OB3b. Four different methanotrophs expressing soluble methane
monooxygenase produced 2,2,2-trichloroacetaldehyde (chloral hydrate). Chloral
hydrate was shown to be biologically transformed to trichloroethanol and
trichloroacetic acid. Figure 1.3. shows a combination of pathways proposed by
Little et al. (1988) and Newman and Wackett (1991) for methanotrophic bacteria
and by Li and Wackett (1992) for the toluene dioxygenase system of
Pseudomonas putida F1.

The methane monooxygenase enzyme system requires a source of
reducing power to carry out the transformations of TCE. When a growth
substrate, such as methane or any one of the metabolites of methane is
oxidized, reducing power is regenerated. When mmo oxidizes a non-growth
substrate, such as TCE, reducing power is not regenerated, and the oxidation
will stop. The effect of an alternative energy source addition on the
transformation capacity of a mixed metanotrophic culture was tested by Alvarez-
Cohen and McCarty (1991b). With the addition of 20 mM of formate and TCE at
a concentration of approximately 20 mg/L, the transformation capacity of a

culture increased from 0.036 to 0.073 mg TCE/mg of cells. However, significant
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declines in methane conversion rates following exposure to TCE were observed
for formate fed cells, suggesting toxic effects caused by TCE or its
transformation products.

Even when methane is provided, reducing power can still be depleted.
Using a pure culture, Henry and Grbic-Galic (1991b) showed that carbon
monoxide competitively inhibited methane oxidation until formate was added as
an exogenous electron donor. She also showed that formate addition to the
mixed culture MM1 did not enhance degradation rates at low TCE
concentrations and assumed this was because MM1 methanotrophs possess
lipid storage granules which can serve as an alternate source of electrons.

Henry and Grbic-Galic (1991a) also tested the effect of formate addition on
the rates of TCE transformation during methane starvation. At a TCE
concentration of 30-60 ug/L, formate addition did not increase rates for the
mixed culture MM1. However, the rates were enhanced for the first ten hours of
methane starvation when the pure culture MM2 was incubated with 2 mM
formate. When the culture was incubated without formate and the formate was
added simultaneously with TCE, transformation rates remained significantly
enhanced throughout 62 hours of testing.

Among the groups of bacteria that produce oxygenases and have so far
been demonstrated to be capable of transforming TCE and other CAHs by co-
metabolism include not only the methane oxidizers(Alvarez-Cohen and McCarty,

1991a; Alvarez-Cohen and McCarty, 1991b; Alvarez-Cohen et al., 1992; Fogel
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et al., 1986; Henry and Grbic-Galic, 1990; Henry and Grbic-Galic, 1991a; Little
et al,1988; Oldenhuis et al.,1989; Tsien et al., 1989); but also propane oxidizers
(Wackett et al., 1989; Malachowski et al., 1994); propylene oxidizers (Ensingn et
al.,1992); ammonia oxidizers (Arciero et al., 1989; Rasche et al., 1991);isoprene
oxidizers(Ewers, et al.,1990); isopropylbenzene oxidizers (Dabrock et al., 1992);
and monoaromatic hydrocarbon (toluene, phenol, or cresols) degrading
organisms (Folsom et al., 1990; Harker and Kim, 1990; Nelson et al., 1987,
Nelson et al, 1986, Nelson et al, 1988; Wackett and Gibson, 1988).

The first report of a pure culture capable of TCE degradation under non
methanotrophic conditions was presented by Nelson et al. (1986). Studies with
'“C-labelled TCE resulted in 60% of the total '“C-TCE converted to CO, and 35%
remained as an unidentifed nonvolatile product. They also showed that an
unidentified compound present in the water, from which the strain was isolated,
and oxygen were required for TCE degradation. Later research using the
isolated strain resulted in the identification of the required component present in
the water as being phenol (Nelson et al., 1987). This was the first report
involving an aromatic degradation pathway in the cometabolism of TCE. Later
toluene, o-cresol and m-cresol were shown to stimulate TCE degradation.

