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Preface

This book for the degree of Doctor in Philosophy is written in a typical form of PhD
Theses in natural sciences. It consists of original, peer-reviewed articles published in
international scientific journals and a summary of the whole work. Having pedagogical
background, I found it interesting to write the section ‘Introduction’ (a literature review)
in such a way that it might benefit university lecturers, other teachers and students when
dealing with the progress in the field of environmental biotechnology and molecular
ecology. Bioremediation, oil-degrading bacteria and their catabolic genes, and molecular
biomonitoring methods will be the future hot topics also among the general public. In
this context, it has been challenging to clarify the essential terms (marked with bold
letters) and organize the content in a meaningful way. For visually oriented persons and
in order to quickly extract the main content in the spirit of ‘mind mapping’, central
words in each paragraph are marked with SMALL caps.

I have been lucky to see continuity in my work: my Master’s Thesis at the Faculty of
Biosciences touched the two-component regulatory systems, which I found useful, when
I proceeded in my scientific carrier and entered the nitrogen-fixation group at the Faculty
of Agriculture and Forestry. During this work, in the era of stepping ‘from sequences
to function and regulation’, thoughts about new teaching entities and how to combine
research and scientific teaching and learning in a more efficient way have occupied
my mind. We should not loose the chances for Bio-Finland. Through specializing in
bioremediation in the Galega rhizosphere, it has become obvious to me that interactive
signalling between the plant and some rhizosphere bacteria and plasmid dynamics, i.e.
gene transfer, between bacteria might also be essential in the rhizoremediation of oil-
contaminated soils. I invite the reader of this thesis to share some details behind the big
picture still waiting to be discovered. Feedback on this book is welcomed directly ; ) or
via email (minna.m.jussila@hotmail.com).

Fig. ; ) . Personal mind map of this thesis to inspire the reader’s own interpretation and
novel thoughts. (on page 7)
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Tiivistelma (Abstract in Finnish)

Kasvien juuristossa eldvien mikrobien hyvéksikdyttod saastuneen ympariston puhdista-
misessa kutsutaan ritsoremediaatioksi. Tdmén tyon ajatuksena oli se, ettd typped sitovan
palkokasvin, vuohenherneen (Galega orientalis) juuriston bakteerit voisivat osallistua
1-renkaisten aromaattisten hiilivetyjen, kuten bentseenin, tolueenin ja ksyleenin, ha-
jottamiseen 0ljylld saastuneessa maaperissd. Kemiallisen (esim. myrkkypitoisuus) ja
fysikaalisen (esim. maan rakenne) tiedon lisdksi biologisten tekijoiden tuntemus (mm.
bakteerit ja niiden hajotusgeenit) on oleellista kehitettdessi ritsoremediaatiosta hallittu ja
tehokas biopuhdistusmenetelma. Siksi my0s luotettavien biologisten seurantamenetelmi-
en kehittdmisen tarve on ilmeinen. Tamén viitoskirjatyon tarkoituksena oli 1) arvioida
vuohenherneen ja sen symbioottisen typensitojabakteerin (ritsobi, Rhizobium galegae)
soveltuvuus 6ljylld saastuneen maaperidn puhdistamiseen, 2) kehittdd molekyylitason
menetelmid biomonitorointia varten ja 3) soveltaa nditd menetelmié tutkittaessa mikro-
biologisia ilmi6ité ritsoremediaation aikana.

Koeputkissa vuohenherne ja sen ritsobit sdilyivit elinkykyisind jopa 3000 mg/1 m-
toluaattia sisdltdvassi kasvuliuoksessa. Kasvien kasvu ja nystyrdinti estyivat 500 mg/1
m-toluaattipitoisuuudessa, mutta ne palautuivat, kun kasvit siirrettiin puhtaaseen alus-
taan. Oljylla tai m-toluaatilla (2000 mg/l) saastutetussa kasvihuonekokeen maassa vuo-
henherne kasvoi, nystyrdi ja sitoi typped hyvin. Sen lisdksi sen juuristo kehittyi vahvaksi.
R. galegaen korkea aromaattisten aineiden sietokyky ja vuohenherneen elinkykyisyys 6l-
jymaissa osoitti timén palkokasvi-bakteeri -yhdistelméan olevan lupaava systeemi 6ljylld
saastuneen maaperin ritsoremediaatiota kehitettdessa.

Molekulaarisia biomonitorointimenetelmia suunniteltiin ja/tai kehitettiin baktee-
reille ja niiden hajotusgeeneille. Genomisen sormenjdlkimenetelmén ((GTG),-PCR),
16S rRNA -geenien taksonomisen ribotyyppauksen ja 16S rRNA -geenien osittaissekve-
noinnin yhdistelma valittiin viljeltdvien ja heterogeenisten juuristobakteereiden moleku-
laarista ryhmittelyd varten. TOL-plasmidien havaitsemiseksi suunniteltiin xy/E-geenille
spesifiset PCR-alukkeet. Sekd TOL-plasmideja (xy/E-alukkeet) ettd laajemminkin erilai-
sia aromaatteja hajottavia entsyymeja koodaavia plasmideja (C230-alukkeet) profiloitiin
ns. monistetun, entsyymid koodaavan DNA:n pilkonta-analyysilldi (AEDRA) kdyttiden
Alul-restriktioentsyymid. C230-xy/E-PCR kehitettiin TOL-plasmidien havaitsemiseksi
herkésti suoraan maasta.

Juuristobakteereita eristettiin sekéd kasvihuone- ettd kenttdkoenéytteistd. M-toluaat-
tia sietivit juuristobakteerit olivat geneettisesti hyvin erilaisia edustaen viittd bakteerien
pailinjaa. Gram-positiiviset Rhodococcus, Bacillus ja Arthrobacter sekd gram-negatiivi-
nen Pseudomonas olivat runsaimmat bakteerisuvut. Pseudomonas putida PaW85/pWWO0
-ymppid ei havaittu juuristondytteissd. Vaikka talla lisdtylle bakteerille ei niyttinyt 16y-
tyvén ekologista lokeroa, sen siirtyméédn kykenevésti hajotusplasmidista on saattanut
olla hyotyd muille bakteerilajeille ja siten myds puhdistusprosessille.

Vain 10-20% eristetyistd, m-toluaattia sietdvistd bakteerikannoista kykeni myds ha-
jottamaan m-toluaattia. TOL-plasmidit olivat ndiden bakteerien hajotusplasmidien péa-
tyyppi. Kyky hajottaa m-toluaattia kayttiméalld TOL-plasmidin koodaamia entsyymeji
havaittiin vain Pseudomonas-suvun lajeissa. Ndma olivat myos parhaimmat m-toluaatin
hajottajat. Kantaspesifisid eroja 18ydettiin P migulae - ja P oryzihabitans -lajien hajo-
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tuskyvyssé: erdilld néistd kannoista oli TOL-plasmidi — mika oli uusi 16yt0 tdssd tydssd
— osoittaen mahdollista horisontaalista plasmidin siirtymistd vuohenherneen juuristossa.
Yhdelld P oryzihabitans -kannalla oli pWWO0-plasmidi, joka oli todennékdisesti kon-
jugoitunut Pseudomonas-ympistd. Joillakin P migulae - ja P oryzihabitans -kannoilla
ndytti olevan sekd pWWO- ettd pDK1-tyyppinen TOL-plasmidi. Toisaalta niilld on saat-
tanut olla TOL-plasmidi, jossa on sekd pWWO- ettd pDK1-tyyppinen xy/E-geeni. Gram-
negatiivisten bakteerien m-toluaatin hajotuskyky ei rajoittunut vain TOL-reittiin. Myds
erddt gram-positiiviset Rhodococcus erythropolis - ja Arthrobacter aurescens -kannat
kykenivét hajottamaan m-toluaattia ilman TOL-plasmidia.

Oljylli saastuneen maan kenttiikokeissa tuli esiin kolme vuohenherneen juuristo-
vaikutusta: 1) G. orientalis ja Pseudomonas-ymppi lisdsivit juuristobakteerien maaraa.
Vuohenherne erityisesti yhdessd Pseudomonaksen kanssa lisdsi m-toluaattia kdyttdvien
ja katekolipositiivisten bakteerien lukuméaaridi osoittaen kasvillisten maiden suurempaa
hajotuspotentiaalia verrattuna kasvittomiin maihin. 2) Myo6s bakteeridiversiteetti ribo-
tyyppien mééralld mitattuna kasvoi vuohenherneen juuristossa sekd Pseudomonaksen
kanssa ettd ilman sitd. Kuitenkaan m-toluaattia hajottavien bakteerien lajimééré ei mer-
kittdvasti lisdéntynyt. My0s yhteisotasolla, kiyttdimédlla 16S rRNA -geeni-PCR-DGGE
-menetelmad myos ei-viljeltdvissd olevien bakteerien havainnoimiseksi, suurin bakteeri-
lajien monimuotoisuus havaittiin kasvillisissa maissa. Monipuoliset yhteisot saattavatkin
parhaiten taata tehokkaan ritsoremediaation tarjoamalla lukuisia geneettisid koneistoja
hajotusprosessien kayttoon. 3) Kokeen lopussa TOL-plasmideja ei kyetty endé havaitse-
maan suoralla DNA-analyysilld maasta, jossa oli sekd vuohenherne ettd Pseudomonas.
TOL-plasmidien havaintoraja oli siis ylittynyt osoittaen hajotusplasmidien méérin va-
hentyneen ja viitaten siten myos ritosremediaation onnistumiseen.

Vuohenherneen kiytto ritsoremediaatiossa on ainutlaatuista. Téssa vaitoskirjatydssi
uutta tietoa saatiin vuohenherneen juuristovaikutuksista monoaromaattisilla hiilivedyilla
saastuneissa maissa. Kehitettyjd molekulaarisia biomonitorointimenetelmii voidaan so-
veltaa moneen tarkoitukseen ymparistobioteknologian alalla, kuten maan luontaisen bio-
hajotuspotentiaalin kartoittamiseen, bioremediaation tehostamisen seurantaan ja puhdis-
tusprosessin onnistumisen arviointiin. Ymparistonsuojelu luonnon omia resursseja kayt-
téden, ja siten kestdvin kehityksen periaatteen mukaisesti toimien, on seki taloudellisesti
ettd esteettisen ja puhtaan ympariston sdilymisen kannalta hyddyllistd yhteiskunnalle.

Avainsanat: molekyylibiologinen seuranta, geneettinen sormenjilkimenetelmé, maa-
bakteerit, bakteerien monimuotoisuus, TOL-plasmidi, hajotusgeenit, horisontaalinen
geenien siirtyminen, ritsoremediaatio, juuristovaikutus, Galega orientalis, hapellinen
biohajotus, 6ljyhiilivedyt, monoaromaatit
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Abstract

ABSTRACT

Rhizoremediation is the use of microbial populations present in the rhizosphere of plants
for environmental cleanup. The idea of this work was that bacteria living in the rhizo-
sphere of a nitrogen-fixing leguminous plant, goat’s rue (Galega orientalis), could take
part in the degradation of harmful monoaromatic hydrocarbons, such as benzene, toluene
and xylene (BTEX), from oil-contaminated soils. In addition to chemical (e.g. pollutant
concentration) and physical (e.g. soil structure) information, the knowledge of biologi-
cal aspects (e.g. bacteria and their catabolic genes) is essential when developing the
rhizoremediation into controlled and effective bioremediation practice. Therefore, the
need for reliable biomonitoring methods is obvious. The main aims of this thesis were to
evaluate the symbiotic G. orientalis — Rhizobium galegae system for rhizoremediation
of oil-contaminated soils, to develop molecular methods for biomonitoring, and to apply
these methods for studying the microbiology of rhizoremediation.

In vitro, Galega plants and rhizobia remained viable in m-toluate concentrations
up to 3000 mg/l. Plant growth and nodulation were inhibited in 500 mg/l m-toluate,
but were restored when plants were transferred to clean medium. In the greenhouse,
Galega showed good growth, nodulation and nitrogen fixation, and developed a strong
rhizosphere in soils contaminated with oil or spiked with 2000 mg/l m-toluate. The high
aromatic tolerance of R. galegae and the viability of Galega plants in oil-polluted soils
proved this legume system to be a promising method for the rhizoremediation of oil-
contaminated soils.

Molecular biomonitoring methods were designed and/or developed further for bac-
teria and their degradation genes. A combination of genomic fingerprinting ((GTG),-
PCR), taxonomic ribotyping of 16S rRNA genes and partial 16S rRNA gene sequencing
were chosen for molecular grouping of culturable, heterogeneous rhizosphere bacteria.
PCR primers specific for the xy/E gene were designed for TOL plasmid detection. Am-
plified enzyme-coding DNA restriction analysis (AEDRA) with A/ul was used to profile
both TOL plasmids (xy/E primers) and, in general, aromatics-degrading plasmids (C230
primers). The sensitivity of the direct monitoring of TOL plasmids in soil was enhanced
by nested C230-xylE-PCR.

Rhizosphere bacteria were isolated from the greenhouse and field lysimeter experi-
ments. High genetic diversity was observed among the 50 isolated, m-toluate tolerating
rhizosphere bacteria in the form of five major lineages of the Bacteria domain. Gram-
positive Rhodococcus, Bacillus and Arthrobacter and gram-negative Pseudomonas were
the most abundant genera. The inoculum Pseudomonas putida PaW85/pWWO0 was not
found in the rhizosphere samples. Even if there were no ecological niches available for
the bioaugmentation bacterium itself, its conjugative catabolic plasmid might have had
some additional value for other bacterial species and thus, for rhizoremediation.

Only 10 to 20% of the isolated, m-toluate tolerating bacterial strains were also able
to degrade m-toluate. TOL plasmids were a major group of catabolic plasmids among
these bacteria. The ability to degrade m-toluate by using enzymes encoded by a TOL
plasmid was detected only in species of the genus Pseudomonas, and the best m-toluate
degraders were these Pseudomonas species. Strain-specific differences in degradation
abilities were found for P. oryzihabitans and P. migulae: some of these strains harbored
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a TOL plasmid — a new finding observed in this work, indicating putative horizontal
plasmid transfer in the rhizosphere. One P. oryzihabitans strain harbored the pWwWO0
plasmid that had probably conjugated from the bioaugmentation Pseudomonas. Some P.
migulae and P. oryzihabitans strains seemed to harbor both the pWWWO0- and the pDK1-
type TOL plasmid. Alternatively, they might have harbored a TOL plasmid with both the
pWWoO- and the pDK1-type xylE gene. The breakdown of m-toluate by gram-negative
bacteria was not restricted to the TOL pathway. Also some gram-positive Rhodococcus
erythropolis and Arthrobacter aurescens strains were able to degrade m-toluate in the
absence of a TOL plasmid.

Three aspects of the rhizosphere effect of G. orientalis were manifested in oil-
contaminated soil in the field: 1) G. orientalis and Pseudomonas bioaugmentation
increased the amount of rhizosphere bacteria. G. orientalis especially together with
Pseudomonas bioaugmentation increased the numbers of m-toluate utilizing and catechol
positive bacteria indicating an increase in degradation potential. 2) Also the bacterial
diversity, when measured as the amount of ribotypes, was increased in the Galega
rhizosphere with or without Pseudomonas bioaugmentation. However, the diversity of
m-toluate utilizing bacteria did not significantly increase. At the community level, by
using the 16S rRNA gene PCR-DGGE method, the highest diversity of species was also
observed in vegetated soils compared with non-vegetated soils. Diversified communities
may best guarantee the overall success in rhizoremediation by offering various genetic
machineries for catabolic processes. 3) At the end of the experiment, no TOL plasmid
could be detected by direct DNA analysis in soil treated with both G. orientalis and
Pseudomonas. The detection limit for TOL plasmids was encountered indicating
decreased amount of degradation plasmids and thus, the success of rhizoremediation.

The use of G. orientalis for rhizoremediation is unique. In this thesis new
information was obtained about the rhizosphere effect of Galega orientalis in BTEX
contaminated soils. The molecular biomonitoring methods can be applied for several
purposes within environmental biotechnology, such as for evaluating the intrinsic
biodegradation potential, monitoring the enhanced bioremediation, and estimating the
success of bioremediation. Environmental protection by using nature’s own resources
and thus, acting according to the principle of sustainable development, would be both
economically and environmentally beneficial for society.

Keywords: molecular biomonitoring, genetic fingerprinting, soil bacteria, bacterial
diversity, TOL plasmid, catabolic genes, horizontal gene transfer, rhizoremediation,
rhizosphere effect, Galega orientalis, aerobic biodegradation, petroleum hydrocarbons,
BTEX
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1 INTRODUCTION
1.1 Bioremediation: the use of living organisms for the remediation of polluted sites

Growing awareness of the harmful effects of pollution to the environment and human health
has led to a marked increase in research into various strategies that might be used to clean
up contaminated sites. Many conventional, engineering-based decontamination methods
are expensive partially because of the cost of excavating and transporting large quantities of
contaminated materials for ex situ treatment, such as soil washing, chemical inactivation,
and incineration (Chaudhry et al., 2005; Pilon-Smits, 2005). The increasing costs and limited
efficiency of these traditional physicochemical treatments of soil have spurred the development
of alternative technologies for in situ applications, in particular those based on biological
remediation capabilities of plants and microorganisms (Chaudhry et al., 2005; Singh & Jain,
2003). The term BIOREMEDIATION refers to the use of living organisms to degrade environmental
pollutants (Barea et al., 2005; Kuiper et al., 2004; Dua et al., 2002).

1.1.1 Intrinsic bioremediation, natural attenuation

The simplest form of bioremediation is natural attenuation (NA) or BIOATTENUATION, during
which the indigenous microbial populations degrade recalcitrants or xenobiotics based on their
natural, nonengineered metabolic processes (Kuiper et al., 2004; Widada et al., 2002). According
to the Environmental Protection Agency in the United States (USEPA 1999) NA or intrinsic
bioremediation processes include a variety of physical, chemical, and biological processes that act
to reduce the mass, toxicity, mobility, volume, or concentration of contaminants. These processes
include aerobic and anaerobic biodegradation, dispersion, dilution, sorption, volatilization,
radioactive decay, and chemical or biological stabilization, transformation, or destruction of
contaminants (Rittmann, 2004). The purpose in monitored natural attenuation (MNA) is to
use both chemical parameters (such as the concentration of xenobiotics, intermediate formation,
end product formation, electron acceptor consumption, and toxicity) and biological parameters
(such as the composition, size, and degrading activity of the microbial populations) to follow
the natural degradation processes of microbes (Kuiper et al., 2004). Subsequently, estimations
could be made about the degradation rate in combination with the spread of the contamination
plume. NA can well be applied on sites with low environmental or public value, when time is not
a limiting factor and where no other restoration techniques are applicable (Kuiper et al., 2004). As
a limiting factor, microbes with suitable catabolic genes might not be available on the site.

1.1.2 Biostimulation

The intentional stimulation of resident xenobiotic degrading bacteria by addition of electron
acceptors, water, nutrients, or electron donors, in order to speed up the bioremediation process,
is referred to as BlosTiIMuLATION (Widada et al., 2002; Madsen, 1991). In many cases, however,
fertilization practice of contaminated sites using compost, nitrogen, phosphorous, and carbon
has been unpredictable because it has been reported to either enhance or not the degradation of
pollutants (Kuiper et al., 2004; Brodkorb & Legge, 1992; Namkoong et al., 2002; Ramadan et al.,
1990; Wang et al., 1990).

1.1.3 Bioaugmentation

BioAuGMENTATION is a method to improve degradation and enhance the transformation rate of
xenobiotics by introducing either WILD-TYPE or GENETICALLY MODIFIED microbes into soil (Kuiper
et al., 2004). A bioinoculant or bioinoculate is a beneficial, natural microbe introduced into soil
by e.g. coating of seeds or in a peat preparation. The laboratory scale results of seeding microbes
for degradation of soil pollutants have been ambiguous (Kuiper et al., 2004). Possible reasons for
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the failure of bacterial inoculation could be one or more of the following (Kuiper et al., 2004;
Goldstein et al, 1985). First, the concentration of the contaminants at a site can be too low to
support growth of the inoculum. This also includes the problem of low bioavailibility of certain
pollutants. Second, the presence of certain compounds in the environment can inhibit the growth
or activity of the inoculum. Third, protozoan-grazing rates on the inoculum can be higher than
the growth rates of the bacteria, resulting in a decline of the bacterial population. Fourth, the
inoculum can prefer to use other carbon sources present in soil, instead of the contaminant. Fifth,
inocula may fail because of the inability of the microbes to spread through the soil and reach the
pollutant. Co-inoculation of a consorTiUM of bacteria, each with different parts of the catabolic
degradation route, involved in the degradation of a certain pollutant is often found to be more
efficient than the introduction of one single strains with the complete pathway (Kuiper et al.,
2004; Rahman et al., 2002).

1.1.4 Phytoremediation

PHYTOREMEDIATION refers to the use of plants for bioremediation. Often it is expanded to mean
the use of plants and their associated microbes for environmental cleanup (Pilon-Smits, 2005; Salt
et al., 1998; Singh & Jain, 2003). Phytoremediation is easy to implement, and both the set-up and
maintenance are cost-effective. This noninvasive method is also sustainable and can be visually
attractive. On other hand, soil properties and climate can restrict plant growth. Different ways to
phytoremediate are illustrated in Fig. 1-1. Possible fates of pollutants during phytoremediation are
presented in Fig. 1-2 A. These different PHYTOTECHNOLOGIES make use of different plant properties
and typically different plant species are used for each (Fig. 1-2 B). Favourable PLANT PROPERTIES

a b

L4 U ﬂ/
Rhizofiltration Constructed wetland
C d e
= =
=3 £
= =
=)
Hydraulic control Farming polluted soil Air filtration

or vegetative cap

Fig. 1-1. Phytoremediation technologies used for remediating polluted water, soil, or air (Pilon-
Smits, 2005). The circles represent the pollutant. Reprinted, with permission, from the Annual
Review of Plant Biology, Volume 56 (c) 2005 by Annual Reviews www.annualreviews.org.
Rhizofiltration uses plants, such as sunflower (Helianthus annuus) or water hyacinth (Eichhornia
crassipes), in hydroponic setup for filtering mainly inorganics, such as metals and radionuclides,
from polluted water.
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Plant shoots

Phytodegradation

* the breakdown of pollutants by plant enzymes, usually inside tissues (but also in soil by laccases,
dehalogenases, nitroreductases, nitrilases, and peroxidases)

* mobile organics: herbicides, TNT, MTBE, TCE

* poplar (Populus sp.)

