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Abstract

Microorganisms have the ability to adapt to a variety of environmental conditions. Their
versatility makes them useful for various biotechnological applications. One such application
is the use of microorganisms for removal of pollutants from the environment, so-called
bioremediation.

The first goal of the present work was to isolate a microorganism which could grow on
the model pollutant 4-chlorophenol. From an enrichment culture, a microorganism was
obtained which could grow on up to 350 µg/ml (2.7 mM) 4-chlorophenol, the highest
concentration reported for bacterial growth in pure culture. In addition to 4-chlorophenol, the
strain could grow on a number of other para-substituted phenols and unsubstituted phenol.
Taxonomic studies showed that the microorganism constituted a novel species within the
genus Arthrobacter and it was named Arthrobacter chlorophenolicus A6.

A second objective was to study 4-chlorophenol degradation in soil by A.
chlorophenolicus A6. Therefore, the strain was chromosomally tagged with either the gfp
gene, encoding the green fluorescent protein (GFP), or the luc gene, encoding firefly
luciferase. When the tagged cells were inoculated into 4-chlorophenol contaminated soil they
could completely remove 175 µg/g 4-chlorophenol within 10 days, whereas no loss of 4-
chlorophenol was observed in the uninoculated control microcosms. During these
experiments the gfp and luc marker genes allowed monitoring of cell number and metabolic
status.

 When A. chlorophenolicus A6 was grown on mixtures of phenolic compounds, the strain
exhibited a preference for certain phenols over others. In mixtures, 4-nitrophenol was
preferred over 4-chlorophenol, which in turn was preferred over phenol. Analysis of data on
cell growth and degradation of the target compounds indicated that the same enzyme system
was used for removal of 4-chlorophenol and 4-nitrophenol. Studies with a mutant strain where
one enzyme in the chlorophenol degradation pathway was dysfunctional corroborated this,
and indicated that degradation of unsubstituted phenol was mediated by another or an
additional enzyme system. The luc-tagged A. chlorophenolicus A6 gave valuable information
about growth, substrate depletion and toxicity of the phenolic compounds in substrate
mixtures.

The 4-chlorophenol degradation pathway in A. chlorophenolicus A6 was elucidated. The
metabolic intermediate subject to ring cleavage was found to be hydroxyquinol, instead of the
most commonly found 4-chlorocatechol. Two pathway branches led from 4-chlorophenol to
hydroxyquinol; one via hydroquinone and one via 4-chlorocatechol. A gene cluster involved
in 4-chlorophenol degradation was cloned from A. chlorophenolicus A6. The cluster
contained two functional hydroxyquinol 1,2-dioxygenase genes and a number of other open
reading frames presumed to encode enzymes involved in 4-chlorophenol catabolism. Analysis
of the DNA sequence suggested that the gene cluster had partly been assembled by horizontal
gene transfer.

In summary, 4-chlorophenol degradation by A. chlorophenolicus A6 was studied from a
number of angles. This organism has several interesting and useful traits such as the ability to
degrade high concentrations of 4-chlorophenol and other phenols alone and in mixtures, an
unusual and effective 4-chlorophenol degradation pathway and demonstrated ability to
remove 4-chlorophenol from contaminated soil.
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1 Introduction

“Bacteria represent the great success story of life's pathway. They occupy a wider
domain of environments and span a broader range of biochemistries than any other
group. They are adaptable, indestructible and astoundingly diverse. We cannot even
imagine how anthropogenic intervention might threaten their extinction, although we
worry about our impact on nearly every other form of life…. This is the 'age of
bacteria'---as it was in the beginning, is now and ever shall be.”
-Stephen Jay Gould (1994).

Bacteria are found everywhere on the planet, from deserts in Antarctica to deep-sea
thermal vents, from high up in the atmosphere to several kilometers into the Earth’s
crust. Their metabolism is amazingly versatile and they can grow in a wide range of
environmental conditions. As humans, we depend on bacteria for our existence; for
example they colonize our skin and digestive tract as part of our immune system,
certain bacteria in our gut provide us with vitamin K, and bacteria were initially
responsible for the oxygenation of the Earth’s atmosphere.

The versatility of bacteria can be harnessed in a number of biotechnological
applications. For example, microorganisms can be used for production of substances
such as insulin in the pharmaceutical industry, for manufacture of biodegradable
plastics and as sources of novel enzymes with activities at temperature extremes.

The nutritional versatility of microorganisms can also be exploited for
biodegradation of environmental pollutants. This process is called bioremediation and
is based on the capability of certain microorganisms to metabolize toxic pollutants,
obtaining energy and biomass in the process. Ideally, the chemicals are transformed
into harmless compounds such as carbon dioxide and water. Harnessing
microorganisms to degrade harmful compounds is an attractive option for clean up of
polluted environments. However, despite the apparent simplicity of microorganisms,
the different strategies for dealing with pollutants are as diverse as the organisms
themselves. The process of biodegradation must therefore be investigated on several
levels; biochemical, genetic and physiological.

The focus of this thesis was biodegradation of the target pollutant 4-
chlorophenol. A bacterium which could grow on and degrade 4-chlorophenol was
isolated. The isolate was designated strain A6, and 4-chlorophenol degradation by this
microorganism was studied from a number of angles.

The main questions addressed in this thesis are:
o How much 4-chlorophenol can strain A6 tolerate and degrade?
o Which other phenols can the microorganism grow on?
o Which genus and species does A6 belong to?
o Can strain A6 be used to clean up 4-chlorophenol contaminated soil?
o Is it possible to monitor cell number and metabolic status of A6 during

remediation of 4-chlorophenol contaminated soil?
o Can strain A6 degrade mixtures of different phenols?
o How is 4-chlorophenol degraded in this strain?
o Which genes encode 4-chlorophenol degradation by strain A6?
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2 The issue: aromatic pollutants in the environment

Aromatic pollutants pose a serious hazard to human health and the environment. The
aromatic structure itself is not foreign to nature – the benzene ring is the second most
common monomer in the environment, prevalent for example as a component of lignin
in wood. However, in modern industrial practices, various substitutions may be added
to the aromatic ring, creating compounds which do not naturally occur in the
environment. Such man-made compounds are termed xenobiotic. Furthermore,
aromatic compounds may become pollutants when they are transported to an
environment where they do not normally occur. Petroleum oil, for example, is a
natural product containing aromatic compounds, but it is a pollutant on the Earth’s
surface.

2.1 Spread of aromatic pollutants

Often it is the same property that makes an aromatic compound attractive for use that
causes the environmental problems. Some compounds, such as polychlorinated
biphenyls (PCBs) (Fig. 1) and polybrominated diphenyl ethers (PBDEs) (Fig. 1) are
chemically inert, and therefore have been used for example as flame retardants
(Rahman et al., 2001; Swoboda-Colberg, 1995). Unfortunately, these compounds are
inert in the environment as well, and although the production of PCBs was completely
phased out in the 1990s, they can still be found all over the world, even in remote
areas (Breivik et al., 2002; Harner et al., 1998; Swoboda-Colberg, 1995).

Other aromatic compounds are toxic to weeds and pests and have been used as
biocides. However, many such substances are toxic to humans and wildlife as well,
and some are also resistant to biological and chemical degradation. Aromatics used as
biocides are for example 1,1,1-Trichloro-2,2-bis-(4'-chlorophenyl)ethane (DDT),
chlorophenols and creosote (creosote is a complex mixture of polyaromatic
hydrocarbons (PAHs)) (Swoboda-Colberg, 1995) (Fig. 1).

Some aromatic compounds in the environment originate from spills or leakage. For
example, benzene, toluene, ethylbenzene and xylenes (collectively called BTEX
compounds) (Fig. 1) are components in gasoline and used as solvents for example in
the plastics industry (Swoboda-Colberg, 1995; Lynge et al., 1997). Even though only a
small fraction of these compounds escape to the environment, the amount is large in
absolute numbers. PAHs may also enter the environment in this way. For example, at a
former gas work site in Värtan, Stockholm, some 20 PAHs were found in the soil, with
levels of total PAHs ranging between below detection limit up to 5000 mg PAH/kg
soil (Eriksson et al., 2000).

Finally, some aromatic pollutants are formed as by-products of various industrial
processes. Chlorophenols are for example formed as by-products in paper mills, and
PAHs, dioxins (polychlorinated dibenzo-p-dioxins (PCDDs) (Fig. 1) and
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polychlorinated dibenzofurans (PCDFs)) are formed in combustion processes
(Everaert and Bayens, 2002; Pritchard et al., 1987).
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      Fig. 1. Some aromatic pollutants mentioned in the text.

2.2 Human exposure

Humans and wildlife are exposed to aromatic pollutants in the environment, as has
been shown by the detection of these compounds in samples from many different
organisms. Furthermore, pollutants may be metabolized in the body, giving rise to
potentially more harmful compounds. For example, PCBs and their metabolites have
been found both in human breast milk and blood plasma (Hovander et al., 2002; Norén
and Meironyté, 2000). Also, DDT and its metabolite 1,1-Dichloro-2,2-bis(4'-
chlorophenyl)ethylene (DDE) can be detected in breast milk from exposed women, but
in areas where the compound has been banned levels have declined strongly in recent
years (Curtis and Lines, 2000; Norén and Meironyté, 2000). Whereas the levels of
most organochlorine compounds are declining in samples from Swedish individuals,
the amount of PBDEs in breast milk is greatly on the increase, and multiplied 60 times
in the time period between 1972 and 1997 (Norén and Meironyté, 2000).
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2.3 Human health effects

Many aromatic compounds exert their hazardous effect on humans by impacting the
hormonal system, which is serious as low amounts can have a profound effect. For
example, some PCB and DDT congeners can mimic estrogen (Toppari et al., 1996).
PBDEs and their metabolites as well as phenols have also been found to have potential
endocrine disrupting properties (Meerts et al., 2001; van den Berg, 1990). Other
compounds are carcinogenic; phenanthrene, benzo(a)pyrene and benzo(a)anthracene
are among the PAHs shown to cause cancer (Samanta et al., 2002; Finlayson-Pitts and
Pitts, 1997). Benzene is also a well-documented carcinogen, and toluene and xylene
are both implicated in cancer development (Lynge et al., 1997). Some dioxins are
highly toxic and for example 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a known
human carcinogen (Huwe, 2002; Parzefall, 2002).

2.4 Restrictions of use

For many years, there has been a growing awareness about the adverse effects of
aromatic compounds on both human health and the environment. The Stockholm
Convention, for example, is a global project to phase out a number of persistent
organic chemicals (www.pops.int). Many of the compounds mentioned above have
already been restricted or banned. The use of DDT was restricted in Sweden in 1970
and totally banned in 1975 (Regulation on certain active substances (pesticides),
1993), but use continues for malaria control in some African, Asian and South
American countries (Curtis and Lines, 2000). Improved combustion techniques have
also lead to the reduction of by-products such as dioxins (Huwe, 2002). As mentioned
above, the use of PCBs was completely phased out in the 1990s. Unfortunately,
brominated aromatic compounds such as PBDEs have largely taken the place of PCBs
in industrial applications and are presently widely used. As a result, their
concentrations in environmental samples are now frequently found to be higher than
those of PCBs (Rahman et al., 2001). However, regulations of these compounds are
coming; the European Union has decided to ban the selling and use of any preparations
and objects containing more than 0.1% penta- and octa-BDE starting from August
2004 (Directive 2003/11/EG) and investigations on deca-BDE are under way (Swedish
National Chemicals Inspectorate, www.kemi.se).

2.5 Focus on phenols

The focus of this thesis is biodegradation of phenolic compounds, especially 4-
chlorophenol. Phenol, methylphenols and chlorophenols in general have been used in
the petrochemical industry (oil/gas industry, refineries and production of basic
chemicals). They have also been used in pesticides, in disinfectants, as paint
preservatives and for wood preservation (Swoboda-Colberg, 1995). 4-chlorophenol
specifically is formed from chlorination of waste water, from chlorine bleaching of
pulp and from breakdown of phenoxy herbicides such as 2,4-dichlorophenoxyacetic
acid (2,4-D) (Pritchard et al., 1987). 4-chlorophenol is also a product of anaerobic
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degradation of more highly chlorinated phenols, such as pentachlorophenol (Madsen
and Aamand, 1992; Woods et al, 1989), which have been used extensively for
preservation of lumber (Swoboda-Colberg, 1995). 4-nitrophenol was also a target
compound in the present work, and nitroaromatic compounds in general are used for
example in the explosives industry (Spain, 1995; Swoboda-Colberg, 1995). Moreover,
4-nitrophenol may also be formed in soil by hydrolysis of organophospourous
insecticides such as parathion and methylparathion (Munnecke, 1976; Nelson, 1982).

Phenolic compounds, especially halogenated phenolic compounds, have been found to
have possible endocrine-disrupting effects, exerted by interference with the transport
of thyroid hormones (van den Berg, 1990). The exposure of humans to phenolic
compounds becomes apparent from the results of a recent study, where some 50
brominated and chlorinated phenols were found in plasma from Swedish blood donors
(Hovander et al., 2002).

Phenols are also toxic to individual cells, including bacteria, as they uncouple the
cell’s respiration (Escher et al., 1996; McLaughlin and Dilger, 1980; Terada, 1990).
The chemical basis of this effect is that phenols are fat-soluble and thus may transverse
the cell membrane, together with the fact that they are also weak acids, forming a
phenolate ion when the hydrogen of the hydroxyl group dissociates from the parent
compound. The type of the substituents on the phenol will affect the dissociation
constant (pKa) of the compound. For example, unsubstituted phenol has a pKa of 10.0,
whereas it is 9.4 for 4-chlorophenol and as low as 7.1 for 4-nitrophenol. Thus, a
phenolate ion may take up a proton on the outside of the cell membrane, pass through
the membrane and deposit the proton on the cytosolic side. The phenolate ion may
then diffuse out through the cell membrane, completing the cycle. To further
complicate matters, phenols have also been found to form dimers which take part in
this uncoupling cycle (Escher et al., 1996). The effect of the uncoupling activity of
phenols is that these compounds are lethal to microorganisms over a certain
concentration level, and this level varies with both the phenol and microorganism in
question. In the present work, one of the aims was to obtain a microorganism that
could tolerate high concentrations of 4-chlorophenol. The goal was achieved as the
isolated strain, Arthrobacter chlorophenolicus A6, could use up to 350 µg/ml of 4-
chlorophenol for growth (paper I). This is the highest 4-chlorophenol concentration
reported to be used as a growth substrate for a microorganism in pure culture (paper I).

