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Summary

Summary

Bacteria in the environment are constantly expaseaxkygen variations and
gradients as they occur, e.g., in aquifers, in ofial mats and the plant root and the
rhizosphere. Microorganisms living in polluted siteave the ability to process these
input signals in order to develop adaptive respstseurvive fluctuations of external

conditions.

The relative expression of catabolic genes undeillaing oxygen conditions,
from two toluene degrader bacteria capable of aertohuene degradatioseudomonas
putida mt-2 (contains the TOL plasmid pWWO0), and an anaier¢oluene degrader,
Thauera aromatica K172, was studied. The catabolic genes targetzéxylM andxylE
for P. putida andbssA andbcrA for T. aromatica.

The main results of this study can be summarisddllasvs:

1. Real-time PCR primer sets were developed in oméetect and quantify the
catabolic genesylM, xylE, bssA andbcrA in pure cultures, as well as in a
binary mixed culture ofPseudomonas putida mt-2 and Thauera aromatica
K172.

2. A decrease in the expression levelx@fM and xylE was observed under
oxygen limiting conditions whefseudomonas putida mt-2 was grown on
toluene as carbon source. Thus, oxygen is needadkisl of co-inducer for

the expression of the catabolic genes of the T@kmld.

3. The addition of oxygen tdhauera aromatica K172 cultures grown with
toluene as the carbon source immediately haltectt@ degradation, bacterial
growth and denitrification processes. A repressimin bssA and bcrA

expression was observed in the presence of oxygen.

4. Pseudomonas putida mt-2 is able to modulate the expressioxydM andxylE
according to the oxygen availability in the medbaring anoxic periods these
bacteria decrease the growth rate and the expres$ioatabolic genes to a
level which allow them to recover the activity whaxygen is present again in

the medium.



Summary

5. In mixed binary cultures ofP. putida and T. aromatica, submitted to
anoxic/oxic cycles, a regulation of catabolic gedepending on the presence
of oxygen was observed. After two oxic cyclesaromatica showed an up-

regulation of catabolic genes once oxygen was tegleyP. putida.

This thesis showed that catabolic gene expresdidnaomatica andP. putida is
affected by the presence or lack of oxygen. Morgoweth aerobic and anaerobic
bacteria are able to modulate the expression abot genes depending on the oxygen
availability. This fact allows them to react quigklith respect to catabolic gene
expression, once the favourable growth conditions gestored regarding oxygen
concentration. Additionally, bacteria showed sibiand physiological fithess under
unfavourable conditions regarding oxygen availapiliAll these findings give the
possibility to think about new approaches for hioeeliation, exploiting the idea of cyclic
aerobic-anoxic conditions to bioengineer pollutedess in order to accelerate

biodegradation processes.

-VI -



Zusammenfasung

Zusammenfassung

Bakterien sind in ihrer naturlichen Umgebung peremnmit variierenden
Sauerstoffgradienten, wie sie z.B. in Grundwasgerte mikrobiellen Matten und im
Wurzelraum von Pflanzen, der Rhizosphéare, existierkonfrontiert. Schadstoff-
abbauende Mikroorganismen haben zudem die Fahegkehtwickelt, sich mit Hilfe
adaptiver Mechanismen und der Regulation ihrerdaém Gene an die sich permanent

andernden Umweltbedingungen kontaminierter Staedorzupassen.

In dieser Arbeit wurde die relative Expression katar Gene unter oszillierenden
Sauerstoffkonzentrationen von zwei Schadstoff-abbden Bakterien, dem aeroben
Toluol-Abbauer,Pseudomonas putida mt-2 (der das TOL Plasmid pWWO0 enthalt), und
dem anaeroben Toluol-Abbau€erhauera aromatica K172 untersucht. Die katabolen
Gene waren dabaylM undxylE fur P. putida, sowiebssA undbcrA fiir T. aromatica.

Die innerhalb der Arbeit erzielten Ergebnisse Iasseh wie folgt zusammenfassen:

1. Real-time PCR Primer wurden entwickelt, um die katan GenexylM, xylE,
bssA und bcrA in Reinkulturen, sowie in Mischkulturen vdPseudomonas
putida mt-2 und Thauera aromatica K172 zu detektieren und zu

guantifizieren.

2. Unter Sauerstoff-limitierenden Bedingungen wurden dRickgang der
Expression vorxylM und xylE beobachtet, wen®seudomonas putida mt-2
mit Toluol als einziger Kohlenstoffquelle kultiviewurde. Sauerstoff ist
somit als eine Art Co-Inducer flur die Expression kiltabolen Gene des TOL

Plasmids erforderlich.

3. Die Zugabe von Sauerstoff zu anaerob kultiviertezllea von Thauera
aromatica K172 fihrte zu einer unmittelbaren Hemmung desudlabbaus
und der Denitrifikation, verbunden mit einer Regies der Genexpression
von bssA undbcerA durch Sauerstoff.

4. Pseudomonas putida mt-2 ist in der Lage, die Expression veyiM und xylE
an die Verfugbarkeit von Sauerstoff im Medium aremgen. Unter
anoxischen Bedingungen vermindern die Bakterienvifachstum und ihre

katabole Genexpression auf ein Niveau, das es iariaabt, sofort nach

-VII -



Zusammenfasung

erneuter Zugabe von Sauerstoff wieder aktiv zu emrdund Toluol

abzubauen.

5. In Mischkulturen vonP. putida und T. aromatica, die anoxischen/oxischen
Zyklen ausgesetzt wurden, konnte bei beiden Badtieeine Regulation der
katabolen Gene in Abhangigkeit von der Anwesenhaih Sauerstoff
beobachtet werden. So zeidtearomatica sogar nach zwei oxischen Perioden
eine Expression seiner katabolen Gene, sobald deer§toff vollstandig

durch die Aktivitat vorP. putida verbraucht war.

Die Ergebnisse dieser Arbeit zeigen, dass die Espya kataboler Gene vdn
aromatica und P. putida direkt von der Ab- bzw. Anwesenheit von Sauersatifhangig
sind. Zudem konnte gezeigt werden, dass sowohldieben als auch die anaeroben
Bakterien in der Lage sind, ihre Genexpression sehnell an die Verfigbarkeit von
Sauerstoff anzupassen. Diese Fahigkeit erlaubtheeni kurzfristig auf variierende
Sauerstoffkonzentrationen zu reagieren. Daribexusierwiesen sich beide Bakterien als
auf3erst stabil und physiologisch flexibel, um uteithiafte Bedingungen in Bezug auf
die Sauerstoffverfigbarkeit zu Uberleben. Mithitfieser Kenntnisse kdénnen basierend
auf einen gezielten Wechsel von oxischen und anbgis Umweltbedingungen
innovative Methoden zur Optimierung naturlicher Abpotenziale fir die Sanierung

kontaminierter Standorte entwickelt werden.

-VII -



Introduction

1. INTRODUCTION

1.1. Environmental pollutants: BTEX compounds

Accelerated industrialization combined with poor nagement practices has
caused widespread contamination of the environifantsoil, water). Contaminants may
accumulate, disrupt soil functions and pollute giband surface waters, thus threatening
drinking water supplies and aquatic ecosystemsowilicg to the European environment

agency the main soil contaminants in Europe aredogitbons (Fig. 1) (EEA, 2005).

Cyanide Others
5 %

1 %

Phenole
1%

Heavy metals
31 %

Aromatic
hydrocarbons (BTEX)
13 %

Chlorinated
hydrocarbons (CHC)
13 %

Palycyclic aromatic
hydrocarbons (PAH) Mineral oil
16 % 20 %

Figure 1. Main contaminants at industrial and commercialssatfecting soil in
Europe as % of totaCountries included in the study: Italy, Czech Réystria,
Sweden, Netherlands, Belgium-Flanders. Source: f&am environment
agency (2005).

Hydrocarbons are a family of compounds, which idelaliphatic and alicyclic
alkanes, alkenes, alkynes and mono- and polycyetlienatic hydrocarbons. The final
group, polycyclic aromatic hydrocarbons, includeesal low-molecular mass aromatic
compounds produced in nature e.g. aromatic amiits §tryptophan, phenylalanine and
tyrosine), quinones, flavonoids, phenolic compourtdsnins and lignin (Heider and
Fuchs, 1997). However, this group also includesribaly synthesized monoaromatic
hydrocarbons, which have been extensively us@ttimstry as a primary energy source.
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As a result of their extensive and intensive usematic hydrocarbons have become one
of the most common environmental pollutants presentterrestrial and aqueous
environments.

Benzene, Toluene, Ethylbenzene and the three isormkrXylene (Fig. 2),
commonly known as BTEX compounds, are normally tbumgasoline and they are high
volatile substances (Coates et al., 2002). BTEX ppmmds are water-soluble aromatic
hydrocarbons, e.g. the water solubility of benzeéakiene, ethyl benzene and m-xylene
at 20°C is 1780, 515, 152, and 200 mg/L, respdgtixan Agteren et al., 1998). For this
reason are highly mobile in the environment. Thelsemicals are used primarily as
solvents, or as starting materials in the synthedischemicals and drugs. These
substituted aromatics are economically important time chemical, petroleum,
pharmaceutical, polymer, paint and dye industriese large quantities of BTEX
compounds produced, stored and used until these edybits both high health risks to

human and the environment (Low et al., 1988).

58 A

Benzene Toluene Ethylbenzene
Hs Hz
CHs CH3\©\
CHs adts
o-Xylene m-Xylene p-Xylene

Figure 2. Chemical structure of BTEX compounds group.

Especially benzene and toluene enter the envirohthesugh aqueous discharge
of industrial effluents (from e.g. metal, paintxtike industries) and processes associated
with gasoline and petroleum fuels (Chakraborty @odtes, 2004). Additionally, toluene
is released into the atmosphere principally frora Wolatilization of petroleum fuels,
toluene-based solvents and thinners, and from nvetaicle exhaust (US-EPA, 1994). As
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consequence of its widespread use and subsequesduction into the environment,

toluene is considered to be a priority pollutant.

1.2. Remediation of contaminants: Microbial degrad#don

Since the elimination of contaminants is necessarthe continued sustainable
development of our society, remediation of contated sources has received special
attention in recent decades, and different methage been developed for the removal of
pollutants. Treatment of contaminated sites carclassified as biological, physical or
chemical, and usually a combination of these treatswresults in a more effective overall
strategy (Scullion, 2006).

One of the most important processes for the remasalpollutants is
biodegradation. Microorganisms, soil invertebraé@sl plants have been suggested as
possible agents for biological remediation, altHougost applications have focused on
microbial degradation (Lovley, 2003). Microbial dadation of aromatic pollutants is
essential in detoxification of wastewater and comtated soils. Additionally, this
process contributes to the global carbon cycleréfibee, different remediation methods
have been studied, developed and applied basedacterial degradation capacities.
Natural attenuation (NA) is one of the cost effeetimethods that has been used to
remediate soils and groundwater contaminated witbrdnt kind of pollutants (Baun et
al., 2003; Schirmer et al., 2006). This is a forhreamediation that relies on the natural
occurring biodegradation processes together widmital and physical processes that
proceed without human intervention (Scow and Hick805; Da Silva and Alvarez,
2007). However, removal of pollutants by NA is naity a slow process and therefore,
more active bioremediation methods are often faadyiDua et al., 2002). Enhanced
natural attenuation (ENA) and monitored naturaératbtion (MNA) are more active
methods than NA. ENA differs from MNA, in the serikat environmental conditions are
insofar optimised in such a way that microorganistas oxidize, bind, immobilize,
volatilize, or otherwise transform contaminants ijkeler et al., 2002; Lovley, 2003;
Cavalca et al., 2004; El Fantroussi and Agatho852Thompson et al., 2005).
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Effective bioremediation of BTEX under (natural)ya@c conditions is already
established in various systems, at some sites eweter relatively low oxygen
concentrations (Morgan et al., 1993; Olsen etl&195; Schirmer et al., 2003). However,
microbial respiration and the accompanying biolafi@rocesses during aerobic
biodegradation cause a decrease in dissolved oxygecentration in contaminated sites
(Olsen et al., 1995). Nevertheless, microorganiaresable to use different strategies for
complete degradation of aromatic compounds, depgnain the availability of oxygen.
Several aerobic and anaerobic microorganisms ablgegrade aromatic hydrocarbons
have been described (Evans et al., 1991; Andeas.,e1995; Rabus and Widdel, 1995;
Beller et al., 1996; Camara et al., 2007). Morepaerobic and anaerobic pathways for
aromatic compounds degradation and the respectimehymatic reactions have been
extensively studied (Heider and Fuchs, 1997; Chuttg and Coates, 2004; McLeod
and Eltis, 2008; Parales et al., 2008).

Microbial activity is highly site-specific becausenvironmental conditions,
concentration of microbial population, concentmasioof nutrients, and contaminants
differ for each site. Hence, bioremediation stregegshould be designed based on
knowledge of the microbial population present ia field, their degradation capabilities
and their response to different environmental cors (Diaz, 2004). However, still a lot
of information is missing and field studies shoblel complemented by microcosms or
pure culture studies in the laboratories (Lovley)03®. This makes the use of
microorganisms in bioremediation an empirical-bagedhnique and restricts the
possibilities of its implementation.

1.3. Detection of microbial activity in the envirorment

Together with laboratory studies, recent develogmef molecular methods,
stable isotope techniques and modelling systemgrm@anading some insights in how to
monitor biodegradation in the environment (Widatlale 2002; Scow and Hicks, 2005).
However, to date it is estimated that only 1% o¥iemmental microbes have been
identified and cultivated (Amann et al., 1995). 98 mainly due to the limited capacity
of researchers to set up the right conditions tbvade many environmental organisms in

the lab. There has been a continuous developmesgvetral molecular methods (culture-

-4-
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independent methods) targeting specific microbiacramolecules e.g. fatty acids,
proteins and nucleic acids in order to gain infdioraabout the variety, distribution, and
gene regulation of microorganisms involved for eplamin the process of pollutant
biodegradation (Kerkhof and Haggblom, 2008). The abtechniques like denaturing
gradient gel electrophoresis (DGGE) (Muyzer and 18nd998), terminal restriction

fragment length polymorphism (T-RFLP) or singleastt conformation polymorphism
(SSCP) (Schwieger and Tebbe, 1998) together withemecent developed techniques
such as fluorescence situ hybridization (FISH) (Amann et al., 2001) and $alsotope

probing (SIP) (Neufeld et al., 2007) may lead tdaob extended knowledge on the
composition and structure of bacterial communitesl to the exact determination of

organisms that assimilate specific contaminants.

Measurement of distinctive metabolites or stablbaa isotope ratios of residual
contaminants can be used to monitor bioremediatfocontaminated soils/groundwater
and to estimate the efficiency of a specific bioedmtion strategy. Recently, the
demonstration that the indigenous microbial comiiesiare capable of degrading the
contaminants and, that these communities are abtimdthe contaminated field has been
taken as an alternative method of proof (Pelz et 2001; Nijenhuis et al., 2007).
Additionally, molecular techniques focussing onabtatic genes that code for specific
pollutant degrading enzymes have become a relesjptoach to detect and quantify
specific degrading microbial communities (Belleragt 2002; Junca and Pieper, 2004;
Hosoda et al., 2005).

The necessity of describing microbial activity magde the use and development
of RNA-based techniques an important is®@h rRNA and mRNA concentrations have
been used to correlate bacteria with thieir situ activity. In particular mRNA
concentration is representative for genes thataateely transcribed. Therefore, it is
useful in order to monitor the activity of a furmial group of microorganisms
responsible for a certain process (Kerkhof and Hmgg, 2008). However, detecting and
quantifying mRNA is difficult because of its low meentrations and short half-life
(Widada et al., 2002). To study gene expression,ADMicroarrays and reverse
transcription (RT) Real Time PCR have been the mostmon molecular tools. DNA
microarrays can be used for phylogenetic analys&abolic gene studies or even

community genome arrays (Saleh-Lakhaa et ab528ndreoni and Gianfreda, 2007).

-5-
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Reverse transcription followed by PCR (RT-PCR) wsial is considered the most
sensitive method to detect low abundance mRNA. Riea PCR is based on the
processes like a conventional PCR. However, thredaottion of fluorescent technology
makes it possible to detect and quantify the PC&lywet during the reaction progress.
Some studies for the detection and quantificatibrtatabolic genes in environmental
samples have been performed (Widada et al., 206llerB2002; Hosoda et al., 2005;
Cebron et al., 2008)

Numerous environmental factors can activate orespgene expression and thus
modulate microbial activity. The soil, for exampiea very complex environment where
conditions such as nutrient concentrations, temperawater content, pH and oxygen
status are constantly varying (Saleh-Lakhaa et 2005). Bacteria in soil like
environments normally receive a wide range of dgnenore than the presence or
absence of a substrate, that determine the expresséicatabolic pathways and a whole
set of enzymes in accordance to the physiologicdlraetabolic status of the cell (Cases
and de Lorenzo, 2005). As it was previously stated,environmental factor that soil
microbes must cope with is fluctuating oxygen conidions. Some studies have
monitored the effect of fluctuating oxygen concatitms on gene expression involved in
denitrification processes (Baumann et al., 199@weler, there is a lack of knowledge
on the effects of oxygen levels on gene expressitmn soil environments conditions
(Saleh-Lakhaa et al., 2005).

1.4. Oxic-anoxic gradients in the environment

In the environment, consumption of resources andandtion of metabolic
products by spatially separated microbial popuietiare the driving forces for the
formation of gradients. Thus, the biosphere is radlyn not physicochemically
homogenous. In gradients where nutrients are thiirig factor, the microbial activity
tends to decrease or cease, whereas limited ermrgstrates, like oxygen, forces
organisms to change their metabolisms or even pesdwa shift in the community
structure. Molecular oxygen is an important redctanbiogeochemical cycles. The
solubility of oxygen in water is quite lofl0 mg L at 15°C) (Wilson and Bouwer,

1997) and this amount is rapidly depletan areas with high catabolic activity
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forming gradients. These oxygen gradients are faaindifferent scales in nature from

oceanic environments to the guts of some insect:Bet al., 2000).