Phytovolatilization

* the release of pollutants by plants in volatile form

*VOCs such as TCE and MTBE, and volatile inorganics such as Se and Hg
* poplar (Populus sp.), Brassica (Se)

Phytoextraction
* the use of plants to clean up pollutants via accumulation (sequestration) in harvestable tissues
phytomining, recycling of the accumulated element
* metals and other toxic inorganics (Se, As, radionuclides)
* Indian mustard (Brassica juncea); Ni hyperaccumulator Alyssum bertolonii, As hyperaccumulator
fern (Pteris vittata)

Rhizosphere

Phytostabilization

* the use of plants to stabilize pollutants in soil by either preventing erosion, leaching, or runoff
(hydraulic barrier, buffer strips), or by converting pollutants to less bioavailable forms (e.g. via
precipitation in the rhizosphere)

* organics and inorganics

* poplar (Populus sp.), grasses

Rhizoremediation
a. Phytostimulation
* the stimulation of microbial degradation processes in the rhizosphere by plant enzymes,
secondary plant compounds (e.g. terpenes, saponins), or other compounds in root exudate
* hydrophobic organics such as PCBs and PAHSs, and other petroleum hydrocarbons
* mulberry trees (Morus sp.) with phenolic compounds and flavonones

b. Rhizodegradation

* the degradation of pollutants in the rhizosphere due to microbial activity

* hydrophobic organics such as PCBs and PAHSs, and other petroleum hydrocarbons
* grasses such as fescue (Festuca sp.) and ryegrass (Lolium sp.)

Fig. 1-2 A. Possible fates of pollutants during phytoremediation (Pilon-Smits, 2005). Reprinted,
with permission, from the Annual Review of Plant Biology, Volume 56 (c) 2005 by Annual
Reviews www.annualreviews.org. B. The principle of each phytotechnology with examples of
typical pollutants and plant species used. Data collected from Pilon-Smits (2005), Salt et al.
(1998) and Chaudhry et al. (2005). MTBE, methyl tertiary butyl ether; PAH, polyaromatic
hydrocarbon; PCB, polychlorinated biphenyl; TCE, trichloroethylene; TNT, trinitrotoluene; VOC,
volatile organic compound.
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for phytoremediation in general are fast growth rate, high biomass production, competitiveness,
hardiness, and tolerance of pollution (Pilon-Smits, 2005). In addition, high levels of plant
uptake, translocation, and accumulation in harvestable tissues are important properties for the
phytoextraction of inorganics. Favourable plant properties for rhizo- and phytodegradation
are large, dense, and deep root systems and high levels of degrading enzymes, respectively. A
large root surface area also favours phytostimulation (e.g. plant root enzymes), and promotes
microbial growth; furthermore, production of specific exudate compounds may further promote
rhizodegradation via specific plant-microbe interactions (Pilon-Smits, 2005). Soils contaminated
with organic chemicals often also contain toxic heavy metals. Under such conditions, mycorrhizas,
symbiotic root-fungal associations, may play a major role in phytoremediation (Chaudhry et al.,
2005). Some ectomycorrhizal species are particularly efficient in degrading recalcitrant organic
compounds, such as BTEX, and their capacity is retained even under symbiotic conditions in soil
(Sarand et al., 1999).

Phytoremediation can be applied to both organic and inorganic pollutants present as solid,
liquid, or gaseous substrates (Pilon-Smits, 2005; Salt et al., 1998). ORGANIC POLLUTANTS in the
environment are mostly man made and xenobiotic. Many of them are toxic, some carcinogenic.
Organic pollutants are released into the environment via spills (fuel, solvents), military activities
(explosives, chemical weapons), agriculture (pesticides, herbicides), industry (chemical, petro-
chemical), wood treatment, etc. (Pilon-Smits, 2005). Depending on their properties, organics
may be degraded in the root zone of plants or taken up, followed by degradation, sequestration, or
volatilization (Pilon-Smits, 2005). Organic pollutants that have been successfully phytoremediated
include organic solvents such as TCE (trichloroethylene), herbicides such as atrazine, explosives
such as TNT (trinitrotoluene), petroleum hydrocarbons such as oil, gasoline, BTEX (monoaromatic
hydrocarbons), and PAHs (polyaromatic hydrocarbons), the fuel additive MTBE (methyl tertiary
butyl ether), and PCBs (polychlorinated biphenyls) (Pilon-Smits, 2005). INORGANIC POLLUTANTS
occur as natural elements, and human activities such as mining and traffic promote their release
into the environment, leading to toxicity (Pilon-Smits, 2005). Inorganics cannot be degraded, but
they can be phytoremediated via stabilization or sequestration in harvestable plant tissues (Pilon-
Smits, 2005). Inorganic pollutants that can be phytoremediated include plant macronutrients such
as nitrate and phosphate, plant trace elements such as Cr and Zn, nonessential elements (heavy
metals) such as Cd and Hg, and radioactive isotopes such as U and *°Sr (Pilon-Smits, 2005).
The main application for phytoremediation has so far been to remove toxic heavy metals from
soil (Chaudhry et al., 2005; Salt et al., 1998). However, there is a growing interest in broadening
applications of the technology to remove/degrade organic pollutants in the environment.

1.1.5 Rhizoremediation: the use of beneficial plant-microbe interactions for environmental
cleanup

Without the microbial contribution, phytoremediation alone may not be a viable technology
for many hydrophobic organic pollutants (Chaudhry et al., 2005). The use of rhizomicrobial
populations present in the rhizosphere of plants for bioremediation is referred to as
RHIZOREMEDIATION (Anderson et al., 1993; Kuiper et al., 2004). The term consists of both
phytostimulation and rhizodegradation describing, thus, the importance of both the plant and the
microbes in this beneficial interaction. Plant-microbial interactions in the rhizosphere offer very
useful means for remediating environments contaminated with recalcitrant organic compounds
(Chaudhry et al., 2005). The SUCCESS OF A PLANT SPECIES as the spot of rhizoremediation might
depend on 1) highly branched root system to harbor large numbers of bacteria, 2) primary and
secondary metabolism, and 3) establishment, survival, and ecological interactions with other
organisms (Kuiper et al., 2004; Salt et al., 1998). Plant roots can act as a substitute for the tilling
of soil to incorporate additives (nutrients) and to improve aeration (Kuiper et al., 2004; Aprill &
Sims, 1990).

Various grass varieties and leguminous pLaNTs have shown to be suitable for rhizoremediation
(Kuiper et al., 2001, 2004). Species and hybrids between species belonging to the genera Populus

18



Introduction

sp. (poplar) and Salix sp. (willow) have been used successfully for rhizoremediation of PHC-
contaminated soils probably due to introduction of oxygen into deeper soil layers through
specialized root vessels, aerenchyma (Zalesny et al., 2005). Thoma et al. (2003) would prefer
annual grass species with high root turnover for PHC-contaminated soils. Many characteristics
of goat’s rue (Galega orientalis) would support its choice for rhizoremediation. The root system
of G. orientalis is well developed and the roots will penetrate to at least one meter below ground
(Varis, 1986). Since this legume plant overwinters with the aid of underground stolons, it is not
susceptible to attack by pathogenic fungi in the space between the ground and the snow, and will
survive for several years in a northern temperate climate. In addition, the cultivation practice
for the plant has been optimized and it is especially used in ecological cropping systems. G.
orientalis forms a very specific symbiosis with Rhizobium galegae enabling the plant to grow in
nitrogen-poor soil (Lindstrém, 1989).

The mucigel secreted by root cells, lost root cap cells, the starvation of root cells, or the
decay of complete roots provides nutrients in the rhizosphere (Kuiper et al., 2004; Lugtenberg &
de Weger, 1992; Lynch & Whipps, 1990). In addition, plants release a variety of photosynthesis-
derived organic compounds (Pilon-Smits, 2005; Salt et al., 1998). These ROOT EXUDATES contain
water soluble, insoluble, and volatile compounds including sugars, alcohols, amino acids, proteins,
organic acids, nucleotides, flavonones, phenolic compounds and certain enzymes (Chaudhry et al.,
2005; Pilon-Smits, 2005; Salt et al., 1998; Anderson et al., 1993). The rate of exudation changes
with the age of a plant, the availability of mineral nutrients and the presence of contaminants
(Chaudhry et al., 2005). The nature and the quantity of root exudates, and the timing of exudation
are crucial for a rhizoremediation process. The root exudates mediate acquisition of minerals by
plants and stimulate microbial growth and activities in the rhizosphere in addition to changing
some physicochemical conditions. Plants might respond to chemical stress in the soil by changing
the composition of root exudates controlling, in turn, the metabolic activities of rhizosphere
microorganisms (Chaudhry et al., 2005). Some organic compounds in root exudates may serve
as carbon and nitrogen sources for the growth and long-term survival of microorganisms that are
capable of degrading organic pollutants (Pilon-Smits, 2005; Salt et al., 1998; Anderson et al.,
1993). For instance, plant phenolics such as catechin and coumarin may serve as co-metabolites
for PCB-degrading bacteria (Pilon-Smits, 2005; Chaudhry et al., 2005; Salt et al., 1998). Co-
metabolism is defined as the oxidation of nongrowth substrates during the growth of an organism
on another carbon or energy source (Kuiper et al., 2004). Some co-metabolized recalcitrant
pollutants such as the pesticide lindane (organochlorine) are only transformed and not effectively
mineralized by microorganisms (Paul et al., 2005).

Microbes living in the rhizosphere, RHIZOMICROBIA, in turn, can promote plant health by
stimulating root growth (regulators), enhancing water and mineral uptake, and inhibiting growth
of pathogenic or other, non-pathogenic soil microbes (Pilon-Smits, 2005; Kuiper et al., 2004).
The microbial transformations of organic compounds are usually not driven by energy needs,
but a necessity to reduce toxicity due to which microbes may have to suffer an energy deficit
(Chaudhry et al., 2005). Thus, the processes may be enhanced or driven by the abundant energy
that is provided by root exudates. Such stimulation of soil microbial communities by root exudates
also benefits plants through increased availability of soil-bound nutrients and degradation of
phytotoxic soil contaminants (Chaudhry et al., 2005). This might allow the spread of roots into
deeper soil layers. Rhizomicrobia may also accelerate remediation processes by volatilizing
organics such as PAHs or by increasing the humification of organic pollutants (Salt et al, 1998).
In particular, the release of oxidoreductase enzymes (e.g. peroxidase) by microbes, as well as by
plant roots, can catalyze the polymerization of contaminants onto the soil humic fraction and root
surfaces.

In contrast to the limited studies of rhizoremediation (Kuiper et al., 2004), beneficial plant
growth promoting, root-colonizing rhizobacterial strains (PGPR) have been extensively described
for processes such as biocontrol of plant pathogens, and nutrient cycling by nonsymbiotic N -
fixing bacteria and phosphate solubilizing bacteria (PSB), i.e. biofertilization (reviewed by Barea
et al., 2005). The success of beneficial processes is based on the RHIZOSPHERE COMPETENCE of
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the microbes, which is reflected by the ability of the microbes to survive in the rhizosphere,
compete for the exudate nutrients, sustain in sufficient numbers, and efficiently colonize the
growing root system (Kuiper et al., 2004; Lugtenberg & Dekkers, 1999). Fairly recently, it was
shown that chemotaxis by P fluorescens WCS365 toward some organic acids and amino acids
(but not to sugars) present in tomato root exudate plays an important role during root colonization
(Kuiper et al., 2004; de Weert et al., 2002). Another example of the importance of the efficient
use of exudates was shown for P putida PCL1444. The selection of this strain for survival and
proliferation on grass roots coincided with very efficient use of the main organic acids and sugars
from the grass root exudate and with a high expression level of its catabolic genes for naphthalene
degradation during the use of these substrates (Kuiper et al., 2002, 2004).

Usually, several bacterial populations degrade pollutants more efficiently than a single
species/strain due to the presence of partners, which use the various intermediates of the
degradation pathway more efficiently (soINT METABOLISM) (Kuiper et al., 2004; Pelz et al., 1999).
During rhizoremediation, the degradation of a pollutant, in many cases, is the result of the action
of a consortium of bacteria (Kuiper et al., 2004). The colonization of different niches of plant
roots by different strains has also been recognized (Kuiper et al., 2001, 2004; Dekkers et al.,
2000). Interestingly, the close proximity of the different strains and the formation of mixed
microcolonies were observed only in the presence of the pollutant, naphthalene illustrating the
formation of communities where different activities fulfil each other (Kuiper et al., 2001, 2004).
However, very few studies report the directed introduction of a microbial strain or consortium for
xenobiotic degradation activities (bioaugmented rhizoremediation), which is able to efficiently
colonize the root (Kuiper et al., 2001; 2004; Ronchel & Ramos, 2001; Sriprang et al., 2002).

1.1.5.1 Rhizosphere effect

The rhizosphere is the zone of soil around the root in which microbes are influenced by the root
system forming a dynamic root-soil interface (Kuiper et al., 2004; Pilon-Smits, 2005; Barea et
al., 2005). There are three separate, but interacting, components recognized in the rhizosphere: 1)
rhizosphere (soil), the zone of soil influenced by roots through the release of substrates that affect
microbial activity, 2) rhizoplane, the root surface, including the strongly adhering soil particles,
and 3) root tissue that some endophytic microorganisms (endophytes) are able to colonize (Barea
et al., 2005). The differing physical, chemical, and biological properties of the root-associated
soil, compared with those of the bulk soil, are responsible for changes in microbial diversity
and for increased numbers and metabolic activities of microorganisms in the rhizosphere micro-
environment, the phenomenon called the RHIZOSPHERE EFFECT (Barea et al., 2005; Kuiper et al.,
2004; Pilon-Smits, 2005; Salt et al., 1998). Densities of rhizospheric bacteria can be as much
as two to four orders of magnitude greater than populations in the surrounding bulk soils and
display a greater range of metabolic capabilities, including the ability to degrade a number of
recalcitrant xenobiotics (Pilon-Smits, 2005; Salt et al., 1998). It is not surprising, therefore, to
find ACCELERATED rates of BIODEGRADATION of organic pollutants in vegetated soils compared with
nonvegetated soils.

1.1.5.2 Pollutant bioavailability

The bioavailability of organic compounds is the most important factor that determines the
overall SUCCESS OF A BIOREMEDIATION process (Chaudhry et al., 2005; Salt et al., 1998). POLLUTANT
BIOAVAILABILITY depends on the chemical properties of the pollutant (hydrophobicity, volatility),
(heterogeneous) soil properties (particle size, water and organic content, cation exchange
capacity, pH), environmental conditions (oxygen, temperature, moisture), and biological activity
(plants, microbes) (Pilon-Smits, 2005; Salt et al., 1998). Rentz et al. (2003) suggested that
overcoming oxygen limitation to plants should be considered in phytoremediation projects when
soil contamination exerts a high biochemical oxygen demand, such as in former oil refinery
sites. Plants with aerenchyma such as reed (Phragmites australis) can release oxygen into the
rhizosphere and are used for rhizoremediation (Muratova et al., 2003).
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Various PLANT AND/OR MICROBIAL ACTIVITIES effect on pollutant bioavailability. Surfactants
are amphipathic molecules with both a hydrophobic and a hydrophilic part (Kuiper et al., 2004;
Pilon-Smits, 2005; Salt et al., 1998). Many microbes can produce such surface-active agents,
referred to as BIOSURFACTANTS, to enhance the water solubility and bacterial degradation of organic
contaminants (Kuiper et al., 2004; Salt et al., 1998). Some Pseudomonas aeruginosa strains
produce rhamnolipids (Kuiper et al., 2004; Noordman & Jansen, 2002; Providenti et al., 1995),
some Bacillus spp. strains surfactins (Kuiper et al., 2004; Fuma et al., 1993; Yakimov et al., 1995)
and some P, fluorescens strains cyclic lipopeptides (Nielsen & Serensen, 2003).

PLANT ROOT EXUDATES OR LYSATES may also contain lipophilic compounds that increase
pollutant water solubility (PLANT SURFACTANTS) or promote biosurfactant-producing microbial
populations (Read et al., 2003; Pilon-Smits, 2005). Furthermore, PLANT- AND MICROBE-DERIVED
ENZYMES can affect the solubility and thus the bioavailability of organic pollutants via modification
of side groups. Plants and microbes seem to have a limited ability to degrade certain organic
compounds, in particular those containing chlorines and/or aromatic ring structures (Chaudhry et
al., 2005). SECONDARY PLANT COMPOUNDS, such as phenolics, released from roots may specifically
induce microbial genes involved in degradation of organics (PCB, PAH), or act as a co-metabolite
to facilitate microbial degradation (Pilon-Smits, 2005; Fletcher & Hegde, 1995; Leigh et al.,
2002). In other words, microorganisms capable of using phenolic compounds as a carbon source
often have enzymes that can co-metabolize pollutants with similar structures (Chaudhry et al.,
2005).

Some natural organic acids such as citrate and malate, secondary plant compounds such
as phenolics, and siderophores exuded by plants (PHYTOSIDEROPHORES) and bacteria can act as
CHELATORS of metal ions to release metal cations from soil particles (Pilon-Smits, 2005; Salt et
al., 1998; Chaudhry et al., 2005). Some plant roots (Salix sp., Populus sp., some aquatic plants)
release oxygen that may lead to the oxidation of metals to insoluble forms (e.g. FeO,) that
precipitate on the root surface (a form of pHyTOSTABILIZATION) (Pilon-Smits, 2005; Chaudhry et
al., 2005).

Chemotaxis has been shown to promote bioavailability in bacteria isolated from a polluted
rhizosphere that degrade PAHs (Paul et al., 2005; Ortega-Calvo et al., 2003). CHEMOTAXIS is the
movement of microorganisms under the influence of a chemical gradient that helps them to find
optimum conditions for growth and survival (Paul et al., 2005). In the past few years, several
microbes have been reported to be chemotactic towards different environmental pollutants, for
instance toluene acting as chemoattractant to Pseudomonas putida F1 (Paul et al., 2005; Parales
et al., 2000). Chemotactic bacteria might be more competent for bioremediation than their non-
chemotactic counterparts (Paul et al., 2005).

1.1.5.3 Potential ways of enhancing the efficiency of rhizo- and phytoremediation

The most important factor to enhance bioremediation is the pollutant BIOAVAILABILITY as mentioned
before (ch. 1.1.5.2). ARTIFICALLY, the pollutant bioavailability could be improved by adding soil
amendments in the form of surfactants, such as Triton X-100 and SDS (Kuiper et al., 2004; Pilon-
Smits, 2005; Salt et al., 1998). EDTA can be used for chelate-assisted phytoextraction of metals
(Pilon-Smits, 2005; Salt et al., 1998). In addition, the deposition of specific phytochemicals and
synthetic plant root exudates in soil offers the potential for developing ‘rhizosphere breeding’ as
a method to stimulate the growth and activity of beneficial soil microbes. In the following, a few
other ways for enhancement are presented.

In soils polluted with organic chemicals, a coMBINED STRESS might enhance the degradation
(Chaudhry et al., 2005). For example, moderate nutritional or water stress is known to induce
root proliferation and enhance root hair density as a means of acquiring additional nutrients
and water. This may enhance the interface area between soil and plants, and consequently the
potential for enhancing root-mediated effects on pollutant degradation. In addition, P deficiency
may be exploited to increase co-metabolism of recalcitrant organic pollutants that is driven by
root exudates (Chaudhry et al., 2005). An induction of stress in plants, with known effects on root
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functioning, may also offer a tool for studying the factors that stimulate biodegradation of organic
pollutants (Chaudhry et al., 2005).

In the field of ROOT TECHNOLOGY, certain strains of the naturally-occurring soil bacterium
Agrobacterium tumefaciens has been used to induce root proliferation (‘plant breeding’) in order
to increase the length and mass of plant roots and thus the degradation (Chaudhry et al., 2005;
Stomp et al., 1994). Thus, ‘plant breeding’ may also help ‘rhizosphere breeding’.

An INCREASE IN THE ACTIVITIES OF INDIGENOUS MICROBIAL SPECIES in a rhizosphere is likely to
enhance the degradation of soil contaminants due to co-metabolic processes of diauxic growth
(Chaudhry et al., 2005). Thus, provision of appropriate nutrients and growth conditions may have
a significant impact on microbial numbers in the rhizosphere and consequently the remediation
of contaminated soils (BiosTIMULATION). The rates of degradation of 3- and 4-ring PAHs were the
highest when artificial root exudates with N were added to the soil (Joner et al., 2002). Further
addition of P led to an increase in the rate of degradation of 5-ring PAHs, as well as an increase
in the number of PAH degrading bacteria in soil. Application of fertilisers and increased moisture
content of soil, or application of organic manure, has also been reported to increase the total
number of microorganisms in plant rhizospheres (Chaudhry et al., 2005). However, microbial
composition has been reported to be different in soils fertilised with organic or inorganic
fertilisers.

Selective introduction of microorganisms with specific or broad-ranging biodegrading
properties into a plant rhizosphere (BIOAUGMENTED RHIZOREMEDIATION) may accelerate remediation
of soils polluted with organic chemicals (Chaudhry et al., 2005). The best-suited microbes for
bioremediation can be expected to be those isolated from sites contaminated with a particular
target compound. The bacterial species that are known to be the most useful in bioremediation
belong to the genera Flavobacterium, Arthrobacter, Azotobacter, Pseudomonas and Burkholderia
(Chaudhry et al., 2005). Indeed, studies have shown that a number of Burkholderia species exist
naturally in the rhizosphere of several crop plants (reviewed by Tabacchioni et al., 2002). The
inoculation of rhizospheres with (a) particular pollutant-degrading microorganism(s) has been
shown to lead to an enhancement of biological remediation (Chaudhry et al., 2005). For example,
after the introduction of a microbial consortium derived from a contaminated site, the crested
wheatgrass (Agropyron desertorum) showed up to 10-fold greater tolerance to PCP, compared to
sterile plants (Chaudhry et al., 2005; Miller et al., 1998).

GENETIC ALTERATIONS OF PLANTS AND TRANSGENIC PLANTS for improved phytoremediation have
already been developed and are spreading for field studies (Pilon-Smits, 2005; Chaudhry et al.,
2005). To selectively bind specific organic contaminants in the environment, the expression
of single chain variable fragment (scFv) of immunoglobulins that contains the binding site
of an antibody towards a specific analyte (plantibodies) or receptors in plants or rhizosphere
microorganisms could be engineered in the future (Chaudhry et al., 2005).