Five pathways differing in the first step have been elucidated for the
degradation of toluene. These first step enzyme systems vary from oxidation of
the methyl group to mono- or dioxygenations of the ring and seem to be the

enzymes implicated in the cometabolic transformations of TCE. Pseudomonas
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putida F1 is the strain studied that contains the toluene dioxygenase enzyme
system. A mutant strain defective in the ftodC gene, which encodes the
oxygenase component of the toluene dioxygenase, failed to degrade TCE; but a
mutant strain defective in todE encoding the 3-methyl catechol 2,3-dioxygenase,
an enzyme dowstream in the pathway for toluene degradation, oxidized TCE as
rapidly as the wild type (Wackett and Gibson, 1988). A spontaneous revertant
selected from a todC culture regained simultaneously the ability to oxidize
toluene and to degrade TCE. Evidence for the involvement of the first step
enzyme on TCE degradation is also provided by the fact that in Pseudomonas
mendocina KR, the toluene monooxygenase system (TMO), inserts a single
atom of oxygen at the para-position of toluene to form p-cresol, however, p-
cresol was not an inducer of TCE degradation (Winter et al., 1989).

In methanotrophic bacteria at least two classes of methane monooxygenase can
be differentiated on the basis of their intracellular localization: a particulate form
associated with the cell membrane (pmmo) and a soluble form (smmo) (Dalton et
al., 1984). Soluble methane monooxygenase has a broader substrate range.
Lower copper levels cause derepression of its synthesis increasing TCE
oxidation (Oldenhius et al, 1989; Tsien et al., 1989; Alvarez-Cohen et al, 1992).
Since TCE seems to be more efficiently degraded by the smmo form, practical
applications based on this group of bacteria will have to be based on selective

conditions for expression of this type of enzyme.
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Little is known about the efficiency of TCE co-oxidation by the different
monoaromatic hydrocarbon degrading pathways or if the presence of a specific
enzyme system would be favorable for TCE degradation.  Also, when one
considers biodegradation of TCE by a pure culture containing catabolic
oxygenases more than one oxygenase is probably induced for the degradation
of the primary substrate. Independent monooxygenases invoived in the TCE
degradation were observed in an Alcaligenes strain degrading 2,4-
dichlorophenoxyacetic acid (Harker and Kim, 1990). The toluene dioxygenase
pathway of Pseudomonas putida F1 is one of the best studied enzyme systems
for toluene degradation and was shown to be the only enzyme system required
for TCE degradation (Wackett and Gibson, 1988). Working with toluene induced
cells of Pseudomonas putida F1, Wackett and Gibson (1988) showed that the
initial rate of TCE oxidation was linear with respect to substrate concentration
over the range of 8 to 80 uM of TCE. Initially, over the first 20 minutes, a fairly
rapid rate of 1.8 nmol/min per mg of protein was obtained using an initial TCE
concentration of 80 uM, but the rate decreased rapidly over the next six hours of
the experiment. No TCE oxidation was observed at an initial TCE concentration
of 320 uM.

This rapid decrease in activity was attributed to toxic effects of TCE or TCE
metabolites. The same toxic effects were attributed to the decrease in growth
rates from 0.463 hr' to 0.139 hr”' observed for Pseudomonas putida F1 growing

in the presence of TCE (Wackett and Householder, 1989). Recombinant studies
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using the toluene dioxygenase genes and E. coli JM109 as the host, showed a
slower initial biodegradation but a prolonged linear rate of TCE disappearance
when compared to the toluene dioxygenase genes expressed in the original
donor Pseudomonas putida F1. The observation that TCE oxidation rates are
more sustained in E. coli could be an indication that different hosts respond in
different ways to cytotoxic effects from TCE or metabolites (Zylstra et al., 1989).

Folsom et al. (1990), evaluated the kinetic parameters for phenol and TCE
degradation by Burkholderia cepacia G4, a strain that carries the toluene ortho-
hydroxylase pathway. Whole cell studies showed that this enzyme has an
apparent Knand V..« for phenol oxidation of 8.5 uM and 466 nmol/min per mg of
protein, respectively. The Kn,and V.« for TCE were 3uM and 8 nmol/min per
mg of protein. As both substrates are oxidized by the same enzyme system,
competitive inhibition was likely to occur since the K., values for both substrates
are similar. Folsom et al. (1990) also showed where in experiments with equal
concentrations of phenol and TCE, a decrease of about 50% in the rate of
phenol degradation was observed.

The third type of toluene monooxygenase (toluene para-monooxygenase)
studied for the kinetic parameters of TCE biodegradation is present in
Pseudomonas mendocina strain KR which oxidizes TCE when grown in the
presence of toluene (Winter et al., 1989). Recombinant E. coli strains containing
the genes encoding this enzyme oxidized TCE at a rate of 1-2 nmol/min per mg

of protein, which also confirmed the role of this enzyme system in the oxidation
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of TCE. For the fourth type of toluene degrading enzyme system, the toluene
meta-monooxygenase, identified in Burkoldheria pickettii (Olsen et al., 1994), no
kinetic parameter data is avaliable for TCE oxidation. The fifth type of enzyme
system involved in the biodegradation of toluene is present in Pseudomonas
putida PaW1 and involves the hydroxylation of the methyl group of toluene to
form benzoate(Worsey and Williams, 1975). This toluene degrader did not
oxidize TCE (Nelson et al., 1988) and suggests that ring oxygenases are the
enzyme systems efficient for the biodegradation of TCE.