In addition to phenols being toxic when present as single compounds, two differently
substituted phenols may have synergistic deleterious effects on uncoupling (Escher et
al., 2001). This effect is due to a formation of a dimer between a phenol and a
phenolate ion and is most likely to arise when the two phenols have widely differing
pKa-values (Escher et al., 2001). Because of this, mixtures of differently substituted
phenols may have a more serious toxic effect than estimated by the effect of each
single compound. The issue of mixtures of phenols was addressed in paper III (see
also chapter 7, Microbial degradation of mixed pollutants).
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3 Bioremediation

The use of biological systems to remove pollutants from the environment is called
bioremediation. The technique may be used instead of, or as a complement to,
conventional remediation techniques such as pump-and-treat or excavation and
incineration. The advantage of using bioremediation is that it is potentially more cost-
effective than traditional cleaning techniques such as waste incineration; possible
savings have been estimated to 65-85% (Zechendorf, 1999). As any technology,
bioremediation has its limitations, in that not all materials can be treated, conditions at
the treatment site may be restrictive or require costly tailor-made applications, and the
time required for treatment may be too long for the method to be useful (Hart, 1996:
Zechendorf, 1999).

Bioremediation using bacteria takes advantage of the ability of microorganisms to
degrade organic compounds and their ability to evolve degradation pathways for
pollutants that are foreign (xenobiotic) in the environment. Some compounds are
easily degraded by microorganisms, whereas others persist in nature – these are called
recalcitrant. In general, xenobiotics, especially halocarbons, tend to be recalcitrant.
Some compounds can only be degraded together with another substrate
(cometabolism), such as the solvent trichloroethane and highly chlorinated PCBs.
Branched and polyaromatic organic compounds are as a rule more resistant to
degradation than straight-chain compounds and monoaromatics. Hydrocarbons and
alcohols with low or medium molecular mass are relatively easily biodegraded.

A disadvantage of bioremediation as a soil treatment strategy is the need for
continuous monitoring of the process to ensure its effectiveness. Both depletion of the
target pollutant(s) and impact of the treatment on soil biological activities should be
examined. As the environment is often heterogenous, effective monitoring can be very
difficult, and thus reduce the cost-effectiveness of bioremediation. To overcome this
limitation, the use of microbial cells as biosensors for monitoring environmental
conditions is gaining in interest (Jansson, 2003). In this technique, bacteria are
normally engineered with a luminescent or fluorescent reporter gene that is expressed
under specific environmental conditions, such as in the presence of pollutants
(Jansson, 2003). For example, Behor et al. (2002) constructed an Escherichia coli
strain with luciferase genes fused behind a promoter which was induced in the
presence of toxic compounds. This resulted in light output in response to a variety of
environmental pollutants. Microbial biosensors are also useful in that they measure the
bioavailability of the pollutant to microbial cells, not just presence of the compound
(Sayler and Ripp, 2000; Jansson, 2003). In papers II and III, luminescence output from
luciferase gene (luc)-tagged A. chlorophenolicus A6L gave information about the
metabolic state of the cells. In this strain, the luc reporter gene was cloned behind a
constituitive promoter. Therefore the light output reflected the general metabolic status
of the cells, in contrast to biosensors where the reporter gene is fused to inducible
promoters. In paper III, the luciferase activity of A. chlorophenolicus A6L yielded
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information about the toxicity of the phenols, growth on phenols, and the time point of
their depletion from the medium.

3.1 Intrinsic bioremediation

Intrinsic bioremediation, also called natural attenuation, relies on the catabolic
activities of the indigenous microflora already present at a contaminated site to
degrade the pollutants. The only intervention needed is monitoring of the
biodegradation processes. For example, in a study by Landmeyer et al. (2001), the
indigenous microbial community present in a groundwater system was able to degrade
the gasoline additive methyl tert-butyl ether, which is a suspected human carcinogen,
and no additional treatment was needed as long as oxygen was available. The
advantage of intrinsic bioremediation is the low cost of the treatment. However, a
major concern with the method is how to obtain quality data to ensure that
bioremediation really is taking place and implementing a long-term monitoring
program of the process (Atlas and Unterman, 1999; Smets et al., 2002). In addition,
the pollutant and its potential metabolites should not pose any danger to plants,
animals, humans or natural ecosystems during treatment and spread of the pollutant
must be prevented (Alexander, 1999; Hart, 1996; Smets et al., 2002).

3.2 Biostimulation

Biostimulation is a bioremediation approach that relies on supplementing the natural
biodegrading microflora with nutrients or other factors that are otherwise limiting.
Often a natural degrading microbial community exists at a contaminated site, but one
or several environmental conditions are inadequate. Critical factors may be identified
by physical and chemical measurements of the site conditions. Some treatments that
can be employed include the following:

3.2.1 Oxygenation

Oxygen is often a limiting factor in aerobic bioremediation processes (Adriaens and
Vogel, 1995). Common pollutants such as oil or gasoline, for example, are normally
degraded under aerobic conditions, and therefore oxygenation is an important issue for
biostimulation. Addition of oxygen may be achieved by drainage, tilling, addition of
chemicals that release oxygen (such as hydrogen peroxide) or by injection of air into
the contaminated matter (Adriaens and Vogel, 1995; Atlas and Unterman, 1999).
Bioventing is a process that involves injection of air into soil above the water table,
and has been extensively used in hydrocarbon remediation (Adriaens and Vogel, 1995;
Alexander, 1999). Biosparging involves injection of air below the water table, and
here the purpose is not only to provide O2 as a terminal electron acceptor but also to
transfer pollutants into the zone above the water table, which may contain a population
of microorganisms with appropriate degradation capabilities (Alexander, 1999; Hart,
1996).
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3.2.2 Addition of nutrients

If nutrients at the site are lacking, fertilization may enhance biodegradation. Nitrogen
and phosphorous fertilization have been found to be beneficial for oil bioremediation
and was used for treatment of the Exxon Valdez oil spill on the Alaskan coast (Atlas
and Unterman, 1999; Head and Swannell, 1999; Romantschuk et al., 2000).
Fertilization is more problematic when the goal is to stimulate subsurface or
groundwater populations, since the nutrients have to reach the microorganisms in an
efficient way. For example, electric currents have been used, either directly or
following soil fracturing, to create channels in the soil and increase availability of
nutrients (Atlas and Unterman, 1999).

3.2.3 pH adjustment

Most microorganisms are pH-sensitive, and near neutral conditions are typically
required for activity, with variation between 6.5 and 8 or 8.5 usually being acceptable
(Bowlen and Kosson, 1995). However, degradation of aromatic compounds has been
reported at pH values as low as 2.0 (Stapleton et al., 1998). If pH is a limiting factor
for bioremediation, it may be adjusted by addition of chemicals; basic soils can be
treated with ammonium sulfate or ammonium nitrate, and acidic soils can be treated by
liming with CaCO3 or MgCO3 (Bowlen and Kosson, 1995).

3.2.4 Temperature

Low temperature may limit bioremediation by having a negative impact on enzyme
activity and the ability of cells to take up the pollutant (Leung et al., 1997; Nedwell,
1999). The best degradation rate for hydrocarbons is generally obtained at around 30
°C (Leahy and Colwell 1990; Zhou and Crawford, 1995). Thus, low temperature is a
potential problem for bioremediation in many parts of the world. There are two
approaches to this problem; either heating of the site, for example by pumping warm
water through soil (Ensley and DeFlaun, 1995), or by employing cold-tolerant
microorganisms. The latter approach has been shown to enable bioremediation of soil
even at temperatures prevailing in Arctic climate zones (Mohn and Stewart, 2000;
Mohn et al., 1997).

3.2.5 Improving bioavailability

Low biodegradation rates in soil may be due to limited accessibility of the pollutants.
A major reason for inaccessibility is slow diffusion in the soil matrix (Harms and
Bosma, 1997), due to absorption of hydrophobic contaminants to soil particles.
Weathering also often makes the pollutant unavailable to the microbial population,
presumably due to entrapment of the chemical into soil pores (Atlas and Unterman,
1999; Harms and Bosma, 1997). Different treatment strategies may remedy this
problem; for example biodegradation of PAHs in soil was increased by both heating
and treatment with acetone, presumably due to increased bioavailability (Bonten et al.,
1999). Also, the addition of surface-active agents (surfactants) can be used to improve
the bioavailability of oils by increasing the oil/water surface area, or to enhance
bioavailability of poorly soluble compounds (Alexander, 1999). However, use of
surfactants is not unproblematic, as they may inhibit microbial adhesion to
hydrophobic pollutants, thus negatively impacting bacterial growth (Stelmack et al.,
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1999). Some bacteria produce surfactants of their own, called biosurfactants, allowing
them to access hydrophobic compounds as growth substrates, and these bacteria or the
surfactants they produce may be added to soil to improve pollutant bioavailability
(Romantschuk et al., 2000; Rosenberg and Ron, 1999).

3.3 Bioaugmentation

When the intrinsic microorganisms at a polluted site are not sufficient to degrade a
pollutant, inoculation with an exogenous strain or strains, so-called bioaugmentation,
may be a feasible approach. The technique may also be used where the intrinsic
population is able to degrade the pollutant, but the rate of degradation needs to be
increased. Bioaugmentation may also be combined with the strategies for
biostimulation described above. Bioaugmentation for soil remediation has been
practiced both in agriculture, forestry and wastewater treatment for a number of years
(Vogel, 1996). The method has great potential for remediation but also many
problems. The success of bioaugmentation is determined by a large number of factors.
In addition to the characteristics of the contaminant itself and environmental
conditions at the site, the efficiency of bioaugmentation is also affected by the
microbial ecology of the site (such as grazing by predators or interspecies
competition), the characteristics of the inoculant (such as stability of degradative
capability and the effect of cosubstrates) and inoculation methodology (van Veen et
al., 1997; Vogel, 1996). Soil generally acts as a “buffer” against maintenance of
introduced microorganisms, but if there is a strong selective advantage for the
inoculant, the hostility of soil is more easily overcome, allowing establishment of the
introduced strain (van Veen et al., 1997).

3.3.1 Microorganisms for bioaugmentation

A variety of microorganisms are known which have special properties that make them
promising candidates for bioaugmentation. Such properties include the ability to
degrade chemicals that are extremely resistant to biological and chemical degradation,
such as chlorinated dibenzofurans and dibenzo-p-dioxins (Habe et al., 2001). Another
desirable trait may be tolerance to pollutant concentrations that are inhibitory to other
microorganisms, such as that displayed by 4-chlorophenol degrading A.
chlorophenolicus A6 (paper I). However, catabolic ability alone is not enough to
ensure efficient bioremediation. An inoculant also needs to be able to survive and
perform its task in the contaminated environment, for example soil or ground water.
This is usually first evaluated in microcosms set up in the laboratory, designed to
mimic environmental conditions, and if these initial experiments are successful,
eventually in field trials. Microcosm studies with luc- and gfp-tagged A.
chlorophenolicus A6 demonstrated that the microorganism was able to remove 4-
chlorophenol from artificially contaminated, non-sterile soil (paper II). All of the 4-
chlorophenol (175 µg/g) was removed within 10 days after inoculation whereas there
was negligible removal of the pollutant in uninoculated soil microcosms (paper II). In
addition, A. chlorophenolicus A6 has the ability to degrade 4-chlorophenol at low
temperatures. The microorganism can survive and degrade 4-chlorophenol in soil at
temperatures as low as 5 °C and also tolerates temperature fluctuations between 5 °C



18

and 28 °C (Backman and Jansson, 2004). This is an important trait for any
microorganism with potential use for bioremediation in temperate climates. Other
microcosm studies have shown less promising results; for example Sphingomonas sp.
UG30 which can degrade a mixture of pentachlorophenol and 4-nitrophenol in pure
culture had only a marginal effect in soil perfusion columns contaminated by the two
compounds (Cassidy et al., 1999). In fact, there are a great number of studies where
bioaugmentation of contaminated soil failed to improve biodegradation (Alexander,
1999).

There are several ways in which bioaugmentation may be enhanced by improving
survival and activity of the inoculant. For example, encapsulation of the cells into
polymeric material such as alginate or chitosan may improve their survival (Vogel,
1996). Encapsulation of a 4-nitrophenol degrading Moraxella sp. was found to protect
the strain from grazing by protozoa (Leung et al., 2000). Another approach is to adjust
the environment to better suit the inoculant (Vogel, 1996). For example, 4-
chlorophenol degradation by A. chlorophenolicus A6 was optimized by buffering the
soil pH (paper II). Another strategy for enhancing inoculant survival is to isolate a
pollutant-degrading microorganism from the polluted site itself. In theory, this
microorganism will already be adapted to the prevailing environmental conditions and
can be added back to the site in greater numbers. Alternatively, a “genetic
bioaugmentation” approach can be adapted, where a (non-degrading) dominant
member of the natural microbial population is isolated from a contaminated site, and
genes encoding the desired catabolic properties are then transferred to the isolate,
which is subsequently re-introduced into the contaminated environment (Watanabe et
al., 2002). An alternative approach was used by Strong et al. (2000) who
overexpressed an enzyme for atrazine degradation in E. coli, killed the cells and then
applied them to soil contaminated with atrazine. The method was successful in that up
to 77% of the atrazine was removed in the inoculated soil, whereas there was no
atrazine removal in non-inoculated soil. Methods involving genetic engineering are
further discussed in chapter 4, Tools for obtaining microorganisms for bioremediation.
Finally, for bioaugmentation applications it is highly advantageous to be able to
monitor the survival and activity of the inoculant, and today a number of techniques
are available for this (see chapter 5, Monitoring of bacterial inoculants for
bioremediation).

3.3.2 Process design

Bioaugmentation may be employed both in situ, by adding the cells directly to the
contaminated site, or in bioreactors at or outside the contaminated site, called ex situ.
In situ treatment has the advantage that excavation is not needed, but on the other hand
efficient application of the microorganisms may be difficult, and inherent
heterogeneity of the site, especially apparent in soil remediation, may cause problems
(Vogel, 1996). In an ex situ approach, on the other hand, mixing and addition of
oxygen and nutrients may be efficiently accomplished for example in soil slurries,
compost piles or in biofilm reactors (Adriaens and Vogel, 1995; Vogel, 1996).
However, there is always a risk of mobilizing the contaminant, for example by
volatilization, when excavating a site for subsequent treatment, and in this sense, in



19

situ degradation is preferred (Romantschuk et al., 2000). Additional things to consider
in setting up a bioaugmentation treatment include determination of the amount of
bacteria that should be added, as well as formulation of the cells for field application
(e.g. freeze-drying or suspending in a liquid) (Vogel, 1996).

3.4 Fungal bioremediation

White-rot fungi such as Phanerochaete and related genera have the ability to produce
extracellular peroxidase enzymes that act on a variety of organic compounds. These
enzymes have originally evolved for degradation of lignin and the reactions they
perform are non-specific. Phanerochaete chrysosporium is the most widely studied
bioremediation fungus and has been reported to degrade PAHs, PCBs, DDT, lindanes
and PCP, to mention just a few (Alexander, 1999; Cameron et al., 2000; Reddy and
Gold, 2000). The use of white-rot fungi for bioremediation has several potential
advantages in that no acclimatization to the substrates is necessary as the system is
non-specific, the method is applicable to insoluble compounds and the non-specificity
of the system allows treatment of a mixture of compounds (Cameron et al., 2000). A
disadvantage is that bioremediation using fungi tends to be slow (Alexander, 1999).
This problem may be overcome by the addition of large amounts of inoculum, which
could however be costly (Adriaens and Vogel, 1995; Alexander, 1999).