Oxygen gradients can be also formed due to seasdmatges or daytime
variation. One example is the formation of oxygeadgents in microbial mats, where the
oxygen concentration increases during the day duephotosynthetic activity of
cyanobacteria (Grotzschel et al., 2004). Anothenroon example of oxygen gradients is
the plant root and the surrounding rhizospherentPlaots form a complicated three-
dimensional structure within the soil, which hetpdix the plant into the soil matrix and
additionally helps the plant acquire essential iants. Furthermore, the plant roots
exudes several sugars, organic acids, and amids #tat enhance microbial activity in
the rhizosphere (Kuiper et al., 2004). Initiallgetrhizosphere was defined as the zone of
soil immediately adjacent to legume roots, thatpsuts high levels of bacterial activity
(Hiltner, 1904). Currently, several definitions tife rhizosphere exist and it has been
divided in different zones (Morgan et al., 2005)xy@en released by the roots of
helophytes play an important role in the supply®»ygen to the microorganisms in the
rhizosphere (Wiel3ner et al., 2005). Helophytes tdexeeloped aeration systems, which
allow them to survive in water-saturated soils evgtlands or swamps. These plants
develop a porous tissue called aerenchyma, whiohexsis the roots with the emerging
parts of the plants allowing the transport of atpi@sic oxygen to the plant roots (Drew
et al., 2000). The degree of oxygenation dependdifferent factors, such as the plant
species or variety, the reducing power of the gapediment, the soil temperature, and
also the stages of root development (Brune et2800). A short-term dynamic of the
redox potential following the day/night changestle rhizosphere was observed in a
laboratory planted fixed bed reactor treating @&itif wastewater usinguncus effusus as
model plant (Fig. 3) (Wiel3ner et al., 2005). Theose potential fluctuated from —200 mV
during the night to oxidised conditions of +200 rdufring the day (Fig. 3). In addition,
variations in pH were observed, which are dependenthe dynamics of organic and

inorganic substances caused by light and redox[§déeet al., 2005).
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Oxygen (ug/L)/ Redox Potential (mV)
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Figure 3. Change in redox condition and oxygen concentradimng day/night
cycles in a special designed lab-scale reactorther treatment of artificial
wastewater.The bed-reactor was planted with sword-graksdus effusus).
Source:Modified from Wiessneet al., 2005.

The presence of gradients in the environment fontiesobes to develop adaptive
responses to survive fluctuations of external ciionl, e.g. the relative position of oxic-
anoxic boundary. One example of adaptive respanseaergy taxis, which allows motile
microorganisms to rapidly respond to changes imouarphysico-chemical gradients by
directing their motility to more favourable surralimgs (Taylor et al., 1999).
Furthermore, many oxygen-tolerant anaerobes areagapted to survive oxygen stress.
Even sulphate-reducing bacteria, which were expetdebe restricted to anoxic zones,
are present in the upper-oxic layer in marine sedis1(Sahm et al., 1999). An important
field of research in environmental microbiologytherefore the investigation of the effect
of temporal oscillations of oxygen on microbialiaity and interactions. Due to the high
complexity of microbial physiology that allow bagte to respond and adapt to
fluctuations in environmental conditions the use mire culture experiments to
investigate degradation processes in the envirohmme@bsolutely necessary (Brune et al.,
2000). Here, gene expression studies could helpdémtify and understand the
environmental conditions that influence the growtimicroorganisms and their ability to

express activities undem situ conditions.
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1.5. Microbial toluene degradation

As mentioned in section 1.1 above, the BTEX complsuepresent a large fraction of
the aromatic hydrocarbons in gasoline. Togetheh wie effect on human health, they
represent a serious threat to drinking water sappkor this reason the fate of toluene in
the environment, and the contribution of microldagradation to its removal has been
extensively studied (for a review see Paradbsal., 2008). Bacteria (aerobic and
anaerobic) and fungi have developed different pajfsato cope with the mineralization
of toluene. One of the most studied aerobic catalp@Ethways corresponds to the one
encoded by the so called TOL plasmid (pWWOPséudomonas putida mt-2 (Williams
and Murray, 1974), whereas toluene degradatioHayera aromatica K172 has been
the most well studied anaerobic pathway. In thiskwthese two microorganisms were
selected as model bacteria to study the effecvailability and variations of oxygen on
catabolic gene expression. A description of the raeisms and regulation of toluene

degradation in both bacteria is described in the tveo sections.

1.5.1. Toluene degradation byseudomonas putida mt-2

Pseudomonas putida mt-2, formerly named aBseudomonas putida (arvilla) was
originally isolated from a cultivated soil growirg o-, m-, andp-toluate (Nozaki et al.,
1963). It corresponds to a Gram-negative bacterfuom the gamma subclass of
Proteobacteria. Early studies demonstrated that this bacteriurbdwas a plasmid, which
encodes for the necessary enzymes for toluene dbggra, the so called TOL plasmid or
pWWO (Williams and Murray, 1974). pWWO0 (117-kb) asbroad-host-range plasmid
belonging to the IncP-9 incompatibility group tleain be transferred at low frequency to
other Gram-negative microorganisms besides pseudadso(Ramos et al., 1997). The
necessary genes for the catabolic pathway andaggulare encoded in approximately
40kb. The genes for toluene degradation on pWW®aganised into two operons (Fig.
4), the upper pathway operoxylUWCMABN, which encodes the genes for the
conversion of toluene to benzoate and the lowdnygay operonxyl XYZLTEGFJQKIH,
for conversion of benzoate to TCA cycle intermesBafFig. 5) (Assinder and Williams,
1990; Ramos et al., 1997).
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Figure 4. Operon structure and Regulatory circuits contngllexpression from
the TOL plasmid pWWO. Squares: XyIR; circles: Xyl®pen symbols:
transcription regulator forms unable to stimulasnscription; closed symbols:
forms able to stimulate transcription; +: stimuatiof transcription; -: inhibition
of transcription. SourcdRamoset al., 1997.

Due to its chemical stability, the initial actiiat of the benzene ring in the
toluene pathway is a crucial step. In the firspstef aerobic degradation oxygen is used
directly as a substrate, destabilising the aromiatig and preparing the molecule for
further metabolism (Fig. 5). The first enzyme inetifOL plasmid is Xxylene
monooxygenase (XylIMA), which has a substrate ranpat includes 1,2,4-
trimethylbenzene, 3-ethyltoluene, toluene, and and p-xylene, which all serve as
growth substrates fd?. putida mt-2 (Kunz and Chapman, 1981). Xylene monooxygenas
is a two-component enzyme consisting of XylM, a rbeame-bound catalytic component
with ferrous iron at the active site, and XylA, &ADH ferredoxin reductase (Suzuki et
al., 1991; Shaw and Harayama, 1992). Further, te@lugegradation results in the first
main intermediate of the pathway, benzoate, whihaken by the enzyme toluate
dioxygenase (XylXYZ) and transformed to the cormsting aldehyde, which is further
transformed to catechol (Fig. 5). Catechol is ohehe main intermediates of several
aerobic peripheral aromatic pathways. In the cdge putida mt-2 catechol is degraded
via the ‘meta-cleavage pathway” (Parales et al., 2008). ki gene in the TOL
plasmid encodes for the catechol-2,3-dioxygena23QJ, which catalyzes the cleavage

of the catechol ring to yield 2-hydroxymuconic seliehyde (Fig. 5).
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Figure 5. TOL pathway in P. putida mt-2. Intermediates: HMS, 2-
hydroxymuconic semialdehyde; HDD, 2-hydroxyhexadighe-1,6-dioate;
OHD, 2-oxohex-4-ene-1,6-dioate; OE, 2-oxopent-deate HO, 4-hydroxy-2-
oxovalerate. Enzymes: BADH, benzylalcohol dehydrogenase; BZDH,
benzaldehyde dehydrogenase; Toluate DO, toluateygimase; Toluate DD,
toluate cis-dihydrodiol dehydrogenase; C230, caikch,3-dioxygenase;
HMSH (HODH), 2-hydroxymuconic semialdehyde hydretasHMSD, 2-
hydroxymuconic semialdehyde dehydrogenase; 40T, xadborotonate
tautomerase; 40D, 4-oxalocrotonate decarboxylag#i GHPDH), 2-oxopent-
4-enoate hydratase; HOA, 4-hydroxy-2-oxovaleratedolake; ADA,
acetaldehyde dehydrogenase (acylating). Sotraelest al., 2008.

The XylE enzyme is a homotetramer of 35 kDa suisuiNakai et al., 1983) and
is only active when molecular iron is present (Bgd et al., 1989). Its substrate range
includes catechol as well as 3- and 4-methylcate@haraki et al., 1970). After the ring
cleavage, theameta-pathway is divided in two branches that allow alavi range of
substrates (Fig. 5). The cleavage products comiog f3-substituted catechols go
through the branch encoded by XylF (2-hydroxymucosemialdehyde hydrolase),
whereas catechol and 4-methylcatechol are mainlytalmésed through the 4-
oxalocrotonate branchxyGHI) (Harayama et al., 1987Pseudomonas putida mt-2 also
has a chromosomally-encoded catechol 1,2-dioxygef@s20) for the transformation of
catechol via theortho-pathway. C120 is inducible bgis,cismuconate (a product of
benzoate degradation), whereas the plasmid-enc@@3® is inducible by benzoate
itself, which is an intermediate in toluene metabul It has been observed tiragutida
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mt-2 utilizes preferentially thameta-cleavage pathway during toluene degradation
(Assinder and Williams, 1990).

Two main putative proteins regulate the gene trgotson of the TOL plasmid,
XylS and XyIR, which activate the promoter of theta-operon (Pm) and the upper-
operon (Pu), respectively (Fig. 4). The XyIR proté67-kDa) has significant homology
with the NtrC family of transcriptional regulatgiimouye et al., 1985, 1988) and the XylS
(36-kDa) is homologous to the AraC family of DNARding proteins (Spooner et al.,
1987; Ramos et al., 1990). The genes encoding tregpdators,xylS and xylR, are
located at the 3" end of tmeeta-operon and are transcribed from physically simiteart
functionally different promotersylS starts to be transcribed from its own promoter Ps
(two overlapped sequences Psl and Ps2) in the ibppiiection of themeta-pathway,
whereasxyIR starts to be transcribed from Pr (which is recsedibys’®) in the same
direction of thameta-pathway (Fig. 4).

The xylIR gene is constitutively expressed from its promatethe absence of
inducers (Inouye et al., 1985). When effectorsrarepresent, XyIR binds in its inactive
form to target DNA. However, XylR becomes activer@sponse to the upper pathway
substrates toluenen and p-xylene and their respective alcohols (Worsey et1#78;
Abril et al., 1989). Together witt>*-containing RNA polymerase and the DNA-bending
protein integration host factor (IHF) XylR inducése transcription from the upper
pathway operon Pu promoter (Ramos et al., 199¢) @i

xylS transcripts were found to initiate from two difet promoters, Ps1 and Ps2.
The expression from Ps1 promoter was induced iptasence of XyIR andixylene or
m-cresol (Inouye et al., 1987; Marqués et al., 1984llegos et al., 1996). While the
expression from Ps2 promoterd4-type promoter) was at a low constitutive leveleTh
expression from Ps2 produces an inactive form dEXyransformation to the activated
form of XyIS occurs through the presencenma-cleavage substrate (Marqués et al.,
1994) and after binding with’® or 6>, the transcription from Pm promoter starts. One
study suggested that Pm is transcribed either ®Y-aor 6> RNA polymerase depending
on the growth phase of the bacteria. In the earorential phases’® mediates

transcription okylS, but laters® acts as a mediator (Marqués et al., 1994).
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The XyIR protein is considered the master regulafdhe TOL pathway because
its active form it is also able to stimulate thgeession ofxylS from the Psl1l promoter
without affecting the constitutive expression frdme Ps2 promoter. Thus, XyIR is able to
induce the upper and lower pathway in the presehem effector (Fig. 4). WhexrylS s
transcribed from the two promoters (Psl and Ps2juyilibrium between the
active/inactive forms of XylS induces the expressaf the meta-pathway even in the
absence of an effector. This coordination of inaurcof theupper and themeta-cleavage
pathways results in an efficient degradation of #rematic hydrocarbon substrate

without accumulation of intermediates (Ramos ¢t18197).

1.5.2. Toluene degradation byrhauera aromatica K172
Only in the middle of the 80’s degradation of taslaeand benzene under

anaerobic conditions was conclusively demonstrgddgel and Grbic-Galic, 1986;
Grbic-Galic and Vogel, 1987). Since then, sevemdtéria have been identified which
have the potential to degrade BTEX compounds aba=ity (Beller et al., 1996; Jahn et
al., 2005). One of the most characterised anaertdlicene degraders i$hauera
aromatica K172 (Anders et al., 1995). This bacterium wadaigal from phenol-grown
cultures under denitrifying conditions and it wasscdribed as a facultative anaerobic
denitrifying bacteria belonging t@seudomonas sp. (Tschech and Fuchs, 1987). Later, the
growth of this bacterium on toluene as carbon sowed denitrifying conditions was
described together with the identification of beylzZB0A as metabolite of toluene
degradation (Fig. 6) (Altenschmidt and Fuchs, 199R) 1995, this bacterium was
taxonomically re-classified as a member of the Enawgenus and re-named dwmuera
aromatica K172 (Anders et al., 1995).

Thauera aromatica K172 is a Gram-negative bacterium from tieta subclass of
Proteobacteria. Thauera aromatica K172 cells are slightly motile rods (between 1@ a
2.5 um long and 0.5 to 1.5 pm wide) with roundedse(irschech and Fuchs, 1987;
Anders et al., 1995). These bacteria can grow usawgral aromatic and non aromatic
compounds as the sole carbon source. The substilatation depends on the presence or
absence of oxygen (Anders et al, 1995). For exempgbluene, phenol, 2-

hydroxybenzoate, benzaldehyde and benzylalcah®l only degraded in anaerobic

-13-



Introduction

conditions, while 3- and 4- hydroxybenzoate, 2-avheanzoate and benzoate can be

degraded in both aerobic and anaerobic conditidnddrs et al., 1995).
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Figure 6. Anaerobic toluene degradation pathway Tn aromatica K172.
Enzymes: BssABC, benzylsuccinate synthase; BbsEF, benzyiisate CoA
transferase; BbsG, benzylsuccinyl-CoA dehydrogenBbeH, phenyl-itaconyl-
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Several studies have focused on the elucidatidgheofnetabolic pathway used by
Thauera aromatica K172 for toluene degradation and the enzymatictreas involved.
After several hypotheses about metabolites formafiitenschmidt and Fuchs, 1991,
1992; Seyfried et al., 1994), Biegettal. reported that formation of benzylsuccinate from
toluene and fumarate is the first step in anaerdeigradation of toluene bihauera
aromatica (Fig. 6) (Biegert et al., 1996).

The glycyl radical enzyme benzylsuccinate synthasesponsible for the addition
of a fumarate molecule to the toluene methyl grnoughe first step of toluene degradation
pathway (Boll et al., 2002). The reaction startewlthe activated enzyme-bound radical
abstract a hydrogen from the toluene molecule &dya benzyl radical intermediate.
Recombination of this product radical with enzynoedbd hydrogen produces (R)-(+)-
benzylsuccinate. The genes encoding the three gsbointhe enzyme (BssA 98 kDa,
BssB 8.5 kDa and BssC 6.5 kDa) are grouped in amoopstructure which include a
fourth genebssD encoding the activating enzyme required to intoadthe glycyl group
into Bss (Hermuth et al., 2002). Transcriptionlod Ibss genes is initiated in front dissD
in response to the presence of toluene. A two comporegulatory system has been
described for théss operon calleddiSR genes (toluene degradation induction) (Leuthner
and Heider, 1998a) but the exact regulatory meshasare still unknown (Fig 7a).

Further oxidation of benzylsuccinate proceeds wiaodified -oxidation pathway
and produces succinate and benzoyl-CoA as a centeainediate (Leutwein and Heider,
1999, 2002) (Fig 5). A toluene induced operon afengenes, calletibs, encodes the
necessary enzymes for tReoxidation of benzylsuccinate (Leuthner and Heid&&00)
(Fig. 7b). Two of these genlahsA andbbsl, have an unknown function.
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Figure 7. (A) Operon structure containing the genes for beneglsate synthase
and toluene regulatory proteins. Sourdeeuthner and Heider 1998B)
Organisation of thébs operon encoding for thg-oxidation of benzylsuccinate.
Source Leuthner and Heider, 200¢C) Organization of genes involved in
benzoyl-CoA pathway iif. aromatica. SourceBreeseet al., 1998.

The main intermediate benzoyl-CoA is metabolised’bguera aromatica via 3-
hydroxypimelyl-CoA by the enzymes of the benzoylXQuathway (Breeset al., 1998).
The first enzyme of this pathway, benzoyl-CoA rddse, catalyzes the transfer of two
electrons to benzoyl-CoA to form cyclohexa-1,5-édncarbonyl-CoA. The hydrolysis
of two ATP molecules to ADP is necessary for theaation (Boll and Fuchs, 1995;
Unciuleac and Boll, 2001).A gene cluster that casgy eight genes transcribed in the
same direction and directly adjacent to each otvees found to encode the enzymes of
the benzoyl-CoA pathway (Breese et al., 1998) (Fo).

