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Abstract

The BTEX compounds comprise benzene, toluene, ethylbenzene, and xylene and are the most
abundant organic groundwater pollutants. They are of major concern due to their mobility and toxicity.
These aromatics are known to be degraded by microorganisms under aerobic and anaerobic
conditions. However, little is known about the mechanisms of the anaerobic degradation of BTEX
compounds, in particular the structure and function of microbial communities involved in the
anaerobic degradation of benzene. The aim of this thesis was to investigate the anaerobic degradation
of benzene and other BTEX compounds on a structural and functional (metabolic) basis.

One reason for the sparse knowledge regarding anaerobic benzene degradation is the lack of available
cultures. Benzene-degrading microbial communitics were directly enriched within a BTEX-
contaminated sulphidogenic aquifer using in situ microcosms filled with different solids. These in situ
microcosms were further incubated in the laboratory and stable growing benzene-degrading sulphate-
reducing batch cultures developed depending on the presence of the solids sand or pumice.

Microbial key players involved in anaerobic benzene mineralisation were identified by means of
DNA-stable isotope probing (SIP). C-label incorporation was detected in DNA of two phylotypes
within the consortium: a phylotype affiliated to the family Peptococcaceae (genus Cryptanaerobacter/
Pelotomaculum), the other belonging to the e-Proteobacteria. The results strongly indicate that
benzene is syntrophically mineralized by those two phylotypes and sulphate-reducing organisms,
whereas the Peptococeaceae phylotype is assumed to carry out the first steps of benzene degradation.
The initial reaction of different benzene degradation pathways (ring activation under anoxic conditions
or catalyzed by a monooxygenase or dioxygenase) was investigated in laboratory experiments using
reference cultures. The respective biodegradation pathway was deciphered by using two-dimensional
compound specific isotope analysis (2D-CSIA). Correlation of hydrogen and carbon isotope effects
(A =Ay/Ac = ey/ee) yielded values that were unique for distinct initial benzene activation
mechanisms. Specific A values were <2 for dihydroxylation and between 3 and 11 for
monohydroxylation as initial benzene-attacking mechanism. Under anaerobic conditions A values
were about 16 for degradation under nitrate-reducing conditions, and > 22 for degradation under
sulphate-reducing and methanogenic conditions.

The initial reaction for anaerobic alkylbenzene degradation catalysed by benzylsuccinate synthase
(Bss) was investigated by 2D-CSIA. Different pure and mixed cultures able to degrade m-xylene, o-
xylene, or p-xylene under sulphate- or nitrate-reducing conditions were analysed. A values differed
significantly for the analysed cultures and ranged between 12+4 and 29+ 5, indicating slightly
different reaction mechanisms for Bss catalysed reactions. A similar variation had been observed for
Bss catalysed toluene activation with A values of 4 +3 for a phototrophic organism, 11 — 14 for

nitrate-reducing organisms and 28 — 31 for sulphate-reducing organisms.



[sotope geochemical tools and in situ SIP techniques developed within the PhD thesis were applied to
evaluate an air-sparging trail located at the source zone of a BTEX-contaminated aquifer. Within the
BMBF founded project BEOQUE air-sparging was performed to study the enhancement of natural
attenuation processes with regard to benzene removal, in particular processes of microbial
degradation. Monitoring of removed benzene concentrations revealed that air-sparging is not sufficient
under the given hydrogeochemical conditions of the aquifer. Several methods were used for
monitoring biodegradation. MPN and isotope fractionation analyses gave evidence for microbial
degradation. Experiments with Bactraps exposed to the aquifer by direct push technique indicated that

0.8 to 6% of the overall removed benzene was biodegraded.
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1.1 BTEX contamination

Hydrocarbons are the most common class of low molecular carbon compounds in nature. They
comprise the most important energy sources for humans and serve as major resources for the chemical
industry (crude oil, natural gas, coal, methane hydrates). They are synthesised either by geochemical
processes of organic material or by biological activities. Hydrocarbons constitute a group of
compounds with high structural diversity. They include (i) saturated compounds (aliphatic and
alicyclic alkanes), (ii) compounds containing C — C double-bonds (alkenes), (iii) compounds with C —
C triple-bonds (alkynes), and (iv) mono- and polycyclic aromatic hydrocarbons. Details regarding the
chemistry of these compounds can be found in most organic chemistry textbooks (Streitwieser and
Heathcock 1980; Morrison and Boyd 1986).

Since the beginning of the industrial revolution within the 18th century and the exploitation of
petroleum hydrocarbons, huge amounts of those compounds entered environmental spheres due to
careless handling during production, transportation and application, improper waste disposal, spills,
and leakages.

In ecological terms, many hydrocarbons are precarious due to properties like persistence, toxicity
and spreading with groundwater. Aromatic hydrocarbons, in particular BTEX compounds (benzene,
toluene, ethylbenzene, and xylene, Figure 1.1) are of major concern. They are used as solvents and
petroleum-constituents and are major educts for the chemical industry. Due to high production rates
they are among to the most common environmental contaminants of soils and groundwater. BTEX
compounds have relatively high water solubility. Hence, spills that enter aquifers and get in contact

with groundwater can dissolve and form huge contamination plumes.

HsC
CHy CHy CHy
) ©\ HBC\©\
:: CHy CHa

Figure 1.1: Structural formulas of BTEX compounds: benzene, toluene, ethylbenzene, ortho-, meta-,
and para-xylene.

BTEX compounds are toxic substances. Toluene and xylenes can damage the central nervous
system, kidneys, liver and fertility (toluene) or cause nausea and headaches (xylenes) (see MAC and
TRGS values in Table 1.1). Additionally, toluene can enhance carcinogenesis by other compounds
(Dean 1978). Benzene presents the highest risk to human health, as it is deemed to cause leukaemia
and other mutagenic disorders (Angerer 1983; US-EPA 1998). These propertics make it necessary to

understand their behaviour within aquifers.



(9%

Introduction

Aromatic compounds are ubiquitous in the environment. Next to the glycosyl moiety the aromatic
ring is the most common structure in nature (Dagley 1981). With evolution, microorganisms could

develop abilities to utilise BTEX compounds, although those compounds are chemically very stable.

Table 1.1: Properties of BTEX compounds (van Agteren et al. 1998).

name molecular- density Tp T, vapour- water- Henry's law log MAC-
weight pressure  solubility constant Kow Vvalue
[g/mol] [kg/l] [°C] [°C] [kPa] [mg/L] [Pam’mol] (-) [mL/m’]
benzene 78.1 0878 55 80.1 10.13 1780 547 213 1*
toluene 92.1 0.867 -95 1108 2.93 515 669 265 50
ethylbenzene 106.2 0.867 -95 136.2 0.93 152 588 3.20 ns.
o-xylene 106.2 0.880 -25 1444 0.67 175 496 295 100
m-xylene 106.2 0.864 -48 139.0 0.80 200 699 3.20 100
p-xylene 106.2 0.860 13 138.4 0.87 198 709 3.18 100

density, vapour pressure, water solubility are referred to 20°C; T, melting point, T, boiling point; K,x, distribution constant of a
substance within octane and aqueous phase; MAC maximum concentrations at the workplace; *technical rules for hazardous
substances (TRGS 1997): n.s. not specified

The first reports documenting the microbial degradation of aromatic compounds were published
early in the last century (Sohngen 1913). Since the 1960s many investigations were conducted to
elucidate biodegradation of BTEX compounds regarding physiology, biochemistry and molecular
biology (Hopper 1978; Gibson and Subramanian 1984; Dagley 1986; Smith 1990). Prior to the 1980s,
microbial hydrocarbon catabolism studies were all performed under aerobic conditions and the
accepted paradigm at that time was that anaerobic hydrocarbon degradation by microorganisms was
“negligible” (Atlas 1981).

This changed in 1985 with a publication of Kuhn er al. (1985). This study confirmed the existence
of microorganisms able to degrade BTEX compounds (dimethylbenzenes) in the absence of oxygen.
The organisms used nitrate as electron acceptor instead.

Within aquifers contaminated with organic compounds, acrobic degradation processes quickly
deplete available oxygen, thus the majority of contaminants will need to be degraded anaerobically
without the utilisation of oxygen. Hence, since the first publication there has been a significant
increase in the number of studies investigating anaerobic degradation processes, but they are by far

still not as well understood as aerobic processes.

1.2 Aerobic degradation of BTEX compounds

Since the 1960s, a large number of aerobic organisms (esp. Pseudomonas species) has been
cultivated and isolated from environmental samples which are able to degrade BTEX compounds
using them as electron and/or carbon source. Intensive studies have been performed with those isolates
to investigate biochemical processes of aerobic degradation. The initial attack of benzene is catalysed
by mono- and dioxygenases incorporating oxygen into the aromatic ring (Gibson and Subramanian
1984). Dioxygenases use both oxygen atoms of the molecule to hydroxylate the ring twice, thus

forming cis-diols. Oxidised co-factors (NAD" or NADP") are used to cleave two hydrogen atoms from
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those diols to form catechels (Figure 1.2D). Monooxygenases use only one oxygen atom and catalyse

the formation of monohydroxylated aromatics (phenols) (Figure 1.2A).

A ony (CHy) (CHy)
' OH
—_— OH ——
OH
(methyl-)benzene hydroxy(methyl-)oenzene {3-methyl-jcatechol
| o
CH,OH C—0" OH , OH
i i i i OH i Il()\©
(H;CY (H:C) (H:CY (HCY (H;CY (H:C)
(methyl-)toluene (methyl-)oenzyalcohol (methyl-)benzyaldehyde  (methyl-)benzoate 1,2-dihydroxy(methyl-) (methyl-)catechol
cycolhexa-3.5 diene-

o O carboxylate

1l Il

= C—0"

OH OH OH
toluene 4-hydroxytoluene 4-hydroxybenzylaldehye 4-hydroxybenzoate
D nyp (CHs) (CHy) 1
OH i .40/0 ]
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(H5€) {HyCY OH (H5CY BH (HyCY (H;C) ”“
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F OH G e OH . s sbh  OH
13 “ “CO0H ¢ 3
COOH
(11;C) OH (HC) HiC OH

(methyl-)catechol {methyl-}hexadienedioate dimethyl-catechol 2-hydroxy-methyl-6-

oxchepta-2 4-dienoate

Figure 1.2: A-D) Initial enzymatic (7, 2, 7, 10) steps of aerobic degradation of BTEX compounds by A)
ring-monooxygenases (1 =e.g. T2ZMO, T3MO) in e.g. Ralstonia pickettii PKO1, Burkholderia cepacia
G4; B) side-chain-monooxygenases (2=e.g. xylene-monooxygenase, toluene-side-chain-
monooxygenases) with subsequent oxidation steps catalysed by benzylalcohol dehydrogenases (3),
benzylaldehyde dehydrogenases (4), benzoate-1,2/toluate dioxygenases (5), and 1,2 dihydroxy-
(methyl-)cyclohexa-3,5 diene-carboxylate dehydrogenase (6) in e.g. Pseudomonas putida mt-2,
Pseudomonas Pxy, Sphingomonas yanoikuyae B1; C) ring-monooxygenases (7 = e.g. T4MO) with
subsequent oxidation steps catalysed by 4-cresol dehydrogenases (8), and 4-hydroxybenzaldehyde
dehydrogenases (9) in P. mendocina KR1; D) ring-dioxygenases (70) and subsequent catalysis by a
dihydrodiol dehydrogenase (711) in e.g. P. putida F1, P. fluorescens CFS215, B. sp. strain JS150. E-G)
illustrates ring-cleavage steps of key intermediates, catechols, of aerobic degradation by E) catechol-
2,3-dioxygenases (712, meta-cleavage), F) catechol-1,2-dioxygenase (73, ortho-cleavage), G)
catechol-2,3-dioxygenases (74) resulting in products with different locations of methyl-groups,
detected during a and ¢) o-xylene and b) p-xylene degradation by Rhodococcus sp. strain Yu6.
(Davey and Gibson 1974; Worsey and Williams 1975; Gibson ef al. 1990; Shields et al. 1991; Whited
and Gibson 1991; Haigler et al. 1992; Mikesell et al. 1993; Olsen et al. 1994, Jergensen et al. 1995;
Zylstra and Kim 1997; Jang et al. 2005).
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Two possible reaction mechanisms for the initial attack are proposed incorporating activated oxygen
either between a C — H-bond, or between a C—C-bond by formation of epoxides and subsequent
reorientation. Catechols are formed afterwards by the same enzymes. These key intermediates of
aerobic aromatics degradation are subsequently cleaved by ring-dioxygenases either between
hydroxylated carbons (1, 2-dioxygenases, intradiol- or ertho-cleavage) or at a bond between one
hydroxylated and one non-hydroxylated carbon (2, 3-dioxygenases, extradiol- or meta-cleavage)
(Figure 1.2E-F). During the ortho-cleavage pathway acetyl-CoA and succinic acid are formed via cis,
cis-muconic acid. Both subsequently enter the tricarboxylic acid cycle. The meta-cleavage pathway
leads via 2-hydroxymucononic semialdehyde to pyruvate and acetaldehyde which are also
intermediates of the tricarboxylic acid cycle.

Aerobic degradation of toluene, ethylbenzene, and xylenes can analogously be initialised by ring-
hydroxylating mono- and dioxygenases (Figure 1.2A, D). Additionally, those compounds can be
attacked at the side chain (Figure 1.2B, C) by successive oxidation of the alkyl-aromatics to the
corresponding alcohols, aldehydes and carbonic acids (‘upper’ pathway). During the ‘lower’ (or meta)
pathway the carbonic acids arc further transformed to catechols, which are subsequently degraded to

pyruvate and acetaldehyde (Ramos et al. 1987; Burlage ef al. 1989; Smith 1990).

1.3 Anaerobic degradation of BTEX compounds

Since the first published study in 1985 by Kuhn er al., numerous investigations have been
performed focusing on anacrobic degradation of BTEX compounds (Schink et a/. 1992; Heider et al.
1999; Spormann and Widdel 2000; Phelps and Young 2001; Widdel and Rabus 2001; Chakraborty
and Coates 2004; Heider 2007; Foght 2008; Fuchs 2008). Under anaerobic conditions nitrate, iron,
manganese, sulphate and carbon dioxide can serve as terminal electron acceptors. Most extensively
studied is the anaerobic degradation of toluene among the BTEX compounds. A large number of
organisms have been isolated which are able to mineralise toluene under anoxic conditions, e.g
Thauera- and Azoarcus-species as nitrate-reducers (Dolfing er al. 1990; Evans er al. 1991a),
Geobacter metallireducens as iron (I11)-, manganese(IV)- and nitrate-reducers (Lovley ef al. 1989;
Lovley and Lonergan 1990; Coates and Lovley 2003), and species of &-Proteobacteria as well as
Gram-positives belonging to the genus Desulfotomaculum as sulphate reducers (Rabus er al. 1993;
Beller ef al. 1996; Harms et al. 1999b; Morasch et al. 2004b). Liu er al. (2004) showed that a Gram-
positive organism, 97% similar to Desulfosporosinus meridiei, is able to link toluene degradation to
arsenate reduction. Also, several mixed cultures were able to degrade toluene under methanogenic
conditions (Grbic-Galic and Vogel 1987; Edwards and Grbic-Galic 1994; Washer and Edwards 2007).
See Table 1.2 for organisms that have been isolated to date able to degrade BTEX compounds under

anoxic conditions and the respective electron acceptors.
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Figure 1.3: Pathway of anaerobic toluene degradation within the denitrifying bacterium strain EbN1
according to Kube et al. (2004). BssABC, benzylsuccinate synthase; BbsEF, succinyl-CoA:(R)-
benzylsuccinate  CoA-transferase, BbsG, (R)-benzylsuccinyl-CoA  dehydrogenase; BbsH,
phenylitaconyl-CoA hydratase; BbsCD, 2-[hydroxy(phenyl)methyl]-succinyl-CoA dehydrogenase;
BbsAB, benzoyl-succinyl-CoA thiolase.

The biochemical pathway of toluene degradation has been basically elucidated by studies examining
toluene-degrading Thawera and Azoarcus species (see Figure 1.3). Benzylsuccinate synthase
(BssABC) catalyses the initial addition of fumarate to the methyl group forming the intermediate
benzylsuccinate (for an overview see Heider 2007). More precisely, BssABC contains a stable glycyl
radical which is proposed to initially abstract a hydrogen atom from a neighbouring cysteine residue to
form a reactive thiyl radical (Leuthner et al. 1998; Krieger et al. 2001). The thiyl radical abstracts
subsequently a hydrogen atom from the methyl moiety, leading to a benzyl radical intermediate which
attacks the double bond of fumarate, forming a benzylsuccinyl radical (Beller and Spormann 1998).
Finally, the benzylsuccinyl radical obtains a hydrogen atom from the cysteine yielding the end product
benzylsuccinate, which is (via several intermediate steps) further oxidised to benzoyl-coenzyme A, the
central intermediate of anaerobic degradation of aromatics (Leuthner ef al. 1998).

The bss operon (siche Figure 1.4) contains the genes bssA, bssB, bssC, encoding respective subunits of
the enzyme, and hssD, encoding an enzyme which activates BssABC. The function of bssE is so far
not fully understood (Hermuth et a/. 2002). The gene encoding the alpha-subunit of the enzyme, bssA,
was detected within the genome of all so far isolated organisms able to degrade toluene anaerobically

(Winderl et al. 2007).

a:h,s'.\‘ C

hs‘.\D>

Figure 1.4: The bss (benzylsuccinate synthase) operon within Thauera aromatica K172 (modified
according to Hermuth et al. (2002)).
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The anacrobic degradation of xylenes was observed under nitrate- and sulphate-reducing as well
as methanogenic conditions (Edwards and Grbic-Galic 1994). So far, only organisms able to
mineralise xylenes with nitrate and sulphate as electron acceptor could be isolated (Rabus and Widdel
1995; Hess et al. 1997; Harms et al. 1999b:; Morasch er al. 2004b; Chakraborty er al. 2005).
According to Krieger er al. (1999), the degradation pathway is analogous to the one of toluene by an
initial addition of fumarate to one methyl group and the formation of methyl-benzylsuccinic acid.

Until now, only two strains able to degrade ethylbenzene with nitrate as electron acceptor have
been isolated. In the case of those strains the compound is activated by an initial dehydrogenation
(ethylbenzene dehydrogenase - EDB) of the methyl group of the ethyl side chain to form 1-
phenolethanol, which is further oxidised to the aromatic ketone acetophenone (Rabus and Widdel
1995; Ball er al. 1996; Rabus and Heider 1998). Knicmq‘/c; et al. (2003) isolated another strain
(EbS7) which is able to mineralise ethylbenzene using sulphate as electron acceptor and adding
fumarate to the methyl group of the compound to form 1-phenylethyl succinic acid (analogue to the
anaerobic degradation of toluene and xylene).

As a non-substituted aromatic compound, benzene has a very stable structure with a high
topological resonance energy (Aihara 1992). Therefore, the activation energy is relatively high and an
enzymatic attack difficult (Widdel and Rabus 2001). For those reasons benzene was considered to be
not degradable by anaerobic organisms. However, anacrobic degradation of benzene was observed
with the electron acceptors nitrate (Major er af. 1998; Burland and Edwards 1999), iron(111) (Lovley et
al. 1996), sulphate (Lovley er al. 1995; Coates ef al. 1996) and carbon dioxide (Grbic-Galic and Vogel
1987: Weiner and Lovley 1998b). Two organisms of the genus Dechloromonas (RCB and JI) have
been isolated which are able to degrade benzene under nitrate-reducing conditions (Coates er al.
2001b). Chakraborty er al. (2005) demonstrated that Dechloromonas aromatica RCB is also able to
use the other BTEX compounds as carbon sources. Furthermore, perchlorate, chlorate, and oxygen
may serve as electron acceptors for those organisms. Recently, the genome of RCB was fully
sequenced (NC_007298). It contains no genes for any of the key enzymes of anaerobic metabolism of
hydrocarbons, phenol or other aromatic compounds, such as benzylsuccinate synthase,
phenylphosphate synthetase and carboxylase, or benzoyl-CoA reductase (Heider 2007).

Beside the Dechloromonas-strains, two further organisms (strain DN11 und AN9) were recently
isolated able to metabolise benzene. They showed a 99% similarity to Azoarcus evansii and Azoarcus

sp. ToN1, respectively. Both strains use nitrate as electron acceptor (Kasai et al. 2006).
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The pathway of anacrobic benzene degradation is so far not elucidated. The following possible initial
reactions to activate the aromatic ring are under discussion (see Figure 1.5): hydroxylation to form
phenol (Vogel and Grbic-Galic 1986a; Caldwell and Suflita 2000; Chakraborty and Coates 2005;
Ulrich et al. 2005), methylation to form toluene (Coates et al. 2002; Ulrich et al. 2005), and
carboxylation to form benzoic acid (Caldwell and Suflita 2000; Phelps er al. 2001; Kunapuli et al.
2008), with subsequent transformation to benzoyl-coenzyme A and further ring cleavage, respectively
(Coates et al. 2002). Based on compound-specific isotope analysis Mancini er al. (2008) postulated
different initial reaction mechanisms for degradation under nitrate- and sulphate-

reducing/methanogenic conditions, respectively.

coo
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Figure 1.5: Postulated pathways of benzene degradation: activation of benzene ring by A) methylation
to form toluene whose degradation is catalysed by the enzyme benzylsuccinate synthase (Bss); B)
hydroxylation to form phenol which further leads to hydroxyl benzoic acid; C) carboxylation to form
benzoic acid. All intermediates are further degraded via benzoyl-CoA.

BTEX compounds show great differences regarding their respective biological half-life period.
Anaerobic toluene and ortho-xylene degradation is the most rapid, followed by meta-xylene,
ethylbenzene, and para-xylene degradation (Wiedemeier ez al. 1999). Benzene is considered to be
persistent in the presence of other BTEX compounds (Krumholz ef al. 1996; Cunningham ef al. 2001;

Da Silva and Alvarez 2004). Anaerobic benzene degradation seems to take place only if no other

carbon source is available.
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1.4 Natural attenuation and enhanced natural attenuation of
BTEX-contaminated aquifers

In the last decades ‘natural attenuation’ (NA) or the reduction of contaminant concentration and
contaminant mass by relying on the assimilative capacity of a groundwater system developed to a
valuable remediation strategy sincc it is nonintrusive, cost-effective and does not require the transfer
of the contamination from the aquifer. Natural attenuation results from the integration of several
subsurface mechanisms, both destructive and nondestructive. Processes that result only in the
reduction of a contaminant’s concentration but not of the total contaminant mass in the system are
termed nondestructive and include hydrodynamic dispersion, sorption, volatilisation, and dilution
(Wiedemeier ef al. 1999). More important in ecological terms are processes that result in a reduction
in the total mass of contaminant in the system. These are referred to as destructive. The dominant
destructive attenuation mechanism acting on the BTEX compounds is biodegradation.

In many cases, before a contaminant plume reaches potential receptor exposure points, natural
attenuation will reduce dissolved contamination concentrations below regulatory standards such as
maximum contamination levels (MCLs) or other remediation goals (Wiedemeier e al. 1999). 85 to
90% of petroleum contamination plumes are stable or are even shrinking (Rice ef al. 1995; Mace ef al.
1997). Numerous reports have been published documenting natural attenuation of BTEX compounds
in aquifers, groundwater and sediments; the reader is directed to the review of Widdel and Rabus
(2001)

However, in some cases NA is insufficient and needs some supporting measures. ‘Enhanced
natural attenuation” (ENA) comprises measures to stimulate or accelerate physical-chemical and
biological processes of natural groundwater purification. These processes may either cause an increase
of the sorption capacity (immobilisation, (bio-)precipitation) or may provide electron
acceptors/donors, nutrients (biodegradation/biostimulation) and/or microorganisms (bioaugmentation)
(www.euwelcome.nl).

Due to relatively high water solubility and volatility (see Table 1.1) it is difficult to bind BTEX
compounds irreversibly to adsorbents. Therefore, the usage of materials such as activated carbon
requires sufficient amounts which is cost-intensive and needs immense effort to be installed at
contaminated sites with large extents.

More often considered are processes that stimulate or enhance the microbial activity. During
microbial degradation of BTEX compounds, the contaminants are used as carbon and/or energy
source. To enable growth, microorganisms also need macro nutrients (nitrogen and phosphor), micro
nutrients (Ca™’, Mg®', Na', K', %, co-factors like heavy metals), electron acceptors (oxygen as
electron acceptor within aerobic metabolism; iron(IIl), nitrate, sulphate, manganese(IV) and CO,
within anaerobic processes) and optimal environmental conditions (temperature, pH, salinity, presence
of inhibitors and nutrients) (Fiorenza and Ward 1997; Holliger ef al. 1997, Lovley and Coates 1997,
Mandelbaum er al. 1997; Salanitro er al. 1997; Field 2002; Lin et al. 2002; Van Hamme et al. 2003;
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Villatoro-Monzon ef al. 2003; Chakraborty and Coates 2004; Schulze and Tiehm 2004; Jahn et al.
2005; Dou er al. 2008). The degradation potential is strongly dependent on the availability of those
metabolism relevant compounds which may be supplied by the groundwater flow in the aquifer.
Thereby, a determining factor is the groundwater velocity. Intrinsic biodegradation processes may be
limited by the rate groundwater provides the required substances and removes inhibiting by-products,
respectively (NRC 1993).

The supply of electron acceptors has been widely studied within the last decades (Olsen et al.
1995; Kao and Borden 1997; Cunningham er a/. 2001; Atteia and Franceschi 2002; Schreiber and
Bahr 2002: Maurer and Rittmann 2004; Reinhard er al. 2005). In this regard, the supply of oxygen in
order to stimulate aerobic degradation is a common bioremediation technique (Lovley and Lloyd
2000). To increase oxygen concentration of groundwater, as main limiting factor of intrinsic aerobic
degradation within contaminated aquifers, numerous methods were developed, e.g. air-sparging,
injection of oxygen releasing compounds (e.g. hydrogen peroxide or magnesium peroxide), and
trapped gas phases (Fry et al. 1996; Fiorenza and Ward 1997; Waduge ef al. 2004; Yang et al. 2005).
An enhancement of microbial degradation of mono-aromatic compounds or fuels by air-sparging
(injection of air-oxygen beneath the groundwater table) was observed within studies of e.g. Johnston er
al. (1998; 2002), Zucchi et al. (2003), Cavalca et al. (2004), Waduge er al. (2004), Connon et al.
(Waduge er al. 2004; 2005), and Yang et al. (2005). Applications of oxygen releasing compounds also
increased the concentration of dissolved oxygen and improved the degradation potential, but were
connected with disadvantages like toxicity and microbial inhibition whilst usage of high
concentrations of H,0, (Morgan and Watkinson 1992; Morgan ef al. 1993). However, the usage of
oxygen as stimulant is linked to some difficultics. Generally, laminar flow conditions of the
groundwater prevent effective mixing of O, and any other oxidant in the groundwater flow and the
dosing of stimulants is a very challenging problem in any ENA measure. The low water solubility of
oxygen (8-10 mg L) additionally complicates mixing into the groundwater. Hence, several studies
focused on the optimisation of air-sparging programs concerning injection intensity and rate (constant
vs. pulsed injection) or addition of tensides to lower the water surface tension (Hall et al. 2000; Kim ef
al. 2004; Yang ef al. 2005; Kim and Annable 2006). But quite often studies only consider the physical
effect of stripping of volatile substances while injecting air to the groundwater disregarding microbial
processes (Johnson ef al. 1993; Johnston ef al. 1998; Murray et al. 2000; Peterson et al. 2000).
Another disadvantage of oxygen is that any reduced compound (e.g. sulphur, sulphides, Fe(II), organic
compounds, ammonia, FeS species) may lead to the consumption of oxygen. Morcover, formed
precipitates, like iron oxides, may block pore volume and decrease the permeability of the aquifer
causing a decreased supply with nutrients by a decelerated groundwater velocity.

Hence, studies focused on microbial stimulation by supply with other electron acceptors.
Enhanced biological activity on BTEX degradation was demonstrated for nitrate (Ball and Reinhard

1996; Schreiber and Bahr 2002), sulphate (Anderson and Lovley 2000) and iron-chelates supply
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(Lovley et al. 1996). But also the application of those substrates is linked with both advantages and
disadvantages. Compared to oxygen, sulphate and nitrate have a high water solubility. Thus, they can
easily be dosed to groundwater and can be transported with groundwater flow in widespread areas,
respectively. Moreover, sulphate can accept twice as many electrons (8¢ equivalents per mol) than
oxygen; therefore required concentrations are lower. However, the oxidation potential (E,’(w)=
-0.22V SO,* — HS") is much lower compared to all in this content mentioned electron acceptors.

Iron(Ill)-ions have a high oxidation potential (Ey’(w)=+0,36 V FeOOH — FeCO;3). but accept
only one electron equivalent per mol and would have to be added in very large amounts in
hypothetical ENA measures. Iron(Ill}-ions (1 mg L) are even less water soluble than oxygen (8-
10 mg L) making an effective dosing nearly impossible. Lovley er a/. (1994) demonstrated an
increase of water solubility and a better bioavailability of iron-ions bound in chelates like EDTA.
However, EDTA may act as competitive carbon source and inhibits microorganism growth dosed in
high concentrations (Haas and DiChristina 2002), respectively.

Of all electron acceptors for anaerobic processes nitrate has the highest oxidation potential
(E)(w)=+0,42 V Noy — Na). It effectively stimulated microbial in situ growth on alkyl-benzenes
(Hutchins 1991; Barbaro ef al. 1992; Reinhard 1993; Sweed er al. 1996; Wiesner e al. 1996). But,
nitrate is potentially toxic, and thus can not be added at high levels (< 100 mg L™'). Cunningham e al.
(2001) avoided toxicity effects of electron acceptors by using smaller amounts of sulphate and nitrate
at the same time. The authors demonstrated that this combination effected a general acceleration of
pollutant degradation (in this case of BTEX). Furthermore, they showed a preferential consumption of
nitrate within degradation of toluene and cthylbenzene, but sulphate within xylene degradation, thus
increased the diversity of degraded compounds and the pool of involved organisms, respectively.
Degradation of benzene occurred not before 15 months of incubation and probably not until all other
BTEX compounds were degraded, which supported former studies considering benzene recalcitrant
under anaerobic conditions as long as other carbon sources are present (Kuhn ef a/. 1988; Evans et al.
1991b; Hutchins 1991; Acton and Barker 1992; Barbaro er al/. 1992; Edwards and Grbic-Galic 1992;
Hutchins 1992; Hutchins 1993; Alvarez and Vogel 1995; Thierrin er al. 1995; Ball and Reinhard 1996;
Langenhoff et al. 1996). Except for one study, stimulation of benzene degradation in the presence of
other carbon sources was never shown under anaerobic and in situ conditions, respectively (Anderson
and Loviey 2000). Hence, in the case of benzene-contaminated aquifers oxygen is preferably added to
stimulate microbial degradation, though its disadvantages.

Stimulating effects by adding nutrients to BTEX-contaminated aquifers has been poorly
investigated. However, at least two examples of successful treatment exist for a stimulation of
degradation within anaerobic, diesel fuel contaminated areas poorly equipped with nutrients: Cross ef
al. (2006) observed an improved microbial degradation under nitrate-reducing conditions by addition

of ammonium, nitrate, and phosphate to groundwater microcosms. Powell et al. (2006) showed a
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stimulating effect on dcnitrifying hydrocarbon metabolisers within nutrient-poor Antarctic soil after
supply with nitrate, ammonium, calcium, sulphate and phosphate.

Also biostimulation by bioaugmentation and thus introduction of organisms capable of degrading
organic contaminants under field conditions has hardly been observed by any study, so far. Da Silva
and Alvarez (2004) inoculated percolated columns filled with aquifer material with enrichment
cultures and demonstrated increased benzene degradation under methanogenic conditions, contrarily
to columns without injection. But long acclimation periods were required and the observation could
not be verified in the field. Possibly, a versatile organism like D. aromatica RCB, able to mineralise
BTEX compounds under aecrobic, nitrate-, perchlorate, and chlorate-reducing conditions, could
function in bioaugmentation approaches. However, survival rates of added microbes in competition
with indigenous microorganisms adapted to in sifu conditions of the aquifer are questionable (Foght

2008).

1.5 Verification of in situ biodegradation

To verify whether microbial degradation of a pollutant at a contaminated site takes place, under which
conditions and to which extent different qualitative and quantitative methods are used. They can be
roughly divided into biological and geochemical methods. The next paragraphs introduce some of
those methods, their advantages and limitations, and they provide information on literature that

complement the topics or discuss certain methods in more detail.

Geochemical methods:

Electron donor and acceptor measurements: Many scientist use geochemical methods, targeting
inorganic and organic species in the aqueous, gaseous and solid phase in the subsurface, to assess
microbial activity (see the review of Cozzarelli and Weiss (2007)). These methods include studies on
mass loss of contaminants (Barker ef a/. 1986; Eganhouse et al. 2001) and changes in redox sensitive
species (Christensen et al. 2000). A combination of both via electron donor and acceptor balances
helps to characterise the microbial community and their physiological properties (Wiedemeier et al.
1999). For instance, the amount of used oxygen and the simultancous decrease of pollution
concentration can be used to characterise ‘the extent of aerobic microbial activity. Analogously,
concentration changes of nitrate, sulphate, iron(I1l), manganese(IV) and carbon dioxide can be used as
indicators of anaerobic degradation processes. Unfortunately, the consumption of electron acceptors
corresponds to the sum of all degradation reactions within the aquifer, thus not exclusively to the
amount of pollutant. Moreover, the degradation of single contaminants can not be detected in most
cases by calculating electron donor and acceptor balances. Nevertheless, measurement and observation
of electron acceptor concentrations provide useful information on how long a certain electron acceptor

will be available for pollutant degrading processes.
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Detection of metabolites: Geochemical methods also include the detection of metabolites which
are formed during the degradation process (Beller er al 1995). Ideally, the formation of those
metabolites is specific to the degradation process of the parent contaminant. Thus, the metabolites
should not be formed during degradation of other compounds or abiotically. They should be
chemically relatively stable, thus they can be detected on the one hand; on the other hand they have to
be biologically labile enough, so one can conclude a recent degradation by their presence (Phelps and
Young 2002). (Alkyl-) Benzylsuccinates (as the product of fumarate addition) fulfil those criteria and
therefore can be used as specific indicator metabolites for the anaerobic degradation of TEX-
compounds (Beller er al. 1995; Elshahed et al. 2001b; Reusser and Field 2002; Reusser ef al. 2002;
McKelvie et al. 2005). In contrast, (alkyl-) benzoates (intermediates of the lower degradation
pathway) are not specific enough, as they may also be formed under aerobic conditions and during
degradation of various aromatic compounds (Meckenstock et al. 2004b). Metabolites often occur in
very small amounts (normally orders of magnitude less than the parent hydrocarbons). Thus, the
detection is often difficult due to the low concentration (Caldwell and Suflita 2000; Griebler et al.
2004b), the heterogeneity (Kazumi et a/. 1997) and the ephemeral character as a result of degradation
of different members of the consortium (Beller 2000).

Compound specific isotope analysis (CSIA): A relatively new approach to detect biodegradation is
the determination of isotope composition of individual contaminants, known as compound specific
isotope analyses (CSIA) or stable isotope fractionation analysis (SIFA). This method can be used to
prove microbial activity, to quantify biodegradation, and to elucidate degradation pathways. The
principles of this method are described in section 1.6.1.

Laboratory vs. field based experiments: These methods can be applied in situ or in vitro, i.e.
within laboratory microcosm approaches (often referred to as a bioassay or batch experiment).
Laboratory approaches can be especially valuable in distinguishing biotic from abiotic chemical
reactions, looking at toxicity effects, and evaluating the impact of changing electron acceptor or donor
availability on biodegradation rates. However, laboratory approaches are linked with some
disadvantages: e.g. collected samples may not be representative of the aquifer, microbial communities
may be disturbed during sample collection or may change over time within microcosms.
Heterogeneity of aquifers as complex systems concerning geochcf‘nistry. hydrogeology as well as
microbiology also makes the execution of reproducible laboratory studies difficult. For those reasons
some investigators prefer field-based (in sifur) approaches like tracer tests and push-pull tests. Thereby,
an experimental solution is injected into the aquifer, and changes in chemistry and microbiology are
measured over time and/or space. These tests are well suited to calculate rates of terminal electron
acceptor processes like nitrate reduction (Schroth er al. 1998), sulphate reduction (Kleikemper et al.
2002), or methanogenesis (Kleikemper et al. 2005). Tracer tests were also applied to examine the
spatial variability of in situ microbial activity (Sandrin er al 2004) as well as to quantify

biodegradation of contaminants of interest (Fischer e a/. 2006). Push-pull tests were used to analyse
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the presence and activity of certain groups of organisms (Istok ez al. 1997) and the overall community
composition (Kleikemper e al. 2002). Furthermore, to determine biodegradation potentials in situ
microcosms are used either by encasing a certain volume within an aquifer loaded with groundwater
and spiked with a certain contaminant (Gillham et al. 1990; Mandelbaum et al. 1997) or by incubating
a certain substrate within the groundwater of the aquifer via monitoring wells to investigate the in situ
microbial community (Bennett er al. 2000; Reardon er al. 2004; Geyer et al. 2005; Kistner er al.
2006). Phylogenetic characterisation and identification of those microbial communities rely on

microbiological methods which are described within the next paragraphs.