The transfer of the #fdA gene (encoding 2,4-dichlorophenoxyacetic acid/2-oxoglutarate
dioxygenase) in a plasmid to phenol-degrading bacteria (Ralstonia eutropha and Pseudomonas
sp.) has been reported to significantly increase their ability to degrade phenoxyacetic acid in
sterile and non-sterile soil microcosms of a sandy loam soil (Lipthay et al., 2001). Recently, an
endophytic microorganism Burkholderia cepacia of yellow lupine was genetically manipulated to
enhance toluene degradation (Pilon-Smits, 2005; Barac et al., 2004). B. cepacia was transformed
with a plasmid from a related strain containing genes that mediate toluene degradation. After
infection of lupine with the modified strain, the resulting plants were more tolerant to toluene and
volatilized less of it through the leaves. This was the first example of GENETIC MODIFICATION of an
endophyte for rhizoremediation.

In all, to increase the efficiency of phyto- and rhizoremediation, there is still a need for
better KNOWLEDGE OF THE BIOLOGICAL PROCESSES involved that affect pollutant bioavailability, plant-
microbe interactions and other rhizosphere processes, plant uptake, translocation mechanisms,
tolerance mechanisms (compartmentation, degradation), chelation and volatilization (Pilon-Smits,
2005; Chaudhry et al., 2005). In coming years, novel genes important for bioremediation will be
searched from both plants and bacteria (Pilon-Smits, 2005). Further research is also needed to
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investigate different feedback mechanisms that select and regulate the plant-microbe interactions
and microbial activity in the rhizosphere (Chaudhry et al., 2005).

1.1.6 Challenges for future bioremediation practices

Continued bioremediation research should benefit from a multidisciplinary approach, involving
teams with expertise at different levels, to study the remediation of pollutants from the molecule
to the ecosystem (Pilon-Smits, 2005). In addition, multidisciplinary treatment methods combining
both engineering-based and bioremediation techniques might be the most effective solution
(Kuiper et al., 2004; Pilon-Smits, 2005). In order to DESIGN the most EFFECTIVE METHODOLOGY Of
soil treatment, and to best decide which technique(s) will be applied in each case, an elaborate
STUDY OF THE SITE should be made (Kuiper et al., 2004). Important parameters for bioremediation
are 1) the nature of the pollutants, 2) the soil structure and hydrogeology (movement of pollutants
through soil and ground water), and 3) the nutritional state and microbial composition of the site
(Kuiper et al., 2004; Dua et al., 2002; Blackburn and Hafker, 1993; Long 1993). To become a
generally accepted technique, the effectiveness and predictability of bioremediation should be
demonstrated (Kuiper et al., 2004). Therefore, the NEED FOR RELIABLE MONITORING METHODS AND
EVALUATION CRITERIA 1S obvious.

1.2. Aerobic biodegradation of petroleum hydrocarbons
1.2.1 Petroleum hydrocarbons

PETROLEUM, i.e. crude oil, is an extremely complex mixture of hydrocarbons (Atlas, 1981).
Crude oil can be distilled into various oIL REFINERY PRODUCTS such as gasoline (benzine), diesel
oil, petrol, kerosene, paraffin, bitumen and asphalt still consisting of a mixture of hydrocarbons.
The petroleum mixture can be FRACTIONATED into a saturated or aliphatic fraction, an aromatic
fraction, and an asphaltic or polar fraction (Atlas, 1981). Hydrocarbons within the saturated
fraction include n-alkanes, branched alkanes, and cycloalkanes (naphthenes). The n-alkanes
are generally considered the most readily degraded components in a petroleum mixture. The
aerobic bacterial degradation of aromatic compounds involves (as chromosomally encoded) the
formation of a diol followed by cleavage and formation of a diacid such as cis,cis-muconic acid.
The metabolic pathways for the degradation of asphaltic components of petroleum are least well
understood.

1.2.1.1 Aromatic hydrocarbons

Aromatic hydrocarbons, i.e. arenes or AROMATICS, are hydrocarbons that consist of a ring structure
in plane (Fig. 1-3). Many aromatics are carcinogenic. The biodegradation of aromatic compounds
can be considered, on the one hand as part of the normal process of the carbon cycle, and as the
removal of man-made pollutants from the environment, on the other (Smith, 1990). Because
aromatic hydrocarbons are also naturally occuring organic compounds, it is not surprising that
diverse microorganisms have evolved the ability to utilize these compounds (Atlas, 1981).

MoONOAROMATICS contain one aromatic ring and they are highly soluble to organic solvents
(Assinder & Williams, 1990). The parent member of the aromatic hydrocarbons is benzene
(Smith, 1990). During aerobic biodegradation, benzene is oxidized to catechol (dihydroxylated
benzene), which is further catabolized by either catechol 1,2-dioxygenase (the ortho- or intradiol-
cleavage) and subsequently via the f—ketoadipate pathway or catechol 2,3-dioxygenase (the meta-
or extradiol-cleavage) (Smith, 1990). The simplest of substituted benzenes is toluene representing
the mono-alkylbenzenes (Smith, 1990). m-, p- and o-xylenes belong to the di-alkylbenzenes
(Smith, 1990). Benzene, toluene, ethyl benzene, m- and p-xylene are usually referred to as BTEX
compounds. They are known to be degraded by bacterial enzymes encoded on TOL plasmids
(Assinder & Williams, 1990). Biphenyl may be considered as substituted benzene, the substituent
being benzene itself (Smith, 1990). Phenol, i.e. phenyl alcohol or carbolic acid, is an alcohol and
a weak acid.
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Among the most recalcitrant petroleum compounds are POLYCYCLIC AROMATIC
HYDROCARBONS (PAHSs), which comprise a wide range of hydrophobic compounds with two
or more aromatic benzene rings (Chaudhry et al., 2005). The simplest PAH compounds are
naphthalene and 2-bromo-naphthalene with two benzene rings (Smith, 1990). Acenaphthylene,
acenaphthene, fluorene, phenanthrene and anthracene are 3-ring PAHs; fluoranthene, pyrene,
chrysene and benzo(a)anthracene are 4-ring PAHs; benzo(b)fluoranthene, benzo(a)pyrene and
dibenzo(a,h)anthracene are 5-ring PAHs; and indeno(1,2,3-c,d)pyrene and benzo(g,h,i) perylene
are 6-ring PAHs.

1.2.2 Genes and plasmids involved in aerobic biodegradation of monoaromatics

BTEX compounds are acrobically degraded via catechol and subsequently the meta pathway by
several strains of Pseudomonas by enzymes encoded on plasmids, designated TOL (Assinder &
Williams, 1990). These plasmids contain two catabolic operons (Fig. 1-4). The ‘upper’ pathway
operon (xyIMABCXYZ) encodes enzymes for the successive oxidation of the hydrocarbons to the
corresponding alcohol, aldehyde and carboxylic acid derivatives. The ‘lower’ or meta-cleavage
pathway operon (xy/LEFGHIJK) encodes enzymes for the conversion of the carboxylic acids
to catechols, whose aromatic rings are then cleaved (meta-fission) to produce corresponding
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Fig. 1-3. Chemical structure of some aromatics.
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semialdehydes, which are then further catabolized through the tricarboxylic acid (TCA) cycle. The
xyl genes located on TOL plasmids reside within transposable elements (Assinder & Williams,
1990). The meta-cleavage pathway on TOL plasmids differs significantly from the chromosomal
-ketoadipate or ortho-cleavage pathway in being able to tolerate alkyl substituents on the
catechol (Assinder & Williams, 1990). This enables TOL-harboring bacteria to utilize not only
benzoate but also m-toluate (3-methylbenzoate) and p-toluate (4-methylbenzoate), which are
converted to respective alkylcatechols. The most studied, archetypal TOL plasmid pWWO0 (117
kb) was found in P putida mt-2 (Willams & Murray, 1974), a strain originally isolated in Japan
in the 1950s (Keil et al., 1987). The majority of TOL plasmids identified have been shown to bear
strong DNA sequence homology to the archetypal TOL plasmid pWWO (Houghton & Shanley,
1994).

The gene xvrE codes for catechol 2,3-dioxygenase (C230), which is one of the kEy
ENZYMES in the meta-cleavage pathway on TOL plasmids (Houghton & Shanley, 1994). The
breakdown of catechol — one of the central catabolic intermediates — by C230 can be detected
as a yellow product called 2-hydroxymuconic semialdehyde (Assinder & Williams, 1990;
Houghton & Shanley, 1994). However, the indirect detection of C230 from bacteria based only
on the phenotype does not allow the detection of C230s from yellow-pigmented bacteria such as
Sphingomonas and Arthrobacter or the detection of silent or inactive C230 genes.

Many caTABoLIC PATHWAYS are carried on pLAsmIDs (Sayler et al., 1990). The pathway for the
catabolism of toluene (xyl) shares many features with the catabolic pathways of other aromatic
compounds like biphenyl (bph), naphthalene (nah) and phenol (dmp) (Carrington et al., 1994).
The genes of these pathways are situated on plasmids TOL, BPH, NAH and PHE, respectively,
and each pathway produces a C230 belonging to the subfamily A of the extradiol aromatic ring-
cleavage dioxygenase (EDO) family 1.2. Thus, these four pathways converge at benzoate, which
is assimilated via catechol and subsequent meta-cleavage in some aromatic degrading bacteria
(Assinder & Williams, 1990; Houghton & Shanley, 1994).

Most of the degradation plasmids are conjugative, i.e. self-transmissible, but the host
range maintenance varies and thus, these plasmids have a restricted potential to spread to other
bacteria in the soil (Assinder & Williams, 1990; Sayler et al., 1990). Ecologically, plasmid-
encoded pathways are advantageous because they provide genetically flexible systems and can
be maintained in the population and transferred between bacterial species (Sayler et al., 1990).
Bacterial conjugation is the most widespread mechanism for Hori1zonTAL GENE TRANSFER (HGT)
with potential for universal DNA delivery (Llosa & de la Cruz, 2005). Any specific gene in the
extended gene pool outside the chromosome is maintained in the population by just a few cells,
thus consuming little energy from the population as a whole, but is ready to spread upon selective
pressure such as oil contamination (Llosa & de la Cruz, 2005).

1.2.2.1 Aromatic ring-cleavage dioxygenases

The biodegradation of aromatic rings play a major role in the maintenance of the global carbon
cycle (Bugg & Winfield, 1998). Dioxygenases, which catalyze the incorporation of both atoms of
dioxygen into their substrates, are widely distributed in nature and are involved in both anabolic
and catabolic processes (Eltis & Bolin, 1996). One important catabolic strategy used by bacteria
is the aerobic degradation of aromatic compounds where dioxygenases catalyze two critical
reactions, ring dihydroxylation and ring cleavage. A typical substrate of the latter reaction is a
catecholic metabolite possessing hydroxyl substituents on two adjacent carbon atoms. Cleavage
is generally catalyzed by metalloenzymes of one of two functional classes. Intradiol aromatic
ring-cleavage dioxygenases cleave ortho to the hydroxyl substituents (between two hydroxyl
groups) and typically depend on nonheme Fe(lll). In contrast, EXTRADIOL AROMATIC RING-
CLEAVAGE DIOXYGENASES (EDO) cleave meta to the hydroxyl substituents (between one hydroxyl
carbon and its adjacent nonhydroxylated carbon) and typically depend on nonheme Fe(ll) (Eltis
& Bolin, 1996).

Extradiol dioxygenases can be divided phylogenetically into two types (Eltis & Bolin,
1996). Type I extradiol dioxygenases can be further divided into five families. The 2,3-
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dihydroxybiphenyl 1,2-dioxygenase of Rhodococcus globerulus P6 coded by the gene bphC is
an example of the family 1.1, which comprises the single-domain enzymes. However, most BphC
enzymes from both gram-negative and gram-positive bacteria are classified into the family I.3.
The families 1.2 and 1.3 consist of two-domain, iron-containing enzymes that show preferences
for monocyclic and bicyclic substrates, respectively. The genes coding for the enzymes of the
SUBFAMILY A OF THE FAMILY I.2 are closely related, they are found in Pseudomonas species
degrading aromatics, and they produce C230s which have preference for monocyclic substrates
(Carrington et al., 1994; Eltis & Bolin, 1996). One of these genes is the xy/E gene on the TOL
plasmid pWWO0. Catechol 2,3-dioxygenase Mpcll of Alcaligenes eutrophus JIMP222 belongs
to the family 1.4 and Mn-dependent 3,4-dihydroxyphenyl-acetate 2,3-dioxygenase MndD of
Arthrobacter globiformis CM-2 to the family 1.5. Type II extradiol dioxygenases are divided into
two families II.1 and II.2, and protocatechuate 4,5-dioxygenase of Pseudomonas paucimobilus
and catechol 2,3-dioxygenase | of 4. eutrophus represent them, respectively (Eltis & Bolin,
1996).

1.2.3 Composition of oil-degrading bacterial communities in the rhizosphere

Although the importance of the rhizosphere community for degradation of pollutants has been
recognized, very little is known about the survival, proliferation, activity, and exact composition
of degrading populations in the rhizosphere (Kuiper et al., 2004). BACTERIAL DIVERSITY in general
is an aspect of the rhizosphere effect that has got little attention in rhizoremediation studies
thus far. The composition of the microbial populations in the rhizosphere may vary with plant
species, the composition of the root exudate, root type, plant age, soil type, the history of the soil,
environmental factors, and the pollutant (Anderson et al., 1993; Kuiper et al., 2004; Chaudhry et
al., 2005).

The microbial populations in a plant rhizosphere are usually composed of DIVERSE AND
SYNERGISTIC communities (Chaudhry et al., 2005). Such diversity further promotes remediation
of contaminated soils as degradation of organic compounds may require several organisms with
distinctive enzyme systems. The exudation of certain compounds by plant roots can enhance the
growth of specific pollutant-degrading microbes in a rhizosphere, e¢.g. PAH degraders (Giinther
et al., 1996; Joner et al., 2002) though the proliferation may be non-selective (da Silva et al.,
2006). Siciliano et al. (2003) showed that the hydrocarbon degrading potential of rhizosphere
soil increased through changes in the composition of a microbial community towards those
containing the degradative genes ndoB, alkB, and xylE. The composition of microbial community
in a rhizosphere is also known to differ both QUALITATIVELY AND QUANTITATIVELY from that in a
non-rhizospheric soil (Chaudhry et al., 2005). Beyond the rooting zone, the microbial growth-
stimulating effects of exudates seemed to diminish rapidly (Badalucco et al., 1997). Larger
populations, and selective enrichment, of organic compound degrading microorganisms have
been found in the rhizospheres of alfalfa and bluegrass compared to non-contaminated soils
(Nichols et al., 1997). Rhizospheres of certain desert and crop plants grown in oil-polluted
soils have been shown to contain more hydrocarbon-utilising bacteria, such as Cellulomonas
flavigena, Rhodococcus erythropolis and Arthrobacter sp., than in control soils (Radwan et al.,
1998). Greater activities of denitrifiers, pseudomonads, and BTEX-degrading microbes have been
reported in the rhizosphere of poplar trees than in adjacent soils (Jordahl et al., 1997).

Observations have supported the fact that the rhizosphere is dominated by gram-negative
rods, such as Pseudomonas, Rhizobium and Azotobacter, probably due to efficient utilization of
growth substrates and detoxifying enzymes produced (Chaudhry et al., 2005; Kuiper et al., 2004).
However, these observations may be biased due to limitations of (culturing) techniques to reveal
the real situation in nature. For example, only up to 1% of soil microbial species can currently
be cultured in the laboratory (Chaudhry et al., 2005; Kirk et al., 2004). Liste & Prutz (2006)
identified a variety of bacteria, both gram-negative and gram-positive, from PHC-contaminated
rhizosphere, expressing aromatic ring dioxygneases on indole agar (Table 1-1). Some of these
species were typical for pristine, PHC-contamintated or both soils. Isolates identified from the
rhizoremediation plant Cyperus laxus have belonged to genera Achromobacter (Alcaligenes),
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Bacillus, Brevibacterium, Pseudomonas, Kocuria, Gordonia, Arthrobacter and Micrococcus
(Diaz-Ramirez et al., 2003; Medina-Moreno et al., 2005). However, systematic identification of
CULTURABLE DEGRADATION BACTERIA in the rhizosphere has still been missing.

AT COMMUNITY LEVEL, the analysis of the structure and function of bacterial populations is
based usually on DNA (e.g. DGGE) and physiological profiles (e.g. CLPP), respectively. The
composition of a microbial community has been observed to change in a soil contaminated with
DBT-containing petroleum with time favouring those species that were specialised in degrading
DBT (Rhodococcus erythropolis) shown by 16S rRNA-DGGE method (Duarte et al., 2001). The
changes in the physiological structure of the microbial community under bitumen contamination
were hinged on not merely the presence of plants but also their type (Muratova et al., 2003). Kirk
et al. (2005) detected no changes in metabolic diversity (CLPP with Eco-Biolog) but a shift in the
bacterial community in the PHC-contaminated rhizosphere (16S rDNA-DGGE). On the contrary,
Siciliano et al. (2003) found no detectable shift in the 16S rDNA composition between treatments
but there were plant-specific and -selective effects on specific catabolic gene prevalence. More
relevant information might be reached by focusing the DGGE analysis on few but important
physiological groups of bacteria or on a group of specific degradation genes.

1.2.4 Effective biodegradation of petroleum hydrocarbons in the rhizosphere

A number of studies suggest that microbial strains capable of breaking down petroleum
hydrocarbons are widely present among soil microorganisms (Chaudhry et al., 2005). Some
PLANT SPECIES seems to SELECT AND ENRICH these strains in the rhizosphere soils. For example,
less inhibition and more degradative potential of the rhizosphere microflora of alfalfa (Medicago
sativa) has been shown compared to that of reed plants (Muratova et al., 2003). In addition, the
total hydrocarbons in a diesel-contaminated soil decreased faster in the presence of roots and
nutrients compared to that in non-vegetated or non-fertilized soils (Reynolds et al., 1999; Yateem
et al., 2000). An optimal addition of fertilizers may be important to enhance breakdown of diesel
compounds like it was observed in the rhizosphere of some grass and legume species (Pichtel &
Liskanen, 2001).

Table 1-1. Occurrence of aromatic ring-oxidizing bacteria species in petrol hydrocarbon-
contaminated (PHC) and uncontaminated (PRI) soil. Table modified from Liste & Prutz (2006).

Bacteria Occurrence
Genus Species GCsubgroup PHC PRI
Bacillus megaterium A - +
megaterium B - +
simplex - +
subtilis - +
Brevibacillus brevis - +
Cellulomonas cartae + +
turbata + +
Comamonas acidovorans + -
Kocuria kristinae - +
varians - +
Microbacterium esteraromaticum - +
Micrococcus luteus C - +
Pseudomonas balearica + -
stutzeri + -
Staphylococcus warneri - +
Stenotrophomonas maltophilia + -
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Global interest for rhizoremediation can be seen in the research flourishing in the 21 centu-
ry (Table 1-2). The amount of field trials is increasing to document efficient rhizoremediation also
in naturally fluctuating conditions. Several grasses and legume plants have been the most studied
species for the rhizoremediation of various forms of petroleum hydrocarbons. However, the study
of monoaromatics has largely been ignored. Volatile hydrocarbons have even been evaporated
before the study of more persistent compounds (Muratova et al., 2003). Robson et al. (2003) con-
sidered that screening plants for hydrocarbon tolerance before screening for degradation ability
may prove more economical than screening directly for degradation. Some tropical legumes, for
instance, were not tolerant of crude oil long enough but a hardy tropical grass Brachiaria brizan-
tha caused a considerable reduction of aromatics (Merkl et al., 2005b).

The rhizosphere influences bacteria in several ways, which play important roles in
rhizoremediation. In addition to the increased BACTERIAL ABUNDANCE (e.g. Kaimi et al., 2006;
Escalante-Espinosa et al., 2005), the rhizoremediation studies have most often documented the
increased amount of DEGRADATION BACTERIA in the rhizosphere (e.g. Kirk et al., 2005; Tang et al.,
2004) leading to enhanced degradation (e.g. White et al., 2006; Liste & Prutz, 2006) though
the degradation differences between planted and unplanted soils may diminish by time (Merkl
et al., 2005a). The enhanced degradation of aliphatic hydrocarbons during growth of ryegrass
(Lolium perenne) has been associated with an increase in microbial NUMBERS AND ACTIVITIES in the
rhizosphere compared to that in bulk soil (Giinther et al., 1996). Kaimi et al. (2006) found that
ryegrass roots were effective in enhancing the biodegradation of diesel-contaminated soil while
the soil dehydrogenase activity was high and also correlated with the growth of roots. The level of
CATABOLIC GENES measured by Q-PCR has lately been adapted to describe the degradation activity
in the rhizosphere (e.g. Siciliano et al., 2003; da Silva et al., 2006). Instead, the DYNAMICS OF GENES
in the context of rhizoremediation has been ignored thus far.

The enhancement of oil degradation, however, has not always been clearly correlated to
microbial numbers and activity. Merkl et al. (2006) suggested oTHER FACTORs like oxygen
availability, plant enzymes, and synergistic degradation by microbial consortia (bacteria-bacteria;
bacteria-fungi) to be considered. Plant organic matter had an impact on PAH attenuation in both
labile and refractory fractions of petroleum distillate waste (Gregory et al., 2005). Plants may,
thus, enhance the bioavailability of initially unextractable molecules (Liste & Prutz, 20006).
Similarly, faster degradation of PAHs has been reported in vegetated soils than in non-vegetated
soils (Reilley et al., 1996; Aprill & Sims, 1990; Daane et al., 2001) and this has been mediated
by root-associated microorganisms (Anderson et al., 1993; Radwan et al., 1998). Many bacterial
species are able to use PAHs of low and intermediate molecular weights as a sole source of
carbon (Aitken et al., 1998; Bouchez et al., 1999) but degradation of high molecular weight PAHs
needs co-oxidation in the presence of a more readily degradable carbon source (Cerniglia, 1997).
Table 1-3 shows some of the recent studies on enhanced biodegradation of petroleum compounds
in NON-RHIZOSPHERIC SOIL. These studies enlighten the role of separate factors such as nutrients
(biostimulation) and bacterial consortia (bioaugmentation) in bioremediation.