The regulation of anaerobic hydrocarbon degradapathways is not well
understood. More extensive expression studies baea carried out with the bacteria
Aromatoleum aromaticum Ebnl (Kuhner et al., 2005; Wohlbrand et al., 2007}he case
of Thauera aromatica it has been observed that key enzymes like ber2ofl reductase
have a high activity when cells are grown on aréenadmpounds, whereas peripherical
enzymes respond to the presence of specific stbstigleider and Fuchs, 1997).
Northern blot analysis usifgsC andbssB DNA probes have shown hybridization
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exclusively with total RNA of cells grown on toluelLeuthner et al., 1998b). This result
was confirmed later by Heidet al. (1998) who observed that benzyl succinate synthase
activity was only present on toluene grown cells.the same study, benzoyl-CoA
reductase activity was detected in cells grown ostrof the aromatic compounds studied
like toluene, benzoate, phenol, 4-hydroxybenzoaid 2-aminobenzoate. However, no
activity was detected when cells were grown in pinesence of glutarate and acetate
(Heider et al., 1998). As enzymes involved in aober toluene degradation are very
sensitive to molecular oxygen the existence okastl one oxygen regulatory protein is
presumed. At present, this regulatory protein hatsbeen defined iThauera aromatica
(Heider and Fuchs, 1997). Axoarcus sp. strain CIB, it was shown that the expression o
the clustebzd for anaerobic catabolism of benzoate is underrobof a transcriptional
repressor BzdR, but also a transcriptional activAgpR which activates the promoter of
the cluster under anoxic conditions (Durante-Ragriy et al., 2006). InThauera
aromatica, it has been observed that general metabolic eegyane not regulated by
oxygen availability. Meanwhile, a down-regulatiohpyotein synthesis of benzoyl-CoA
reductase was found as a response to the presénmeygen (Heider et al., 1998).
However, trace amounts of inactive enzyme weré dgtilected by immunological assay
in aerobic conditions, suggesting that cells maingabasal level of enzyme expression

probably to rapidly response to changes in therenmental conditions.

-17-



Goal of the thesis

2. GOAL OF THE THESIS

Pollutant degrading bacteria are known to possesrakgene regulatory systems
in order to respond and adapt to environmental gbsinHowever, so far, there is a lack
of knowledge on the dynamic regulation of catabgknes in conditions with changing
oxygen concentrations as occurring in many natwavironments such as the

rhizosphere.

The aim of this thesis was therefore, to studyitfieence of oxygen availability
and oscillations on the expression of catabolicegesf the aerobic and anaerobic toluene
degrading bacteriaPseudomonas putida mt-2 and Thauera aromatica K172. The
expression of the key genggM, xylE, bssA andbcrA participating in the aerobic and
anaerobic toluene degradation pathways, respegtiwelre the target genes in this study.
xylM gene encodes one of the subunit of xylene monamage, which catalyses the
hydroxylation of the carbon side chain of toluefbe xylE gene encodes for catechol
2,3-oxygenase, which catalyses the transformatiozatechol, the main intermediate of
aromatic aerobic catabolic pathways, to 2-hydroxgomic semialdehyde. The anaerobic
counterparbssA (the large subunit of benzyl-succinate synthasé)barA (a-subunit of
benzoyl-CoA reductase) catalyse the transformatiotoluene to benzyl succinate and
the transformation of the main intermediate benfiyA, respectively. Real-time PCR
appeared to be the most suitable method to quageifye expression. With this method, a
relative quantification analysis was performed #&mel gene expression under different

oxygen availabilities was monitored.

The experimental work consisted of batch culturesh wure cultures of the
investigated bacteria, growing on toluene as cadmnce, to study the effect of oxygen
availability on gene expression. In order to surtbg recovery of catabolic gene
expression oP. putida, a batch growth where fresh oxygen was injectéet af temporal
lack of oxygen and a continuous fermentation onLasBale were carried out to simulate
the day/night cycle of oxygen depletion as occgrimthe rhizosphere. Finally, a binary
culture was established in order to study the gepression oscillation and interaction
between aerobic and anaerobic toluene degradensitsedh to anoxic/oxic cycles.
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3. MATERIALS AND METHODS

3.1. Solutions and Media

3.1.1.P. putida agar plates media

100 ml
25 ml
5ml
18 g

Solutionl
Solution 2

Solution 3

Agar

Adjust the volume to 1 L with distilled water

Table 1. Composition of the solutions foP. putida agar plates.

Solution 1* Solution 2! Solution 3

5¢ (NH)2SQ, 70g NaHPO,x 2H,0 800 mg Na-EDTA

1g MgCix 6H,0 20g KHPG, 300 mg FeCl

0.5¢ Ca(Ng,x 4H,0 4 mg CoC}x 6H,0
10 mg MnC} x 4H,0
1mg CusSQ
3 mg NaMoO, x 2H,0O
2 mg ZnC}
0.5mg LiCl
0.5mg SnGlx 2H,0
1mg HBO;
2mg KBr
2mg Kl
0.5mg BaCl

1The volume of all solutions were adjusted to 1 ingdistiled water
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3.1.2.Thauera aromatica K172-Medium (TAM media)

50 ml TAM A solution

0.3 ml TAM B solution

0.36 ml KNG Stock solution

0.5 ml Trace elements solution
0.25 ml Vitamin solution

Table 2. Composition of solutions foiT hauera aromatica K172-Medium (TAM media)

Trace elements

solution SL-10 Vitamin solution

TAM A -solution

1.632g KHPO, 5.0ml  HCI(25 %) 25mg  Vitamin B12
11.840g KHPO, 0.75g FeGIx4H,0 25 mg Pantothenic acid
35mg 2ZnC} 25mg Riboflavin
Add 1L with distilled water 50mg MnC}x 4H,0 5mg Pyridoxamine-HCI
TAM B -solution 3mg  HBO; 10mg  Biotin
35 NHCI 95mg CoCJx6H,0 10 mg Folic acid
1329  MgSQx 7H,0 1mg CuCjx2H,0 12.5mg Nicotin acid
16g CaGix2H, 12mg NiChx 6H,0 12.5mg Nicotin amide
18mg NaMoO,x 2 H,0 25mg  a-Lipoic acid
Adjustthe volume to 0.4 L 25mg  4-Aminobenzoic acid
with distilled water
Add 495 ml distilled water 25mg  Thiamin-HCIx 2O
KNO ;-stock solution
28 ¢ KNQ Add 500 mL distilled water

Adjustthe volume to 0.1L
with distilled water

20 % Di-Sodium Succinate Solution (w/v)

20 g Di-Sodium Succinate

Adjust the volume to 100 ml with distilled water
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3.2 Bacterial strains and growth conditions
3.2.1.Pseudomonas putida mt-2

For the maintenance of the bacteRa,putida mt-2 was regularly transferred to
milieu-agar plates (see section 3.1) and toluen® wgad as a carbon and energy source.
Toluene was provided in the gas phase of anaejatsi¢Anaerocult, Merck). Plates were

incubated at 30°C for approximately two days andest at 4°C until usage.

As inoculum of the kinetic experimentB, putida mt-2 was grown in 250 mL
screw cap flasks containing 50 mL TAM media (ddsexli forThauera aromatica K172,
see section 3.1) and succinate as carbon and esergge. Bacteria were grown in
aerobic conditions on a rotary shaker at 30°C ardrfm.

For kinetics experiments 120 mL flasks containifigrsL of TAM media were
used. Since define oxygen concentration were neatlesblutions were flushed with
nitrogen to make them anaerobic, except for thdassk$ in completely aerobic
conditions. Teflon stoppers and metallic crimpsevesed to close the flasks. A desired
volume of oxygen was injected into the flasks adowy to each experiment as well as the

toluene as carbon source.

3.2.2. Growth ofP. putida mt-2 in Fermentor
Two kinds of experiments were done using a 5 L &eror (Labfors small

fermenter systems, Infors AG, Switzerland) with tcolled oxygen conditions (Fig. 8):
Fed-batch experiment and a continuous fermentatibime final volume of the

fermentation was 2 L.

The reactor was filled with 1700 mL of TAM mediadaautoclaved for 30 min at
121 °C. During the fermentations toluene was usedasbon source in concentration a
range of 1.1 + 0.1 mM (measured in the liquid phaseluene was constantly added to
the fermentor, through the gas phase. For thisoreas external Schott flask filled with
200 mL toluene was flushed constantly withdd air (depending on the experiment) in
order to saturate the gas phase with toluene. Usiihgw-meter allowed a constant flow
of toluene entering the reactor (0.6 L/min). Thenperature used in all reactor

experiments was 30 °C, with stirring at 300 rpm H#relpH was fixed at 7.3 (adjusted
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with 5 % HPQOy). The parameters controlled on line by the reasene: temperature, pH,
dissolved oxygen (p£), CO,, and Q, using Iris NT software (Infors AG, Switzerland)

(Fig. 8).
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Figure 8. Schematic representation of the experimental geifl abfors® 5L
fermentor.1: flow meter to adjust air or nitrogen flow into tene evaporator
(0.6 L/min), 2: toluene evaporatoB: exhausting gasi: Stirred tank reactof:
flow meter to adjust air or nitrogen flow into trermentor (3 L/min).

°

I
o0
o
F:

As inoculum for the fermentation experimen®s,putida mt-2 was grown with
succinate as carbon source using a 500 mL Sclask fiilled with 150 mL of TAM
media. The bacteria were incubated at 30°C andrp@bduring approximately 30 h to
get a culture in stationary phase with optical dgn(®D), measured at 560 nm, of 1 A (1
x 10° cells mL™Y).

Before inoculation, a couple of hour’s equilibratiovas necessary to get
temperature constant and to get a homogeneous rdcatoen of toluene in the reactor.
During the fermentation experiments samples to too®D, toluene concentration, ATP
content and RNA extraction were taken. The expartmas started by adding 150 mL of
the inoculum with an OD 1 (1 x 1@ells mLY) through a rubber septum in the reactor.
Immediately after inoculation the samples corresiponto zero hour sample was taken.

In the continuous fermentation experiments with amtimuous carbon source
supply, a feed bottle containing fresh TAM mediakeep bacteria growing constantly

was additionally prepared. When the bacteria inféhmentor reached an OD (measured
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at 560 nm) of 0.3-0.4 (3x204x1@ cell mL™) the feeding with fresh sterile TAM media
was started at a rate of 0.13 Huring the aerobic cycles and 0.00754diter one hour of
anaerobic conditions. The same volume of culture piamped out with a second pump

as waste to keep constant the volume of the reactor

3.2.3.Thauera aromatica K172
For the maintenance of the bacteridauera aromatica K172 was regularly

transferred to 120 ml anaerobic flasks containiAgrd of TAM media and benzoate (5
mM) as carbon source and 20 mM KN&s electron acceptor. The bacteria were grown
at 30°C and shaken at 145 rpm. Every 72 hours, Ironh the growing culture was
inoculated in another anaerobic flask containingslity prepared media, allowing

continual bacterial growth and conservation.

For the kinetics experiments usifigaromatica, an inoculum in TAM media and
acetate as carbon source in anaerobic conditiossus@ed. The cells were incubated at
30°C and shaking at 145 rpm during approximately @4get a culture at the beginning
of the stationary phase. The experiments startéd avi initial OD (560 nm) of 0.060 (6
X 10" cells mLY). Benzoate, acetate or toluene was used as casbarce at
concentrations of 5 mM, 6 mM and 0.5 mM, respetyivend 20 mM KNQ was used as
electron acceptor. The cultures were incubateddt &nd shaking at 145 rpm until the
sample was sacrificed for sampling. To study thecefof oxygen in the gene expression
of the catabolic genebssA andbcrA, concentrations of 0.68 or 1.63 mM (1 mL or 2.4
mL, respectively) of oxygen were injected into thatures after 9 h of anaerobic growth
on toluene. After the corresponding incubation tiiféerent aliquots were taken for OD
(560nm) measurement, toluene concentration measmtemitrate (N@) and nitrite

(NOy) analysis and RNA extraction.

3.3. Analytical methods

3.3.1. Toluene
Toluene concentrations were measured using gasneltography coupled with a
flame ionization detector (GC-FID). For teatali reasons the analysis was done in

two different gas chromatographs: HP serie689 (Agilent technology) and gas
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chromatograph Chrompack CP-3800 (Varian, The Nkthds). The injection was
automated using an HP 612904 and HP 7694 headspswesampler (Hewlett Packard,
Palo Alto, Calif.), respectively. For each instrurn@n adequate calibration curve was
prepared. The temperature program used with theBBiPéquipment was as follows: 70
°C, 2 min; 30 °C mitt until 260 °C, hold 2 min. The program used with tBhrompack
CP-3800 instrument was: 100 °C, 1 min; 50 °C mimtil 225 °C, hold 2.5 min. Other
parameters like injection temperature 220 °C, FéDedtion temperature 250 °C, and
constant pressure 10.0 psi were the same in be#sc@he respective columns used were
30-m by 0.32 mm HP-5 column (Hewlett Packard, Pdto, California, USA) and 30-m
by 0.53-mm GS-Q column (J&W Scientific, Waldbron@ermany). 1 mL of liquid
sample was taken from each culture flask or froenfénmentor and injected in headspace
vials, which were previously flushed with heliunddad 50 pul 50% BPO, and closed
with a Teflon-coated butyl rubber septum. Until themples were measured with gas
chromatography, the vials were stored at 4°C. Tdrecentration (mg/L) of toluene was

subsequently plotted against time.

3.3.2. Dissolved Oxygen measurement
The concentration of dissolved oxygen in the medwas measured using planar

oxygen sensor spots (Planar Oxygen Sensor SpofeRseGmbH; Fibox 3 Oxygen
Meter, PreSenes GmbH). At each sampling point ibsoted oxygen concentration was
registered every second during one minute and ekalts were displayed using Oxy
view-PsT3-V 5.41 software (PreSens GmbH). Each oreasent point corresponds to

the average of the data collected during one minute

For the oxygen limited growth studies, the TAM needias first deoxygenated by
flushing it with nitrogen and finally autoclavedol®wing this, a known volume of
oxygen (2.73, 1.63, 0.68 mM) was injected into thdividual flasks to achieve the
desired dissolved oxygen concentration based onligum between the aqueous
solution and the headspace. To estimate the irati@unt of dissolved oxygen in the
flask when the experiments start, in other worde,amount of oxygen that bacteria have

available to start degradation, a calibration cwes prepared (Fig. 9).

For the calibration curve, six different volumespafre oxygen were injected in

anaerobic flasks containing 50 mL of TAM media. Tlasks were incubated for 12h at
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30°C and shaking at 145 rpm, after that time trssalved oxygen concentration was

measured.

0.309
0.255
o.2o§
o.15§

0.10

Dissolved oxygen (mM)

0.05

0.004 - : ; . .
0 2 4 6 8 10
O,injected (mL)

Figure 9. Calibration curve to determine the equivalenceadfime injected into
dissolved oxygen concentration in equilibrium. Brént volumes of pure oxygen
were injected in 120 mL flasks containing 50 mLT@&M media. The flasks were
incubated at 30°C and shaking at 145 rpm after it2libation dissolved oxygen
concentration was measured using planar oxygerosspsts.

Approximately 4% of the injected oxygen was preserihe liquid phase, except
for the lowest volume injected (1 mL=0.68 mM) wh&@ of the oxygen was dissolved
in the media in equilibrium conditions. In fully @bic conditions the maximum
dissolved oxygen measured was 0.26 mM (in theserewpntal conditions). For the
experiments where dissolved oxygen was measuredeito point value was determined
as the amount of dissolved oxygen in equilibriuncoading to the calibration curve
performed.

3.3.3. ATP

To determine the energy state of the cells, an A3%ay was performed. One mL
of sample was taken and transferred to a 2.0 mleigbqrf tube containing 250 pL ice-
cold 1.3 M perchloric acid solution (23 mM EDTA)h& sample was immediately
vortexed to stop cell metabolism. After incubatfon15 min at 4°C in perchloric acid the
samples were centrifuged for 7 min at 13,000 rpm @% mL of the supernatant was

transferred to a pre-cooled tube with 300 pL icket@mtassium hydroxide solution (0.72
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M KOH and 0.16 M KHCGQ) to adjust the pH of the sample (pH of 7-7.7). Bla® were
centrifuged for 7 min at 13,000 rpm, and the sugiamt was transferred to a new clean
tube and stored at -20 °C until ATP measurementdea®. If necessary, the pH of the
sample was corrected with either potassium hydeogidperchloric acid.

The concentration of ATP was determined with an AftKBioThema, Sweden).
The analysis is based on the reaction catalysedutifjerase (Fig. 10), an enzyme
occurring in fire flies. In this reaction free ATdnd luciferin is transformed into light, as
a result the amount of emitted light is proportioteathe amount of free ATP that was
present in the original sample.

free ATP + D-luciferin> Adenyl-luciferin + PPi
Adenyl-luciferin + Q - Oxyluciferin + AMP + CQ+ hv

Fig. 10. Scheme of luciferase catalyzed reactibree ATP and luciferin are
transformed into adenyl-luciferin and pyrophosphé®®i). Further, adenyl-
luciferin reacts with oxygen to form oxyluciferiight, CO, and AMP.

Before analysis the samples were thawed and oggdf at 10,000 rpm for 10
min. The ATP concentration was measured using awébblack-white well microtiter
plate. The measurement was carried out by a spdaitometer (Victor2 Wallac, Perkin
Elmer Life Sciences GmbH) that pumped 50 pL D-krf in each well containing either

buffer or sample. The formed light was measuregbatnm.