Microbiological methods:

Geochemical methods can provide information on fate and transformation rates of contaminants,
but only microbiological methods give information about microbial community members and possible
growth limitation factors. Microbiological methods can be divided into two broad categories of
techniques, those which base on culture-dependent methods and those which are culture-independent
Figure 1.6 gives a schematic overview on those methods and the respective information they provide.

Culture-dependent methods: With culture-dependent methods specific organisms, obtained from
environmental samples, are cultivated under specific conditions (Madsen 2005). To cultivate aerobic
bacteria, samples are commonly plated on general media like Bitek agar (de Lipthay er al. 2003),
tryptic soy broth agar (Pickup et a/. 2001), or R2A agar (de Lipthay et al. 2004). Concerning pollution
degradation, bacteria can be grown more selectively with certain carbon sources either by plating on
minimal media agar or by using the most probable number (MPN) technique (Christensen ef al. 2000,
Vogt et al. 2004). The latter one is also more suitable for anaerobic bacteria by providing certain
electron acceptors within the liquid anoxic media and because anaerobic organisms often do not grow
on agar plates. Besides, the AGAR-shake technique proved to be applicable for growing and even
isolating of anacrobes (Cole ef al. 1994). An important limitation of those methods is the inability of
many groups of environmental bacteria to grow on standard media. Certainly, applications of (in situ)
microcosms and percolated column experiments with sediment material and/or groundwater of
contaminated aquifers improve the cultivability to a certain extent. However, in most cases the exact
biogeochemical conditions of the aquifer cannot be simulated on the laboratory scale, thus cultivation
of indigenous contaminant degrading organisms is often not possible. According to Amann ef al,
(1995) only 1 to 10% of microorganisms are cultivable. However, culture-based methods play an
essential role in enumerating and isolating organisms and studying factors that might control their in
situ activity (Figure 1.6).

Culture-independent methods: To avoid the limitations of culture-dependent microbiological
methods during characterisation of microbial communities, more and more culture-independent
techniques have been developed. These include methods that simply measure the total microbial

abundance like microscopy and flow cytometry (see Figure 1.6), which also provide information on
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diversity and morphology of community members (Bhupathiraju er al. 1999; Collier and Campbell
1999). However, these methods allow no conclusions concerning the phylogenetics of organisms.
Therefore, moleculargenetic methods are used which base on comparative sequence analysis of
ribosomal RNA-genes; mainly 16S rRNA-genes. These genes with a length of approximately 1500 bp
carry next to evolutionary conservative also highly variable regions which allow a reliable
reconstruction of phylogenetic relations (Woese and Fox 1977; Pace er al. 1986; Hugenholtz and Pace
1996). Almost the whole 16S rDNA molecule of each organism within the microbial community,
cither of field samples or of laboratory enrichments, can be amplified with universal primers by
polymerase chain reaction (PCR) and sequenced. However, this requires on the one hand preceding
cloning steps to separate gene fragments by means of fragment ligation into cloning vectors and vector
transformation into competent cells (e.g. Escherichia coli) and on the other hand subsequent assembly
of single sequence sections to total genomic sequences by means of bioinformatics. To get a quick
overview on the diversity and relative abundance of the microbial community, fingerprinting-methods
like ‘terminal restriction fragment length polymorphism’ (T-RFLP) (Liu et al. 1997), ‘single-strand
conformation polymorphism’ (SSCP) (Schwieger and Tebbe 1998), ‘denaturing gradient gel
electrophoresis’ (DGGE) (Muyzer ef al. 1993), ‘temperature gradient gel electrophoresis’ (TGGE)
(Muyzer and Smalla 1998), ‘amplified ribosomal DNA restriction analysis’ (ARDRA) (Massol-Deya
et al. 1995) are used. Thereby, 168 rRNA genes are also amplified by PCR from a DNA-mixture and
subsequently separated based on sequence specificity. SSCP separates enzymatically formed single-
stranded DNA fragments of the same length due to a sequence specific formation of secondary
structures which migrate distinct distances within a non-denaturising gel. Ideally, one pattern band
represents one sequence. Comparison of patterns of different samples allows similarity suggestions of
microbial communities. By subsequent addition of partial sequence analysis, a phylogenetic
classification of involved organisms is also possible. By using T-RFLP, DNA is PCR amplified with
one fluorescent labelled primer. Subsequently, amplicons are cut by restriction enzymes, optimally,
resulting in different lengths of the fluorescent terminal restriction fragments for different organisms.
The fragments can be separated by capillary electrophoresis on a genetic analyser. This method has the
advantage of a quick identification of organisms as soon as restriction patterns of a clone library exist
comprising main representatives of the microbial community.

165 rRNA genes vs. functional genes: A characterisation of the microbial communities based on
rRNA genes as phylogenetic markers may give evidence on the role of the microbes within
community but does not prove functions of microorganisms and thus their metabolic potentials. A
method to determine functionality is the detection of genes encoding key enzymes of specific
degradation pathways. These genes are described by the term ,functional markers’. Concerning BTEX
degradation several studies used PCR primers to detect and to quantify the presence of specific genes

encoding enzymes for the aerobic metabolism such as catechol-2,3-dioxygenase (nahH), toluene-
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Figure 1.6: A flowchart of microbial and molecular techniques (modified according to Weiss and
Cozzarelli (2008)).

dioxygenase (fodC1C2), toluene- monooxygenase (fomA), and xylene-monooxygenase (xy/A4) (Hallier-
Soulier et al. 1996; Mesarch er al. 2000; Baldwin er a/. 2003). Other studies focused on field
application by developing those primers as a tool to analyse the diversity and to prove the presence of
those functional markers within contaminated sites (Stapleton and Sayler 1998; Ringelberg er a/. 2001,
Hendrickx ef al. 2006). The anaerobic degradation of BTEX compounds was investigated by Winderl
et al. (2007) by screening the intrinsic hss4- gene pool of three different tar oil contaminated sites with
new designed primers for the detection of BssA encoding genes sequences in order to identify and
compare the diversity of anaerobic BTEX-degrading organisms. Kuntze et al. (2008) developed
primers for the detection of genes encoding 6-oxocyclohex-1-ene-1-carbonyl-CoA (6-OCH-CoA)-
hydrolase, an enzyme of the lower pathway of anaerobic aromatic hydrocarbon degradation, and
demonstrated on toluene and mera-xylene-degrading mixed cultures the potential applicability for
undefined bacterial mixed communities.

Genes vs. transcripts: The pure detection of functional genes as well as 165 rRNA genes is not a
definite proof whether organisms carrying those genes are active. In contrast, rRNA and mRNA
molecules provide information on metabolically active members of the microbial community (Madsen
2000). Thereby, rRNA extractions reveal general metabolic activity based on the ribosome’s role in
protein synthesis (Figure 1.6). Moreover, mRNA concentration is reflective of genes that are actively
transcribed. Its isolation and manipulation is useful for monitoring the activity of a functional group of
organisms responsible for facilitating a particular process (Fleming and Sayler 1995). Ogram er al.
(1995) first isolated and characterised RNA from the subsurface of an aquifer contaminated with

organic and inorganic chemicals. They extracted RNA and converted it to cDNA by reverse
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transcriptase PCR and detected, unexpected for the sampling location, a sequence highly related to a
gene encoding toluene-4-monooxygenase. mRNA analyses have also been used to examine the
expression of genes involved in chlorobenzene degradation in aquifers (Alfreider ef a/. 2003). Fleming
and Sayler (1995) analysed naphthalene dioxygenase mRNA in contaminated soils and showed a
correlation between transcription rates and naphthalene mineralisation rates as well as soil naphthalene
concentrations. Unfortunately, detection of mRNA is difficult due to its low concentrations and fast
decay within less than few minutes (Siering 1998; Wilson er al. 1999).

Fluorescence in situ hybridisation (FISH): A method to visualise and therewith to detect and
quantify active cells based on RNA content is ‘fluorescence in situ hybridisation” (FISH) (sce Figure
1.6). Therefore, RNA genes are used to design specific fluorescence labelled probes which hybridise
with RNA of fixed bacterial cells. By choosing specific binding sites within rRNA, microorganisms of
different domains, genera or groups can be visualised in situ. Unfortunately, this method is limited as
RNA content within cells can be relatively low and correspondingly the signal strength of hybridised
cells can be below detection limits. To increase the sensitivity, FISH techniques were improved by
using probes either equipped with brighter fluorescence dyes (Glockner ef al. 1996) or multiple
labelled polyribonucleotides (Pernthaler er al. 2002b). Another opportunity of improvement was
provided by a technique based on catalysed reporter deposition (CARD) where probes equipped with
the enzyme horse radish peroxidase (HRP) bind to complementary RNA-fragments within the cells.
Fluorescence labelled tyramid molecules are transformed within the reaction centre of the enzyme to
radicals which bind to protein structures within the cells. This results in an accumulation of
fluorescence dye and an intensification of the fluorescence signal (Pernthaler er al. 2002a). With this
method it is even possible to visualise mRNA molecules that might occur only in one copy. Within
this approach a combination of probes hybridising to certain functional RNA sequences and probes
hybridising to group specific 16S RNA-regions allow a linkage of functionality and phylogenetics of
active cells within microbial communities. But these methods as well as all PCR based methods are
limited to RNA and DNA sequences which can be identified by the designed probes and primers.
Metabolic pathways where no sequences are known can not be elucidated.

Protein analysis: These restrictions do not occur by analysing proteins. Proteins as catalysers of
biochemical reactions also provide a combination of phylogenetic and functional information, which
make them ideal molecules for studying the structure and function of microbial cultures. In recent
work, proteomic analyses, traditionally used for the study of pure cultures, were applied to detect
expression profiles and provide functional insight directly from mixed microbial environmental
samples. Wilmes and Bond (2004) established for the first time that a proteomics approach could be
successfully applied to examine protein expression in environmental samples such as activated sludge.
Since then there has been only a handful of studies describing mixed culture proteomics (termed
metaproteomics) (Wilmes and Bond 2006a; Kim et al. 2007). These also included the examination of

protein expression profiles from petroleum contaminated soil and groundwater (Benndorf et al. 2007).
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Analyses of proteins are performed by mass spectrometry either after a separation step using 2-DE
(Wilmes and Bond 2006b; Benndorf er al. 2007) or by shot gun approaches (Ram ef al. 2005; Lo ef al.
2007). These techniques provide a probe and primer independent detection, but are restricted to
available amino acid sequences of databanks for identification. Furthermore, at least 10° cells have to
be extracted to be above the detection limit for protein analysis’.

Summarising the previous paragraphs, analyses of genes (metagenomics), RNA sequences
(metatranscriptomics) and proteins (metaproteomics) provide information on diversity, activity, and/or
functionality of a microbial community of environmental samples. Concerning the degradation of a
certain contaminant, however, they provide no definite proof which community member is responsible
for this specific metabolism and what genes are expressed. One possible solution for this task is a
linkage of those molecular genetic tools with stable isotope tools. Stable isotopes can be used as
tracers within carbon sources exposed to the community of interest; by degrading those carbon sources
and isotope incorporation into biomarker molecules (fatty acids, nucleic acids, proteins), ideally,
responsible organisms and enzymes can be identified (see Figure 1.6). These techniques are

summarised under the term ‘stable isotope probing’ (SIP) and are introduced in chapter 1.6.2.

1.6 Stabile isotope based methods for the assessment of
microbial activity
Stable isotope based techniques to assess microbial activity can be divided into two main groups.

The first one uses stable isotopes with their natural abundance in the environment and analyses a
substrate specific fractionation of those isotopes in relation to biotic or abiotic degradation processes.
Fractionation can be measured within products and residual substrates and then can be used to
quantify and characterise degradation processes. The method is described by the terms ‘compound-
specific stable isotope analysis (CSIA)’ or ‘stable isotope fractionation analysis (SIFA)' and is
explained in more detail within the next paragraphs.

On the other hand stable isotopes can be used as tracers. Within these methods, chemically
modified substrates with an artificial amount of stable isotopes are dosed to microbial communities
which are potentially able to use the substrate as carbon and/or electron source. These isotopes then
might be detected in degradation products, like CO;, which proves the microbial communities
degradatively active, or within molecules of biomass (stable isotope probing SIP, see 1.6.2) which
might help to find out which organisms of the community consume the substrate or to elucidate food
webs. By detecting isotope labelling within degradation metabolites degradation, pathways can be
elucidated. Since substrates, products, metabolites, and some biomarker molecules are detectable by
gas chromatography-mass spectrometry (GC-MS) or GC-isotope ratio- mass spectrometry (GC-
IRMS), stable isotope methodologies may not only provide qualitative but also quantitative

information.

* Nico Jehmlich, personal communication, 12/2008
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1.6.1 Compound specific isotope analysis (CSIA)

1.6.1.1 Theoretical background

Stable isotopes. Isotopes (Greek isos = “equal”, topos = “site, place™; “at the same place™ within
the periodic table of elements) are atoms of one element with different mass numbers due to different
numbers of neutrons. Neutrons are neutral nuclear particles which reduce repulsive forces between
protons. They are responsible for a huge variety of stable isotopes within nature. The ratio of protons
and neutrons within the nucleus of an atom (Z:N) ranges for stable isotopes from 1:1 (H to Ca) to 1:1.5
(Ca to Au). If the number of neutrons is too large one nuclear neutron (n) decays under emission of

one electron (e) and one neutrino (ve) to a nuclear proton ("
(n—>p"+e + v, +0.783 MeV / particle). In contrast, if the number of neutrons is smaller than the

number of protons onc nuclear proton can be transformed to a neutron (B™- decay). These unstable
isotopes are called radionuclides and are separately examined within the radiochemistry.

The most prominent and most simple representative of the periodic table is hydrogen with its stable
isotopes hydrogen 'H (Z=1, N=0) and deuterium *H (Z=1, N=1). The latter has a natural
abundance of 0.0156% opposed to 'H with 99.9844% (Table 1.3). Carbon as skeletal structure element
within organic chemistry has two stable isotopes: *C and “C. The lighter one occurs with an
abundance of 98.891%, the heavier one occurs with 1.11% in nature. Other structural entitics of
organic substances are nitrogen, oxygen, sulphur, and chloride having at least two stable isotopes

(Table 1.3).

Table 1.3: Stable isctopes of selected elements, their relative natural abundances and mass
differences as well as their international standards (Hoefs 1997).

Element Relative isotope Relative mass Standard
abundance difference
"HAH 99.9844/0.0156 2.00 V-SMOW
BeiPe 98.891/1.11 1.08 V-PDB
NN 99.64/0.36 1.07 Air
%010 99.76/0.02 113 V-SMOW
Hgjite 94.02/4.21 1.06 V-CTD
ScIf el 75.53/24.47 1.06 24.47

V-SMOW Vienna-Standard Mean Ocean Water; V-PDB Vienna Peedee Belemnite, V-CTD Vienna-Canon Diablo Troilite

Analysis of stable isotopes: To determine the isotope ratio of a substrate in a mixtures of
compounds, analytical methods are applied which combine conventional gas chromatographs (GC) or
high pressure liquid chromatographs (HPLC), a chemical reaction interface, and a specialised isotope
ratio mass spectrometer (IRMS) (Sessions 2006; Muccio and Jackson 2009). GC or HPLC are used to
separate compounds within a mixture on a compound-specific column. The interface continuously and
quantitatively converts organic matter to a common molecular form for isotopic measurement by
IRMS. The element most studied is carbon. It is analysed as CO; derived from combustion of analytes.
The measurement of carbon is most sensitive and has a precision range of 0.1-0.5%.. In contrast,

hydrogen is measured as H, produced by pyrolysis/reduction of the compound. Its analysis has a lower
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sensitivity due to the low natural abundance of deuterium which is about 50 times less than the
abundance of 1°C (Hoefs 1997). The precision range is normally between 2 to 5%.. Due to the high
mass difference of hydrogen and deuterium (see Table 1.3), however, hydrogen isotope effects are
usually around two orders of magnitude higher than carbon isotope effects (Hilkert ef al. 1999).
Analysis of stable isotope ratios by mass spectrometric methods is also possible for other biological
important elements, e.g. oxygen, nitrogen or sulphur (Muccio and Jackson 2009).

Isotope fractionation: According to classical chemistry, chemical properties of atoms or molecules
only depend on the electron shell, ie. the number of electrons (and protons in the nucleus,
respectively), but not on the number of uncharged neutrons (Hollemann and Wieberg 1985). However,
analyses by isotope specific mass spectrometry show that molecules with different isotopes of one
clement (isotopologues) react slightly different not only physically, but also chemically. This effect is
called isotope fractionation. With respect to exchange reactions (i.e. reactions without net conversion)
like phase transformation between water and water vapour within a closed system, it is called
thermodynamic isotope fractionation. In the case of unidirectional reactions it is called kinetic isotope
fractionation. Examples for latter reactions are evaporation of water and instant removal of formed
water vapour within an open system, adsorption and diffusion of gases, and irreversible chemical
reactions like carbonate precipitation or microbial degradation of organic material. Commonly, kinetic
isotope fractionation exceeds thermodynamic isotope fractionation.

Kinetic isotope effects (KIE) (sec eq. 1.1) are related to different dissociation energies and are thus
associated with different reaction rates (k) of different isotopes of an element that occur within

molecular bonds:
KIE'=— eq. 1.1

where ‘I’ stands for the light and ‘h’ for the heavy isotope.

Bonds containing lighter isotopes of the samé element (e.g. G _ 128 20=- "1y hav-e a slightly higher
zero-point energy (E;) compared to bonds containing heavier isotopes (e.g. 2c_ B¢, “c-H,
C — '"H; see Figure 1.7). Ey is the lowest possible energy an atomic system may have and is defined

as:
1

Ey=—hyy . eq. 1.2
2

with *h’ as Planck’s constant and “v,’ as oscillation frequency of an oscillating atomic system. The

oscillation frequency is defined as:

Vo :L LA eq. 1.3
2
27\ u

with ‘k’ as spring constant and ‘u’ as reduced mass of a two atomic system defined as

1t =my xmy [(m; +m,). Thus, the higher the mass of onc of the two atoms is, the smaller are the
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Figure 1.7: A) Morse Potential of the anharmonic oscillation of a two-atom-system for the examples of
2C-"C- and "C - "C-bonds, respectively. B) Ball model to describe oscillation of a two-atom-
molecule (modified according to Steinbach (2003)).

oscillation frequency and the zero-point energy, respectively. This also influences the dissociation
energy of a bond, since this is defined as the difference between zero-point energy and an energy level

at which a bond breaks (see Figure 1.7).

Thus, dissociation of heavier isotopologues requires more energy than dissociation of lighter
isotopologues. This implies that lighter bonds ('*C — "*C, >C — 'H, 'H — 'H) are preferentially cleaved
within both biotic and abiotic degradation processes. This results in an enrichment of heavier
isotopologues within the residual, non-degraded substrate. Elements involved in a reaction in which a
specific bonds is broken will generally show normal isotope effects (KIE > 1, see eq. 1.1). Inverse
isotope effects (KIE < 1) may be observed in cases in which bonds are strengthened or formed (Elsner

et al. 2005).

Kinetic isotope effects can be separated into primary and secondary KIE. In most cases, pronounced
kinetic isotope effects are only observable within primary effects which emerge if the heavy isotope is
directly involved in the rate-limiting reaction step(s) of cleavage or formation of the chemical bond.
Secondary isotope effects may also occur if a heavier neighbouring atom changes the chemical
properties of the site of the reaction but does not directly participate in the reaction (Meckenstock er
al. 2004a; Elsner et al. 2005). This is especially the case for deuterium due to the big mass difference
compared to hydrogen (see Table 1.3). Normally, secondary effects are one or two orders of
magnitude lower than primary effects for elements with lower mass differences between isotopes

(Meckenstock ef al. 2004a).
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1.6.1.2 Determining degradation pathways by CSIA

Determination of compound-specific stable isotope signatures: In principle, CSIA is applicable to
any isotopic element (X) in an organic compound. Using gas and liquid chromatography coupled to
isotope ratio mass spectroscopy (Hayes er al. 1990; Sessions 2006), isotope ratios of hydrogen,
carbon, nitrogen, oxygen, sulphur, and chlorine can be measured in individual organic compounds to
date. Since the abundance of rare isotopes (y) and the variations in isotope ratios of those elements
(Ruample = “H/H', Pe/”c, BNMN, 0/'%0, #8748, or 'CICL) are generally very small, isotope ratios
are given in “delta notation”, X, in “per mil” relative to an internationally defined standard (Ryungaras

sce Table 1.3).

R

standard

R, nple Rt.an ar
EX umpte 0] = [MJ x 1000 eq. 1.4

The more positive the 8-value is, the stronger is the enrichment of heavier isotopes within the

examined compound.

The mathematical relation between the change in concentration of the degraded compound and the
change in isotope composition of the residual, non-degraded compound can be described with the
Rayleigh equation (Rayleigh 1896; Mariotti ef al. 1981) by the isotope fractionation factor a or the

enrichment factor g, respectively.

R (¢ )" R (c \om

_,_=[_,] or _'_[_LJ eq. 1.5
Rl'i CU R() Cﬂ .

R, is the isotope signature of a determined element of a molecule of interest at time t, Ry is the initial

isotope signature, Cg and C, are the initial concentration of the substrate and a concentration at a given

time t, respectively. Considering delta notation, these equations can be expressed as:

| 1000
&[5")(, +1000Jm-u . i_[a‘-'x, +|000}
C()

67X, +1000 5YX, +1000

& eq. 1.6

The kinetic isotope fractionation factor ‘o’ is calculated assuming that the observed isotope
fractionation in the bulk organic compound is caused by intermolecular isotopic competition between
molecules containing exclusively n isotopically light atoms of element X (i.e. the light isotopologue)
versus isotopologues containing one heavy and (n— 1) light isotopes (Melander and Saunders 1980).
For example, “C-fractionation during anaerobic toluene degradation is due to competition between
isotopologues containing a '>C atom at the methy] moiety versus isotopologues containing a C atom
at this position. The fractionation factor is a constant for a reaction at given experimental conditions
and can be obtained from experiments by plotting In(R/Ry) over In(C/Cy) for the sampling points t

(Hoefs 1997). For notation of isotope fractionation the enrichment factor ‘e’ is commonly used, which
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is defined as & =(a - I)x 1000 and results in values more easily to compare than o (Clark and Fritz

1997).

X, +AS' X, +1000) &, C
In . =—" % In| =~ eq. 1.7
o' X, +1000 1000 Cy

where 8'X, is the initial isotope signature and A8*X, is its change relative to the initial value, While
&puk values are used to assess the fractionation of entire molecules, this parameter is not suited to
comparing isotope effects and reaction mechanisms among different compounds. For the latter, kinetic
isotope effects at the reacting bond are necessary. To convert g, values into apparent kinetic isotope

effect, & values are calculated as isotope enrichment factors at the reactive position of the molecule,

Erenctive position-

X, +Lasrx, +1000| .
In - ‘e _ Jreactive position x lnl =L eq. 1.8
5" X, +1000 1000 C,

The correction for “d” isotopic atoms of the determined element X present in the molecule and ‘e’ the
number of isotopes located at the reactive sites takes into account that (i) nonreactive atoms “dilute”
the observed isotopic fractionation, whereas (i) multiple reactive sites can increase it (Elsner et al.
2005). Finally, intramolecular isotopic competition can result in a depletion of molecules that contain
heavy isotopes without leading to isotope fractionation. This is the case if a molecule reacts at the
isotopically light reactive site instead of the one carrying the heavy isotopes. For example, in the case
of *H-fractionation during anaerobic toluene degradation two hydrogen atoms of the methyl moiety
compete against one deuterium atom. The concentration of isotopologues with two deuterium atoms
is, according to a binomial distribution of light and heavy isotopes, too small to contribute to the
measurable isotope fractionation. Correction for z competing reactive sites leads to the apparent

kinetic isotope effect

/
AKIE :{h—kJ = l eq. 1.9
k apparent

& »
redcrive position

1+ zx
1000

The expression of the KIE in a (bio)chemical reaction is not only influenced by inter- and
intramolecular isotope competition, but also depends on kinetic limitations associated with bond
changes and rate limitations of non-fractionating reaction steps preceding the bond cleavage which
have been summarised under the term ‘commitment to catalysis’ (Northrop 1981: Elsner et al. 2005).
Thus, the apparent kinetic isotope effect (AKIE) of a (bio)chemical reaction can be much smaller
compared to the KIE of bond cleavage. The often observed variability of bulk enrichment factors
(epu) and AKIEs for specific contaminant degradation pathways is thought to be caused by

commitment to catalysis. For example, Kampara et al. (2008) observed variable hydrogen isotope
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fractionation factors during toluene degradation by Pseudomonas putida mt-2 depending on the
substrate bioavailability; a decrease in toluene concentration resulted in a decrease in fractionation.
Also Tobler et af. (2008) hypothesised that the smaller isotope fractionation observed during anaerobic
toluene degradation by Geobacter metallireducens in suspension of a solid Fe(lll)-phase compared to
solutions of Fe(I1I)-citrate is due to toluene transport limitations to the cells at surfaces of solid Fe(IIl)-
phases. Morasch et al. (2001b) discovered that isotope effects can be influenced by temperature.
During degradation of toluene by P. putida mt-2, isotope fractionation was slightly stronger in cultures
incubated at 20°C compared to 37°C. Nijenhuis ef al. (2003) reported a correlation between the
increase of isotope fractionation during reductive dechlorination of PCE by Sulfurospirillum
multivorans and the decrease of cell integrity. The isotope fractionation of PCE increased from culture
experiments with whole cells to in vitro assays with crude extracts and even more with purified PCE
reductive dehalogenase. Mancini et al. (2006) attributed varying hydrogen and carbon isotope
fractionation during toluene degradation by P. putida mt-2 to concentration differences of key
constituents (trace elements) of involved enzymes (methyl monooxygenase) which affected the
enzyme binding. The authors explained the increase of enrichment factors at low iron concentrations
with a slower enzyme-catalysed substrate conversion step (k») relative to the enzyme-substrate binding
step (ko).

Recently, two-dimensional compound-specific isotope analysis (2D-CSIA) has been suggested as a
tool for characterising rate-determining reaction steps of biodegradation pathways more precisely

(Elsner et al. 2005; Zwank et al. 2005; Fischer et al. 2007). 2D-CSIA relates the isotope signature

changes (A §'X ) of two elements within a 2D-plot. The slope of this plot is a constant named A.

&'H

A=m, _—
-
£

eq. 1.10

plot =

A nearly conforms to the ratio of the enrichment factors for the both elements used within the 2D-
approach. Commitment to catalysis is eliminated assuming that isotopes for both elements are
comparably affected.

5
Ermwiw position H

oy PO eq. 1.11
B q

reactivepositive — Myp- plot
reactive position

The ratio of (AKIE¢ — 1) / (AKIEy; — 1) considers intramolecular competition (Abe ef al. 2009).

1.6.1.3 Isotope fractionation in the course of contaminant (BTEX) degradation

One of the first studies dealing with isotope fractionation of BTEX degradation was done by Stahl
(1980) and focused on aerobic degradation of crude oil constituents in seawater while looking on the
isotope composition of the residual, not yet degraded substrates. Although they could detect a carbon
fractionation for alkanes, they were not able to show isotope fractionation of benzene. A similar result

was published by Sherwood Lollar et al. (1999) who investigated the isotope fractionation during
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anaerobic trichloroethylene and aerobic toluene degradation. Carbon isotope fractionation within latter
reaction could not be detected. Isotope fractionation of BTEX compounds was first demonstrated by a
field study of Kelley ef al. (1997), who investigated CSIA as a tool to monitor bioremediation
analysing groundwater of a BTEX-contaminated site within several monitoring wells. They showed a
slight shift of the '*C-isotope signature of toluene and benzene, but pointed out that the shift also could
have been caused by different contamination sources. A direct linkage between isotope fractionation
and BTEX degradation was first demonstrated with the sulphate-reducing bacterial strain TRM1 by
Meckenstock er al. (1999a), where a pronounced enrichment of *C during toluene degradation was
observed. Since then many studies have been performed on toluene degradation (Meckenstock et al.
1999b; Ahad ef al. 2000; Morasch et al. 2001b; Morasch ef al. 2002; Richnow et al. 2003b; Steinbach
et al. 2004; Mancini et al. 2006). Carbon and hydrogen isotope fractionation during benzene
degradation was studied by Hunkeler er a/. (2001) for oxic conditions and by Mancini et al. (2003) for
nitrate- and sulphate-reducing as well as methanogenic conditions leading to a wide range of values
for enrichment factors for different redox conditions. So far only a couple of studies investigated
isotope fractionation of cthylbenzene and the isomers of xylene, mainly focusing on carbon isotopes
(Wilkes er al. 2000; Morasch et al. 2002; Richnow er al. 2003b; Meckenstock et al. 2004a; Morasch et
al. 2004a; Steinbach er al. 2004). See Table 1.4 for an overview of presently determined enrichment

factors for microbial degradation of BTEX compounds.

1.6.1.4 Quantification of in situ biodegradation by isotope fractionation

By knowing enrichment factors specific for the conditions of an aquifer of interest, it is possible to
quantify the extent of in sitir biodegradation (Meckenstock e al. 1999b; Meckenstock et al. 2004a).
The percentage of biological degradation (B) is calculated by the following relation of the Rayleigh
equation (Meckenstock ef al. 2002):

1000

8["u]:100x[1—%}: l—{ﬁl " |x100 eq. 1.12

0 4]

In recent years, CSIA was more and more used to characterise the in sifu degradation potential for
BTEX compounds at contaminated field sites (Mancini ef al. 2002; Richnow et al. 2003b; Griebler ef
al. 2004b; Vieth er al. 2005). For applying CSIA in the course of biodegradation quantification, it is
necessary to choose the right enrichment factor for the examined field. To gain reliable data, intensive
studies on enrichment factors for certain conditions have to be performed beforehand. Previously
mentioned masking effects may complicate an application. A conservative estimation of in situ
biodegradation is still possible as long as calculation is done by using the highest enrichment factors
determined for the examined conditions, to avoid an overestimation of degradation potential (Rosell et

al. 2007; Fischer et al. 2008).
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Table 1.4: Enrichment factors () for isotope fractionation of carbon (C) and hydrogen (H) isotopes
during in vitro degradation of BTEX compounds for distinct bacteria and redox conditions to the stand

of 2008.
Compound £c £y Conditions Bacteria References
benzene -1.5+0.1  -130.7 oxic Acinetobacter sp. Hunkeler et al. (2001)
benzene -3.5+0.3  -11=1.8 oxic Burkholderia sp. Hunkeler ef al. (2001)
benzene 24401 -29+4 NO;-reducing  enrichment culture Mancini ef al. (2003)
benzene -2.240.1 356 NO;-reducing  enrichment culture Mancini et al. (2003)
benzene -3.6+03  -7944 SOf'-rcducing enrichment culture Mancini et al. (2003)
benzene -1.9+0.1  -604+3 methanogenic enrichment culture Mancini er al. (2003)
benzene -2.1+£0.1  -5944 methanogenic enrichment culture Mancini et al. (2003)
benzene -0.8+£0.2  -3448 methanogenic enrichment culture Mancini ef al. (2008)
benzene -1.1£0.1 -3846 methanogenic enrichment culture Mancini ef al. (2008)
benzene -2.6£0.6  -47£11 NOj-reducing  enrichment culture Mancini ef al. (2008)
benzene -2.840.6 4744 NO;-reducing enrichment culture Mancini et al. (2008)
benzene -1.9+£0.7 =317 NOj-reducing  enrichment culture Mancini et al. (2008)
cthylbenzene -2.2 NO;-reducing  strain EBNI Meckenstock et al.
(2004a)
ethyltoluene  -3.7 SO, -reducing  enrichment culture Wilkes et al. (2000)
toluene n.s. oxic Microcosms Sherwood Lollar ef al.
(1999)
toluene -3.3+0.3  -905 oxic Pseudomonas putida strain. Morasch et al. (2002)
+71 mt-2
toluene -1.1+02 -16+5 oxic Ralstonia pickettii strain Morasch et al. (2002)
PKOI1
toluene -0.4=0.3  -28+10 oxic Pseudomonas putida strain - Morasch er al. (2002)
Fl
toluene -1.7 NO;-reducing  Thawera aromatica Meckenstock ef al.
(1999b)
toluene -1.8 Fe'"-reducing Geobacter metallireducens  Meckenstock er al.
(1999b)
toluene -0.8 SOf'-rcducing enrichment culture Ward et al. (Ward et
al. 2000)
toluene -1.5 S0, -reducing  column experiment Meckenstock er al.
(1999b)
toluene 2.2 5042“vreducing Desulfobacterium Morasch ef al. (2001b)
cetonicum
toluene -1.7 SO, -reducing  strain TRM1 Meckenstock ef al.
(1999b)
toluene -728 SOflrcducing strain TRM 1 Morasch et al. (2001b)
toluene -198 SOy -reducing  Desulfobacterium Morasch er al. (2001b)
cetonicum
toluene -0.5 methanogenic enrichment culture Ahad et al. (2000)
toluene -12 methanogenic Consortium Ward et al. (2000)
toluene -65 methanogenic Consortium Ward et al. (2000)
toluene -1.70.1  -T77+4 oxic Pseudomonas putida strain -~ Mancini et al. (2006)
mt-2
toluene -2.5+0.3 -159 +11 oxic Pseudomonas putida strain -~ Mancini et al. (2006)
mt-2
toluene -1.1 SO, -reducing  column experiment Richnow er al. (2003b)
m-xylene -1.7 0.1 oxic Pseudomonas putida strain - Morasch ef al. (2002)
mt-2
m-xylene -1.8+0.2 SOf'-rcducing strain OX39 Morasch et al. (2004a)
p-xylene -2.340.3 oxic Pseudomonas putida strain -~ Morasch ez al. (2002)
mt-2
o-xylene -1.540.1 SO, -reducing  strain 0X39 Morasch et al. (2004a)
o-xylene -1.1 SO, -reducing  column experiment Richnow et al. (2003b)
o-xylene -3.2 SO, -reducing  enrichment culture Wilkes et al. (2000)

n.s. not significant, e.d. enrichment detected
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1.6.2 Stabile isotope probing (SIP)

‘A method to link phylogenetic and functional properties of heterogencous bacterial communities
comprises tracer experiments with isotopically labelled substances ('*C, '°N) that are used as source of
carbon or nitrogen. The process of biomass labelling is called ‘stable isotope probing’ (SIP) and can
be detected by analysis of biomarker molecules such as fatty acids, (desoxy-) ribonucleic acids, and

proteins.

1.6.2.1 Nucleic acid-based stable isotope probing

Since the 1950s investigations with SIP-technologies have been performed. Meselson and Stahl
(1958) first used '*N-labelled substrates and were able to discover the replication cycle of DNA. Since
nucleic acids mainly consist of carbon and hydrogen, it was soon discovered that a labelling of RNA
and DNA could be gained also by using heavy isotopes of carbon and hydrogen (Schildkraut 1967;
Radajewski ef al. 2003).