PreE-EXPOSURE t0 a particular pollutant may enhance the degradation potential of soil/
rhizosphere microorganisms upon re-exposure to the same compound (Chaudhry et al., 2005).
This is due to the growth of selected microbial populations that may retain a specific metabolic
capability over long periods of time, a phenomenon known as ‘soil memory’. For instance,
mineralisation of p-nitrophenol by microorganisms in rice rhizosphere was faster in both planted
and unplanted soil systems that were pre-exposed to the compound, compared to a soil without
pre-exposure (Reddy & Sethunathan, 1994).

1.3 Monitoring of microbial communities in chemically contaminated soil — limitations
and potentials

SoiL is a very demanding environment to study because of the high HETEROGENEITY with its
changing temporal and spatial microhabitats for microorganisms (Tate, 1995; Kozdrdj & van
Elsas, 2001; Kirk et al., 2004). Therefore in soil microbiology, the first BIASEs to results appear at
the stage of soil saMPLING and sTORAGE (Kozdroj & van Elsas, 2001; Kirk et al., 2004).

29



Introduction

§00Z “[e 10
esoulds3-sjue|eosy

9002 “[e 18 3UUM

9002 "€ 19 BAJIS P

9002 e 18 PHaIN

9002 ‘ZINid %® 81sI7

9002 “e 18 lwiey|

20Us13}9Yy

‘uoneipawaJlolAyd Buranp panoidwi (16uny ¢ pue

a1am swisiuefiooloiw Buipefap-OHd paye|nooul pue snxe| "0 Ussmiad Shjauad [eninwi ay L a.njnd jo sAep 08T Je paulelqo BLI9)9eq OT)
a1am sjue|d paje|nooul-uou pue paje|ndoul Joj SanjeA Jusixa uonelpawaioiAyd DHd Jejiwis ‘sjuejd payejnaoul-uou 1oy ueyy 1aybiy WNILoSU0d
SaLLI} OM] SeM pue ‘aInynd Jo sAep 09 Je payoeas sem syuejd pajejnooul 104 ajel uolelpawaiolAyd wnwixew ay | ‘siod pajyuejdun a1aydsoziyd
10 UeY) ‘pale|naoul Jou pue payenaoul yioq ‘syustuess) pajueld oy Jaybiy a1em sjunod 16uny pue [erisloeq daydsoziyl ayL BuipesBfap-OHd si
'S8OUSISAI0JUI BI0W ‘Bulr) Buliamol) paonpal ‘ssewolq 1004 Jalealf ;panoidull a1em siuejd pajejnaoul Jo sanskalaseyd [edlfojoustd 09IX3N ‘HO HdL  puesnxe| sniadA)

aINIXIW dN2Say
- uojA1oep uopoukD

sselbepnuwiiaq
'spunodwod Hyd pale]Ay e Juesid[edal 810w ay} J0 uolyepeafapolq pasesoul ‘INIXIW wnJopnw
ul paynsal A1] 1sow a1aydsoziys syy ul saaquinu Japeafisp paseslou] ‘siaquinu Japelfap Hyd pue ‘[ebuny ‘[elisioeq "7 sseafakl
1e101 PaseaJoul Ul PaYNSal SUORIPPE JUsLINU Y)M Buofe y1Bus| 1001 pasealaul YlIM pPareldosse aWnjoA |10s a1aydsoziyl ui - wnageuIpunJe
asealoul Uy "sjojd pazi|iuay pare1shian ayy ul s1 g pue ssusdelylue-sauaiyiueuayd pale|Ayje Buli-aa1y} Jo uonepefap Ja1eals) SN ‘sesurdly ‘34 ]10 9pnId wn1j0 ansay
‘uolrelpawal01Ayd asueyus Aew ydrym
‘s1apeafisp HYd JO uolredajijoad ‘9A1193]8S J0U INg ‘SNOJINIIO0Y 8U} 0} PaINQLIIU0D Siases|al d1jouayd wo.y uonisodapoziyy
‘siapesfiap HY/d 10J 198]8S 10U PIp S19e.IX8 1004 8] Jey) Bunsabbins ‘sjuswieal) JuaiaIp 1oy Jejiwis sem (elialoeq [e10} (sarjouayd)
a1 Jo uonoely e se) saidod aush JapelBap-Hyd 40 sduepunge aAle[al 8y "94aydsoziyJ pareullieluUodUN puR PaTeUILIBIU0D L1oq (Hvd) S108J1X3 1004
ul (40d-0 Agq Ndwp ‘vowq ‘TOpo} ‘Oyyeu) siapelfisp Hd pue elsioeq |10} J0 Yimolh ay) pasueyus S1oesxa 1001 0} ainsodx3 VSN ‘sexa] ‘HO  auaiyjueusyd pabe + Asginuw
"PaJapISU0d aq 0} aARY BILIOSUO [elqoudiw Aqg uolyepelfap
ansiBisuAs pue sewAzus Jueld ‘Ajige rene usBAXo o1 S1039e) 18Y10 ‘AJIAIOR PUB SIBQUINU [e1G0401W 0} Pale|ald09
AlJea|d 10U pIp uonepeafisp (10 8pNJI JO JUBWIBdUBYUS B} asnedag “16uny pue sispelBap [10 apnJd Jo uole|nwinis ajqesedwod v eyjUeZLIqg
'sp1oe o1uef10 Jo uolre|NWNIe Ue 03} Buipes) |10s pajueld ul uonepelBap [10 paouryus Wolj 3nsas Aew Hd moT "uoirepelBap SOIeWOR %0 eLIRIYORIG
110 U1 304 [eA3usd  Aed 01 paIapIsu0d ale A3y} ‘el191oeq ey sanjeA Hd Jamoj s1els|ol 16uny souls “j1os pajueld ui Jamo| Hd pue UM [10 3pnJd sselB
uoneJidsal [e1qoIdIA ‘Paldase AjaA1rehau 10 Jou Sem eLIBIoe( JO Yolh 8yl INg S1aquuinu [e1qoudiw uo 19848 Buisealour Ajison B[ANZBUBA ‘HO Aneay e Jo 9G ainmsed |eaidon
'S9|NJ3jOW B|geIdRIIXaUN
Ajreniur jo Aujigejree eaibojoiq sdeylad pue Aujigeioesixa [ealwayd ay) adueyua Aew sjue|d ‘|10S WOy paloeiIxa SHYd JO ueyd sef
sjunowe ay} pasealoul (10102143 ejoIA) Asued pue (wnaires wnipidaT) ss81d ‘(WNAITES Wnsld) ead “pJeisnw a)iym pue (eares painjoeinueWw
sigqeuue)) dwiay yum 1ss1eal sem sHd pue SHd 40 sso| ay L “(eqye sideuls) pseisnw alym Jo a1aydsoziyl sy ur snosswinu Jawoy wouy [10S sgday ‘sawnBa|
1SOW J9M PUR [10S PaeUILBIU0D Ul JUBpUNCE 810W a1am elIs1oeq Buissaidxa-aseusbAxolp Buls d1jewole pue eLaloeq [e1o | AuewssD {HO  paleulwru0d-OHd  ‘S81a31onId ‘sasself
*[10S pareulWEIU0D-|asaIp JO uonepeafapolq sy Butoueyus Je 81198448 a1aMm 51004 sseafshy
*[10S 88.4-1004 3Y} Ul Uey Jaybiy sem a1aydsoziys ays Jo AlANIe aseusbolpAysp Jad ayes uolredissip ayy ‘1aA08I0 a1aydsoziys
ayp ur AAnoe aseuabolpAyap [10S pue S1004 40 d1eJ YIMOIB ayl Usamiaq Panlasqo Sem UoIe[ali0d aAsod V “|10S 9944-1001
ay1 pue a1aydsoziyl sy y1oq ur AlAnoe aseusbolpAyap 110S YIIM UOITR|S1I00 B PaMOys |10 [8SaIp 40 a1el uoledissip ayl "s1004
10 YIMoUB 8y YlIM UOI1R[34102 B PAMOYS OS[e PU [10S 8913-1004 33 Ul Uey) Jaybiy alam AlAnoe aseusboipAysp [10S 40 Junowe wnJaopnnw
3} pue e118)oeq 9100J3E JO JAquINu 8y} ‘84aydsoziys ayy uj "s3oo jueld Jo Juawdo|anap sy} Jalje Pa1indv0 uofaNpal Ploysalyl wnijo7
uonredissIp ay} pue ‘[10s 9814-1004 Buipuodsaliod sy} Ul Uey) JSMO] %GS SeM 81aydsoziyl sy Ul |10 [3S3IP 40 81l [enpisal ayL ueder ‘HO 110 [3s31p sselBaki
uoneIo
synsay ‘1uawiaadxa o adA | jueIn|jod we|d

-210ydsozIy1 oy} ur suoqIed0IpAy wnajonad Jo uoreper3aporq paduBYUd UO SAIPNIS JUIAY ‘-1 dqeL

30



Introduction

€002 “'[e 18 BAOJRINA

002 “'[e 18 Buey

¥00C
‘Uds|O 79 Uassnwisey

700z “'[e 18 sauhH

BS00C “[e 18 PHSIN

aS00Z “[e 18 PN

G00Z “1e 38 1

500z “'|e 18 A1obaio

'paal JO eJOJJ0IIW

alaydsoziyl ayy ueyy fenualod annrepeabisp aaybiy e pey pue uonnjjod uogsedoipAy Aq pagiyul Ssa| Sem ejjej|e 40 eojjoioiw
a1aydsoziys 8y “adAy J1ay3 osfe Ing saueyd Jo adussald ayy AjaJaw Jou uo abuly 0} punOy 818M UOITRUIWBIUO0I UBWN3IG Japun
Alunwwod e1goJoiw ayl Jo aan3anaas [eaibojoisAyd ayy ul sabueyd ay ] “siwsiuefioosoiw jo sdnoif [eaibojoisAyd ueriodwi
3OS UO 103449 SNOLIBA pey pue [10s pajuejdun ur Apuedisiubis alow swisiueBI00401W JO JaqUINU [e10} 8y} paonpal uswnig

'U01399S WONOQ 3y} Ul 198448 a48ydsoziyJ papuedxa ayp 4o} a|qisuodsad ag pjnod suoiidss Jaddn ayy woly payaes| ssrepnxa 100y
*(JeAowal 3004 I3} UOLII8S WOY0q 8y} Ul [108) ,,218ydsoziyl papuedxa,, ay) pue (3001 8U3 J0 Ww T UIYHM |10S) ,818ydsoziyl

950]9,, 8Y1 Y10 03 swsiueBioolo1w Jo asuodsal syl Aq parosyse aq Aew uonepefiapolq 1ey) paisabibins Uo1as Wonog ayy ul
swisiueb1o0101w Buipelbap-OHd 40 suoneindod Jo suoneIsWNUT “JUBUILEIUOD PaxIds ay) JO UOIIRNUIU0I 3y} Bulonpal ul
(asuaoimpues wniodoA) poomepues asje) Uyl 9A1198448 10W a1am (ereploagns eipJoD) noy pue (eaujndod eisadsayl) ojiA

“JuaWealy panosdwi

19U3any sseaf preyouo 4o auasald ay) Seataym ‘I8Jempunolf pajeuIleIu02-)0s08.d Jeal) AJUIOIS PIN0J [elIalew Ja)ly pues
/1108 \/ "LIOYS SeM 8Lu1} 82USPISal Jalem alaym spoliad Bulinp paniasqo sem jueld Jo 198)48 1sabae| Yy pue Jsjem pajeulweIuod sy}
Buiyealy ul JUS101J3 1SOW U} Sem [eLIsYewW 13){1) parelaba “sjousyd Jo [eAowal 1o} JuBUILOp d1am sassaoold [ed160]01q a1aym
‘131eM 3y} wouy spunodwod pazAjeue |[e 4o aoueseaddesip JUaI014a Ue 0} P3| $3ssad04d [e1qoloIw pue uondios Jo UoIeuIquod ay |

"[10s ul suaiyjueuayd se yans SHYd pabeun Jo [aAs] 8y} 8anpaJ 03 swiuefioosdiw

pue syue|d Jo [ennuslod ayj ssasse Apidel 0 pasn ag pjnod (Ql4-09) UoNIaI8p uolreziuol awely - Aydesforewolyd sed

(2NdS) uonoenxaolol-aseyd-pIjos "SUOIIPPE OU YIM 960 Ag pue “eqle 'S yim %9z Aq “A S yum 9%/, Aq “A s snid eqre °s
YNM %16 Ag pasealdsp pues ul suaiyiueuayd Jo uolreliusduod aseyd sef ay) ‘suolipuod 21301qoloul Japun "SuolIppe ou Yim
%8'G6 Aq pue “A'S ynm 9%/°96 A 'S UM %9°86 Aq “A'S snjd eqe 'S ynm 9/'66 Aq pasesdsp pues sLisIsuou Ul susiueusyd
10 uoljeIIuaou0d aseyd seb ay | "[10S pajyeuIeIu0d-OHd € Wolj pare|josi sem aednyioueA seuowoBulyds wnisjoeq [10s ay L

"SUOIIPUOD JUBLIINU pue Jayem Jejnaiiied aonpold sjuswiadxa asnoyuaalb aouls ‘saipnls uollelpawalolAyd

Jayuny 1oy ajqesuadsipul ag pinom SjeLi} pjal4 "paipnis aynny aqg 03 103oey Juenodwi ue si uoiisodwod sy ‘Ayiauenb Jazijiasy

0} IXaN "JUsWIIadXa ay} J0 pud 8y} PJeMOo) PaySIUILIIP SBOUBIBKIP INg ‘[10s pajueldun ul ueyy parued ul Jaybiy sem aseall pue [10
12101 JO UoilepeaBaq MM T Jale uonedissip |10 aAle]al 1saybiy pue yimolh 100ys 1s8q paonpoid UoIRIUSIU0I MdN 1saybiy ayL
M gz 184 (%1'8T) uonedissip [10 alnjosge 1saybiy pue ymoiB 1001 3s8q Ul Pa)Nsal UOITRIUSIUOD JBZI|IMa)-MdN WNIpaw ay |

'sa1d0J3 8y} Ul S|10S pareulweluod-wnajoad Jo uoneipawaiolAyd Jo uonearjdde ay)

dojanap Jayuny pInoa yaiym suoeliiseAul dn-moj|oy 104 PapusLULLIOda Sem BUIUEZII] g "SIIFeWOe JO UOIIINPaJ 8]qelapisuod
® pasned eyjuezLq ‘g [10s pajue|d Ul JaMOo| SUOQIBI0IPAL pajeInies JO UOIeuaduo “uoljepesfap |10 pue uonanpoid ssewolq
1004 UB3MIB] UOITR[21109 3AIISOd W *[10S payelaban-uou Uey UOITeIIusduod [10 Jamo] Ajjuedryiubis e pamoys snyebaifibe sniadAD
pue euyuezLIg elreIydeIg sasselb sy yim sj10s Juswdojansp pue susaped yimolb jueld ui Aejap e Burieslpul [10S payeuILeIuod ul
Jaybiy a1em sares yImouh aAne|ay "uonanpoud ssewolq paonpal pamoys sassel ay L “sqaam 1yBIa 01 XIS Ulym paip sewnba| ayL

'SU0QURI0IPAY
wnajoad Jo uonepelbap 01 31NgLIIUOI PINOI sabueyd asay | uoie|ndod jeiqooiw ayl Ajjeai1oads-jueld pasyfe syue|d
'(399a-vYNQaJ S9T) a18ydsoziys ayy ul Aunwiwod [eriaideq ayl ul iys e Ing (Bojorg-093) ANsIanlp o1jogeiaw Ul sabueyd oN

‘(poyraW NdIN) pasealoul uotrepefiap wnajonad Jo ajgeded eLIS)oRy J0 JaqUINU By | Pasealoul eLIsloeg a18ydsoziys Jo Jsquinu ay L

"81seM aJe|[nsIp wnajouad Jo suonoely A1030€I481 PUB 3]1GE| LY10q Ul UoieNnusle Hyd paloedwi Jenew
21ueb10 JuR|d “ulWNy parelaban Ul panIssqo os[e alam salijogeIsll HYd PaJalsanbas suonoely uiwny Ajiepnoied ‘suonoely
INOS pare1aban 10} JUBPIAS ISOW 813M SUOITRIIUSIUOI HY/d Ul SaU1]9ap pue ‘Buliayieam Hyd ‘uogued jueld alusboiq jo sindu|

Auewiag ‘HO uswiniq
(sauexje

pue SHVd)

VSN ‘lleMeH ‘HO [9n}-[2salp

sifensne
saNwbeIyd pasl
“eniyes obeoIps|y

ejeye

sa.1 |eardouy

(sjouayd (s1a1ureq ajqesw.ad)
pue spunodwod ABojouyda} Jalj1y Yum

21194201913Y-OSN

AemlIoN ‘gv1 ‘SHVd) 81050812
(HVd)
epeued gy auaiyjueusyd

SONBWOIE 0401
LI |10 3pNID
B[BNZBUBA ‘HO Aneay e JO %G

SOIBWOJE 9401
{IIM 110 3pNID
B[aNZAUAA ‘HO Aneay e J0 %S

BpeuR) ‘HO Hdl

(sHvd) ud
vsn a)seMm ae||nsip

ejeswo|h sijf1oeq
sselb peyalo

31e|0S] [10S pue
eq|e sideuls
paeISnW 81ym

BUIURZII]
elIRIYORIg
sself

aimsed |eardon

sasselb pue
sawnBa| jeardon

eANES 06ROIPaN
ej[ej[e Jo/pue
auuaJtad wnijo
ssedBakl [eruualad

“ds eolAN

sgniys AliagAeq
pue ewissie
SNUIUR[1Y UdABRY JO
9aJ] “ds wnaiued
sseByoIMms pue ‘ds
obepijos poluapjob
yum sanwbelyd

‘euljoseD YuoN ‘34 wnajosad e ‘sijesisne saywbesyd

(panunuod) g-1 qeL,

31



Introduction

€00¢
“[e 19 Zaljwey-zelqg

002 “[8 19 Uuewne]

G002
““[2 18 OUBION-BUIP3IN

G002 “[e 18 neaueyd

ERIEIETEN]

‘sayes uondwinsuod yBiy 1e suoroe.y

DHd 214199ds apeafiap 01 8|qe 31aM Jey) SUIR.IS [e119)0eq JO UOIIR|O0SI 3y} Pamojfe ajes axeldn ushAxo ynm Jayiebo aimynd
JUBLIYDLIUS SBUIQLI0D TRy} ABaTeAS 8y JUN0D [e1Ia310Bq [B10) 3U} JO 9%E 0} Papuodseliod eliajoeq BuipeBap solewose 4o Jsquinu
3y} 8J1IyM ‘snxe| "D 40 a1aydsoziyl sy} ur paaIssqo uonendod [eris)oeq [e101 Y1 JO 90T palussaidal eLisoeq BuipelBap sonyediy
*SN3IN| SNO20D0IDIN Pue SUBPAXO J8)oeqolyuy ‘elouradiigni eiuoplos aism soneydife yim ergioeg Jueuiwopald ‘8ssy) o
UOIMPPE U] "SI|IIGNS *g pUe B3s0J BLINOOY “*dS *d ‘SNaJad 'g 81aM ainixiw Jejod-01ewose sy} Yim eLI8Joeq paijiusp! ‘Jueuiwiopald
‘uonoely Jejod sy} BLINSUOD 10U PIP SWSIUBBI00IIIW 853U 3]IUM ‘SHJL JO 80ussaid auy1 Ut UMOIB UsyMm UoNoRLY d1jeWO.R
8U1 J0 9592 pue uonoely anreydife 8yl JO 9/ PapPeIBap 8IN3 N0 BINIXIW PaUIBP 8y L "aInIXIW Jejod-0Iewo.e 8yl Jo %GT 03 dn
apeJBap 01 8|qe 818M d\/OT INVN UIRAS PaIJIUSPIUN pue gz “ds SBUOWOPNasd 8IUM ‘76 SI|1IGNS SN[19.g YHM Paulelqo sem
(%%,) uonepelBapolq BAISUBIX® 1SOW Y| “uonaely oreydife 8y} J0 940G UBY) 810w apeiBap 0} 8|e 819M SUIR.S |eLI81oR] aAl-

“Seam sem sanodea DHdJ J0 aduanjjul

ay) pue Ay1suabousiay [eanyeu Ag payeuiwiop sem AJunwiwiod [elqoadiw ayj ‘eus 100d-jusiainu 3y siojd (way) siskjeue
AKouepunpal uo Jay1ehol padnouh suogtesospAy o) ainsodxs isereald yim sejdures wE ‘J9ABMOY ‘UOITBUILIEBIUOD pUE Sia)awresed
110s 0} PAdUI| ¢ PINOD UOIELIBA 3U} JO 9%6°SE A|UO (sale|d-093 ,, 60]01g) e1ep dd T 8U} Ul '%8'6E 0} ‘UOIBUILIEILOD JO UOIRIND
au1 Aq pue ‘%91 0} ‘sialewe.ed 110s Aq paurejdxa sem uononpoid 20D pue SSeWOI] Ul UOIBLIBA "UOITRUIWIBIUOD YIIM 3[1I|
palteA Ing Jusju0d ushoniu pue uoged d1uehlo 110S UM palealiod A|Buons atem (Adodsosorw aauadsaionyy) siaquinu 1189 [e10 1

"uoleIPaWaJ0I] 40 suorreatjdde fernsnpul oy Aljige uoirepe.Bapolg JurISU0d pue ybiy Yim e1aosuod 8onpo.d 03 pasn aq ued
uoryelwi| uabAxo 19pun s10308a. Yo1eq [e1IuaNbas “UOIIGIYUI INOYHM WNILIOSUOD PaydLIua ayy Aq pazijessuiw pue papeBapolq
0s|e 318M SHd 1 -4V ‘sauabijeojeopnasd seuowopnasd pue ‘wnain| WnieloeqIAsIg ‘sijgns ‘g ‘snatad snjjioeg ‘suepIxosojAx
(sauabijeo)y) J310BQOWOILDY :PAIJIIUBP] 8I9M SUIRAS [BLIBIOB] A1 "3]9A0 1IN0 8y} 0} pjoj-us) pasealoul swsiuehioooiw Buipebap
-DHd 40 Jaquinu aBeane 8y “8}1|0geIaW 8|gN|0S-UoU pue PIalA SSBWolq MO B 0} pa| ANAROE WINILOSUOD UO uonelwl| ushAxo o
108448 8y L “uonepesBapolq Jo pual esauab JueISU0d ‘Jsealay ] “319Ad yunoy ayy 01 dn Ajueoiyiubis pasealour seyel uonepelBapolq
pue JUBIX8 UL "S3)IS PAIBUILIBILOI-DHJ ‘Palayream ul Ajfeinyeu smolb 1eys Juejd sAIieU B Wwoly Pale|os! WNILOosuod v