The pathway for TCE degradation by enzymes involved in the
biodegradation of aromatic compounds seems to be similar to the pathway
proposed for methanotrophs, except for the dioxygenase system where TCE
epoxide, the proposed universal intermediate for most monooxygenase enzyme
systems, does not appear to be present. Metabolic studies and chioride release
experiments during the degradation of TCE by Pseudomonas mendocina KR,
resulted in non chlorinated water soluble products putatively identified as formic
acid and glyoxylic acid, carbon dioxide and cellular constituents (Winter et al.,
1989). Li and Wackett (1992), working with purified toluene dioxygenase
obtained from E. coli recombinant strains and '“C-TCE, found formic acid and
glyoxylic acid as the major oxidation products for this enzyme system. None of
the other intermediates identified for the methane monooxygenase system
(Figure 1.3.) were detected indicating major differences in the mechanism of

TCE oxygenation from those previously proposed. This also eliminates the
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possibility that the dioxygenase system functions as a monooxygenase adding
oxygen across the double bound. In one possible mechanism proposed by the
authors, an iron bound dioxygenated intermediate might rearrange on the
enzyme surface to yield formate from both carbon atoms as proposed in Figure
1.3.

Determining the distribution of aromatic degrading organisms is important
to the overall understanding of diversity and ecology of biodegrading
communities. For the methane monooxygenase systems, where differences in
TCE cometabolic transformation is well established, aromatic pathways may
differ in their efficiency for cometabolic transformation. When this is the case,
selection and introduction (i.e. bioaugmentation) of robust strains may increase
the degradation rates of the pollutant in the field. | investigated the co-metabolic
efficiency of different pathways involved in the degradation of toluene present in
well-studied laboratory strains and compared those with isolates from a field site
where successful TCE degradation occurs. To further investigate the
relationship between pathway and strains, | used gene probes to determine the

distribution of pathways in the new isolates.

Degradation of mono aromatic hydrocarbons under denltrifjrlng
conditions.
The availability of oxygen, due to its low solubility in water and inefficient

transport through saturated porous matrices such as soil and sediments, is
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usually the rate limiting parameter for BTEX removal from contaminated sites. It
has only been in recent years that anaerobic degradation of these compounds
has been conclusively established. Of the BTEX class of compounds, toluene
seems to be the most easily degraded under anaerobic conditions . The
degradation of toluene has been reported under denitrifying conditions (Chee-
Sanford et al., 1992; Dolfing et al., 1990; Evans et al., 1991; Evans et al., 1992,
Kukor and Olsen, 1990; Schocher et al., 1991), methanogenic conditions (Grbic-
Galic and Vogel, 1987; Wilson et al., 1986), sulfate reducing conditions
(Edwards et al., 1993; Rabus et al., 1993) and ferric iron reducing conditions
(Loviey and Lonergan., 1990; Lovley et al., 1989). Very little was known about
the organisms responsible for toluene degradation under denitrifying conditions
and how widely they are distributed in nature. Hence one of my goals was to

isolate such organisms and describe their physiological features.
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Chapter i

Microbial populations of phenol and toluene degraders in an aquifer where
successful TCE co-oxidation occurs.
Introduction

Contaminated water is a problem facing many communities throughout the
world. Trichloroethylene (TCE), an Environmental Protection Agency priority
pollutant, is widespread in the environment. TCE is an efficient industrial
solvent and degreaser that can be transported into the environment by
inadequate disposal techniques, accidental spillage, leaking storage tanks, and
landfill leachates. TCE is relatively resistant to biodegradation in soil and the
subsurface since microorganisms can not use this compound as a sole source of
carbon or energy.