With the beginning of the 2Ist century a new application field for the SIP-technologies was
discovered: the identification of organisms involved in the degradation of hydrocarbons within a
microbial community. Precursor of a large number of studies was an investigation of Radajewski et al.
(2000), who identified organisms involved in the Cl-metabolism. Within this study the term DNA-
stable isotope probing (DNA-SIP) was first used. Radajewski ef al. (2000) incubated microbial
communities within microcosms with *C-methanol, extracted DNA and separated light from heavy
DNA by equilibrium centrifugation within a CsCl-density gradient. 16S rRNA genes of the heavy
fraction were amplified and identified by cloning and sequencing. Soon after, Manefield er al. (2002a;
2002b) published the first application of RNA-SIP and the separation by using a CsTFA-density
gradient. Initially, degradation experiments were performed for Cl-compounds like “C-methanol,
-methane or -carbon dioxide. Meanwhile, a large number of investigations were conducted in order to
identify key organisms involved in the metabolism of several aromatic and chlorinated hydrocarbons
(Manefield et al. 2002a; Jeon et al. 2003; Padmanabhan er a/. 2003; Mahmood et al. 2005; Yu and
Chu 2005; Kasai et al. 2006; Kunapuli er al. 2007). Kasai e al. (2006) used RNA-based SIP to
identify organisms of a petroleum contaminated aquifer able to degrade benzene with nitrate as
electron acceptor. Organisms within the genus of Azoarcus were identified to be the key organisms
and were subsequently isolated (strain DNI1 and AN9) being, next to the isolated Dechloromonas
strains (Coates ef al. 2001b), the only organisms able to degrade benzene anaerobically in pure culture,
Kunapuli ef al. (2007) used RNA-based SIP to analyse the carbon fluxes in an enrichment culture
gained from a field of a former coal gasification site which was able to degrade benzene under
iron({I1l)-reducing conditions. They discovered two dominant organisms and postulated an unusual
syntrophy, with members of Clostridia initially oxidising benzene and sharing gained electrons with
members of Desulfobulbaceae which remove hydrogen formed during benzene oxidation as

syntrophic partners. Sulphate-reducing mixed cultures were analysed by Oka ef al. (2008) using DNA-



Introduction 29

SIP and subsequent T-RFLP-analysis to identify benzene degraders. They found a dominant organism
within the heavy-DNA fraction which clustered to sulphate-reducing 8-Proteobacteria. A field based
stable isotope probing experiment was performed by Liou ef al. (2008) identifying organisms closely
related to Pelomonas to be involved in degradation at a coal-tar waste contaminated site.

The disadvantage of nucleic acid-based stable isotope probing is the low sensitivity of this technique.
To get an effective separation of labelled and unlabelled nucleic acids a labelling of over 20% and
50% is needed for RNA and DNA, respectively (Radajewski er al. 2003). Due to semi-conservative
replication of DNA two cell divisions are necessary to obtain one of two daughter cells with fully
labelled DNA. High labelling yields mostly require unusually high substrate concentrations — possibly
stimulating growth of atypical organisms within the microbial community — or long incubation times
which support cross feeding effects (Gray and Head 2001). Substrate sharing may additionally lower
the label incorporation if more than one organism is present that is able to degrade the substrate of
interest. The same effect may occur if variable carbon sources are present. RNA faster incorporates
C-label than DNA since new synthesised molecules — independent of cell division — are fully
labelled as long as the “C-labelled substrate is the only carbon source (Maneficld er al. 2002a;
Radajewski er al. 2003). However, a disadvantage of RNA-SIP is the lability of RNA which
necessitates on the one hand a well developed extraction protocol to receive adequate amounts of
RNA with a high purification degree from co-extracts and on the other hand a very careful treatment

to avoid RNA losses due to RNase digestion.

1.6.2.2 Fatty acid-based stable isotope probing

A much more sensitive method to analyse "*C-incorporation into biomass is stable isotope probing
based on fatty acids. These biomarker molecules can be analysed by (isotope ratio-) mass
spectroscopy which enables the detection of very low ratios of incorporated heavy isotopes (Mottram
and Evershed 2003). A separation of heavy and light biomass is not necessary, which allows the
concentration of isotopically labelled compound to be kept low — appropriate to environmental
conditions — as well as incubation times (Boschker er al. 1998; Boschker and Middelburg 2002). Fatty
acids are important cell components particularly within the cell membrane (double lipid layer). They
can be separated into three main groups of membrane lipids: phospho-, glyco-, and neutral lipids. Best
suited biomarker molecules among the lipids are phospholipid fatty acids (PLFA). They represent
living biomass and additionally allow (to a certain extent) a phylogenetic classification of the analysed
community on the basis of distinct PFLA-profiles representing specific phylogenetic organism groups.
PLFA-based SIP has implicated more soil microbes in environmental processes of interest than any
other form of SIP (see Table 1.5 for a survey), although the phylogenetic resolution of PLFA-SIP is by

far not as high as the resolution based on nucleic acids (Manefield et al. 2006).
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Table 1.5: Survey of chosen biomarkers of certain organisms/organism groups madified according to
Zelles (1999), Green and Scow (2000), Boschker and Middelburg (2002), and Kaur et al. (2005). Fatty
acids are named according to the w-nomenclature A:BwC with A number of carbon atoms, B number
of double bonds, C location of closest double bond starting with aliphatic chain of molecules, ¢ and t
stand for cis or frans configuration of carbon atoms that are bound in the double bond; prefixes iso (/)
and anteiso (a) mark position of methyl branching.

Organism

Biomarker

References

Bacteria

Gram-positives

Gram-negatives

Sulphate reducers

Methanotrophes

Actinomycetes

Fungi

Protozoa

Algaes

i15:0, al5:0, 15:0, 16:1w3, i17:0, 17:0,
18:1w7

branched PFLAs (brl17:0, br18:0, i17:0,
i16:0, 116:1, 10Mel6:0, 10Mel 7:0)

i15:0, a15:0

monounsaturated fatty acids < 20%
(16:19, 16:1w7c, 16:1w5, 18:1w7c, 19:1)
Cyclopropan-Fettsiuren (cy17:0, cy19:0)
B-hydroxy fatty acids of cell walls
monounsaturated fatty acids > 20%
(16:109, 16:1w7¢, 16:1w5, 18:1w7c, 19:1)
Desulfobacter (10Mel6:0, cy18:0(w7.8)
Desulfovibrio (i17:1w7¢, i15:1w7¢,
i19:1w7¢)

Desulfobulbus (17:1w6, 15:1)

Typ L (16:1w8¢, 16:1w6¢)
Typ I (18:1w8¢, 18:1w8t, 18:1w6c)
(10Mel7:0, 10Me18:0)

polyunsaturated fatty acids (18:2w6,
18:3w6, 18:3w3c)

20:2w6, 20:3w6, 20:4w6

20:5m3, 18:3m3

Tunlid and White (1992)

Harwood and Russel
(1984), O’leary and
Wilkinson (1988)

Parker et al. (1982),
Guckert er al. (1983),
Wilkinson (1994). White
(1988)

Scheuerbrandt and Bloch,
Parker er al. (1962), Taylor
and Parkes (1983), Edlung
et al. (1985), Parkes and
Calder (1985), Dowling et
al. (1986)

Makula (1978), Nichols er
al. (1987), Bowman er al.
(1993), Sundh et al.
(1995), Bérjesson er al.
(1998)

Federle (1986), Vestal and
White (1989), Frostegard
and Badth (1996)

White et al. (1983), White
(1988)

Note that most experiments proving microbial degradation of organic pollutants by using SIP
technologies were performed within batch cultures or soil, sediment and groundwater microcosms due
to high prices of labelled substrates (Hanson et al. 1999; Pelz et al. 2001a; Pelz et al. 2001b;
Mauclaire et al. 2003).

Recently, a concept of in situ microcosms supplemented with *C-tracers was developed which
opened up the opportunity to use SIP technologies also in the field. Herein used microcosms contain
so called Bio-Sep” beads which are composed of activated carbon. These beads are used to adsorb
BC-labelled hydrocarbons. Introduced to groundwater of contaminated aquifers, the beads release the
labelled substrates which then may be degraded by indigenous microorganisms. Additionally, the
beads function as settlement material for microorganisms. Subsequently, growing microbes can be
extracted and analysed for "“C-incorporation. Extensive information on the concept of in situ
microcosms with Bio-Sep beads is provided by Stelzer et al. (2006). Using this concept, first

investigations were performed at a BTEX-contaminated site in order to analyse benzene and toluene
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degradation with PLFA-SIP (Geyer er al. 2005). Later studies reported its applicability to other

substrates and other biomarker molecules (DNA) (Kistner ef al. 2006; Stelzer 2008).

1.6.2.3 Protein-based stable isotope probing

Next to nucleic acids and fatty acids, proteins can also serve as marker molecules for SIP
approaches. Although stable isotope techniques had been widely used, mainly in eukaryotic systems,
for quantitative proteomics (for an overview see Ong and Mﬁnn (2003)), labelling of proteins in order
to identify certain metabolisms is a very recently developed technique. A first report on protein-SIP
described the expression of genes involved in the central carbon metabolisation of Sulfolobus
solfataricus (Snijders er al. 2006). The authors used stable isotope-incorporation into proteins
provided by a '"N-containing medium to quantify the expression and thus to elucidate the carbon
metabolism of the hyperthermophilic crenarchacon. Jehmlich er al. (2008a; 2008b) first reported a
protein-SIP-approach to identify proteins expressed during metabolisation of 13C-labelled
contaminants. The authors demonstrated the applicability of their method on a pure strain approach by |
analysing stable isotope incorporation within peptides of Pseudomonas putida strain ML2 after Pe-
benzene and ""N-ammonium consumption (Jehmlich ef al. 2008a). The subsequent study proved the
method to be transferable to more complex systems by analysing an artificial mixed culture. There,
they could identify the responsible species for anoxic toluene degradation after growing on gluconate
and "Cy-toluene under nitrate reducing conditions (Jehmlich er al 2008b). Stable isotope
incorporation into proteins was detected by matrix-assisted laser ionisation/desorption mass
spectrometry (MALDI-MS) which measures the change of isotopic distribution resulting in a higher
diisotope peak. According to the authors, a BC-incorporation of 1 — 2 atom% is still detectable. This is
a one order of magnitude higher sensitivity compared to RNA/DNA-SIP. A limitation for protein-SIP
so far is the availability of protein-sequences for protein-identification. Furthermore, the need of at
least 10° cells per analysis might restrict applicability for aquifer organisms growing under anaerobic
conditions since the cell number is usually very low. However, the protein-SIP-technology promises to
be the most suitable methedology for combining a specific metabolic activity and phylogenetic

information within microbial communities.
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1.7 Outline of the thesis

Although several studies conceming BTEX degradation have been performed (refer to the
previous sections in this chapter), there are still gaps in the knowledge about anaerobic BTEX
degradation. In particular, the bacteria involved in anacrobic benzene degradation and the benzene
degradation pathway have still not been clucidated. The objective of the research presented in this
thesis was to gain more insight in the degradation of BTEX compounds in a highly contaminated
anaerobic aquifer close to the city Zeitz. In particular, the physiology and phylogeny of the bacteria
responsible for the degradation were studied.

Chapter 2 describes a new method to capture and enrich microorganisms of the aquifer able to degrade
benzene under sulphate-reducing conditions. Therefore, in sifu microcosms filled with different solids
were initially exposed to the sulphidogenic zone of the aquifer and subsequently cultivated in the
laboratory. These cultures were analysed regarding their physiological properties and ecological
composition by comparison of microbial community patterns uéing the PCR based fingerprinting
method SSCP and subsequent partial sequence analysis.

Chapter 3 describes the identification of organisms involved in the initial attack of benzene under
sulphate-reducing conditions by means of DNA-based SIP and subsequent T-RFLP analysis.

In chapter 4, the extent of carbon and hydrogen isotope fractionation of benzene was determined for
acrobic strains with known biodegradation pathways in order to distinguish between isotope patterns
for mono- or dioxygenase-catalyzed reactions. Additionally, 2D-CSIA was applied to elucidate
benzene biodegradation pathways of a new isolate able to use chlorate as well as oxygen as electron
acceptor and for a sulphate-reducing enrichment culture enriched from the aquifer of Zeitz,
respectively.

In chapter 5, carbon and hydrogen isotope fractionation of Bss-initiated degradation pathways for
xylene isomers were explored in order to obtain information on reaction mechanisms and to assess the
variability of isotope fractionation processes associated with Bss. Therefore, mixed cultures enriched
from the aquifer of Zeitz and pure cultures were investigated which were able to degrade cither m-
xylene, o-xylene, or p-xylene under sulphate- or nitrate-reducing conditions.

Chapter 6 investigates air-sparging as a strategy to enhance natural attenuation in the source zone of
the test site Zeitz. A combination of different methods (hydrogeochemical groundwater and soil air
analyses; electron donor/acceptor monitoring; MPN-analysis; isotope fractionation of degradation
products and residual substrate; fatty acid-based stable isotope probing) is used to evaluate the
sufficiency of air-sparging and the extent of bioremediation.

Finally, the main conclusions are summarised and discussed in chapter 7.
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Abstract

Microcosms filled with different solids (sand, lava, Amberlite XAD-7) were exposed for 67 days
in the sulfidic part of a groundwater monitoring well downstream of the source zone of a
benzene-contaminated aquifer and subsequently incubated in the laboratory. Benzene was
repeatedly degraded in several microcosms accompanied by production of sulfide, leading to
stable benzene-degrading enrichment cultures. In control microcosms without filling material,
benzene was initially degraded, but the benzene-degrading capacity could not be sustained. The
results indicate that long-term physiologically active benzene-degrading microorganisms were
attached to surfaces of the solids. The biodiversity and attachment behavior of microorganisms
in the in situ microcosms were assessed by confocal laser scanning microscopy and single-strand
conformation polymorphism (SSCP) analysis, followed by sequencing of dominant SSCP bands.
The microbial community was composed of several different Bacteria, representing members of
Clostridia, Bacteroidales, all subgroups of the Proteobacteria, Verrucomicrobia, Nitrospira,
Chloroflexi and Chlorobi. Only a few archaeal sequences could be retrieved from the
communities. The majority of phylotypes were affiliated to bacterial groups with a possible
functional relationship to the bacterial sulfur cycle, thus indicating that the microbial
community in the investigated aquifer zone depends mainly on inorganic sulfur compounds as

electron donors or acceptors, a finding that corresponds to the geochemical data.

2.1 Introduction

Petroleum hydrocarbons are frequent soil and groundwater contaminants world wide, mostly caused
by leaking pipes and underground fuel tanks. Aromatic hydrocarbons such as benzene, toluene,
cthylbenzene and xylenes (BTEX), which make up a substantial percentage of gasoline, are toxic and
also mobile in the saturated and vadose zone of an aquifer, due to their relatively high water solubility
and volatility, thus creating a major health risk. Among the BTEX compounds, benzene is the most
mobile and most toxic (Aksoy 1985). Under acrobic conditions, all BTEX compounds are easily
biodegraded by ubiquitous bacteria (van Agteren ef al. 1998). However, due to the low water
solubility and rapid microbial consumption of oxygen, contaminant plumes generally become anoxic.
It is now widely accepted that all BTEX compounds can also be mineralized in the absence of oxygen
under different electron acceptor conditions (Lovley 2000; Widdel and Rabus 2001). Benzene
degradation was observed in laboratory enrichment cultures under methanogenic (Vogel and Grbic-
Galic 1986b; Kazumi er al. 1997), nitrate-reducing (Nales er al. 1998; Burland and Edwards 1999),
iron-reducing (Lovley et al. 1996; Kazumi et al. 1997; Nales et ai. 1998; Jahn et al. 2005; Botton and
Parsons 2006) and sulfate-reducing conditions (Edwards and Grbic-Galic 1992; Lovley et al. 1995;
Kazumi et al. 1997; Nales ef al. 1998; Phelps and Young 1999; Vogt er al. 2007). So far, only nitrate-

reducing bacterial strains have been reported to metabolize benzene anacrobically (Kasai er al. 2006).



(8]
wn

Enrichment of anaerobic benzene-degrading microorganisms by in situ microcosms

The biochemical pathway of anaerobic benzene degradation is still not fully elucidated (Caldwell and
Suflita 2000; Ulrich et al. 2005).

Despite being known to be degradable, benzene is considered the most resistant of all BTEX
compounds under anoxic conditions: the majority of laboratory and field studies failed to demonstrate
anacrobic benzene degradation (Aronson and Howard 1997; Johnson et al. 2003).

The question arises as to why benzene degradation under anoxic conditions has been only
occasionally observed. Results from microcosm studies suggest that anaerobic benzene degraders are
not ubiquitous in subsurface sediments (Kazumi er al. 1997; Nales e al. 1998; Weiner and Lovley
1998a; Phelps and Young 1999). By contrast, it has been shown that the majority of bacteria could not
be cultured in the laboratory (Rappe and Giovannoni 2003; Keller and Zengler 2004). The yet
uncultured fraction might include anaerobic benzene-degrading microorganisms. In most cases,
successful enrichments of anaerobic benzene degraders were established using anoxic sediment taken
from petroleum-contaminated sites. These samples contain the major part of microorganisms living in
the subsurface (Harvey et al. 1984; Kélbel-Boelke et al. 1988; Hazen et al. 1991; Alfreider ef al.
1997; Lehmann et al. 2000; Griebler er al. 2002). Attached or biofilm-forming bacteria were also
shown to be taxonomically diverse and physiologically more active compared with microorganisms
moving in the water phase of an aquifer (Alfreider er al. 1997; Lehmann ef al. 2000; Griebler et al.
2002).

Hence, our work aimed to test whether anaerobic benzene-degrading bacteria can be trapped from
groundwater of a monitoring well in a benzene-contaminated aquifer using in sifu microcosms and
solids (sand, lava granulate) as colonization material. Additionally, the biodiversity of the attached
microbial communities was assessed by single-strand conformation polymorphism (SSCP) as a
cultivation-independent, 16S rRNA gene-based method. The selected test site was an anoxic benzene-
contaminated aquifer with large parts of ongoing sulfate reduction. Recently, benzene degradation
under anoxic conditions was qualitatively and quantitatively demonstrated at the site (Vieth er al.

2005; Fischer et al. 2007; Vogt et al. 2007).

2.2 Materials and Methods

2.2.1 Description of the field site

The contaminated test site is located in the area of a former coal hydrogenation and benzene
production plant near Zeitz (Saxony-Anhalt, Germany). The contamination was caused by several
leaks, damage and accidents during the operation of the plant between 1960 and 1990. The site has
been intensively investigated in recent years with respect of monitoring of natural attenuation (NA)
processes (Vieth er al. 2005; Fischer er al. 2006; Godeke et al. 2006; Schirmer er al. 2006; Stelzer et
al. 2006; Alfreider and Vogt 2007; Fischer e al. 2007; Vogt et al. 2007). Two aquifers arc present,
separated by a lignite and clay layer. Both aquifers are heterogeneous and hydrogeologically

connected due to discontinuities of the lignite—clay layer. The aquifers are composed of river gravel
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and sand sediments, which contain more than 95% quartz. The general groundwater flow direction is
to the north. The groundwater of both the upper and the lower aquifer is heavily contaminated, with
benzene concentrations of up to 13 mM in the source zone. Both aquifers are characterized by anoxic
conditions. Sulfate, reaching concentrations of 10 mM, is the main electron acceptor at the site (Vieth
et al. 2003). For the experiments described in this paper, a groundwater monitoring well in the lower
aquifer (GWMS 1/99) was investigated. The well is located downstream of the source of
contamination, within the sulfidic zone of the plume. Well water from 40 m depth, collected in
February 2004, June 2004 and March 2005, contained 40-100 pM benzene as well as trace amounts of
toluene, m-xylene and p-xylene (< 0.06 uM), 4.9 mM sulfate, 0.17 — 0.38 mM sulfide, 0.13 — 0.16 mM
ammonium, and 7.3 — 7.5 mM HCO;.

2.2.2 Preparation of in situ microcosms
Twenty-milliliter glass vials were completely filled with coarse sand (grain size: 2—3.15 mm;

porosity: 0.43; | g sand is equal to 0.58 cm’) or lava granules [volcanic rock from the Eifel region,
Germany; under-saturated with silicon oxide (Si0,); porosity: 0.5: 1 g lava granules is equal to 0.8
cm’]. In addition, vials filled with sand or lava granules were spiked with 1 g Amberlite XAD-7, an
adsorber resin which was successfully used for the enrichment of BTEX-degrading bacteria under
different clectron acceptor conditions (Morasch ef /. 2001a; Jahn er al. 2005). We did not intend to
use Amberlite XAD-7 as colonization material, but instead used it as a reservoir for benzene, in order
to provide a stable concentration of benzene inside the microcosm during the in situ exposure as well
as the following incubation in the laboratory. Control vials either contained only Amberlite XAD-7 or
no filling material. Sand and lava granules were washed five times with distilled water to remove
organic particles before use; Amberlite XAD-7 was washed as described by Morasch er al. (2001a).
Amberlite-filled vials were prepared in five replicates, and the other approaches in four replicates
(Figure 2.1). All vials were sterilized by autoclaving (20 min, 121°C), completely filled with sterile,
anoxic distilled water and closed with Teflon caps and exposed in monitoring well GWMS 1/99 as
follows: eight vials were placed in a round plastic jar. Three jars were used and placed one below the
other in a steel cage (Figure 2.1). To facilitate the inflow of groundwater, the jars were perforated.
Each jar contained at least a single replicate of each approach. Shortly before exposure in the
monitoring well, all vials were opened by tongs, and the steel cage was immediately lowered by means
of a steel cable to a final depth of 40 m. After an exposure for 67 days, the jars were recovered and the
vials were immediately closed with Teflon-coated butyl septa (ESWE Analysentechnik, Gera,
Germany). One replicate from each different approach was used for colonization and biodiversity
studies; these vials were all taken from the jar which was hanging in the monitoring well right at the
bottom (Figure 2.1). For these studies, the microcosms were processed immediately after recovery
from the groundwater well. They were divided into three different depth-oriented zones (Figure 2.1).

Material for SSCP analyses was frozen at -80°C until further processing; material for confocal laser
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Figure 2.1: Flow chart of the in situ microcosm experiment described in this study.

scanning microscopy (CLSM) was anoxically transferred in anoxic mineral salt medium (Vogt ef al.
2007) and examined under the microscope within 24 h; material for total cell count determinations was
processed within 6 h after extraction.

The residual vials were incubated statically in the dark for 47 days at 14°C. Subsequently, the
contents of each vial were transferred in larger bottles (56 mL; Glasgerdtebau Ochs, Bovenden-
Lenglern, Germany) and filled up to a final volume of ¢. 50 mL with anoxic mineral salt medium
(Vogt et al. 2007) spiked with benzene from an anoxic stock solution (5 mM) to final concentrations
of 100 — 200 uM benzene. The microcosms were sampled in regular time intervals for benzene and
sulfide concentrations as previously described (Vogt ef al. 2007) and respiked with benzene if benzene
concentrations were low or not detectable. If sulfide concentrations became too high (5 — 8 mM), most
of the liquid phase (over three-quarters) was carefully replaced by fresh anoxic mineral salt medium.
For evaluating abiotic losses of benzene during the sampling and incubation procedure, sterile controls
were prepared using microcosm set up as with each microcosm variant, but autoclaved on 3
consecutive days (121°C, 20 min) before being spiked with benzene. All steps for preparing
enrichment cultures were done in an anaerobic glove box (gas atmosphere: 95% nitrogen. 5%

hydrogen; Coy Laboratory Products Inc.).

2.2.3 Chemical analyses
BTEX were determined as published elsewhere (Alfreider e al. 2003). m-Xylene and p-xylene could

not be separated by the method used and were evaluated as a summed parameter. Sulfide was



38 Chapter 2

determined spectrophotometrically according to Cline (1969) with the following modifications:
samples (25 -200 uL) were dissolved in 1 mL zinc acetate dehydrate solution (20 g L™ for fixing
sulfide immediately after sampling. Subsequently, 4 mL demineralized water and 400 pL N, N-
dimethyl-p-phenylendiammoniumdichloride (DMPD) were added. After 20 min reaction time
absorption values were measured. Concentrations were calculated using standards prepared from an

anoxic sulfide stock solution.

2.2.4 Molecular-genetic analyses
DNA was extracted according to Maher et al. (2001) either directly from the sand and lava granules or

from membrane filters (ISOPORE™ 02 um GTTP, Millipore, Germany) after filtration of
groundwater. The V4 —V5 region of the bacterial 168 rRNA gene was amplified using primers
UniBacS15f  (5'-GTGCCAGCAGCCGCG-3") and 5'-phosphorylated UniBac927r-Ph  (5°-Ph-
CCCGTCAATTYMTTTGAGTT- 37). The V4 —V5 region of the archacal 16S rRNA gene was
amplified in a seminested PCR using primers UniArch21f (5-TTCYGKTTGATCCYGSCRG-3") and
Uni-Arch938r (5'-YCCGGCGTTGAVTCCAATT-3") for the first PCR and primers UniArch571{-Ph
(5'-Ph-GCYTAAAGCRICCGTAGC-3") and UniArch958r for the second PCR. PCR was performed
in 50-pL reaction mixtures containing 25 uL Tag PCR Master Mix (Qiagen, Germany), 3 mM MgCl,,
5 pmol of each primer (supplied by MWG Biotech, Germany) and 2 uL diluted DNA in a PTC-200
Thermal Cycler (MJ Research, MA). Cycle conditions for the PCR reactions were as follows: initial
denaturation at 94°C for 3 min; 30 cycles at 94°C for 20 s, 53°C for 30 s and 72°C for 60 s: and a final
clongation for 10 min at 72°C. After DNA purification (E.ZN.A." cycle pure kit, peqlab
Biotechnologie GmbH, Germany) 15 pL of purified product was digested with 6 U Lambda
exonuclease (New England Biolabs, Germany) within 2 h at 37°C. After addition of | volume
2 = SSCP sample buffer (95% formamide, 10 mM NaOH, 0.25% bromophenol blue, 0.25% xylene
cyanol FF) the samples were denatured for 2 min at 95°C, immediately chilled on ice for 5 min and
stored at -20°C until electrophoresis. SSCP electrophoresis was run on a 0.6% MDE gel (Biozym,
Germany) in a TGGE Maxi chamber (Biometra, Germany) in 1 x TBE buffer (Sambrook and Russell
2001) at 400 V and 26°C for 16 —20 h. The gel was silver stained according to Bassam et al. (1991)
with the modification that 3% NaOH was used as developing bath.

After drying, the gel was scanned and the image was analyzed using the PHORETIX 1D software
(Nonlinear Dynamics, UK). A hierarchical cluster analysis of the SSCP pattern was performed
applying the Jaccard similarity index and the UPGMA algorithm for calculating a similarity
dendrogram.

Bands of interest were cut out from the gel and the DNA was extracted as described previously
(Frost and Guggenheim 1999). The extraction procedure was repeated, the supernatants were pooled,
and DNA was precipitated with ethanol and glycogen (Sambrook and Russell 2001) and dissolved in
10 pL bidistilled water. For reamplification, 1 —4 pL of the DNA was applied as template in a 50-uL
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reaction mixture as described above, with the exception that the reverse primer UniBac927r was not
phosphorylated and 2.5 uL dimethyl sulfoxide was added. Reamplification was performed with 35
cycles according to the protocol described above. After agarose gel electrophoresis and purification
the PCR products were used for direct sequencing or cloning. Cloning was done using the PCR
Cloning™ Kit (Qiagen) according to the suppliers’ protocol. Recombinant clones were picked and
screened for the appropriate insert size by PCR using the vector-specific primers M13uni(-21) and
M 13rev(-29). DNA sequencing of cloned 16S rRNA gene amplicons was performed using the BigDye
RR Terminator AmpliTaq™ FS Kit version 3.1 (Applied Biosystems, Germany) and the vector-
specific primers M13uni(-21) and M13rev(-29), respectively, as sequencing primers. Direct
sequencing of rcamplified SSCP bands was done with primers 530f (Lane, 1991) and UniBac927r.
Capillary electrophoresis and data collection were carried out on an ABI PRISM" 3100 Genetic
Analyzer (Applied Biosystems). Data were analyzed via ABI PRISM" DNA sequencing analysis
software, and sequences of both complementary strands were assembled by the ABI PRISM"
AUTOASSEMBLER software. The BLASTN program (http://www.ncbinlm.nih.gov/BLAST;
(Altschul er al. 1990)) was used to search for similar sequences in the GenBank database, and the
Sequence Match tool was used to search for similar sequences compiled by the Ribosomal Database
Project — 11 Release 9.4 (http://rdp.cme.msu.edu; (Cole et al. 2005)). The 165 rRNA gene sequences
determined were deposited in the GenBank database (www.ncbi.nlm.nih.gov/Genbank) under

accession numbers EF417493 — EF417542.

2.2.5 Confocal laser scanning microscopy (CLSM)
Native sand, lava granules and Amberlite particles were first examined without any staining in order to

exclude autofluorescence. The particles were then placed in a 5-em Petri dish and stained with a few
droplets of SYTO 9 (Molecular Probes, Eugene, OR). After 5 min the Petri dish was flooded with
water and immediately subjected to CLSM. The samples were examined using a true confocal scanner
spectral photometer (TCS SPI) in combination with an upright microscope (Leica, Heidelberg,
Germany). The instrument was controlled by the Leica confocal software, version 2.61 Build
1537174191 Biofilm samples were observed with x 20 0.4-NA and » 63 0.9-NA water-immersible
lenses. Excitation was done with the 488-nm line of an argon laser. Emission signals were recorded at
480 — 490 nm (reflection of particles) and 500 — 550 nm (SYTO 9 nucleic acid stain). Images were

projected using the microscope software and IMARIS version 4.06 (Bitplane, Zurich, Switzerland).

2.2.6 Determination of total cell counts
Total cell counts for bacteria attached to surfaces were determined by the method of Griebler et al.

(2001).
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2.3 Results and discussion

2.3.1 Enrichment of benzene-degrading microorganisms

The goal of our study was to establish anaerobic benzene-degrading enrichment cultures starting from
the colonized sand particles and lava granules inside the in sify microcosms after exposure. This was
done in order to test the hypothesis that anaerobic benzene-degrading microorganisms living at the
Zeitz site prefer a sessile life style. We came to this hypothesis for several reasons. First,
mineralization of benzene under sulfate-reducing conditions in columns percolated with groundwater
from the lower aquifer of the site had been shown (Vogt ef al. 2007). These columns were filled with
coarse sand or lava granules. Furthermore, in sifu microcosm experiments using “C-labeled activated
carbon as colonization material indicated that benzene and toluene can be metabolized under in situ
conditions in the upper aquifer (Geyer e al. 2005; Stelzer ef al. 2006). By contrast, microcosms
comprising only groundwater taken from several different monitoring wells of the upper and lower
aquifer of the Zeitz site have not been degrading benzene for years (data not shown), indicating that
the benzene degraders cannot develop under those conditions. Generally, the cultivation of benzene-
degrading bacteria under sulphate-reducing conditions is difficult. Only a few anaerobic benzene-
degrading enrichment cultures have been described hitherto that use sulfate as terminal electron
acceptor. These were all enriched from anaerobically incubated sediment or sludge samples (Edwards
and Grbic-Galic 1992; Lovley et al. 1995; Phelps ef al. 1996; Kazumi et al. 1997; Nales er al. 1998;
Phelps and Young 1999; Vogt et al. 2007). This also indicates that the initial enrichment of anaerobic
benzene degraders under sulfate-reducing conditions might be facilitated by the presence of surfaces,
thus allowing the attachment of bacteria.

In the sand-filled microcosms, approximately the upper half of the sand particles became black-
colored, indicating iron sulfide coatings and, hence, sulfidic conditions during exposure. Sulfide could
either originate from the surrounding sulfidic groundwater or be produced in situ by sulfate-reducing
bacteria inside the microcosms. The same blackening effect has been observed in benzene-degrading,
sulfate-reducing reactors filled with sand (Vogt er al. 2007). After retrieval from the well, benzene
concentrations inside the vials varied between 10 and 100 pM (data not shown). One to four replicates
of each variant were incubated at 14°C in the laboratory for another 47 days (Figure 2.1). Three sand-
filled microcosms (one with additional Amberlite XAD-7) broke immediately after retrieval, and thus
only a single sand-filled vial and two vials filled with sand and Amberlite were incubated further.
Benzene concentrations in all of the vials except the two vials without filling material decreased
between 50% and 100% in the next 47 days (data not shown). In the next step, the content of each vial
was transferred to 56-mL serum bottles, which were topped up with benzene-spiked anoxic mineral
salt medium. To trace benzene degradation kinetics precisely, the adsorber resin Amberlite XAD-7
was not transferred except from two sand- and lava-free, but Amberlite-filled vials and from one of the

lava granulate/Amberlite-filled vials (Figure 2.1).
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Figure 2.2: Time courses for benzene degradation (diagrams on the left side: a, ¢, e, g) and sulfide
production (diagrams on the right side: b, d, f, h) in several individual laboratory microcosms within the
first 483 days of incubation. (a, b) Microcosms filled with coarse sand: S1, black circles; S(A)1, black
diamonds; S(A)2, white diamonds; (c, d) microcosms filled with lava granules: L(A)1, black circles; L3,
white circles; L1, black diamonds; (e, f) microcosms without filling material (groundwater mixed with
mineral salt medium): W1 — W3, circles in black, gray or white; W(A)1, white diamonds; W(A)2, black
diamonds; (g, h) microcosms filled with Amberlite XAD-7: A1, black circles; A2, white circles.
Exchange of anoxic mineral salt medium (for lowering the sulfide concentrations) is indicated by
arrows. Benzene data are cumulative except for diagram (g).
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Thereafter, all microcosms were incubated from this time at room temperature in the dark. Stable
benzene-degrading, sulfide-producing enrichment cultures were established from all i sine
microcosms filled with sand and from three microcosms filled with lava granules within a year (Figure
2.2a-d). Lag-phases and benzene degradation rates differed considerably between the microcosms
during this initial stage of enrichment. One sand-filled microcosm (S1) and one lava-filled microcosm
(L3) started earlier and degraded benzene faster than their respective counterparts; in these two
microcosms degradation rates increased up to more than 20 uM day™ in the course of the enrichment
(Figure 2.2a and c). Attempts to establish a planktonic benzene-degrading culture using cells
previously removed from the surfaces of the solids failed (data not shown). Precise time courses for
benzene degradation were determined for all stable benzene-degrading enrichments 780 days after
their set up in the laboratory (Figure 2.3). After these 780 days, the degradation rates leveled off
between 2 and 8 uM benzene day”. Abiotic losses of benzene during sampling and incubation were
negligible, as confirmed by sterile controls. Before beginning the experiment, the lava granules of one
single microcosm were divided into three, thus leading to three new lava granule-filled microcosms,
each containing only one-third of the original colonization material (Figure 2.4a: L1, Lla and L1b).
These microcosms degraded benzene with similar rates. Hence, it is possible to set up new
enrichments by simply splitting the solid material. The rates for benzene degradation arc comparable
with those already described for benzene-degrading microcosms under sulfate-reducing conditions,
established from filling material of benzene-degrading columns running at the site (Vogt ef al. 2007),
and also comparable with those reported by others for benzene-degrading microcosms under sulfate-
reducing conditions (Edwards and Grbic-Galic 1992; Nales e al. 1998). Benzene degradation in the
sand- and lava-filled microcosms was always accompanied by sulfide production.

During the first 483 days of incubation, the sulfide to benzene ratio was only 36.5 — 65.2% of that
expected for the mineralization of benzene with sulfate as electron acceptor (Table 2.1), a reaction

described by the following theoretical equation:
CyHy +3H,0+3.7580; — 6HCO; +1.88HS ™ +1.87H,S +0.37TH" eq. 2.1

Some of the sulfide produced might have been precipitated as FeS or Fe,S coatings on sand
particles or lava granules, as previously observed (Vogt er al. 2007), which. would at least partially
explain the unbalanced stoichiometry between benzene and sulfide in this early stage of enrichment. In
contrast, more sulfide than theoretically expected was released in six out of eight sand- and lava-filled
microcosms after 780 days of incubation (Table 2.2). This is probably caused by hydrogen, which
entered the bottles during the preparation in the glove box, assuming that no sulfide precipitated in this
later phase of enrichment. The benzene-degrading bacterial community tolerated sulfide in
concentrations of up to 7.6 mM (Table 2.2), a value which has sometimes been observed as being
toxic for BTEX-degrading, freshwater sulfate-reducing species (Beller and Reinhard 1995; Morasch et
al. 2004b).
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Figure 2.3: Time courses for benzene concentrations in individual laboratory microcosms established
from different in situ microcosms. The experiment was carried out 780 days after set up of the
microcosms. (a) Microcosms filled with lava granules: L(A)1, black circles; L3, white circles; L1, black
diamonds; L1a, white diamonds; L1b, gray diamonds; (b) microcosms filled with coarse sand: S1,
black circles; S(A)1, black diamonds; S(A)2, white diamonds; (c) microcosms without filling material
(groundwater mixed with mineral salt medium): W1 - W3, circles in black, gray or white; W(A)1, white
diamonds; (d) microcosms filled with Amberlite XAD-7: A1, benzene = black circles, sulphide = black
triangles; A2, benzene = white circles, sulphide = white triangles. Data for sterile controls for each
variant (in duplicate; only for benzene concentrations) are indicated by dashed lines and crosses.