'SUOCJBI04PAY d11BWOIE pUB

a1reydije jo uonepeabap syl 104 wnwido a1am sarjddns JusLIINU JUSIBHIP TeY] PA[BaAS] UOITE]IWISSEe SU0GJed0IpAY patelnesun
pue pareinies ayj Jo uonigiyul Ajjesodwsy Jojpue Jusuewad ay L “Ajddns justiinu ayy uo Buipusdap pa1os|es alam siapesfisp
[e1qoJo1w ay} eyy Buirearpul panoidwi AUSIINOUOI Jou a1aMm uolTepelBapolq JO SJUS1Xa 8y} ‘I8ASMOH "Sjualinu Jo Indui 1saybiy
3} UM PAAISSCO Sem elIsjoeq paldepe-uog edolpAy pue eLisjoeq 91ydouiosiay €303 Jo yimodh Jo uomejnwins wnwixel ‘syonpoid
-Aq 21j00e18W Jejod JO UOIBINWNIIY ‘|10S Ul UOITRZI|11I3) dAISSAIX8 AQ paonpal jou pue Ajfesodwsa) ‘Appusuewsad ‘AjaAnoadsas sem
ssejod pue salewoUe ‘sajelnies Jo uolyepelBapolq ayL "syustinu Jo Indul ybiy e yum papiodas Sem UOIe[IISSe SUOCIBI0IPAY JO
uoniqgIyul Jusuew.ad v “uolyepeliap Jo o5/ 0 PAINGLIUOI UOIENUSYIE [eINJeU BYL "95Z9 SBM JUSIXs Uollepefapolq [ewixew ay |

synsay ‘quawiiadxs Jo adA L

02IX3N ‘HD
X314 Buureyuod
(1any-30)
2U8S04aY [e101)114e
Mlewusq ‘34 WINXIW-JHd
HdL-4V ‘aumxiw
00IX3N ‘g1 uiered — 10 apnio
SO1JeWO.E 0497 UM
10 (3pnud)
soueld \HO ojujeled
uoieInT
jueinjjod

alaydsoziys

snxe| snisdAD wouy
wnosuod e

pue sa1e|os! 0T

110s 1
uonenuae
[enyeu

snxe| sniadA) Jo
aJaydsoziys ayy wouy
wnJosuod e

Sjuswpuswe
uaLnu

Jsdueyu3

"Z-1 9]qeL 99S SuoneIAdIqqe 10, [10S OLIdYdSOZIYI-uou Ul Su0qIedoIpAy wnajosad Jo uoreper3opolq POSUBYU UO SAIPNIS JUIY *€- I[qEL

‘OSN ‘wniex/snosoydsoyd/uaboiu “SIdN 48YiQ aseuabAXolp-£z 10yda1ed ‘J|AX ‘aseusabAx:

‘uabAxo/Inyns/uabolit

mcmNchEo_co\m:mNcwemcm:_Q TOp0) ‘aseuabAxolp ausjeyiydeu ‘gopu

‘aseuabAxolp ausjeyiydeu ‘oyyeu ‘asejAxoipAy jouayd ‘Ndwp ‘eseusbAxoouow Buie|AxoipAy ‘yowq ‘aseushAxoouow aueye ‘gyle 1o} Buipod - mcmo ‘1aew o1uefiI0 JUBWIPaS/]10S ‘INOS ‘4Dd aAleInuenb awil eal ‘*40d-0O

‘aquinu ajqeqoud 1sow ‘NdIA ‘sisaioydonos)s |96 jusipeld einjeusp ‘399Q ‘a)1yoid [eaibojoisAyd [aAs] Aunwiwiod ‘4410 poylsiAl ‘Aloresoqe] ‘g ‘esnoyuasiB ‘HO ‘plaly ‘34 :uswiiadxs Jo adA ] suogtesolpAy wnajonad

[810} ‘Hd L ‘Su0gIea0lpAy wnajonad ‘OHd ‘uogIeaolpAy arrewose o1194aKjod ‘Hyd ‘ausydolyiozuaqip ‘1 9q ‘sausjAx/auszuag|Auyia/ausn|oy/auazuag ‘X3 14 ‘SuogiesolpAy wnajonad [e)0) sal4-ausijeydse ‘Hd L-4V uein|jod

€002 “[B 19 OUBI[IDIS  UOIRZI[RIauIW 3y} S [[am se (Buigoad Ag J1AX ‘@yje ‘gopu) uonepeiBap DHd Ul PaAJoAUT Sauab 0110geIed JO [9A3] 8y} ‘[10S YINg 8yl Ul SN ‘BIUIojED ‘T4

‘uonepeafisp DHd 01 3ueAd|al yum sadAjouab jeuoiiouny oi19ads 01 paxul|

sem Ing WYNQ4 S9T Aq 9]ge10a19p Jou sem uonisodwod ul abueyd siyl ANunwwiod [eigqodiw ayp Jo uoisodwod [euorauny ayy
Buriaie Aq |10s a1aydsoziyd Jo [ernusiod 21j0geIRd 81 Pasealdul SWSISAS U 9LWA101AUd "[10S 218ydsoziyl ul uonezijelauiw
auaeyydeu pue sousfenald auab o1jogeIed pasealdsp (WNMIY Wwnijojd]) J9Aojd 3501 “}SeAU0D U] * 10s 2Jaydsoz1yJ ul uonezijessuiw
auafeyydeu se |jam se JJAx pue ‘@y[e ‘gopu Jo sdusfenald ay} paseasoul (eadeulpunse muammu_v anasay [[eL ‘dousjenaid aush
2110GeIeI 913193dS UO S)08)43 9AI13[3S- pue d14198ds-Jue|d a19m 18y} INg ‘SIuBLLIRa) Uamlaqg ANunwiwod 110s ¥Ing ay} Jo (399a)
uonisodwod \YNQJ S9T 8y} Ul IYS 8]qe19819p 0U SeM a1ay | S|[99 Juawieal) pajueld ul Jaybiy sem ausiyiueusyd pue auedapexay Jo

(SHVd)
1any |8salp pabe

sawnBa|
pue sasselh

(ponuijuos) -1 dqeL

32



Introduction

Soil microorganisms, such as bacteria and fungi, play central roles in soil fertility
and promoting plant health (Kirk et al., 2004). In addition, the ecological role of Archaea in
MICROBIAL COMMUNITIES inhabiting also usual environments, such as boreal soil, has only recently
started to be revealed (Jurgens, 2002). However, some of the characteristics of microorganisms
cause LIMITATIONS in studying microbial diversity. First, we are UNABLE TO CULTURE all soil
microorganisms since it is estimated that only 1% of the soil bacterial populations can be cultured
by standard laboratory practices (Kirk et al., 2004). Earlier the study of microorganisms in natural
environments was mostly based on cultivation and isolation techniques (Kozdréj & van Elsas,
2001; Lynch et al., 2004). The limits of these methods have been frequently discussed (e.g.
Torsvik et al., 1996). Second, microbes are TAXONOMICALLY aAMBIGUITOUS. The genetic plasticity of
bacteria, allowing DNA transfer through plasmids, bacteriophages and transposons, complicates
the concept of bacterial species (Kirk et al., 2004). However, the basic phylogeny of bacteria
can be based on the rRNA gene (16S or 23S) because this gene is present in all bacteria, it has
well defined regions for taxonomic classification that are not subjected to horizontal transfer and
sequence databases are available for researches (Kirk et al., 2004; Lynch et al., 2004).

Both traditional, BIOCHEMICAL-BASED and modern, MOLECULAR-BASED APPROACHES can be
used FOR MONITORING of microbial communities in contaminated soil (Fig. 1-5). Advantages and
disadvantages of some biochemical methods are presented in Table 1-4. The focus in following
chapters is, however, on the molecular approaches. When comBINED with classic microbiological
methods, molecular biological methods could provide us with a more comprehensive interpretation
of the in situ microbial community and its response to bioremediation processes (Widada et al.,
2002).

Microbial ecology studies have benefited from the use of molecular methods, which allow
the detection of both culturable and unculturable microbial species. Despite these advances in the
field of MOLECULAR ECOLOGY, the LINK BETWEEN MICROBIAL DIVERSITY AND SOIL FUNCTIONS is still a
major challenge (Lynch et al., 2004). Changes in the composition of soil microflora can be crucial
for the functional integrity of soil (Insam, 2001; Lynch et al., 2004). The interrelationship between

Soil sample
Molecular Approach Fatty Acid Analysis Approach

Extraction Extraction
Direct Indirect Direct Indirect
DNA/RNA DNA/RNA
~N e PLFA  FAME MIDI-FAME
Amplification
PCR/RIT-PCR
| | | | | Alkaline Acid methylation
methylation |
rep-PCR ARDRA T-RFLP RISA DGGE GC analysis
N | /  ~TGGE e ~N
Community fingerprint Community profile  Species identification
N / AN |
Diversity Structure Richness Evenness Structure Biomass Diversity of isolates

Fig. 1-5. Approaches available for microbial community fingerprinting in chemically perturbed
soil. Figure adapted from Kozdr6j & van Elsas (2001). These approaches are based on the analy-
ses of signature biomarkers, i.e. indicator molecules, such as nucleic acids and fatty acids. Ab-
breviations: ARDRA, amplified ribosomal DNA restriction analysis; DGGE, denaturant gradi-
ent gel electrophoresis; FAME, fatty acid methyl ester analysis; GC, gas chromatography; PCR,
polymerase chain reaction; PLFA, phospholipid fatty acid analysis; rep-PCR, repetitive sequence-
based PCR; RISA, ribosomal intergenic spacer analysis; RT-PCR, PCR with reverse transcription;
TGGE, temperature gradient gel electrophoresis; T-RFLP, terminal restriction fragment length
polymorphism.
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the microflora, its diversity and function in soil has been reviewed elsewhere (Nannipieri et al.,
2003). Approaches aiming at characterizing microbial communities in the environment are likely
to go hand in hand with pure culture systems for detailed functional studies of biodegradative
functions, to yield information about microbial enzymatic specificity and processivity (Galvao

et al., 2005).

Table 1-4. Advantages and disadvantages of biochemical-based methods to study soil microbial
diversity. Table modified from Kirk et al. (2004).

Method

Plate counts

Community level

physiological profiling (CLPP),
sole carbon source utilization
(SCsv)

Fatty acid methyl ester analysis
(FAME)

Phospholipid fatty acid analysis
(PLFA)

Advantages

Fast, inexpensive

Fast, highly reproducible,
relatively inexpensive,
differentiate between
microbial communities,
generates large amount of
data, option of using bacterial,
fungal plates or site specific
carbon sources (Biolog)

No culturing of microorganisms,
direct extraction from soil,
follow specific organisms or
communities

Changes in fingerprint can
indicate change in community
structure

Disadvantages

Unculturable microorganisms

not detected, bias towards

fast growing individuals, bias
towards fungal species that produce
large quantities of spores

Only represents culturable fraction of
community, favours fast growing
organisms, only represents those
organisms capable of utilizing available
carbon sources, potential metabolic
diversity, not in situ diversity, sensitive
to inoculum density

If using fungal spores, a lot of material
is needed, can be influenced by external
factors, possibility that results can be
confounded by other microorganisms

No isolates obtained for further study

Selected references

Tabacchioni et al., 2000;
Trevors, 1998

Classen et al., 2003;
Garland, 1996;
Garland & Mills, 1991

Graham et al., 1995:
Siciliano & Germida, 1998;
Zelles, 1999

Kozdréj & van Elsas, 2001
van Hamme et al., 2003

Table 1-5. Characteristics of the direct and indirect DNA extraction methods used for microbial
community DNA analysis. Table modified from Kozdréj & van Elsas (2001).

Cell origin

Cell lysis

DNA yield

Purity of DNA

Representativeness
for the community

34

DNA extraction method

Direct

In situ lysis,

Indirect

Ex situ lysis,

microbial cells lysed
directly in soil

Prevalence of mechanical
lysis (e.g. bead-beating,
sonication, freeze-thawing,
cold disruption)

Generally high (from total
community)

Generally low
(contaminated with humic
acids, heavy metals,
xenobiotics); require longer
purification procedure

High, but biased by
extracellular DNA or
plant cell DNA

microbial cells lysed after
separation from soil colloids

Chemical lysis using SDS,
phenol, various detergents or
enzymes (lysozyme,
proteinase K or pronase)

Generally low (from
microbial fraction separated)

Generally high
(contaminated with proteins,
polysaccharides)

Restricted to microorganisms
extracted from soil colloids



Introduction

1.3.1 Molecular biomonitoring methods to study the structural and functional diversity of
bacteria and their catabolic genes

MOLECULAR BIOMONITORING refers to the following up of biological phenomena at molecular
level by using molecular biological, i.e. DNA/RNA-based, techniques without any genetic
manipulation, such as introduction of marker genes. The use of molecular techniques to identify
microorganisms (and their catabolic genes) is currently a key tool to study rhizosphere ecology
(Piihler et al., 2004; Barea et al., 2005). Although giving valuable information on both culturable
and unculturable microbia, the molecular biological methods have also their LimiTaTIONS. Biases
appear at the stage of collecting DNA (Kirk et al., 2004; Kozdrdj & van Elsas, 2001). First, the
SEPARATION OF NUCLEIC ACIDS from soil components might not be complete and can also cause
shearing of DNA/RNA (direct extraction) (Table 1-5). In indirect extraction of nucleic acids,
the detachment of different bacterial cells from soil particles and the lysis efficiency of different
bacterial cells might vary. Second, the DNA/RNA EXTRACTION method AND PURIFICATION steps
can influence the yield and intactness of nucleic acids. In addition, inhibitive compounds and
contaminants can make the extraction troublesome. Widada et al. (2002) have reviewed the
progress made in nucleic acid extraction and purification methods for environmental samples.
Characteristics of the direct and indirect DNA extraction methods used for microbial community
DNA analysis are presented in Table 1-5.

Microbial pIVERSITY consists of two elements, richness and evenness. The highest diversity
occurs in communities with many different species present (richness) in relatively equal
abundance (evenness) (Huston, 1994; Kapur & Jain, 2004). STRUCTURAL diversity of BACTERIA
refers to taxonomic diversity. Special FuNcTIONAL groups of bacteria could also be focused on.
Most of the methods to study structural diversity can also be applied to study the genetic diversity
of cataBoLIC GENES. More information about characterization of catabolic genes is presented
in ch. 1.3.1.3. The amount (Q-PCR) and expression (RT-PCR) of catabolic genes reveals their
functionality in soil.

1.3.1.1 Total community analysis — Bacterial diversity assessed by broad-scale molecular
approaches

A holistic view of a microbial community in soil can be achieved by BROAD SCALE MOLECULAR
APPROACHES utilizing the DNA extracted from the total community within the soil (Kozdréj &
van Elsas, 2001). These approaches include the reassociation kinetics of denatured DNA and the
determination of the guanine plus cytosine (% G+C) content of DNA (Fig. 1-6; Table 1-6). The
rate of DNA reassociation will depend on the similarity of sequences present (Torsvik et al.,
1990a,b; Kirk et al., 2004). As the complexity or diversity of DNA sequences increases, the rate
at which DNA reassociates will decrease. Guanine plus cytosine content (% G+C) determined
by melting or density gradient centrifugation is based on the knowledge that microorganisms
differ in their G+C content and that taxonomically related groups only differ between 3% and 5%
(Holben & Harris, 1995; Tiedje et al., 1999; Kirk et al., 2004).

1.3.1.2 Partial community analysis — Identification of community members and gene
diversity by narrow-scale molecular approaches

1.3.1.2.1 PCR-based genetic fingerprinting techniques

Soil microbial commuNITIES can be genetically fingerprinted and the community MEMBERS
identified by comparison with fragment sizes or sequences in databases (Fig. 1-6). In genetic
fingerprinting, DNA is extracted from the environmental sample and purified. Target DNA is
amplified using universal or specific primers and the resulting products are separated in different
ways (Kirk et al., 2004) (Table 1-6). Typically, 16S rRNA region (also 23S; 18S and internal
transcribed spacer, ITS, for fungi) is targeted by primers for diversity studies (Kirk et al., 2004;
Lynch et al., 2004). Thus, DNA fingerprinting techniques have been used to map the phylogenetic
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distribution of complex communities based on rRNA gene sequences, but their application for
mapping CATABOLIC GENE sequence diversity is at an early stage (Galvao et al., 2005).

The PCR-based community fingerprinting techniques have several ADVANTAGES
(Wintzingerode et al., 1997). They are 1) rapid, and allow parallel analyses of multiple samples,
2) reliable and highly reproducible, 3) provide both qualitative and quantitative information
on populations within a community, and 4) allow the assessment of phylogenetic affiliation of
community members by comparison with fragment sizes or sequences in databases. However,
PCR-based techniques also present several bDRAWBACKS such as 1) bias in PCR amplification due
to preferential amplification of target DNAs from some bacteria (influenced by G+C content,
primer specificity, different copy number of target genes), 2) formation of chimeric molecules, 3)
derivation of several different PCR amplicons from a single bacterial strain due to the presence of
several operons, and 4) the numbers of amplicons from complex communities can be too high to
be readily separated and resolved (Suzuki & Giovannoni, 1996; Wintzingerode et al., 1997; Kirk
et al., 2004; Kozdréj & van Elsas, 2001).

Genetic fingerprinting methods are limited in their ability to discriminate between
communities with high diversity where the number of PCR amplicons are too high to be readily
resolved (Lynch et al., 2004). In compLEX coMMUNITIES, rRNA-based fingerprinting techniques can
be used to partially analyze the community, focusing on a suBseT of the community by applying
primers targeting specific phylogenetic (e.g. Archaea) or functional (e.g. methanogenic) groups
of microorganisms (Lynch et al., 2004). Another approach to identify community members is to
apply specific ENRICHMENTS to enhance the growth of the microorganism of interest (Lynch et al.,
2004). This strategy is particularly useful in studies of functional groups or guilds.

Soil sample
Indirect
DNA extraction

Bacterial fraction

Direct
DNA extraction
Total soil DNA  |<—

PCR |

Bacterial DNA

"

DNA
reassociation

T~

DNA % G+C
complexity composition

Total genetic cc?rr?rrr]\itri\ci;ty
diversity profile

Total community analysis
Low resolution

Melting or density
gradient centrifugation

PCR
amplicons
DGGE, TGGE, SSCP,

T-RFLP, RISA/

i Cloning

Community
fingerprint

<]

Sequencing &

analysis

PCR clone|( Metagenome
library clone library

b

{comparative sequence Probe

Community
composition

Phylogenetic
and functional

diversity

Partial community analysis
Intermediate - high resolution

sisAjeue uonezipugAy

Fig. 1-6. Culture-independent molecular methods for the analyses of microbial communities in
soil. Figure adapted from Lynch et al. (2004). DGGE, denaturant gradient gel electrophoresis;
PCR, polymerase chain reaction; RISA, ribosomal intergenic spacer analysis; SSCP, single strand
conformation polymorphism; TGGE, temperature gradient gel electrophoresis; T-RFLP, terminal
restriction fragment length polymorphism; % G+C, mole % guanine and cytosine.
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The principLES of different fingerprinting techniques are described in the following text while
the potentials, limitations and applications of them are compared in Table 1-6.

In denaturant gradient gel electrophoresis (DGGE) and temperature gradient gel
electrophoresis (TGGE) analysis, DNA fragments with the same length but different nucleotide
sequences are separated (Muyzer et al., 1993; Heuer & Smalla, 1997). Separation is based on
differences in migration of the molecules with different sequences that thus have a different
melting behaviour in polyacrylamide gel containing a linear gradient of denaturants or a linear
temperature gradient (Kozdrdj & van Elsas, 2001). DGGE/TGGE banding patterns have been
analyzed for diversity studies based on the number and intensity of the DNA bands as well as
similarity between treatments (Kirk et al., 2004). Specific DGGE/TGGE bands can also be excised
from gels, re-amplified and sequenced or transferred to membranes and hybridized with specific
primers to provide more structural or functional diversity information (Theron & Cloete, 2000;
Kirk et al., 2004). Information about the taxon composition of the community can be obtained
with phylogenetic probes (Lynch et al., 2004). Holben et al. (2004) introduced GC fractionation
combined with DGGE (GC-DGGE) to enhance assessment of microbial community diversity
and detection of minority populations of microbes. The use of catabolic genes as target in DGGE/
TGGE analysis would provide information on the diversity of specific groups of microorganisms
competent in a defined function such as pollutant degradation or methanotrophy (Fjellbirkeland et
al., 2001; Knief et al., 2003; Kirk et al., 2004). The occurrence of genes coding for desulfuration
of hydrocarbons (dsz) in a polluted field soil has been shown by DGGE, while these genes were
not detected in unpolluted soils (Duarte et al., 2001). In addition, DGGE/TGGE analysis of PCR
amplicons derived from rRNA molecules by RT-PCR might give fingerprints of the metabolically
active microbial populations (Heuer & Smalla, 1997; Lynch et al., 2004).

Single strand conformation polymorphism (SSCP), like DGGE/TGGE, detects sequence
variations between different PCR amplicons normally derived from variable regions of the rDNA
(Lee et al., 1996; Stach et al., 2001; Lynch et al., 2004). In SSCP one primer is phosphorylated
at the 5’ end, and the phosphorylated strand of the PCR amplicons is selectively digested with
lambda exonuclease. The intact strands are separated by electrophoresis under nondenaturing
conditions (low temperature) in a polyacrylamide gel optimal for SSCP. This optimal gel restricts
duplex formation but allows intra-molecular folding of the DNA strands. The method is based
on the differential intra-molecular folding of single-stranded DNA that is itself dependent upon
DNA sequence variations. Thus, DNA secondary structure alters the electrophoretic mobility of
the single-stranded PCR amplicons enabling them to be resolved.