The ATP concentration was calculated using equdtion

A=l - (ATPxr xD.F (eq.1)
ol bl
Where,
Catp: Concentration of ATP (mol/L)
(ATP)st: ATP concentration of the standard (mol/L)
[1: light intensity of the sample
I2: light intensity of the sample with internal ATRsdard

D.F: dilution factor
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To standardise between samples the concentratisrcalaulated per dry weight

(nmol mg* D.W.) of bacteria.

3.3.4. Nitrate and Nitrite concentrations
Nitrate (NQ) and nitrite (NQ) concentrations were measured using ion

chromatography (DX 500, Dionex). The column usedtfe analysis was an lonPac
AG4A-SC (4x50 mm und AS4A-SC 4x2501). The injectamslume was 2%l and the

elution buffer consists of 7 mM NaHGQOL.8 mM NaCQOs. The samples were analyzed
using an UV-Detector set up at a wavelength of @h5 2 mL of sample was taken from
each flask and transferred to an Eppendorf tube.sBEmple was centrifuge for 15 min at
12,000 rpm. The supernatant was collected in aactean tube and kept at -20°C until the

samples were analyzed.

3.4. Molecular biology methods
3.4.1. Real Time PCR

To monitor the relative expression xyiM andxylE genes of. putida andbssA
and bcrA of T. aromatica, real time PCR was used. This method is used feNA
quantification or to detect small changes in gexgression. Previous to real time PCR
reaction it is necessary to perform a total RNAlason from samples and cDNA
synthesis by reverse transcription. The obtainedADan be use as template for the real

time PCR reaction.

Real time PCR is based on processes like a comwvehtPCR. However, the
introduction of fluorescent technology make possitile detection and quantification of
the PCR product while the reaction progresses. eThee different fluorescent markers
that can be used in real time PCR. In this workDN&A-binding dye SYBR Green | was
used, which is a molecule that binds non-speclfidal double-stranded DNA (dsDNA)
(Sharkey et al., 2004). This molecule has backgidluorescence when it is in solution,
but the fluorescence increases a 1,000 fold whebinds to dsDNA. During PCR
reaction, the amount of DNA product increases egptally, so will the fluorescence
signal of SYBR Green. In the beginning of the reatthe increase in the fluorescence is
not yet detectable because of the background #gerece. However, when the amplified
double stranded DNA product cross the thresholtedy@), during the PCR reaction, the
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fluorescence becomes detectable. Lowerallies (closer to zero) indicate a high amount

of template (MRNA in this case) in the sample aicd versa.

When using real time PCR it is necessary to findalid reference for the
normalisation of the obtained data from differeatngples (Fleige et al., 2006). Different
parameters can be used for normalisation, e.ga] ®NA concentration, initial cell
number or a reference gene. All of them have diffedisadvantages and a continuous
discussion is taking place to define the best esfeg gene. Housekeeping genes are
usually used as reference genes in real time PCRy Bre normally expressed in
abundance and it is assumed that they have constanéssion or at least are minor
regulated. For bacteria the most common referermee gs 16SrRNA as internal

calibrator of the samples.

In general, there are two methods of quantificatianalysis: absolute
quantification and relative quantification. An alhde quantification is used to quantify
unknown samples by interpolating their quantitynira standard curve. It should be
based on an external or internal calibration cuarg] it is used when values like copy
number in the initial sample are needed (Arya et 2005). A relative quantification
analysis is used to analyze changes in gene exmmess a given sample relative to
another reference sample, for example, relativeease or decrease compared to baseline
level, in gene expression in response to a tredtmeim time.The first mathematical
model described for relative quantification is aksmwn as the\ACt method (Livak and
Schmittgen, 2001). To use this method is not necgss perform a quantitative standard
curve. The normalised amount of target gene instmaple relative to the normalised
calibrator is given by the equatiof*®", where AACt = ACt targetACt calibrator and
ACt is the difference of Ct values of the targetegand the reference gene. A calibrator is
defined as a single reference sample used as this fta relative fold increase in
expression studies. This method supposes equalifeepdn efficiency between the
primers for the reference gene and the target gemeish means that the product is
exactly doubled after each cycle. In reality thigcefncy of the reaction will be different
between the different primer sets. An adaptatiotheAACt method has been described
known as relative-fold method (Pfaffl, 2001) (e}. 2
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R = _(_EtarqeaACt' target (calibrator — test) (eq' 2)

ACt, ref (calibrator — test
(R ( )

The efficiency (E) of the reaction can be determiosing a calibration curve of a
dilution series of cDNA (no quantification is nedgle The efficiency of one cycle
reaction should be calculated in the exponentiaghsphof amplification using the

expression E= 1g/s°r®)

During this work the 16SrRNA gene was used asefarence gene and the
expression of four catabolic genes involved in ¢okl degradation b¥yseudomonas
putida mt-2 andThauera aromatica K172 (arget genes) were monitored under different
redox conditionstést). According to the objective of each experimerst estcalibrator

was chosen.

3.4.2. RNA extraction
RNA extraction fromP. putida andT. aromatica was done using RNeasy mini kit

(Qiagen, USA). Grown cultures were vacuum filtenesing 0.2 um filters (PALL
Corporation, USA) in order to getl0' cells on the filter. The filter with bacteria on i
was transferred to a 50 mL falcon tube and wash#d2vmL of RNA protecting reagent
(Qiagen, USA). The buffer with the cells was transd to a 2 mL Eppendorf tube and
centrifuged for 10 min at 8,000 rpm. The superrnateas discarded and the pellet was
stored at -20°C until RNA isolation took place.

The RNA extraction was done following the manufaetunstructions with some
modifications. The pellet was resuspended in 700RLT Buffer (Qiagen, USA)
containing 7ul of B-mercaptoethanol, and transferred to a bead beatbwy chilled on
ice for 2 min and lysed using a Fast Prep instrum@astPrep FP120, Savant
Instruments, Inc.) for 20 sec at a speed of 6.@. fUbes were incubated on ice for 2 min
and centrifuged for 1 min at 14,000 rpm. The sugkm was transferred to a new tube
and 600 pL of ethanol 70% was added. The mixture tnansferred in two steps to an
RNeasy column (Qiagen, USA) and centrifuged forsg&s at 12,000 rpm to bind the
RNA to the column. 350 puL of RW1 buffer is added #ine samples were centrifuged 15
sec at 12,000 rpm. Subsequently 60 pL of DNasster mix (50 pL RDD (Qiagen,
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USA) and 10 pL DNasel (Qiagen, USA) per sample) wdded to the column and
incubated at room temperature for 15 min. Afteritoid of 350 pL of RW1 buffer,

another incubation at room temperature for 5 mlloweed. Centrifugation for 15 sec at
12,000 rpm and the flow-through was discarded. EQOof RPE buffer was added,
succeeded by centrifugation for 15 sec at 12,000 apd again the flow-through was
discarded. The column was centrifuged for 1 miiZ000 rpm to get rid of all RW1

buffer and transferred to a new collection tube.rdsuspend the RNA 35 pL of RNase
free water was added to the column and incubatedl fonin at room temperature.
Centrifugation for 1 min at 12,000 rpm followed. ellhesuspended RNA (5 pL) was
checked using 1.2% agarose gel. According to thegemit was determined whether a

second DNA digestion was necessary.

To ensure that RNA was free of DNA contamination, alditional DNase
treatment was performed. To a 30 pL sample 3 phubfer (10x) and 2 pL of soluble
DNase (Ambion, USA) was added. Incubation was dan&7 °C for 30 min. After
incubation, the DNase was inactivated by adding |[BL5of inactivation reagent and
incubation for 2 min at room temperature under iomoius shaking followed by
centrifugation for 2 min at 10,000 rpm. The finghmple containing the RNA
corresponds to 25 pL of the supernatant. 2 pL wipda was transferred to another tube

for RNA guantification. The samples were storeeR@t°C

3.4.3. RNA quantification
In order to have an equal amount of total RNA tdgren reverse transcription,

quantification of the RNA was necessary. RNA quaation was done using Ribogreen
as fluorescent dye (Invitrogen, USA) according tannrfacturer instructions. 2 pL from
the total RNA extraction were diluted 1:100 with T& buffer before to loading them in
the microtiter plates. A calibration curve betwdka ranges of 0 ng/mL to 1,000 ng/mL
was performed and loaded together with the sanmiplde same microtiter plate.

95 pL of each sample was loaded into a 96 well dstah opaque plate in
duplicates. Background fluorescence was measur@dféerwards 100 pL of RiboGreen
reagent was added to the wells, mixed and incubfae® min. The fluorescence was

measured at a wavelength range of 485-525Smactramax Gemini EM, Molecular

-30-



Materials and Methods

Devices Corporation). The RiboGreen reagent watepted from light throughout the

whole procedure.

To calculate the RNA concentration in each sanfhlerescence background was
subtracted from the fluorescence measurement. Tieined values were used to

calculate the concentration in ng/mL using thebzation curve.

3.4.4. cDNA synthesis
Total RNA (100ng per sample) was used to syntkesBNA by reverse

transcription reaction using the Omniscript kit #@en, USA). Each reaction (20 pL )
contained: 2 pL 10X Buffer, 2 uL dNTP mix (5mM each uL RNAse inhibitor (10U/

puL), 2 uL hexamer random primers (100 uM), 1 pL @uoript reverse transcriptase
(Qiagen, USA) and the corresponding amount of RNAOQg). For each sample a
control reaction was performed without reverse dcaiptase as a control for possible

DNA contamination.

The aliquoted RNA samples (100 ng) were incubatedsfminutes at 65 °C to
denature possible secondary structure of the RNiferwards the samples were placed
on ice immediately and 7.2 pL of the correspondmagster mix was added. The reverse
transcription reaction took place at 37 °C for 6@utes. Control samples were submitted
to the same procedure. Samples were stored aC-20til usage.

3.4.5. Primer optimisation
Since real time PCR is a very sensitive techniqypee&ious optimisation of the

primer system should be done in order to get ridiabsults. Several primers were
designed using the Primer3 program
(http://biotools.umassmed.edu/bioapps/primer3_wwiyfor the target geneg/IM, xylE
and 16SrDNA ofPseudomonas putida mt-2 andbssA, bcrA and 16SrDNA ofThauera
aromatica K172 (Table 3).
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Table 3. Primer sets for optimisation of Real Timé?CR method.

Primer name  Gene Sequence (5°- 37) Tm (°C)
Tol-912 xylM gat gcc ttc gct ctt tgt gt forward 57.3
Tol-F xylM tga ggc tga aac ttt acg t forward 56.5
Tol-R xylM ctc acc tgg agttgc gta c reverse 58.8
cat-F xylE cga cct gat ctc cat gac cga forward 61.8
XylE-340 xylE ggg cat cac ttc gag ttg ta forward 57.3
XylE-691 xylE ctg atc tcc atg acc gac ac forward 59.4
cat-R xylE tca ggt cag cag ggt ca reverse 55.2
XylE-536 xylE tgt tcg gcc aga tag aaa cc reverse 57.3
XylE-834 xylE ttt gtg gtc cgg gta gtt gt reverse 57.3
16Sput-42 16SrRNA agc ttg ctc ctt gat tca gc forward 57.3
16Sput-493 16SrRNA tag aga ggg tgc aag cat ta forward 57.3
16Sput-411 16SrRNA caa ggt att aac tta ctg ccc reverse 55.9
16Sput-606 16SrRNA gcc agt ttt gga tgc agt tc reverse 57.3
Bss-276 bssA gca cgg att gaa gaa cat cc forward 57.3
Bss-F bssA acg acg gcg gca ttt ctc forward 58.2
Bss-929 bssA ggt tca cct tce tga tet gc forward 59.4
Bss-459 bssA gat ctc ctg ggc ttc ctt g reverse 58.8
Bss-R bssA gca tga tcg gca ccg aca reverse 58.2
Bss-1029 bssA gat cac gct cgc ctt gta gt reverse 59.4
Bcr-461 bcrA tgc aga tcg gtg aag aag tg froward 57.3
Bcr-780 bcrA gca cct gat gta tcc gaa ga forward 57.3
Ber-1111 bcrA atg tcg atc atc tcg cgt tc forward 57.3
Bcr-1137 bcrA ctt cgc cgt agt ttt cct tg forward 57.3
Bcr-587 bcrA Cgg aac ttg cga ttc atg reverse 54.5
Bcr-890 bcrA cggtcgttcatctggaagtt reverse 57.3
Bcr-1236 bcrA ctg cac ttc gcc gta gtt tt reverse 57.3
16Sar-602 16SrRNA cgt ttg tga ctg caa ggc ta forward 57.3
16Sar-1279 16SrRNA gtc tgc aac tcg act acg tga forward 59.4
16Sar- 785 16SrRNA gtt tag ggc gtg gac tac ca reverse 59.4
16Sar-1402 16SrRNA gtc tgc aac tcg act acg tga reverse 59.8
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3.4.6. Real Time PCR reaction
SYBR Green was used as a fluorescent dye and itpnesent in a commercial

reaction buffer RT2 gPCR Master mix (SuperArray).PER reaction mix of 2L
consisted in: 12.1l RT2 gPCR Master mix, 0.pl of each primer (final concentration 0.5
uM), 10.5ul H,O, and 1ul template (cDNA). The used PCR program is desdriime
Table 4.

Table 4. PCR Program used to amplify cDNA using iCgler (BioRad) real time PCR.

Cycle Time Process
Step number Temperature
1 1 95 °C 10 min  Activation of Hot Star Taq
Polymerase
2 40 a) 95 °C 15s Denaturation of cONA-double
strand

b)58-63°C 60s Primer annealing/ Data

acquisition
3 1 a) 95 °C 60 s
b) 55 °C 60 s
4 80 From 55 °C 10 s Temperature increasing
0.5 °C/Cycle,

Melting curve data acquisition

Triplicates of each sample were loaded in a 96 plalle. As negative control to
detect any possible DNA contamination of the us@&tARsamples, a cDNA reaction
without reverse transcriptase as described abowe leaded per sample. Six blanks
containing only the master mix were also used gpeement. After the real time PCR, 5
uL of sample was loaded on a 2% agarose gel tckdhecsize of the obtained products
and possible contamination present in negativercbrnd blanks. The DNA was

visualised using ethidium-bromide staining.
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4. RESULTS

4.1. Optimisation of growth conditions and Real tine PCR

4.1.1. Bacterial growth conditions
The first step in this study consisted to find dp¢imal conditions of growth for

each bacterium in order to set up a mixed cultunechvallows toluene degradation and
growth of the two model bacteri®seudomonas putida mt-2 andThauera aromatica
K172. The capacities d?. putida to degrade high concentrations of this aromaticesa

in optimal grown conditions have been described #iso known that anaerobic bacteria
in general are less resistant to high concentratudrsolvents and additionally have more
requirements to be cultivated. Therefore, the bof P. putida to grow on the TAM
media (originally described fdar. aromatica (section 3.1)) using toluene as carbon source
was tested (Fig. 11).

0.60 1
0.50 ]
0.40 1
< 0307
g ]
S ]
2 0.207
8 1
0.10 1
0,00I T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (h)
—>-0.5mM Tol & 1.6 mM Tol —A—2.2mM Tol
-€-2.7mM Tol ——3.3mM Tol

Figure 11. Growth of P. putida mt-2 on TAM media using different toluene
concentrations as carbon source. Bacteria werergnovB0 mL TAM media at
30°C and shaking at 145 rpm.

The main characteristic of TAM mineral medium i® thresence of KNQas

alternative electron acceptor. As it is showikig. 11,P. putida was able to grow with
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all toluene concentrations tested. A growth rate0.19 R was observed with 1.6 mM
of toluene but the stationary phase was reachéa\atr optical density compared to the
concentrations 2.2 mM to 3.3 mM where a lower gtovate was obtained (u=0.16 and
0.12 h', respectively). The highest tested toluene comatoh was 6.5 mM where no

significant growth was detected (data not shown).

In the case offhauera aromatica less tolerance to high toluene concentrations
was observed during growth under denitrifying ctiods (Fig. 12). In all toluene
concentrations tested the growth rate was lowermpesed to growth on 5 mM benzoate
where bacteria had a growth rate of 0.2 fdata not shown). With a toluene
concentration of 1.6 mM no growth was observed,reée the highest OD was reached
with a toluene concentration of 0.5 mM where thetéaa had a growth rate of u=0.05
h™.
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Figure 12. Growth of T. aromatica K172 on TAM media and nitrate-reducing
conditions using different toluene concentratiosscarbon source. Bacteria
were grown in 50 mL TAM media at 30°C and shakitg4b rpm.

These preliminary results showed that TAM mediaugable to perform mixed
culture experiments. Moreover, it was determinedt tfor those experiments the
concentration of toluene in the media should bétdichto 0.5 mM to allow the growth of

Thauera aromatica as well as. putida. Therefore, most of further experiments using the
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model bacteria were performed in TAM media, whigdntains KNQ as alternative

electron acceptor and with a toluene concentraifdh5 mM.

4.1.2. Primer selection and calibration curves

Real-time PCR and relative quantification analygppeared to be the most suitable
method to quantify gene expression. With this metihe gene expression under different
oxygen availabilities was monitored. Two catabajenes from each bacterium were
selected as target genggtM andxylE from the TOL plasmid oP. putida mt-2 andbssA
andbcrA from anaerobic degradation pathway of toluen&.iaromatica. Once growth
conditions were defined it was necessary to desmghoptimise the primer sets to be used
during this study.

For relative quantification using real time PCR tmadels have been described
until now, theAACt method (Livak and Schmittgen, 2001) and a mediion of this
described by Pfaffl, known as the relative-fold hoet (Pfaffl, 2001), which considered
the differences in the reaction efficiencies fochegrimer. Several primer sets were
designed for each target genes and the referemus geee Table 2, section 3.4.5) and
tested to get the highest efficiency and spedyficithere are several considerations that
have to be taken into consideration during the erinesign such as primer length, GC
content, length of the product to amplify and nmgjttemperatures (). When multiple
genes from the same sample are studied, the spigcdf the primers for certain product
is of crucial importance in order to avoid unspeciiinding of the primers and thus a
wrong measurement of the gene expression. In lieisig, one of the objectives was to
measure gene expression profiles in mixed cultdrless, the primer design e.g. for 16S
rRNA was more complicated because our two modekbachave 80% similarity for this

gene (data not shown).