3.5 Phytoremediation

Phytoremediation is a technique that employs plants to accumulate and eventually
remove environmental contaminants. The technique is mainly used for soil
remediation, but also for sediment (Alexander, 1999). Plants may also be used in
“rhizosphere remediation”, where they provide favorable soil characteristics and
suitable environments for biodegrading bacteria that colonize the rhizosphere
(Alexander, 1999; Romantschuk et al., 2000).

3.6 Conclusions

Bioremediation is a viable alternative (or supplement) to conventional remediation
techniques, but the success of the methodology depends on many factors, both biotic
and abiotic. These factors span over a great range, from physico-chemical properties of
the contaminant to genetics of the biodegrading microorganisms. Gathering of
knowledge about these factors is important as it will increase the accuracy of
predicting the outcome of a bioremediation strategy. Two strategies can be discerned,
a “top-down” approach used by engineers, mainly relying on stimulating the intrinsic
population in order to reduce contaminant levels, and a “bottom-up” approach
employed by many researchers, investigating in detail the properties of a single
biodegrading microorganism, or a single factor at a polluted site. When these two
approaches can be fully integrated, the power of bioremediation as a treatment strategy
will greatly increase.
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4 Tools for obtaining microorganisms for bioremediation

Although the microorganisms already present at a polluted site can often adapt to
degrade the contaminants if given sufficient time, the indigenous microflora is
sometimes limited in a way that hampers biodegradation. Such limitations could
include a block in the degradation pathway leading to accumulation of intermediates,
sensitivity to high concentrations of the pollutant, or incompatibility of different
components in a mixture of pollutants. Often these limitations can be overcome using
a variety of laboratory tools to obtain optimized microbial strains. Such “improved”
strains may then be added back to the polluted site.

4.1 Selective enrichment

The classical way to obtain a microorganism that can degrade a specific compound is
via selective enrichment. In this approach, an environmental sample (such as soil) is
suspended in medium with the pollutant of interest as the sole carbon source. This
creates a selective advantage for those cells that can use the compound for growth
(Alexander, 1999). After the start of an enrichment culture, there is typically an
acclimation period during which very little degradation occurs. Then after a period of
hours to months, degradation begins (Alexander, 1999; van der Meer et al., 1992).
When the enrichment culture is exposed to higher and higher concentrations of the
pollutant, there is further selection for microorganisms that are highly tolerant to the
compound. Acquisition of degradative abilities by selective enrichment has been seen
in laboratory ecosystems for many organic compounds and heavy metals (Alexander,
1999; van der Meer et al., 1992).

Different events may cause an adaptive response to a pollutant in an enrichment
culture. Such events could be induction of enzymes already present in the community,
growth of a specific subpopulation able to metabolize the xenobiotic, or selection for
mutants with altered or novel abilities to metabolize the xenobiotic (Alexander, 1999;
van der Meer et al., 1992). The isolation of Burkholderia cepacia AC1100, which is
able to grow on the herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) constitutes a
typical example of an enrichment process (Daubaras et al., 1996a). Samples from toxic
dump sites were inoculated into a chemostat, and after an incubation period of several
months, 2,4,5-T degradation could be detected. Subsequent selection with 2,4,5-T
yielded a pure culture and upon studies of the genetics of the microorganism, it was
found to contain a unique assortment of 2,4,5-T catabolic genes. Furthermore, a
transposable element was implicated in their acquisition.

In paper I the aim was to isolate a microorganism with the ability to tolerate and
degrade high concentrations of the pollutant 4-chlorophenol. An enrichment culture
was inoculated with soil and the 4-chlorophenol concentration was set to 50 ppm, as
higher concentrations of the compound could not be degraded by the microorganisms
present in the soil inoculum. The 4-chlorophenol concentration in the enrichment was
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monitored over time, and when all of the 4-chlorophenol had been degraded, more
substrate was added (Fig. 2). The process was repeated, and the 4-chlorophenol
concentration was increased in a step-wise fashion to select for microorganisms that
could degrade high amounts of the compound. In this way, the bacterial community
was adapted to be able to remove 350 ppm 4-chlorophenol at the end of the selective
enrichment. The rate of degradation also increased during the process (Fig. 2), as is
typically seen in an enrichment culture (Alexander, 1999). The enrichment strategy
proved successful as a microorganism isolated from the community, strain A6, could
grow on up to 350 µg/ml 4-chlorophenol (paper I). This is the highest 4-chlorophenol
concentration reported to be used for growth by any microorganism growing in pure
culture. In addition to 4-chlorophenol, the microorganism can also grow on 4-
nitrophenol, 4-bromophenol, 4-fluorophenol and unsubstituted phenol (paper I, paper
III).

Fig. 2. Removal of 4-chlorophenol by a soil community during enrichment with
increasing concentrations of 4-chlorophenol. Arrows show the time points when the
culture was spiked with 4-chlorophenol.

A serious concern of the use of enrichment in liquid batch cultures is the inherent bias
of the method as it is selective for strains with a high growth rate (Harder and
Dijkhuizen, 1982). Although a high growth rate may be desirable, the strains thus
obtained are not necessarily the ones best suited for bioaugmentation of contaminated
environments. Furthermore, some types of degradative genes may be favored over
other types in an enrichment culture, as was seen in a comparison of different methods
to obtain 2,4-dichlorophenoxyacetic acid (2,4-D) degrading isolates. Enrichment in
batch cultures yielded almost exclusively strains containing genes highly similar to the
well-known tfd genes, which encode enzymes for 2,4-D catabolism in Ralstonia
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eutropha JMP134 (pJP4). Direct isolation on plates, on the other hand, yielded three
different groups of 2,4-D degradation genes, present in approximately equal
abundance (Dunbar et al., 1997).

Instead of applying selective pressure to an entire bacterial community, a desired
characteristic of a specific strain may also be enhanced by sequential rounds of
mutation and selection in pure culture. This method is widely used for development of
commercial microorganisms (Vinci and Byng, 1999). The selection process may be
enhanced by increasing the frequency of mutations. For example, Selifonova et al.
(2001) introduced so-called mutator plasmids in three different Esherichia strains.
This enabled the authors to rapidly produce strains with an increased tolerance to
formaldehyde. When the process was completed, the strains were cured of the
plasmids.

The 4-chlorophenol degrading isolate described in paper I, strain A6, was studied in
more detail to classify it to genus and species levels. Since bacteria multiply by binary
fission, the species concept is not as straight-forward as for larger animals where two
individuals are considered to belong to the same species if they have the ability to
produce a fertile offspring. Traditionally, classification of bacteria has instead relied
entirely on phenotypic characteristics, such as cell wall type, morphology, motility,
nutritional requirements and fatty acid profile. Although these characteristics certainly
give useful information for bacterial taxonomy, the problem is that individual
microorganisms may exchange genes with one another via horizontal gene transfer.
Therefore, genes for characteristics such as the ability to grow on a certain carbon
source may be transferred between distantly related strains and complicate the
classification.

An alternative approach to bacterial taxonomy is to study the genotype of a strain by
analysis of its nucleic acids. A widely used method is cloning and sequencing of the
16S rRNA genes. These genes have become a useful tool for phylogenetic analyses as
they are present in all microorganisms, they are long enough to provide taxonomic
information but short enough to be easily PCR-amplifed, and they contain conserved
regions as targets for PCR primers. The sequences of a large number of 16S rRNA
genes are available in public databases and a novel strain can easily be compared to
already studied microorganisms. Moreover, the 16S rRNA sequence can be used to
trace the phylogenetic history (lineage) of an organism. However, analysis of the 16S
rRNA gene is in itself not enough to assign a strain as a novel species, more data is
necessary. The “gold standard” of bacterial phylogenetics is instead DNA:DNA
hybridization between the total genomic DNA of two related microorganisms. Here,
the entire genomes of two strains are compared, and this method is actually used to
define a bacterial species; two strains with 70% or greater DNA similarity as
determined by DNA:DNA hybridization are considered to belong to the same species
(Wayne et al., 1987). However, as cloning and sequencing of 16S rRNA genes is
technically much simpler and cheaper than DNA:DNA hybridization, analysis of 16S
rRNA has its place as an initial screening method to determine which the closest
relatives of a novel strain are (Stackebrandt and Goebel, 1994). The level of 16S rRNA
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similarity is also an indication of whether the strain may constitute a separate species
and should be investigated further. Comparison of 16S rRNA gene sequences with
DNA:DNA hybridization data indicates that when two strains have 16S rRNA genes
which are identical to less than 97.5%, they are likely to belong to different species
(Stackebrandt and Goebel, 1994).

Generally, a polyphasic approach to bacterial systematics is favored, combining
phenotypic and genotypic characteristics. This strategy was used to classify strain A6
in paper I. Gram staining showed that the microorganism was Gram-positive, and the
observation that A6 was obligately aerobic, had a rod-coccus life cycle and did not
form spores indicated that the strain belonged to the genus Arthrobacter. The molar
guanosine plus cytosine content was found to be 65.1 %, which was consistent with an
Arthrobacter species. That strain A6 was an Arthrobacter was further affirmed by
analysis of the cellular fatty acid profile and peptidoglycan type, although species
classification was not possible based on these characteristics alone. Cloning and
sequencing of the 16S rRNA gene of strain A6 showed that the strain shared 97.5%
sequence identity with its two closest relatives, Arthrobacter oxydans and
Arthrobacter polychromogenes. The fact that these two species were the closest
relatives to A6 was reinforced by the finding of an unusual type of peptidoglycan
interpeptide bridge in A6 which only was found in A. oxydans and A.
polychromogenes within the genus Arthrobacter. As the 16S rRNA gene of strain A6
was 97.5% identical to its closest relatives, DNA:DNA hybridization was performed to
determine if the strain constituted a separate species. The result of this analysis was
that strain A6 was 52% and 41% similar to A. oxydans and A. polychromogenes,
respectively, and thus that A6 did indeed constitute a novel species, which was named
Arthrobacter chlorophenolicus (paper I).

At this point, one may wonder why bacteria should be classified into genus and
species at all, when individual cells can exchange genes with one another by horizontal
gene transfer, making the classification diffuse at best. Bacterial taxonomy is still
useful, however, as it can be used to derive a measure of similarity, which allows the
researcher to create some order in the vast diversity of the microbial world. The
concept of genus and species in bacteria is also useful for identification of isolates, and
allows prediction of certain characteristics of a strain, such as medical or ecological
significance. For example, Arthrobacter strains are usually nutritionally versatile, and
this was found to be true also for strain A6 that could grow on a wide variety of carbon
sources (paper I).

4.2 Patchwork assembly of degradation pathways

Limitations in the degradation capabilities of naturally occurring microorganisms may
be overcome using genetic engineering techniques, bringing together desirable
pathways or enzymes from different organisms. For example, peripheral and central
pathway sequences may be combined in a suitable host to create hybrid degradation
pathways (Dua et al., 2002; Reineke, 1998). This may be accomplished by the transfer
of entire natural plasmids, which is technically simple, or by cloning of appropriate
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genes, generating novel plasmids (Reineke, 1998; Timmis and Pieper, 1999). Genes
may also be introduced into the chromosome of a cell using transposons as delivery
vectors (Timmis and Pieper, 1999). Erb et al. (1997) used genetic engineering to
overcome the problem that few natural bacterial strains are able to metabolize chloro-
and methylaromatic compounds simultaneously. A Pseudomonas strain with a novel
ortho-cleavage pathway, enabling the microorganism to degrade chloro- and
methylphenols simultaneously, could protect the natural microbial community in a
sewage plant from the deleterious effects of shock loads of chloro- and methylphenols.

Even though strains can be constructed to harbor suitable combinations of genes, this
may not be enough to accomplish growth on a certain compound. Haro and de
Lorenzo (2001) used a combination of genes from different sources to construct a
bacterial strain that could degrade 2-chlorotoluene. No natural microorganisms had
previously been found which could degrade this compound. However, although the
pathway was functional, 2-chlorotoluene could not be used as a sole carbon source by
the constructed strain, indicating that degradation, although enzymatically possible,
was physiologically unfavorable. Therefore, the bottleneck limiting successful
degradation lay elsewhere than enzymatic capability.

Improved biodegradation may also be obtained by other means than transfer of the
actual degradative genes. For example, Ohtsubo et al. (2003) were able to enhance the
PCB-degrading activity of a Pseudomonas strain by replacing the regulated operon
promotor with a constitutive promotor to increase transcription. The expression of a
degradation pathway in another microorganism may also enhance the efficiency of
biodegradation if the new host is more fit for survival at a particular contaminated site
(Chen et al., 1999).

4.3 Protein engineering

The performance of enzymes involved in degradation may be enhanced by a number
of methods. One method for enzyme tailoring is site-directed mutagenesis, where
specific amino acids in a protein are exchanged. This technique has been used for
example to increase the catalytic activity of haloalkane dehalogenases (Pieper and
Reineke, 2000). Also, hybrid enzymes may be created by exchanging subunits. For
example, a and b subunits have been exchanged between biphenyl dioxygenases,
altering the substrate range of the enzymes (Furukawa, 2000). Enzymes may also be
optimized by creating variation by mutation and/or recombination, followed by
selection for desired traits of the novel enzymes (Harayama, 1998). Mutation
accomplished by error-prone PCR, can be followed by DNA-shuffling (Harayama,
1998). Also called “sexual PCR”, DNA-shuffling is a method for rapid evolution of
genes based on recombination (Stemmer, 1994). Genes are randomly fragmented and
then reassembled by PCR, and recombination occurs as fragments prime each other’s
elongation based on similarity. Raillard et al. (2001) used DNA-shuffling on two
triazine hydrolases and were able to increase the transformation rate of the enzyme
150 times as well as expand the enzyme substrate range. In fact, DNA-shuffling may
be performed without the need to isolate the corresponding organisms or enzymes.
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Instead, the genes of interest may be PCR-amplified from the environment using
primers annealing to conserved regions and inserting them into flanking regions of a
related gene (Pieper and Reineke, 2000). Thus, genes from uncultured microorganisms
may be used to create novel versions of enzymes.