Terminal restriction fragment length polymorphism (T-RFLP) analysis is based on the
restriction endonuclease digestion of fluorescent end-labelled PCR amplicons (Avaniss-Aghajani
etal., 1994; Liu et al., 1997; Osborn et al., 2000; Lynch et al., 2004). T-RFLP measures only the
terminal restriction fragment of each 16S rRNA gene, and thereby the complexity of the RFLP
pattern is reduced and every visible band is representative of a single ribotype or operational
taxonomic unit (OTU) (Liu et al., 1997; Kozdr6j & van Elsas, 2001). In addition to analyses
based on housekeeping genes (e.g. rDNA), T-RFLP has been used to analyze enzyme-coding
(functional) genes such as mercury resistance genes, and particulate methane monooxygenase
genes (Bruce, 1997; Horz et al., 2001; Lynch et al., 2004).

Restriction fragment length polymorphism (RFLP), also known as amplified ribosomal
DNA restriction analysis (ARDRA) is a DNA fingerprinting technique based on restriction
enzyme digestions and agarose gel electrophoresis of PCR-amplified 16S rRNA genes using
primers for conserved regions (Tiedje et al., 1999; Kozdr6j & van Elsas, 2001). It is a powerful
tool for bacterial identification and classification at species level (Massol-Deya et al., 1995)
and it has been used to group and classify large sets of isolates and clones for instance in Cu
contaminated soil (Smit et al., 1997).

Ribosomal intergenic spacer analysis (RISA) or automated ribosomal intergenic spacer
analysis (ARISA) is based on the length and/or the sequence polymorphism of the ribosomal
intergenic spacer (IGS) region between the 16S and 23S rRNA genes (Borneman & Triplett,
1997; Fisher & Triplett, 1999; Ranjard et al., 2000b; Kirk et al., 2004; Lynch et al., 2004). PCR
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Introduction

products are either separated by agarose gel electrophoresis, or denaturated and separated on
a polyacrylamide gel under denaturing conditions (Kirk et al., 2004). In RISA and ARISA,
respectively, silver stain and fluorescence (higher sensitivity) is used for detection (Kirk et al.,
2004). Several primers targeting different phylogenetic groups in the same sample can be used
to evaluate simultaneously the population dynamics of different microbial phylotypes within a
community (Ranjard et al., 2000a,b; Lynch et al., 2004).

Differences in GENOMIC FINGERPRINTS of chromosome structure among isolated bacterial stains
can be obtained with highly repeated sequence characterization (Tiedje et al., 1999; Kozdrdj
& van Elsas, 2001; Kirk et al., 2004). In repetitive sequence-based PCR (rep-PCR) method
specific primers, such as ERIC, REP, BOX and (GTG),, bind to randomly interspersed repetitive
DNA sequences existing throughout the genome (Versalovic et al., 1991, 1994; de Bruijn 1992).
The amplified fragments are separated in agarose gel electrophoresis. Because the rep-PCR is
most effectively used when it is targeted to populations selected to be of a certain phenotypic or
taxonomic group, mixed natural communities of bacteria in contaminated soils have not been
studied by this method (Kozdréj & van Elsas, 2001). However, Roane & Pepper (2000) used
ERIC-PCR to genetically distinguish the bacterial isolates from soils contaminated with different
levels of Cd. The isolates were identified, using 16S rRNA gene sequencing, as Arthrobacter,
Bacillus, and Pseudomonas spp. that differed in their resistance to Cd.

1.3.1.2.2 Cloning techniques

Cloning techniques produce clone libraries (Fig. 1-6; Table 1-6). The cloned amplicons can be
compared by fingerprinting methods such as ARDRA (Sandaa et al., 2001). rRNA gene clones
can also be classified by dot/slot blot hybridization with phylogenetic probes (Manz et al., 1992).
Sequencing of the cloned genes and comparing the sequences with those obtained from databases
provides information about affiliation of the cloned sequences (Sandaa et al., 1999a,b). More
information about cloning techniques is presented in Table 1-6 and Fig. 1-6.

1.3.1.2.3 Hybridization techniques

By choosing sequences in conserved, variable and hypervariable regions of the rRNA, probes
can target phylogenetic groups at different taxonomic levels, ranging from domain to subspecies
(Lynch et al., 2004). Domain- to species-specific oligonucleotide or polynucleotide probes are
usually tagged with fluorescent markers (derivatives of fluorescein and rhodamine) at the 5°-
end (Kirk et al., 2004). Hybridization methods can help to resolve the species composition
within specific parts (organism groups) of the community (Lynch et al., 2004). Slot/dot blot and
Southern blot hybridization of community fingerprints (e.g. DGGE profiles) with phylogenetic
probes has proved particularly useful in studying changes in communities and in identifying
the numerically dominant community members (Dvreas et al., 1997). A combination of slot
blot hybridization and fluorescence in sifu hybridization (FISH) was used to distinguish the
community structure of low and high metal-contaminated soils (Chatzinotas et al., 1998; Sandaa
et al., 1999b). More information about hybridization techniques is presented in Table 1-6 and Fig.
1-6.

DNA macro- and microarrays have been used widely for studying gene expression of
bacteria, but the application of this tool in environmental microbiology is still being optimized
(Galvao et al., 2005). Three types of arrays have been described for looking at environmental
DNA that differ on the kind of DNA arrayed: 1) functional gene arrays (FGAs), 2) community
genome arrays (CGAs), and 3) phylogenetic genome arrays (PGAs) (Galvao et al., 2005). CGAs
(made with genomic DNA isolated form environmental samples or pure cultures) and PGAs
(made with oligonucleotides from rRNA genes) give indirect information on the biodegradation
gene landscape of an environmental sample. FGAs contain probes for genes encoding enzymes
involved in biodegradation and biotransformation, such that by design they probe the functional
(as defined by gene) diversity in microbial communities, as well as enabling the quantification
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of activity by detecting mRNA. FGAs thus enable the diversity to be probed of gene sequences
implicated in pollutant degradation. Rhee et al. (2004) have detected genes involved in
biodegradation and biotransformation in microbial communities by using microarrays.

1.3.1.3 Biodegradation gene pool — finding variants and novelties

By focusing on the biodegradation gene pool, this chapter gives an overview of available
methods to cHARACTERIZE catabolic genes QuALITATIVELY (diversity) and QUANTITATIVELY (amount,
expression), in addition to finding NEw enzymatic ACTIVITIES.

PCR can be used for sensitive detection of specific catabolic genes in environmental
samples. PCR products can then be fingerprinted (ch. 1.3.1.2) or cloned and sequenced to find
out sequence VARIANTS (GENE DIVERSITY). The sEnsiTivity of PCR can be ENHANCED by combining
PCR with DNA probes, by running two rounds of amplification using nested primers or by using
real-time detection systems (Widada et al., 2002). Three techniques have been developed for
estimating the AMoUNT of DNA by PCR (quantitative PCR, Q-PCR) reviewed by Widada et al.
(2002): most probable number PCR (MPN-PCR), replicative limiting dilution PCR (RLD-PCR),
and competitive PCR (cPCR). RT-cPCR, i.e. quantitative reverse transcription PCR (Q-RT-
PCR), can be used to monitor catabolic acTiviTy of cells. Fey et al. (2004) established Q-PCR and
Q-RT-PCR methods for determining the presence and metabolic activity of pathogenic bacteria
in environmental samples. Baldwin et al. (2003) have enumerated aromatic oxygenase genes by
multiplex and real-time Q-PCR. Q-PCR to monitor degradation genes such as bphC, xylE, nahA
and ndoB are available (Ducrocq et al., 1999; Milcic-Terzic et al., 2001).

Galvao et al. (2005) have summarized well the SEQUENCE-DEPENDENT and SEQUENCE-
INDEPENDENT APPROACHES (Fig. 1-7) to identify VARIANTS of genes or new CANDIDATE GENES,
respectively, in pathways for biodegradation of recalcitrant and xenobiotic molecules and thus,
the enzymatic diversity of microbial consortia in polluted sites: “Most current procedures to
identify genes for given catalysts in microbial communities are BASED ON SEQUENCE similarity to
known enzymes. In these cases, some information on the amino acid sequence of the pursued
protein or on the corresponding DNA is needed before setting out on the search for new VARIANTS.
Applicable techniques in this context include fluorescence in situ hybridization (FISH)
of radioactive or fluorescent oligonucleotide probes, straight PCR of environmental DNA or
RT-PCR of mRNA for amplifying target sequences and monitoring their levels of presence or
expression, and in situ RT-PCR to the same end. The use of DNA-dependent techniques, such as
those that are PCR or oligonucleotide based, enables environmental monitoring simultaneously
of the presence and activity of genes for biodegradative enzymes. A second class of approaches

Sequence independent

« Differential display (DD)

o Activity-based

« Stable isotope probing (SIP)
o Genetic traps

* Metagenome

Sequence dependent

Functional characterization

Identification of sequences relevant for biodegradation
and/or biotransformations

Fig. 1-7. General approaches for exploring the environmental biodegradation and/or biotransfor-
mation gene pool. Scheme modified from Galvao et al. (2005). See text 1.3.1.3 for details.
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attempts to identify environmental DNA segments that are cCANDIDATES to encode biocatalysts in
a SEQUENCE-INDEPEDENT fashion. These include cloning of genes expressed only in conditions of
induction (differential display, DD), direct detection of new reactions (optimally associated
to a color change in the substrate), density enrichment of the genomes of those members of the
community that metabolize a certain substrate labeled with 1*C (stable isotope probing, SIP) and
genetic traps to translate the desired enzymatic reaction into a selectable or scorable property of
the surrogate host of environmental DNA.”

Metagenome analysis is also SEQUENCE-INDEPENDENT and involves cloning DNA directly
from soil (Paul et al., 2005). Metagenome is the total genomic DNA derived from microbial
communities (Lynch et al., 2004) and metagenomics is the genomics of total microbial DNA
extracted directly from environments (Paul et al., 2005). In metagenome analysis, large genomic
fragments are cloned into bacterial artificial chromosomes (BAC), fosmids and/or cosmid vectors
such that the whole metagenome is represented by a finite number of screenable clones (Paul et
al., 2005). Efficient BAC shuttle vectors are now available for the construction of environmental
libraries in hosts such as E. coli, Pseudomonas and gram-positive Streptomyces (Paul et al., 2005).
Metagenomics has been successfully used to access the biosynthetic diversity of microorganisms
from varied environments (reviewed by Paul et al., 2005). Metagenomic profiling promises
enormous potential for identifying NOVEL ENzZYMES or pathways involved in the biodegradation of
poorly and inefficiently degraded pollutants.

1.3.2 Microbial communities and their catabolic genes as ecological indicators of
contamination

Nowadays there is a wide range of methods available to study microbial and catabolic gene
diversity in pristine and contaminated soils. Each method has its limitations and only provides
a partial picture of one aspect of soil microbial diversity. With our current knowledge, it is
impossible to evaluate the effectiveness of each method (Kirk et al., 2004). Thus, the best way to
study soil microbial diversity would be to use a VARIETY oF METHODS with different endpoints and
degrees of resolution to obtain the broadest picture possible and the most information regarding
the complex microbial community (Kirk et al., 2004; Kozdrdj & van Elsas, 2001).

In addition to the data presented in chapters 1.2.3-1.2.4, Lynch et al. (2004) and Kirk et
al. (2004) have also reviewed the research assessing the impact of pollution and agricultural
management on microbial diversity and community structure in soil using especially molecular
methods with different levels of resolution or using both traditional and molecular methods. The
results of these studies suggest that quantitative measures of microbial diversity and qualitative
analysis of community structure can discriminate between soil samples subjected to different
levels of pollution and be useful EcoLOGICAL INDICATORS of stress and perturbation, which are
often seen as reduced diversity (Lynch et al., 2004).

It is generally thought that a diverse populations of organisms will be more resilient to stress
and more capable of adapting to environmental changes (Kirk et al., 2004). It is not known what
reductions in diversity mean to ecosystem functioning and it is important for sustainability of
ecosystems that the LINK BETWEEN DIVERSITY AND FUNCTION be examined and better understood
(Kirk et al., 2004). Lynch et al. (2004) suggested that DNA and mRNA measurements should
be combined with the application of the proteomic approach to soil so as to have measurements
of protein expression in soil. This combined approach might give better insights into the links
between microbial diversity and soil functionality.
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2 AIMS OF THE STUDY
2.1 Research idea

There are thousands of oil-contaminated sites, e.g. old petrol stations, in need to be cleaned in
Finland. The success of inoculating soil directly with bacterial degradaders most efficient in labo-
ratory conditions has been a game of chance for bioremediation in nature. Instead, indigenous
bacteria already adapted to living in soil with plant roots and showing good competitive growth
could lead the way also to effective rhizoremediation. In this work, an agriculturally well-known
interaction between N, -fixing leguminous plant and bacteria was applied in a new context, biore-
mediation of oil-contaminated soils. Our model system was a perennial forage legume, goat’s rue,
Galega orientalis (Fig. 2-1), and its microsymbiont Rhizobium galegae bv. orientalis with other
rhizosphere bacteria. In addition to evaluate the intrinsic biodegradation potential of R. galegae
and other rhizosphere bacteria, we also tested the effect of a bioaugmentation bacterium Pseu-
domonas putida PaW85/pWWO0, which is able to degrade BTEX compounds effectively based on
the archetypal TOL plasmid pWWO.

Nitrogen fixing legume provides a supply of nitrogen in addition to other nutrients such as
carbon sources to rhizosphere bacteria, while some of these bacteria could protect the plant from
toxic effects by degrading oil compounds (Fig. 2-2). Therefore, rhizoremediation could work in
such a way that the legume stimulates bacterial proliferation and m-toluate (a model compound
of BTEX) degradation, which, in turn, might facilitate roots to grow deeper into the contami-
nated soil. BTEX biodegradation would also be accelerated based on the spread of rhizobacteria
with roots and the capability of TOL plasmids to naturally spread in oil-contaminated legume
rhizosphere, where plant roots offer a solid surface for conjugation. At the same time, plant roots
would physically improve the soil structure and aeration.

Fig. 2-1. Goat’s rue (Galega orientalis).
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The rhizoremediation of oil-contamianted soil based on the legume’s rhizosphere bacte-
ria would be a new, ecological, economical and aesthetical bioremediation method. The method
could easily be applied to sites with large area with fairly low level of contaminants. It was evi-
dent that the research, which would lead to a ready bioremediation application in situ, would be
too ambitious for a single dissertation thesis. In addition, there was no possibility for complete
chemical analyses during this work to confirm the removal of contaminants and thus, the suc-
cess of our bioremediation method. Therefore, the focus of this first thesis in our bioremediation
project was primarily on developing and subsequently applying molecular biological methods
for biomonitoring of rhizoremediation to get more information on the biological aspects behind

rhizoremediation.
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Goat’s rue, Galega orientalis,
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Nitrogen fixation by
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and aeration metabolic activities

Spread of
degraders

Fig. 2-2. Research idea about bioremediation in Galega rhizosphere.
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2.2 The main and specific aims
The main aims of the thesis were

1. To develop molecular methods for biomonitoring (III, V) and
2. To investigate biological phenomena during rhizoremediation of oil-contaminated soil
¢ Dby studying visible plant responses (I, III, IV) and
¢ Dby applying molecular biomonitoring methods for bacteria and their catabolic genes (III,
IV, V).

The specific aims of the research were

1. To evaluate in vitro and in greenhouse the potential use of the symbiotic Galega orientalis
— Rhizobium galegae interaction alone and in association with P putida PaW85 for the
rhizoremediation of oil-contaminated soils (I).

2. To develop molecular toolbox for grouping of heterogeneous rhizosphere bacteria (III) and to
design gene-specific primers for TOL plasmid detection (V). In addition, the need for a method to
detect other kinds of aromatics-degrading plasmids was obvious (V).

3. To study genetic diversity of culturable, m-toluate tolerating rhizobacteria by the developed
taxonomical characterization and identification methods (111, IV).
# toisolate indigenous m-toluate tolerating bacteria from oil-contaminated rhizosphere of G.
orientalis and thus, to establish a culture collection of rhizobacteria

4. To characterize the isolated rhizobacteria in relation to the degradation of oil compounds:
# to phenotypically characterize the ability of the rhizobacteria to degrade m-toluate (I11, IV)
and
¢ to detect and profile aromatics-degrading plasmids, specifically TOL plasmids, from
rhizobacteria (V).

5. To explore the potential rhizosphere effect (bacterial abundance and community composition)
of Galega orientalis in oil-contaminated soil in the field experiment (IV).

6. To monitor the horizontal transfer of TOL plasmids (V):
¢ to conjugate a TOL plasmid pWWO from the genus Pseudomonas to the genus Rhizobium
in order to combine BTEX degradation and N, fixation genes to the same bacterium and
¢ to indicate horizontal TOL plasmid transfer between rhizobacteria and thus, the gene
dynamics during rhizoremediation.

7. To monitor changes in the diversity of TOL plasmids and bacteria in rhizosphere communities
through direct DNA analysis (V).
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3 MATERIALS AND METHODS
3.1 Bacterial strains, cultivation and maintenance

Pseudomonas strains and E. coli were grown on tryptone yeast extract agar (TY) (Beringer, 1974)
or on R2A Medium (LAB M™) at +28°C for 1 d. P oleovorans was grown on ATCC medium
910 supplemented with 1% n-octane for 7 d. Rhizobium and Agrobacterium strains were grown
on yeast extract mannitol agar (YEM) supplemented with Congo red at +28°C for 2 d (Lindstrom
et al., 1983). Antibiotics and/or m-toluate were added for strain and/or TOL plasmid selection,
when appropriate.

A total of 50 m-toluate tolerating bacterial strains were isolated from a greenhouse rhizore-
mediation experiment from the oil-contaminated rhizosphere of Galega orientalis (Paper I1I).
These strains and their relevant characteristics are listed in Table 1 in Paper III. The strains were
grown and isolated on DEF8-based agar (Lindstrom & Lehtoméki, 1988), supplemented with
cycloheximide (CHX) to inhibit fungal growth, at +28°C for 2-3 d. Glucose, mannitol or rhizo-
sphere extract were used alone or in different combinations as carbon source. For some isolations
soil extract agar (SEA) containing glucose was used. The selective agent in all the media was m-
toluate, which was used in various concentrations.

A total of 208 bacterial strains were isolated from an oil-contaminated field experiment
with Galega rhizosphere (Paper IV). These strains were grown on m-toluate containing TY plates
incubated at +15°C for 7 d. In addition, DEF8-based minimal and rich media amended with root
and rhizosphere extract were in use. In contrast to the minimal DEFS, rich DEF8 contained also
glucose, mannitol and DEF-vitamin solution.

The bacterial reference strains used for aromatic hydrocarbon degradation are listed in Table
1 in Paper V. The characteristics of their degradation plasmids and genes are presented in Table 5a
in Paper V. Eight of the m-toluate tolerating strains isolated in Paper III were able to degrade m-
toluate. The identification of their extradiol aromatic ring-cleavage dioxygenase (EDO) harboring
degradation plasmids is presented in Table 5b in Paper V.

Bacterial strains were maintained on agar plates at +4°C. The strains were recultured on
fresh agar plates approximately every month. The strains were stored in corresponding culture
broth with 15% (v/v) glycerol at -70°C. For long time storage the strains were freeze-dried and
deposited in HAMBI, the Microbial Culture Collection at the Department of Applied Chemistry
and Microbiology, University of Helsinki, Finland.

3.2 Preparation of rhizosphere, soil and root extracts

Rhizosphere and soil extracts were prepared as described in Paper III. Root extract was prepared
according to Zaat et al. (1988) with the modifications made by Suominen et al. (2003) as follows.
Seeds of Galega orientalis were surface-sterilized by shaking in 70% ethanol for 30 s, three times
in sterile water for 10 min, once in 0.1% HgCl, solution for 5 min and six times in sterile water
for 10 min (Lipsanen & Lindstrom, 1988; Résédnen et al., 1991). Sterilized seeds were asepti-
cally transferred onto yeast extract mannitol agar plates (YEM) supplemented with Congo red
(R) (Merck; 25 mg/ml) (Lindstrom et al., 1985) and germinated in the dark at room temperature
for 2-3 d until the roots were about 1 cm long. Seedlings (3 per tube) were grown on a steel net
placed 3-5 mm above sterile 0.5 x Jensen medium (20 ml) (Vincent, 1970) in plant tubes (< 2
cm x 20 cm) so that the roots reached the Jensen solution. The shoots were grown in a growth
chamber (Sanyo Growth Cabinet) at +20°C with an 18-h light and 6-h dark period for 4-7 d until
the roots were 4-5 cm long. The shoots, net and seed shells were aseptically removed from the
tubes and the sterility of the root extract was checked by incubating an aliquot on YEMR plates at
+28°C for at least 4 d. All the extracts were stored at -20°C.
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3.3 Experimental design of the greenhouse and the field lysimeter experiments

A nitrogen-fixing leguminous plant, goat’s rue (Galega orientalis), and its microsymbiont Rhizo-
bium galegae bv. orientalis as well as intrinsic rhizosphere bacteria were used as the model
system for the bioremediation studies in this thesis. Pseudomonas putida PaW85 harboring the
archetypal TOL plasmid pWWO0 was added as a bioaugmentation bacterium to enhance the deg-
radation of oil (BTEX) compounds.

The greenhouse experiment was done in 9-1 pots with 20 seeds of G. orientalis. Plants were
grown in three different ways: no inoculation, seed-inoculation with R. galegae, or rhizobia-in-
oculated seeds with P, putida bioaugmentation in peat layer. Soils used were oil-contaminated soil
with 3% THC, m-toluate-polluted (2000 mg/1) agricultural soil, and uncontaminated agricultural
soil.

The experimental design of the field lysimeter experiments is shown in Fig. 1 in Paper IV.
This industrial oil-contaminated soil contained 200 mg/kg mineral oils. In the three-month field
lysimeter experiment also m-toluate (2000 mg/l) was added into this oil-contaminated soil (Paper
V).

3.4 Rhizosphere samples for direct DNA analysis

The analyses conducted directly at DNA level were performed with rhizosphere samples from a
three-month field lysimeter experiment (Paper V).

3.5 PCR primers
PCR primers and conditions used in this study are summarized in Table 3-1.
3.6 Methods

The methods used for specific purposes in this study are described in detail and thus, in easy-to-
repeat format in the original publications I and I1I-V, and they are summarized in Table 3-2.

3.7 Analysis of biological data

Computer programs used for bioinformatics in this study are summarized in Table 3-3.
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Table 3-2. Methods used for specific experimental purposes of the thesis.