First, the optimal annealing temperature for thenprs was determined. A
temperature gradient experiment was performed wedtth set of primers using cDNA
from P. putida and T. aromatica grown on toluene as template (data not shown).
However, not always the temperature with the optiamaplification curve was the
appropriate for the highest specificity of the pens In those cases, the second or the
third optimal temperature had to be tested reggrdspecificity. Further, a non
quantitative calibration curve was made in ortledetermine the PCR efficiency of a
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primer set. Each calibration curve consists inssimiples of a dilution series (factor 10)

using cDNA from each bacterium grown on toluenee Thlibration curves of the four

catabolic genesylM, xylE, bssA andbcrA are shown in Fig. 13.
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Figure 13. Real Time PCR calibration curves for catabolic ¢éargenesA)
xylM, B) xylE from P. putida mt-2, C)bssA, D) bcrA from T. aromatica K172.
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The standard curve is obtained plotting Ct (cytlieeshold) values against log-
transformed concentration serial ten-fold dilutiarfsthe target gene to determine the
linear regression. According to literature the@éincy values of a primers set should be
between 90% and 105% (Adams, 2006). A summaryeotébected set of primers and its
efficiencies are shown in Table 5.

Table 5. Primer pairs selected for Real Time PCR experimehhe annealing
temperature of each pair of primer and the efficyenf the PCR reaction is

indicated.
Prime pair Gene Organism Annealing T fC) Efficiency
16s493-16s606 16SrRNA P.putida 60 95.5%
Tol912-TolR xylM P.putida 58 99.5%
C230F-xylE834  xylE P. putida 62 99.9%
16s602-16s785 16SrRNA T. aromatica 63 91.3%
bss276-bss459 bssA T. aromatica 60 90.0%
bcr276-bcr459 bcrA T. aromatica 58 99.0%

4.2. Catabolic gene expression & putida mt-2 and T. aromatica K172 during
toluene degradation

In the previous two sections the growth conditifmrseach model bacterium and
the molecular method to perform gene expressiomlietuwere described. Batch
cultivations were used to perform the first genpregsion analysis using the two model
bacteria growing on standard conditions. Furthes,dxperimental set up of a continuous
fermentation system growing. putida using toluene as carbon source was studied, and

the gene expression of bacteria was determined tineige growing conditions.
4.2.1. Gene expression ofylM and xylE during toluene degradation in aerobic
conditions in batch cultures

P. putida mt-2 was grown in two different toluene concentrag under aerobic
conditions. The toluene concentrations 0.5 mM andr@M were selected according to

the growth curve obtained in the previous sectsatijon 4.1.1).
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Figure 14. Optical density, toluene degradation and dissolegggen in the
media during aerobic growth &. putida mt-2 on(A) 0.5 mM (B) 2.7 mM
toluene.

P. putida growing on the lowest toluene concentration reddhe highest OD and
stationary phase already after 6 hours and a greawéhof 0.28 H (Fig. 14a). In this set
of flasks toluene was almost completely consumeet dfiree hours of incubation (Fig.
14a) and the bacteria were not able to grow anynBrewth and toluene degradation
were slower when the initial toluene concentratieais 2.7 mM compare to the lower
concentration (Fig. 14b). The growth rate in thismdition was approximately 0.08h
and after 18h incubation still one third of theutte initially injected was present in the

media. During degradation of 0.5 mM toluemefast decrease in dissolved oxygen
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concentration was observed and at the six houragre oxygen could be detected in the
liquid phase (Fig. 14a). Later, a slow increasaligsolved oxygen concentration was
observed. This was probably due to the high deggadictivity of bacteria at the

beginning of the experiment, when dissolved oxygetne media was rapidly consumed
by the microorganisms. After toluene was completdgraded, the cells would not
consume oxygen anymore and the available oxygémeigas phase continued dissolving
in the liquid phase until equilibrium between thetphases was reached. Differently,
during degradation of 2.7 mM of toluene the disedloxygen concentration decreased

gradually in accordance to the slow degradatiateicarbon source (Fig. 14b).

Gene expression of the catabolic gexg® andxylE was monitored at different
times of incubation using real time PCR. The retagxpression was calculated using the
zero hour as calibrator. A strong induction of bgémes relative to the expression at the
beginning of the experiment was observed in thesgree of toluene. Different gene
expression profiles were obtained depending ortdliene concentration added initially
to the cultures. At a lower initial toluene congatibn (0.5 mM)xylM was up-regulated
along the complete experiment. However, after ti@ars of incubation a drop kylM
was observed in accordance with a decrease ofdfi®m source concentration in the
medium (Fig. 15a). For toluene concentration of iaM the xylM up-regulation values
were high through the whole experiment with a hgghalue reached after nine hours of
incubation, when a more significant decrease ineiloé concentration started (Fig. 15a).
These results showed thgtM expression is highly regulated by the presencelotnhe,
as has been described previously. When toluene depteted bacteria decrease the
expression okylM, but bacteria keep this gene up-regulated to t@iceextent, as it was
observed with a concentration of 0.5 mM, probablyaliow a quick reaction in case that

the carbon source is available again.
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Figure 15. Relative expression profile ofylM and xylE genes ofP. putida
during toluene degradatioiihe bars represent the relative expressioryi
(A) and xylE (B) in the presence of toluene respect to the henar sample
(calibrator). The lines in the graphs representttteene concentration in the
liquid phase, closed circles: 2.7 mM, open circles mM initial toluene

concentration.

The gene expression profile aflE, which belongs to theneta-pathway for

toluene degradation, also showed a dependency eomothene degradation activity of

bacteria (Fig. 15b). During degradation of 0.5 mdluéne, up-regulation ofylE was

observed until toluene was detected in the medauehe was rapidly degraded by

bacteria, and therefore metabolites are prediuat high rate at the beginning of the
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experiment as well, inducing timeeta-pathway genes. At a 2.7 mM toluene concentration
xylE was always up-regulated and high values were wvedeat the last half of the
experiment. The production of metabolites as betezaas probably gradual in this case
because toluene degradation occurred at lower. rakesefore, the inducer of theeta-
pathway genes was continuously formed during theeement and an up-regulation of

the genes was observed.

4.2.2. Gene expression ofylM and xylE during a batch fermentation using toluene
as carbon source

To study the gene expression of catabolic gend.oputida during oxygen
oscillation a continuous fermentation system waesdusThis system assures more
homologous sampling and controlled growing condgioThe first experiment consisted
of a batch fermentation in order to determine optigrowth conditions of. putida
when toluene (1.1 + 0.1 mM) and oxygen were sudptienstantly into the fermentor
(see scheme in section 3.2.2) (Fig. 16) as wetbasvestigatexylM andxylE relative

gene expression over time under these conditions.

Figure 16.Fermentation oP. putida mt-2 using the reactor Labfors (Infors AG)
using toluene as carbon source.
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The growth of bacteria was measured by optical ileas certain sampling times
(Fig. 17a). As can be seen in Fig. 17, the bacteei® growing in the course of the whole
fermentation (u = 0.151 while toluene was consumed. Additionally, £@ercentage
was monitored online during the complete experinagnt showed a similar behaviour to
the optical density, except in the last hours @& #xperiment where Gproduction
already showed a stationary phase whereas the @2 @as still increasing (Fig 17b).
During the first 6 hours toluene degradation wassignificant (Fig. 17a). When bacteria
entered exponential phase a decrease in tolueneemivation was observed and the
concentration was relatively constant during theolhexperiment (0.6 mM). After 20
hours bacteria reached stationary phase, proba&giguse of lack of other nutrients in the
media. Toluene, on the other hand, was still sepgpht a constant rate but was not
consumed anymore, and therefore, an increase uertel concentration was observed
(Fig. 17a). Together with toluene also air was rwausly supplied during the whole
fermentation (Fig 17b) and the percentage of digsbbxygen (%pg) was monitored on
line together with the COpercentage. A correspondence was observed bettheen
oxygen consumption and the gfrmation. At the beginning of the experiment %pO
started to decrease slowly when £&ZDIl showed no increase, toluene was not degraded
and bacteria were in lag phase. When bacteriaezhtponential growth phase an abrupt
decrease on %pQvas observed, and very low values were reacheah Wwheteria were
in the middle of exponential phase (Fig. 17b). vikas continuously supplied to bacteria,
and therefore the drop on %jp@alues is due to the high activity of the cellsl @éndoes
not constitute an oxygen limitation. When bactegached the stationary growth phase,
the %pQ started to increase again (data not shown) begauwses not used by bacteria

for toluene degradation anymore.
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Figure 17. (A) Growth (OD) and toluene degradation (B) % ,p&hd %CQ
during the growth oP. putida mt-2 in a fed-batch fermentation using toluene as
carbon source.

The relative expression of the gexyM andxylE were studied by real time PCR
using the zero hour as calibrator (Fig 18). Bothegewere up-regulated during the whole
experiment compared to the inoculation time. Whaeatdria entered exponential phase
after approximately 8 hours, the over expressidnegawere higher for the casexytM
and it remained like this until the end of the expent (Fig. 18a). The increase in the up-
regulation values okylE was smooth and the highest values were reachee ttothe
end of the experiment similarly to the batch cwsurThis result indicates that high
induction levels ofmeta-pathway genes were obtained once toluene degoadstiarted

and probably later metabolites were present (F8h).1
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Figure 18 xylM (A) andxylE (B) relative expression by. putida mt-2 in a fed-
batch fermentation. The values of relative geneesgion were calculated using
the zero-hour sample as calibrator.

4.2.3. Gene expression dissA and berA during toluene degradation in anaerobic
conditions

The bacteriunThauera aromatica is able to degrade toluene only in the absence
of oxygen using N@ as alternative electron acceptor. To investigagegene expression
of the catabolic gendsssA andbcrA, T. aromatica was grown with 0.5 mM of toluene as
carbon source under denitrifying conditions. Thewgh of bacteria on toluene was
compared with growth on 5mM benzoate and 6mM aeeta$ control. The highest
optical density together with the highest growther£0.25 ) was obtained when

benzoate was used as carbon source (Fig. 19a).
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Figure 19. (A) Toluene degradation and growth curve (B) Na@rgiNGy)
concentration and (C) Nitrite (N concentration inT. aromatica K172
cultures growing on 0.5 mM toluene (Tol), 5 mM beate (Bz) and 6 mM
acetate (Ac).
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The growth rate with acetate (0.18)has carbon source was lower than with
benzoate, the stationary phase was reached ladewiim a lowest optical density. With
toluene as carbon source the growth rate was twesko(0.04 H), bacteria reached
stationary phase after 12h and with a lower optitisity (0.27A= 7.4x10 cells/mL)
(Fig. 19a). Toluene degradation was not significining the first 9 hours of incubation.
A sudden decrease in toluene concentration was\asafter 9 hours and no significant
toluene degradation occurred at the end of the rewpat (Fig. 19a). During the
experiment nitrate consumption and nitrite formatizvas measured with bacteria
growing with the three different carbon sourceg)(EOb and c). Reduction of N@o N,
via NO, as first intermediate occurs when nitrate reducharteria are actively
consuming a carbon source. During growth of bamtem benzoate and acetate a
complete disappearance of nitrate was observedetfieg with nitrate depletion, NO
started to be produced with both carbon sourceg IBc). Nitrite started to accumulate
until 9h in the case of benzoate and 12 hours & dhse of acetate. A complete

conversion of N@to NO, was observed in the cultures growing on benzoate.

Nitrate and nitrite curves showed a certain detathe case of acetate compared
to the benzoate curves, which correlate with tloevet growth observed with acetate as
carbon source (Fig. 19a, b and c). In the casé@fgrowth on toluenel. aromatica
reduced N@ much slower in concomitance with a slower N@rmation (Fig. 19c).
After 12h nitrate and nitrate concentration remdirstable when bacteria reached

stationary phase and toluene was not degraded arymo

The gene expression profile of the two catabokoes,bssA and berA, during
anaerobic toluene degradation was studied. Relatxaression ofbssA gene was
calculated using parallel flasks of benzoate groelis as calibrator (Fig. 20). At the first
sampling pointbssA was up-regulated but toluene degradation was mstifisant,
showing that probably a threshold enzyme conceotrdtas to be reached to start with
the active toluene degradation. The highest gepeesgion occurred before the highest

decrease on toluene concentration was observed.
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Figure 20. Gene expression profile dissA gene of T. aromatica during
anaerobic growth on toluen€&he grey bars represent the relative expression of
bssA in the presence of toluene respect to benzoatengeells (calibrator).

To determine the relative expressionbofA in the presence of toluene as carbon
source two conditions were used as calibrator, deezor acetate grown cells and both
profiles were compared (Fig. 21a). Depending on ¢hébrator used two different
profiles were obtained. When acetate was usedlidsatar a clear up-regulation dtrA
was observed during the growth on toluene. Higlueslof relative expression were
observed during the first 12 hours of incubation #ater on the values decreased, the
gene however was up-regulated until the end ofettperiment. When benzoate grown
cells were used as calibrator to calculbteA relative expression in the presence of
toluene, no up-regulation was observed except lier 3 hours point (Fig 21a). This
observation is becaudacrA is expressed on toluene and benzoate growing resltu
approximately at the same rate. Benzoate is alsgraded via benzoyl-CoA as
intermediate, and therefordcrA gene was up-regulated as well. To confirm this
hypothesidocrA relative expression was calculated using parfiisks of cells growing
on acetate as calibrator (Fig. 21b). An up-regoiatf bcrA was observed during 18
hours of incubation. At the last sampling pointeasdd expression of the gene with respect
to acetate was detected. The highest value wakedat 9 hours, which corresponds to
the middle of the exponential growth phase (Figa)19his experiment showed thht
aromatica induced at high levels the geberA during growth on benzoate as carbon

source.
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Figure 21.Relative expression difcrA during growth ofT.aromatica on toluene
or benzoate as carbon sour@e) Comparison obcrA gene expression profile of
toluene growing bacteria obtained using two différealibrators. (B) Relative
expression ofocrA during growth on benzoate using acetate growns cadl
calibrator. Ac: acetate, Bz: benzoate, Tol: toluene

During the first part of this thesis, the condisoto use the specific primers
targeting catabolic genes involve in toluene degiad under aerobic and anaerobic
conditions were determined and optimised. Additigndahe methodology to study the

gene expression profiles has been chosen, whichspmnds to the relative quantification
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method or relative-fold method. The optimal growtimditions for the two model toluene
degradersP.putida andT. aromatica, have been determined in order to study the effect
oxygen on catabolic gene expression in an aerai@efabic mixed culture. The gene
expression of the targeted catabolic genes wagestfiol both organisms in these optimal
growth conditions to get a general view of the oese of bacteria, at a molecular level,
when they can actively degrade toluene. Finallyeranentor system was optimised in
order to study the gene expressionPofputida under oxygen controlled conditions to
simulate diurnal cycles as they occur, for examptethe rhizosphere. In further
experiments, the expression of catabolic genda piitida andT. aromatica was studied
when bacteria were exposed to different redox ¢amdi as isolated culture or in a binary

mixed culture.

4.3. Effect of oxygen availability on catabolic gene expression of toluene
degrading bacteria

4.3.1.Pseudomonas putida mt-2

In order to investigate the dependency of TOL pldsmxpression on the
presence/absence of oxygen, the degrading capafcRy putida mt-2 under anaerobic
conditions was studied. The expression of the T@hegxylM (upper-operon) angylE
(meta-operon) was investigated during anaerobic conaktiosing toluene, succinate and
toluene plus succinate as carbon sources. Thaahtfearbon source conditions allowed
to investigate the possible differences in generesgion when an easy consumable
carbon source is present. This last condition ctedd to a higher energetic status of the
cells and may influence the gene expression prdigecalibrator samples a parallel set of
flasks was set up using the already mentioned oasbarces but in aerobic conditions, in
order to calculate relative expression. The redagjene expression was monitored during
the first six hours of growth according to previoemsperiments where cells growing
aerobically on a low concentration of succinat (3M) plus 0.5 mM of toluene would
reach stationary phase after 6 hours of growtha(dat shown). The bacteria did show
any activity under anaerobic conditions (Table Ajditionally, no toluene degradation

was observed under anoxic conditions.
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Table 6. Growth (ODsgo n and toluene concentration (mM) Bf putida mt-2 in
anaerobic conditions using different carbon sour&sc: succinate (.= 3.1
mM); Tol: toluene (G = 0.5 mM).