4.4 Comparison of the methods

The methods described above all have their advantages and drawbacks. An enrichment
culture is a “black-box approach” in that numerous events are likely to occur during
the selection process that are difficult to monitor, such as mutation, recombination and
horizontal gene transfer. This is evident from genetic studies of strains obtained by
selective enrichment such as Burkholderia cepacia AC1100 (Daubaras et al., 1996a)
and A. chlorophenolicus A6 (paper IV). On the other hand, the technique is simple and
no advance information about genes and enzymes involved is required.
Microorganisms with new degradation abilities harboring unique catabolic genes are
continually being reported, so natural sources are in no way exhausted, as the results
presented in this thesis also show. Furthermore, certain problems encountered with
more specifically constructed strains are avoided by the use of enrichment cultures,
such as that encountered in the construction of a strain to degrade 2-chlorotoluene
described above where degradation was enzymatically but not physiologically feasible
(Haro and de Lorenzo, 2001). On the other hand, the introduction of specific genes
into microorganisms to expand or enhance degradation capabilities is an attractive
alternative to the enrichment approach as genes from phylogenetically distant strains
may be combined directly. Also, important knowledge may be gained about the
function and interaction of different pathways and enzymes. Protein engineering by
site-directed mutagenesis allows investigation of reactions and regulatory mechanisms,
but is hampered by the limited sequence space which can be explored in a reasonable
time. In this respect, irrational approaches such as DNA-shuffling are attractive since
they do not require extensive structural or biochemical information and together with a
well-designed screening approach may generate desired enhancements rapidly.

Another angle to consider when comparing these methods is risk assessment. Any
strain that is the product of the more directed methods such as protein engineering or
combination of different genes in the laboratory constitutes a genetically modified
organism (GMO). The strains obtained from enrichment cultures, on the other hand,
are not regarded as GMOs. There is great concern both among the general public and
regulators about the ecological impact of GMOs, and field releases of GMOs are
strictly regulated (Gustafsson, 2000). Therefore, field-scale applications of GMOs are
likely to be much more difficult than using an non-modified strain. However,
considering how easily microorganisms can exchange genes with one another by
horizontal gene transfer (discussed in chapter 8, Evolution of genes and operons for
degradation of pollutants), one may wonder why a strain modified by the introduction
of a few well-studied genes by a directed method would be more dangerous than a
microorganism which is the product of the uncontrolled exchange of genes occurring
in an enrichment culture.
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5 Monitoring of bacterial inoculants for bioremediation

What happens to a microorganism that is released into the environment to perform a
certain task, for example degradation of a pollutant? Will it survive, die, or even
multiply? Furthermore, will it persist after the pollutant has been removed? As a single
gram of soil may contain 109 - 1010 bacteria (Torsvik et al., 1990), it is no mean feat to
distinguish a specific strain amidst this background. However, techniques now exist
which can give information about the survival, dispersal and metabolic activity of an
inoculant, as well as the level of transcription of genes encoding catabolic enzymes.
Based on such data, the bioaugmentation strategy can be adjusted to optimize removal
of pollutants. To assess the fate of a microorganism, markers that naturally occur in the
strain may be used. These are referred to as intrinsic markers. Alternatively, marker
genes that facilitate monitoring may be introduced into the cells.

5.1 Monitoring using intrinsic markers

The advantage of using intrinsic markers for tracking of specific microorganisms is
that no previous modification of the cells is needed before they can be applied for
bioremediation. This is also a benefit from a regulatory point of view, since in contrast
to adding an external marker gene (described below) the use of an intrinsic marker is a
way to avoid creating a genetically modified organism. However, when using intrinsic
markers, there is a risk of background, as the same marker may be present in the
indigenous microbial population. Generally, the targets for monitoring bacterial
inoculants degrading pollutants are the catabolic genes themselves, the 16S rRNA
genes of the cells, intrinsic antibiotic resistance, or combinations of these (Tas and
Lindström, 2000).

5.1.1 Approaches to monitoring of intrinsic markers

5.1.1.1 Hybridization techniques
The presence of a gene or specific RNA may be detected by extraction of DNA or
RNA, respectively, followed by slot-blot or Southern blot hybridization with specific
probes. Alternatively, culturable cells may be grown on plates and assayed for
presence of the target gene by colony hybridization. Slot-blot hybridization was for
example used to measure the metabolic activity of dehydroabietic-degrading
Sphingomonas sp. DhA-33 in a mixed sludge community (Muttray et al., 2000). RNA
and DNA were extracted and species-specific probes targeted to the 16S rRNA and the
16S rRNA genes were used to measure rRNA and DNA encoding rRNA genes,
respectively, thus allowing quantification of the RNA:DNA ratio as a measure of
activity. A drawback of hybridization-based methods is that the sensitivity of detection
may be low (Jansson and Prosser, 1997).
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5.1.1.2 PCR
The presence of a specific DNA sequence can be monitored using PCR by designing
specific primers annealing to the target sequence. This method is generally considered
to be more sensitive than hybridization techniques, but the sensitivity is dependent on
the sample quality, DNA extraction approach and the target gene copy number. The
sensitivity of PCR may be further enhanced by the use of nested PCR, whereby a
second round of PCR amplification is performed using the same or internal primers, or
by combining PCR with hybridization of specific probes (Tas and Lindström, 2000;
Widada et al., 2002). PCR may also be performed in a quantitative manner, providing
information about the number of target genes present. One quantitative PCR method is
competitive PCR, where the amount of target DNA amplified is related to the amount
of a competitor DNA of known concentration added as an internal standard (Jansson
and Leser, 1996). This method was used, for example, to quantify cyanobacteria in
Baltic Sea sediment (Möller and Jansson, 1997). PCR may also be rendered
quantitative based on the standard most probable number technique (MPN-PCR) (van
Elsas et al., 2000). Real-time quantitative PCR has also emerged as a promising
candidate for monitoring microorganisms in the environment. The method is based
upon detecting amplification products by fluorescence as they accumulate in real-time.
This technique was for example used to quantify a methyl tert-butyl ether – degrading
microbial strain in ground water (Hristova et al., 2001).

RNA may be monitored instead of DNA by the use of reverse-transcription PCR (RT-
PCR) (Widada et al., 2002). In this technique, RNA extracted from an environmental
sample is transformed to DNA by reverse transcription, followed by standard PCR
amplification. The advantage of monitoring RNA rather than DNA is that the actual
transcription of the gene in question is monitored (or presence of ribosomes, in the
case of rRNA), as opposed to just the presence of the gene when standard PCR is
employed. A major disadvantage of RNA-based methods is that the sensitivity is often
low. This is caused by the inherent instability of RNA (especially prokaryotic mRNA)
and degradation of RNA by RNases, which are abundant in the environment (van
Elsas et al., 2000).

5.1.1.3 Fingerprinting methods
A number of PCR-based methods exist for analysis of microbial communities without
the need for isolation of the individual strains. These methods are commonly based
upon amplification of DNA from environmental samples using random primers or
primers targeted to conserved sequences. A pattern of DNA fragments of different
sizes is produced, and changes in the community structure can be assessed over time.
Such methods include randomly primed amplified polymorphic DNA (RAPD)
analysis, denaturing gradient gel electrophoresis (DGGE) and single strand
conformation polymorphism (SSCP). However, these methods are not commonly used
for monitoring of specific strains introduced into an environment, as the banding
patterns produced are too complex. In contrast, one fingerprinting technique that is
also applicable to monitoring of specific microorganisms is based on terminal
restriction fragment length polymorphism (T-RFLP). The method consists of
extracting DNA from the environment and PCR-amplifying 16S rRNA genes with one
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of the PCR primers carrying a fluorescent tag. The PCR products are then digested
with a restriction enzyme and analyzed on a sequencing gel, where only the terminal
fragments, which are carrying the fluorescent tag, are detected (Liu et al., 1997). The
sequencing gel enables very precise size discrimination of the fragments and one base-
pair differences in length may be distinguished. Therefore, T-RFLP can be used to
monitor a specific inoculum in soil based on its known terminal restriction fragment
size. To monitor a specific strain, the restriction enzyme has to be chosen so that no
indigenous microorganisms yield the same fragment length as the monitored
microorganism. For example, T-RFLP was demonstrated to be useful for monitoring
of A. chlorophenolicus A6 cells when the strain was inoculated into 4-chlorophenol
contaminated soil (Jernberg and Jansson, 2002).

5.1.1.4 Fluorescent in situ hybridization (FISH)
In this technique, fluorescently labeled oligonucleotide probes are targeted to the 16S
rRNA of ribosomes in whole cells. The samples may be analyzed by fluorescence
microscopy, which also enables study of the positioning of the cells relative to
surrounding matter such as soil particles or crystalline substrate. The probes can be
constructed to be specific for organisms at different phylogenetic levels (Jansson and
Prosser, 1997). A problem with FISH is that cells from nutrient-limited environments
such as soil may contain few ribosomes and thereby also low levels of rRNA, and
nutrient activation may be needed prior to applying FISH (Jansson and Prosser, 1997).
The background from autofluorescence of soil and organic matter may also be a
problem, but this can be circumvented by the use of confocal scanning laser
microscopy, a technique which collects detailed images by scanning a laser beam
through sections of the material (Jansson and Prosser, 1997). The images can be
compiled into three-dimensional images using digital imaging software. Tani et al.
(2002) used FISH to monitor the fate of Ralstonia eutropha KT1, a microorganism
that can degrade trichloroethylene, after injection of the strain into ground water. The
technique was used together with PCR, using primers targeted to the phenol oxidase
gene. The PCR was performed on whole, permeabilized cells and afterwards a
fluorescent probe was hybridized to the PCR product. Thus, both the presence of R.
eutropha KT1 16S rRNA and presence of the phenol oxidase gene were monitored.
The authors found that after a week fewer cells were detected by FISH than by PCR,
which was presumably due to a decline in ribosomal content of the cells.

5.1.1.5 Selective plating
An intrinsic phenotype of an inoculant may be used to specifically identify an
organism of interest. Such a phenotype could be antibiotic resistance, ability to grow
on certain carbon sources or resistance to heavy metals. In this approach,
microorganisms are extracted from an environmental sample and spread on agar plates
containing the selective agent, such as an antibiotic. The main problem in this method
is the specificity, in that there is a risk that other microorganisms in an environment
have the same phenotype. This risk is especially high if the cells are to be added back
to the habitat from which they were originally isolated.
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5.2 Introduced markers

The idea behind introducing a marker gene into a bacterial strain is to “tag” the cell
with a unique phenotype and/or genotype. This characteristic can then be used to
monitor the strain in the environment. Alternatively, the presence of the marker gene
DNA may be monitored by several of the methods described above for monitoring of
intrinsic markers. The ideal marker gene should be specific, sensitive, non-toxic to the
cell and the environment, allow quantification of cell number, be suitable for in situ
detection and preferably also give information about the metabolic status of the cell.
No marker gene fulfills all these criteria, and instead a suitable marker must be chosen
on a case-by-case basis. Also, different marker genes may be combined within a single
cell to expand the amount of information gained.

5.2.1 Marker gene tagging

A marker gene may be maintained in the cell on a plasmid, or it may be integrated in
the chromosome. For some bacterial genera, well-studied plasmids exist which can be
stably maintained in the host cell and in these cases it is usually easiest to introduce the
marker gene on a plasmid, commonly accompanied by an antibiotic resistance gene for
the selection of transformants. An advantage of using plasmids for introduction of a
marker gene is that the sensitivity of detection can be improved, if the plasmid is
present in multiple copies, due to the large amount of protein expressed. A major
draw-back of keeping the marker on a plasmid, however, is that most bacterial strains
tend to lose plasmids in the absence of selection and an appropriate selection pressure
(e.g. with antibiotics) cannot usually be maintained in a bioaugmentation scenario. To
ensure that the marker is stably inherited, it is therefore necessary to introduce the
marker gene into the chromosome. Also, for many bacterial species, no well-
characterized plasmids are available which can serve as vectors for marker genes.

A marker gene may be introduced into the genome of a microorganism by homologous
recombination or by the use of transposons. For homologous recombination, a delivery
vector is constructed where the marker gene is flanked with sequences from a non-
essential part of the genome of the recipient, and usually an antibiotic resistance gene
is included to select for recombinants. The delivery vector, which may be a plasmid
unable to replicate in the new host, is introduced into the target cell, enabling the
marker gene to be integrated into the genome by homologous recombination. This
method was used, for example, to chromosomally tag Synechocystis cells with the luc
gene encoding firefly luciferase (Möller et al., 1995) (see section 5.2.2.5 for a
description of this marker gene). The marker gene may alternatively be cloned into a
transposon, which is then introduced into the target strain and allowed to integrate
itself into the chromosome. Again, an antibiotic resistance gene is usually included to
facilitate selection of recombinants. A problem with using transposons for marker gene
tagging is that the transposon may move again within the genome of the tagged strain,
and thus the marker is not completely stably inherited. In response to this issue, so-
called mini-transposons have been constructed (de Lorenzo et al., 1990; Herrero et al.,
1990), where the transposase is not included in the part of the transposon that is
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integrated into the genome of the tagged cell. The transposase is instead present
outside the transferred part, and the entire construct is located on a plasmid that is
unable to replicate in the recipient cell. Therefore, when the plasmid is introduced, the
marker gene must be transposed into the genome of the recipient, or it is lost. As the
transposase enzyme is not transferred, there is no risk of subsequent transposition
events after the marker gene has been introduced. Such mini-transposons were used
for tagging A. chlorophenolicus A6 with the luc or gfp gene (paper II).

5.2.2 Marker genes for monitoring of bioremediation inoculants

5.2.2.1 Antibiotic resistance genes
Genes encoding resistance to antibiotics were the first introduced marker genes, and
the phenotype is easy to detect by plating on selective media and counting colonies.
The nptII gene, encoding kanamycin or neomycin resistance is commonly used. Other
antibiotic resistance genes used as markers include genes encoding resistance to
chloramphenicol, tetracyline, streptomycin, ampicillin and others (Jansson, 2002;
Jansson, 2003). However, background from the indigenous microflora could be a
serious concern with an antibiotic resistance marker, and therefore antibiotic resistance
is often used together with another marker gene to enable enumeration of colony
forming units (CFUs) on selective plates. This technique was used in paper II, where
A. chlorophenolicus A6 cells extracted from soil were enumerated on selective plates
based on kanamycin resistance conferred by the introduced nptII gene, together with
the luminescent or fluorescent phenotypes conferred by the introduced luc- or gfp
genes (described below). However, there is substantial concern about the spreading of
resistance genes in nature (Kruse and Jansson, 1997). Therefore, genes encoding
resistance to antibiotics used in clinical or veterinary practice should preferably be
excised from the tagged strain before a field release. This can be accomplished for
example by site-specific deletion of the resistance gene (Kristensen et al., 1995).