Purpose/
Analysis

Set-ups of plant tests
in vitro
microcosms
mesocosms

surface sterilization of seeds

inoculations

gardening

Impact on plants

seed germination (ecotoxicological test)

survival of seedlings

viability of seedlings after restitution

growth

yield

root formation

root hair deformation and
infection threads

nodulation

Nitrogen fixation
nitrogenase activity

Soil physical and chemical analysis
soil type classification
dry weight
water holding capacity (WHC)
pH
conductance
organic C
exchangeable nutrients

Toxics in soil
metals

m-toluate

total hydrocarbons (THC)

mineral oils and petrolether
extractable compounds

Sampling of rhizosphere soil

Isolation, purification, classical characterization

and cultivation of bacteria
Development of isolation media
for rhizosphere bacteria

Selective plating

Subculturing

Classical characterization
colony morphology

cell morphology
cell wall structure
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Method
(equipment)

test tubes in growth chamber
pots in greenhouse
lysimeters in field

hypochloride

preparation of peat inoculants
bacterial inoculation of seeds
and soil

fertilization, watering, thinning

germination-%

survival-%

viable/non-viable

number of growth leaves

dry weight (DW) of shoots (+70°C)

root length and branching

bright-field microscopy after
staining with methylene blue

number of nodules

acetylene reduction assay, GC

particle-size analysis
mag/g fresh soil
WHC-%

CaCl, and H,0O method
10 x mS/em

% or mg/g DW

mg/l

mg/kg DW
GC-MS

gravimetric method (%)
gravimetric method (mg/kg)

earth drill (g 1 cm)

preparation of rhizosphere extract
preparation of soil extract
preparation of root extract

m-toluate in various concentrations
1% Tween 80 (non-ionic detergent)
stereo microscopy

phase-contrast microscopy
light microscopy after gram-staining

Described and used
in paper no.

\Y
\%
\%
\%

\Y
\%
v

Reference(s)

Vincent, 1970

Lipsanen & Lindstrom, 1988;
Résénen et al., 1991

Elomestari Ltd, Juva, Finland

Vasse & Truchet, 1984

Lindstrom, 1984 a, b

Elonen, 1971

Viljavuuspalvelu Ltd, Mikkeli,
Finland

Neste, Corporate Technology,
Analytical Research, Porvoo, Finland

SFS 3009, 1980
SFS 3009, 1980

Zaat et al., 1988;
Suominen et al., 2003
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Table 3-2 (continued)

Enrichment cultures

Enumeration of culturable bacteria
total plate counts
selective plate counts with m-toluate

Catabolic screening of bacteria
m-Toluate tolerance test
Utilization of m-toluate as the sole carbon source

Indirect detection of aromatics-degrading/
TOL plasmids
Catechol 2,3-dioxygenase (C230) activity

Antibiotics as selection markers
Natural antibiotic resistance test
Tagging of bacterial strains

with antibiotic resistance

Horizontal gene transfer (HGT)/
plasmid transfer between bacteria
Conjugations in vitro

in vivo

Stability test for plasmids

DNA extraction and purification
reference strains

rhizosphere bacteria

community DNA from rhizosphere

from denaturant gradient
polyacrylamide gel (DGGE)

Separation of DNA fragments
agarose gel electrophoresis (AGE)

DNA quantification
in AGE
spectrophotometrically

Molecular typing/grouping of bacteria
Genomic fingerprinting

Taxonomic ribotyping

DNA amplification by

polymerase chain reaction (PCR)
design of primers
specificity tests of primers

incubation of soil with m-toluate

CFU/g DW
CFU/g DW

maximal growth on agar | 11
maximal growth on agar 1

catechol spray test 11

antibiotic sensitivity assay on agar
spontaneous mutation

filter-matings on agar
detection by strain isolation and
plasmid characterization

subculturing

CTAB method 1l

CTAB method or 11
diatomaceous earth (Celite) method

combined GTC-CTAB method

Fast DNA® SPIN Kit for Soil
(B10101) and freezing-thawing

diffusion

DNA visualized under UV 11
after EtBr staining

comparison to DNA standards 1
GeneQuant RNA/DNA Calculator

rep-PCR with REP, ERIC 1l

and BOX primers

(GTG)s-PCR n

16S rRNA gene PCR-RFLP 1l

PRIMER 0.5
temperature-gradient PCR

\%
\%

\%
\%

<<

<<

<<

<<

Zukowski et al., 1983

Wilson, 1994

Wilson, 1994; Boom et al., 1990;
Heyd & Diehl, 1996

Wilson, 1994;
Chomczynski & Sachhi, 1996;
Nick et al., 1999

Muyzer et al., 1993;
@vreas et al., 1997

Sambrook et al., 1989

Sambrook et al., 1989

Versalovic et al., 1991, 1994;
de Bruijn 1992; Nick et al., 1999

Versalovic et al., 1991, 1994;
de Bruijn 1992; Nick et al., 1999

Weishurg et al., 1991;
Laguerre et al., 1994

(continued on next page)
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Table 3-2 (continued)

Detection of plasmids by PCR
xylE-PCR for TOL plasmids

C230-PCR for aromatics-degrading plasmids

Profiling of degradation plasmids
Amplified enzyme-coding DNA
restriction analysis (AEDRA)

Molecular monitoring of changes in the
function of bacterial community
Enhanced TOL plasmid detection

gene-specific primers
degenerated, group-specific primers

xyIE-AEDRA
C230-AEDRA

nested C230-xylE-AEDRA

Molecular monitoring of changes in bacterial

community structure
Denaturant gradient gel
electrophoresis (DGGE)

16S rRNA gene PCR-DGGE;
primers for V3(and V1-V3, V6-V9)
regions, SYBR™ Gold staining

Molecular identification by DNA sequencing

isolated bacterial strains

non-isolated bacterial strains
(DGGE fragments)

oil-degradation genes
Statistical analyses/hypotheses testing

one- and two-way analysis of
variances (ANOVA)

partial 16S rRNA gene 11 v

partial 16S rRNA gene

xylE and C230s

Microsoft® Excel 2000 1 \Y;

Table 3-3. Software used for bioinformatics in the thesis.

Bioinformative
purpose

Computer
program

GelCompar 4.1 fingerprint analysis

GCG package sequence analysis
FastA homology search
and global
sequence alignment
BLASTn homology search
and local
sequence alignment
PileUp multiple sequence
alignment
BLASTn 2 homology search

and local
sequence alignment

ARB package phylogenetic analysis

PRIMER 0.5 primer selection
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Source and/or Reference

Comparative Analysis of Electrophoresis Patterns;
Applied Maths, Kortrijk, Belgium; www.applied-maths.com

The GCG Wisconsin Package, Version 8.1-UNIX, August 1995;
Genetics Computer Group, Madison, WI, USA; www.gcg.com
(Accelrys GCG 11.0); usage through the Center for Scientific
Computing (CSC), Espoo, Finland

Pearson & Lipman, 1988

Nucleotide Query Searching a Nucleotide Database;
Altschul et al., 1990, 1997

Feng & Doolittle, 1987

Basic Local Alignment Search Tool;
National Center for Biotechnolgy Information (NCBI, USA);
www.ncbi.nlm.nih.gov/blast; Altschul et al., 1990, 1997

A Software Environment for Sequence Data; Munich, Germany;
www.arb-home.de; Ludwig et al., 2004

Computer Program for Automatically Selecting PCR Primers,
May 1991; MIT Center for Genome Research and Whitehead
Institute for Biomedical Research, Cambridge, MA, USA

<<

Junca & Pieper, 2003, 2004

Muyzer et al., 1993;
@vreas et al., 1997

Edwards et al., 1989;
Institute of Biotechnology,
University of Helsinki, Finland

Hayteknologisenteret i Bergen,
University of Bergen, Norway

Institute of Biotechnology,
University of Helsinki, Finland

Paper

1, v

i, v

1, v



Results and Discussion

4 RESULTS AND DISCUSSION
4.1 Potential of Galega orientalis for rhizoremediation of oil-contaminated soils (I)
4.1.1 Intrinsic m-toluate tolerance and degradation ablity of the model organisms

Axenic and Rhizobium-inoculated Galega orientalis plants were able to grow in the presence of
500 mg/l m-toluate. After paper I, we observed that R. galegae was able to tolerate even 3000 mg/
1 m-toluate after four days’ cultivation on DEF8 medium which contains mannitol as the energy
and carbon source. The inoculant P putida PaW85 was well able to tolerate 9000 mg/1 m-toluate.
It grew best when 2000 to 7000 mg/l m-toluate was present. The optimal growth was detected in
6000 mg/l m-toluate. In contrast to P putida PaW85, neither G. orientalis nor its microsymbiont
R. galegae were able to degrade m-toluate on DEF8 agar without mannitol or in Jensen tubes.

4.1.2 Plant responses under m-toluate stress in vitro

The germination of G. orientalis seeds decreased with increasing m-toluate concentration
illustrating the toxic effect of this aromatic compound. A m-toluate concentration higher than
500 mg/l inhibited Rhizobium-inoculated plants to grow and to develop roots. In general, the
roots were stunted and branched when grown in m-toluate. No nodules formed, and the root hairs
were deformed and swollen. No infection threads were present in the root hairs. In the highest m-
toluate concentration tested (3000 mg/1), most of the plants were viable. When transferred into m-
toluate-free medium, half of the plants began to grow normally and nodules developed on the new
lateral roots within three weeks. The presence of P putida PaW85 increased the tolerance level
of the Rhizobium-inoculated plants up to 1000 mg/1 via the degradation activity of Pseudomonas
(Fig. 4-1). The root hairs of these plants were deformed and nodulation occurred normally.

4.1.3 Plant responses to oil-contamination in the greenhouse

Germination of Galega seeds was reduced by 10-14% in oil (3% THC) or m-toluate (2000
mg/l) contaminated soil. After four months, the dry matter yield of G. orientalis plants showed
significant differences in growth between inoculant treatments but not between the soil types.
The Rhizobium-inoculated pots gave significantly higher dry matter yields in all soil types. The
presence of the P putida PaW85 incoulant reduced the growth slightly. Pseudomonas inoculant
was not necessary suitable for bioremediation because of this possible detrimental effect on the
plant (Paper II). However, the bioaugmented rhizoremediation with P putida PaW85 might be
beneficial at the level of rhizosphere, which was studied later (ch. 4.4).

Rhizobium-inoculated plants nodulated normally in all soil types. The acetylene reduction
assay showed that these plants were also able to fix nitrogen in all soil types. Root structure varied
in different soil types. In oil soil the roots first spread mostly laterally, while m-toluate caused
strong root branching similar to that observed in vitro. After the first reactions, the roots grew
normally producing strong broadly branched root systems reaching into the contaminated soil
layer. After four months, the m-toluate concentration in all pots decreased below the detectable
level, and the roots filled all pots by the end of the experiment.

4.1.4 The symbiotic Galega orientalis — Rhizobium galegae system as a promising method for
rhizoremediation of oil-contaminated soils

R. galegae was able to tolerate surprisingly high m-toluate concentrations. The growth and
nodulation of G. orientalis were sensitive to m-toluate in vitro but in microcosms with oil- or
m-toluate-contaminated soils plant growth and symbiotic functions were normal. The plant
developed strong rhizosphere both in oil- and m-toluate-contaminated soils. In Jensen tubes in the
presence of P putida PaW85, the growth and development of root nodules was restituted while

53



Results and Discussion

the contaminant concentration in the media decreased as a result of P putida PaW85 activity. In
soils, inoculation with P putida PaW85 reduced the plant growth slightly. The possibility that
microbial communities in the rhizosphere are involved in the protection of plants from chemical
injury has been an issue discussed in the literature of microbial degradation of xenobiotics
(Anderson et al., 1993; Radwan et al., 1995). Excellent degraders in vitro are not necessary the
best cooperation partners in natural environment (Kuiper et al., 2004). Most certainly, intrinsic
degraders will arise from the near vicinity of plant roots to be better adapted to benefit also from
aromatics. Taking into account the high aromatic resistance of R. galegae and the viability of
Galega plant in oil-polluted soils, the symbiotic legume system seemed to be promising method
for the rhizoremediation of oil-contaminated soils.

Fig. 4-1. M-toluate tolerance of Galega orientalis in vitro. Thirty-day-old seedlings were grown
in various m-toluate concentrations (from left to right: 0, 500, 1000, 2000, and 3000 mg/l) in
Jensen test tubes in the light chamber. Seedlings were inoculated with A. Rhizobium galegae
HAMBI 1174, and B. R. galegae HAMBI 1174 and Pseudomonas putida PaW85/pWWO.
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4.2 Genetic diversity of culturable, m-toluate tolerating bacteria in oil-contaminated
rhizosphere of Galega orientalis (I111)

4.2.1 Development of molecular typing methods for grouping of heterogeneous rhizosphere
bacteria

4.2.1.1 16S rRNA gene ribotyping

A minimal set of three restriction endonucleases (4/ul, Mspl, Rsal) was needed to detect
simultaneously a wide variety of bacterial genera in 16S rRNA gene ribotyping. Seven gram-
negative and six gram-positive ribotypes were revealed among 52 m-toluate tolerating bacteria
from oil-contaminated Galega rhizosphere. Different sets of enzymes may be needed to resolve
strains within certain species. Interestingly, 4/ul alone could be used to separate different genera
from each other. It could also, to some extent, differentiate strains even at species level inside the
genera Ralstonia and Pseudomonas. On the other hand, gram-negative and gram-positive bacteria
were slightly intermingled in computer-assisted analysis based on only AZul.

4.2.1.2 Genomic fingerprinting with (GTG), primers

(GTG),-PCR was the most useful rep-PCR method to group heterogeneous rhizosphere bacteria.
At the similarity level of 70 %, gram-negative and gram-positive strains were clustered into 11
and 12 (GTG),-groups, respectively. The groups represented different species. Species in the
same genera were grouped together but the location of the genera did not necessarily reflect their
phylogenetic relationships. Only Pseudomonas and Bacillus species were mostly interspersed
through the dendrograms demonstrating their heterogeneous genomic nature. In addition,
Ralstonia eutropha was divided into two (GTG),-genotypes, though grouped with 0.62 similarity,
and the Rhodococcus/Nocardia branch into four (GTG),-genotypes, which formed a group at the
0.39 similarity level.

Despite the careful standardization at all levels, the fingerprints even from the same strain
may vary so much that the similarity percents in dendrograms cannot be taken as absolute identity
measures. Instead, in this study it was shown that (GTG),-PCR genomic fingerprinting could also
be used to infer the degree of shifts in the community structure at species level. These results
are supported by the observation that the genomic structure of a bacterium, as deduced from its
genomic fingerprint, represents an accurate reflection of its taxonomic and phylogenetic position
based on total genomic DNA-DNA hybridization values (Rademarker et al., 2000). There are only
two previous reports on the use of the (GTG), primer for genomic fingerprinting: one on gram-
negative rhizobia (Nick et al., 1999) and another on gram-positive Lactobacillus (Gevers et al.,
2001). Based on the present study, (GTG), fingerprinting is recommend for both gram-negative
and gram-positive bacteria, though in separate analysis.

4.2.1.3 Molecular toolbox for studying genetic diversity of culturable rhizosphere bacteria
in oil-contaminated soil

(GTG),-genotyping proved to be a powerful method differentiating bacterial species. At the
same time, it separated even different strains among Pseudomonas oryzihabitans and Ralstonia
eutropha. It also revealed some intricacies in the naming of Rhodococcus/Nocardia and
Bacillus species like Giirtler et al. (2004) had noticed based on other methods. Similarly, the
heterogeneous genomic nature of Pseudomonas was revealed. Generally, the (GTG),-genotype
and the 16S-ribotype (or subtype) corresponded to each other very well representing a species.
In some cases, 16S-ribosubgrouping revealed more differences inside species than (GTG),-
genotyping, like in the case of Arthrobacter histidinolovorans. On the other hand, the restriction
endonucleases used might not be the best ones for all the genera (Rhodococcus/Nocardia). Thus,
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the information obtained from the single locus ribotyping and (GTG),-genotyping complemented
each other. When combined with selective partial sequencing of 16S rRNA genes, they offered
rapidly gainable and relevant phylogenetic information to be used in microbial ecology studies of
rhizosphere populations.

4.2.2 Identification and phylogenetic analysis of the isolated bacterial strains from oily
rhizosphere

High phylogenetic diversity was observed in the form of five major lineages of the Bacteria
domain: a-, - and y-Proteobacteria, and gram-positives with both high and low G+C%. Gram-
positive Rhodococcus, Bacillus and Arthrobacter and gram-negative Pseudomonas were the
most abundant genera. In the oil-contaminated rhizosphere, gram-positive bacteria dominated,
while the best m-toluate degraders were found among the genus Pseudomonas. The dominance
of either gram-positive or gram-negative bacteria in contaminated soil might depend on the toxic
compound and on the level of its toxicity (Sandaa et al., 1999b; Wagner-Débler et al., 1998).

4.3 M-toluate tolerance and degradation capacity of the isolated rhizosphere bacteria

Rhizosphere bacteria were isolated from the greenhouse (microcosms) (Fig. 4-2) and field
lysimeter (mesocosms) (Fig. 4-3) experiments.

4.3.1 Greenhouse experiment (I1I)

Only one-fifth of the strains that tolerated m-toluate also degraded m-toluate. Some of the tolerant
strains might be involved in the degradation of other hydrocarbons present in the oil-contaminated
soil, probably also in co-metabolising. The ability to degrade m-toluate by a TOL plasmid was
detected only in species of the genus Pseudomonas. Only one strain, Pseudomonas oryzihabitans
29 (H2397), was catechol positive and degraded m-toluate as efficiently as the inoculant P
putida PaW85 (H1828), which was not found in the rhizosphere samples. The reduction of the
catechol 2,3-dioxygenase (C230) activity in the other strains might indicate that the cell did
not completely support TOL functions after the reception of a TOL plasmid. On the other hand,
various TOL plasmids can have different C230 activity levels. Strain-specific differences in
degradation abilities were found for P oryzihabitans. In addition, Pseudomonas migulae strains
and a few P oryzihabitans strains were able to grow on m-toluate and most likely contained a
TOL plasmid. These findings were new and had not been reported before this study.

The best m-toluate degraders isolated in this study belonged to the genus Pseudomonas. Most
solvent-tolerant strains isolated have been found to belong to the genus Pseudomonas (Isken & de
Bont, 1998). Other genera, such as Bacillus (Abe et al., 1995) and Rhodococcus (Andreoni et al.,
2000), have also been shown to include solvent-tolerant strains. Several catechol 2,3-dioxygenases
have been found from different Rhodococcus species and strains (Candidus et al., 1994; Kosono
et al., 1997; Kulakov et al., 1998; Taguchi et al., 2004). However, according to the nucleotide
databases, the C230 genes of Rhodococcus were not closely related to the ones of Pseudomonas.
We showed that several gram-positive strains representing the genera Rhodococcus, Arthrobacter,
Nocardia and Bacillus tolerated very high amounts of m-toluate. Some Rhodococcus erythropolis
strains could even degrade m-toluate but not via the meta-pathway in the TOL plasmid. Thus,
various intrinsic degradation potential existed in the oil-contaminated rhizosphere.

4.3.2 Field lysimeter experiment (1V)
Only 10% of the isolated, m-toluate tolerating strains were able to degrade m-toluate. Most of the
m-toluate utilizing bacteria had the degradation pathway where C230 was involved indicating

the presence of a TOL plasmid. However, the breakdown of m-toluate by gram-negative bacteria
was not restricted to the TOL pathway. The others and also the gram-positive degraders may have
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another degradation pathway encoded in a plasmid or on the chromosome. In addition, only part
of the catechol positive degraders could use m-toluate as the sole carbon source indicating the
presence of a different kind of substrate specificity.

The amount of heavy tolerants might have favoured the higher proportion of m-toluate
tolerating bacteria in untreated and Galega-plus-Pseudomonas soils by transferring m-toluate
degradation plasmids. When isolates were grown on TY agar and thereafter transferred again on
TY-plus-m-toluate media, most of the isolates did not tolerate as high concentrations of m-toluate
as before. This may be due to the loss of a plasmid or parts of it containing the tolerance and/or
degradation genes (Bayley et al., 1977).

Most m-toluate degrading and catechol positive bacteria were found in soils where Galega
plant was growing, which may indicate an increased efficiency in oil biodegradation. For example
Sayler et al. (1985) have shown a correlation between the enhanced rates of PAH mineralization
in oil-contaminated sediments and an increase in the number of colonies containing DNA
sequences which hybridize to TOL (toluate oxidation) and NAH (naphthalene oxidation) plasmid
probes using the colony hybridization technique. In our study, however, the variation between
the bacterial counts obtained from different dilution series was high. Still, Palmroth et al. (2005)
recently showed that the utilization of diesel fuel by soil bacteria was higher in contaminated soil,
especially when vegetated, than in uncontaminated soil. In addition, diesel fuel disappeared more
rapidly in the legume mixture treatment (white clover, Trifolium repens and pea, Pisum sativum)
than in other plant treatments (Palmroth et al., 2002).

4.4 Rhizosphere effect of Galega orientalis in oil-contaminated soil (V)

The potential rhizosphere effect (bacterial abundance and community composition) of Galega
orientalis was explored in the field experiment. The hypotheses were that 1) the legume plant
increases bacterial numbers and diversity in oil-contaminated rhizosphere and 2) bioaugmentation
with conjugative Pseudomonas putida PaW85 increases bacterial diversity of m-toluate utilizing
bacteria in Galega rhizosphere.

4.4.1 The effect of Galega rhizosphere and Pseudomonas bioaugmentation on the bacterial
abundance

Galega orientalis but also Pseudomonas putida increased the overall number of bacteria in the
field experiment with oil-contaminated soil. G. orientalis especially together with Pseudomonas
bioaugmentation, increased the amount of m-toluate tolerants, which may indicate an increased

g A

Fig. 4-2. The

greenhouse Fig. 4-3. The field
experiment. lysimeter experiment.
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efficiency in oil degradation under these favourable rhizosphere conditions. In previous studies,
too, plant rhizosphere has been found to increase the bacterial concentrations (Pilon-Smits, 2005;
Salt et al., 1998; Atlas & Bartha, 1993; Lee & Banks, 1993). However, the observed effects
of bioaugmentation have been contradictory (Vogel, 1996). In this study, P putida PaW85 may
have increased the bacterial numbers by providing a conjugative plasmid, which helps other
bacteria to adapt to the oil-contaminated environment. The assessment of the benefits of P putida
bioaugmentation is complicated by many factors that also affect the bioremediation efficiency.
Significant factors may be physical and chemical properties of the soil, the properties of the
soil contaminants (bioavailability, concentration and toxicity), microbial ecology (predation and
competition), and the way in which the bioaugmentation is done (Vogel, 1996).