In 1985, Wilson and Wilson presented some of the first evidence of aerobic
degradation of TCE in soil enriched with natural gas (77% methane). After their
work, aerobic cometabolic degradation of TCE has been widely demonstrated,
initially using methanotrophic bacteria. Unlike anaerobic degradation which can
produce toxic by-products such as vinyl chloride (Vogel and McCarty, 1985), the
products produced aerobically by methane oxidizers are thought to be relatively
harmless for other organisms (Little et al., 1988; Oldenhuis et al., 1989; Tsien et
al., 1989). The first report of a pure culture capable of TCE degradation under

non-methanotrophic conditions was presented by Nelson et al. (1986). Among
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the groups of bacteria that produce oxygenases and have so far been
demonstrated to be capable of transforming TCE and other CAHs (chlorinated
aliphatic hydrocarbons) by co-metabolism include not only the methane
oxidizers (Alvarez-Cohen and McCarty, 1991a; Alvarez-Cohen and McCarty,
1991b; Alvarez-Cohen et al., 1992; Fogel et al., 1986; Henry and Grbic-Galic,
1990; Henry and Grbic-Galic, 1991a; Little et al., 1988; Oldenhuis et al., 1989;
Tsien et al., 1989); but also propane oxidizers (Wackett and Householder, 1989,
Malachowski et al., 1994); propylene oxidizers (Ensingn et al., 1992); ammonia
oxidizers (Arciero et al., 1989; Rasche et al., 1991); isoprene oxidizers (Ewers et
al., 1990); isopropylbenzene oxidizers (Dabrock et al., 1992); and monoaromatic
hydrocarbon (toluene, phenol, or cresols) degrading organisms (Folsom et al.,
1990; Harker and Kim, 1990; Nelson et al., 1987, Nelson et al., 1986, Nelson et
al., 1988; Wackett and Gibson, 1988).

Initial attempts to stimulate TCE co-oxidation in the field were done by
injecting methane and an oxygen source, but recently the injection of phenol and
toluene along with oxygen have been investigated since they appear to result in
more rapid TCE removal and are easier to engineer. The aerobic metabolism of
toluene is known to be initiated by a variety of oxygenases that result in five
different pathways leading to toluene mineralization. Phenol metabolism also
involves an oxygenase attack, and its pathway of metabolism converges with
some pathways of cresol metabolism that result from monooxygenase attack on

toluene. Hence, toluene and phenol additions may be stimulating very similar if
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not the same monooxygenases active in TCE co-oxidation. How similar the
populations are that are stimulated by these two substrates or whether they are
equivalent in their cooxidizing ability is unknown. The best studied strains with
the five different toluene degrading pathways are very different in the TCE
cooxidizing ability, varying from completely inactive to the most active known
organism. Hence the success of phenol or toluene stimulated TCE cooxidation
treatments would appear to depend on which type of population ( and
oxygenase) is stimulated at a contaminated site.

In this study we characterized the phenol and toluene degrading
populations that grew in response to toluene, phenol and TCE additions to the
Moffett Field aquifer. The isolates were taken from two sources: glass beads
added to the aquifer in the flow path of the injected substrates so that only those
organisms that grew in situ were obtained, and from filtered water pumped from
the same hole so that any unattached organisms could also be obtained. Our
objectives were: (i) to evaluate the sensitivity of the populations to toluene and
phenol concentrations, (ii) to determine which populations were more frequently
isolated, (iii) to elucidate major characteristics of the isolate collection such as
gram reaction, frequency of use of both phenol and toluene, TCE cooxidation
ability and hybridization to the toluene pathway probes , and (iv) to compare the
rates of toluene use and TCE cooxidation among the more commonly selected

aquifer strains and with the previously well-characterized toluene degraders.
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Material and Methods

Field sample site description. The experimental site is located at the Moffett
Federal Airfield (formerly the Moffett Naval Air Station), Mountain View,
California, a few miles from Stanford University. It is located on the lower part of
the Stevens Creek alluvial fan, approximately 3 km south of the southwest
extremity of San Francisco Bay. The surface elevation at the site is 8.5 m above
mean sea level. The test zone is a shallow, semiconfined aquifer, consisting of
fine to coarse-grained sands ;nd gravels. The alluvial sediments contained in
the aquifer were deposited in the last 5000 years. This aquifer is about 4.5m
below ground surface, and is about 1.4 m thick. Above the aquifer is
approximately 4 m of silt and clay of a brownish-black to olive gray color, and a
layer of dark greenish-gray silty clay about 7 m thick underlines the aquifer. The
aquifer is spatially heterogeneous, with the composition varying appreciably over
short distances. The test zone appears to have the structure of a buried stream
channel containing sand and gravel in some areas and only sand in others
(Roberts et al., 1990).