5.2.2.2 Heavy metal resistance genes
Marker genes encoding heavy metal resistance are attractive alternatives to antibiotic
resistance markers, as the potential hazard of releasing heavy metal resistance genes
into the environment is small. Heavy metals used for selection are for example
mercury, zinc, copper and cadmium (Meregay, 1995). However, there is a serious
drawback with heavy metal resistance genes in that most of the metals used for
selection are toxic to humans and require care in medium preparation as well as special
disposal methods that are both laborious and costly. An option is to use tellurite for
selection, a compound that is non-toxic at the concentrations used in growth media.
Strains tagged with tellurite resistance genes may be easily visualized on agar plates
containing tellurite, as they turn black from the production of elemental tellurium
(Jansson and deBruijn, 1999). Sanchez-Romero et al. (1998) combined genes for the
degradation of toluene from P. putida mt-2 (pWW0) with a tellurite resistance gene
and inserted the cassette into another P. putida strain, creating a microorganism that
could grow on toluene as sole carbon source and was selectable with tellurite.
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5.2.2.3 Metabolic/chromogenic markers
Metabolic or chromogenic markers encode enzymes that can transform a certain
substrate into a colored product. One such marker is the lacZ gene which encodes b-
galactosidase. This gene is often combined with lacY encoding lactose permease
(Jansson, 2002; Jansson, 2003). When cells expressing b-galactosidase are grown on a
medium containing X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside), the
colonies turn blue. A disadvantage with lacZY as a marker is that the background in
the environment may be high (Jansson, 2002; Jansson, 2003). Another metabolic
marker that has been used for monitoring pollutant-degrading inoculants is the xylE
gene which encodes catechol 2,3-dioxygenase. This enzyme cleaves catechol to yield
hydroxymuconic semialdehyde, which is bright yellow. The marker is easy to assay as
no special growth medium is needed, instead a catechol-containing solution is sprayed
directly on the colonies and the yellow color develops within minutes. An advantage
with xylE is that the catechol 2,3-dioxygenase activity is rapidly destroyed outside the
cell, therefore only viable cells are detected (Saunders et al., 1995). The xylE gene was
used, for example, to monitor Sphingomonas sp. RW1 while degrading dibenzofuran,
dibenzo-p-dioxin and 2-chlorodibenzo-p-dioxin in soil microcosms (Halden et al.,
1999).

5.2.2.4 Green fluorescent protein
Originally isolated and cloned from the jellyfish Aequorea victoria (Chalfie et al.,
1994), the green fluorescent protein (GFP) has now become one of the most widely
used biological markers for both prokaryotic and eukaryotic cells. The reason for its
popularity is that the protein is easy to detect as it fluoresces green upon excitation
with UV-light and it does not need any cofactors for fluorescence except oxygen for
the initial formation of the chromophore (Zimmer, 2002). Furthermore, the GFP
protein is extremely stable, with a half-life of approximately 26 h for the wild-type
protein when measured in mouse cells (Corish and Tyler-Smith, 1999). The GFP
protein, encoded by the gfp gene, has been shown to have a barrel-like structure
consisting of 11 beta-sheets, with a central helix enclosing the chromophore (Ormö et
al., 1996; Yang et al., 1996). Today, many mutant GFP variants exist, which are
optimized for use in different organisms (Zimmer, 2002). Furthermore, GFP is
available in many different colors such as red, cyan, yellow and magenta, allowing
tracking of several microbial strains tagged with different GFP variants. However,
GFP does have some drawbacks as a marker. The chromophore forms slowly after
translation, the protein cannot be used in completely anaerobic environments due to
the oxygen requirement for chromophore formation and it can be difficult to
distinguish GFP fluorescence from background fluorescence (Zimmer, 2002).

Because of the stability of GFP once it is formed, and the fact that no co-factors are
needed for expression of the marker phenotype once fluorescence is established, the
protein is ideal for microbial ecology applications as even starved cells may be
detected (Backman et al., 2004; Tombolini and Jansson, 1998; Tombolini et al., 1997,
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Unge et al., 1999). GFP fluorescence may also be detected in viable but non-culturable
(VBNC) cells and in dead cells before membrane integrity is lost (Lowder et al.,
2000). Unstable variants have also been created to enable study of transient gene
expression (Andersen et al., 1998).

GFP fluorescence may be detected by a variety of methods. Colonies expressing the
phenotype may be distinguished directly with a lamp emitting light in the near-UV
range. Microcolonies of bacteria expressing GFP, for example colonizing a seed
surface, may be studied using a stereomicroscope equipped with a UV-lamp
(Tombolini et al., 1999; Unge and Jansson, 2001). Single cells may be detected by
epifluorescence microscopy or confocal scanning laser microscopy; the latter
technique gives very high-resolution images (Tombolini et al., 1999, Unge and
Jansson, 2001). Confocal microscopy was for example used to visualize GFP-tagged
Mycobacterium spp. on PAH crystals, making use of the fact that PAHs also fluoresce,
but at a different wavelength than GFP (Wattiau et al., 2002). Another technique for
detection of single gfp-tagged cells is by flow cytometry (Backman et al., 2004;
Tombolini et al., 1997, Unge et al., 1999). In this approach, the cells are passed
between a laser beam and a detector, one by one, and a variety of parameters may be
measured such as fluorescence intensity, cell size and cell shape. Thousands of cells
can be analyzed per second, and thus the method is very efficient.

In paper II, gfp-tagged A. chlorophenolicus A6 was monitored by flow cytometry and
selective plating while degrading 4-chlorophenol in soil microcosms. Different
information was obtained with the different methods used, highlighting the advantage
of combining several monitoring strategies. After an initial increase, approximately 10
times more cells were detected by flow cytometry than by selective plating. This could
be due either to dead cells that retained the GFP protein and thus were counted in the
flow cytometer, or to gfp-tagged cells that were indeed alive, but had lost their ability
to grow on rich medium, by entering into a VBNC or dormant state. Recently, this has
been investigated in more detail, and the results indicate that A. chlorophenolicus A6
can indeed enter into a dormant state in soil (Backman et al., 2004). This was
especially obvious at an incubation temperature of 5 °C and may be a mechanism for
long-term survival of the microorganism (Backman et al., 2004).

5.2.2.5 Bioluminescence markers
Bioluminescence markers encode enzymes that produce light at the expense of ATP or
reducing power. Luciferase enzymes are produced both by prokaryotes and
eukaryotes. Bacterial luciferase is found predominantly in the genera Vibrio,
Photobacterium and Xenorhabdus. The reaction catalysed by the enzyme is RCHO +
FMNH2 + O2 Æ RCOOH + FMN + H2O + light, where R is a long-chain fatty
aldehyde. The luciferase enzyme in bacteria is encoded by the luxAB genes, and the
aldehyde by the luxCDE genes. The luxAB genes are often introduced to mark cells
with bacterial luciferase, and the aldehyde then needs to be added externally. For this,
n-decanal is often used, as the compound is volatile which makes application simple,
and it also diffuses easily through the cell membrane. Alternatively, cells may be
tagged with the entire lux operon so that the aldehyde substrate is produced by the
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cells. However, this places an additional burden on the cell and reduced viability has
been seen in strains tagged with the entire lux operon (Jansson and deBruijn, 1999).
Eukaryotic luciferase, encoded by the luc gene, is produced by fireflies and catalyses
the reaction luciferin + ATP + O2 Æ oxyluciferin + PPi + CO2 + light. Click beetles
also produce a luciferase which emits light at a different wavelength than the firefly
luciferase (Jansson and deBruijn, 1999). The quantum yield of eukaryotic luciferase is
very high and in Bacillus spp. the light output was found to be 2-3 times higher from
eukaryotic luciferase than from bacterial luciferase (Lampinen et al., 1992).

Luminescence produced by colonies or cultures may be detected on X-ray film, by a
CCD camera, or even by eye in a dark room (Möller and Jansson, 1998).
Luminescence may also be detected microscopically from single cells if the gene is
present on a multi-copy plasmid and long camera exposure times are used (Silcock et
al., 1992). A very sensitive way to quantitate luminescence is by the use of a
luminometer. In such an instrument, photons are collected and amplified and output is
given as quanta/s or relative light units, RLU. This method was used to quantify
luciferase activity of luc-tagged A. chlorophenolicus A6L, both in pure culture and
after extraction of the cells from soil (papers II and III).

As mentioned above, both bacterial and eukaryotic luciferase enzymes are dependent
on the energy reserves of the cell for light output: FMNH2 for bacterial luciferase and
ATP for eukaryotic luciferase. Luciferase activity therefore reflects the metabolic
status of the tagged cells and the light output may vary with the growth stage of the
cells and presence of growth substrate (Jansson, 2003). Firefly luciferase encoded by
the luc gene was used to tag A. chlorophenolicus A6 in paper II, enabling the
metabolic status of the cells to be monitored during remediation of 4-chlorophenol
contaminated soil. In that study, both CFU, as determined by selective plating of the
tagged strain, and luciferase activity, were found to initially decrease and then to later
stabilize. In a more recent study, Jernberg and Jansson (2002) showed that the
luciferase activity of luc-tagged A. chlorophenolicus was higher in 4-chlorophenol
contaminated soil than in uncontaminated soil, reflecting the increased availability of
energy reserves in the cells utilizing 4-chorophenol as a substrate.

Luciferase activity also gave valuable information during growth of luc-tagged A.
chlorophenolicus A6 on mixtures of phenolic compounds in pure culture (paper III).
Light yield and cell density were closely correlated during growth on a mixture of 4-
nitrophenol and 4-chlorophenol, but when these compounds were exhausted,
luminescence immediately dropped and stabilized at a lower level. This enabled rapid
determination of the time point when the phenolic compounds were depleted. Such a
dependence of luciferase activity on metabolic status of populations has also been seen
with other microorganisms constitutively expressing luciferase enzymes (Shaw et al.,
1999; Unge et al., 1999). Moreover, the toxicity of phenolic compounds to A.
chlorophenolicus A6 was evident in paper III, as luminescence was repressed at a
concentration of phenols over a certain threshold. The repression remained until the
concentration of the phenolic compounds had decreased below this threshold. This
repression of luminescence could be caused by the uncoupling effects of the phenols
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as a disrupted or disturbed membrane potential would affect intracellular ATP levels in
a negative way. The direct effect on membrane potential and cellular ATP content
exerted by pentachlorophenol has been studied in Sphingomonas sp. UG25 and UG30.
The addition of a non-lethal dose of pentachlorophenol was found to de-energize the
cell membrane and cause a drop in ATP levels, both of which were subsequently
restored during pentachlorophenol degradation by the strain (Lohmeier-Vogel et al.,
2001).
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6 Aerobic degradation of aromatic pollutants by bacteria

Knowledge about pollutant degradation pathways is important for a number of
reasons. In a bioremediation process, formation of potential toxic metabolites or dead-
end products may be predicted, or degradation may be optimized by modifying the
environment to suit microorganisms having desirable degradation pathways. Also,
novel catabolic genes and enzymes may have biotechnological applications, for
example in construction of genetically engineered strains designed to degrade
otherwise unreactive compounds. Finally, knowledge of existing degradation pathways
can aid in designing novel xenobiotic compounds so that they are easily
biodegradable. A database for biodegradation pathways is available on the Internet,
where a large number of catabolic reactions may be explored (Ellis and Wackett,
1997).

6.1 Reactions and enzymes in the metabolism of aromatic compounds

By combining the findings from elucidation of a number of degradation pathways,
some generalizations can be made about the catabolism of aromatic compounds by
microorganisms, as well as which types of enzymes are involved in the different steps.
The degradation process can roughly be divided into three steps; formation of a ring
cleavage substrate, cleavage of the aromatic ring, and assimilation into central
metabolism (Fig. 3).

6.1.1 Convergent pathways produce a few common ring cleavage substrates

The aromatic ring with its shared resonance electrons is a very stable structure and
thus resistant to enzymatic attack. Halogen substituents on the aromatic ring stabilizes
the structure further, as the halogens create a steric hindrance to enzymes and also
have an electron withdrawing effect (Copley, 1997). Before the aromatic ring can be
cleaved, microorganisms must invest energy in the form of reducing power to modify
the ring. Under aerobic conditions, this usually occurs by the formation of a ring
cleavage substrate that contains at least two hydroxyl groups. These are usually
situated ortho or para to each other (Pieper and Reineke, 2000). The hydroxyl groups
may be viewed as a sort of “handle” which enables enzymes to cleave the ring. By
introduction of hydroxyl groups, a variety of different starting compounds are
transformed into a few common intermediates, such as catechol (1,2-
dihydroxybenzene) (Fig. 3) (Häggblom, 1992; Harayama and Timmis, 1989).
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Fig. 3. Schematic drawing of the general strategies used by microorganisms for
degradation of aromatic pollutants.

6.1.1.1 Monohydroxylation
In general, compounds that already contain a hydroxyl group, such as phenols,
salicylate and hydroxybenzoate, are monohydroxylated as the initial transformation
(Häggblom, 1992, Mishra et al., 2001). The addition of a single hydroxyl group to an
aromatic ring is typically performed by a monooxygenase enzyme, which reduces two
atoms of dioxygen to one hydroxyl group and one H2O molecule by the concomitant
oxidation of NAD(P)H (Häggblom 1992; Harayama et al., 1992). Monooxygenases, as
well as dioxygenases (below), require cofactors capable of reacting with dioxygen as
reactions directly between dioxygen and carbon in organic compounds are spin-
forbidden (Harayama et al., 1992). This cofactor is commonly iron (Harayama et al.,
1992). Several types of monooxygenases exist; they may be one-component, two-
component, or multi-component (Harayama et al., 1992; Kadiyala and Spain, 1998;
Prieto and Garcia, 1994; Takizawa et al., 1995). Open reading frames for both a one-
component and a two-component monooxygenase were found in A. chlorophenolicus
A6, located in a gene cluster shown to be involved in 4-chlorophenol metabolism
(paper IV).

6.1.1.2 Dihydroxylation
The simultaneous addition of two hydroxyl groups to an aromatic ring is commonly
seen in the degradation of pollutants such as benzenes, PCBs and PAHs that do not
already contain a hydroxyl group (Gibson and Parales 2000; Häggblom 1992). This
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dihydroxylation is usually accomplished by a dioxygenase enzyme, which incorporates
both atoms of dioxygen into the substrate, forming a dihydrodiol, with NAD(P)H as an
electron donor for the reaction (Gibson and Parales 2000, Harayama et al., 1992). In a
second step, the dihydrodiol is dehydrogenated, yielding catechol (Gibson and Parales
2000; Harayama et al., 1992). The dioxygenases are multi-component enzymes and
may be divided into different classes based on the number of subunits and cofactor
requirements, but they all contain components that form an electron transport chain
from NAD(P)H to a terminal oxygenase, and the oxygenase acts on the substrate
(Gibson and Parales, 2000; Harayama et al., 1992; van der Meer, 1997).

6.1.1.3 Substituent modification
Substituents present on the starting aromatic compound may be targeted for chemical
modification in the formation of ring cleavage intermediates. For example, during
toluene degradation by Pseudomonas mendocina KR1, the methyl group substituent is
oxidized in several steps, eventually forming a carboxyl group (Whited and Gibson,
1991). Substituents may also be completely removed. For example, an NO2 group may
be reduced to NH2 that may then be eliminated via the formation of NH3 (Spain, 1995;
Takenaka et al., 2003).