The enrichments made of only well water mixed with mineral salt medium — three of them
prepared from in sifu microcosms without filling material (W1 — W3) and two of them prepared from
in situ microcosms originally equipped with Amberlite XAD-7 [W(A)l and W(A)2] — initially
produced sulfide and degraded up to 100 pM benzene. After ¢. 50 days, benzene degradation slowed
and bcnzen.e and sulfide concentrations remained almost stable from that time on (Figure 2.2¢ and f).
Benzene concentrations remained constant in the well water enrichments during the degradation
experiment set up after 780 days of incubation (Figure 2.3c), indicating that it was not possible to
enrich benzene-degrading bacteria under sulfate-reducing conditions in ‘empty” bottles within more
than 2 years.

In the two bottles equipped only with Amberlite XAD-7, respiked benzene repeatedly disappeared
in both enrichments after an incubation for more than 200 days and was correlated with increasing

sulfide concentrations, indicating the degradation of benzene under sulfate-reducing conditions
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(Figure 2.2g and h, and 2.3d). Here, calculating degradation rates was not possible due to sorption of
benzene to the resin. Thus, besides sand and lava granules, also Amberlite XAD-7 beads facilitated the
enrichment of benzene degraders under sulfate-reducing conditions. It is not clear how the Amberlite
beads interact with the anaerobic benzene degraders. The beads could be colonized by microorganisms
including benzene degraders, as observed for the sand and lava granules, supporting the hypothesis
that the benzene-degrading bacteria are generally favored by the attachment to surfaces. However, the
colonization of Amberlite beads could not be confirmed by CLSM. Amberlite causes low and stable
benzene concentrations ((Morasch ef al. 2001a; Jahn ef al. 2005); Figure 2.2h and 2.3), which might

also be beneficial for the development of anaerobic benzene degraders.

2.3.2 Microbial colonization of sand and lava granules during in situ
exposure
For colonization examination, the particles were taken from three different depth-oriented zones in a

single microcosm variant (Figure 2.1). Sand and lava granules taken from the upper microcosm zone
were most densely colonized by microorganisms, compared with particles from the middle and lower
microcosm zones. This was confirmed by CLSM (Figure 2.4) and total cell count determinations. We
did not examine the same microcosm variant by CLSM and total cell count determinations (see Figure
2.1); therefore, the results for the two methods are not directly comparable, although they
corresponded quite well. Total cell counts ranged from 3.46 x 10° cells g (upper zone, lava granules)
to 8.4 = 10* cells g (lower zone, sand particles). Lava granules were slightly more colonized than
sand particles (Figure 2.4); this might be due to the high surface area of the lava granules, which
support the attachment of bacteria. Attached bacteria differed in shape and size and were distributed
mainly as single cells. Using CLSM, no microorganisms vﬁ:rc observed on Amberlite XAD-7 spheres
(data not shown). Either Amberlite XAD-7 was not colonized in situ or the attached microorganisms
dropped completely off from the Amberlite spheres during preparation for the CLSM. The unequal
distribution of cells in the lava- and sand-filled microcosms is reasonable due to the general set-up of
_ the experiment: the vials were open only at one side, so that microorganisms had to cross a distance of
c. 4 cm to reach the middle zone and up to 7 ¢cm to reach the lower zone. The vial set-up was chosen in
order to exclude any oxygen contamination after retrieval from well exposure, as traces of oxygen
could poison or even kill obligate anaerobic bacteria, including anaerobic benzene degraders. The cell
counts reported here are lower than those observed by Griebler ef al. (2002)Jf0r the in situ colonization
of sterile sediment samples in three different types of oxic groundwater, ranging from ~10" to ~4 x 10°
cells em™ after 6 weeks of exposure. An important finding of Griebler et al. (2002) is that in all
groundwater variants the sediments were maximally colonized after 6 — 10 weeks of exposure;
therefore, the exposure time used in our study (67 days) might be long enough to trap a major part of

the surrounding bacterial community.
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Figure 2.4: CLSM images of microorganisms attached to sand or lava particles. Microorganisms were
stained with the green fluorescent dye Syto9. The particles were taken from different zones of the
respective in situ microcosm (see Figure 2.1). (a) Lava, upper horizon; (b) sand, upper herizon; (c)
lava, middle horizon; (d) sand, middle horizon; (e) lava, lower horizon; (f) sand, lower horizon (Grid
size = 10 ym).

Table 2.1: Stoichiometries of degraded benzene and produced sulfide in three lava granule-containing
[L1, L3, L(A)1], three coarse sand-containing [S1, S(A)1, S(A)2] and five solid-free microcosms (W)
during the first 483 days of incubation (see also Figure 2.2). For the five solid-free microcosms, the
mean average and standard deviation are given.

Microcosm L1 L3 L{A)1 S1 S(A)1 S(A)2 w*
Benzene oxidized (mM) 1.08 3.56 1.1 4.13 1.24 1.6 0.14x0.02
Sulfide produced (mM) 2.63 4.87 2.02 7.84 2.64 3.66 0.7+0.11
Sulfide produced of theoretical amount (%)" 65.2 36.5 49 50.7 56.8 61.1 134.2+16

*Mean average and SD of the microcosms W1 — W3, W(A)1 and W(A)2.
TAccord'rng to the following equation: CgHs + 3 H,0 + 3.75 SO,> — 6 HCOz + 1.87 HS + 1.88 H,S + 0.37 H*
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Table 2.2: Benzene degradation rates and stoichiometries of oxidized benzene and produced sulfide
in five lava granule-containing [L1, L3, L(A)1, L1a, L1b] and three sand-containing [S1, S(A)1, S(A)2]
microcosms. The experiment was carried out 780 days after set-up of the microcosms (see also
Figure 2.3).

L1 L3 L(A)1 L1a* L1b* St S(A)1_ S(A)2
Benzene oxidized (mM) 0.224 0.25 0.136 0.163 0.186 0.114 0.163 0.164
Benzene degradation rate (UM day™) 4.8 7.7 7.9 3.5 4.0 24 6.1 3.5
Sulfide (mM) before adding benzene 4.91 4.91 4.53 3.12 3.82 4.76 571 6.03
Sulfide (mM) after consumption (> 90%) of benzene 1.47 0.84 5.64 3.95 456 5377 736 7.61
Sulfide produced (mM) 1.47 0.84 1.1 0.83 0.74 0.61 1.65 1.58
Sulfide produced of thecretical amount (%) 175 90 218 136 106 144 285 258

*Subcultures of microcosm L1 (see text).
TOnIy 37% benzene oxidized (see Figure 2.3b).
*According to the following equation: CgHg + 3 H20 + 3.75 S0, — 6HCOs + 1.87 HS +1.88 H,S + 0.37 H'

2.3.3 Phylogenetic diversity of colonizing microbial communities
Bacterial 16S rRNA gene amplicons were retrieved from all but the middle zone of the sand-filled

microcosm. Most SSCP bands appeared from well water and lava granule samples (Figure 2.5),
indicating that lava granules were colonized by a higher number of phylotypes than sand particles.
Cluster analysis of SSCP patterns confirmed that the community in well water was at most 40%
similar to the communities found in all samples of colonization material (data not shown); hence, the
lava and sand particles were apparently colonized not by all, but by specific bacteria of the
surrounding groundwater. The lava variants showed the highest similarity within the different depth
zones in the same microcosms, indicating that most phylotypes attached to lava granules could indeed
reach deeper zones of the microcosms within the 67 days of exposure. In the sand variants, the SSCP
patterns of the different zones were less similar. However, the upper horizons of both sand- and lava-
filled microcosms showed nearly identical SSCP patterns, indicating that (1) both sand and lava
granules could in principle be colonized by the same phylotypes, and (2) the differences in SSCP
patterns of sand and lava microcosms could be due to the limited transport of bacteria in deeper zones
of the sand microcosms. In SSCP patterns of the Amberlite-spiked microcosms, a specific band was
observed in five out of six samples (Figure 2.5, lanes 7—12), which was found to represent a
phylotype affiliated to the sulfate reducer genus Desulfomicrobium (Table 2.3).

From the SSCP gel, 22 different bands (indicated by numbers) were reamplified and sequenced
(Figure 2.5). The results are shown in Table 3. Fifteen bands could be assigned to a single phylotype.
Seven bands could be sequenced only after cloning; here, the sequencing results revealed the presence
of more than one phylotype (2 — 4 sequences). Five cut bands could not be reamplified, and two of the
cloned sequences (BAC8-3 and BAC10-3) were not evaluated because of low sequencing quality. In
most cases, bands at identical positions from different microcosm variants represented nearly identical
phylotypes; thus, phylogenetic information could be, at least to some extent, transferred to unidentified
bands in identical positions. Bacterial sequences were related to several phylogenetic groups,
including members of the Clostridia, Bacteroidales, all subgroups of the Proteobacteria, as well as
Verrucomicrobia, Nitrospira, Chloroflexi and Chlorobi. Similarities to known phylotypes ranged from

84% to 100% BLAST identity (Table 2.3).
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Table 2.3: Sequencing results of SSCP bands from bacterial 16S rRNA amplicons.

SSCP clone (bp) Accession  Highest BLAST hit (accession no.)/Idendity Taxonomic affiliation
and origin of the no. according to RDP (Sas)
DNA
BAC1 (411), LA-u EF417502 Desulfornicrobium sp. STP16 (AJ006610)/99% Desulfomicrobium sp. (0.967)
BAC2 (411), LA-m EF417503 Desulfomicrobium sp, STP16 (AJ006610)/99% Desulformicrobium sp. (0.967)
BAC3 (399), LA-l EF417504 Desulfornicrobium sp. STP16 (AJ006610)/100% Desulfomicrobium sp. (0.984)
BAC4 (378), L-I EF417505 Acetobacterium wieringae (X96955)/100% Acetobacterium sp. (1.000)
BACS (407), S-I EF417506 Acetobacterium wieringae (X96955)/99% Acetobacterium sp. (0.982)
BACSB (392), L-m EF417507 Uncultured Cytophagales bact. VIBAC-1 Phylum Bacteroidetes (0.900)
(AJ240007)/100%
BAC7 (336), LA-u EF417508 Uncultured Cytophagales bact. VIBAC-1 Phylum Bacteroidetes (0.877)
. (AJ240007)/99%
BACS-1 (414), L-m EF417509 Candidate division OD1 clone 02D2276 Unclassified Bacteria (0.491)
(DQ330672)/84%
BACBS-2 (410), L-m EF417510 Desulfovibrio sp. Mlhm (AF193026)/99% Desulfovibrio sp. (0.965)
BAC8-4 (410), L-m EF417511 Uncultured bacterium HDBW-WB42 Phylum Bacteroidetes (0.792)
(AB237705)/95%
BACS8-5 (410}, L-m EF417512 Uncultured Cytophagales bact. VIBAC-1 Phylum Bacteroidetes (0.834)
(AJ240007)/98%
BACS-1 (396), L-I EF417513 Uncultured bacterium U35-5 (DQ137939)/93% Magnetobacterium sp.
(0.693)
BACS-2 (417), L-I EF417514 Uncultured &-proteobacterium MSB-5D12 Bacteria (0.515)
(DQ811831)/88%
BACS-3 (386), L-I EF417515 Desulfocapsa sp. Cad626 (AJ511275)/98% Desulfocapsa sp. (0.934)
BAC10-1 (410), L-m EF417516 Uncultured Sphingobacterium (AY510256)/94% Unclassified Bacteroidales
(0.734)
BAC10-2 (401}, L-m EF417517 Uncultured a-proteobacterium (AJ583167)/99% Unclassified
Alphaproteobacteria (0.962)
BAC10-4 (410), L-m EF417518 Spirochaeta zuelzerae (M88725)/96% Spirochaetaceae (0.769)
BAC10-5 (414), L-m EF417519 Uncultured Chieroflexi bacterium (DQ463707)/87% Unclassified Bacteria (0.508)
BAC11 (406), W EF417520 Uncultured bacterium SO3 (AF507684)/92% Unclassified Bacteria (0.612)
BAC12 (390), WA EF417521 Uncultured e-proteobacterium FC1_c118 Arcobacter sp. (0.984)
(DQ295648)/99%
BAC13 (406), WA EF417522 Acetobacterium wieringae (X96955)/99% Acetobacterium sp. (0.980)
BAC14-1 (415), L-m EF417523 Uncultured bacterium AD_CO8 (AY644475)/96% Unclassified Clostridiales
(0.478)
BAC14-2 (421), L-m EF417524 Uncultured bacterium KNAG-NB29 (AB179680)/91%  Unclassified Bacteria (0.489)
BAC14-3 (410), L-m EF417525 Spirochaeta zuelzerae (M88725)/97% Spirochaetaceae (0.812)
BAC14-4 (412), L-m EF417526 Uncultured bacterium SR_FBR_L83 Unclassified Bacteria (0.760)
(AY340841)/96%
BAC15 (414), W EF417527 Uncultured 8-proteobacterium (AY921969)/99% Geobacter (0.970)
BAC16 (409), W EF417528 Uncultured e-proteobacterium FC1_c118 Arcobacter sp. (0.973)
(DQ295648)/99%
BAC17-1 (414), W EF417529 Idiomarina ramblicola (AY526862)/97% ldiomarina sp. (0.889)
BAC17-2 (415), W EF417530 Uncultured bacterium SO-07 (AB181500)/97% Unclassified y-proteocbacteria
(0.843)
BAC18 (381), W EF417531 Uncultured bacterium SLB220 (DQ787680)/99% Sulfuricurvum sp. (0.984)
BAC19-1 (413), LA-u  EF417532 Uncultured bacterium FW48 (AF524014)/98% Anaerolinea sp. (0.910)
BAC19-2 (413), LA-u  EF417533 Uncultured soil bacterium PBS-I11-26 Unclassified Bacteria (0.650)
(AJ390455)/99%
BAC19-3 (410), LA-u  EF417534 Desulfocapsa sp. Cad626 (AJ511275)/98% Desulfocapsa sp. (0.919)
BAC19-4 (414), LA-u EF417535 Clostridium pascui DSM 10365 (X96736)/96% Clostridium (0.484)
BAC19-5 (410), LA-u  EF417536 Uncultured bacterium 1013-1-CG48 Anaerophaga sp. (0.915)
(AY532556)/98%
BAC20-1 (414), S-u EF417537 Desulfocapsa sp. Cad626 (AJ511275)/99% Desulfocapsa sp. (0.975)
BAC20-2 (414), S-u EF417538 Uncultured bacterium PBS-III-26 (AJ390455)/99% Unclassified Bacteria (0.638)
BAC20-3 (413), S-u EF417539 Acinetobacter lwoffi’ DSM2403 (X81665)/100% Acinetobacter sp. (1.000)
BAC20-4 (410), S-u EF417540 Uncultured bacterium; 1013-1-CG48 Anaerophaga sp. (0.957)
(AY532556)/99%
BAC21 (335), LA-I EF417541 Uncultured bacterium Ika12a (EF467585)/97% Desulfocapsa sp. (0.889)
BAC22 (416), S-I EF417542 Uncultured bacterium lka12a (EF467585)/99% Desulfocapsa sp. (0.950)

In the case that more than one database entry displayed the highest BLAST score or Sag value, only one representative is given, The
similarity score Spg represents the number of (unique) oligomers shared between the query sequence and a given RDP sequence
divided by the lowest number of unique oligos in either of the two sequences. The sequenced bands are indicated by numbers in
Figure 2.5; each number corresponds to the numbers of each SSCP clone given in the table. Some bands were composed of two or
more different sequences; these sequences are indicated by subnumbers beginning with 1 (e.g. BAC8-1, BAC8-2). For clarity, in the
first row of the table the source of the sequence is also indicated. L, lava; S, sand; A, Amberlite; W, well water; u, upper horizon; m,
middle horizon; |, lower horizen.
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Figure 2.5: SSCP patterns of V4 — V5 regions of the bacterial 16S rRNA genes. Lanes 1 — 3: lava;
upper, middle and lower microcosm zone; 4 -6: sand, upper, middle and lower zone; 7-—9:
lava+Amberlite XAD-7; upper, middle and lower zone; 10 — 12: sand+Amberlite XAD-7; upper, middle
and lower zone; 13: well water; 14: well water+Amberlite XAD-7. Numbers 1 — 22: cut, reamplified and
sequenced bands (see Table 2.3); n: unreamplifiable bands.

Several groups of Deltapoteobacteria, at least three of them highly similar to known sulfate-reducing
bacteria, were identified: Desulfomicrobium, Desulfovibrio, Desulfocapsa, Geobacter and
Syntrophobacteraceae. The presence of various phylotypes of sulfate reducer underlines the
importance of sulfate as terminal electron acceptor in the investigated aquifer zone. Four sequences
are related to the freshwater species Desulfocapsa thiozymogenes (Table 2.3: BAC9-3, BAC19-3,
BAC21 and BAC22). Desulfoﬁapsa thiozymogenes is known for its ability to disproportionate
inorganic sulfur compounds to sulfide and sulfate (Janssen et al., 1996); hence, besides sulfate

reduction, the disproportionation of inorganic sulfur compounds might play a distinct role as a
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bacterial metabolic process in sie. We also found two different phylotypes representing
Epsilonproteobacteria, a bacterial group which comprises a large number of uncultured
representatives, but which has recently been recognized as ubiquitous, especially in sulfidic habitats
(Campbell et al. 2006). As phylotypes related to sulfur-driven processes were frequent, we conclude
that the bacterial communities of the microcosms and surrounding groundwater are highly adapted to
the use of inorganic sulfur compounds as electron acceptors or donors. Besides sulfate reducers, other
obligate anaerobic bacteria were detected: members of the genera Anaerolinea, Anaerophaga and
Acetobacterium. The genus Acetobacterium indicates that acetogenesis might also occur in the
investigated aquifer zone. However, considering the physiological heterogeneity of most bacterial
groups, we cannot definitely derive their possible function or impact in the system based exclusively
on analysis of their 16S rRNA gene sequences.

Archaeal 168 rRNA genes could be amplified from all zones of the lava microcosms, from the
lava plus Amberlite approach (upper and middle zone), from sand (only upper zone), from sand plus
Amberlite (only lower zone), from well water and from well water plus Amberlite. SSCP patterns of
archaeal 16S rRNA gene amplicons showed only a few, nonspecifically distributed bands (data not
shown), indicating that archaca did not play a major role in the microbial communities of the
microcosms. Nine different bands were reamplified and sequenced; the phylotypes were related to
uncultured archaea, and some of them showed only low similarity to any known sequence (data not
shown).

A striking feature of the identified sequences is that the majority represent phylotypes that have
not yet been cultivated. Additionally, several phylotypes showed only low similarity to known
bacterial species. At first glance, this is not surprising, as the majority of bacteria in environmental
samples cannot yet be cultivated, but detected by molecular-biological methods only; furthermore, the
entire bacterial diversity is currently not understood (Pace 1997; Hugenholtz et al. 1998). The
microcosm method used in this study might enable the detection of groundwater bacteria that are
adapted to a sessile lifestyle and therefore are not detectable by conventional groundwater sampling.

In summary, the results suggest that it could be favorable to use solids for the in sitw enrichment of
anaerobic benzene-degrading bacteria, a strategy that might be generally useful for the cultivation of

bacteria today considered to be hardly or ‘not cultivable’.
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Abstract

The carbon flow under strictly anoxic conditions within a benzene-mineralising enrichment
culture was analysed using fully labelled “Cg-benzene. More than 90% of added "*C-benzene
was released as "C-carbon dioxide. Sulphate was the main electron acceptor. DNA extracted
from cultures which had degraded different amounts of natural benzene or “C-labelled benzene
was centrifuged in CsCl density gradients to identify '3C—bcnzene-assimilating organisms. Two
phylotypes showed significantly increased relative abundances of their terminal restriction
fragments in ‘heavy’ fractions of '“C-benzene-incubated microcosms compared to a *c-
benzene-incubated control: a member of the Cryptanaerobacter/Pelotomaculum group within the
Peptococcaceae, and a  phylotype Dbelonging to the Epsilonproteobacteria. The
Cryptanaerobacter/Pelotomaculum phylotype was the most abundant organism and has possibly
a fermenting lifestyle, attacking benzene initially. The epsilonproteobacterium may assimilate
fermentation products of benzene. A small amount of *C-methane was aceticlastically produced,
as concluded from the linear relationship between methane production and benzene degradation
and the detection of Methanosaetaceae as only methanogens. Other phylotypes detected but not
C-labelled belong to several genera of sulphate-reducing bacteria, which may act as hydrogen
scavengers for benzene fermentation. Our results strongly support the hypothesis that benzene
is mineralised by a consortium consisting of fermenters, sulphate reducers and to a minor extent

of aceticlastic methanogens.

3.1 Introduction
Petroleum hydrocarbons are frequent soil and groundwater contaminants world-wide. Benzene is the

most mobile and most toxic aromatic hydrocarbon, creating a major health risk (Aksoy 1985). Under
acrobic conditions, benzene can be biodegraded by ubiquitous bacteria which use mono- or
dioxygenases for the initial attack of the aromatic ring (for an overview see van Agteren et al. (1998)).
Since contaminant plumes generally become anoxic due to the rapid microbial consumption of
oxygen, the more important natural attenuation process might be, 110wevef, benzene degradation under
anoxic conditions. This process has been only occasionally observed in several laboratory and field
studies (Johnson ef al. 2003). The enrichment of benzene-degrading anacrobic microorganisms is still
a challenge and not much is known on the physiology and composition of anacrobic benzene-
degrading microbial communities. Nevertheless, anaerobic benzene degradation was observed in
laboratory enrichment cultures under different electron acceptor conditions: methanogenic (Vogel and
Grbic-Galic 1986b; Kazumi er al. 1997), nitrate-reducing (Nales et al. 1998; Burland and Edwards
1999), iron-reducing (Lovley et al. 1996; Kazumi et al. 1997; Nales et al. 1998; Jahn e al. 2005;
Botton and Parsons 2006; Kunapuli er al. 2007), and sulphate-reducing conditions (Edwards and
Grbic-Galic 1992; Lovley et al. 1995; Kazumi ef al. 1997; Phelps and Young 1999; Vogt ef al. 2007,
Herrmann ef al. 2008; Kleinsteuber et al. 2008; Musat and Widdel 2008).
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So far, only facultative anaerobic bacterial pure cultures have been reported to metabolise benzene
anaerobically, using nitrate or chlorate as electron acceptor. Coates et al. (2001b) described two
Dechloromonas strains able to mineralise benzene and other aromatic hydrocarbons, e.g. toluene and
xylenes, with nitrate as electron acceptor. Two benzene-degrading strains, belonging to the genus
Azoarcus, have been isolated by Kasai ef al. (2006) under nitrate-reducing conditions; the authors used
RNA-stable isotope probing (RNA-SIP) to substantiate the relevance of the respective strains directly
in field samples. Weelink er al. (2007; 2008) isolated the bacterium Alicycliphilus denitrificans strain
BC, which can grow on benzene with chlorate as electron acceptor. However, since oxygen is
produced during chlorate reduction, the authors postulate an aerobic benzene degradation pathway for
this strain.

Attempts to isolate anacrobic benzene degraders from strictly anacrobic enrichment cultures failed as
yet, but some of those cultures were phylogenetically described. Phelps e al. (1998) and Musat and
Widdel (2008) investigated cultures enriched from marine sediments under sulphate-reducing
conditions. The consortium of Musat and Widdel (2008) consisted only of Deftaproteobacteria, and
the dominant phylotype was a Desulfobacterium species. A closely similar phylotype, named SB-21,
had been described before by Phelps er al. (1998) and was recently identified by DNA-SIP as the
critical member of a benzene-degrading sulphate-reducing consortium (Oka er al. 2008). Ulrich and
Edwards (2003) identified a Desulfobacterium species and a member of the Peptococcaceae as the
dominant phylotypes within a methanogenic consortium enriched from the sediment of a contaminated
aquifer. Selective enrichments of organisms belonging to the family Geobacteraceae were observed in
iron-reducing benzene-degrading enrichment cultures or sediment samples by Rooney-Varga et al.
(1999) and Botton et al. (2007) using 16S rRNA gene based methods. Kunapuli et al. (2007)
demonstrated by DNA-SIP that members of the Peptococcaceae degraded and assimilated carbon
from '*C-benzene in an iron-reducing enrichment culture, and that this process involves electron
sharing by an apparent syntrophic interaction with members of the Desulfobulbaceae. Phylotypes
related to the genera Pelomonas and Pseudomonas were identified by DNA-SIP as benzene degraders
in sediment microcosms incubated under anoxic conditions (Liou er a/. 2008). Summarized, the results
of these studies suggest that members of taxonomically and/or ecophysiologically different taxa may
play major roles in anaerobic benzene degradation under strictly anoxic conditions.

For this study we investigated benzene degradation under sulphate-reducing conditions at a benzene-
contaminated field site in Zeitz, Germany. Benzene-mineralising organisms were enriched under
sulphate-reducing conditions (i) in columns percolated with benzene-containing anoxic groundwater,
filled with either sand or pumice (Vogt ef al. 2007), and (ii) by using in sifu microcosms placed for 9
weeks within a groundwater monitoring well located downstream of the source zone of the plume
(Herrmann et al. 2008). Recently, we analysed the microbial community composition of these
benzene-degrading sulphate-reducing enrichment cultures by establishing clone libraries and using

terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of PCR-amplified 163
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rRNA genes. We observed that the abundance of a Cryptanaerobacter/Pelotomaculum phylotype and
a phylotype belonging to the Epsilonprotecbacteria significantly increased in laboratory enrichment
cultures after repeated spiking with benzene (Kleinsteuber er al. 2008), and proposed that both
phylotypes predominantly mineralise benzene in a syntrophic relationship.

In order to prove this hypothesis, we carried out a DNA-SIP experiment adding “C-labelled benzene
as substrate for carbon and energy. The rational of DNA-SIP is that ‘heavy” DNA synthesised upon
assimilation of a '"C-labelled benzene can be separated from ‘light’ DNA by density gradient
ultracentrifugation, thus distinct organisms assimilating a *C-labelled substrate can be identified (for
an overview of DNA-SIP techniques see Friedrich er al. (2006) and Neufeld et al. (2007a; 2007b). In
addition, experiments with *C-labelled compounds may allow a sensitive proof of slow degradation or
mineralisation processes by tracking “C-labelled intermediates, biomolecules or mineralisation
products (Richnow et al. 1999; Zengler ef al. 1999; Stelzer ef al. 2006; Morasch et al. 2007, Nijenhuis
etal 2007).

3.2 Experimental Procedures
Chemicals not indicated were either purchased from Sigma (Munich, Germany) or Merck (Darmstadt,

Germany) and were of analytical grade quality. “Ce-benzene (>99 atom%) was obtained from
Campro Scientific (The Netherlands). "‘Cf,-glucose (> 99 atom%) was obtained from Chemotrade

(Leipzig, Germany).

3.2.1 Cultivation procedures and set up of the stable isotope probing
experiment
Benzene-degrading laboratory microcosms were set up using coarse sand, colonised by anacrobic

benzene degraders, taken from a benzene-degrading, sulphate-reducing column system described
elsewhere (Vogt er al. 2007). Two l-litre glass bottles were filled with column sand, subsequently
filled with anoxic mineral salt medium (Vogt ef al. 2007) containing 20 mM sulphate as electron
acceptor and finally overlaid with 15 mL 2,2.4,6,8.8-heptamethylnonane (HMN) spiked with 150 puL
benzene (HMN; Fluka, Seelze, Germany), serving as an inert, hydrophobic carrier phase (Rabus et al.
1993) for benzene to avoid toxic benzene concentrations in the aqueous phase. The bottles were gas-
tight closed by Teflon-sealed screw-caps and regularly analysed for sulphide concentrations. If
sulphide concentrations reached levels higher than 4 mM, the mineral salt medium and benzene-HMN
phase were exchanged by fresh solutions, to avoid toxic effects of sulphide on the anaerobic benzene-
degrading consortium. After one year incubation, the sand was distributed in 80 g portions to 240 mL
serum bottles (Glasgeritebau Ochs GmbH, Bovenden, Germany) each filled with 90 mL anoxic
mineral salt medium containing 15 mM sulphate, leading to a headspace of around 120 mL. Those
bottles were spiked with 140 pM benzene, closed gas-tight with crimped Teflon-coated butyl rubber
stoppers (ESWE Analysentechnik, Gera, Germany), and regularly sampled for benzene and sulphide

concentrations. After benzene had been completely degraded in all microcosms, the SIP experiment
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was started. Three microcosms were spiked with 6.5 pL BC4-benzene or non-labelled benzene,
respectively, and regularly sampled for concentrations of sulphide and benzene as well as BC isotope

signatures of carbon dioxide and methane. The sand material of individual microcosms was frozen at
-20°C after degradation of a certain amount (24%, 72% and 98% £ 0.22 mM, 0.46 mM and 0.72 mM)

of "C4-benzene or non-labelled (]3C) benzene, respectively, Control microcosms received no benzene
(2 bottles) or were sterilised by autoclaving (121°C, 20 min) three times at three consecutive days
before the medium was spiked with 3¢ -benzene (3 bottles). The microcosms were always incubated
statically at 22°C in the dark. Medium exchange and sand transfer were carried out in an anacrobic
glove box (Coy Laboratory Products Inc., USA). Samples for chemical analyses were taken by means

of sterile, nitrogen flushed syringes.

3.2.2 Density gradient centrifugation of DNA
DNA was extracted as described by Maher and colleagues directly from the sand (Maher e al. 2001).

Agarose gel electrophoresis and spectrophotometry were used for quality check. DNA was quantified
using PICO-Green-DNA-quantification kit (Invitrogen, Germany) according to guidelines of
manufacturers. After quantification, the extracted DNA was separated by equilibrium density
centrifugation and gradient fractionation using a medified protocol of Lueders er al. (2004). Two
micrograms of DNA were loaded onto a CsCl gradient and centrifuged in an ultracentrifuge
(OPTIMA™L-90K, Beckman Coulter) equipped with a Near-Vertical Rotor (NVT 65.2, Beckman
Coulter) for 46 h at 45000 rpm at 20 °C. Of each gradient, twelve fractions were harvested from the
bottom of the tube by displacement with water from the top using a syringe pump with a flow rate of |
mL min”. Subsequently, the temperature-corrected refractive index (nd-TC) of cach fraction was
measured with a refractometer (AR200, Reichert) and converted to buoyant density (Neufeld et al.
2007b). Nucleic acids were precipitated with 2 volumes of PEG solution (30% wt/vol polyethylene
glycol 6000 dissolved in 1.6 M NaCl) followed by centrifugation at 14000 rpm for 30 min. After
washing with 80% ethanol, the pellet was dried and resuspended in 30 pL nuclease free water. Lied
labelled as well as unlabelled *C-DNA from Haloarcula marismortui DSM 3752 was used as a
standard for the density gradient centrifugation. The strain was ordered from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The organism was grown
aerobically at 30°C for 7 days in DSMZ medium 97 free of casamino acids and Nay-citrate using | g
L™ fully "C-labelled or unlabelled glucose as carbon source. The DNA was extracted and processed as
described above. It should be noted that the density shift for H. marismoriui (0.2-0.3 g mL") was
smaller than expected for fully 3C-labelling of DNA (~0.4 g mL™"), for unknown reasons. The feeding
of H. marismortui on fully labelled BC-glucose as sole source of carbon and energy should have led

theoretically to almost complete labelling of DNA.
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3.2.3 T-RFLP analyses

Bacterial and archaeal 16S rRNA gene fragments were PCR-amplified as described elsewhere
(Kleinsteuber er al. 2008) using the Bacteria-specific primers 27F and 1492R (Lane 1991) and the
Archaea-specific primers 21F and 958R (Delong 1992), respectively. Forward primers were labelled
at the 5 end with phosphoramidite fluorochrome 5-carboxyfluorescein (FAM). Oligonucleotides were
purchased from biomers.net (Ulm, Germany). T-RFLP analysis of PCR products generated from
different fractions of each CsCl density gradient (see above) was done using the restriction
endonucleases Bs/Ul and Rsal, respectively, as recently described (Kleinsteuber er al. 2008).
Restriction endonucleases were purchased from New England Biolabs (Schwalbach, Germany).
Terminal restriction fragments (T-RF) of bacterial 16S rRNA genes were phylogenetically assigned by
comparison with cloned bacterial 16S rRNA genes (Kleinsteuber er al. 2008). To check the
phylogenetic assignment, bacterial 165 rRNA genes from sclected fractions were cloned and

sequenced as described below.

3.2.4 Cloning and sequencing of 16S rRNA genes

DNA from the “light” fraction of the gradient gained from microcosms sampled after 24% and 98% of
"*C4-benzene degradation, respectively, was used to create 16S rRNA gene clone reference libraries
for the phylogenetic assignment of T-RF. Bacterial and archaeal 165 rRNA gene fragments were
PCR-amplified and cloned as described elsewhere (Kleinsteuber er al. 2006) using the bacterial
primers 27F and 1492R (Lane 1991) and the archaeal primers 21F and 958R (Delong 1992),
respectively. Clones were screened by amplified ribosomal DNA restriction analysis (ARDRA) using
the restriction endonuclease Rsal. Partial sequencing of representative clones was performed using the
BigDye RR Terminator AmpliTaq FS Kit 1.1 (Applied Biosystems, Weiterstadt, Germany) and the
sequencing primers 21F or 27F, respectively, and 519R (Lane 1991). Capillary electrophoresis and
data collection were carried out on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Data
were analysed using ABI PRISM DNA SEQUENCING ANALYSIS software, and 16S rRNA gene
sequences were assembled by ABI PRISM AUTOASSEMBLER software. The BLASTN tool
(www.ncbi.nlm.nih.gov/BLAST) (Altschul ef al. 1990) was used to search for similar sequences in the
GenBank database, and the Seqmatch tool was used to search for similar sequences compiled by the
Ribosomal Database Project Release 10 (http:/rdp.cme.msu.edu) (Cole ef al. 2007). The sequence
data have been submitted to the GenBank database under accession numbers FJ156086-FJ156091 and
FJ459796-FJ459805.

3.2.5 Chemical analyses
Sulphide was determined spectrophotometrically by the method of Cline (1969) using slight

modifications described elsewhere (Herrmann et af. 2008). Benzene was analysed by headspace gas
chromatography according to Kleinsteuber et al. (2008). Total benzene concentrations were calculated

using a Henry coefficient of 02 for 22°C as reported by the US-EPA under
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http://www.epa.gov/athens/learn2model/part-two/onsite/esthenry.htm. The carbon  isotope
compositions of carbon dioxide and methane were determined using a gas chromatography-
combustion-isotope-ratio-monitoring-mass-spectrometer  (GC-C-IRMS)  consisting  of a gas
chromatograph (6890 Series, Agilent Technology, Palo Alto, USA) coupled via Conflow Il interface
(ThermoFinnigan, Bremen, Germany) to a MAT 252 mass spectrometer (ThermoFinnigan, Germany).
Carbon dioxide and methane were separated by a Poraplot Q column (25 % 0.32 mm ID, 1 um film;
Chrompack, Middelburg, The Netherlands) isothermally at 40°C using helium as carrier gas at a flow
rate of 2.0 mL min"'. CO; and methane eluted 530 s and 460 s after injection, respectively. Samples
were injected at 1:5 to 1:20 split ratios. The carbon isotope signatures are given in 8 notation (per mil)
relative to the Vienna Pee Dee Belemnite standard (V-PDB). For analysis. 2 mL headspace of each
microcosm was taken out by sterile syringes and injected into 10 mL glass vials which had been
previously evacuated and gas-tight closed with butyl rubber stoppers. Samples of 100-200 pL from
those vials were injected into the GC-C-IRMS. Methane concentrations were calculated by an external
calibration curve prepared with samples of known methane content. The carbon isotope signatures of

CO, and CH, were converted to molar concentrations as described by Kunapuli ef afl. (2007).