Pumping test results suggest that this is a leaky confined aquifer system, with
a hydraulic conductivity of 100 m/day. Groundwater velocity in the test zone is
relatively high, 1 m/day, based upon both bromide tracer tests and estimates
from the measured hydraulic gradient across the field of 0.0032 and an

estimated porosity of 0.33. The natural gradient moves in a south to north
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direction, that is from the injection well towards the extraction well (Roberts et
al., 1990).

The organic matter content of bulk aquifer samples is 0.11 percent.
Sorption of TCE to aquifer material is rather high, as indicated by measured
retardation factors with respect to groundwater movement of 8 to 12, which is
consistent with sorptive properties measured in the laboratory. The groundwater
is anoxic, of low salinity and near neutral pH. It is somewhat contaminated from
other sources with chlorinated solvents, although the one of primary interest in
this study, TCE, is not present. The only chlorinated aliphatic
hydrocarbon(CAH) of significance is 1,1,1-trichlorethane, which is at a
concentration of about 30 ug/L. These contaminants have posed no difficulties
in the experiments conducted at the site, as they are either too low in
concentration to be of significance, or else are not reactive biologically under the
experimental conditions. Chemical analysis of water from the sampling site
revealed the following concentrations: phosphate less than 0.5 mg/L, nitrate, 25
mg/L, sulfate, 700 mg/L (Hopkins et al., 1993).

For the phenol injection experiments conducted during 1991-1992, a new
experimental leg was installed adjacent to the original one installed in 1986 for
other studies. The injection and extraction wells consist of standard 2 inch PVC
pipe, installed using a hollow stem auger. These wells contain 5-foot slotted
screens that fully penetrate the aquifer zone. The sampling wells (Figure 2.1.)

are located at 1(SSE1), 1.6(SSEGB), 2.2(SSE2), and 4 m(SSE3) from the
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injection well, and consist of 1.25-inch stainless steel wire wound sand points
with 2-foot screens, installed in the middle of the aquifer test zone. An additional
sand point well with a 4.5-foot screen was placed 7m (extraction well-P2) from
the injection well. Normally water was extracted from the aquifer at a flow rate of
10 L/min, creating a localized flow of groundwater towards the extraction well .
Water was injected at a flow rate typically of 1.5 L/min. From bromide tracer
tests, the mean time of travel of injected water is approximately 4,12, and 30
hours to the SSE1, SSE2, and SSE3 wells respectively.

Extracted water was treated by air stripping and filtration to remove volatile
and suspended contaminants, respectively. A portion was used for the injection
water , and the remainder was discharged into the Moffett Field drainage
system. The test zone has many favorable features: high permeability, suitable
groundwater chemistry, shallow depth, confined system providing two-
dimensional flow, desirable size for field experiments, well controlied
groundwater flow, and the ability to withdraw all chemicals or other materials
added to the system. Details of the on-line field analytical system have been
provided elsewhere (Roberts et al., 1990). An automated data acquisition and
control system (DAC) was devised at the test site to implement the field
experiments. Water samples for analysis were obtained from the monitoring well
locations and from injected and extracted water by automated pumping to the
analytical system. The automated analytical system permited the continuous

measurement of the principal chemical constituents for a given experiment,



37

namely phenol, toluene and TCE, 1,1-DCE, c-DCE and t-DCE. The instruments,
of interest for the field part of this project, operated by the DAC system are: a
reverse phase high performance liquid chromatograph (HPLC) for phenol and
toluene analysis, a gas chromatograph equipped with an electron capture
detector (GC-ECD) and a Hall conductivity detector (GC-Hall) for CAC analysis.
TCE was analyzed by GC using a purge and trap system described by Roberts
et al, 1990. The gas chromatograph was equipped with a J&W Scientific
(Folsom, CA) 30 meter, DB-624, megabore capillary column, and a Tremetrics
(Houston, TX) Hall conductivity detector. Calibrations were made using an
external standard. Phenol and toluene were analyzed by reverse phase HPLC,
with separation on a Spherisorb ODS-2 column (Altech, Dearfield, IL) with 50%
methanol in water as eluent, and detection using a Linear Model 200 UV
detector. Chemicals were introduced into the injected water in an automatic
programmed manner. The extracted water used for injection was treated before
chemicals were added by filtration through a nominal 1um filter, and UV
disinfection. Chemicals introduced in the past were oxygen, phenol, bromide,
TCE, cis and trans-1,2-dichloroethylene. Concentrations of the CAHs have
generally been in the 40 to 150 ug/l range and, TCE concentrations up to 1000
ug/l were injected during the year of 1992. CAHs were added to injection water
by continuous pumping of water solutions saturated with the particular CAH of

interest. The injection water and sampled waters all pass through stainless-steel
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tubing, which prevents passage of gases and CAHs through tubing walls. Thus,
excellent mass balances of all chemicals can be maintained.