For many highly halogenated compounds, it is necessary to remove halogens prior to
ring cleavage. Under aerobic conditions, this often occurs during mono- or
dihydroxylation (above) when a hydroxyl group is introduced in such a way that it
replaces a halogen substituent, resulting in an oxidative dehalogenation of the substrate
(Copley, 1997). Furthermore, halogen atoms may be removed through reductive
dehalogenation, where a hydrogen atom replaces the substituent, a reaction which is of
special importance for degradation of highly chlorinated pollutants, as addition of
many hydroxyl groups would lead to a product which is very prone to oxidation
(Copley, 1997). Aerobic reductive dehalogenation is seen for example during
pentachlorophenol metabolism in Sphingomonas chlorophenolica ATCC 39723 (Xun
et al., 1992) and degradation of 2,4,5-trichlorophenoxyacetic acid by Burkholderia
cepacia AC1100 (Zaborina et al., 1998). Such a reaction was also inferred in 4-
chlorophenol degradation by A. chlorophenolicus A6 (Fig. 5b, paper IV). Finally,
dehalogenation may also be hydrolytic, where the chlorine group is replaced by a
hydroxyl group derived from water (Copley, 1997), seen for example during 4-
chlorobenzoate degradation by Pseudomonas sp. CBS3 (Yang et al., 1994).

6.1.2 Aromatic ring cleavage

The next step in degradation of aromatic compounds is breakage of the aromatic ring,
which is performed by ring cleavage dioxygenases. These enzymes are distinct from
ring-hydroxylating dioxygenases. All of the ring-cleavage dioxygenases incorporate
two atoms of dioxygen into the substrate without the need for an external reductant
such as NAD(P)H. Non-heme iron is required for activity, as for ring-hydroxylating
dioxygenases (Que and Ho, 1996). Two major mechanisms can be distinguished for
ring cleavage, and they are performed by enzymes that have evolved independently of
one another (Eltis and Bolin, 1996; Que and Ho, 1996) (Fig. 4).
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  Fig. 4. Extradiol (meta) and intradiol (ortho) cleavage of catechol.

6.1.2.1 Cleavage proximal to one hydroxyl group
One of the two major mechanisms for aromatic ring cleavage is called extradiol or
meta cleavage. In this reaction, the ring is opened just outside the hydroxyl groups
(Fig. 4). The product of meta cleavage of catechol is hydroxymuconic semialdehyde
(Fig. 4). This ring-cleavage mechanism is commonly found in degradation of
methylated monoaromatics, in degradation of PAHs and for cleavage of the first ring
in PCB degradation (Mishra et al., 2001). Extradiol enzymes usually employ ferrous
iron (Fe(II)) for their catalytic activity, ligated to the enzyme by one glutamate and
two histidine residues (Que and Ho, 1996). However, there are also Mn- and Mg-
dependent variants (Boldt et al., 1995; Gibello et al., 1994; Hatta et al., 2003; Que et
al., 1981). The enzyme reaction mechanism is based upon a nucleophilic attack on
bound substrate by O2

- (Que and Ho, 1996).

The catechol 2,3-dioxygenase enzyme encoded by the xylE gene on the TOL plasmid
is a well-studied extradiol dioxygenase. The enzyme consists of four identical subunits
with one catalytically essential Fe(II) per subunit (Harayama et al., 1992). The product
of catechol cleavage by this enzyme is 2-hydroxymuconic semialdehyde, which has a
yellow color, easily visualized by eye (Fig. 4) (Harayama et al., 1992). Because of this
property, the xylE gene has been used as a marker or reporter gene for various
applications in molecular biology and microbial ecology (see section 5.2.1.3, above).

There are enzymes that mechanistically resemble catechol 2,3-dioxygenase, but act on
compounds which have the hydroxyl groups placed in the para position to one
another. The PcpA enzyme, for example, cleaves dichlorohydroquinone in the
pentachlorophenol degradation pathway and although there is some uncertainty as to
the cleavage position (Ohtsubo et al., 1999; Xu et al., 1999; Xun et al., 1999), the
enzyme appears to be related to extradiol-cleaving enzymes (Xu et al., 1999). Another
enzyme that cleaves an aromatic ring with two hydroxyl groups in para position is
gentisate 1,2-dioxygenase. This enzyme is involved in degradation of anthralinate, 3-
and 4-hydroxybenzoate and salicylate and catalyses the cleavage of the C1-C2-bond of
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gentisate (2,5-dihydroxybenzoate) (Harayama et al., 1992; Que and Ho, 1996).
However, there are indications that gentisate 1,2-dioxygenases should be considered as
distinct from the extradiol dioxygenases (Werwath et al., 1998).

6.1.2.2 Cleavage between two hydroxyl groups
The second major ring cleavage mechanism is called intradiol or ortho cleavage and
takes place between two hydroxyl groups on an aromatic ring. The product of intradiol
cleavage of catechol is cis,cis-muconate (Fig. 4). Ortho cleavage is the dominant ring
cleavage mechanism in degradation of chlorinated compounds, as extradiol cleavage
of halocatechols may produce dead-end or suicide metabolites (Bartels et al., 1984;
Häggblom, 1992). Still, there are examples of productive extradiol cleavage of
halocatechols. For example, the chlorocatechol 2,3-dioxygenase of Pseudomonas
putida GJ31 is resistant to suicide inactivation (Mars et al., 1997).

Catechol 1,2-dioxygenase and protocatechuate 3,4-dioxygenase are well-studied
intradiol cleaving enzymes and their DNA sequences indicate that they are derived
from a common ancestor (van der Meer, 1997). The activity of these enzymes is
dependent on a ferric iron (Fe(III)) ligated by two tyrosyl and two histidyl residues of
the enzyme, and the reaction mechanism is an electrophilic attack on bound substrate
by O2 (Que and Ho, 1996). Catechol 1,2-dioxygenases of Gram-negative bacteria may
be classified into two types, where type I have little or no activity on chlorocatechols,
and type II, also called chlorocatechol 1,2-dioxygenases, have broader specificity and
are active on both catechols and chlorocatechols (Häggblom, 1992; Harayama et al.,
1992). More recently, hydroxyquinol 1,2-dioxygenases have also been described,
which are related to catechol 1,2-dioxygenases and protocatechuate 3,4-dioxygenases
and which use the same reaction mechanism (Daubaras et al., 1995; Travkin et al.,
1997). Hydroxyquinol 1,2-dioxygenases have been found to be involved in
degradation of phenols and phenoxyacetic acids with two or more chlorine atoms
(Daubaras et al., 1995; Häggblom, 1992; Latus et al., 1995; Louie et al., 2002;
Zaborina et al., 1995). Furthermore, two functional hydroxyquinol 1,2-dioxygenases
were found in the cph gene cluster in A. chlorophenolicus A6 and at least one of these
enzymes is vital for 4-chlorophenol degradation in this microorganism (paper IV).

6.1.3 Ring cleavage products are funneled into the citric acid cycle of the cell

After ring cleavage, the products are transformed into compounds that can be used in
the central metabolism of the cell. The hydroxymuconic semialdehyde produced by
meta cleavage (or its derivative, depending on the substitutions on the catechol) is
transformed into 2-hydroxypent-2,4-dienoate (or derivative), and finally, depending on
the starting compound, into compounds such as pyruvate, acetaldehyde, oxaloacetate,
malate or succinate semialdehyde (Fig. 5a) (Harayama and Timmis, 1989). Ortho
cleavage of catechol and protocatechuate yields products that are transformed into 3-
oxoadipate, eventually yielding acetyl-CoA and succinyl-CoA (Fig 5a) (Harayama and
Timmis, 1989). Hydroxyquinol ortho cleavage yields maleylacetate, which in turn is
reduced to 3-oxoadipate and thus the pathway converges with the pathway for ortho
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cleavage of catechol (Armengaud et al., 1999; Daubaras et al., 1996b; Latus et al.,
1995; Louie et al., 2002; Murakami et al., 1999; Zaborina et al., 1995; paper IV).

When the ring cleavage substrate is halogenated, these substituents have to be
removed after cleavage. Ortho cleavage of mono- to trichlorocatechol yields
chlorinated cis,cis-muconic acid. One chlorine is removed concurrently with a
lactonization of the compound by chloromuconate cycloisomerase (Fig. 5a). The
lactone is then acted upon by dienelactone hydrolase, yielding maleylacetate, which, if
non-chlorinated, is reduced to 3-oxoadipate by maleylacetate reductase (Fetzner and
Lingens, 1994). If chlorine atoms still remain on the maleylacetate, they may be
removed by reductive dechlorination by maleylacetate reductase, yielding
maleylacetate (Fetzner and Lingens, 1994).

For complex hydrocarbons such as PCBs and PAHs, several rounds of ring cleavage
are needed in order to obtain mineralization. For example, PCB degradation yields
chlorobenzoates, which may themselves pose a pollution problem.

6.2 Aerobic 4-chlorophenol degradation

4-chlorophenol biodegradation, the subject of this thesis, has mainly been studied in
Gram-negative microorganisms (Bae et al., 1996b; Chih-Jen et al., 1996; Fava et al.,
1995; Hollender et al., 1994; Häggblom, 1992). Degradation of this compound is
usually accomplished by oxidation of the substrate to 4-chlorocatechol, followed by
ortho cleavage of the aromatic ring (Fig. 5a) (Chih-Jen et al., 1996; Farrell and Quilty,
2002; Fava et al., 1995; Häggblom, 1992; Park and Kim, 2003). Some microorganisms
process 4-chlorocatechol by meta cleavage, although it is less common (Fig. 5a) (Bae
et al., 1996b; Farrell and Quilty, 1999; Hollender et al., 1994). After ring cleavage, the
chlorine atom is removed and the carbon skeleton is transformed into products that are
assimilated into the central metabolism of the cell (Fig. 5a).
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There are a few microorganisms that do not degrade 4-chlorophenol via cleavage of 4-
chlorocatechol. Arthrobacter ureafaciens CPR706 (Bae et al., 1996a) was found to
transform 4-chlorophenol to hydroquinone (1,4-dihydroxybenzene), but the pathway
was not characterized further. Similarly, Nocardioides sp. NSP41 (Cho et al., 1998)
also produced hydroquinone from 4-chlorophenol, but the entire pathway was not
elucidated in that strain either. In A. chlorophenolicus A6, 4-chlorocatechol was
produced from 4-chlorophenol, but the compound was not the ring cleavage substrate.
Instead, 4-chlorocatechol was further transformed into hydroxyquinol, which was
subsequently cleaved to yield maleylacetate (paper IV, Fig. 5b). Also, a second
pathway branch was found, where 4-chlorophenol was transformed into hydroquinone
which in turn was hydroxylated to yield hydroxyquinol (Fig. 5b). 4-chlorophenol
degradation had not previously been found to proceed via hydroxyquinol. However,
hydroxyquinol and its chlorinated derivatives are commonly ring-cleavage
intermediates in degradation of more highly chlorinated phenols (Häggblom, 1992;
Häggblom and Valo, 1995; Latus et al., 1995; Padilla et al., 2000; Uotila et al., 1995;
Zaborina et al., 1998). Hydroxyquinol has also been found to be the ring cleavage
substrate in degradation of 4-nitrophenol (Jain et al., 1994) and 4-aminophenol
(Takenaka et al., 2003).

From the general description of degradation pathways and enzymes above, several
types of enzymes would be expected to be involved in the 4-chlorophenol degradation
pathway in A. chlorophenolicus A6 (Fig. 5b). These enzymes would be a
monooxygenase for the initial transformations of 4-chlorophenol, an enzyme for
reductive dechlorination of 5-chlorohydroxyquinol, a hydroxyquinol dioxygenase and
finally a maleylacetate reductase for funneling the product of ring cleavage into the
central metabolism of the cell. Genes and open reading frames encoding these types of
enzymes were indeed found in the cph gene cluster in A. chlorophenolicus A6 (paper
IV). The cluster was found to harbor two putative monooxygenases, two
hydroxyquinol 1,2-dioxygenases, two putative maleylacetate reductases and two
putative regulatory genes. The fact that most of the enzymes appeared to be present in
two non-identical versions was surprising, but may be explained by the finding that
horizontal gene transfer appeared to have played a role in assembling of the gene
cluster (further discussed in chapter 8, Evolution of genes and operons for degradation
of pollutants). However, a dechlorinase enzyme performing the transformation from 5-
chlorohydroxyquinol to hydroxyquinol (Fig. 5b) was not found. Since the cph gene
cluster is not completely sequenced to date, additional genes may eventually be
identified.

A mutant A. chlorophenolicus A6 strain where one of the hydroxyquinol 1,2-
dioxygenase genes was disrupted by a transposon was used to confirm that the cph
gene cluster was involved in 4-chlorophenol degradation and also shed some light on
the degradation pathways for other phenolic compounds. The mutant strain, called
T99, grew poorly on 4-chlorophenol, showing that the hydroxyquinol 1,2-dioxygenase
gene (cphA-I) was vital for effective growth on the compound (paper III, paper IV).
Furthermore, when challenged with 4-nitrophenol or 4-bromophenol, strain T99 grew
as poorly as when 4-chlorophenol was the sole carbon source, indicating that the same



43

enzyme system was used for degradation of all three compounds (paper III). This, in
turn, would indicate that 4-nitrophenol and 4-bromophenol also are degraded via
hydroxyquinol in A. chlorophenolicus A6. Interestingly, mutant T99 grew well on
unsubstituted phenol, showing that another or an additional enzyme system is
responsible for metabolism of this compound.

The existence of two pathway branches leading from 4-chlorophenol to hydroxyquinol
apparently active concurrently in A. chlorophenolicus A6 is intriguing. The
simultaneous operation of two pathways for the degradation of a single aromatic
compound appears to be a fairly unusual trait. However, there are some reports of this
phenomenon, especially in the degradation of methylbenzene derivatives. Three upper
pathways have been shown to operate at the same time for the transformation of
toluene in Burkholderia cepacia JS150 (Johnson and Olsen, 1997) and Rhodococcus
rhodocrous OFS (Vanderberg et al., 2000). Another Rhodococcus, strain B3
(Bickerdike et al., 1997), was found to degrade o-xylene both via oxidation of the
aromatic ring and via oxidation of a methyl group, again with both pathways operating
simultaneously. Several degradation pathways have also been shown to proceed
simultaneously in metabolism of polyaromatic hydrocarbons (PAHs) as exemplified
by 1- and 2-methylnaphthalene degradation in P. putida CSV86 (Mahajan et al., 1994)
and naphthalene degradation in Bacillus thermoleovorans Hamburg 2 (Annweiler et
al., 2000). This type of metabolic redundancy may perhaps facilitate adaptation to
certain conditions or environments, giving the strain a selective advantage in nature.
Alternatively, the existence of several pathway branches leading from 4-chlorophenol
to hydroxyquinol in A. chlorophenolicus A6 may reflect the fact that two
monooxygenases appears to be encoded by the cph gene cluster. Possibly, the
monooxygenases could be responsible for the transformations in one pathway branch
each. Alternatively, one monooxygenase could perform ortho-hydroxylations in both
branches, and the other enzyme para-hydroxylations.