OD 560 nm (A) Tol Conc (mM)
Time (h) Succ + Tol Tol Succ Succ + Tol Tol Sucg
0 0.04 0.04 0.03 0.5 0.5 0.0
2 0.05 0.05 0.05 0.6 0.6 0.0
4 0.05 0.08 0.05 0.5 0.5 0.0
6 0.05 0.05 0.04 0.5 0.5 0.0

To examine the influence of oxygen on gene expoessi the catabolic TOL
genesxylM andxylE, real time PCR was performed. The relative expoass shown in
Table 7. The gene expression was calculated relédivnormal degrading conditions, it
means each anaerobic sample had a parallel aeyainigle for each time and each carbon
source conditions to calculate the relative expoess

Table 7. Relative gene expression g§iM and xylE genes ofP. putida under
anaerobicconditions. Succ: succinate (. = 3.1 mM); Tol: toluene (& = 0.5

mM).
xylM XylE
Time (h)] Succ + Tol Tol Succ Succ + Tol Tol Succ
2 0.54 0.03 0.17 0.0 0.0 0.4
4 0.37 0.00 0.21 0.0 0.0 0.3
6 0.15 0.01 0.04 0.0 0.0 1.0

As can be seen in Table 7, a down-regulation df lsatabolic genes occurred in
anaerobic conditions when growing on solely toluensuccinate or a mixture of both. In
the culture where both toluene and succinate weesept, a bit higher numbers of
relative expression were observed in the case/l®d. However, in this case the values
still showed a down-regulation of the genes an@@eahse in time. This could be due to
small differences in the expression of the genel isenormalisation in the calculations.
However, all values indicate a down-regulation ehgs under anaerobic conditions even
in the presence of toluene, which constitute thenmesult of this experiment. According
to the previous experiments it is clear that a ddpacy of the gene expressionxgfiv
andxylE on the presence/absence of oxygen and toluene imédia exists.
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In the environment, not always the optimal condisioare found regarding
availability of oxygen and carbon sources, thustdrée have to modulate their gene
expression according to the existing conditioRs. putida was grown under different
initial oxygen concentrations in order to investegyahe response of catabolic gene
expression under suboptimal growth conditions. &hildferent oxygen concentrations,
2.73, 1.63 and 0.68 mM, were injected to the fleetkihe end of the inoculation process,
to avoid any disturbance of the gas phase in thesy A parallel set of flasks in anoxic
conditions was also prepared. According to growihves ofP. putida, a strong effect
was observed depending on different initial oxygencentrations (Fig. 22a). During the
first three hours of growth the cultures with oxggeresent in the media had similar
growth rates (app. 0.2 In general, quite low OD values were obtainedthis
experiment, showing tha&. putida has a strong dependency on oxygen to growth with
toluene as carbon source. In anaerobic conditiomsty was not detected (Fig. 22a). The
culture with an initial oxygen concentration of 86M reached stationary phase after
three hours incubation. The flasks with 1.63 and32nM injected oxygen continued
growing at growth rates of 0.08 and 0.12, respectively. A correspondence was
observed between optical density and toluene dagoedin the different experimental
conditions (Fig. 22b). Only in the experiment withe highest initial oxygen
concentration a complete disappearance of toludter 42 hours incubation was
observed. The concentration of dissolved oxygen \aE® measured during the
experiment. The oxygen measured in the liquid phasequilibrium conditions was
considered as a starting value of dissolved oxyge¢he media and not the total injected
concentration. Toluene degradation was not obsewdkr anoxic conditions. The
measured dissolved oxygen concentrations were lgaryn all oxic cultures (Fig. 22c).
This observation indicates that a fast uptake boteoea of the available oxygen in the
aquous phase ocurred. However, since the oxygteigas phase was not measured, it is
not possible to estimate the remained oxygen cdrat@n in the complete system. In the
case of anaerobic cultures, the dissolved oxygenals monitored during the complete

experiment and it was constantly zero.
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The effect of the different initial oxygen concettons on the gene expression of
the catabolic genes/M andxylE are shown in Figure 23. For this experiment th® ze
hours was used as calibrator. According to theetmdudegradation curves bacteria were
exposed to four different conditions. In anoxic ditions the carbon source was present
but the co-substrate oxygen was not available. \&ithmM initial oxygen concentration
complete toluene degradation took place and onlthatend of the experiment both
substrates, toluene and oxygen, were not avaibjenore. When 0.68 mM oxygen was
initially injected, toluene was present along thieole experiment but the co-substrate
oxygen was limiting at a certain point. The 1.6 mklgen concentration represents an
intermediate situation, where the effect of deadastoluene concentration and oxygen

depletion was difficult to distinguish.

Different responses iRylM expression were observed according to the different
oxygen concentrations injected and each case Haes amalyse separately (Fig. 23a). The
anoxic cultures showed an up-regulationgM at the beginning of the experiments, but
at 6 hours of incubation the gene expression waady equal to the initial conditions
and after that point a strong down-regulation wiaseoved. However, the up-regulation
was low compared to the flasks with oxygen avadadilthe beginning of the experiment.
When 2.7 mM oxygen was initially injected an upriagion ofxylM was observed until
the 9 hours. When toluene was not detected anyimotikee medium no expression of
xyIM was detected as well (Fig. 23a). The gene exmegsiofile obtained is similar to

the profile obtained in aerobic conditions using ®M toluene as carbon source.

An extended up-regulation in time M was observed when 1.63 mM oxygen
was injected at the beginning of the experimerg.(E8a). When toluene was still present
in the media and dissolved oxygen was not deteatsgtnore an up-regulation aflM
could still be observed. However, after some hoursler these conditions gene
expression was not detected. This experiment waditst indication that even in the
presence of toluene as inductor bacteria did nategplate the catabolic gene if oxygen

was not present as well.
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Figure 23. xyIM (A) and xylE (B) relative expression ifP. putida cultures
growing on 0.5 mM toluene and different initial @gn concentrations (0, 0.68,
1.63, 2.73 mM). The gene expression is relativehi Oh sample. Darker
colours represent higher oxygen concentrations.

The clearest effect of the limiting oxygen availdapion xylM relative expression
was observed when 0.68 mM oxygen was initiallyatgd to the cultures. The amount of
0.68 mM injected in these sets of flasks correspotal microaerophilic conditions
(section 3.4). With this initial amount oxygén putida was able to up-regulatgIM for
the first 9 hours of the experiment. During thigipe 14% of the toluene has been
consumed and no significant increase in opticalsiigrnwas observed. At 12 hours
incubation dissolved oxygen was not detected angmaro significant toluene

degradation occurred as well as cell growth. Ag ffoint a strong drop xyM relative
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expression occurred. After a prolonged time unberdame conditions, no expression of
xyIM was detected even toluene was present in higheotration. These last set of
cultures strongly indicated that whenputida sensed the absence of oxygen, even in the
presence of the inductor of the upper pathway, tt@yn-regulate the expression of the

initial catabolic gene of the pathway.

Relative expression profiles aflE looked much different tharylM. In anoxic
cultures no up-regulation ofylE was observed (Fig. 23b). The absence of toluene
degradation under anoxic conditions led to the mteseof metabolites as well and
therefore, themeta-pathway genes were not induced in these conditmialsonly a basal
expression okylE was detected. An apparent weaker effect of thdadiity of oxygen
on the gene expression was observed ¥g@E. In the case of the highest oxygen
concentration injected (2.73 mMYIE was up-regulated during the first 9 hours of the
experiment and a sudden drop in gene expressiombsesved after 12 hours (Fig. 23b).
At this point, toluene was completely consumed aigb dissolved oxygen was not
detected, both factors could cause the drop in gepeession. When 1.63 or 0.68 mM
oxygen was injected at the beginning of the expeminsimilarxylE expression profiles
were observed. In both caseglE was up-regulated during the whole experiment and
only after several hours of absence of oxygen @gtdecrease in gene expression was
observed (Fig. 23b).

4.3.2.Thauera aromatica K172
The experimental set up for the anaerobic modetebacl. aromatica had to be

different thanP. putida, because is known that this bacterium is not ablgrow on
toluene under aerobic conditions. Therefore, taystthe effect of different oxygen
concentrations on catabolic gene expression bactggre grown on toluene under
anaerobic conditions for a period of 9 hours. Adowg to previous experiments, both
catabolic target gendsssA and bcrA were highly up-regulated at this time relative to
benzoate and acetate expression, respectivelyr &kige9 hour sample had been taken,
0.68 or 1.63 mM of pure oxygen was injected inflasks. The effect of the presence of
oxygen on the growth and toluene degradation wasiedd and compared to the anaerobic

grown condition (Fig. 24).
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The effect of both oxygen concentrations injectedhte anaerobic cultures was
similar. After one hour that oxygen was injected fhist sample was taken and it was
possible to observe that growth and toluene degmadastopped. Additionally,
denitrifying activity of the cells also ceased aftgection of oxygen (data not shown).
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Figure 24. Effect of oxygen on growth (OD 560 nm) (A) and uthe
degradation (B) byl. aromatica growing on anaerobic conditions and 0.5 mM

toluene as carbon source. The point when the oxygas injected in the
cultures is indicated by an arrow.
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The effect of the presence of oxygen on the gepeessgion of the catabolic genes

bssA andbcrA was again studied using real time PCR and the lzewo sample was used

as calibrator for the calculation of relative exgsien (Fig. 25).
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Figure 25. Effect of oxygen injection (0.68 and 1.63 mM) atative expression
of bssA (A) andbcrA (B) whenT.aromatica cultures were growing on anaerobic
conditions and using 0.5 mM of toluene as carbamrc® The gene expression
is relative to the Oh sample. Darker colours regmeshigher oxygen

concentrations.

The anaerobic samples, used as control conditioowed an up-regulation of

bssA during the complete experiment (Fig. 25a). A highrregulation ofbssA was

observed at 6 hours just before toluene degradatiarts, showing that a threshold of

enzyme concentration has to be reachedrl.lgromatica to actively degrade toluene.
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After nine hours, gene expression showed a gradealease until the end of the
experiment, which correlates with the degradatiénth@ carbon source (Fig. 24b).
Probably because toluene remained present unténdeof the experimerlissA was up-
regulated as well. In samples with lower oxyge®g0mM) bssA was still up-regulated
after one hour of the oxygen injection. Only aft@rhours a drop in gene expression was
observed, howevebssA still showed basal expression levels (Fig. 25a)ewWthe higher
oxygen concentration was injected inaromatica cultures, a fast response in the gene
expression was observed. After one hour that oxyges injected almost no expression
of bssA was detected. These results could indicate tlatabponse at enzymatic level is
more drastic than at the gene expression levétaat for low oxygen concentrations like
0.68 mM.

During anaerobic growing conditior&rA was up-regulated up to 10 hours and
the highest expression was observed after 9 hdunswubation (Fig. 25b). A delay in the
maximum of gene expression comparedh$sA was observed, probably due to the later
intermediates formation which up-regulate theeA gene at high levels. When toluene
degradation slowed down, the gene expressiditr# reached the same level like at the
beginning of the experiment. The responsbaA expression also showed a dependency
on the oxygen concentration injected. When 0.68 oxygen was injected in the flasks, a
down-regulation was not detected immediately, hutZaand 15 hours no expression of
bcrA was detected (Fig. 25b). When a higher oxygen eanation (1.63 mM) was

present in the medium a down-regulatiorbafA was observed already after 10 hours.

4.4. Effect on catabolic gene expression i putida mt-2 during oxygen
oscillations

In the environment not only different availabilgief oxygen can be observed. In
the rhizosphere, for example, bacteria are exptsedcillation of oxygen concentrations
according to the active photosynthesis periodslarfitp. In order to determine the effect
of these oxygen oscillations on gene expressiRsayidomonas putida was used as a
model bacterium. Unfortunately, difficulties growth T. aromatica on a fermentor
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system using a constant supply of toluene as casgoomce impeded these kinds of

experiments with this anaerobic bacterium.

4.4.1. Batch shaking cultures
In the previous section the need of dissolved oryfpe TOL gene expression

could be demonstrated. Subsequently, it was inyasiil whetheP. putida mt-2 is able
to recover its gene expression after a period irchvbxygen is lacking. This was done by
simulation of oxic and anoxic periods. The expentaéset-up is described in Figure 26.

Injection1.63 mM O, Injection2.73 mM O,
and 0.5 mM toluene Injection 0.5 mM toluene

L1 1 J | | | 1 |

000000000000

Oh 3h 6h 9h 12h 15h 18h 24h 27h 30h 33h

® Microaerobic conditions

O Anaerobic conditions

Figure 26. Scheme of the experimental set-up of diurnal exygycle simulation.
The 12- and 24-hour samples were taken beforetiojeof additional toluene or
oxygen, respectively. Each time sample corresptmds independent flask.

Bacteria were grown initially in the presence ofygen. However, the oxygen
concentration used (1.63 mM) corresponds to aitlgibxygen concentration according
to previous experiments (section 4.3.1). After Irtubation the consumed oxygen was
not replaced, but to avoid starvation, toluene wascted. Consequently, anaerobic
conditions arose in which toluene was still presemta carbon source. After 24 hours
oxygen was injected, but no additional toluene added to prevent toxic effects. Each
time sample corresponded to one independent fl@s&gen measurement, toluene
concentration, optical density, nitrate and nitri@ncentration and ATP content were

determined at each sampling time before to hathestontent of the flask to get enough
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cells for RNA isolation. The effect of oscillatioms oxygen concentration on the gene

expression okylM andxylE were studied using real time PCR.

During the first 12 hour®. putida showed a growth rate of 0.08' I{Fig. 27).
After that, the cell density was stable until 241ts) when growth continued at a similar
rate (L = 0.06 1h). As expected, the toluene degradation stoppéakimbsence of oxygen
as well as cell growth (Fig. 27). After injectiof oxygen at 24 hours, toluene

degradation and growth was fast recovered.
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Figure 27. Growth and toluene consumption Byputida during simulation of
diurnal cycles of oxygen. OD: optical density, Twluene.

Both catabolic genesylM andxylE decreased their expression when oxygen was
not available anymore in the media (Fig.28a andlfb)the case okylM a down-
regulation with respect to the zero hours was olesefFig. 28a). Relative expression
values ofxylE are higher than those fayIM, however, a sudden decrease in the gene
expression was observed when oxygen was consunmagdaced to the previous hours
values (Fig. 28b). Down-regulation aflE was observed only after 24 hours. When
oxygen was injected in the flasks after twelve kour anaerobic conditions, both
catabolic genes were immediately up-regulated amusequently oxygen as well as

toluene was rapidly consumed.
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Figure 28 Relative gene expression and oxygen consumptiorP.putida
during simulation of diurnal cycles of oxygen. (&YIM (B) xylE relative
expression, the blue line represents the dissobxgdien concentration (d
The values of relative gene expression were caldilasing an average zero-
hour sample.

As mentioned before, media used in this work wasally described for the
optimal growth of nitrate reducing bacteria andréfi@e, nitrate was present as a
potential alternative electron acceptor. Some bactdelonging to the genus
Pseudomonas are capable of using nitrate as electron acceptuss, it could have been

expected thaP. putidamt-2 can reduce NOto NO, under anaerobic conditions.

-62-



Results

However, no changes were observed in nitrate eitenitoncentrations in any of the
experiments (data not shown). The lack of oxygearaslectron acceptor could influence
the energetic state of the bacteria producing @sedecrease in gene expression. Since it
has been reported thBt putida mt-2 is not able to use nitrate as an alternagleetron
acceptor because it misses the necessary gene&z(ueket al., 2006), the nitrate
consumption could not be used as bacterial actimifycator. Instead, ATP content was
chosen as an indicator of the physiological fitnafssells (Fig. 29).

ATP content
(nmol/mg D.W)

Disolved oxygen conc (mM)

0 3 6 9 12 15 18 21 24 27 30 33
Time (h)
—@-d02—=—ATP content

Figure 29. ATP content and dissolved oxygen concentrationPof
putida cells during simulation of diurnal cycles of oxyge

The ATP content of the cells was relatively stahkefirst 12 hours of incubation.
After that point a slow decrease in ATP level wasayved and at 24 hours of incubation
the minimum value (1 nmol/mg D.W) was reached. &€hneurs after oxygen was not
detected anymore in the media the ATP contentestad decrease. Together with the
decrease in ATP, toluene was not degraded anynmategeowth stopped, which was
characterised by a stationary phase in the groutvec(Fig. 27). The decrease in relative
expression of both catabolic TOL genes was obseeeglier than the decrease in ATP
content of the cells. After injection of oxygenZt hours incubation bacteria reacted very
fast increasing their gene expression, reassumégken® degradation and, as a
consequence increasing ATP content level. Thisréasgionse of bacteria and the increase

in bacterial activity caused that the level of oegglropped to zero after an additional six
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hours. However, a stable level in the ATP contérihe cells was observed until the end
of the experiment. Therefore, it can be concluded the decrease in gene expression of
xyIM andxylE was faster than the decrease in ATP contenthefcells and that most
probably the response of bacteria is due to a sgnsi the lack of oxygen than an

energetic stimulus.

4.4.2. Continuous Fermentation

In order to have more homogeneous sampling andraiteat conditions, a
continuous culture oP. putida mt-2 growing on toluene was set up in a 5 L fertoen
(Fig. 10). Diurnal cycles of oxygen were simulateding two aerobic/anaerobic cycles
that remained for several hours. In this way, #&ponse of catabolic genes to oxygen
oscillations could be monitored. Bacteria were pwdusly feed with toluene as carbon
source (1.1 £ 0.1 mM, measured in the liquid phasbk)ch was provided as saturated air
phase to create aerobic conditions in the reaatoasotoluene saturated nitrogen for
anaerobic conditions. A dilution rate of 0.13 Was applied during the aerobic periods
and 0.0075 1 during the anoxic cycles. Samples were taken pieadlyl in order to
measure optical density and toluene concentratiothe liquid phase (Fig 30a). An
increase in optical density was observed during fire aerobic period. Toluene
degradation started after inoculation, which isveimdoy a decrease in its concentration.
During first anaerobic period bacterial growth fie@ and toluene accumulated as no
consumption took place (Fig. 30a). Once the aeralue started again, the growth
continued at the same rate as before (u = 02)&hd toluene decreased again to remain
constant during the complete cycle. A similar dffes described before was observed in

the second anaerobic cycle.
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Figure 30. Growth and toluene degradation (A) and,jp@d CQ percentage (B)
during continuous fermentation Bf putida mt-2 using toluene as carbon source.
The anaerobic cycles are indicated by the graysarea

The percentage of formed GGand the dissolved oxygen percentage were
monitored online during the complete experimeng(R@0b). The same behaviour was
observed for both parameters during the repetibbrihe cycles (Fig. 30b). During
aerobic condition®. putida cells consumed oxygen as indicated by the lowegrgage of
dissolved oxygen concentration. A continuous ingee@an the C@ percentage was
observed during the aerobic cycles. When ,C@oduction started to increase

exponentially, bacteria started to consume oxygémgh rates. At the beginning of both
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anaerobic cycles, when dissolved oxygen was ceglaby nitrogen, the percentage of
CO, dropped drastically until undetectable values. Hmveonce oxygen was available
again after 26 hours, the G@roduction recovered rapidly, in accordance tognk and

oxygen consumption.