Chemical introduction into the aquifer - 1993 experiments. The field
experiment was conducted by Gary Hopkins of Stanford University. For the
experiments described in this work corresponding to the year of 1993, a
summary of the injection concentrations for the chemicals of interest over this
study period is given in Table 2.1. Before chemical augmentation, the
groundwater was filtered with a nominal 1 um cotton filter, and UV disinfected. It
was then passed through a gas absorption column where molecular oxygen was
used to purge the column, producing a dissolved oxygen (DO) concentration in
the groundwater of about 32 mg/L. Phenol and toluene were added in puises
during their respective test periods, once every 8 hours as controllied by a timing
clock. For phenol, a solution was prepared, and an aliquot yielding 9 g phenol
was added during each 10 min or less pulse, thus producing a 12.5 mg/L time-
averaged concentration. Toluene was added in a similar fashion as phenol, but
as pure solute: 6.5 g was added over a 30 min period to yield a time-averaged
concentration of 9 mg/L for the eight hour cycle. A pair of static mixers with 24
elements was used to mix the toluene into the injection flow stream. Although
the toluene was not perfectly dissolved within the contact time of less than 1s, it
was nevertheless very finely dispersed upon exiting the static mixer, with an
approximate pulse concentration of 200 mg/L (toluene solubility is approximately

600 mg/L). As in previous years, there was a period of 3 days in which the
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microbial population was prestimulated with phenol (6.5 mg/L time-averaged)
and oxygen (32 mg/L) addition. This was done to prevent potential biofouling of
the extraction well and to provide time to correct the usual startup problems of
the injection and analytical systems. At time zero, the chemical augmentation of
TCE and bromide began along with the increase in the phenol concentration to
a time-averaged 12.5 mg/L (Table 2.1). After TCE removal approached steady-
state, the 1,1-DCE augmentation and evaluation began. After the termination of
the 1,1-DCE addition and the quasi-steady state conditions were again
achieved, the primary substrate was changed from phenol to toluene.
Approximately one week later, augmentation with c-DCE began, followed by the
augmentation with t-DCE.

Samples for microbiological analysis. The 1993 study followed 8 months of
inoperation of the field site. At about -604 hours before the beginning of the
chemical augmentations for the 1993 season, three types of samples were sent
to MSU for microbiological analysis of the phenol and toluene-degrading
populations initially present on the field (sample 1). The samples consisted of
microbial biofilms on glass beads (present in the field for 8 months) extracted
from the SSEGB well (Figure 2.1.), and two filtered water samples. The first
water sample resulted from filtering 500 ml of water through a 0.2 um filter after
extracting approximately 60% of the glass beads from the well (this sample is
termed 0.22 um filter sample in this work). A cotton filter (Micro-wynd II, J.N.

Fauver Company, Flint, Ml) was used to process all water extracted during the
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removal of the glass beads from the well, approximately 150 L, and is termed
here as the cotton filter sample. Samples 2, 3 and 4 consisted of glass beads
deposited in a screen-fabric bag (approximately 100 g glass beads/bag) and
hung in the fully penetrating well (SSEGB, Figure 2.1.). At indicated times
(Table 2.1.), the bags of glass beads were removed from the well and sent on
ice by Federal Express to MSU for microbiological analysis. New bags were
deposited in the wells. For samples 2, 3 and 4, the period of microbial
colonization of the glass bead bags in the field was 20-26 days.

Microbial biomass. To collect the biomass from the glass beads or filters,
these samples were shaken with sterile saline solution, pH 7, in sterile 250 mi
Nalgene plastic bottles. The supernatant was transferred to a clean, sterile
bottle, followed by centrifugation. The pellet was retained and the superatant
discarded. At least eight extractions were performed in this manner from each
sample. The final pellet was resuspended in saline to yield a biomass
concentration correspondent to 10 g glass beads/mi of saline. The filter samples
were resuspended to a simmilar visual turbidity as the resultant glass beads
samples. This resuspended turbid solution was used for MPN determinations,
direct isolation of microbial populations and total microbial community DNA
extraction.

Most probable number (MPN) population estimates. For the MPN

determinations the basic experimental protocol presented in Figure 2.2. was

followed. The estimated population density and the 95% confidence intervals
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