There are several possible explanations to why a novel 4-chlorophenol degradation
pathway was found in A. chlorophenolicus A6. First of all, metabolism of
chlorophenols has mainly been studied in Gram-negative microorganisms such as
Pseudomonas and Ralstonia, and the 4-chlorophenol degradation pathway in A.
chlorophenolicus A6 may simply reflect the most common strategy for degradation of
monochlorophenols in Gram-positives. Another possibility stems from the fact that the
microorganism was isolated from an enrichment culture that was adapted to increasing
amounts of 4-chlorophenol. During this process, the most efficient 4-chlorophenol
degrader was selected, and perhaps the hydroxyquinol pathway in A. chlorophenolicus
A6 gave the strain a selective advantage, for example by providing high flux of
metabolites through the catabolic sequence, or by avoiding accumulation of toxic
metabolites. Chlorocatechols are known to be toxic to microorganisms, and the ring
cleavage reaction is often the bottleneck in degradation of aromatic compounds,
especially when oxygen supply is suboptimal. Thus, by removing the chlorine atom
and transforming 4-chlorocatechol to hydroxyquinol, accumulation of toxic
chlorocatechols could perhaps be avoided in A. chlorophenolicus A6. Probably, as
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more microorganisms from different genera and different environments are studied,
there will be an increase in the diversity of the described degradation pathways.
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7 Microbial degradation of pollutant mixtures

The ultimate goal of biodegradation research is often application of the process for
bioremediation of contaminants in the environment. However, laboratory studies of
biodegradation are usually performed with a single pollutant, whereas a polluted site
often is contaminated with more than one compound. Pollutants that may be present as
mixtures are for example BTEX compounds, pesticides (e.g. benzene derivatives,
organophospourous compounds and organometals) and chemicals used for wood
preservation such as chlorobenzenes, chlorophenols and polyaromatic hydrocarbons
(PAHs) (Swoboda-Colberg, 1995). Moreover, additional carbon-containing
compounds can serve as potential growth substrates and complicate degradation of
pollutants. For example, in a soil environment, carbon sources may become available
via hydrolysis of naturally occurring polymeric material such as cellulose, lignin,
chitin, proteins, nucleic acids and waxes (Egli, 1995). Numerous studies have shown
that mixed growth substrates often affect each other’s degradation (Kovárová-Kovar
and Egli, 1998). The effects vary both with the microorganism involved and the
growth substrates and are therefore difficult to predict. Thus, substrate interactions
need to be carefully considered in order to optimize the efficacy of bioremediation.

7.1 Diauxic growth

In diauxic growth, one growth compound or its metabolites represses the synthesis of
the enzymes required for degradation of a second substrate, delaying metabolism of
the second substrate until the first is exhausted. Diauxic growth was previously
thought to be the norm for degradation of mixed substrates (Kovárová-Kovar and Egli,
1998). The most famous example is the lac operon in Esherichia coli, which encodes
enzymes for lactose metabolism. Expression of the genes in the lac operon is repressed
in the presence of glucose, and hence glucose is degraded before lactose in a mixture
of the two growth compounds. Diauxie is typically accompanied by a biphasic growth
curve, where the cell density reaches a plateau when the first compound is exhausted.
During this time, the genes for degradation of the second compound are induced, and
growth eventually recommences. Diauxic growth may also occur in pollutant
biodegradation, as the presence of organic acids and carbohydrates has been shown to
repress enzymes for catabolism of pollutants. For example, a number of organic acids
(such as succinate) and carbohydrates (such as glucose) repress transcription of the
genes for phenol degradation in Pseudomonas putida H (Müller et al., 1996). In
another study, the presence of benzoate completely abolished phenol degradation by
Ralstonia eutropha (Ampe et al., 1998). Moreover, the presence of two or more
pollutants may also cause diauxic growth. This was seen during growth of
Comamonas testosteroni JH5 on a mixture of 4-methylphenol and 4-chlorophenol
(Hollender et al., 1994), and by Pseudomonas fluorescens PC18 on a mixture of
phenol and methylphenol (Heinaru et al., 2001).
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7.2 Simultaneous degradation of substrates

Two compounds that are incompatible at high concentrations are often degraded
simultaneously at low concentrations (Kovárová-Kovar and Egli, 1998). This may be
an adaptation to life in nutrient-limited environments such as soil, where the available
growth substrates are often a myriad of carbon sources, each present at a very low
concentration. In fact, carbon starvation itself has been shown to induce expression of
a number of catabolic enzymes, presumably so that the cells are ready if these
compounds become available (Egli 1995; Kovárová-Kovar and Egli, 1998). Two
compounds may also be degraded simultaneously at high concentrations, and this is
often accompanied by an increased maximum specific growth rate as compared to
growth on each compound by itself (Kovárová-Kovar and Egli, 1998). Such an
increased growth rate may be due to the induction of two separate degradation
pathways at the same time, thus increasing the flux of carbon into the central
metabolism of the cell. The degradation of two pollutants simultaneously by a single
microorganism has been seen for example during degradation of a mixture of phenol
and 4-methylphenol by Pseudomonas mendocina PC1 (Heinaru et al., 2001) and
degradation of toluene and benzene by Pseudomonas putida F1 (Reardon et al., 2000).

The effect of substrate mixtures on degradation of phenols by A. chlorophenolicus A6
was addressed in paper III. In addition to 4-chlorophenol, the microorganism can also
grow on 4-nitrophenol, 4-bromophenol, 4-fluorophenol and unsubstituted phenol as
sole carbon sources (paper I, Fig. 6 a and b). When the microorganism was grown on
mixtures of phenolic compounds, a distinct pattern of preference for the different
substrates could be seen. In mixtures of 4-nitrophenol and 4-chlorophenol, 4-
nitrophenol was the preferred substrate (Fig. 6c, paper III). When unsubstituted phenol
was also present in the cultures, this compound was removed last, with degradation
starting when 4-chlorophenol was nearly depleted (paper III). On the other hand, 4-
chlorophenol and 4-bromophenol were clearly degraded simultaneously (paper III).

When a degradation pattern as the one in Figure 6c is seen, the question immediately
arises whether the observed behavior is due to diauxic growth. Two approaches was
used in paper III to address this question. First, the growth and degradation data was
investigated. If diauxie occurred, there would likely be a plateau in OD in the
transition between growth on the different phenols. No such plateau could be detected
by a visual inspection of the data (Fig. 6c). In order to study this more closely, the
growth and degradation data was subjected to kinetic analysis which also indicated
that diauxie did not occur. Secondly, the A. chlorophenolicus A6 mutant T99 was
employed. This strain carries a transposon in a hydroxyquinol 1,2-dioxygenase gene
which leads to severely impaired growth on 4-chlorophenol (paper IV). Experiments
showed that the T99 mutant behaved in exactly the same way when 4-nitrophenol or 4-
bromophenol was the sole carbon source, indicating that the same enzyme system was
used as for 4-chlorophenol degradation. Thus diauxie would not occur.
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Fig. 6. Growth of A. chlorophenolicus A6 on a) 4-chlorophenol b) 4-nitrophenol c) a
mixture of 4-chlorophenol and 4-nitrophenol. Filled circles: OD. Open squares: 4-
chlorophenol. Open triangles: 4-nitrophenol. The brackets denote standard deviation
(three replicates).

Contrary to the results with 4-nitrophenol and 4-bromophenol, the T99 mutant grew
well on unsubstituted phenol. Also, phenol as a growth substrate appeared to affect A.
chlorophenolicus A6 differently than the substituted phenols tested: much higher
concentrations could be tolerated and growth was slower on this compound (paper III).
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If the same enzyme system is used for degradation of 4-chlorophenol and 4-
nitrophenol, why is one compound preferred over the other? A possible explanation
could be that the first enzyme in the degradation pathway has a higher affinity to 4-
nitrophenol than to 4-chlorophenol. Alternatively, there could be transport-level
interactions. For example, if A. chlorophenolicus A6 only takes up the phenolate ion
form of the phenols, the differing pKa values of the compounds would affect their
order of degradation. 4-nitrophenol has a pKa of 7.1, whereas it is 9.4 for 4-
chlorophenol as well as 4-bromophenol and 10.0 for phenol. This means that at pH 7.0
– 7.2 where the experiments were performed, 50% of the 4-nitrophenol was present in
its dissociated form, i.e. as a phenolate ion, whereas only 0.6% of the 4-chlorophenol
and 0.2% of the phenol were present in this form. Presuming that only phenolate ions
were taken up into the cells, 4-nitrophenol would be preferred over 4-chlorophenol.
This hypothesis could even be extended to encompass phenol. Also, the fact that 4-
chlorophenol and 4-bromophenol, with the same pKa, were degraded simultaneously
fits this hypothesis.

7.3 Rate deceleration

In addition to causing diauxic growth, the presence of several growth substrates may
also affect the rate of degradation of the individual compounds. Even if an inhibitory
effect does not lead to diauxie, degradation of one or several compounds may be
decelerated in a mixture. For example, ethanol concentrations over a certain threshold
were shown to have a negative effect on the degradation of benzene by Pseudomonas
putida F1 (Lovanh et al., 2002), and phenanthrene degradation by two Pseudomonas
species was subject to competitive inhibition by several other PAHs (Stringfellow and
Aitken, 1995). Rate deceleration was observed in substrate mixtures for A.
chlorophenolicus A6 as well; for example 4-nitrophenol degradation was slower when
4-chlorophenol was present as an additional substrate than when 4-nitrophenol was the
sole substrate. This was reflected in a decreasing specific growth rate with increasing
concentrations of 4-chlorophenol and 4-nitrophenol (paper III). The reason for slower
degradation rates of pollutants in mixtures may be the increased toxicity caused by the
additional compounds, the formation of intermediates that inhibit enzymes vital for
degradation, or competition for uptake into the cell or for the active binding site of an
enzyme (Alexander, 1999).

7.4 Rate acceleration

The presence of one compound may also enhance the degradation of another, as in the
enhanced mineralization of carbazole in groundwater when fluorene was present
(Millette et al., 1995), the improved biodegradation of phenanthrene and fluorene in a
mixture also containing naphthalene (Guha et al., 1999) and 3-CP degradation by
Alcacligenes sp. A7-2 which was made possible by the addition of phenol (Menke and
Rehm, 1992). This enhancement of removal of a pollutant may be due to the greater
biomass formed because of the additional carbon source available, or one compound
may induce enzymes beneficial for degradation of the second compound (Alexander,
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1999). For degradation of some pollutants, the presence of another substrate is a
prerequisite. This is called cometabolism and is usually due to the fact that the same
enzyme system is active on both compounds, but the compound being co-metabolized
does not serve as an inducer. Instead, its degradation is a fortuitous reaction, often
without benefit to the cell. For example, highly chlorinated PCBs are degraded by
cometabolism with biphenyl or another suitable inducer such as carvone.
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8 Evolution of genes and operons for degradation of pollutants

During the last century, microorganisms have acquired the ability to degrade
xenobiotic compounds such as DDT, PCBs and chlorobenzenes. How did these novel
degradation pathways come into existence? Some biochemical pathways appear to
have been built up in a backward fashion (Horowitz, 1945), for example the glycolytic
pathway (Fothergill-Gilmore and Michels, 1993). The reasoning behind this
hypothesis is that the first microorganisms lived in a rich organic soup, but eventually
some compounds became depleted and an organism that could synthesize this
molecule from a precursor came to have a selective advantage. In the next step, there
was selection for a microorganism that could synthesize the precursor from another
compound, and so on until an entire pathway was built up. However, today
microorganisms do not live in a rich organic soup, but instead in harsh environments
such as soil or ground water, where competition for carbon sources is fierce. Instead of
being built up in a backward fashion such as described by Horowitz, the degradation
pathways for xenobiotic compounds are thought to evolve by the recruitment of
enzymes from other metabolic pathways and alteration of the corresponding genes by
mutation and recombination (Copley, 2000; van der Meer, 1997). Well-studied central
biochemical pathways such as the Krebs cycle are also thought to have evolved in this
fashion (Meléndez-Hevia et al., 1996).

8.1 Modes of evolution

8.1.1 Mutational drift

The substrate range or effector specificity of an enzyme may be altered by point
mutations in its corresponding gene (van der Meer et al., 1992). For example,
Seffernick et al. (2001) found that only 9 amino acids differed between two enzymes
performing distinct biochemical reactions, with no overlap of activity between the
enzymes. In another study, mutagenic PCR targeted to the sensor domain of the
regulatory protein DmpR could be used to alter the specificity of the regulatory system
in order to detect priority pollutant phenols (Wise and Kuske, 2000). Other
mechanisms which give rise to changes in the primary DNA sequence are, for
example, slippage of DNA polymerase during replication, erroneous DNA repair and
gene conversion (van der Meer, 1997; van der Meer et al., 1992). However, as the
results of these changes usually are relatively minor, they are not likely to account for
the large changes that allow microbes to exploit new environments (Ochman et al.,
2000; van der Meer et al., 1992).

8.1.2 Genetic rearrangement within a cell

Recruitment of genes to a novel pathway may occur with the help of the cell’s
recombination system. DNA segments can be rearranged or relocated to a new
position in the genome whenever there is sequence similarity between them, and as
small regions of sequence identity as 4 base pairs may be sufficient for recombination
(van der Meer, 1997). Genes may also be recruited via gene duplication followed by
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divergence of one of the copies. A selective advantage may rapidly be gained if the
enzyme encoded by the duplicated gene already has a low activity in another reaction
(O’Brien and Herschlag, 1999). Larger regions of DNA may also be duplicated. For
example, Nakatsu et al. (1998) found that in several replicate populations of 2,4-D
degrading Ralstonia sp. TFD41, a large segment of the plasmid coding for 2,4-D
degradation had been duplicated after 1000 generations. The movement of IS elements
within a cell may also serve to recruit genes to a novel pathway since they often
contain promotor-like elements which may activate silent genes (van der Meer et al.,
1992).

8.1.3 Horizontal gene transfer

Horizontal gene transfer is viewed as the major source of bacterial evolution (Koonin
et al., 2001; Ochman et al., 2000). Genome sequencing has shown that bacteria
contain mosaics of horizontally acquired genes, and the proportion of genes of foreign
origin has been shown to vary greatly, from almost none in, for example, Rickettsia
prowazekii and Mycobacterium genitalium to almost 17% in a Synechocystis strain
(Ochman et al., 2000). In bacteria, genes encoding enzymes of a degradation pathway
are often found clustered together in the genome, and different gene clusters may be
combined as modules (for degradation of aromatic compounds, genes for peripheral
pathways may for example be combined with different ring cleavage enzyme genes)
(van der Meer et al., 1992). An effect of this rearrangement is that operons with
degradative genes often are observed to have many genes in common, but in different
combinations (van der Meer, 1997).