4.4.2 The effect of Galega rhizosphere and Pseudomonas bioaugmentation on the bacterial
community composition

Densities of rhizosphere bacteria can be two to four order of magnitude greater than in the
surrounding bulk soil (Pilon-Smits, 2005; Salt et al., 1998). According to Killham (1994) the
microbial diversity in the rhizosphere can also be lower than in the bulk soil. In the present study,
the rhizosphere of G. orientalis did not reduce the diversity of bacteria, since more different
ribotypes were found in the G. orientalis containing soils compared to the untreated soil. The
rhizosphere of G. orientalis seemed to increase the diversity of bacteria. However, the diversity of
the m-toluate degrading bacteria did not significantly increase. The number of different ribotypes
was highest in the bioaugmented soil and lowest in the untreated soil. In bioaugmented soils, also
gram-positive ribotypes were observed. This might indicate a positive effect of Pseudomonas
bioaugmentation to also activate gram-positive degraders. Notable is that P putida PaW85 did not
form any superior population in the soils.

Both gram-negative and gram-positive bacteria play important roles in oil degradation. In
this study, the phylogenetically identified strains P migulae and A. aurescens were able to degrade
m-toluate. Pseudomonas and Arthrobacter are genera commonly found in oil-contaminated soils
(Atlas, 1981). Representatives of both genera are also capable of producing plant stimulating
organic compounds (Atlas & Bartha, 1993). The communication, i.e. signal exchange, between
tolerant soil bacteria and plant might explain partly the favourable conditions prevailing in oil-
contaminated Galega rhizosphere.

An interesting finding was that only half of the strains representing P migulae ribotype
were catechol positive and able to degrade m-toluate as the sole carbon source and thus, most
likely contained the TOL plasmid. The horizontal transfer of degradative plasmids could play an
important role for rhizosphere bacteria to survive well in oil-contaminated soils (Sarand et al.,
2000).

4.4.3 Three aspects of the rhizosphere effect

The rhizosphere effect of Galega orientalis was manifested in oil-contaminated soil. The first
hypothesis was supported, since G. orientalis increased not only the total bacterial numbers but
also the numbers of m-toluate utilizing and catechol positive bacteria indicating an increase in
degradation potential. Also the bacterial diversity, when measured as the amount of ribotypes,
was increased in Galega rhizosphere. However, the diversity of m-toluate utilizing bacteria
did not significantly increase. On the contrary, the second hypothesis was not supported. The
bioaugmentation with conjugative P putida PaW85 did not significantly increase the diversity
of m-toluate utilizing bacteria in Galega rhizosphere. However, Pseudomonas increased the
overall bacterial diversity, especially the amount of gram-positive ribotypes. Pseudomonas
bioaugmentation could also increase bacterial numbers and especially together with Galega plant
the amount of m-toluate utilizing bacteria, which might have been triggered by conjugation. In
addition to bacterial numbers and diversity, a third sign of the rhizosphere effect was the fact that
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a part of P migulae strains (and P oryzihabitans strains) were able to degrade m-toluate as the
sole carbon source. This indicated that (a) conjugative plasmid(s) exists among the rhizosphere
bacteria. Taken all together, rhizoremediation seems to work in such a way that the legume
stimulates bacterial proliferation and m-toluate degradation, which may facilitate, in turn, roots to
grow deeper into the contaminated soil.

4.5 TOL plasmid transfer during bacterial conjugation in vitro and rhizoremediation of oil
compounds in vivo (V)

4.5.1 Detection of TOL plasmids by the designed gene-specific xylE-PCR

The gene-specific detection method, xyl/E-PCR, was designed in this work to detect TOL plasmids
(e.g. pWWO and pWWS53) (Fig. 4-4). It was important to verify in practice the strict annealing
conditions needed for xy/E-PCR to avoid false positives among the evolutionary similar genes
like nahH (Ghosal et al., 1987). The gene xylE encoding one of the key enzymes, catechol 2,3-
dioxygenase, within the meta-pathway on the TOL plasmid pWWO0 was chosen as the target of
the specific PCR reaction because catechol is one of the few key biochemical intermediates to
dissimilate a variety of aromatic compounds into the Krebs cycle (Assinder & Williams, 1990;
Houghton & Shanley, 1994). The catechol 2,3-dioxygenase and thus, the presence of a TOL
plasmid, was also determined indirectly through the visible end product in the catechol spray test.
Thus, we were able to detect both potential and active m-toluate degraders. In addition, the xy/E-
PCR was indispensable to detect the catechol 2,3-dioxygenase from yellow-pigmented bacteria
like Arthrobacter and Sphingomonas.

P, aeruginosa J1104, plasmids of which are undetermined, seemed to harbor a TOL plasmid.
In addition, a plasmid-borne phl/H gene was found from the reference strain P putida ATCC
11172 with degenerative C230 primers. According to Molin & Nilsson (1985), P putida ATCC
11172 has an uncharacterized meta-cleavage enzyme for phenol degradation. A new finding in
this study was that P putida ATCC 11172 harbored a C230 gene identical to phlH of P putida
H and, thus, most probably contained a PHE plasmid. P putida H is a (methyl)phenol/cresols
degrader harboring a 220-kb and conjugative PHE plasmid pPGH1, on which the ph/H gene is
situated (Herrmann et al., 1987, 1988, 1995; Lauf et al., 1998).

4.5.2 Monitoring horizontal plasmid transfer

4.5.2.1 In vitro transfer of a TOL plasmid from Pseudomonas putida to Rhizobium galegae;
Development of Rhizobium inoculants with dual function

Sinorhizobium meliloti Orange 1 was the first reported nodule-forming strain capable of
degrading dibenzothiophene (DBT) (Frassinetti et al., 1998). It was the first example of a
symbiotic Rhizobium, which has a metabolic pathway mechanism analogous to that described
for naphthalene degradation in other bacteria. This suggested the potential use of rhizobia
inoculants for bioremediation connected to a development of strains provided with dual
functions: degradation of contaminants and nitrogen fixation. In the present work, the conjugation
of TOL plasmid from Pseudomonas (y-Proteobacterium) into Rhizobium (o.-Proteobacterium)
was complicated because, firstly, Rhizobium produced exopolysaccharide that can function as a
physical barrier against the transfer process. Secondly, the donor was able to survive in this slime
despite the selection against it in matings. In addition, the Rhizobium transconjugants harboring
the TOL plasmid seemed to be unstable. This instability may arise from the location of TOL
catabolic genes in a 59-kb transposon (Assinder & Williams, 1990). Similarly, the TOL plasmid
seemed not to be stably maintained in Erwinia chrysanthemi (Ramos-Gonzalez et al., 1991). The
environmental pressure simulated by the mating selection with m-toluate did not help to obtain
Rhizobium transconjugants. Similarly, Pinedo & Smets (2005) found no positive effect on the
TOL plasmid transfer frequency by premating exposure to ethanol, toluene or phenol. Also the
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available in situ data of stimulatory effects of stresses on conjugation rates has been ambiguous
(Serensen et al., 2005).

Ramos-Gonzalez et al. (1991) did not observe any transfer of the TOL plasmid to Rhizobium
meliloti, Acinetobacter calcoaceticus or Alcaligenes sp. In the present study, 50% of the
conjugant candidates were transconjugants originally but only 12% of the candidates were stable.
These represented Rhizobium galegae bv. officinalis, not the symbiont R. galegae bv. orientalis
of our model plant Galega orientalis. 1t is unknow yet, whether the whole TOL plasmid had
conjugated from Pseudomonas to Rhizobium or a few degradation genes had integrated into the
Rhizobium s chromosome by transposition. The second possibility is supported by the fact that
the transconjugants did not grow with the antibiotics selective for the TOL plasmid and that they
were stable. However, the presence of the xy/E gene did not increase the capability of Rhizobium
to degrade m-toluate. Thus, no such Rhizobium transconjugants were produced, which would
have degraded oil and, thus, helped in that way the bioremediation process in rhizosphere with G.
orientalis. However, even non-degrading transconjugants may serve as a plasmid-reservoir, which
might facilitate the adaptation of the community upon encountering the corresponding xenobiotic
compound (Bathe et al., 2004). Additionally, they may permit transfer of the plasmid to recipients
that were not accessible by the initial donor strain.

4.5.2.2 Identification of aromatics-degrading plasmids among the bacterial strains isolated
from the oil-contaminated rhizosphere of Galega orientalis

The observed effects of bioaugmentation have been contradictory (Vogel, 1996). But an increase
in the frequency of catabolic plasmids within a community has often been observed in pollutant-
stressed environments (Sayler et al., 1990). In the present study, a few new m-toluate degrading
bacteria were characterized: pDK1-type TOL plasmids have not been found from Pseudomonas
migulae or P. oryzihabitans before. We also verified that P oryzihabitans 29 harbored the pWWO0
plasmid that most probably had conjugated from the bioaugmentation bacterium P, putida PaW§5.
Even if there are no ecological niches available for the bioaugmentation bacterium itself, its
conjugative catabolic plasmid or genes can have some additional value for other bacterial species
and for bioremediation. In addition, a pDK1-type TOL plasmid improved the ability of P migulae
(26a) to degrade m-toluate in comparison with a pDK1-type TOL plasmid in P oryzihabitans
(19a, 27b) or in the pDK1 in P putida HS1. Thus, the reception of different catabolic plasmids
seemed to be a method for intrinsic rhizosphere bacteria to increase their potential to survive in
oil-polluted soil.

Plasmids pWWO0 and pDK1 have been speculated to be the exceptions rather than the
rule in carrying only a single set of meta-pathway genes (Assinder & Williams, 1990). Many
independently isolated TOL plasmids from geographically diverse locations have carried two
genes for C230. For instance, the majority of the plasmids isolated from oil-contaminated soil
samples near Minsk, Belarus carried xy/-type genes highly homologous to those of pWW53
and organized in a similar manner with two distinguishable meta-pathway operons (Sentchilo
et al., 2000). In addition, opposite to the generally observed incompatibility rules, plasmids can
also enter cells that carry a closely related element (Thomas & Nielsen, 2005). According to the
background observed during sequencing of the C230 gene of the pDK1-type TOL plasmids,
P oryzihabitans 27b, 19a and P migulae 26a either carry two operons for the C230 gene (one
homologue to the archetypal xy/E gene) or they harbor a pWWO-type TOL plasmid in addition
to their pDK 1-type TOL plasmid. Plasmid isolation, cloning and sequencing would enlighten the
situation.

XylE-AEDRA was useful to genetically track one class of degradation plasmids, TOL
plasmids. In turn, C230-AEDRA was a suitable method to profile various C230 containing
catabolic plasmids. Since bacterial strains were selectively isolated from oil-contaminated
rhizosphere with variable concentrations of m-toluate, it was no surprise that all the catechol-
positive m-toluate degraders harbored a TOL plasmid. On the other hand, other C230 containing
bacteria could also have been detected because they were able to degrade m-toluate to some
extent. Thus, this study showed that TOL plasmids were a major group of degradation plasmids
in the oil-contaminated rhizosphere of Galega orientalis. Still, nahAc- and alkB-PCR revealed
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that the potential for degradation of also other oil compounds exists in our rhizosphere isolates
(Paper 1II).

4.5.3 Molecular monitoring of changes through direct DNA analysis during bioremediation
in the m-toluate contaminated rhizosphere of Galega orientalis

4.5.3.1 Diversity of TOL plasmids

The plasmid pWWO could only be detected at the beginning of the experiment in the treatments,
in which the inoculant P putida PaW85 was added (P, GP). At the beginning of the experiment, a
pDK1-type TOL plasmid could already be detected only in Galega-plus-Pseudomonas treatment.
Throughout the rhizoremediation experiment, a pDK1-type TOL plasmid similar to the one
found from the isolated P oryzihabitans 27b could be detected in all the samples indicating
the presence of effective intrinsic degraders to exist in the soil. However, like with isolates, the
possible existence of an archetypal/pWWO0-type TOL plasmid could not be excluded due to
overlapping patterning in AEDRA analysis. Alternatively, two homologous xy/E genes, one of
which represents the archetypal xy/E gene, might exist in these pDK1-type TOL plasmids.

Rhizosphere effect of G. orientalis was manifested during rhizoremediation experiment by
increasing the numbers of m-toluate utilizing and catechol-positive bacteria especially together
with Pseudomonas bioaugmentation (Paper IV). This indicated an increase in degradation
potential. Tuomi et al. (2004) observed, in turn, that the abundance of nahAc genes correlated
with the *C-naphthalene mineralization potential in petroleum hydrocarbon-contaminated soils.
At the end of our experiment, no TOL plasmid could anymore be detected in the soil treated with
both G. orientalis and P. putida PaW85. Most probably the detection limit for TOL plasmids
was encountered indicating decreased amount of degradation plasmids and, thus, the success of
rhizoremediation.

4.5.3.2 Bacterial community profiling

Diversity is composed of two elements, richness and evenness. The highest diversity occurs
in communities with many different species present (richness) in relatively equal abundance
(evenness) (Huston, 1994; Kapur & Jain, 2004). To assess effects of different treatments
(vegetation, bioaugmentation) under selective pressure (m-toluate contamination) on bacterial
community diversity, the richness and evenness of bacteria was detected according to the
number and thickness of DGGE bands, respectively. The strongest DGGE bands were supposed
to represent numerically dominant bacteria. However, it is possible that several tightly packed
DGGE bands can be observed as one strong DGGE band. In addition, some bands could be
strong because the 16S rRNA gene sequences they represent might be easier to amplify than
some other bands. With these limitations in mind, 16S rRNA gene PCR-DGGE was used to give
an overview of the bacterial diversity.

Palmroth et al. (2005) showed that the utilization of diesel fuel by soil bacteria was especially
high in vegetated, contaminated soil. In the present work, smear-like and tight patterning in
DGGE gels most probably indicated high richness of bacterial species in vegetated soils. In
addition, less dominant bacteria and, thus, more even bacterial composition was observed in soils
treated with G. orientalis compared to non-vegetated soils. More even distribution of bacteria
and thus, diversified communities may best guarantee the overall success in rhizoremediation
by offering various genetic machineries for catabolic processes. Different bacteria seemed to be
favoured in soils treated with either G. orientalis or Pseudomonas. This may indicate different
mutual benefits in these different co-operational contexts. Pseudomonas bioaugmentation seemed
to minimize changes in the diversity of the bacterial community both in non-vegetated and
vegetated soil. However, the bioaugmentation bacterium P. putida PaW85 did not seem to be
a dominant bacterium. In turn, the Galega plant seemed to minimize changes in the bacterial
dominance. These observations may indicate that both Pseudomonas and the Galega plant have
their influence to maintain certain populations in soil.
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It is well known that Pseudomonas play an important role in degradation processes of
m-toluate (Houghton & Shanley, 1994). Indeed, three dominant bands sequenced represented
different species of Pseudomonas. P. migulae, representing one dominant species in the
contaminated soil community according to DGGE gels, was also isolated and turned out to be an
excellent and a new type of degrader of m-toluate.

4.5.4 Applications for environmental biotechnology

In the era of direct DNA analysis we cannot forget the importance of the isolation and
characterization of bacteria and their catabolic plasmids. The findings in the Paper V suggest
that the intrinsic biodegradation potential of oil-polluted soil and the success of bioremediation
could be estimated by monitoring changes not only in the type and amount but also in transfer of
degradation plasmids and thus, as increased functional diversity within bacterial populations.
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5 CONCLUSIONS

The following conclusions summarize the main findings of this work in relation to the original,
specific aims when studying the microbiology of rhizoremediation:

1. Galega orientalis is a perennial plant, it has a large root system, and its cultivation practice is
optimized. All these characters are beneficial for a plant to be used in rhizoremediation. Based on
the high aromatic tolerance of Rhizobium galegae and the viability of Galega plants in oil-polluted
soils, the symbiotic legume system proved to be promising method for the rhizoremediation of
oil-contaminated soils. The use of G. orientalis for rhizoremediation purpose is unique in the
world.

2. Molecular biomonitoring methods were designed and/or developed further for bacteria
and their degradation genes. A molecular toolbox consisting of genomic fingerprinting with
(GTG), primers, taxonomic ribotyping of 16S rRNA genes and selective partial 16S rRNA gene
sequencing was developed for grouping of culturable, heterogeneous rhizosphere bacteria even
at species level. In addition, PCR primers specific for the xy/E gene were designed for TOL
plasmid detection. The sensitivity of the direct monitoring of TOL plasmids in soil was enhanced
by nested C230-xy/E-PCR. AEDRA analysis with one restriction enzyme (A/ul) was used to
profile both TOL plasmids (xy/E primers) and, in general, aromatics-degrading plasmids (C230
primers).

3. a) A culture collection of indigenous m-toluate tolerating bacteria from oil-contaminated
rhizosphere of Galega orientalis was established. These bacteria serve as reference strains
for molecular biomonitoring of culturable rhizosphere bacteria, individuals or consortia, and
a reservoir to study further different tolerance and degradation mechanisms for aromatics. b)
High (phylo)genetic diversity was observed among the isolated, m-toluate tolerating rhizosphere
bacteria in the form of five major lineages of the Bacteria domain. Gram-positive Rhodococcus,
Bacillus and Arthrobacter, and gram-negative Pseudomonas were the most abundant genera. c)
The inoculum Pseudomonas putida PaW85/pWWO0 was not found in the rhizosphere samples.
Even if there were no ecological niches available for the bioaugmentation bacterium itself, its
conjugative catabolic plasmid might have had some additional value for other bacterial species
and thus, for rhizoremediation.

4. Only 10 to 20% of the isolated, m-toluate tolerating bacterial strains were also able to degrade
m-toluate. The ability to degrade m-toluate by using enzymes encoded by a TOL plasmid was
detected only in species of the genus Pseudomonas, and the best m-toluate degraders were
these Pseudomonas species. Strain-specific differences in degradation abilities were found for
P oryzihabitans and P migulae: some of these strains harbored a TOL plasmid — a new finding
observed in this work, indicating putative horizontal plasmid transfer in the rhizosphere. The
breakdown of m-toluate by gram-negative bacteria was not restricted to the TOL pathway. In
addition, some catechol positive strains were not able to use m-toluate as the sole carbon source
indicating the presence of other aromatics-degrading plasmids. Several gram-positive genera
tolerated high amounts of m-toluate. Some Rhodococcus erythropolis and Arthrobacter aurescens
strains could even degrade m-toluate in the absence of a TOL plasmid.

5. Rhizosphere effect of G. orientalis was manifested in oil-contaminated soil. G. orientalis and
Pseudomonas bioaugmentation increased the amount of rhizosphere bacteria. G. orientalis
especially together with Pseudomonas bioaugmentation increased the numbers of m-toluate
utilizing and catechol positive bacteria indicating an increase in degradation potential. Also the
bacterial diversity, when measured as the amount of ribotypes, was increased in the Galega
rhizosphere with or without Pseudomonas bioaugmentation. However, the diversity of m-toluate
utilizing bacteria did not significantly increase.
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6. a) The archetypal TOL plasmid pWWO0 was conjugated in vitro from P, putida to R. galegae.
The xylE gene was detected both in R. galegae bv. officinalis and bv. orientalis, but it was neither
stably maintained in R. galegae bv. orientalis nor functional in R. galegae bv. officinalis. Thus,
no Rhizobium transconjugant with BTEX degradation genes was produced. b) TOL plasmids
were a major group of catabolic plasmids among the rhizosphere bacteria. The following two
observations might have indicated horizontal TOL plasmid transfer between rhizosphere
bacteria and thus, the gene dynamics during rhizoremediation. One P. oryzihabitans strain
harbored the pWWO plasmid that had probably conjugated from the bioaugmentation bacterium
P putida PaW85. In addition, some P migulae and P, oryzihabitans strains seemed to harbor both
the pWWO- and the pDK1-type TOL plasmid. Alternatively, they might have harbored a TOL
plasmid with both the pWWO0- and the pDK 1-type xy/E gene.

7. Changes in the diversity of TOL plasmids and bacteria were monitored through direct DNA
analysis. a) At the end of the experiment, no TOL plasmid could be detected in soil treated with
both G. orientalis and P putida PaW85. The detection limit for TOL plasmids was encountered
indicating decreased amount of degradation plasmids and thus, the success of rhizoremediation.
b) By using the 16S rRNA gene PCR-DGGE method, the highest richness of species was observed
in Vegetated soils and the distribution of bacteria was more even, i.e. more equal abundance of
species observed, in vegetated soils compared with non-vegetated soils, illustrating once again
the rhizosphere effect of G. orientalis. Diversified communities may best guarantee the overall
success in rhizoremediation by offering various genetic machineries for catabolic processes. Both
Pseudomonas bioaugmentation and the Galega plant seemed to minimize changes in the diversity
of the bacterial community; diversity in the soils without the plants or Pseudomonas fluctuated
more over time.
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6 FUTURE PROSPECTS

Molecular biomonitoring methods for both the bacteria (amount and community composition)
and their degradation genes (type, amount, expression, and transfer) are of great value in the way
understanding molecular microbial ecology behind bioremediation processes and thus, forming
the basis for environmental applications. The molecular biomonitoring methods could be applied
for several purposes within the environmental biotechnology: to make a diagnosis of the status of
contaminated soil, to map the genetic machinery of intrinsic microbes for degradation, to evaluate
the intrinsic biodegradation potential and to predict the development of the contaminated soil;
to be able to control and enhance the bioremediation process and; to estimate and monitor the
success of bioremediation. In the long run, the environmental protection by using nature’s own
resources and thus, acting according to the principle of sustainable development, would be both
economically and environmentally beneficial for society.

Microbial ecology studies the interactions between microorganisms and environment. When
encountering recalcitrant compounds, bacteria with different degradation capabilities would most
certainly benefit from co-operation. Therefore, the study of bacterial consortia as active biore-
mediation units and as possible inoculants is also important in the future. In addition, there is
too little information on plasmid dynamics in soil to estimate the significance of horizontal gene
transfer for the efficiency of bioremediation. Even systematic characterization of plasmids from
natural isolates has largely been neglected thus far. Also the stimulatory effect of stress factors,
e.g. oil compounds, on horizontal gene transfer in situ remains still ambiguous. Therefore, as
the next step to understand more about the molecular microbial ecology behind bioremediation,
we should pay attention to and study the whole mobilome (mobile gene pool, consisting of e.g.
plasmids and transposons) in oil-contaminated soil.
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