3.3 Results

3.3.1 Benzene degradation pattern in microcosms spiked with "*Cs-
benzene or natural benzene
Eleven individual microcosms were set up, each filled with an equal amount of coarse sand particles

and mineral salt medium. The sand particles. were colonised by anaerobic benzene-degrading
communities as previously shown (Vogt et al. 2007; Herrmann et al. 2008; Kleinsteuber e al. 2008).
Before adding '*C,-benzene, the degradation rates for natural benzene in those microcosms were
determined between 1.3 uM d' to 2.8 uM d', proving that all microcosms were active. For the SIP
experiment, three microcosms were spiked with either *Cy-benzene or natural benzene in final
concentrations between 588 and 744 uM: five other microcosms served as abiotic or live substrate-
free controls. In the following, labelled and non-labelled benzene was degraded with rates between 3.6
uM and 5.7 uM d”', whereas benzene concentrations remained neérly constant in autoclaved control
microcosms (Figure 3.1 A; data for live microcosms spiked with natural benzene are not shown).
Individual live microcosms were sacrificed after 24%, 72% and 98% of the added benzene had been
degraded (indicated in Figure 3.1 by the terminated line), and processed for DNA-SIP (see below).

In live microcosms, sulphide was always formed in the course of benzene degradation, whereas
benzene-free control microcosms did not produce sulphide (Figure 3.1 A; data for live microcosms
spiked with natural benzene are not shown). The molar ratio of formed sulphide and degraded benzene
was 1.96 + 0.33 (95% confidence interval), calculated for all live microcosm data (n=30). The B
benzene-amended microcosms produced C-labelled carbon dioxide in isotope signatures up to & =

+12175%, corresponding to 4.1 mM produced carbon dioxide; ""C-enriched carbon dioxide was
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Figure 3.1: (A) Progression of benzene gfilled symbols) and sulphide (open symbols) concentrations in
individual microcosms amended with "“Cg-benzene. (B) Production of *C-enriched carbon dioxide
gfilled symbols) and “C-enriched methane (open symbols) in individual microcosms amended with
*C-benzene. Diamonds: active microcosm, 0.72 mM benzene degraded; circles: active microcosm,
0.46 mM benzene degraded; squares: active microcosm, 0.22 mM benzene degraded; triangles:
control experiments (filled triangles: abiotic controls, n = 3; open triangles: control without substrate,
n=2). Errors bars indicate the standard deviation of individual analyses (for carbon isotope
signatures, benzene and sulphide concentrations of benzene-degrading microcosms) or the standard
deviation of average data gained from different parallel microcosms (for benzene and sulphide data
from autoclaved or benzene-free microcosms).

already detected after 14 days incubation (Figure 3.1 B), indicating that benzene degradation started
immediately after benzene addition without lag-phase. The amount of degraded benzene highly
correlated with the amount of produced carbon dioxide (Figure 3.2), demonstrating that benzene was
continuously mineralised in all '*C-benzene-labelled microcosms. In microcosms spiked with natural
benzene, the carbon isotope signatures of carbon dioxide slightly decreased from &=-18%o to

maximal -21%o during benzene degradation.

Besides "C-enriched carbon dioxide, also "*C-enriched methane was generated in all *Cg-benzene-
amended microcosms: the carbon isotope signatures increased from &=-55%o to values up to
& =+280%o indicating methanogenesis (Figure 3.1 B). The absolute methane concentrations were
between 5 uM and 26 uM in those microcosms during the whole incubation time and slightly
decreased during the experiment (data not shown), which might be caused by methane loss of the
microcosms headspaces due to repeated sampling and reflecting low methane production rates. On the
basis of the measured isotope signatures and methane concentrations in the individual microcosms,
maximal 5 uM methane was released linked to the degradation of 100 uM benzene. As observed for

carbon dioxide, benzene degradation and methane production were highly correlated (Figure 3.2).
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Figure 3.2: Concentrations of benzene and carbon isotope signatures of carbon dioxide and methane

during the degradation experiment.

3.3.2 Identification of benzene-assimilating organisms by stable isotope
probing of DNA (DNA-SIP)

DNA was extracted from each of the live benzene-amended microcosms, and equal amounts were

separately ultracentrifuged in a CsCl density gradient. The DNA of the "C-benzene-incubated

microcosms slightly shifted to higher buoyant densities compared to the DNA extracted from o

benzene-incubated microcosms (Figure 3.3). However, a small peak in the ‘heavy’ region of the

gradient, indicated by the "*C-labelled control DNA of Haloarcula marismortui (Figure 3.3), was

detected only for the DNA extracted from the microcosms sampled after degradation of 72% (0.42

mM) of the "*Cy-benzene.
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Figure 3.3: Relative abundances of DNA within buoyant density gradients of different microcosms
measured fluorometrically. Figure symbols: white squares: '2C-benzene (0.58 mM degraded); black
circles: "*C-benzene (0.72 mM degraded); black squares: C-benzene (0.46 mM degraded); black
triangles: '*C-benzene (0.22 mM degraded); crosses: a 1:1 mixture of "*C- and "*C-DNA of Haloarcula
marismortui forming a “light” and a “heavy” peak after density gradient centrifugation.
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Within each fraction of the different gradients, the predominant bacterial and archaeal phylotypes were
identified by the relative abundances of the terminal restriction fragments (T-RF) of their 16S rRNA
gene amplicons produced after digestion with BstUI or Rsal, respectively (Table 3.1 and 3.2).
Generally, the T-RFLP patterns produced by both restriction endonucleases were highly reproducible
and comparable (data not shown). Bacterial T-RF were assigned to specific phylotypes on the basis of
previously reported 165 rRNA gene sequences of benzene-degrading enrichment cultures
(Kleinsteuber ef al. 2008) as well as 16S rRNA gene sequences retrieved from the DNA samples used
in this study. The results for the relative abundances of the T-RF in microcosms sampled after almost
complete benzene degradation are summarised in Table 3.1. The most abundant bacterial T-RF was a
235 bp BstUI fragment and a 458 bp Rsal fragment, respectively, representing a phylotype belonging
to the Crypranaerobacter/Pelotomaculum group of the Desulfotomaculum cluster [ within the family
Peptococcaceae.

Table 3.1: Bacterial diversity within the microcosms after complete benzene degradation: Lengths of
TRF obtained after BstUl or Rsal digestion (bp), range of relative abundances within all analysed C-
benzene or '*C-benzene density gradient fractions, and phylogenetic assignment of the T-RF to

cloned 16S rRNA genes reported by Kleinsteuber et al. (2008). The accession numbers of the
according 16S rRNA gene sequences are given in parentheses.

BstUl T-RF Relative abundance (%) Relative abundance (%) Phylogenetic affiliation (acc. no.)

(bp) '?C-benzene” ’c-benzene”

58 2-10 5-11

60 2-3

102 4-7 3

105 5:6 3-7 Desuifovibrio sp. (EF613397, EF613409, EF613417, EF613418, EF613426,
EF613437, EFB13445, EF613458, EF613475, EF613477)

106 3-9 1-2 Desulfuromonales (FJ459801), Desulfobacca sp. (EF613479)

109 3-6 1-4 Desulfobacteraceae (EF613407, EF613408, EF613431, EF613448, EF613466,
FJ459796)

116 3-7 2-6 Desulfobacterium sp. (EF613427, EF613452, EF613467)

171 2-4 =

235 18-26 9-45 Cryptanaerobacter/Pelotomaculum sp. (EF613398, EF613433, EF613456,
EF613470, FJ459802-459805)

240 3-4 3-7 Deltaprotecbacteria (FJ459798)

390 3-7 8-39 Suifurovum sp. (EF613424, EF613447, EF613451, EF613455, Ef613457, EF613465,
EF613474, EF613484, FJ459797, FJ459800), unclassified bacterium (FJ459799)

392 6-7 3-7 :

407 1-3 -

485 1-2 2-4

492 2-3 2-4

Rsal T-RF Relative abundance (%) Relative abundance (%) Phylogenetic affilitation (acc. no.)

(bp) "*C-benzene’ '*c-benzene”

55 4-7 3-5 Desulfobacteraceae (EF613407, EF6134408, EF613431, EF613448, EF613466)

240 2-3 2-9 Desulfuromonales (FJ459801)

244 3-4 1-7 Desulfobacteraceae (FJ459796), Deltaproteobacteria (FJ459798)

246 1-4 -

250 1-4 1-5

444 1-4 - Unclassified bacterium (FJ459799)

449 4-10 9-45 Sulfurovum sp. (EF613424, EF613447, EF613451, EF613455, Ef613457, EF613465,
EF613474, EF613484, FJ459797, FJ459800)

458 27-36 10-52 Cryp bac Pelotc lum sp. (EF613398, EF613433, EF613456,
EF613470, FJ459802-459805)

460 3-13 2-11

468 g 2-14

A77T 2-17 *

482 - 2-3 Desuifovibrio sp. (EF613397, EF613409, EF613417, EF613418, EF613426,
EF613437, EF613445, EF613458, EF613475, EF613477), Desulfobacca sp.
(EF613479)

486 2-4 1-2 Desulfuromonas sp. (EF613415, EF613423, EF613468)

? T-RF of all gradient fractions from the microcosm which had converted 0.58 mM natural benzene
" T-RF of all gradient fractions from the microcosm which had converted 0.72 mM 13C-benzene
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This T-RF made up between 18 and 26% (BstUl) and between 27 and 36% (Rsal) of the total T-RF
peak area within the density gradient fractions of the "2C-benzene microcosms (Table 3.1 and Figure
3.4). At least five phylotypes related to different lineages of sulphate-reducing bacteria were detected,
cach of them with T-RF abundances of less than 10% of the total T-RF peak arca. Some T-RF were
present either in '*C-benzene-amended or C-benzene-amended microcosms, and some T-RF were
not identified (Table 3.1).

DNA from the "*C-benzene control microcosms was amplified from every gradient fraction including
those representing high buoyant densities. The individual T-RF from "2C-benzene microcosms always
occurred in similar relative abundances in each fraction of the gradient, as shown for the
Cryptanaerobacter/Pelotomaculum-related phylotype and the epsilonproteobacterial phylotype in
Figure 3.4. This pattern was different for the three BC-benzene-amended microcosms. Compared to
the gradient of the '*C-benzene control microcosms, the Cryptanaerobacter/Pelotomaculum-related
phylotype was less abundant in the lowest and highest fractions of the density gradient, but strongly
enriched in the gradient fractions showing a buoyant density of around 1.7 g mL" (Figure 3.4 A and
C). This effect was most pronounced for the DNA extracted from the microcosms which had

consumed 0.46 and 0.72 mM of *C-benzene, respectively.

Table 3.2: Sequencing results of representative 16S rRNA gene clones and according terminal
restriction fragments (T-RF).

Clone Acc. No. Highest BLAST hit (Acc. no.) / Sequence identity I::gp;:‘;i:fgg;ﬁg:a) Bst:ﬂ;;-RF RS?L:)'RF
2Z-bac-11-8_6 (544 bp} FJ459796 fQ;ﬂ‘:;.efAt’?;z‘?g??, ?lgggbm-ss fromuranium mine e irobacteraceas (0.845) 108 244
Z7-bac-118_14 (409bp)  FU456797 tfgiﬁﬂiﬁiiﬁf%ﬂn??e"ﬁzBaiazgé’)mf s oy radbectera 243 459
ZZ-bac-11-8_15(543bp)  FJ459798 Sjii:_'l‘l';”mﬂgﬁ zzﬁgég)';%g‘nz“'“d"ge”m denalogenating  poaprotecbacteria (0.648) 240 244
ZZee11-0 18108} (Fussaran MR BBt cons ket rom sulfdiceave Unclassified Bacteria (0.944) 390 444
Zrometia sy Fus UChueltscmnde S oot Sptieneclrs g g
Z7-bac-11-8_31 (540bp)  FJ459801 t’c"‘:!';'::f;:;g‘m‘:gﬂfgf g&j?;;zﬁﬂ’sz???az Desulfuromonales (0.868) 106 242
ZZ-bac-11-9_41 (497 bp)  FJ459802 ;’:ﬁ:;‘::;ﬁg:i’;’f; %Zzg:{uﬁ'(gggﬁézé;%%g;m Peptacoccaceae (0.961) 235 458
7Z-bac-11-9_55 (488 bp) FJ459803 g:::;‘:;ﬁi;:;{;L;?:g"giﬁi{ﬁ'ggggﬁ:ﬁgﬁ%ggf Peptococcaceae (0.60) 235 458
7Z.bac11-9_68 (494 bp)  FJ459804 SS::;‘:;eﬁ‘Eggl‘:"’:‘:’;ﬁfzﬁé;gfﬁ;ﬁ%g@m Peptococcaceae (1.000) 235 458
oo ria e s U O TSN ot 3
72-arc-9-11-2 (574 bp) FJ156086 S::l:’:;r::l :(:c:;f(‘;;‘sﬁ'g:‘g ;;s)rlugggom petioleum: Thermoplasmatales (0.840) ND ND
ZZ-arc-8-11:6 (470 bp) FJ156087 t’;‘;‘;‘:ﬁ;;ﬁ:‘;ff;aﬂg?gzg?f;gnjj"’" petrolaur: Methanathirix sp. (0.980) 336 80
ZZ-arc-11-11-1 (469 bp) FJ156088 ﬁ&ﬁ:ﬁ?ﬁ;ﬁfﬁfﬁ{'ﬁi’?ﬁzﬁ?g;ffm patroleum- Thermoplasmatales (0.834) 9% .
2Z-arc-11-11-3 (451 bp) FJ158089 E:ﬁ‘::‘f;:f;;ff:aﬁ'g?g;&?fgg;mm PRt Euryarchaeota (0.934) % :
27-arc-11-11-10 (469 bp)  FJ156000 f:;cnf;sﬁ:iE;°2§n§i§;3i5:£g$g(};;?'5’5{3?3“13"5' Methanotiix sp. (0.989) 335 79
27-arc-11-11-28 (453 bp) FJ156091 Uncultured archaeon clone ASC36 from petroleum- Euryarchagota (0.889) 97 =

contaminated soil (AB161336) / 97%

ND: not determined
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The phylotype belonging to the Epsilonproteobacteria, which made up less than 10% of the relative T-
RF areas in all fractions of the *C-benzene control microcosm, was highly abundant in the ‘heaviest’
fractions of the gradient, but also in the “light’ fractions afier degradation of "*C-benzene (Figure 3.4 B
and D). Similarly to the Cryptanaerobacter/Pelotomaculum-related phylotype, those changing
abundances were observed in all ¥C-benzene-amended microcosms, and the most pronounced effect
was seen foy the DNA extracted from the microcosm which had degraded the highest amount of “C-
benzene (Figure 3.4 B and D). Other phylotypes showed no clear abundance shifts in T-RF pattern
caused by "“C-benzene.

Due to the observation that a small amount of "*C-labelled carbon was also converted to methane
(Figure 3.1 and 3-2), archaeal 165 rRNA genes were cloned and sequenced to identify the responsible
methanogens. Based on ARDRA patterns of the archacal 16S rRNA gene clones, more than 65% of
the clones (40 out of 62) were assigned to two phylotypes affiliated to the Methanosaetaceae. The
remaining 22 clones were assigned to phylotypes related to uncultured members of the

Thermoplasmatales (Table 3.2).

50 A BstU1 4577 B BstU |
45 Cryptanaerobacter/ 40 Epsilonproleabacterium
Pelotomaculum
40 35 4
3
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Figure 3.4: Relative abundances of T-RF, generated by either BstUl (A, B) or Rsal (C, D), assigned to
Cryptanaerobacter/Pelotomaculum (A, C) and Epsilonproteobacteria (B, D) within buoyant density
%radients of DNA samples extracted form different microcosms. Figure symbols: white squares:

Cbenzene (0.58 mM degraded); black circles: '*C-benzene (0.72 mM degraded); black squares:
Cbenzene (0.46 mM degraded); black triangles: '*C-benzene (0.22 mM degraded).
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The T-RF of the Methanosaetaceae phylotypes were found in almost all fractions of depsity gradients
obtained from the *C-benzene and '*C-benzene degradation experiments, respectively. The relative
abundances were higher than 50% (data not shown). No significant increase of the relative abundances

of the archaeal phylotypes in the heavier fractions of the *C-benzene gradient was observed.

3.4 Discussion

Sulphate was the main electron acceptor used by the enrichment culture, since more than 50% of the
clectrons released by benzene mineralisation were channelled into sulphide assuming sulphate

reduction according to the following equation:

C,H, +3H,0+3.75507 —6 HCO; +1.874 HS™ +1.875 H,S +0.375 H* cq. 3.1

AG" =-185 KJ mol”

Considering that more than 90% of benzene was oxidised to carbon dioxide, as shown by the carbon
isotope signatures of produced CO:, the sulphide values suggest that the electrons stemming from
benzene oxidation were not solely used for sulphate reduction. We assume that a part of the formed
sulphide precipitated as iron sulphide coatings on the sand particles within the microcosms as
previously reported (Vogt et al. 2007; Herrmann ez al. 2008; Kleinsteuber ef al. 2008), hence leading
to an underestimation of the extent of sulphate reduction occurring within the enrichment culture
during benzene mineralization.

The microbial diversity within the enrichment culture, reflected by the high number of different T-RF
observed (Table 3.1), could be merely explained by the way of cultivation, since the benzene-
degrading microbial community is located on the surfaces of sand particles, forming a biofilm (Vogt er
al. 2007; Herrmann ef al. 2008; Kleinsteuber er al. 2008). All attempts to grow the culture in liquid
medium with benzene as sole source of carbon and energy failed until today. Thus, we can not
separate the benzene degraders from microorganisms not directly involved in anaerobic benzene
degradation as it would be probably possible by stepwise transferring liquid aliquots in planktonic
enrichment cultures. On the other hand, we recently observed changes in the biofilm community
pattern after repeated spiking of the culture with different substrates including benzene (Kleinsteuber
et al. 2008), hence the method of cultivation likely allows at least an enrichment of organisms
primarily involved in substrate assimilation. Since the consortium was incubated for several years with
benzene as main source of carbon and energy before the SIP experiment was started, the relatively
high microbial diversity within the consortium might be explained by the assumption that several
different organisms profit from the process of anaerobic benzene degradation, resulting in a network
of carbon and energy fluxes within the community.

The consumption of *C-labelled benzene led only to a very small shift of the DNA density gradient
compared to the *C-benzene control microcosm, indicating a low DNA labelling close to the detection

limit of the method; at least 20 to 30 atom% of labelling of DNA from species assimilating a He-
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labelled substrate is needed for density gradient separation. For scveral reasons, one can expect that
- only species assimilating benzene to a major extent would become detectable. As shown by equation
3.1, the Gibb's free energy of benzene degradation under sulphate-reducing conditions is low and
allows theoretically the synthesis of only 3 ATP per molecule benzene as compiled by Schink (1997).
The growth yield of our enrichment culture was low, since more than 90% of benzene was
mineralised. Assuming benzene is assimilated rather by a syntrophic consortium than by a single
organism, the energy gain per involved organism likely becomes additionally lower. Due to the
uncertainties about the amount of "*C-benzene which had to be assimilated by the enrichment culture
leading to a detectable DNA labelling, we performed DNA density gradients of enrichment cultures
which had consumed different amounts of *C-benzene (0.22 mM, 0.46 mM and 0.72 mM) or "C-
benzene (0.15 mM, 0.49 mM and 0.58 mM), respectively. Since RNA-SIP is more sensitive than
DNA-SIP (Neufeld er al. 2007b), one might argue that RNA-SIP is more suitable to label anaerobic
benzene degraders. In fact, we tried to extract RNA from the benzene-degrading biofilm within the
microcosms, which was not possible in sufficient amounts (data not shown), probably due to the
interfering matrix of the sand particles covered by iron-sulphide coatings.
Two phylotypes were significantly enriched in heavy fractions of the “C-density gradient, indicating a
“C-labelling  of their DNA and thus an assimilation of  benzene: the
Cryptanaerobacter/Pelotomaculum-related  phylotype and an  epsilonproteobacterium.  The
Cryptanaerobacter/Pelotomacilum phylotype dominated in all benzene-incubated microcosms, based
on the relative abundance of its T-RF. The amount of "“C-DNA-labelling for the
Cryptanaerobacter/Pelotomaculum-related phylotype was very low, indicated by the small shift
within the density gradient, which might be due to the low growth yield of this organism with
benzene, as discussed above. Since this phylotype dominated the enrichment culture already at the
beginning of the SIP experiment, only a limited number of cells within this population might divide in
the course of the experiment, leading to a low level of “C-labelling. If DNA replication goes along
with cell division, a single division of every cell within a growing population using a fully *C-labelled
substrate theoretically leads to a genomic DNA labelling of only 50%. Thus, at least two rounds of cell
division are necessary to obtain 100% labelled genome copies within a growing population.
The DNA of the Epsilonproteobacteria-phylotype peaked in both the lightest and the heaviest
fractions of the *C-benzene gradients. Other phylotypes having the same relative T-RF abundances as
the epsilonproteobacterium in the *C-benzene control gradient did not show pronounced changes of
their T-RF abundances in any of the "C-benzene gradient fractions. Hence, we interpret the strong
increase of the epsilonproteobacterial T-RF in the heavy gradient fractions as true '*C-incorporation
into DNA, indicating that a certain number of cells assimilate carbon derived from BC_benzene.
Suppeorting this assumption, the effect was most pronounced in the gradient of the microcosm which

had consumed the highest amount of "*C benzene.
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Less than 1% of labelled carbon of benzene ended up in methane, showing that besides sulphate
reduction also methanogenesis occurred. Since “C-labelled methane was produced in a constant rate
(Figure 3.2), we assume that methane developed aceticlastically and not by reduction of carbon
dioxide; in the latter case, huge amounts of unlabelled methane are expected to be produced by
preferential reduction of unlabelled carbon dioxide, which was not observed. Correspondingly, the
only methanogens detected within the enrichment culture were members of the Methanosaetaceae: all
known members of this family can not grow with hydrogen and carbon dioxide, but use acetate as the
sole energy source (Kendall and Boone 2006), even in the presence of sulphate (Struchtemeyer ef al.
2003). Hence, aceticlastic methanogens may have used small amounts of acetate formed upon Bes
benzene oxidation, or may have used carbon derived from dying labelled biomass which was
continuously recycled. Other archaeal phylotypes found in minor proportions were related to the
Thermoplasmatales and therefore are not assumed to be involved in methanogenesis. Similar
phylotypes have been previously found in anaerobic microcosms enriched from petroleum-
contaminated soil samples (Kasai er al. 2005). As these phylotypes are only distantly related to
cultured members of the Thermoplasmatales, one can only speculate about their physiological
properties. Cultured representatives of the Thermoplasmatales are known for sulphur respiration and
were typically found e.g. on self-heating coal refuse piles or solfatara fields (Madigan et al. 1997).

Our model for the syntrophic degradation of benzene within our consortium is summarised in Figure
3.5. We assume that the Cryptanaerobacter/Pelotomaculum phylotype may ferment benzene in the
first step of the degradation pathway to hydrogen and acetate or other low-weight fermentation
products usable for Methanosactaceae-like archaca. The cultivated species of the genera
Pelotomaculum and Cryptanaerobacter are syntrophic, heterotrophic bacteria, which live closely

associated with hydrogen-consuming organisms (interspecies hydrogen transfer).

3C-benzene
12C-CO,

(buffer)
Cryptanaerobacter / Pelotomaculum

mainly 12C-
assimilation 13C Cc)2 YC-assimilation

SO,

13C-acetate (other Mel rhanosae!ac
organic fermentation -

» 13C-CH,

HZS 2 H* products?)
o Sulphur compounds (e.g. SO,%, 8%
H A ) e-proteobacterium
13C-assimilation
13C-CO, 13C-CO,

Figure 3.5: Proposed flow of carbon and redox equivalents during mineralization of benzene, based on
DNA-SIP data.
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Some of them were shown to degrade aromatic compounds like benzoate, phenol or phthalate (Qiu er
al. 2003; Juteau ef al. 2005; Qiu et al. 2006). Using DNA-SIP, Kunapuli ef al. (2007) recently found
that members of the Peptococcaceae were clearly "3C-labelled and therefore responsible for benzene
oxidation in an enrichment culture under iron-reducing conditions; this process involved an as-yet
unexplained mode of syntrophic electron sharing with Desulfobulbaceae.

The function of the Epsilonproteobacteria-phylotype within the carbon flow network in our
consortium is hard to predict based on the current knowledge about this phylogenetic lineage.
Generally, the Epsilonproteobacteria are the most poorly characterised class within the
Proteobacteria, most lineages are without cultured representatives (Campbell e al. 2006). The closest
cultivated relative to our labelled phylotype is Sulfurovum lithotrophicum (see figure supporting
information), a species isolated from a hydrothermal vent (Inagaki er a/. 2004). More closely related
environmental sequences were detected in terrestrial sulphidic habitats (Porter and Engel 2008) and a
methanogenic phenol-degrading bioreactor (Zhang ef al. 2005). The isolated species belonging to this
clade of the Epsilonproteobacteria are usually chemolithoautotrophic, using hydrogen and/or reduced
sulphur compounds as electron donors and oxygen or nitrate as electron acceptors (Campbell er al.
2006); the ability to use sulphate as electron acceptor has not been described yet. Notably, Koizumi ef
al. (2005) detected several sulphate reducers and Epsilonproteobacteria as bacterial key players in
anoxic saline sediment incubations after addition of different organic and inorganic electron donors,
indicating that Epsilonproteobacteria can use a broader range of electron donors and acceptors than
currently known cultivated isolates. A common feature of sulphidophilic Epsilonproteobacteria is
carbon fixation by the reductive tricarboxylic acid cycle (rTCA) (Campbell ef al. 2006; Nakagawa er
al. 2007; Nakagawa and Takai 2008), an ancient and oxygen-sensitive pathway. The rTCA can
principally operate also in the oxidising direction, if low molecular weight organic molecules are
present. Thus, a possible lifestyle of the epsilonproteobacterium within the benzene-degrading
consortium would be to oxidise acetate by the TCA cycle while using a sulphur compound as electron
acceptor, or evolving hydrogen which is then consumed by several sulphate reducers. The syntrophic
oxidation of acetate is energetically unfavourable, but has been described for sulphate-reducing or
methanogenic conditions (Nusslein ef a/. 2001; Zhilina ef al. 2005; Dolfing er al. 2008; Hattori 2008).
In such a scenario, the preferential role of sulphate reducers would be hydrogen scavenging for which
they are known to be very efficient in syntrophic relationships (Cordruwisch ef al. 1988; Elshahed er
al. 2001a; Jackson and Mclnerney 2002). Nevertheless, on the basis of our data, we can not rule out
the possibility the epsilonproteobacterium may also use benzene directly as carbon and energy source.
It should be noted that autotrophic growth based on hydrogen oxidation and sulphate reduction likely
can not result in a significant DNA labelling due to the presence of the 30 mM unlabelled-carbonate
buffer used in the experiment: complete mineralisation of *C-benzene leads to a maximal *C-carbon
dioxide enrichment of only 12 atom percent. Hence, organisms like hydrogenotrophic sulphate

reducers using carbon dioxide as major carbon source could probably not be separated by density
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gradient centrifugation due to preferential fixation of *C-carbon dioxide, explaining why we found
always non-labelled T-RF of several different phylotypes of sulphate reducers within the density
gradient fractions.

The current knowledge about structure and function of anoxic benzene degradation suggest that
benzene can be mineralised cither by a single organism, or by a consortium of organisms. A benzene-
degrading consortium consisting of benzene-attacking fermenting organisms, oxidisers of low
molecular weight organic fermentation products and hydrogen scavengers may always develop on the
constraints of the biodiversity and environmental conditions of a habitat. As a result, a broad diversity
within anaerobic benzene-degrading consortia enriched from different field sites may develop, since
- the ecological niche of hydrogen consumers and fermenters of low molecular weight organic

compounds can be conquered by several phylogenetic and physiological different microorganisms.
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3.5 Supporting information

Helicobacteraceae

55# hydrothermal vent clones

hydrothermal vent clones
hydrothermal vent clones

DQ228647, clone CH2b116 from sulfide-microbial incubator
a7 AF420348, hydrothermal sediment clone a1b030

hydrothermal vent clones

AF449241, clone R76-A19 from vent worm tube
AF029044, benzene mineralizing consortium clone SB-17
AJ431223, proteobacterium BHIB0-20 from Alvinella pompejana
AJ431222, proleobacterium BHIB0-16 from Alvinella pompejana

AF420345, hydrothermal sediment clone a2b004

AJ431221, proteobacterium BHIB0-14 from Alvinella pompejana

AB091292, Sulfurovum lithotrophicum

98

hydrothermal vent and deep-sea clones

100

AYEB72533, hydrothermal vent clone CH7 _1
AF449235, clone R103-B23 from venl worm lube
AF449231, clone R103-B15 from vent worm tube

clones from sulfidic springs and caves

EF061978, mangrove sediment clone XME34
AF121887, bromophencl-dehalogenating consortium clone 2BP-7
AY§531576, hydrothermal vent clone SF_C23_G3
EF061875, mangrove sediment clone XMEG
AM178867, mangrove sediment clone SZB13
DQ394915, harbor sediment clone VHS-B1-22
AF420360, hydrothermal sediment clone C1_B007
AF420343, hydrothermal sediment clone a1b024

100] S i
clones from sulfidic springs

AY261811, phenol-degrading UASB reactor clone PD-UASB-2
EF613424, benzene mineralizing consortium clone ZZ-S4D12
EF613455, benzene mineralizing consortium clone ZZ-S9D1
EF613474, benzene mineralizing consortium clone ZZ-S11H8
EF613447, benzene mineralizing consortium clone ZZ-S8A1
EF613457, benzene mineralizing consortium clone ZZ-S9H9
EF613465, benzene mineralizing consortium clone ZZ-S10F4
97 DQ295684, sulfidic groundwater clone MC1_bact_c192
DQ295744, clone from sulfidic spring microbial mat
AB240460, root tip clone SRRT05
EF613484, benzene mineralizing consortium clone ZZ-S12H6
= EF613451, benzene mineralizing consortium clone ZZ-S8H8

63

clones from sulfidic cave streams

Arcobacter

0.10

Figure 4.51: Phylogenetic relationship of the Sulfurovum-related clones (bold-faced) retrieved from the
benzene-degrading consortium to representatives of the Epsilonproteobacteria (from Kleinsteuber et
al. (2008), supporting information).
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Abstract

Recently, combined carbon and hydrogen isotope fractionation investigations have emerged as a
powerful tool for the characterization of reaction mechanisms relevant for the removal of
organic pollutants. Here, we applied this approach in order to differentiate benzene
biodegradation pathways under oxic and anoxic conditions in laboratory experiments. Carbon
and hydrogen isotope fractionation of benzene was studied with four different acrobic strains
using a monooxygenase or a dioxygenase for the initial benzene attack, a facultative anaerobic
chlorate-reducing strain as well as a sulfate-reducing mixed culture. Carbon and hydrogen
enrichment factors (gc, &y) varied for the specific pathways and degradation conditions,
respectively, so that from the individual enrichment factors only limited information could be
obtained for the identification of benzene biodegradation pathways. However, using the slope
derived from hydrogen vs. carbon isotope discriminations or the ratio of ﬁydrogen to carbon
enrichment factors (A = Ay/Ac = ey/ec), benzene degradation mechanisms could be distinguished.
Although experimentally determined A values partially overlapped, ranges could be determined
for different benzene biodegradation pathways. Specific A values were <2 for dihydroxylation,
between 7 and 9 for monohydroxylation, and > 17 for anaerobic degradation. Moreover,
variations in A values suggest that more than one reaction mechanism e¢xists for
monohydroxylation as well as for anaerobic benzene degradation under nitrate-reducing,
sulfate-reducing, or methanogenic conditions. Our results show that the combined carbon and
hydrogen isotope fractionation approach has potential to elucidate biodegradation pathways of

pollutants in field and laboratory microcosm studies.

4.1 Introduction

Benzene is one of the most abundant organic groundwater pollutants (Plumb 1987; Arneth et al.
1989). It is toxic to humans and can cause various forms of cancer (Smith 1999; Korte er af. 2000).
Since benzene represents a significant health risk due to its high abundance and toxicity, it is a
pollutant of particular concern. Therefore, it is important to investigate its fate in the environment
including the assessment of natural attenuation processes. It has been shown that benzene can be
biodegraded under oxic and anoxic conditions and that biodegradation is the most significant process
of benzene removal in groundwater and soil (see Gibson and Subramanian (1984) and Lovely (2000)
for an overview).

Acrobic bacterial benzene degradation can be initiated by dihydroxylation or monohydroxylation.
The first step of dihydroxylation is an addition of both atoms of dioxygen to the aromatic nucleus to
form cis-benzene dihydrodiol (Gibson ef al. 1968). The oxygen-dependent monohydroxylation of
benzene is catalyzed by monooxygenases with rather broad substrate specificities: toluene 4-

monooxygenase (T4MO) of Pseudomonas mendocina KR1, the toluene 3-monooxygenase (T3MQO) of
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Ralstonia pickettii PKOI1, and the toluene ortho-monooxygenase (TOM) of Burkholderia cepacia G4,
all converting benzene to phenol (Tao et al. 2004).

Anaerobic benzene degradation has been shown to take place under nitrate-reducing, sulfate-
reducing, iron(II)- reducing, and methanogenic conditions (see Lovely (2000) for an overview).
However, the initial step of the degradation pathway under anoxic conditions is still not elucidated. It
has been proposed that benzene could be methylated to form toluene, carboxylated to form benzoate,
or hydroxylated to form phenol (Chakraborty and Coates 2005; Ulrich er al. 2005).

For the characterization and assessment of biodegradation of groundwater contaminants, stable
isotope fractionation investigations are a valuable tool (see Meckenstock er al. (2004a) for an
overview). The method relies on the fractionation of stable isotopes during enzymatically catalyzed
reactions, leading to an enrichment of heavier isotopes in the residual fraction of the reacting
compound. Generally, the extent of isotope fractionation depends on the type of transformation
reaction. Thus, isotope fractionation investigations might be used as an indicator for distinct
biodegradation pathways.

Compound-specific stable isotope analysis (CSIA) does not distinguish between different
isotopomers; thercfore, measured data only provide bulk isotope fractionation factors and no
information on specific kinetic isotope effects (KIE) at different reactive position(s). For calculating
apparent kinetic isotope effects (AKIE), bulk isotope fractionation data have to be corrected regarding
nonreactive molecule positions as well as intramolecular isotopic competition (Elsner ef al. 2005). By
the use of AKIE, mechanistic information about the initial step of biodegradation pathways can be
revealed (Elsner ef al. 2005).

However, significant isotope effects can only be observed when the first irreversible step of a
reaction is isotope-sensitive and represents the rate-determining step in the overall biotransformation
process. If the bond conversion is preceded by non or slightly isotope fractionating processes (e.g.,
uptake and transport of a substrate to the reactive site of enzyme, binding of substrate to form
enzyme—substrate complexes), isotope fractionation will be lowered and may become even
insignificant. Therefore, AKIE calculated from the observable isotopic enrichment of a particular
element during degradation not only reflects the chemical mechanism according to the transition state
theory but is also modulated by rate limitation of preceding reaction steps of the overall biological
transformation. This may complicate the interpretation of isotope effects in biological systems
(Northrop 1981). The tendency of the biologically catalyzed reaction to continue forward and become
irreversible has been described as “forward commitment to catalysis” (Northrop 1981). Thus, the
observable isotope fractionation of an element can significantly vary either because of a different
chemical mechanism associated with the actual bond cleavage or because of nonisotope-sensitive steps
of a particular biodegradation pathway, as in the “forward commitment to catalysis”. Hence, the
characterization of the degradation pathway as well as the assessment of biodegradation using stable

isotope fractionation investigations of only one element can lead to bias in the interpretation of
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experimental data. However, since “commitment to catalysis™ affects the isotope composition of
different elements involved in an enzymatic reaction similarly, the correlation of isotope fractionation
of these elements may be used to characterize the reaction mechanism more precisely than by isotope
fractionation investigations of only one element (Elsner et al. 2005). Thus, the two-dimensional
isotope fractionation approach (TDIFA) is a valuable tool for determining biodegradation pathways or
. conditions (Elsner et al. 2005). Recently, predominant redox conditions under which methyl rer-butyl
ether (MTBE) and benzene were biodegraded in contaminated aquifers could be identified by
measuring carbon and hydrogen isotope signatures (Kuder et al. 2005; Zwank er al. 2005; Fischer ez
al. 2007). Furthermore, in laboratory experiments pathways for benzene, toluene and MTBE
biodegradation have been evaluated using two-dimensional isotope fractionation investigations
(Hunkeler ef al. 2001; Mancini et al. 2003; Mancini ef al. 2006; Elsner et al. 2007; Rosell ef al. 2007).