During fermentation experiments samples were taeneasure the ATP content
of the cells during the different oxic/anoxic cyeldhe obtained results (Fig. 31) showed
a constant level of ATP content of the cells dutimg aerobic cycles with values between

2 to 3 nmol ATP per mg dry weight of cells.
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Figure 31. ATP content and dry weight d®. putida mt-2 during continuous
fermentation using toluene as carbon source. Therabic cycles are represented
by the gray areas.

During the anaerobic phase, an increase of the édment of the cells was
observed (Fig. 31). This observation suggests that increase in ATP content
correspond to a non-equilibrated production andsemption of ATP, respectively.
Together with the lack of oxygen, an increase ilugne concentration was also
observed, which could be involved in the effectAdrP content as well. In figure 31 the
growth is represented by the dry weight of thescell biomass, which correlates with

optical density measurements.
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The relative gene expression of the catabolic grylés andxylE was monitored
at different point of the fermentations, usithg@ zero hours as calibrator for the
calculations. For both catabolic genes there wesrgespondence between the level of

expression and the oxygen availability in the méHig. 32a and b).
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Figure 32. Dissolved oxygen concentration axdM (A) or xylE (B) expression
by P. putida mt-2 in a continuous fermentation. The values elative gene
expression were calculated using an average zem4$emple. The anaerobic
cycles are indicated by the gray areas.

In general, no down-regulation was observed dutiteganaerobic periods, like

those observed in previous batch experime During continuous fermentation
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experiments, bacteria were permanently fed witbeioé and the media was constantly
refreshed. Therefore, cells were in optimabwgh conditions and with high energetic
status with the transcriptional machinery workirigoptimal rates. This fact probably

allows the cells to keep a certain transcriptioleadel of the catabolic genes when

toluene is present in the media but when theradls 6f oxygen. As soon as oxygen was
not available anymore in the media, the level afegexpression dropped drastically for
the case okylM and to a lesser extent feylE. However, no complete down-regulation
of the genes was observed. Moreover, when the merohditions were recovered again,

bacteria quickly responded and the gene expregsioeased again.

With the last experiments it was shown that a ceféect of oxygen availability
on catabolic gene expression exists. Obviouslyetie a decrease in the level of gene
expression when bacteria detect that oxygen ispnesent in the media. However,
another important observation is tiatputida could modulate its gene expression levels
according to the presence or absence of oxygeneinmedia. Even after certain time of
sub-optimal growth conditions, like anoxic condits) bacteria are able to respond
activating their transcriptional machinery to ta@vantage when the optimal conditions
are restored. This corresponds to an importanityabibnsidering that in the environment
the availability of nutrients, electron acceptorslan this case also co substrates are
permanently changing.

4.5. Effect of oxygen fluctuation on catabolic genexpression in a mixed
culture formed by P. putida mt-2 and T. aromatica K172

In the environment, bacteria not only have to cafith changes in environmental
conditions. The presence of other microorganismtghair niches makes them interact,
cooperate or compete for certain substrates otrete@cceptor. In order to study the
catabolic gene expression regarding oxygen odoitlatin a more complex scenario, a
mixed culture was created usify putida mt-2 andT. aromatica K172. This mixed
culture was submitted to different conditions relyay oxygen availability and substrate
concentration and the expression of catabolic geyids, xylE, bssA andbcrA from the

respective bacteria was studied using real time.PCR
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The goal of this experiment was to study how thalwalic gene expression is
modulated in aerobic and anaerobic toluene deggaaecording to the oscillations in
oxygen availability and toluene presence/absenoaditons that are created during
bacterial degradation. The experiment started aeesbic conditions to allow the growth
of Thauera aromatica. Later on, desirable amounts of oxygen and tolweeee injected
to the cultures to create diurnal oxygen oscillagi@nd also to keep the carbon source
always available for bacteria. A scheme of the arpental set-up is described in Figure
33.

0.5mMTol 0.5mM Tol + 0.5 mM Tol
1.63mMQ  1.63mM G

R
e ————
oh 12h 24h 36h 54h

Figure 33. Scheme of experimental set-up of oxygen cycleukition in an
aerobic/anaerobic culture. The 12, 24 and 36 hamptes were taken before
injection of additional toluene or oxygen, respedi. Each time sample
corresponds to an independent flask.

During the experiment OD, toluene concentrationtia media and dissolved
oxygen concentration were measured (Fig 34a andiing the first 9 hours of the
experiments an increase in optical density wasrgbdesince the conditions in the media
were anaerobic probably because of the growth afomatica (Fig. 34a) After the first
injection of oxygen, bacterial growth ceased fowldle and it was reassumed later on,
probably due to the growth & putida. After the second injection of oxygen OD values
remained stable until the end of the experimengneafter a new injection of carbon
source. The stability at the end of the experimeprrobably due to equilibrium between
cells dying and the ones that can grow on thoseelkfconditions. It is necessary to
remember that each sample point corresponds tnd@epéndent flask, and therefore
certain variation could have occurred between sasyptven when they received the
same treatment. On the other hand, optical demigs not tell so much in this case
because is not possible to distinguish betweetwvtbeacteria.
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Figure 34. Growth (OD 560 nm) (A), and toluene and dissolved/gen
concentration (B) during the growth of a mixed atdtformed byP. putida mt-
2 andT. aromatica using toluene as carbon source. At the beginninthe®
experiment the conditions were anaerobic and 0.5 shikbluene was injected.
Oxygen and/or toluene were injected during the erpsnt; the points of
injections are indicated by the red lines on threpgr

The first 6 hours of the anaerobic phase tolueas almost not degraded (Fig
34b). After the injection of toluene and oxygen ttumcentration of the carbon source
decreased approximately 50% after 12 hours. With dbcond injection of oxygen,

toluene was almost completely consumed; approxigna@®o of the toluene remained in
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the media. A new injection of toluene was donerathours of incubation, but oxygen
was not injected this time. After 3 hours of inctibva 44% of the toluene was consumed,
but after that point no significant change in toleeoncentration was detected. Dissolved
oxygen concentration correlates with toluene desgrad (Fig. 34b). After the first
injection of oxygen a gradual decrease was obsenvedhe dissolved oxygen
concentration in concomitance with the decreasdobrene in the medium. After the
second injection of toluene, a much faster decr@as#issolved oxygen concentration
was observed. Fifteen hours after the last injactd oxygen, the dissolved oxygen
concentration remained constant at zero and toluwease not degraded anymore. Even
after anoxic conditions were recoverdd,aromatica was not able to degrade toluene
after exposure to oxygen for two cycles of 12 haash. However, further experiments
should be done to assure tlat@romatica does not recover an activity after a prolonged

anaerobic period.

Relative gene expression of catabolic genes froth mmdel bacteria was studied
by real time PCR, using the zero hours as calibréttogeneral, a sequence of transient
events in catabolic gene expression was observedording to the gene expression
profiles, xyIM was not detectable at the beginning of the experinduring anoxic
conditions (Fig. 35a). After the first injection okygen, after 15 hourgylM was highly
up-regulated. In concomitance with a decrease gsalived oxygen concentration a
decrease in the up-regulation level was observatdafer the second injection of oxygen
the high levels were recovered again (Fig. 35alerA36 hours again a decrease in the up-
regulation level was observed, probably due todéeease in the concentrations of both
toluene and dissolved oxygen. After a new injecbbrtoluene, the level of up-regulation
was recovered again. From the 39 hours until thee @nthe experiment there was a
decrease in the up-regulationxyfM to reach finally basal expression, which correlate
with the absence of oxygen in the system when t@ueas still present in the media. A
similar expression profile was observed ftE (Fig. 35b). However, after the last
injection of toluene no increase in up-regulatiomswobserved, probably because
complete degradation of toluene was not possibleesilissolved oxygen was not present

anymore.
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Figure 35. Gene expression profile d?. putida mt-2 and dissolved oxygen
concentration in a mixed culture. (AyIM , (B) xylE. The bars represent the
relative expression values of the correspondingegeaalculated using an
average zero-hour sample as calibrator. The bheslrepresent the dissolve
oxygen concentration (2 Oxygen and/or toluene were injected during the
experiment; the points of injections are indicdbgdhe red lines on the graph.

Expression of catabolic genesharomatica showed an opposite profile

than for the aerobic toluene degrader (Fig. 36).
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Figure 36. Gene expression profile of. aromatica and dissolved oxygen
concentration in a mixed culture. (A5sA, (B) bcrA. The bars represent the
relative expression values of the correspondingegecalculated using an
average zero-hour sample as calibrator. The bheslrepresent the dissolve
oxygen concentration (2 Oxygen and/or toluene were injected during the
experiment; the points of injections are indicdbgdhe red lines on the graph.

In the case of the catabolic gebssA of the anaerobic bacteria aromatica a
strong up-regulation was observed during the fsaerobic cycle. After injection of

oxygen at 12 hours of incubation, the gene exprassiopped until basal level in a very
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short time. Again here was possible to see thertgionse of the gene expression in
anaerobic toluene degraders to the presence ofeoxydowever, during the experiment
down-regulation of the gerissA was not observed. In the points where dissolvedex
concentration was low a slight increase in up-ragoh of bssA was observed. At 36
hours, when the dissolved oxygen concentration al@m®st zero and a new injection of
carbon source was dobesA showed a strong up-regulation. It seems thatujpgtke of
oxygen byP. putida restored the optimal conditions of gene expresk&oii. aromatica.
The up-regulation obssA remained until the end of the experiment (Fig.)36wever,
the toluene concentration remained constant, itidgahat even ifl. aromatica have the
gene expression machinery active they are nottalbikesume toluene degradation, at least
after 12 hours after anaerobic conditions were oredt The nitrate and nitrite
measurements indicate that during the two anoxio@g, reduction of nitrate and nitrite
production were taking place, however, after the bwic cycles reduction of nitrate was
slower (data not shown). This is a second indicatiogether with the gene expression,

thatT. aromatica recover activity when growth conditions turneddarable.

In the case of the gengcrA, after up-regulation during the first 12 hours of
anaerobic incubation, a down-regulation was obskdreging the first aerobic cycle (Fig
36b). Surprisingly, up-regulation of the gene whsesved at 27 and 30 hours, at the
same points wherbssA was up-regulated. However, when toluene was ieje¢he
second time no up-regulation bérA was observed; even whéssA was up-regulated.
Only at the end of the experimebtrA was slightly up-regulated. Therefore, it is not
possible to discharge the idea thataromatica is only very slowly recovering the

degradative capacities.

These last experiments showed that both, aerollicaaaerobic bacteria are able
to modulate the expression of catabolic genes dkpgnon the oxygen availability.
Additionally, both bacteria kept their physiolodiddness even under adverse growth
conditions. This fact allowed them to react quicklWith respect to catabolic gene
expression, once the favourable growth conditions eestored regarding oxygen

concentration.
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5. DISCUSSION

In the environment, microorganisms experience nthfigrent stresses and can be
exposed to several signals which vary in time. Tpdane of the key issues in
environmental microbiology research is to undeitaow bacteria respond and regulate
their metabolic pathways to allow bacteria to adagnvironmental changes. One of the
environmental factors that soil microbes must copih is fluctuating oxygen
concentrations. In this work, the effect of oxygemailability on catabolic gene
expression of toluene degrader bacteria was studied) real time PCR and the relative

quantification method.

Relative quantification using Real time PCR hasobe a common tool to
guantify gene expression changes (Kuhner et ab5;2Chini et al., 2007; Gunsch et al.,
2007; Lee et al., 2008). Two models for relativamfification have been described: the
AACt method (Livak and Schmittgen, 2001; Schmittgerd d.ivak, 2008) and an
adaptation of this method known as relative-foldhod (Pfaffl, 2001) (eq. 2). The last
method was used in this work and it requires a ipusvoptimisation of the method
because the efficiencies of the PCR reaction cwatied between sets of primers. Our
target genes correspondedkytM andxylE in the case oP. putida andbssA andbcrA in
the case of. aromatica involved in aerobic and anaerobic toluene degradgiathways,
respectively. Additionally, a housekeeping geneutthde used to normalise between
different samples. The reference gene used in Wosk was 16SrRNA of both
investigated bacteria, which is one of the ofteedulousekeeping genes for prokaryotes
(Devers et al., 2004). A calibrator has to be dafim this method, and it corresponds to a
single reference sample used as the basis fornveefaid increase in the expression
study. Each of the normalised target values igldt/ by the calibrator normalised target
value to generate the relative levels of expressitis, the normalised amount of target
is a unit-less number and all quantities are exaegelative to the calibrator (Pfaffl,
2001; Sharkey et al., 2004). An advantage of theshid is that relative quantification
does not require the use of standards curves, whadtes its use easier and faster (Pfaffl,
2001). However, some important facts have to besidened when using this
quantification method. The expression level ofatéint genes cannot be compared since
absolute concentrations of each mRNA are not détexdn(Shalel-Levanon et al., 2005).

Additionally, the selection of the calibrator cotaln is a very important issue to consider
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because the relative changes in expression leWdbavhighly dependent on the calibrator
as it was shown in this thesis. For example, winenetxpression otylM andxylE was
monitored in time using the fermentor system towgf putida on toluene as carbon
source, the zero hour was used as calibrator. &teelour sample was taken immediately
after inoculation of bacteria in the fermentor @ning already toluene in the media.
When the zero hours was measured by real time P@Rys high Ct values were
obtained, which were similar to values of the sasaplrhen degradation already started,
and therefore relative gene expression values k@ low. Between inoculation of
bacteria in the fermentor and taking the zero-rgample, around 20 minutes passed,
which was obviously enough time for the bacterianbuce at a high level at least the
first gene in the pathway (Dominguez-Cuevas et28106). Therefore, especially in the
case of the fermentations done in this work, thiendien of a common zero hour was
very important as well as to define the calibraaccording to the objective of each

experiment.

Pseudomonas putida (Nozaki et al., 1963) an@lhauera aromatica (Tschech and
Fuchs, 1987; Anders et al., 1995) are well knowneioe degraders (Parales et al., 2008)
under aerobic and anaerobic conditions, respegtivelthe attempt to describe optimal
growth condition for each bacterium it was obsertlest P. putida could tolerate much
higher concentrations of toluene (3.3 mM) in thedraghanT. aromatica (1.6 mM). This
phenomenon has been already described, establigtahgnaerobic bacteria are about 3
times more sensitive to organic solvents than aerbacteria (Duldhardt et al., 2007).
Toluene,o- andp- xylene are inducers of the TOL pathway and sutestréorP. putida
(Kunz and Chapman, 1981).

The pWWO plasmid, harboured . putida mt-2, is the archetypical TOL
plasmid. Hence, in the past 20 years the functgpaimd regulation of the catabolic genes
encoded by this plasmid has been intensively stu(lRamos et al., 1997; Cases and de
Lorenzo, 2001; Dominguez-Cuevas et al., 2006; Psra¢t al., 2008). When
Pseudomonas putida was grown in mineral media with toluene as carbkonrce the
target genexylM and xylE, were up-regulated with the concomitant toluengraiation.
These results are in agreement with those obs@neatbusly inP. putida mt-2 grown on
citrate and exposed to toluene (Dominguez-Cuevasl.e2006). Another study also

showed up-regulation of the upper-operon andite-pathway genes using-xylene as
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inducer (Velazquez et al., 2006). Additionally, theesence of nitrate in the medium
seems not to have a negative effect on gene expmesghich is in agreement with the
observation that the presence of nitrate does fiettatoluene degradation rate Bf
putida PaW1 (Leahy and Olsen, 1997). Moreover, an enltaacgvity of Pu promoter,
controlling upper pathway transcription, has bebseoved in the presence of nitrate as
nitrogen source in cells growing on mineral mediand succinate as carbon source
(Velazquez et al., 2006). However, the gene exfmesrofiles followed in time of.
putida growing on toluene have not been described beforferences in the gene
expression were observed depending on the initiatentration of toluene. The lowest
toluene concentration (0.5 mM) applied was consumed; fast byP. putida and
simultaneous up-regulation aflM and xylE was observed. When bacteria completely
degraded the toluene, the inducer of the uppem@atiand carbon source was not present
anymore and bacteria decreased the expressioylMfas well asxylE. The opposite
occurred in the case of the higher toluene conagoir (2.7 mM) applied where the
genes remained up-regulated during the completerempnt because toluene is also
present until the end of the experiment. Tieta-pathway operon, whickylE belongs to,

is regulated in two different ways. First, tolueaeable to induce also theeta-pathway
due to the recognition of Ps1 by XyIR, the regulabthe upper pathway (Ramos et al.,
1997). Second, the presence of the metabolite l¢®mzdormed during toluene
degradation, is a direct inducer of the lower-pathwf the TOL plasmid (Ramos et al.,
1997). Therefore, an up-regulation xflIE was observed since the beginning of the
experiment and when metabolites start to accumdlageto toluene degradation an even
higher relative expression of the gene was observiflazquezet al. (2006) also
observed a certain delay in induction of theta-operon genes whep. putida growing

on citrate was exposed nexylene.