Plasmids are the most common vehicles for horizontal transfer of genes encoding
enzymes for pollutant degradation (Alexander, 1999). Natural plasmids are often very
large (75-100 kb) and frequently self-transmissible (Reineke, 1998; Tan, 1999; van der
Meer et al., 1992). Genes may also be transferred by transposons, and so-called
catabolic transposons, which contain entire catabolic operons, have been found (Tan,
1999). Moreover, transposons are frequently located on self-transmissible plasmids,
facilitating their dissemination, and their movement can lead to capture and
mobilization of other genes (Reineke, 1998; Tan, 1999). Natural gene transfer among
bacteria can also occur via uptake of naked DNA (transformation) and via phages
(transduction) (Yin and Stotzky, 1997).

Although it is difficult to witness gene transfer events occurring in nature, clues may
be found in a DNA sequence that such an event has taken place. Indications of
horizontal gene transfer may be found by the observation of differences in the
transferred DNA compared to the vertically transmitted (ancestral) DNA. For example,
widely differing molar percentage of guanosine and cytosine (G+C) between
neighboring genes is an indication of a past gene transfer event since although the
percentage of G+C varies greatly between species, the value tends to be consistent
within a strain (Ochman et al., 2000; Shapiro, 1999). Also, a difference in the pattern
of codon bias between genes may indicate a past horizontal gene transfer event
(Ochman et al., 2000; Shapiro, 1999). The rationale behind codon bias is that although
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several three-letter codons may in most cases be used to specify a single amino acid,
many strains do not show equal use of every codon. Codon bias may also be linked to
the G+C percentage of the microorganism’s DNA (Bibb et al., 1984). Clues indicating
past horizontal gene transfer events may also be found in the regions flanking the
transferred DNA, since these often contain genes or remnants of genes affecting
integration of DNA, such as parts of IS elements or transposons, attachment sites of
phage integrases and transfer origins of plasmids (Ochman et al., 2000).

An example of a set of genes where all of the indications of horizontal gene transfer
mentioned above were found is the cph gene cluster which is involved in 4-
chlorophenol degradation by A. chlorophenolicus A6 (top of Fig. 7, paper IV). The
percent G+C content of certain genes in the cluster was much lower than that of the
genome, the codon bias of the same genes was lower than surrounding genes and a
resolvase pseudogene probably originating from a transposon was found in the vicinity
of these genes (Fig. 7, paper IV). As A. chlorophenolicus A6 was isolated from an
enrichment culture gradually adapted to increasing amounts of 4-chlorophenol, it is
possible that new genes were acquired by the strain from another organism in the soil
community during the adaptation period. Another indication of horizontal gene
transfer to this microorganism is that several of the genes and open reading frames
appear to encode enzymes that perform the same type of reactions. For example, two
functional hydroxyquinol 1,2-dioxygenases were found, as well as open reading
frames for two monooxygenases and two maleylacetate reductases (paper IV). Gene
duplication did not appear to have caused this, as the DNA sequences encoding
enzymes with similar functions were distinct from one another, and sometimes
appeared to be completely unrelated (paper IV).
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8.2 Evolution of genes and operons for intradiol ring cleavage

Biodegradation of halogenated aromatic compounds commonly involves enzymes
catabolizing intradiol ring cleavage. An ancestral pathway for degradation of naturally
occurring haloaromatics has been proposed to be the origin of a set of chlorocatechol
catabolic genes which then presumably spread in the environment after the advent of
industrial use of chloroaromatics in the 20th century (Schlömann 94). Interestingly,
adaptation to chlorocatechol metabolism appears to have occurred independently in
Gram-negative and Gram-positive microorganisms (Eulberg et al., 1998) and results
presented by Moisheeva et al. (2002) indicate that chloroaromatic metabolism may
have arisen at least twice in Gram-positives.

The best studied intradiol dioxygenases are protocatechuate 3,4-dioxygenase, catechol
1,2-dioxygenase and chlorocatechol 1,2-dioxygenase, which all show sequence
similarity to one another (van der Meer, 1997). Protocatechuate 3,4-dioxygenase
consists of two different subunits which may have arisen through gene duplication
(van der Meer, 1997). The catechol 1,2-dioxygenases of Gram-positive and Gram-
negative bacteria form separate branches on a phylogenetic tree of these enzymes
(Eulberg et al., 1998).

Hydroxyquinol 1,2-dioxygenases were found in 1995 to constitute a separate class of
intradiol dioxygenases in prokaryotes (Daubaras et al., 1995). Since then, several
additional hydroxyquinol 1,2-dioxygenases have been found, many as hypothetical
proteins from genome sequencing projects. To date, the function of nine of these
proteins has been verified (Armengaud et al., 1999; Daubaras et al., 1996b; Hatta et
al., 1999; Johnson et al., 2002; Louie et al., 2002, Murakami et al., 1999; L.L. Perry
and G.J. Zylstra, personal communication; paper IV). A phylogenetic tree constructed
from the amino acid sequences of these hydroxyquinol 1,2-dioxygenases shows that
the four sequences from Gram-positive microorganisms cluster together (CphA-I,
NpdB, CphA-II and ORF2 in Fig. 8). Incidentally, all these sequences originate from
Arthrobacter strains, so it is not possible to determine if this clustering represents a
special branch of the phylogenetic tree for Gram-positive microorganisms or if it just
reflects the fact that all of the sequences originate from the same genus.

Many of the studied hydroxyquinol 1,2-dioxygenases are believed to have been
acquired by horizontal gene transfer. For example, ORF3 and TftH (Fig. 8) are both
cloned from Burkholderia cepacia, and would normally be expected to cluster together
in the tree, as they originate from the same species and perform the same reaction.
However, they do not cluster together and the hypothesis that ORF3 and possibly also
TftH were acquired via lateral gene transfer, explains this phenomenon (Daubaras et
al., 1996a; Johnson et al., 2002). Other examples of gene clusters where horizontal
gene transfer is implicated is the cph gene cluster of A. chlorophenolicus A6 (paper
IV) and the dxn genes in Sphingomonas sp. RW1 (Armengaud et al., 1999). Both of
these strains contain transposon-derived genes in the vicinity of the hydroxyquinol 1,2-
dioxygenase genes, indicating a past horizontal gene transfer.
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Fig. 8. Phylogenetic tree of hydroxyquinol 1,2-dioxygenases. The proteins are labeled
using trivial abbreviation and strain. Catechol 1,2-dioxygenase from Pseudomonas
putida mt-2 was used as an outgroup. The numbers on the branches indicate how many
times the group outside the fork occurred among 100 trees generated in a bootstrap
analysis. The bar represents 0.1 expected changes per amino acid position.
GenBank/EMBL accession numbers as follows: CAA51371 for hydroxyquinol 1,2-dioxygenase from
Sphingomonas sp. RW1 (DxnF RW1), I40182 for hydroxyquinol 1,2-dioxygenase from Burkholderia
cepacia AC1100 (TftH AC1100), AAL50018 for putative hydroxyquinol oxygenase from
Burkholderia cepacia R34 (ORF3 R34), BAA13107 for hydroxyquinol 1,2-dioxygenase from
Ralstonia pickettii DTP0602 (HadC DTP0602), AAM55216 for 6-chloro-hydroxyquinol 1,2-
dioxygenase from Ralstonia eutropha JMP134 (TcpC JMP134), BAA82713 for hydroxyquinol 1,2-
dioxygenase from Arthrobacter sp. BA-5-17 (ORF2 BA-5-17), S66469 for catechol 1,2-dioxygenase
from Pseudomonas putida mt-2 (CatA mt-2) and accession number is pending for hydroxyquinol 1,2-
dioxygenase from Arthrobacter sp. JS443 (NpdB JS443) (L. L. Perry and G. J. Zylstra, personal
communication).

A comparison of the architecture of the gene clusters harboring hydroxyquinol 1,2-
dioxygenases illustrates the point that similar types of catabolic genes may be
combined in different order in different organisms (Fig. 7). (The gene cluster from
Burkholderia cepacia R34 was excluded from the figure as the hydroxyquinol 1,2-
dioxygenase in the cluster is thought to have no function in the actual degradation
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pathway (Johnson et al., 2002)). Genes for maleylacetate reductases, monooxygenases
and oxidoreductases (oxidoreductases may transfer electrons to monooxygenases) are
found in many of the gene clusters in Figure 7, but the order of the genes is not
conserved. Some trends may be discerned, however, using the hydroxyquinol 1,2-
dioxygenase gene as a starting point. In four clusters, an oxidoreductase is found
directly upstream of the hydroxyquinol 1,2-dioxygenase, and in three clusters, a
maleylacetate reductase is found in this position. Interestingly, in A. chlorophenolicus
A6, the only organism found to contain two hydroxyquinol 1,2-dioxygenases, one of
these genes is preceded by an oxidoreductase and the other by a maleylacetate
reductase (paper IV). Another striking feature of Figure 7 is that the npd gene cluster
from Arthrobacter sp. JS443 and part of the cph cluster have a very similar gene order.
In addition to the genes labeled in the figure, cphS and cphR are thought to be
regulatory genes, as is npdR (L. L. Perry and G. J. Zylstra, personal communication;
paper IV). This similarity in gene order is interesting as there is evidence that several
of the cph genes in A. chlorophenolicus A6 were acquired via horizontal gene transfer
(paper IV). Perhaps some of the genes for metabolism of aromatic compounds in A.
chlorophenolicus A6 and Arthrobacter sp. JS443 originate from the same ancestor.
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9 Conclusions

Major findings in this thesis are:

® Arthrobacter chlorophenolicus A6 is a novel species.

® A. chlorophenolicus A6 can grow on unusually high concentrations of 4-
chlorophenol without the need for any cofactors or vitamins.

® A. chlorophenolicus A6 was successfully tagged with the gfp or luc genes and
monitored during 4-chlorophenol degradation in soil microcosms.

® The luc-tagged and gfp-tagged A. chlorophenolicus A6 strains can remove 180
µg/g 4-chlorophenol from non-sterile soil microcosms.

® A. chlorophenolicus A6 can grow on several phenolic compounds, and when
these are present in mixtures, distinct patterns of substrate preferences are seen.

® In A. chlorophenolicus A6, 4-chlorophenol is degraded via an unusual pathway
where hydroxyquinol is the ring cleavage substrate.

® A gene cluster involved in 4-chlorophenol degradation has been cloned and
sequenced. Analysis of the DNA sequence of the gene cluster indicated that
horizontal gene transfer has been involved in its assembly.
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10 Future perspectives

An immediately obvious continuation of the work presented in this thesis would be to
clone and sequence more genes in the cph cluster. Part of a monooxygenase gene is
still missing, and judging by the reactions in the 4-chlorophenol degradation pathway
there should be a dechlorinase gene present as well. However, a dechlorinase gene
would not necessarily need to be present in the cph cluster but could be located
elsewhere in the genome of A. chlorophenolicus A6.

Furthermore, it would be highly interesting to study the initial steps of the 4-
chlorophenol degradation pathway, from 4-chlorophenol to hydroxyquinol, in more
detail. This could be accomplished by overexpression of the two putative
monooxygenases found in the cph gene cluster. In the degradation pathway leading
from 4-chlorophenol to hydroxyquinol, both a para-hydroxylation and an ortho-
hydroxylation occur, and perhaps one monooxygenase performs the para-
hydroxylation and the other the ortho-hydroxylation. Alternatively, the enzymes could
be involved in one pathway branch each. Overexpression of the enzymes and
spectrophotometric study of the reactions as performed for the two hydroxyquinol 1,2-
dioxygenases should be a suitable approach as both substrates and products absorb
light in the UV range.

Perhaps it would be possible to expand the substrate range of A. chlorophenolicus A6
by gene shuffling or some other protein engineering method. The monooxygenases
involved in the transformation of 4-chlorophenol to hydroxyquinol could maybe be
altered so that 2-chlorophenol and 3-chlorophenol could also be transformed into
hydroxyquinol and further metabolized.

Another interesting field of study would be to investigate the pigment formation by A.
chlorophenolicus A6 more closely. The strain produces a pigment from several
phenols such as 2-chlorophenol and 3-chlorophenol, and also from 4-chlorophenol if
the cultures are not sufficiently oxygenated. The pigment is initially red in color and
eventually darkens to black, and its chemical characteristics is consistent with a
polyphenolic structure, related to melanins. Perhaps 2-chlorophenol and 3-
chlorophenol are transformed to 2-chlorohydroquinone, but this compound cannot be
transformed further to hydroxyquinol because of the chloro-substituent.
Hydroquinones form benzoquinones spontaneously in the minimal medium used for
growing A. chlorophenolicus A6 on 4-chlorophenol and as benzoquinones are known
to be reactive they could initiate a polymerization process leading to pigment
formation. The T99 mutant where the hydroxyquinol 1,2-dioxygenase gene cphA-I has
been disrupted may be useful in the study of pigment formation. This mutant produces
pigment from 4-chlorophenol even in cultures which are sufficiently oxygenated. An
intriguing fact is that pigment production by strain T99 is stronger at low 4-
chlorophenol concentrations than at high concentrations.
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It would also be of interest to determine how 4-chlorophenol degradation in A.
chlorophenolicus A6 is regulated. We know that some sort of regulation is taking
place as 4-chlorophenol degradation does not occur while some other substrates, such
as succinate, are present. However, we do not know how this regulation is brought
about. Is 4-chlorophenol or an intermediate the effector, and are CphR and CphS
involved as their deduced amino acid sequences imply?

When A. chlorophenolicus A6 was grown on a mixture of 4-nitrophenol and 4-
chlorophenol, the strain exhibited a peculiar behavior in that 4-nitrophenol was
preferred over 4-chlorophenol. One hypothesis put forward to explain this
phenomenon is that the phenolate ions, and not the phenols, are taken up into the cells
and metabolized. If this is true, the pH of the medium should influence the degree of
overlap of 4-nitrophenol and 4-chlorophenol degradation. At a higher pH, the overlap
of degradation of the compounds should also increase. Thus this hypothesis could be
tested, supposing that A. chlorophenolicus A6 would be able to grow at a pH of around
8.0 or higher.

Maybe the basis of the extreme 4-chlorophenol tolerance exhibited by A.
chlorophenolicus A6 is that the microorganism is able to slow the compound entering
the cell. This would limit the uncoupling effect of 4-chlorophenol. To investigate this,
NMR could be used to study deenergization of the cell membrane and depletion of
ATP upon exposure to 4-chlorophenol, and A. chlorophenolicus A6 could be
compared with other microorganisms. In this context, it would also be interesting to
investigate if A. chlorophenolicus A6 alters its cellular fatty acid content in response to
4-chlorophenol, as other microorganisms have been shown to use such a strategy to
protect themselves from phenolic compounds.
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