In order to characterize in situ biodegradation by TDIFA, the extent of isotope fractionation for
appropriate elements has to be known for the expected reaction mechanisms of biotransformation. In
recent laboratory experiments, carbon and hydrogen isotope fractionation have been determined for
aerobic and anaerobic benzene biodegradation under nitrate-reducing, sulfate-reducing, and
methanogenic conditions (Hunkeler ef a/. 2001; Mancini er al. 2003). However, it was not known
whether the tested aerobic strains used a mono- or dioxygenase for the initial step of benzene
transformation. Moreover, the proposed initial steps for anaerobic benzene biodegradation —
methylation, carboxylation, or hydroxylation (Chakraborty and Coates 2005; Ulrich ef al. 2005) — had
not yet been linked to carbon and hydrogen isotope fractionation investigations.

In this study, the extent of carbon and hydrogen isotope fractionation was determined for aerobic
strains with known biodegradation pathways in order to distinguish between isotope patterns for
mono- or dioxygenase-catalyzed reactions. Additionally, we applied TDIFA for elucidating benzene
biodegradation pathways of a new isolate able to use chlorate as well as oxygen as electron acceptor
and for a sulfate-reducing enrichment culture, respectively. The results were interpreted with respect
to the variability of isotope fractionation for investigating benzene biodegradation pathways under in

situ redox conditions and for enrichment or pure cultures.

4.2 Materials and Methods

4.2.1 Microorganisms and cultivation conditions
The aerobic pure cultures used in this study were kindly provided by the following people or

institutions: Pseudomonas putida strain ML2 (Tan and Mason 1990) by Jeremy Masons (King’s
College, London, England), Ralstonia pickettii strain PKO1 (Olsen et al. 1994) by Christian Griebler
(Helmholtz Zentrum Miinchen - German Research Center for Environmental Health, Munich,
Germany), Cupriavidus necator ATCC 17697 (Vandamme and Coenye 2004) by the strain collection
of the Interdisciplinary Ecology Centre (TU Bergakademie Freiberg, Germany), and Rhodococcus

opacus strain B-4 (Na ef al. 2005) by Junichi Kato (Hiroshima University, Hiroshima, Japan). For the
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isotope fractionation experiments, the strains were cultivated in modified Brunner mineral salt
medium (Vogt et al. 2002) spiked with benzene as the sole source of carbon and energy. Alicycliphilus
denitrificans strain BC was isolated from an enrichment culture that degrades benzene with chlorate
(Weelink ef al. 2007). The bacterium grows on benzene with oxygen and chlorate. Although the
bacterium is able to grow with acetate and nitrate, it is not able to grow with benzene and nitrate
(Weelink et al., unpublished). A. denitrificans was cultivated anoxically in a chlorate-containing
mineral salts medium described elsewhere (Weelink ef al. 2007) using benzene as the sole source of
carbon and energy. For aerobic cultivation of A. denitrificans, the same medium — but without chlorate
—was used. For purity control and maintenance, strains were plated on peptone agar medium (German
collection of microorganisms and cell cultures medium number 83) and R2A agar medium (Reasoner
and Geldreich 1985) every two months. The sulfate-reducing and benzene-degrading mixed culture
was enriched as described elsewhere (Vogt et al. 2007). The different media used contained all 7.5 uM
iron.

The degradation experiments and analytical methods are described in detail in the Supporting

information.

4.2.2 Quantification of isotope fractionation
Carbon and hydrogen enrichment factors (z¢, &4) were determined using the logarithmic form of the

Rayleigh equation,
In (CE’ HIO0 | 2 In 5 eq. 4.1
(0, +1000) ) 1000 | C,

plotting changes in concentrations In(C/Cy) versus changes in isotope ratios In[(d, + 1000)/(dy+ 1000)]

and obtaining ¢ from the slope of the linear regression. d,, C,and dy, C, are the stable isotope ratios in
delta notation (see Supporting information, eq. 4.84) and concentrations of a compound at a given
point in time and at the beginning of a transformation reaction, respectively.

For a general mechanistic interpretation of the isotope discrimination, enrichment factors have to
be converted to AKIE. According to Elsner ef al. (2005), AKIE for benzene should be calculated

according to the following equation:

AKIE = ! eq. 4.2
l+z-¢ /1000

reaciive position

where z 1s the number of atoms of an clement in identical reactive positions . If only a single carbon or
hydrogen atom of the benzene ring takes part in the overall reaction, as suggested for benzene
degradation under anoxic conditions (Chakraborty and Coates 2005; Ulrich e al. 2005), z is 6 for both
elements. In the case of dioxygenase-catalyzed reactions, two adjacent carbon and hydrogen atoms of
the aromatic ring take part in the reaction (Gibson er al. 1968); hence, for dioxygenases, z is 3. The

reaction mechanism for monooxygenases is less well understood. It has been reported that the first
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step might be initiated by (1) loss of a hydride, a hydrogen atom, or a proton to form a readily oxidized
carbonium ion, a radical, or a carbanion (abstraction mechanism); (2) transfer of the equivalent of a
singlet oxygen atom (insertion mechanism); (3) transfer of a singlet oxygen atom to a formal aromatic
double bond (direct addition mechanism); or (4) addition and rearrangement of a triplet oxygen or
related species without obligatory formation of an epoxide (addition — rearrangement mechanism)
(Tomaszewski et al. 1975; Mitchell ef al. 2003). Therefore, it is expected that one or two carbon and
hydrogen atoms are involved in benzene monohydroxylation and that carbon as well as hydrogen
AKIE should be calculated using z of 3 and 6, respectively.

The derivation of enrichment factors and AKIE is given in detail in the Supporting information.

4.3 Results and Discussion

4.3.1 Carbon isotope fractionation
Enrichment factors for carbon isotope fractionation were calculated using the Rayleigh equation

(Figure 4.1 A,C,E,G; summarized in Table 4.1). The relatively high correlation between concentration
and isotope composition with correlation factors (R*) between 0.86 and 0.99 suggests that carbon
isotope fractionation during aerobic and anaerobic benzene degradation can be modeled by the
Rayleigh equation. In sterile controls, benzene concentrations as well as benzene carbon isotope
signatures were stable (data not shown).

The degradation experiments with the strains P. putida ML2 and Rh. opacus B-4, both using a
dioxygenase for the initial attack of the benzene ring, resulted in low carbon enrichment factors (g¢) of
0.7 £ 0.1%o and -1.3 = 0.2%,, respectively. The corresponding apparent kinetic carbon isotopic effects
(AKIE¢) were 1.002 +£0.0006 and 1.004 +0.0006. The initial step of the dioxygenase-catalyzed
reaction is an interaction of the reactive oxygen species, bound to Fe(Ill) in the reaction center of the
enzyme, with the 7-electron system of the benzene ring, leading finally to the formation of cis-benzene
diﬁydrodiol (Bagneris et al. 2005). Reactions involving interactions with z-clectron systems cause
only minor carbon isotope effects as has been shown for the dioxygenase catalyzed ring activation of
toluene and chlorobenzenes (Morasch ef al. 2002; Griebler ef al. 2004a; Kaschl ef al. 2005).

The strains R. pickettii and C. necator, both using a monooxygenase for the initial benzene ring
attack, revealed higher ec values (-1.7 £ 0.2%0 and -4.3 + 0.4%., respectively) and AKIEq (1.005 +
0.0006 to 1.026 + 0.0025, respectively) compared to the strains using a dioxygenase. The carbon
enrichment factor for C. necator was more than twice as high as that for R. picketiii, indicating that the
initial reaction mechanisms of the monooxygenases may not be identical. The &c values of R. pickettii
and C. necator are similar to values obtained with Burkholderia sp. and Acinetobacter sp. for the
aerobic biodegradation of benzene, ranging between -1.540.1%0 and -3.5 + 0.3%o., reported by
Hunkeler es al. (2001). It is not known which pathways these strains use for aerobic benzene

degradation.
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Compared to the carbon isotope fractionation during dihydroxylation, biodegradation of benzene
by A. denitrificans under both oxic and chlorate-reducing conditions was accompanied by a higher
carbon isotope fractionation, with ¢ of -2.6 = 0.8%0 (AKIEc = 1.008 + 0.0024 to 1.016 = 0.005) and
-1.5+0.5%0 (AKIEc = 1.005+0.0015 to 1.009 = 0.0031), respectively. Similar to Burkholderia sp.
and Acinetobacter sp., the pathways of benzene degradation for A. denitrificans under both oxic and
chlorate-reducing conditions are yet not known. However, there are strong indications that benzene is
also degraded by A. denitrificans under chlorate-reducing conditions by means of an aerobic
degradation pathway, since oxygen is produced during the reduction of chlorate (Rikken er al. 1996).
Primer sets designed to analyze distinct evolutionary branches in the catabolic families predicted to be
involved in benzene biodegradation indicated that monooxygenases, but not dioxygenases, are present
in A. denitrificans (Weelink et al., unpublished).

For the sulfate-reducing mixed culture, ¢ of -1.9+0.3% was determined for benzene
biodegradation, leading to an AKIE of 1.011 £ 0.0018. These data were in the range of & (-1.9 +
0.1%0 to -3.6+0.3%0) and AKIEc (1.010£0.0012 to 1.022 £0.0019) previously derived from
anaerobic benzene degradation experiments under nitrate-reducing, sulfate-reducing, and
methanogenic conditions (Mancini ef al. 2003).

Our results demonstrate that AKIE values for dihydroxylation of benzene are smaller compared
to those for monohydroxylation and anaerobic degradation. Thus, a differentiation of benzene
dihydroxylation from other reaction mechanisms seems to be possible by means of AKIEc. Elsner ef
al. (2005) re-evaluated euyy from literature data for the estimation of reaction-specific AKIE. For
C = C bond epoxidation, AKIE values were calculated from 1.00 to 1.01, which are similar to our
results for benzene dihydroxylation. Hence, the results strongly indicate that the aromatic nucleus has
been epoxidated by the dioxygenases investigated in this study. A C=C bond epoxidation-like
mechanism (direct addition mechanism) can also be expected for benzene monohydroxylation
(Tomaszewski er al. 1975; Mitchell et al. 2003). The observed AKIE for monohydroxylation by R.
pickettii was in the theoretical range expected for C=C bond epoxidation, indicating that the
monooxygenase of R. pickettii may add oxygen directly to the benzene ring. In contrast, benzene
monohydroxylation by C. necator gave an AKIEc significantly higher than assumed for C = C bond
epoxidation. AKIE of C. necator is in the range expected for C — H bond cleavage, which is between
1.01 and 1.03 (Elsner er al. 2005). This indicates that a cleavage of C— H bond occurs in the rate-
limiting step of benzene monohydroxylation by C. necator which has been supposed for ring
monooxygenase reactions (Tomaszewski er al. 1975; Mitchell ef al. 2003). AKIEc values for C-H
bond cleavage from literaturé (Elsner et al. 2005) are in a good agreement with the values for
anaerobic benzene degradation derived from our experiments and from a previous study where C - H
bond cleavage was considered as initial step (Mancini er al. 2003). However, AKIE¢ values for
menohydroxylation and anaerobic benzene degradation are similar. Therefore, a distinction between

these two degradation pathways by the determination of only AKIE¢ is not possible.
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4.3.2 Hydrogen isotope fractionation

With exception of strains using a dioxygenase for benzene biodegradation (Rh. epacus and P. putida),
hydrogen enrichment factors (&) were derived from a In-In plot of the Ray]eigh equation (Figure 4.1
B.D,F.H; summarized in Table 4.1). In sterile controls, hydrogen isotope signatures for benzene
remained constant over time, concomitant with benzene concentrations (data not shown). Benzene
dihydroxylation did not lead to significant hydrogen isotope fractionation for Rh. opacus and P.
putida. Since the correlation of concentrations and isotope shifts was poor (2* between 0 and 0.29), the
Rayleigh equation could not be applied to determine hydrogen enrichment factors for Rh. opacus and
P. putida. It can be expected that ey values for these strains are within the error range for hydrogen
isotope measurements (£3%., see Supporting information). The insignificant hydrogen isotope
fractionation can be explained by the mechanism of the benzene dihydroxylation reaction, where
dioxygen is added to the aromatic ring in the irreversible reaction step without a hydrogen bond
cleavage (Gibson et al. 1968; Kaschl ef al. 2005). Thus, only a secondary hydrogen isotope effect can
be considered for benzene dihydroxylation (Morasch et af. 2002).
For benzene degradation under sulfate-reducing conditions, the determined hydrogen enrichment
factor was significantly higher than that observed for acrobic benzene degradation (g =-59 + 10%o;
AKIEy =1.548 £ 0.144). The &, and AKIEy values obtained in our study are similar to results from
benzene biodegradation under methanogenic and sulfate-reducing conditions (g4 = -59%0 and = -79%.,
respectively) reported by Mancini ef @/, (2003). The anaerobic benzene transformation involves a
primary hydrogen isotope effect implying that a C — H bond is broken in the rate-limiting step of the
reaction (Hunkeler ef al. 2001; Mancini et al. 2003). Carboxylation, methylation, or hydroxylation of
benzene are likely to cause the cleavage of a C— H bond under anoxic conditions (Chakraborty and
Coates 2005; Ulrich et al. 2005). Typical AKIEy values for C — H bond cleavage are in the range of 2
to 23 (Elsner et al. 2005). These values are higher than observed for anaerobic benzene degradation in
our study. The variability of AKIE}; values might result from the influence of commitment to catalysis
leading to a lowering of AKIE.

ey values for benzene monohydroxylation were -11 + 4% (AKIE; = 1.036+0.012 to 1.071
0.0028) for R. pickettii and -17 = 11%0 (AKIEy = 1.057 £0.037 to 1.114 £0.082) for C. necator.
Changes in concentrations (In(C/Cy)) and isotope compositions (In[(d, + 1000)/(dy + 1000)]) showed a
relatively good correlation with correlation factors (R%) of 0.86 and 0.89, respectively. Compared to
dihydroxylation and anaerobic degradation, benzene monohydroxylation resulted in moderate AKIEy
values. Small or even negligible hydrogen isotope effects were determined for aromatic
monohydroxylation by mammalian, methane, toluene-3, and toluene-4 monooxygenases. This was
explained by the direct addition mechanism as the initial step, for which no hydrogen bond cleavage
occurs (Tomaszewski ef al. 1975; Hanzlik er al. 1984; Hinson er al. 1985; Wilkins et al. 1994;
Morasch ef al. 2002; Mitchell ez al. 2003).
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Figure 4.1: Double logarithmic plot according to the Rayleigh equation (eq. 4.1) of changes in isotope ratios and
changes in concentrations from benzene biodegradation experiments using aerobic strains and a sulfate-reducing
mixed culture. The reproducibility of carbon and hydrogen isotope measurements was always better than 0.5%.
and 5%., respectively. The uncertainty of benzene concentration analyses was less than 5%. The lines
correspond to a linear regression model: (A) carbon and (B) hydrogen isctope fractionation of Rh. opacus B-4 (¢)
and P. putida ML2 (+); (C) carbon and (D) hydrogen isotope fractionation of C. necator ATCC 17697 (A) and R.
pickettii PKO1 (x); (E) carbon and (F) hydrogen isotope fractionation of A. denitrificans strain BC under aerobic
(0) and chlorate-reducing (x) conditions; (G) carbon and (H) hydrogen isotope fractionation of sulfate-reducing
mixed culture (0).
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Table 4.1: Comparison of carbon and hydrogen enrichment factors (ez, €4) and derived apparent
kinetic isotope effects (AKIE¢, AKIE,) as well as A values for benzene biodegradation.

enzymatic
culture b & [Yd] AKIE: &n [Yoo] AKIEL A reference
pathway
Rh. opacus B-4 dihydroxylation -1.3+02 1.004+0.0006" no 0.985 to +5° this work
enrichment 1.015%¢
(+5%a)°
P. putida ML2 dihydroxylation -0.7+0.1 1.002+0.0003° no 0.985to +7¢ this work
enrichment 1.015%¢
(£5%q)°
R. pickettii PKO1 monohydroxylation -1.7+0.2 1.005+0.0006° “11+4 1.036+0.0127 3+1 this work
1.010£0.0012° 1.071£0.028°
C. necator ATCC 17697  monohydroxylation ~ -4.3+0.4 1.013+0.0012° 17 + 11 1.057£0.037° 11£6  thiswork
1.026£0.0025° 1.114+0.083"
Burkholderia sp. unknown -35+0.3 1.011+0.0009° 11+2 1.036+0.006° 3%1 Hunkeler
et al.
1.0210,0018° 1.071:0.014° (2001)
Acinetobacter sp. unknown -1.5+0.1 1.005£0.0003° -13+£1 1.0430.003° 941 Hunkeler
etal
1.009+0.0008" 1.085+0.007° (2001)
A. denitrificans strain BC unknown -26+0.8 1.008+0.0024° 16+ 4 1.053+0.013" 5+2 this work
(aerobic) b b
1.016+0.0050 1.106+0.029
A. denitrificans strain BC unknown -1.5+0.5 1.005+0.0015° -18+86 1.061+0.020° 10+4 this work
(chlorate-reducing) § ’
1.009+0.0031 1.121+0.045
nitrate-reducing mixed unknown -22+04 1.013£0.0025° 289+4 1.211£0.035" 12+3  Mancini et
culture b 1 al. (2003)
24+0.1 1.014+0.0006 -35:6 1.266:0.058" 163
sulfate-reducing mixed unknown 3603  1.022:0.0019" 794 1.901x0.087°  22+3  Mancini et
culture al. (2003)
sulfate-reducing mixed unknown -1.9+03 1.011+0.0018" -89 £10 1.54820.144° 28+3 this work
culture
methanogenic mixed unknown -1.9+0.1 1.011£0.0006" -60+3 1.563:0.044° 28+3  Mancini et
culture b . al. (2003)
2101 1.013£0.0006 59+ 4 1.5480.058° 28+3
2.0£0.1 1.012+0.0008" 59+3 1.548:0.043° 32%3

"z=3foreq. 4.2." z=6 for eq. 4.2. ° Expected range for £, given by the uncertainty of hydrogen isotope analysis. A values from our study,
except for dihydroxylation, were derived from the slope of the plot of carbon vs. hydrogen isotope discriminations (Aw/fAc). A\ values from the
literature and from the dihydroxylation experiments were calculated by e/ec. ° Expected A range derived from the &, range given by the
uncertainty of hydrogen isotope analysis. Uncertainties of enrichment factors and A values from our study, in the form of a 95% confidence
interval, were determined by linear regression analysis as described by Elsner ef al. (2007). Uncertainties of AKIE factors and A values from
the literature were estimated by error propagation: error of AKIE = |8AKIE/d¢| x error of £ and error of A = |dNdgy| * error of & + |dN/ deg| *

error of ¢, respectively.

Higher hydrogen isotope effects were considered for aromatic monohydroxylation during the

abstraction, insertion, and addition-rearrangement mechanism, respectively (Tomaszewski et al. 1975;

Korzekwa er al. 1989; Mitchell et al. 2003). However, the reaction mechanism of the benzene

monooxygenases of R. pickettii and C. necator can definitely not be clucidated by determining and

comparing AKIE, values; here, further biochemical studies are needed. Compared to R. pickettii and

C. necator, similar gy values were reported for the acrobic benzene degradation by Burkholderia sp.

(ey=-11%2%0) and Acinetobacter sp. (en=-13 %

1%0) (Hunkeler et al. 2001). For benzene

degradation by A. denitrificans, nearly the same enrichment factors were determined under aerobic
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and chlorate-reducing conditions (ey=-16=4%0 and -18 + 6%, respectively). The experiments
revealed relatively good correlations between concentrations (In(C/Cy)) and isotope compositions,
with correlation factors (R%) in the range of 0.97 and 0.98. The enrichment factors observed for
Burkholderia sp., Acinetobacter sp., and A. denitrificans were in the same range as that observed for
the monooxygenase-catalyzed reactions of R. pickertii and C. necator. Thercfore, it might be possible
that all these strains use monooxygenases for the initial hydroxylation step, since dioxygenase-
catalyzed benzene ring attack leads to insignificant hydrogen isotope effects as shown in this and in a

previous study (Morasch et al. 2002).

4.3.3 Two-dimensional isotope fractionation investigations

Isotope fractionation investigations of a single element are not always reliable for identifying
biodegradation pathways, since enrichment factors for a specific transformation reaction can
significantly differ due to the influence of non or slightly fractionating rate-limiting steps preceding
the bond cleavage (commitment to catalysis) (Nijenhuis er al. 2005; Mancini et al. 2006; Elsner ef al.
2007). TDIFA can improve the interpretation of isotope effects which are considerably masked by
commitment to catalysis (Elsner et al. 2005). Here, A is given by the slope of the plot of carbon vs.
hydrogen isotope discrimination (A¢ = 3,%C = 6,°C, Ay =0H — 6,°H) (see Supporting information),
Alternatively, the ratio between hydrogen and carbon enrichment factors (A = gnfec) is used for
elucidating reaction mechanisms (Elsner et al. 2007; Rosell et al. 2007). A values derived from
enrichment factors and isotope discrimination, respectively, are approximately equal. It has to be taken
into account that for &y > > -100%., the relationship between A¢ and Ay exhibits a slightly nonlinear
behavior (see Supporting information). However, in this case, the slope of carbon vs. hydrogen isotope
discrimination derived from lower ranges of biodegradation is approximately equal to A values
calculated from ey/zc.

In our study, A values show large variations for different initial benzene-attacking mechanisms to
a large extent (Table 4.1). Although A values overlapped due to the uncertainty of calculations,
significant ranges could be derived for distinct benzene biodegradation pathways. Specific A values
were <2 for dihydroxylation, between 7 and 9 for monohydroxylation, and > 17 for anaecrobic
degradation. With these A ranges, it can be reasoned that Acinefobacter sp. uses a monooxygenase for
the initial attack on the benzene ring. Although Burkholderia sp. and A. denitrificans under oxic
conditions exhibited A values similar to those determined for monohydroxylation by R. picketiii,
because of overlapping A values it cannot be excluded that these strains may use a dioxygenase for the
initial benzene attack. However, molecular biology studies indicated that monooxygenases but not
dioxygenases are present in A. denitrificans. Thus, benzene monohydroxylation can be expected for
this strain under oxic conditions.

The variability in A values for benzene monohydroxylation could be caused by different initial

monooxygenase reactions. Mechanisms leading to a primary hydrogen isotope effect should yield
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higher A values compared to mechanisms involving a secondary hydrogen isotope effect. Hence,
benzene monohydroxylation showing high A values may be initiated by mechanisms which can be
expected to have a primary hydrogen isotope effect such as abstraction, addition — rearrangement, or
insertion mechanisms (Tomaszewski ef al. 1975; Korzekwa e al. 1989; Mitchell ef al. 2003). Benzene'
monohydroxylation exhibiting low A values might be due to reactions for which a secondary hydrogen
isotope effect is expected, such as a direct addition mechanism (Tomaszewski ef al. 1975; Korzekwa
et al. 1989; Mitchell er al. 2003).

A values for anaerobic benzene degradation ranged between 10 and 32. The lowest values were
determined for degradation under nitrate-reducing (A =12=3 to A= 16+ 3) and chlorate-reducing
(A =10=+4) conditions, respectively. For 4. denitrificans, it is assumed that benzene degradation
under chlorate-reducing conditions is initiated by an oxygen-dependent enzymatic reaction, since
oxygen is produced during the reduction of chlorate (Rikken er a/. 1996). In this case, the observed A
value strongly indicates that benzene is attacked by a monooxygenase under chlorate-reducing
conditions and not by a dioxygenase. This was also confirmed by molecular biology investigations.

For benzene degradation by methanogenic and sulphate-reducing mixed cultures, the A values are
significantly higher compared to nitrate- and chlorate-reducing cultures, indicating that the initial step
of benzene degradation under strictly anoxic conditions involves a C — H cleavage (Mancini e al.
2003). Additionally, the different A values observed under anoxic conditions (Table 4.1) may indicate
that more than one reaction mechanism exists for the first enzymatic step of anaerobic benzene
degradation. This assumption is supported by the identification of different metabolites (toluene,
benzoate, phenol) during anaerobic benzene degradation, indicating that methylation, carboxylation, or
hydroxylation are possible benzene-activating reactions under anoxic conditions (Chakraborty and

Coates 2005; Ulrich et al. 2005).

4.3.4 Environmental implications
We propose that TDIFA can be used for clucidating benzene degradation pathways, which opens

opportunities for characterizing the fate of benzene in contaminated environments. Furthermore, this
approach maybe used to indicate whether a not characterized benzene-degrading enrichment or pure
culture uses a mono- or dioxygenase reaction to initialize the aerobic benzene biodegradation pathway.
For a preliminary survey of aerobic benzene degradation mechanisms it may be reasonable to perform
two-dimensional isotope fractionation investigations before starting time-consuming biochemical and
complex molecular biology test series.

For the quantification of in situ pollutant biodegradation via the Rayleigh equation approach, it is
important to select an appropriate enrichment factor (see Meckenstock et al. (2004a) for a review).
TDIFA may be a reliable tool for determining predominant degradation pathways in the environment,
helping in the selection of an appropriate enrichment factor. Recently, TDIFA was used to analyze

anaerobic benzene degradation under in situ conditions (Fischer ef al. 2007).
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1) —=— R. opacus B-4, 2) -- v-- P. putida ML2, 3) o~ Burkholderia sp. (32),

4)--e-- C. necator ATCC 17697, 5)--<-- A. denitrificans strain BC (aerobic),

6) o R. pickettii PKO1, 7) -- o-- Acinetobacter sp. (32),

8) —a— A. denitrificans strain BC (chlorate-reducing), 9) - + -~ Nitrate-reducing mixed culture (37),
10) ---»-- Sulphate-reducing mixed culture (37), 11) - Methanogenic mixed culture (37),
12)-- 1 -- Sulphate-reducing mixed culture

Figure 4.2: Plot of hydrogen versus carbon isotope discrimination for aerobic and anaerobic benzene
biodegradation derived from the Rayleigh equation (eq. 4.3). The symbols of each curve give benzene
biodegradation for 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 99%. Since no significant hydrogen
isotope fractionation was observed for benzene dihydroxylation by Rh. opacus B-4 and P. putida ML2,
the mean value of the expected enrichment factor range (gy of 0%0) was chosen for the calculation of
hydrogen isotope discrimination by these two strains.

However, even if the pathway is identified by TDIFA, enrichment factors for a specific pathway can
vary, leading to an uncertainty in the quantification of in situ biodegradation. This issue is illustrated
in Figure 4.2 where A¢ and Ay were calculated for each culture based on measured enrichment factors

and hypothetical concentration changes using a simplified Rayleigh equation (Mariotti ef al. 1981):
A=9, -6, =¢-In(C,/C)) ‘ eq. 4.3

The length of the different curves representative for a microbial culture with known enrichment factors
represents the carbon and hydrogen isotope discrimination (A, Ay) for 99% biodegradation. The
symbols of the curves show the benzene biodegradation between 0 and 99% in steps of 10%. The data
indicate that, for similar A values, a given carbon or hydrogen isotope discrimination corresponds to
varying amounts of biodegradation. Hence, the amount of irn situ benzene biodegradation calculated

from stable isotope analysis can vary significantly for a specific pathway due to different enrichment
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factors. To achieve a conservative assessment of biodegradation, the enrichment factor representing
highest isotope fractionation for the predominant pathway should be chosen for the Rayleigh equation
approach (Elsner ef al. 2007). Generally, a selection of an appropriate enrichment factor by TDIFA
should only be carried out if ficld data are consistent with a specific A range for a distinct pathway. If
the field data are equal to overlapping A ranges, the highest known enrichment factor of all
degradation pathways should be chosen for the assessment of biodegradation, otherwise there is a risk
of overestimating the in sifu biodegradation.

Generally, two-dimensional isotope fractionation investigations can also be applied for
contaminants other than benzene. For example, analysis of carbon and hydrogen isotope fractionation
has been performed in order to characterize pathways for fuel oxygenates (Kuder er al. 2005; Zwank
et al. 2005; Elsner er al. 2007; Rosell et al. 2007). In the future, it is envisioned that compound-
specific isotope analysis will be routinely available for measuring oxygen, chlorine, sulfur, or nitrogen
isotope signatures of pollutants. Hence, it should be possible to extend the TDIFA to multidimensional
isotope fractionation investigations for elucidating unknown degradation pathways. This may open

further perspectives for detailed analysis of the fate of organic pollutants in field studies.

4.4 Supporting information

This material is available free of charge via the Internet at http://pubs.acs.org.

4.4.1 Degradation experiments
For the aerobic degradation experiments, each strain was first pre-grown in 118 mL serum bottles

(Glasgeritebau Ochs, Germany) filled with 50 mL modified Brunner medium (or mineral salt medium
for A. denitrificans - see publication). For inoculation, a single colony of bacteria previously grown on
peptone agar or R2ZA agar, respectively, was taken. After adding benzene (3 uL), the bottles were
closed with butyl rubber stoppers, crimped, and incubated on a rotary shaker (115 rotations per
minute) at room temperature. After benzene degradation and growth had occurred, a second pre-
culture was incubated under the same conditions as described above, using an inoculum of 5 mL for
45 mL medium, until the benzene was consumed and cells were grown again. The whole contents of
two of these cultures (100 mL) served as inoculum for each separate isotope fractionation experiment.
For the degradation experiment with 4. denitrificans under chlorate-reducing conditions, precultures
were prepared similarly, but using anoxic chlorate-containing mineral salt medium spiked with
benzene.

The isotope fractionation experiments were performed in 2 L bottles filled with 900 mL Brunner
medium (or mineral salt medium for A. denitrificans) and sealed using butyl rubber stoppers and
aluminium crimps. The medium was spiked with benzene, sealed, and shaken overnight for
equilibration. Afterwards, a single bottle was inoculated with 100 mL pre-culture (see above) and
incubated at 25°C on a rotary shaker (115 rotations per minute). Initial benzene concentrations were

67 mg L' for the degradation experiment with RA. opacus B-4, 56 mg L™ with P. putida ML2, 92 mg
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L' with C. necator ATCC 17697, 69 mg L™ with R. pickertii PKO1, 47 mg L' with A. denitrificans
strain (oxic conditions) and 36 mg L' with 4. denitrificans strain (anoxic conditions), respectively.
Bottles not inoculated with bacteria served as sterile controls. In these controls, changes in
concentrations and isotope ratios were in the range of the analytical uncertainty of the method used
(see “Analytical methods” section). For sampling, aliquots of the culture medium were regularly taken
by means of syringes for GC analysis of benzene (1 mL), measurement of the optical density at 600
nm for following growth (1 mL), and stable isotope analysis (14 mL). The removed volume was
always balanced by sterile air (or nitrogen for 4. denitrificans incubated anoxically) in order to avoid
negative pressure inside the bottles. Samples for isotope analysis were conserved with 0.5 mL
concentrated hydrochloric acid and overlaid with 1 mL n-pentane for extraction of benzene, using 16
mL vials closed with Teflon-coated screw-caps (Supelco). GC samples were conserved using sulfuric
acid (see analytical methods). Fixed samples were stored at 4°C until analysis.

Degradation experiments with a sulfate-reducing mixed culture were performed at 20°C.. The
origin of the culture and the general culture conditions are described in Vogt et al. (2007): the benzene
degrading microorganisms are attached to coarse sand particles immersed in anoxic mineral salt
medium. The experiment was carried out in a 2 L bottle filled with a mixture of coarse sand and
anoxic mineral salt medium in a ratio of approximately 1:3. Initial benzene concentrations of 15 mg
L' were achieved by adding pure benzene. Control bottles were triply autoclaved (121°C, 20 minutes,
once on each of three consecutive days) after benzene was added. All culture bottles were incubated
statically in the dark. Sampling was performed as described for the acrobic strains, but the syringes
were flushed with nitrogen before use and the volume was balanced with nitrogen in order to exclude
the intrusion of oxygen. For the sterile controls, changes in concentrations and isotope ratios were in

the range of the analytical uncertainty (see “Analytical methods™ section).

4.4.2 Analytical methods

Benzene was analyzed by means of automated headspace gas chromatography with a Varian 3800 gas
chromatograph (Varian, USA) equipped with a CP SIL 5 CB capillary column (25 m x 0.12 mm
ID x 0.12 pm FD; Varian, Germany) and a flame ionization detector. The chromatographic conditions
were as follows: injector temperature 250°C (split 1:50); detector temperature 260°C; and an oven
temperature program consisting of 70°C for 2 min, followed by an increase at a rate of 10°C min” up
to 90°C and then at a rate of 60°C min”' until 220°C. Helium (1 mL min"") was used as carrier gas.
Liquid test samples (diluted 1:10 or 1:20 in 1.6 mM H,SO, to prevent bacterial activity; final volume,
10 mL) were prepared in 20 mL glass vials. The samples were incubated for 30 min at 70°C in an
agitator (rotation regime: 250 rpm for 5 s and no rotation for 2 s) prior to analysis, and 1 mL of each
sample’s headspace was injected. For calibration, diluted standards of benzene prepared from stock

solutions were treated in the same way as the samples. The stock solutions were prepared in pure
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methanol. The relative error of the benzene concentration analyses was less than 3% of the determined
concentration.

The carbon and hydrogen isotope ratios of benzene were analyzed by means of gas chromatograph-
isotope ratio mass spectroscopy (GC-IRMS) described elsewhere (Fischer er al. 2007). For the
analyses, 14 mL of the medium from degradation experiment was extracted with | mL #-pentane.
With this extraction method, it was possible to measure reliable carbon isotope ratios for samples with
concentrations > 0.25 mg L™ and reliable hydrogen isotope ratios for samples with concentrations > 2
mg L. The isotope ratios were expressed in the delta notation (3"°C and &°H) in per mil (%o) units
according to eq. 4.S1.

5" C

“sample

R

standard

-2 R\'um,uiv - Rslundurd
or 0 H,..[%0]=| —————-1000 eq. 4.51

In eq. 4.S1, Rumple and Ryyngaa are the B/ C- or *H'H-ratios of the sample and an international
standard, respectively. Vienna Pee Dee Belemnite (VPDB) was used as the standard for the analysis of
carbon isotope signature and Vienna Standard Mean Ocean Water (VSMOW) was used as the
standard for the detection of hydrogen isotope ratios (Gonfiantini ef al. 1995; Coplen e al. 2006).

All samples were measured in at least 3 replicates. The reproducibility of 8"*C values and 8°H values

was always better than 0.5%o and 5%, respectively.

4.4.3 Quantification of isotope fractionation
For the description of isotope fractionation of biochemical reactions the Rayleigh equation can be

expressed in its most general form (Mariotti er al. 1981):

&
C 1000

SRR
R, Gy
LA
R, | R+l eq. 4.52
R, +1

In most natural systems the assumption R+1 = 1 is valid which leads to a simplified version of the

Rayleigh equation most commonly used for the assessment of biodegradation processes:

e
R J (QJH)HU e, 483
R(J C{)
where R,, C, and Ry, C, are the stable isotope ratios and concentrations of a compound at a given point
in time and at the beginning of a transformation reaction, respectively. The enrichment factor & [%o]

correlates the changes in stable isotope ratios (R/Rp) with the changes in the concentrations (C,/Cy).

Using the delta notation, the Rayleigh equation can be expressed as:

\ E
(g.+1000) (G, cq 454
(0, +1000) | C,
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The enrichment factor (g) can be determined from the logarithmic form of the Rayleigh equation,

o 61000 & (G 64, &S5
(8,+1000) | 1000 (C,

by plotting In(C/Cy) versus In[(8+1000)/(8,+1000)] and obtaining £ from the slope of the linear -

regression (m):

£
m= 2
1000

eq. 4.6

Direct comparison of enrichment factors is only meaningful, if the same specific compound is
considered. For a general mechanistic interpretation of the isotope discrimination per reacting position,
enrichment factors have to be converted to AKIE of the bond cleavage. Therefore, the enrichment
factors calculated from isotopic changes of the chemical (gn,x) are used to calculate the enrichment
factors specific for the reactive position (&wacive positon) 10 order to determine AKIEs (Elsner et al.
2005). According to Elsner et al. (2005) equations 4.S7 and 4.S8 should be applied to calculate the
AKIE for benzene:

Ebulk = Ereactive position cq. 4.57

since benzene is a symmetric molecule (Elsner ef a/. 2005). The potentially reactive six carbon and six
hydrogen atoms are in equivalent positions requiring corrections for intramolecular isotope
competition (Elsner et al. 2005). Equation 4.S8 is used to calculate the AKIE considering the

intramolecular competition of carbon and hydrogen atoms,

AKIE = l eq. 4.58
l+z-2 /1000

reactive position

where z is the number of atoms of an element in identical reactive positions.