During anaerobic growth df. aromatica on 0.5 mM toluene, nitrate consumption
and turnover of intermediary formed nitrite waswao compared to denitrification
observed with 4 mM acetate or 5 mM benzoate grqwity. 19). With acetate as well as
with benzoate the middle exponential growth phasecided with complete depletion of
nitrate and maximum formation of nitrite. In theseaof toluene as substrate for
aromatica an incomplete degradation was observed. After @4rd) 0.05 mM toluene

was still detected in the media. According to thepds and the stoichiometric equation

-77-



Discussion

of denitrifying bacterial toluene oxidation (eq. B)aromatica had an excess of electron
acceptor to completely degrade the carbon sourwe st only needs 3.6 mM NOto
degrade 0.5 mM toluene.

C/Hg+ 7.2NG + 0.2 H > 7HCO; + 0.6H0 +3.6N:  (eq. 3)

It was observed that a new injection of C-sourcelld@llow bacteria to resume
the growth (data not shown), indicating that baatevere physiologically fit and had
appropriate conditions to continue growing excepttie presence of toluene.

In the case of the anaerobic toluene degradaromatica, there is still a lack of
knowledge on regulation of gene expression. Mosthef work has been done at the
protein level, either measuring enzyme activityusmg 2D-gel profiles (Heider et al.,
1998; Leuthner and Heider, 2000). The results frioisiwork confirmed thabssA gene is
induced by toluene growing cells under nitrate oeoly conditions (Heider et al., 1998).
This work additionally gives a hint about the gex@ression during toluene degradation,
showing that the highest expressionbsfA occurred when cells entered exponential
growth phase and decreased when toluene was ddgrade common intermediate in
aromatic hydrocarbon degradation under anaerolditons is benzoyl-CoA (Heider et
al., 1998; Heider and Rabus, 2008). It has beearebd that benzoyl-CoA reductase, the
first enzyme in the benzoyl-CoA degradation pathweas activity in the presence of the
aromatic substrates: benzoate, phenol, 4-hydroxadesga, 2- aminobenzoate and toluene
(Heider et al., 1998). In accordance, in this warkup-regulation obcrA in toluene or
benzoate growing cells was observed. Moreover, wherrelative induction abcrA in
toluene growing cells was calculated using benzagmteving cells as calibrator, no
difference in the gene expression was observed f@sult showed that expression of
bcrA is similar during toluene or benzoate degradatidniwo-component system
involved in regulation of toluene metabolismTnaromatica has been identified called
tdiSR (Leuthner and Heider, 1998a). This system is ptedito sense toluene and induce
bss and bbs operon, which encode the enzymes for the transfitmmadf toluene to
benzoyl-CoA. However, not so much research has bha#imer done on this regulatory

system inT. aromatica. More detailed regulatory studies have been pldisising the
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related strainPAromatoleum aromaticum strain EbN1, which is able to degrade several
aromatic compounds, including ethylbenzene, tolupiteesol, and phenol, under anoxic
conditions (Rabus and Widdel, 1995). Together watimplete genome sequencing of
strain EbN1 a detailed proteomic analysis of salstdependent regulation of individual
degradation pathways has been performed (Kihnet.eR005; Rabus et al., 2005a;
Wohlbrand et al., 2007). In this bacterium, cellevgn on toluene up-regulatds$s and
bbs operon genes as well as ethylbenzene-related gemkesome additional enzymes

with unknown function until now (Kihner et al., ZMHeider and Rabus, 2008).

The effect of oxygen on aerobic aromatic hydrocaréegradation has previously
been studied (Shaler and Kka, 1986; Olsen et al., 1995; Leahy and Olsen, 1997
Alagappan and Cowan, 2004; Shim et al., 2005). dlstgdies established that oxygen
half-saturation values for aerobic heterotrophsciwhise oxygen as electron acceptor is
lower than when oxygen is additionally used as dusgate for enzymes involved in the
degradation, like during toluene degradation Byputida mt-2. However, the effect of
oxygen on expression of the catabolic TOL genesnoadeen extensively investigated.
The first experiments done in this work investigatiee effect of the absence of oxygen
on the catabolic geneg/lM and xylE. Relative to the “normal” expression conditions
(oxic and toluene as substrate) a repression ainér@ioned genes was detected, even in
the presence of succinate in the media. Similaritesvere observed by Veladzquetzal.
(2006), using DNA mircoarrays ariRl putida cells grown onm-xylene and exposed to
anaerobic conditions. Several species and stralosging to the genulseudomonas are
able to use nitrate as electron acceptor anaetbbi@dadigan and Martinko, 2006).
However, Pseudomonas putida mt-2 is only able to use nitrate as nitrogen seuria
conversion to nitrite and finally to ammonia (Vejaez et al., 2006). Thus, it is not
surprising a non activation of the catabolic geneder anaerobic conditions and the

presence of nitrate in the media.

According to the stoichiometric reaction for aemboluene degradation (eq. 4)
the amounts of oxygen injected (2.73 mM, 1.63 mMd ah683 mM as total
concentrations) in the experiment were not enoogtompletely mineralize toluene until
COyand HO.
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C/Hg + 90, > 7CO + 4H,0  (eq. 4)

For the complete conversion of 0.5 mM toluene 4N @, would be, in theory,
necessary. Nevertheless, a complete disappeardntduene was observed with the
highest injected oxygen concentration (2.73 mM)wieer, the values of the equation do
not take into consideration the biomass productiomrowing systems (Evans et al.,
1991). In that case less amount of oxygen is nacgss completely degrade toluene.
Cultures with an initial oxygen concentration o72.mM showed a growth yield of
approximately 0.6 g (dry weight) g toluéhendicating that part of the carbon source was
incorporated into the cell biomass (data not shov@r) the other hand, it has been
previously described that during growth on 4-hygtmenzoate, protocatechuate was
excreted in large amounts B putida KT2442 under oxygen limiting conditions (at
oxygen tensions below 0.02 mM) (Arras et al., 1998jis indicates that under oxygen

limiting conditions incomplete degradation of talkeemay occur.

A clear effect of the oxygen depletion was obsergadthe gene expression of
xyIM andxylE. After three hours under anoxic conditions slightregulation ofxylM
was observed. Later on, the expression of the gexrsenot detected anymore. It seems
that the energetic status of cells growing on sate, which were used as inoculum,
allowed P. putida cells to initially up-regulatesylM when toluene was present in the
media but oxygen was lacking. However, this up-t&gon is really low compared to
cultures with oxygen available at the beginningha experiment. On the other hand, no
up-regulation ofkylE was observed under anoxic conditions. These eseatdt partially in
disagreement with the results reported by Velazegiet. (2006), where a switch from
aerobic conditions to anaerobiosis repressed thesgef the complete TOL pathway.
However, in their experimen® putida cells pre-grown om-xylene were transferred to
anoxic mineral medium containing succinate, andefioee the tested conditions differ
considerably with this work (Velazquez et al., 2006

A strong effect on catabolic gene expression waeied when a concentration
of 0.68 mM oxygen was initially injected iR. putida mt-2 cultures using toluene as
carbon source. After 12h incubation when dissoloeglyen was not detected anymore a
down-regulation okylM as well axylE occurred, even if toluene was still present in the

medium. Due to the possible decrease on the umibwpy enzymes because of the lack
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of oxygen, the amount of metabolites formed maylbe eeduced. Therefore, the effect
observed orxylE expression could be an indirect effect becaustneflack of oxygen.
Arraset al. (1998) demonstrated fé& putida KT2442 cells growing on benzoate that at a
dissolved oxygen concentration of 0.01 mM, theusiibn of oxygen into the cytoplasm is
still higher than the oxygen consumption of oxygasa It means that the decrease in
growth rates is not due to limiting oxygen diffusidut by the high oxygen affinity
constant values of the catechol-1,2-dioxygenager(@/L) (Shaler and Kl&ka, 1986).

The present work also showed tRaputida is able to modulate the expression of
the catabolic TOL genes according to the presenabsence of oxygen in the media.
The expression ofylM andxylE were recovered after anoxic periods. As soon ggerx
is lacking and toluene was still present in the ion@d the genes were down-regulated
and when oxygen is present again, fast recoveggné expression arises. Little is known
about the signals and regulation mechanisms cdinyathe responses when switching
between oxic and anoxic conditions although regestime regulatory genes have been
found and characterised. The most studied oxygeerdent regulation systems are FNR
(fumarate and nitrate reduction) and the Arc (aieradspiratory control) system B coli
(Sawers, 1999). Both FNR and ArcA are transcriptiactors and their DNA-binding
activities are activated in anaerobic cells. FNResps to sense molecular oxygen
directly through a redox-sensitive iron-sulphurstér in the protein (Sawers, 1999).
Homologous proteins to FNR have been describeldargenus’seudomonas (Galimand
et al.,, 1991; Zimmermann et al., 1991; Sawers, L9B8eanr gene, also present in the
genome ofP. putida KT2440 (Nelson et al., 2002), showed 51% identitth the fnr of
E.coli at amino acid level (Zimmermann et al., 1991). ey, it has been reported that
anr has an important role coordinating the levelsitietent terminal oxidases (Cyo and
ClO oxidases) irP. putida as a response to oxygen availability (Ugidos et 2008).
Additionally, it has been described that Cyo oxeas involved in modulation of the
expression ofPalkB promoter (alkane oxidation) under different oxygrailabilities
(Dinamarca et al., 2003). Thus, according to tlslte obtained in this work it is clear
that P. putida mt-2 posses a regulation system, which moduldtes eixpression of

catabolic genes according to the oxygen availghitithe media.

The facultative anaerobic bacterium aromatica was strongly affected by the

presence of oxygen in the medium during growth toluene as carbon source under
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denitrifying conditions. The growth, toluene degradn and denitrification were
immediately stopped after the injection of oxygenthie flasks, independently on the
concentration of oxygen. It is known that the conhta the glycyl radical enzyme benzyl
succinate synthase with oxygen leads to the cleawdghe polypeptide chain in the
radical site, and an irreversible inactivation bé tenzyme (Heider and Rabus, 2008).
Similar results were described i€Glostridium acetobutylicum where exposure of
anaerobic cultures to oxygen prevented the nethegrg of DNA, RNA and protein,
suggesting that oxygen could inhibit critical enagninvolved in those processes and
arrest growth (O'Brien and Morris, 1971). Therefateis not surprising that toluene
degradation stopped so fast after addition of omyethe media. When only a small
amount of oxygen (0.68 mM, as total concentratwwa¥y added, the expressionlsEA
andbcrA was not repressed immediately, but after at leasthour. Maybe, bacteria keep
the catabolic genes up-regulated for a certain fimerder to react rapidly to possible
changes in the unfavourable conditions. On therotlamd, it has been described that
several factors can influence the lifetimes of mRNA bacteria, and that their stability
can vary considerably (Deana and Belasco, 2008eed, Hermutlet al. (2002) have
detected different processing times for mRNA traipss containingossD or bssC, using
RNA prepared fronT. aromatica cultures growing exponentially on toluene and erpos
to rifampicin for different time periods. mRNA speg beginning in front obssD had
faster disappearance than those beginning in &bh$sC. The latest were detected even
after 30 min of incubation with rifampicin when, oontrast, the mRNA transcripts
containingbssD were not detected after a couple of minutes (Hémnet al., 2002). A
similar result was found forParacoccus denitrificans, which is able to growth
heterotrophically in aerobic or nitrate reducingn@ions. When anaerobic cultureskaf
denitrificans were switched back to aerobic respiration, ddim#iion of the cells stopped
at once, although mRNA levels for the individualnidefication enzymes decreased
slightly and not abruptly to their aerobic, non4cdd levels (Baumann et al., 1996). The
response mechanism to oxygen availability is navkmin T. aromatica. However, it is
presumed the existence of at least one oxygenatguylprotein, but this has not been
described so far (Heider and Fuchs, 1997). Howdher presence of a transcriptional
activator, AcpR, which allows the expressionbad for benzoate degradation under
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anoxic conditions inAzoarcus sp. strain CIB has been described (Durante-Roerigi
al., 2006).

It has been suggested by Duetal. (1996) that the energy status of the cell could
play a key role in the repression of the TOL gerbis, implies that oxygen depletion
imposes an energy limitation on the cells and thisses a decrease in expression of the
TOL genes. In the mentioned study the activity efizylalcohol dehydrogenase was 20%
to 35% of the activity measured in glucose growttuces (carbon limiting conditions) in
the presence of the gratuitous inducexylene and under oxygen limiting conditions
(Duetz et al., 1996). However, the activity of cdiel-2,3-dioxygenase was 200 to 300%
of the activity in the control conditions mentionablove (Duetz et al., 1996). Therefore,
that low energetic status of the cells producesdteifect results is a confusing argument.
In order to test if the down-regulation of catabotjenes is directly produced by a
decrease in the ATP levels of the cells, the ertiergéate ofP. putida andT. aromatica
was measured through ATP content. Chemical endrgglls is primarily stored in ATP,
which is considered the most important molecule dapturing and transferring free
energy in cells (Russell and Cook, 1995). The ABRAtent by itself does not always
reflect the actual energy status, which is morecexaxpressed by the energy charge.
However, the cellular ATP content does indicatedékular energetic state (Neumann et
al., 2006), and therefore is a parameter suitedhferquantification of active biomass.
After a period of six hours in anoxic conditionse tATP content of. putida cells started
to decrease slowly. However, a decrease in geneegsipn ofxylM and xylE was
observed much earlier. Thus, the general fitnesthefcells is a clear indication that
oxygen is a direct agent affecting the expressibrT©OL genes. Most probably the
regulation does not occur directly on TOL regulatroachinery but indirectly by oxygen
sensors present i putida mt-2. Also, T. aromatica kept its ATP content constant until
the end of the experiment, six hours after oxyges wjected in the media. Fact is that
catabolic genes are down-regulated when depletfoaxggen is the only change in
growth conditions, and in the case Rfputida as soon as this change is reverted, up-
regulation of catabolic genes occurs immediatelyval as increase of ATP content of
the cells. These results showed that respiratorginctprocesses are not affected
immediately after the lack or presence of oxygesspectively for the aerobic and

anaerobic bacteria. The long-term decrease in Arfeat ofP. putida is probably part
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of the response to extended anoxic period, wherteha utilize energy to produce stress

proteins or use it as maintenance energy (RusselCaok, 1995).

In the mixed culture oP. putida andT. aromatica it was possible to observe that
both bacteria could modulate their gene expressicrording to the availability of
oxygen. In the first anoxic cycle no expressiontloé aerobic genes was observed.
However, immediately after the injection of oxygemd additional doses of toluer@gM
and xylE were up-regulated. After several hours in anoxinditions, after two aerobic
cycles, the expression of catabolic genes wasdsdiibcted. In the case ©f aromatica,
up-regulation ofbssA andbcrA was observed in the first anoxic cycle in concamie
with toluene degradation. After the second aeropate when oxygen was injected to the
cultures, dissolved oxygen was rapidly depleted @mdegulation obssA andbcrA was
again observed. After six hours in anoxic conddi@amd a new injection of toluene in the
mediabssA was highly up-regulated whilecrA expression increases. This experiment
showed that also anaerobic bacteria have the patéotrecover gene expression after
having been exposed to oxygen for a long periodenwbonditions turn oxic again.
Previously, it was observed in a mixed culture gngwon benzoate as carbon source and
submitted to oxic/anoxic cycles that aerobic rilgagage enzymes were maintained for
up-to 9 hours of anoxic conditions. Likewise, beyiZ00A reductase is maintained for up
to 9 hours under aerobic conditions (Deniz et28106). However, in this work no toluene
degradation was observed during the last anoxidecymd until the end of the
experiment. To try to explain this observation &ddal experiment should have been
done usingl. aromatica separately to submit bacteria to anoxic/oxic cydenilar to the
continuous fermentation experiments done Wilputida. However, the capacity to cope
with oxygen stress has been described in otherraliaebacteria. The strict anaerobic
bacterium Desulfovibrio gigas appears to be suitably equipped to cope with axyge
stress, and possesses well-known antioxidativesssteystems, it can perform very
efficient NTP synthesis from the aerobic metabolamternal reserves, and it is able to

resume growth even after long periods of exposumxygen (Fareleira et al., 2003).

It was clearly observed in this work that both &&oand anaerobic bacteria
catabolic gene expression respond to availabilitpxygen. It is generally known that
bacteria have maximally combined and exploitked limited transcription factors to
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integrate transcriptional regulation, which allowackeria to respond not only to the
presence of a catabolic substrate but also tordiffephysiological signals or status
(Cases and de Lorenzo, 2001). How this regulasaorganised needs to be investigated
in future biochemical and molecular biological s&sd Additionally, it was possible to
observe that bacteria can arrest their growth arivity during non-optimal growth
conditions, in this case regarding oxygen availghiand activate gene expression when

environmental conditions are favourable again.

The presented work provides new knowledge aboutrésponse of pollutant-
degrading bacteria to potentiah situ environmental conditions regarding oxygen
availability. Further investigation should focus thre study of modulation of catabolic
gene expression in more complex systems, where esxygradients and oscillation
occurred naturally, e.g. in planted systems. Tkelte obtained in this work represent an
important issue in order to optimise and/or desagpropriate remediation techniques.
Previous works have suggested that bacterial adtgrowing under cyclic aerobic-
anoxic conditions constitute an effective methoddmove aromatic hydrocarbons, for
example, in reactor systems (Ma and Love, 2001;Deral., 2006; Wanget al., 2007).
The fact that aerobic and anaerobic bacteria shasteguility and physiological fitness
under unfavourable conditions, regarding oxygenilalvidity, gives the possibility to
think about new approaches for bioremediation. Hat tsense, the bioengineering of
polluted sites focusing on oxygen fluctuations doble an alternative to accelerate

biodegradation processes.
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