4.4.4 Two-dimensional isotope fractionation approach
Combining the Rayleigh equation for C and H with the definition of A leads to the expression:

- Em R, +1 R, +1 R,. R
Ase | Rea® D)) Bn +A-In| —&L | =n| 2L eq. 4.89
1000 Reotl Ry +1 Reo Rio

where Re,, Ry, and Reg, Ry are the carbon (C) and hydrogen (H) stable isotope ratios at a given point

in time (t) and at the beginning of a transformation reaction (0), respectively.

Assuming (i) R+1=1 and (ii) ln{}—}:’—} =& —6,, equation 4.59 can be simplified to

0

A-A-=4Ay, eq. 4.510
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with A =98, —8;. Thus, A is also given by the slope of the plot of carbon vs. hydrogen isotope

discrimination (A¢, Ap). Ac and Ay were calculated for each culture based on measured enrichment

factors and hypothetical concentration changes using a simplified Rayleigh equation:

5 G
A:é,—()”zg-in(—’}. eq. 4.511
0
For benzene biodegradation characterized by high hydrogen fractionation assumption (i) is still
applicable but assumption (ii) is violated due to shifts in 8y to values of up to 400%.. As a
consequence -the relationship between Ac and Ay is not exactly linear. However, for small changes in

In(C/Cy) equation 4.S10 is still valid and results in values for A which are approximating the values

calculated by en/ec.
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Abstract

We determined stable carbon and hydrogen isotope fractionation factors for anaerobic
degradation of xylene isomers by several pure and mixed cultures. All cultures initiated xylene
degradation by the addition of fumarate to a methyl moiety, as is known from the literature or
verified by the presence of methyl benzylsuccinates as metabolic intermediates of xylene
biodegradation. Additionally, gene probes positively identified the alpha-subunit of
benzylsuccinate synthase (bss4) in the majority of the cultures. Xylene degradation was always
coupled to a significant carbon and hydrogen isotope fractionation. The values of the apparent
kinetic isotope effect (AKIE) for carbon and hydrogen indicate that the cleavage of a carbon-
hydrogen-bond is an isotopically sensitive step during fumarate addition to xylene isomers. The
slopes of the linear regression for hydrogen (A8°H) vs. carbon (A8'"*C) discrimination
(A =A8"H/AS"C = eHpu/eChund) ranged from 12 + 4 to 29 + 5 and were comparable to A values
previously determined for anaerobic toluene degradation. This.indicates that fumarate addition
to xylene isomers might proceed via an analogous mechanism to the well-described addition of
fumarate to the methyl moiety of toluene, catalyzed by Bss. The results suggest that combined
carbon and hydrogen isotope fractionation analyses can be used to monitor anaerobic xylene

degradation at contaminated sites.

5.1 Introduction
Petroleum hydrocarbons are frequent soil and groundwater contaminants (Squillace et al. 2004).

Numerous studies in the last decade have shown that these compounds can be mineralized under oxic
or anoxic conditions by indigenous microorganisms, and monitored natural attenuation (MNA) has
become an important remediation strategy for hydrocarbon contaminated sites. A promising
remediation monitoring method for identifying, and quantifying biodegradation processes is
compound specific stable isotope analysis (CSIA; for an overview see Meckenstock et al. (2004a) and
Elsner et al. (2005)). CSIA make use of the isotopic discrimination upon bond changes that occur in
many (bio)chemical reactions. Since abiotic, physical processes are generally not coupled to
significant isotope fractionation (Harrington er al. 1999; Slater e al. 2000; Schiith et al. 2003;
Hunkeler et al. 2004; Squillace et al. 2004; Kopinke et al. 2005), isotope analysis is highly selective
for biotransformation reactions in the environment.

Bond changes of isotopically lighter atoms proceed faster than heavier ones due to lower activation
energies required to facilitate the (bio)chemical reaction, leading to an enrichment of heavier
isotopomers in the residual phase. This process is known as isotopic fractionation and can be
quantified as the kinetic isotope effect (KIE). This KIE can be interpreted using the transition state
theory (Northrop 1981). The expression of the KIE in a (bio)chemical reaction depends upon kinetic
limitations associated with bond changes and rate limitations of non-fractionating reaction steps

preceding the bond cleavage. A single isotope effect determined in a biochemical reaction thus
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contains information on the nature of the transition state during the bond change and rate limitations
associated with non isotopically sensitive rate-limiting steps. In the field of enzymology, rate-limiting
but non-fractionating processes occur during the ‘commitment to catalysis’ (Northrop 1981; Elsner et
al. 2005; Nijenhuis e al. 2005). The apparent kinetic isotope effect (AKIE) of a biochemical reaction
can be much smaller than its underlying KIE. The often observed variability of bulk enrichment
factors (enyx) and AKIEs for specific contaminant degradation pathways is thought to be caused by the
commitment to catalysis (Elsner et al. 2005).

In comparison to single element studies, the use of two-dimensional isotope fractionation analysis has
been encouraged for the characterization of rate-determining reaction steps of hydrocarbon
biodegradation pathways more precisely (Elsner et al. 2005; Zwank et al. 2005; Fischer et al. 2007;
Fischer et al. 2008). The slope of the linear regression for hydrogen (A8H) vs. carbon (A8"°C)
discrimination is known as lambda (Apux) = ASTH/AS"C = eHyu/eChur (Fischer er al. 2008). Since
carbon and hydrogen fractionation are thought to be equally influenced by rate limitations prior to the
isotope sensitive bond change (Elsner et al. 2005), any rate limitations which mask the KIE are
cancelled out; hence, the variable A can be seen as a fingerprint of the initial biochemical bond
cleavage reaction within a distinct degradation pathway.

Xylenes belong to the most relevant alkylbenzenes in oil (Widdel and Rabus 2001), but less is known
about their degradation under anoxic conditions. Several m-xylene-mineralizing pure cultures have
been described (Dolfing et al. 1990; Fries er al. 1994; Rabus and Widdel 1995; Harms er al. 1999b;
Morasch et al. 2004b). However, only two strains have been reported for anaerobic o-xylene
mineralization, both sulphate reducers (Harms er al. 1999b; Morasch et al. 2004b). No pure culture
has been identified that is able to grow on p-xylene as sole source of carbon and energy, although a
few p-xylene-degrading enrichments have been described under different electron accepting
conditions (Haner et al. 1995; Morasch and Meckenstock 2005; Botton and Parsons 2007; Nakagawa
et al. 2008). For anaerobic xylene degradation of pure and mixed cultures, carbon enrichment factors
for o-xylene and m-xylene have been previously reported, ranging between -1.1 %o and -3.2 %o
(Wilkes ef al. 2000; Richnow et al. 2003a; Morasch er al. 2004a), and indicate that the first step of
anaerobic xylene degradation is linked to a primary carbon isotope effect. There is some evidence that
degradation of xylene isomers under anoxic conditions is initiated by addition of fumarate to a methyl
moiety (Beller 1997; Krieger et al. 1999; Morasch et al. 2004b; Morasch and Meckenstock 2005), a
reaction carried out by the enzyme benzylsuccinate synthase (Bss). This enzyme is known to activate
toluene under anoxic conditions in several microbial strains (for an overview see Heider (2007)).
Recent fractionation studies with several toluene-degrading bacteria indicated that Bss mediated
toluene transformation is always associated with a significant carbon and hydrogen kinetic isotope
effect (Meckenstock er al. 1999b; Morasch et al. 2004a; Tobler ef al. 2008; Vogt ef al. 2008). We

recently observed that Ay values significantly differed between toluene-degrading sulphate reducers,
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nitrate reducers and an anaerobic phototrophic bacterium, indicating the presence of several slightly
different Bss reaction mechanisms (Vogt ef al. 2008).

The aim of this study was to explore the carbon and hydrogen isotope fractionation of Bss initiated
degradation pathways for xylene isomers in order to obtain information on reaction mechanisms and to
assess the variability of isotope fractionation processes associated with Bss, which might be important
for the assessment of anacrobic degradation of xylene and toluene in the environment. For our study,
we used mixed cultures enriched from a BTEX-contaminated aquifer able to degrade either m-xylene,
o-xylene, or p-xylene under sulphate-reducing conditions. For comparison, we investigated the isotope
fractionation of two bacterial strains known to utilize Bss as xylene-activating enzyme, Azoarcus
strain T and Desulfosarcina ovata strain 0XyS1. For all cultures, enrichment factors for carbon and
hydrogen were determined and the respective A values for xylene degradation were calculated and
compared to isotope fractionation factors of Bss dependent toluene degradation to retrieve mechanistic

information on the initial steps of the biodegradation pathway.

5.2 Experimental procedures

5.2.1 Microorganisms and cultivation conditions
The m-xylene-degrading consortium was enriched from anoxic, sulphidic groundwater of a BTEX-

contaminated aquifer near Zeitz, Germany (Herrmann et al. 2008). The consortia degrading o-xylene
or p-xylene, respectively, were enriched from sand particles from an anoxic, benzene-degrading
columns system installed at the same field site (Vogt et al. 2007). Azoarcus sp. strain T (DSM 9506)
and Desulfosarcina ovata strain 0XyS1 (DSM 13228) were ordered from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Desulfotomaculum sp. strain
0OX39 (Morasch et al. 2004b), which can use m-xylene and o-xylene as a growth substrate, was
included in the screening study, but unfortunately did not grow in our lab. The sulphate-reducing
cultures were cultivated in anoxic mineral salt medium amended with 20 mM sulphate described
elsewhere (Vogt ef al. 2007) using the respective xylene isomer or toluene as a sole growth substrate.
Azoarcus sp. T was cultivated in DSMZ medium 586 with m-xylene as the sole growth substrate and
10 mM nitrate as the electron acceptor. For stock cultures, toluene or xylenes were dissolved in anoxic
2,2,4.4,6,8,8 heptamethylnonane (HMN) to reduce the concentration in the liquid phase (20 uL xylene
isomers or toluene/3 mL HMN). 3 mL of xylene isomers- or toluene-spiked HMN was used for 100

mL medium.

5.2.2 Isotope fractionation experiments
Isotope fractionation experiments were carried out in batch cultures. Experiments with xylene or

toluene-degrading mixed cultures or Azoarcus T were performed in single bottles (modified 500 mL
flasks, Schott, Germany) which were regularly sampled. The experiment with D. ovata was performed

using several replicate bottles (56 or 118 mL serum flasks, Ochs, Germany) which were periodically
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sacrificed. In a recent study (Vogt er al. 2008), both experimental designs produced similar results and
were therefore considered as fully comparable. All bottles were sealed gastight with crimped Teflon-
coated butyl rubber stoppers (VWR, Germany) and spiked with pure toluene or xylene by glass
syringes to a final concentration of 0.2 to 0.45 mM toluene and xylene, respectively, and subsequently
shaken over night for equilibration. Afterwards, cach bottle was inoculated with 10% (vol/vol) pre-
culture, which had been grown with the respective substrate of the following degradation experiment
as a sole source of carbon and energy until the early stationary growth phase. These cultures were
incubated statically in the dark at temperatures between 20 and 25 °C.

For chemical analysis, various amounts of culture medium were removed with syringes
(toluene/xylene, 1 mL; sulphide, 25-100 pL; stable isotope analysis, 14 mL). Before sampling,
syringes were flushed with nitrogen to avoid oxygen contamination in the culture bottles. Removed
volume was always balanced by sterile nitrogen to avoid low pressure in the bottles. Samples for
isotope analysis were conserved with 0.5 mL of concentrated hydrochloric acid and overlaid with
I mL of n-pentanc for extraction of toluene/xylene, using 16 mL vials closed with Teflon-coated
screw-caps. In the sacrifice bottle experiments, a single culture was killed at each time point by adding
I mL of concentrated hydrochloric acid per 50 ml culture volume after samples for sulphide and
toluene/xylene analysis had been taken. Subsequently, the whole culture volume was extracted with
3 mL n-pentane. Samples were stored at 4°C until analysis. Control experiments were set up by using
the same media and the same flasks which were sterilised by autoclaving (121°C, 20 min) three times

after gas tight sealing.

5.2.3 Analytical methods

Toluene and xylene concentrations were determined by headspace gas chromatography as described
elsewhere (Vogt e al. 2008). Sulphide was photometrically analyzed according to Cline (1969) using
modifications described by Herrmann er al. (2008). Toluene- and xylene-degrading consortia were
analyzed for metabolites during the latter phase of the degradation experiment. 50 mL culture liquid
were acidified with HCI to pH | and extracted with diethyl ether. The organic phase was collected and
evaporated under a continuous nitrogen stream. The residual fraction was dissolved in 450 pL pure
methanol. Subsequently, 50 pL trimethylchlorosilane was added, and the samples were derivatised for
1.5 h at 65°C in order to transform the carboxylic acids into methyl esters. Afterwards, the samples
were again dried under a continuous nitrogen stream, and the residue was dissolved in 200 pL n-
hexane. For identification of metabolites, a HP 6890 gas chromatograph coupled with a HP 5973
quadrupole mass spectrometer (Agilent Technologies, Palo Alto, USA) was used. Metabolites were
separated on a Zebron BPX-5 column (30 m x 0.32 mm x 0.25 mm) (Phenomenex, Torrance, USA)
with the following temperature program: 40°C (5 min), 20°C min™ to 150°C, 2°C min™ to 250°C,

20°C min™ to 300°C (2 min). The identity of the substances was confirmed by comparison of mass
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spectra with published data (Beller 1997; Krieger ef al. 1999; Morasch et al. 2004b) or by co-elution

with reference compounds (benzylsuccinic acid; Sigma-Aldrich, Germany).

5.2.4 Stable isotope analysis
The carbon and hydrogen isotope ratios of toluene and xylene were analyzed by gas chromatograph-

isotope ratio mass spectroscopy (GC-IRMS). Aliquots of the n-pentane extract of samples from
biodegradation experiments were used for isotope analyses. The isotope ratios were expressed in the

delta notation (8''C and 8°H) in per mil (%o) units according to equation 5.1.

sample 8 R

standard

5 R\ mwiRnunur
sc or 8 H . [%0]= [”—'L"J 1000 eq. 5.1

Rample and Ryungura are the 3C/"*C- or *H/'H-ratios of the sample and an international standard,
respectively. Vienna Pee Dee Belemnite (VPDB) was used as the standard for the analysis of carbon
isotope signature, and Vienna Standard Mean Ocean Water (VSMOW) was used as the standard for
the detection of hydrogen isotope ratios. All samples were measured in at least 3 replicates. The total
analytical uncertainty for compound-specific hydrogen and carbon isotope analysis with respect to

both accuracy and reproducibility is £ 5 %o and £ 0.5 %o, respectively.

5.2.5 Quantification of isotope fractionation
For the description of isotope fractionation of biochemical reactions, the Rayleigh equation can be

expressed in its most general form Mariotti ef a/. (1981):

e

¢, i
R | G a 7
R, =| R +1 eq. 5.2
R, +1

[n most natural systems the assumption that R+1 = 1 is valid and leads to a simplified version of the
Rayleigh equation most commonly used for the assessment of biodegradation processes:
b8
R z(ijumu eq. 5.3
R() Cl}
with R;, C, and Ry, Cy as the stable isotope ratios and concentrations of a compound at a given point in
time and at the beginning of a transformation reaction, respectively. The enrichment factor & [%o]

correlates the changes in stable isotope ratios (Ry/Rg) with the changes in the concentrations (C,/Cy).

Using the delta notation, the Rayleigh equation can be expressed as:

(5,+1000) (C, i eq. 54
(8,+1000) (¢,

The enrichment factor (g) was determined from the logarithmic form of the Rayleigh equation,
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o 010000} &\ fC) &q. 5.5
(6, +1000) ) 1000 Cq

plotting In(C/Cy) versus In[(5,+1000)/(5,+1000)]. obtained from the slope of the linear regression (m)

using equation 5.6:

m=—5_ eq. 5.6
1000

The error of the enrichment factor is given as a 95% confidence interval (CI) and was calculated as
described by Elsner et al. (2007).

For a general mechanistic interpretation of degradation pathways, non-reacting positions have to be
taken into account. Accordingly, bulk enrichment factors (gu,,) have to be converted to enrichment
factors of the reacting position (&nacive posiion) Using the Rayleigh equation (Elsner er al. 2005):

In (.’T!’x‘x ()‘, + 1000) = Erouctive position xIn Q eq. 5.7
(8, +1000) 1000 &

where &, is the isotope ratie at a given point in time corrected for the reactive position. » stands for the
number of atoms and x stands for the number of reactive atoms within the molecule. For toluene
activation by methyl moiety attack, only one carbon atom out of seven is located at the reactive site,
hence » =7 and x = |. For hydrogen, 3 out of 8 atoms are located at the methyl group, thus n =8 and
x = 3. For xylene activation by methyl moiety attack, two carbon atoms out of eight are located at
reactive sites, hence » = 8 and x = 2. For hydrogen, 6 out of 10 atoms are located at the methyl group,
thus 7 =10 and x = 6. The error of the enrichment factor of the reacting position is given as a 95%
confidence interval (Cl) and was calculated as described by Elsner et al. (2007).

For calculation of the apparent kinetic isotope effect (AKIE), intramolecular isotopic competition has

additionally to be considered by using the following equation (Elsner et al. 2005):

AKIE = ] eq. 5.8
l+zxeg /1000

reactive position
where z is the number of atoms which are in intramolecular competition. For reactions at the methyl
group of toluene, the number of z is 1 for carbon and 3 for hydrogen. In the case of xylene isomers, the
number of z is 2 for carbon and 6 for hydrogen. Uncertainties associated with AKIE were estimated by
error propagation: error of AKIE = [OAKIE/deciive position| * CITOT OF Ereactive position-

The factor Ay expresses the slope of the linear regression for carbon and hydrogen discrimination:
Ahm’k = Aathm‘k /Aduchnfk €q. 59

In order to compare A values for mechanistic studies of toluene and xylene isomers, we used the factor
Avrcaciive posiion Which expresses the slope of the linear regression for discrimination of the reactive

positions of hydrogen and carbon:
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- ~2 ol3 -
Armrum-u position — Ao Hr{’m‘liw position fAS C{‘ml(lil‘z’ position €q. 5.10

Abe et al. (2009) used AKIE — | ratios for comparing different (bio)chemical reactions, which might
be the most precise approach in the case of low AKIEs which are principally based on primary isotope
effects. High fractionation factors can be caused by both strong primary and secondary isotope effects,
leading to AKIE values that are difficult to interpret (Elsner ef al. 2007). Since we observed high

fractionation factors for hydrogen during our study, we did not use the AKIE — | approach.

5.2.6 DNA preparation and sequencing of bssA gene fragments
DNA was extracted from cultures that had previously degraded toluene or xylenes during a

fractionation experiment. 40 mL of cultures were centrifuged for 20 min at 5000 rpm (Centrifuge
5403, Eppendorf, Germany) and 4°C in sterile Falcon tubes. The supernatant was discarded, and the
pellet was extracted using a FastDNASpin Kit for soil (QBiogene, USA). The yield of extraction was
controlled by standard agarosc gel electrophoresis and ethidium bromid staining using UV-light for
visualization (E.A.S.Y. RH-3, 254 nm, Herolab, Germany). BssA4-fragments were amplified by PCR
using the degenerate primers 7772f and 8546r (Winderl er al. 2007) and a PTC DNA-EngineTM
Thermocycler (Biozym, Germany). The following PCR program was used: 15 min initial denaturation,
30 cycles of amplification with 50 s at 94°C, 40 s at 55°C, and 50 s at 72°C, and 10 min of terminal
extension at 72°C. 50 uL PCR reaction contained: 14.5 puL nuclease-free water, 25 ul. HotStar master
mix (HotStar-Kit, Qiagen, Germany), 1 pLL MgCl; (25 mM), 2.5 uL. DMSO: 0.2 uM of each primer,
and 2 uL of template DNA. For the p-xylene-degrading culture, a mixture of specific and unspecific
amplification products were obtained. Therefore, the appropriately sized amplicons (~773 bp) were
excised from a 1% agarose gel (Sigma-Aldrich, Germany) and purified using a MiniElute Gel
Extraction Kit (Qiagen, Germany) prior to clening. PCR products were cloned into Escherichia coli
DH5a using a PCR Cloning plus Kit (Qiagen, Germany). For each culture, 30 to 100 clones were
randomly sclected and checked for the correct size by vector-targeted PCR and agarose gel
electrophoresis. Amplicons were double-digested with A/ul and Haelll (New England Biolabs,
Germany) and checked for restriction fragment pattern similarities. Sequences of representatives for
each operational taxonomic unit were analyzed by capillary electrophoresis on an ABI PRISM 3100
Genetic Analyzer (Applied Biosystems. USA) using BigDye terminator v3.1 chemistry (Applied
Biosystems, USA) according to the manufacturer’s instructions. All publicly available hss4 gene
sequences and the sequences obtained in this study were translated into amino acid sequences with
Bioedit v7.0.3 software (www.mbio.ncsu.edu/BioEdit/bioedit.html) and integrated into an alignment
using ClustalW. This alignment was used to calculate a phylogenetic tree using MEGA 4 and the

Minimum Evolution method.
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5.3 Results

5.3.1 Characteristics of xylene-degrading enrichment cultures
Three planktonic enrichment cultures were established under sulphate-reducing conditions using o-

xylene, p-xylene or m-xylene as the sole source of carbon and energy, respectively. The inoculum was
anoxic groundwater or coarse sand derived from a BTEX-contaminated site (for detailed site
information see Schirmer ef al. (2006), Fischer ef al. (2007), and Vogt et al. (2007)). The ratio of
produced sulphide versus consumed xylene isomer indicated that xylene was mineralized by all
enrichment cultures (Figure 5.51, supporting information) according to the following stoichiometry:
CyHyg +5.25 SO +2.5 H" + 3 H:O — 8 HCOy + 5.25 H,S. The degradation rates observed within
the isotope fractionation experiments were different, ranging from 15 to 28 uM d' for m-xylene
degradation, from 4 to 9 uM d"' for o-xylene degradation, and up to 1 uM d”' for p-xylene degradation
(Figure 5.S1, supporting information). In all enrichment cultures, methyl benzlysuccinates were
detected in the course of xylene degradation (Figure 5.82, supporting information), demonstrating that
the first biochemical step of the degradation pathway for all xylene isomers was initiated by the
addition of fumarate to a methyl moiety. In addition, 2-methyl, 3-methyl and 4-methyl
benzylsuccinates were tentatively identified by GC-MS analysis in degradation experiments with o-,
m- and p-xylene, respectively (Figure 5.5S2, supporting information).

The number of different Bss within the mixed cultures were approximated by amplifying and
sequencing the gene coding for the alpha-subunit of the enzyme, hss4, using primers recently
introduced by Winderl and colleagues (2007). The bss4 sequences were compared to the previously
described bss4 sequences of pure cultures and environmental samples to obtain phylogenetic
affiliations (Figure 5.1). In the o-xylene-degrading enrichment culture, two different sequence types
were detected (marked as “ox clone” in Figure 5.1), affiliated either to the hss4 of the Gram-positive
sulphate-reducing Desulfotomaculum sp. strain OX39, or to the hssA of the Gram-negative sulphate-
reducing strain TRMI1. Only a single sequence type was found in the p-xylene-degrading culture
(marked as ‘px clone’ in Figure 5.1), which was not closely associated with any bssA of cultured
species. We were unable to amplify a bssA4 sequence from the m-xylene-degrading culture with the

primers used in this study.

5.3.2 Characteristics of toluene- and xylene-degrading pure cultures
D. ovata and Azoarcus T have been observed to use xylene and toluene as a growth substrates; D.

ovata can use o-xylene (Harms ef al. 1999b), and Azearcus T can use m-xylene (Dolfing et al. 1990)
as the sole source of carbon and energy. In the isotope fractionation experiments, D. ovata degraded o-
xylene and toluene at rates of 2 to 6 uM d”'. Azoarcus T degraded m-xylene at a rate of 80 pM d”' (data

not shown).
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99 Thauera sp. T1 (AF036765)
99 ' Thauera aromatica tutEtutFDGH (AF113168)
190 L Thauera sp. DNT-1 (AB066263)
Azoarcus sp. T (AY032676) B-PB
Magnetospirillum sp. TS-6 (AB167725)
Azoarcus sp. like strain EbN1(BX682953)
Thauera aromatica K172 (CAA05052)
100 Thawera aromatica tdiSR (AJ001848)
Desulfobacterium cetonicum strain DSM 7267 (EF123662) } 5-PB
Sulfate-reducing bacterium TRM1 (EF123667)
Zz-ox clone 76
100 Zz-ox clone 12
Desulfobacula toluolica strain DSM 7467 (EF123663)
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5 Geobacter grbiciae strain DSM 13689 (EF123664) 5-PB
ag| Geobacter metallireducens GS-15 (YP384498)
78 Uncultured bacterium clone Pb112 04 (EF123688)
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Zz-px clone 04
94 Zz-px clone 06b
Zz-px clone 88
Zz-px clone 80
Zz-px clone 06
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Zz-px clone 04b
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Zz-ox clone 56
100y Zz-ox clone 16
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Figure 5.1: Putative bssA sequences retrieved from o-xylene- or p-xylene-degrading enrichment
cultures investigated in this study, shown in a phylogenetic tree composed of previously described
bssA sequences of pure cultures and environmental samples. The bssA sequences of envirocnmental
samples reported by Winderl et al. (2007) are represented by a single sequence for each lineage. PB
stands for Proteobacteria.

Azoarcus T contains a single hssA4 sequence which is closely related to hss4 sequences from nitrate-
reducing Thauera and other Azoarcus species recently described by Winderl and colleagues (2007)
(Figure 5.1). No hssA gene sequence was detected in the genome of D. ovata using the gene probes in

this study.

5.3.3 Carbon and hydrogen isotope fractionation of xylene degradation
Xylene degradation was linked to carbon and hydrogen isotope fractionation within all examined

cultures. In sterile control bottles, xylene concentrations as well as carbon and hydrogen isotopic
signatures remained stable (data not shown), showing that isotope fractionation was purely based on
microbially driven reactions. Substrate concentrations and isotope signatures were highly correlated

(R? > 0.84) with both carbon and hydrogen in all biotic degradation experiments, allowing to calculate
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Table 5.1: Bulk and position-specific enrichment factors (esuk, Ereactive position) fOr Stable carbon and
hydrogen fractionation, apparent kinetic isotope effects (AKIE), and bulk and position-specific lambda
(Aouiks Areactive position) Values for anaerobic degradation of xylene isomers and toluene by the cultures
investigated in this study. For comparison, recently published values for anaerobic toluene
degradation are listed. The isotope-sensitive step within all cultures is an addition of fumarate to the
methyl moiety of the substrate.

Organism Terminal Substrate  Element  gpuk[%el’  Ecssctive positian AKIE" Avutk = Asyaciive position = Reference
electron [Yhe]” AB'HINGTC B HpIAE Ty =
acceptor = eHpleCrn
£Houm/eCuoun
Desulfosarcina ovata sulphate o-xylene c -23+104 91T 1.018 £ 0.004 15+4 612 This work
H -41+9 -66 + 14 165+023
loluene c -25+£05 17 +3 1.017 £ 0.004 41+ 8 153
H -107 =23 -236 =47 3.42:164
Consortium sulphate o-xylene C -0.7+01 28105 1.006 + 0.001 29+5 12+2 This work
H -25+3 -40+ 4 1321004
Consartium sulphate m-xylene (o4 -27+02 1141 1.022 + 0.002 16+2 71 This work
H 4815 76+ 8 1.84+0.15
toluene c 6.7 £ 0.4 -44 13 1.046 + 0.003 20+2 B+1
(cometabalic) H -126+9 -262+20 4.73+1.35
Consortium sulphate p-xylene C -1.2+03 -4.8+12 1.01 £ 0.002 12+4 5+2 This work
H -19+3 -32+5 1.23 £ 0.042
Desulfosarcina sulphate toluene C -24:01 1741 1.017 + 0.001 30=:2 12+2 Vogt et al.
cetonica H 74T 72417 21402 (2008)
Strain TRM1 sulphate toluene C -2.0+0.2 -14+1 1.014 + 0.001 3+ 1M1+3 Vogt el al.
H -66 £ 19 -152 + 48 1.8+05 (2008)
Consortium sulphate toluene c -28+0.1 “19+1 1.019 + 0.001 28+2 11'£1 Vogt et al.
H -B7 46 224 +23 31406 (2008)
Azoarcus T nitrate m-xylene c -23x01 -8.9+06 1.018 £ 0.001 21+2 91 This work
H -50 46 -B0+ 9 1.93+0.2
toluene o] -5.7+0.2 -38+2 1.039 + 0.002 1143 5t1 Vogt et al.
H 78+ 12 -187 + 27 23+04 (2008)
Azoarcus EbN1 nitrate toluene c -29+0.2 -20+1 1.02 +0.001 1441 541 Vagt ef al.
H 5047 -122 +19 16401 (2008)
Thauera aromatica nitrate toluene Cc -27+01 -19+1 1.018 £ 0.001 1145 412 Vogt et al.
H 35+ 14 -B8 + 35 14402 (2008)
Geobacter ferric Iron toluene c 1.3+01° 9.1 1.0083 + 251" 10 Tobler et al.
metalireducens 36+07° 252 0.0003° 27 £ 1° 10%° (2008)
H -35+09" -93 1.0251
-98+ 3" -261 0.0005°
1.374 +0.013°
2.96+0.13°
Biastochioris phototraphic toluene c -4+ 0.5 -28+3 1.029 + 0.004 443 2#1 Vogt et al.
sulfoviridis H =234+ 6 -58 + 14 12+01 {2008)

 see section ‘experimental procedure’ for the calculation, ® Fe mineral as iron source, ° ferric iron citrate as iron source,
“ approximated from sy ylec s

enrichment factors (&) (Figures 5.83 and 5.S4, supporting information) and apparent kinetic isotope
effects (AKIEs), using the Rayleigh equation as a basis. In Table 5.1, isotope fractionation data for
anaerobic xylene and toluene biodegradation from this study are compared to previously published
results. All cultures listed initiate the degradation pathway by fumarate addition to a methyl moiety of
the substrate. Bulk enrichment factors (gy,) and the corresponding AKIEs for carbon ranged from -0.7
+ 0.1 and 1.006 +0.001 for o-xylene degradation to -2.7+0.2 and 1.022+0.002 for m-xylene
degradation by different enrichment cultures, respectively. For hydrogen, the g, and AKIEs were
generally higher, ranging from -19 =3 and 1.23 +0.04 for p-xylene degradation by the enrichment

culture to -50 + 6 and 1.93 + 0.2 for m-xylene degradation by Azoarcus T, respectively (Table 5.1).
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5.3.4 Carbon and hydrogen isotope fractionation of toluene degradation

Isotope fractionation of toluene degradation was determined for D. ovara and the m-xylene-degrading
enrichment culture: the latter transformed toluene cometabolically when growing on m-xylene (Figure
5.85, supporting information). The values for carbon and hydrogen were significantly different for D.
ovata and the enrichment culture. The cometabolic toluene degradation by the enrichment culture
produced the highest en,, and AKIE for carbon and hydrogen observed so far for anoxic toluene
degradation: -6.7 = 0.4 and 1.046 +0.003, and -126 + 9 and 4.73 + 1.35, respectively. These factors
are, however, still in the range previously observed for toluene degradation pathways initiated by the

fumarate addition mechanism (Table 5.1).

5.3.5 Two dimensional isotope fractionation analyses

We calculated A values for bulk enrichment factors (Ay,) as well as for enrichment factors at reactive
positions in the molecule (Awqive posiion): the former allows comparison of factors for a specific
substrate, the latter makes comparison of toluene and xylene isotope fractionation possible. A§*H and
A8"C values were calculated by subtracting the isotopic value at time t (5,) from the initial isotopic
value (d,) and subsequently plotting these values in a dual parameter plot (Figure 5.2 for Ay, and
Figure 5.56 of the supporting information for Acuive position)- For all degradation experiments described
in this study, the carbon and hydrogen discrimination (A8"C, A§°H) showed a strong lincar effect with
correlation coefficients (R*) always higher than 0.78 (Figure 5.53 and 5.54, supporting information).
Apui values ranged between 12 + 4 for p-xylene degradation and 29 £ 5 for o-xylene degradation by
the different enrichment cultures (Table 5.1). The corresponding Acacive posiiion values were 5 + 2 for p-
xylene degradation and 12 + 2 for o-xylene degradation. Ay, values for toluene degradation were 41 +
8 for D. ovata and 20 + 2 for the m-xylene-degrading enrichment culture, leading t0 Awacive posiion
values of 15 £ 3 for D. ovata and 8 £ 1 for the enrichment culture, respectively (Table 5.1). For D.
ovata, Azoarcus T and the m-xylene-degrading enrichment culture, Anuaive posiion values for both
toluene and xylene degradation showed no general trend. D. ovata revealed significantly larger Araive
position Values for toluene compared to o-xylene. Azoarcus T showed an opposite trend: A e position
values of toluene degradation were significantly larger than Acive posiion values of m-xylene
degradation. The enrichment culture produced similar Ancive posiion values for m-xylene and

cometabolic toluene degradation.
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Figure 5.2: A plot of AB%Hyy vs. A5 Cyyy for each culture and substrate (xylene or toluene) examined
in this study. The slope of the regression curves gives the Ay values. (A) D. ovata, degradation of
toluene; (B) D. ovata, degradation of o-xylene; (C) m-xylene enrichment culture, degradation of
toluene; (D) m-xylene enrichment culture, degradation of m-xylene; (E) Azoarcus T, degradation of
toluene (data taken from Vogt et al. (2008); (F) Azoarcus T, degradation of m-xylene; (G) p-xylene-
degrading enrichment culture, degradation of p-xylene; (H) o-xylene-degrading enrichment culture,

degradation of o-xylene.
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5.4 Discussion

In this study, we have shown that biodegradation of xylene isomers under anoxic conditions were
generally coupled to stable carbon and hydrogen isotope fractionation. As demonstrated by literature
values or experimental data obtained in this study, all pure and mixed cultures in this study activated
the different xylene isomers by the addition of fumarate to a methyl moicty. For methylated aromatics,
this reaction is thought to generally be catalyzed by the enzyme benzylsuccinate synthase (Bss). As
shown for the Bss of the nitrate reducers Thauera aromatica and Azoarcus sp. T, the reaction
mechanism of fumarate addition to a methyl moiety consists of several single steps which are
summarized in Figure 5.3. Bss contains a relatively stable glycyl radical under anaerobic conditions
(Krieger er al. 2001). It has been proposed that the glycyl radical abstracts the first hydrogen atom
from a neighbouring cysteine residue, forming a reactive thiyl radical (Leuthner ef a/. 1998; Krieger et
al. 2001). The thiyl radical subsequently abstracts another hydrogen atom from the methyl moiety,
leading to a benzyl radical intermediate. The benzyl radical attacks the double bond of fumarate,
forming a carbon-carbon bond (Beller and Spormann 1998). Finally, the benzylsuccinyl radical is
quenched and a hydrogen atom is transferred from the cysteine yielding the end product
benzylsuccinate (Figure 5.3). The rate-determining step is thought to be the addition of the benzyl
radical to fumarate, which is exothermic and irreversible (Himo 2002; Li and Marsh 2006b). It was
postulated that hydrogen abstraction from the methyl moiety of toluene is an isotope sensitive step
within the reaction sequence, although the reaction is not fully rate-determining (Li and Marsh 2006b).
A second primary isotope sensitive step might be the formation of the carbon—carbon bond during

benzylsuccinyl radical formation.

/H /H H H
Enz Enz Enz
~SSe SsH

H H y HoH
O — O — Oldeon—
H H iH
H H 2
HO:CY( HOAC HO.C
— —
COzH COsH
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Figure 5.3: Proposed reaction mechanism for benzylsuccinate formation from toluene and fumarate
catalysed by Bss (modified from Li and Marsh (2006a)).

In our study, we determined different Ay, values for Bss initiated anaerobic xylene degradation in the
examined bacterial cultures (Table 5.1). This indicates that xylene activation by Bss proceeds by
slightly different reaction mechanisms, as also recently observed by 2D-CSIA for toluene (Vogt er al.
2008). Slight variations of potential energy barriers associated with the enzyme or substrate structure

might affect the transitions states and the kinetics of isotope sensitive reaction steps and, thus, may
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lead to larger variation in hydrogen and carbon fractionation pattern of toluene and xylenes in a formal
nearly identical biochemical reaction. Future studies examining the structures of Bss are needed to
support this hypothesis.

The variability of Ay, values for Bss initiated methylated aromatics activation goes along with the
recently observed sequence diversity of hss. Winderl er a/. (2007) developed primers for the detection
of the gene coding for the alpha-subunit of Bss (hssA), which successfully amplifies the gene in a wide
range of anaerobic toluene degraders. By using those primers, the range of hssA sequences have been
expanded beyond those from cultivated species, and divergent sequences were identified in
environmental samples taken from contaminated aquifers (Winderl er al. 2007). In our study, the
tested xylene-degrading organisms also displayed a broad hss4 sequence diversity (Figure 5.1), as
identified using the primers of Winderl et al. (2007). Notably, within two cultures (the m-xylene-
degrading enrichment culture and D. ovata), no bssA sequence could be detected, indicating that the
diversity of Bss or related fumarate-adding enzymes is broader than currently antipicated. The
correlation of bss sequence data and isotope fractionation is a topic for future studies. A correlation
between enzyme amino acid sequence data and isotope fractionation have been recently observed for
the glutathione-S transferase dependent dehalogenation of dichloromethane (Nikolausz et al. 2006).

In our study, we determined Arcive posiion Values for both xylene and toluene using three cultures.
These values allow us to examine whether a single Bss may convert different substrates similarly. A
model organism for these investigations is Azoarcus T. The strain likely contains only a single Bss
(Winderl et af. 2007), which is thought to catalyze the initial activation reaction of both toluene and m-
xylene, respectively (Krieger er al. 1999). In our study, Azoarcus T produced two significantly
different Arucive posivion Values for toluene and m-xylene, indicating that the reaction mechanism, e.g. the
transition state of the reaction, of Bss was slightly different for toluene and m-xylene.

For D. ovata, the Aweive posiion value for toluene degradation was significantly larger than the value of
o-xylene degradation, as opposed to Azoarcus T. Upon toluene transformation, hydrogen isotope
fractionation was more pronounced compared to o-xylene. The AKIE¢s for toluene and o-xylene were
similar, indicating no differences in the extent of commitment to catalysis, in contrast to the results for
Azoarcus T. Since no bss4 gene could be identified in D. ovata, we can only speculate whether
toluene and o-xylene were transformed by the same Bss enzyme or by different (iso)enzymes.

The m-xylene-degrading enrichment culture is unique in that it consumes toluene cometabolically
along with m-xylene, and may, indicate that only a single species was actively expressing a
degradation pathway specialized for m-xylene. To our knowledge, this is the first report of a culture
which can use m-xylene as a growth substrate, and lacks the ability to use toluene; usually, xylene-
degrading anaerobic cultures can also use toluene as a sole source of carbon and energy (Widdel and
Rabus 2001). For this culture, Arecive position values for m-xylene and toluene biodegradation were

similar, indicating that both compounds were activated by a Bss which used a similar reaction
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mechanism. Since no bss4 gene could be amplified using gene probes, we could not verify whether a
single Bss or multiple Bss types were present. The fact that toluene was cometabolically transformed
in the course of m-xylene degradation indicates, however, that both compounds were transformed by a
single Bss enzyme expressed in the m-xylene-degrading organism within the enrichment culture.
Notably, the carbon and hydrogen AKIEs for toluene degradation were significantly higher than for m-
xylene, indicating that the isotopically sensitive step within m-xylene transformation was partly
masked, as also observed for m-xylene degradation of Azoarcus T. Toluene and xylenes are thought to
cross bacterial cell walls and membranes mainly by diffusion; since those compounds have similar
structures and physical properties, any rate limitations caused by the transport processes might be in
the same order of magnitude for toluene and xylene. Thus, it is more reasonable to conclude that the
masking of isotope fractionation was caused by substrate-enzyme interactions. The strong isotope
fractionation for toluene might be caused by a low affinity of Bss for toluene, leading to lower toluene
transformation rates observed during the course of the degradation experiment.

In summary, our results suggest that two dimensional isotope fractionation analyses are a valuable tool
for identifying and monitoring anacrobic biodegradation of xylene isomers. Ay, values ranging from
10 to 30 associated with a moderate to strong hydrogen isotope fractionation may be used as a strong
indicator that anaerobic xylene biodegradation initiated by fumarate addition is occurring in anoxic
zones of contaminated aquifers and anaerobic enrichment cultures. However, due to the observed
variability of carbon and hydrogen enrichment factors in our experiments, care should be taken when
selecting an appropriate enrichment factor for quantifying xylene biodegradation at contaminated field
sites using the Rayleigh equation approach (Meckenstock er al. 2004a). In order to perform a
conservative assessment for xylene biodegradation, an enrichment factor (for hydrogen or carbon)
representing the highest known isotope fractionation from all published values should be used for rate
quantification. Ay, values may be used to characterise anacrobic degradation pathways for alkylated
benzenes in field studies, as suggested before (Vogt et al. 2008). Furthermore, the observed variability
of Arcaciive posiion values for toluene and xylcnc.isomcrs suggests that the transition state of the Bss
reaction during the transformation of aromatic compounds is variable and may be indicative of slightly
different reaction mechanisms. Generally, Aacive posiion Values are valuable tools to classify Bss
reactions. Combining A eyive position Values and molecular information about Bss enzyme structures may
be a promising approach in future studies to further our understanding about the C — H bond cleavage
of alkyl moieties during degradation of aromatic compounds. The results from our study strongly
suggest that fumarate addition to alkylated benzene derivates are always related to carbon and
hydrogen fractionation and enable CSIA approaches to be used for the assessment of in situ

degradation of those compounds in anoxic environments.
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Figure 5.81: Time courses of xylene degradation and sulphide production within the three examined
sulphate-reducing enrichment cultures. (A) Degradation of m-xylene (4 replicate bottles); (B)
degradation of o-xylene (2 replicate bottles); degradation of p-xylene (3 replicate bottles). Samples
from those experimental bottles were used for isotope fractionation analysis. Degradation rates (k)
were calculated by k = Acyyiene/d, Where Acyyene is the difference between initial and final xylene
concentration and d the degradation duration in days.
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Figure 5.83: Double logarithmic plot (according to the Rayleigh equation) of the carbon isotopic
composition versus the residual concentration of xylene or toluene (bulk enrichment factors, puk carbon)-
The lines correspond to a linear regression model. (A) D. ovata, degradation of toluene; (B) D. ovata,
degradation of o-xylene; (C) m-xylene enrichment culture, degradation of toluene; (D) m-xylene
enrichment culture, degradation of m-xylene; (E) Azoarcus T, degradation of toluene (data taken from
Vogt et al. (2008)); (F) Azoarcus T, degradation of m-xylene; (G) p-xylene-degrading enrichment
culture, degradation of p-xylene; (H) o-xylene-degrading enrichment culture, degradation of o-xylene.
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Figure 5.S4: Double logarithmic plot (according to the Rayleigh equation) of the hydrogen isotopic
composition versus the residual concentration of xylene or toluene (bulk enrichment factors, &y
hydrogen)- 1Ne€ lines correspond to a linear regression model. (A) D. ovata, degradation of toluene; (B) D.
ovata, degradation of o-xylene; (C) m-xylene enrichment culture, degradation of toluene; (D) m-xylene
enrichment culture, degradation of m-xylene; (E) Azoarcus T, degradation of toluene (data taken from
Vogt et al. (2008)); (F) Azoarcus T, degradation of m-xylene; (G) p-xylene-degrading enrichment
culture, degradation of p-xylene; (H) o-xylene-degrading enrichment culture, degradation of o-xylene.
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ovata, degradation of toluene; (B) D. ovata, degradation of o-xylene; (C) m-xylene enrichment culture,
degradation of toluene; (D) m-xylene enrichment culture, degradation of m-xylene; (E) Azoarcus T,
degradation of toluene (data taken from Vogt ef al. (2008)); (F) Azoarcus T, degradation of m-xylene;
(G) p-xylene-degrading enrichment culture, degradation of p-xylene; (H) o-xylene-degrading
enrichment culture, degradation of o-xylene.
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This chapter summarises the main results of the UFZ study (TP1) which was part of the
BEOQUE project funded by the German Federal Ministry of Education and Research (BMBF).
Project aims, development, experimental set-ups and parts of the results and the discussion are
translations of project reports. Some aspects of this chapter, in particular results of MPN-

analysis and Bactrap-experiments, are intended to be published.

6.1 Introduction

In situ-air-sparging has been developed since the 1980s as a physical-biological method either to
reduce pollution sources and plumes or as a barrier to avoid plume migration (Bass et al. 2000; Hall et
al. 2000; Leeson et al. 2002). Target pollutants are volatile chlorinated or petroleum derived
hydrocarbons, and low-molecular polyaromatic hy&rocarbons within groundwater (saturated aquifer
zones) as well as capillary water and soil (unsaturated aquifer zones). Pollutants, either dissolved,
adsorbed to aquifer material or trapped within pore volume, are removed from groundwater by
introducing air with high pressure into or beneath the contaminated aquifer zone. These pollutants then
move upwards along gas filled pores of the aquifer to the vadose zone. During this vesicular or canal-
like air-rise the following mechanisms lead to a reduction of contaminant in the aquifer:

I, water dissolved volatile organic compounds exchange from aqueous into gas phase within the

contact area water/strip-air (contamination stripping)

2. non aqueous phase liquids (NAPL), either occurring at the capillary fringe or entrapped in and

adsorbed to aquifer material of the saturated zone, volatilise and move to the vadose zone

3. air injection causes an oxygen transfer into groundwater, which stimulates microbial growth

and microbial degradation of pollutants (Suthersan 1997)
So far, air-sparging-studies mainly investigated the two first processes mentioned above.
The BEOQUE project was aimed at the evaluation of remediation approaches, air-sparging and
sulphate addition, regarding their influence on ‘natural attenuation’ (NA) processes at a BTEX-
contaminated site close to the city Zeitz, Germany. Table 6.1 lists institutes and companies that were
involved in the project and the respective objectives.

This chapter of the PhD thesis focuses on an air-sparging-trial, which was conducted in the source
zone of the test-site, and on the objectives ‘high-resolution monitoring’, ‘quantification of
biodegradation’, ‘characterisation of structure and function of indigenous microbial biocenosis™ and
‘application of reactive/conservative tracers’.

Thereby, a tracertest was performed to investigate the groundwater flow and direction. Hydrochemical
parameters were monitored to observe changes due to air-injection. Benzene concentrations were
investigated to estimate the extent of benzene removal. And several methods (MPN-analysis,
compound-specific isotope analyis, and Bactrap-experiments) were applied to observe the effects of

air-sparging on indigenous microbiota and to quantify the percentage of benzene biodegraded. Finally,
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the main objective was to evaluate air-sparging as a remediation technique to ‘enhance natural

attenuation’ (ENA) processes with regard to benzene removal.

Table 6.1: Partners and objectives of the project (modified from report “project proposal

(23.05.2005)").

Institution Objectives
project management
site characterisation
characterisation of effects of contamination source remediations

GICON? construction of groundwater models (streaming and transport models) incl.
geological structure models of the water saturated and unsaturated aquifer
legwork for optimised model and optimisation
participation in application of results to other test sites (mainly outside of
Saxony-Anhalt)
optimised model and optimisation

MDSE® organisation of operations at the test site
project executing organisator and initiator for realisation of source
remediation
balancing of pollution removal due to air-sparging

LAFY/ CDM® characterisation of effects of contamination source remedial actions
application of results to other test sites (mainly Saxony-Anhalt), provision of
recommendations
high-resolution monitoring (UFZ, GWR)
quantification of biodegradation (UFZ, IBGC)

UFZ* characterisation of structure and function of indigenous microbial
biocenosis (UFZ, IBGC)
application of reactive and conservative tracers (UFZ, IBGC)
geochemical characterisation regarding redox zones and electron acceptor
balances
groundwater models (streaming and transport models) incl. geological

CAU Kiel structure models of water the saturated and unsaturated aquifer

ie

modelling of scenarios as legwork for economic evaluation of contamination
source remediation
conception and realisation of column test in the course of ENA downstream
of the contamination plume by sulphate addition

Sa organisation of operations at the test site
participation in the development of the remediation concept

* GroRkmann Ingenieur Consult GmbH Dresden; © Mitteldeutsche Sanierungs- und Entsorgungsgesellschaft mbH,
Bitterfeld; © Landesanstalt fiir Altlastenfreistellung, Magdeburg;  CDM Consult GmbH, Leipzig; ® Helmholtz-centre for
environmental research, Leipzig, GWR .department of Groundwater Remediation, IBGC department of Isotope
Biogeochemistry; ' Christian-Albrechts-Universitat zu Kiel; ® Zeitzer Standortgesellschaft mbH, Alttroglitz; bold-faced
objectives were tasks of the department of Isotope Biogeochemistry (UFZ).
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6.2 Site, project and methods information

6.2.1 Characterisation of the test site
The test site is located in the area of a former hydrogenation plant and benzene factory close to the city

Zeitz (Germany) and is characterised by a highly benzene-contaminated aquifer. The hydrogenation
plant was built in 1939 for exploitation of fuels, lubrication oil, benzene and paraffins on the basis of
brown coal hydrogenation, but was destroyed almost completely during the Second World War. In
1963 a new benzene factory (distillation of crude oil) was commissioned with an area of about
100 x 200 m®. This factory, consisting of a production area (Distex-area), a pump station, a tank top
and a rail loading area, produced about 777 000 tons of benzene until closing in 1990 (Ruske et al.
2001). During the production process and probably also during deconstruction, products entered the
surrounding soil and groundwater. Damages are poorly documented and give no clear evidence for
reasons of the detected extent of contamination.

The hydrogeological profile of the test site consists of an upper aquifer with a depth of 5 to 15 m
(GWL 18/50) and a lower aquifer with a depth of 5 to 19 m (GWL 61) (Ruske er al. 2001). Both
aquifers are separated by an aquiclude of clay and silt (5-20 m) which is partially penetrated by a
brown coal layer. Due to discontinuities of the lignite-clay layer both aquifers are hydrogeologically
connected. Concentrations of the main pollutant benzene reach values up to the saturation limit
(1.8 ¢ L") within the upper aquifer at the contamination source directly beneath the former Distex-
arca. The contamination plume has a length of at least 600 m and a width of 400 m (OGP*,
unpublished data). The lower aquifer attains benzene concentrations up to 150 mg L™ (Godeke 2004).
Pollutants like toluene (max. 50 mg L), ethylbenzene (max. 3 mg L") and xylenes (max. 5 mg L)
bear secondary meaning. Both aquifers are mainly anoxic; only at some sampling points of the upper
aquifer low concentrations of oxygen were detected (< | mg L'L) (Fischer 2004; Godeke 2004). The
main electron acceptor is sulphate with concentrations of more than 1000 mg L™ at the edges of the
contamination plume, assumedly formed geogenically (Gddeke 2004). Nitrate and iron(II1)-ions are
mainly below the detection limits (Wachter er al. 2001; Fischer 2004). Natural attenuation processes
proceeding in the upper aquifer have been intensively investigated during the last few years (Vieth er
al. 2005; Fischer et al. 2006; Schirmer et al. 2006; Stelzer ef al. 2006; Alfreider and Vogt 2007;
Fischer et al. 2007). Detailed information on the test site is provided by Vieth er al. (2001), Fischer et
al. (2004), Godeke et al. (2006), and Schirmer et al. (2006).

* OGP Offentliches Grofiprojekt Zeitz
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6.2.2 Characterisation of test fields

6.2.2.1 Test field SB1
By the end of 2004, a test field (SBI/TF1) located downstream of the former tank top was installed in

order to investigate the potential of air-sparging to enhance natural attenuation (ENA). SB1/TF1
included one air injection well, one soil vapour extraction well and several groundwater monitoring
wells. After a certain period of constant and exclusive soil vapour extraction, compressed air was
injected to the groundwater with intervals of 10 min injection and 80 min injection stop. Injection rates
were 6 m* h'. Gas emissions of volatile contaminants by stripping were removed via soil vapour

extraction.

v \'
I. Source remediation IIl. ENA in heavily contaminated areas downstream
Il. Evaluation of source remediation V. MNA in slightly contaminated areas downstream

V. Monitoring of plume extension

Remediation modelling

<t} et

Figure 6.1: Conceptual scheme showing the area affected by air-sparging as proposed at the
beginning of the project (modified from report “project proposal (23.05.2005)")

At the beginning of the air-sparging-trial, it was assumed that injected air-oxygen would spread with
the groundwater. Figure 6.1 summarises processes (zones) which were assumed to occur due to the air
injection. Microbiological analyses were planned to be performed within zones II and I1I. But
hydrological and chemical analyses showed that a single injection well is not sufficient for the
formation of zone 111, especially the zone which represents the oxidised/aerated area downstream of
the air-sparging well. This was probably due to high contamination concentrations directly around the
air-sparging well, possibly in the form of ‘light non-agqueous phase liquids’ (LNAPL), which caused
an immediate consumption of injected air-oxygen. Furthermore, since mid 2006 a decreasing injection
rate was noticed, caused by undefined clogging effects within the area directly around the air injection
well. Free dissolved oxygen (DO) was only detected in one monitoring well located directly next to
the injection well, thus the formation of zone 11 was also doubted. For those reasons the decision was
made to build up a new test field (SB2) with a larger extent. All tasks considering microbiological and

hydrogeological investigations should be carried out on this field.
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6.2.2.2 Test field SB2
The new test field SB2 contained nine air injection wells (EBr), four soil vapour extraction wells

(ABr), 19 groundwater monitoring wells (GW), nine ram pumps (RP), and nine soil vapour

monitoring wells (BL) which were installed within the ecological large-scale project (OGP).

Figure 6.2: Well net
(26.02.2008)").

5654588 5038850
G

859868

Se59587

>
&
&

0%

Oeﬂ-" -(:}6\6“6' Q‘pﬂe

0
&
&

2514558

45145568 4514560

&
&
@

i G,
G

&%,

4514581

configuration of test field TF2 at SB 2 (modified from report “GrofRmann

Table 6.2: Depths of monitoring well screens of the test field TF2 based on top ground surface (TGS)
and groundwater potentials (HN).

Monitoring well

. Well screens

Well screens

Upper limit Lower limit Upper limit Lower limit
[mMuTGS] [muTGS] [mHN] [mHN]
BL1 7.00" 7.50° 141.75" 141.25"
BL2 7.00" 7.50" 141.75" 141.25"
BL3 7.00" 7.50° 141.75" 141.25"
GW1 5.40" 6.40° 143.35" 142.35"
GW2 5.40" 6.40" 143.35" 142.35"
GW3 6.00" 7.00" 142.75" 141.75"
GW4 6.00" 7.00° 142.75" 141.75"
GW5 6.50" 7.50" 142.25" 141.25"
GW6 6.30" 7.30" 142 45" 141.45"
EBré 11.20° 12.20° 137.68" 136.68~
RP6 9.00” 12.00° 139.77" 136.77"
GW1 8.25” 12.25° 140.35~ 136.35”
GW2 8.15” 12.15” 140.49° 136.49°
GW3 8.15° 12.15" 140.58~ 136.58~
GW4 8.207 12.20° 140.51° 136.51°
GW5 8.25” 12.25° 140.51" 136.51"
GW6 8.25” 12.25° 140.45~ 136.45"

“well screen is situated in the unsaturated aquifer zone, ~ well screen is situated in the saturated aquifer zone
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SB2 was started up on 17/03/2007. Initially, soil vapour extraction (SVE) was exclusively performed
to reduce the contamination of the unsaturated aquifer zones from about 80 ¢ BTEX per m’ soil
vapour to values lower than 4 ¢ m™. Air-sparging started on 18/10/2007 for the entire SB2. All nine
injection wells were implemented stepwise until January 2008. Microbiological and hydrogeochemical
investigations were carried out by project partners of the UFZ at injection well EBr6, which was
manually disconnected and therefore independent from operations of the other air injection wells.
Around EBr6, seven groundwater monitoring wells (GW1 -6, RP6) and nine soil vapour
monitoring wells (BL1 -3, GW1 —6) were constructed and summarised as TF2 (Figure 6.2). The
monitoring wells were equipped with well screens of about 3 m depth within the saturated aquifer
zone and/or 50 c¢m to | m depth within the unsaturated aquifer zone (Table 6.2). The groundwater
table had an annual average value of 140.91 = 0.26 mHN.
At the beginning of December 2007, a continuous air-sparging-test (5.5 m* h™) was performed at TF2
for 48 hours. On 13/12/2007 EBr6 was connected to operations of the other air-sparging wells of SB2.
Initially, volume fluxes of air injection were 6 m* h' (13/12/07 — 09/01/08), later 10 m* h™" (09/01/08 —
25/06/08). The air-sparging-trial ended at the 25/06/08. See Figure 6.3 for a schematic overview on

injection volumes over the period of investigation.
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Figure 6.3: Schematic illustration of the effective injection volumes at test field (TF2) from December
2007 to September 2008; sampling dates are indicated by diamonds; duration of Bactrap-experiments
by bars on the x-axis, both incubation versions were exposed at the 14/02/08, incubation ended at the
14/04/08 for GW3-Bactraps and 25/04/08 for sediment-Bactraps (modified from report “GroRmann
(10.09.2008)").

6.2.3 Tracertest

Before air-sparging was started at the newly established test field (TF2), a tracertest was performed
with conservative tracers uranin and bromide in order to determine groundwater flow direction and
velocity. This test was done in co-operation with Kai Miller (UFZ, GWR).

Fifty litres of groundwater was pumped by a 2“-subsurface motor pump (MP1, GRUNDFOS") from
the well screen area of the centrally located monitoring well RP6. Groundwater was collected in a PE-
barrel and mixed with 50 mg L™ uranin and 2 g L' potassium bromide. Subsequently, the tracers were

infiltrated back into RP6 with the lowest possible pressure increase. To keep the tracer concentration
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as constant as possible during the injection period, the mixture was led via a circular flow over the
storage tank with an injection rate of 2 L min™ and a delivery rate of 1 L min™".

Tracer extension was monitored by groundwater sample analyses and online-monitoring of RP6 and
GW1 - 6 (Figure 6.2). Groundwater sampling was performed with a foot valve pump.

Uranin concentration was analysed by fluorescence spectroscopy. A multiple-channel fibre-optic
fluorometer (self-developed device of the University of Stuttgart”) was used for online-measurements
of uranin concentrations. Therefore, one fibre-optic sensor was constantly deployed within the well
screen of RP6 to monitor tracer injection and temporal development of uranin concentrations. Another
sensor was used for in situ measurements within the other groundwater monitoring wells to monitor
the spatial development of uranin concentrations. Additionally, groundwater samples were analysed
with a mobile fluorescence-spectrometer Hitachi F-4500 (Ae =490 nm, Ay, = 515 nm, detection limit
lug L) as a control for online-measurements and for uranin concentrations below the online-
detection limit.

Bromide was analysed by a bromide electrode BR 501 (WTW) according to manufacturer’s

instructions.

6.2.4 Sampling
At different times before (10), during (t1 — 6), and after the air-sparging-trial (17 — 8), groundwater and
soil vapour samples were taken in order to analyse (bio)geochemical parameters listed in Table 6.3.

For groundwater sampling, a Grundfos™

MPI1 submersible pump was used. Before sampling, a
certain pump volume which was dependent on the properties of the monitoring well, was removed
according to LAWA guidelines (1998-2008). Afterwards the nature of the water was assessed by
measuring on-site parameters, ie. dissolved oxygen, electrical conductivity, pH, redox potential and

temperature.

Table 6.3: Examined parameters at different points in time before, during and after air-sparging
(modified from report GroBmann (10.09.2008))

Time point t0 t1 t2 t3 t4 t5 t6 t7 t8
date 03/12/07 06/12/07 16/01/08 07/02/08 06/03/08 15/04/08 23/06/08 18/08/08 15/09/08
ASon - + # + + 4 o - =

benzene + + + + + + + +
i d
Ca;’[:g::,aﬂ 5 + + + + + + + + +
GW-benzene-IS F i o + + & - - -
MPN + ¥ + + + + - " -
BL-CO,-IS + w + + 2 o ‘ 3
GW-CO,-IS - - = + - £ - - S
CO2/0; [%] + 20/12/07 + + + - 20/05/08  09/06/08  23/07/08
on-site pm + + + + + + =+ e +

AS (air-sparging), benzene (concentration), MPN (most probable number — bacterial counts), BL (soil vapour), GW (groundwater), IS
(isotope signature), pm (parameters). TIC (total inorganic carbon); bold-faced parameters were analysed by the department of IBGC, the
ather ones by Kay Miiller (UFZ, GWR).

" Research faculty for subsurface remediation (VEGAS) at the institute of hydraulic engineering (Dr. Barczewski)
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Sampling started when constant values of those parameters were observed. Soil vapour samples from
unsaturated aquifer zones of soil vapour monitoring wells (BL/GW) were taken and analysed by an
ATEX-landfill gas monitor GA94. Sampling was performed in co-operation with the Department
GWR (Kai Miller).

6.2.5 Hydrochemical parameters
Samples for the detection of benzene concentration were filled on-site into GC-vials which were gas-

tightly sealed and stored till further processing at 4°C. Concentrations were detected by an automated
headspace-gas chromatograph (Varian GC 3800, PALO ALTO) equipped with a CP SIL 5 CB
capillary column (25 mx 0.12 mm ID x 0.12 um FD; Varian, Germany) and a flame ionisation
detector. The chromatographic conditions were as follows: injector temperature, 250°C (split 1:50);
detector temperature, 260°C; and an oven temperature program consisting of 70°C for 2 min, followed
by an increase at a rate of 10°C min up to 90°C and then at a rate of 60°C min™ until 220°C. Helium
(1 mL min™) was used as carrier gas. Aliquots of chilled samples were diluted within 20-mL-
autosampler-vials for headspace-analyses (Hewlett-Packard®) with 1.6 mM H,SO, by a ratio of 1:10
or 1:20 and a final volume of 10 mL. The samples were incubated for 30 min at 70°C in an agitator
(rotation regime, 250 rpm for 5 s and no rotation for 2 s) prior to analysis, and 1 mL of each sample’s
headspace was injected. For calibration, diluted standards of benzene prepared from stock solutions
were treated in the same way as the samples. The stock solutions were prepared in pure methanol.

Samples of inorganic parameters (main an- and cations, TIC) were filtrated on-site (0.45 pm,
cellulose-acetate-filter) and stored within glass vials. Samples for cation-analysis were conserved with
a few drips of concentrated nitric acid (final pH < 2). All samples were stored and transported at 4°C
in the dark until further analyses by project partners of the Institute of Geosciences at the Christian-
Albrechts-University of Kiel. Cations were analysed by inductively coupled plasma - optical emission
spectrometry (ICP-OES) using a Vista AX (Varian, Australia). Anions were analysed by ion
chromatography (IC) using a DX-300 (Dionex) with an AS9-HC separation column (4 x 250 mm), a
AGY-HC precolumn (4 x 50 mm), and a NGI1 protection column (4 x 25 mm), 9 mM Na,CO; as
eluent (pumprate 1.2 mL min™), an injection volume of 25 ul, a suppressor ASRS Ultra II (4 mm),
and a CD20 conductivity detector. Total inorganic carbon (TIC) was detected by analysing bound
carbon with a Multi N/C 2000 (Analytik Jena, Germany).

Measurements of on-site parameters (dissolved oxygen concentrations, pH, electrical conductivity,
and reduction potential) were performed by Kai Miiller using a flow-through cell. pH-values were
measured by means of an electrode SenTix 41 (WTW; Germany) with an integrated temperature
sensor. At each sampling day, a 2-point-calibration was performed with standard buffer solutions of
pH 4 and pH 7. Electrical conductivity was analysed with a measuring cell TetraCon 325 (WTW,
Germany). A redox electrode SenTix ORP (WTW, Germany) was used to measur'e the redox potential.

The electrode was calibrated once per sampling day by a set of control buffers (228 mV at 20°C). An
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clectrode OxiCal"-SL CellOx 325 (WTW, Germany) was used to determine oxygen concentrations.
Calibration was conducted several times per sampling day within a calibration jar with humid
compartment air.

Concentrations of oxygen and carbon dioxide of soil vapour samples were detected with an ATEX

-landfill gas monitor GA94 according to manufacturer’s guidelines (GWR, Kai Miiller).

6.2.6 Isotope chemical parameters
50 mL-cultivation flasks were filled to the top with groundwater and immediately sealed with crimped

Teflon-coated butyl rubber stoppers. In the laboratory, the bottles were opened, fixed with 1 mL
concentrated hydrochloric acid and overlaid with 3 mL s-pentane as extracting agent, sealed again
with Teflon-coated stoppers and stored upside down at 4°C till further processing (UFZ, IBGC).

The carbon and hydrogen isotope signatures of benzene were analysed by gas chromatograph-
combustion-isotope ratio mass spectroscopy (GC-C-IRMS) according to Fischer et al. (2007).
Aliquots of the n-pentane extract were uscd. The isotope ratios are expressed in delta notation (3"°C
and 8°H) and in per mil (%o) units according to equation 6.1,

0*1361

sample

R' e _R\Z'ln R
or 82H . [%0] = (%} -1000 eq. 6.1

standard

with Rymple and Randara 28 BC/12C- or *H/'H-ratios of the sample and an international standard. Vienna
Pee Dee Belemnite (V-PDB) was used as the standard for the analysis of carbon isotope ratios, and
Vienna Standard Mean Ocean Water (VSMOW) was used as standard for the detection of hydrogen
isotope ratios (Gonfiantini ez al. 1995; Coplen er al. 2006).

The remaining substrate fraction f, = C/C, was calculated using the isotope fractionation factor (o)
obtained in laboratory experiments (eq. 6.3). The percentage of biodegradation of the residual

substrate fraction (Bf)) was calculated with equation 6.4 according to Richnow er af. (2003a).

R,/ R, = (8, +1000)/(5, +1000) eq. 6.2
fr=(R, /R eq. 6.3
Bf,[%] = (1= £,) %1000 eq. 6.4

Prior to the detection of isotope ratios of soil vapour carbon dioxide, air samples were aspirated by
an ATEX-landfill gas monitor GA94 and fixed by introducing aspirated air to alkaline, bi-distilled
water (10 pellets of sodium hydroxide per 100 mL water). In preparation for analysis, 2 mL of the
fluid was transferred to a 10 mL-GC-vial, gastightly sealed, fixed with concentrated hydrochloric acid,
and héated to 60°C shortly before analysis. Analysis was performed by a GC-C-IRMS equipped with a
gas chromatograph (6890 Series, Agilent Technology, Palo Alto, USA), a conflow Il interface
(ThermoFinnigan), and a MAT 252 mass spectrometer (ThermoFinnigan). CO, was isothermally

separated at 40°C via a poraplot Q column (25 x 0.32 mm ID, | pm film; Chrompack). Helium was
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used as carrier gas with a flow rate of 2.0 mL min™'. Headspace samples (50 — 100 uL) were injected
into the GC-IRMS-system with split ratios of 1:10 to 1:50. The carbon isotope signature was
expressed in delta notation (%) relatively to Vienna Pee Dee Belemnite Standard (V-PDB).

Groundwater samples were prepared and analysed analogously.

6.2.7 Determination of MPN

For the quantification of most probable numbers (MPN) of aerobic microorganisms and acrobic
benzene degraders, groundwater was filled into sterilised 50 mL-flasks (Duran) which were gastightly
closed with Teflon coated screw caps. Samples were stored at 4°C until further processing. MPN
cultures were prepared on the day of sampling. Therefore, dilution series (107" to 10™) were made in
media for cultivation of aerobic microorganisms (R2A medium according to Reasoner and Geldreich
(1985)) or benzene degrading aerobic microorganisms (DSMZ medium 457). Medium 457 was
modified according to Triiper and Pfennig (1992) by using trace element solution SL-10 (1 mL L")
and vitamin solution (5 mL L") according to Pfennig ez al. (1965). Dilution series were performed in
ten parallels within 96-well-plates (Whatman) which were incubated in gastight jars (Oxoid) at room
temperatur and in the dark. Benzene was added to medium 457 via gas phase by applying 200 uL to a
filter which was added to the jar shortly before closing. Plates were frequently observed during
growth; most probable numbers were quantified after two (aerobic bacteria) and six weeks (benzene

degraders).

6.2.8 Bactrap-experiments

6.2.8.1 Set-up and loading of Bactraps
In order to detect metabolisation of benzene induced by the air-sparging-approach different Bactrap-

experiments were performed. Bactraps are perforated devices which are filled with Bio-Sep”-bio-
catalyser-beads (K.L. Sublette, Tulsa, USA). The spherical beads with a diameter of 2 to 3 mm consist
of powdered activated carbon (PAC) incorporated in an aramid polymer matrix (Nomex"). The beads
have a density of about 0.16 g cm™ and an internal porosity of 74%. The average pore diameter of the
outer matrix is about 1.9 pum, including some macro pores (>20 pum) (White ef al. 2003). These
surface properties provide excellent attachment possibilities for groundwater bacteria. Due to a high
adsorption capacity (> 600 m’ g'[) beads can be loaded with a great variety and a high amount of
substances (e.g. hydrocarbons). Incubated in groundwater, hydrocarbons desorb and may function as
carbon source for microorganisms. Using “C-labelled substances label-incorporation into biomass-
molecules proves biodegradation (Geyer ef al. 2005; Kistner ef al. 2006; Stelzer ef al. 2006).

Bio-Sep” beads were heated for 4 hours at 300°C to remove organic residues and filled into perforated
Teflon tubes with a diameter of 0.5 em (0.5 g Bio-Sep” beads (~50 pellets) / tube). The tubes were
plugged at both ends with glass wool to keep beads inside the tubes (Figure 6.4). The filled tubes were

autoclaved at 121°C for sterilisation and rehydration of the beads. Bactraps were loaded with *Cy-
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labelled (> 98 atom%, Campro Scientific, The Netherlands) or unlabelled benzene (100 mg benzene /
g Bio-Sep" beads), respectively, via gas phase under reduced pressure according to Geyer er al.
(2005). Therefore, Bactraps and benzene were placed into small stained steel containers which were
evacuated at 60 mbar. After incubation for 24 hours, the vacuum was released by filling nitrogen into
the containers. The Bactraps were stored in separate bottles filled with anoxic, sterilised distilled water
differentiated by loading type until aquifer positioning. Unloaded, but analogously pretreated beads

functioned as controls. For each loading type four Bactrap parallels were set up.

Figure 6.4: Bactraps with Bio-Sep® beads. Activated carbon pellets are filled into perforated Teflon
tubes, sealed with glass wool, and loaded with a substrate under vacuum. Prepared Bactraps are
fixed with cable clip to wires or plastic ropes and are subsequently lowered into a momtormg well.
Groundwater microorganisms enter through holes of the Tefion tube and attach to Bio-Sep® beads.

6.2.8.2 Bactrap-set-up versions
Bactrap-experiments were performed using two different experimental set-ups. With the first set-up,

Bactraps were incubated in a groundwater monitoring well (GW3) of TF2 (Figure 6.2). Of each
loading type (unlabelled benzene, *Cy-benzene or no loading) two Bactraps were fixed with cable clip
to a steel tether of a packer system at the same height (Figure 6.5A and Figure 6.13) and incubated
freely suspended within the water column mr"the’ monitoring well for 60 days at a depth ~9 m beneath

top ground surface.

A B

13C4-benzene-Bactraps 3C4-benzene-Bactraps

unloaded Bactraps unloaded Bactraps

12C-benzene-Bactraps 12C-benzene-Bactraps

Figure 6.5: Schematic alignment of Bactraps for the experiment within A) groundwater monitoring well
and B) sediment. Six Bactraps were used for each incubation version ( Ce-benzene, unlabelled
benzene and unloaded (120) each in two parallels). Sediment-Bactraps were placed in a modified
Geoprobe-sampler-sheath SP16 with ram cone; hollow spaces between Bactrap-versions were filled
with glass wool to separate unequal loaded Bactraps (modified from report “Vogt et al. (17.10.2008)").



BEOQUE - Qualitative and quantitative proof of biodegradation in a benzene-
contaminated aguifer in the course of an enhanced natural attenuation approach |

58]
N

Within the second experiment, Bactraps were incubated directly in the aquifer-sediment of TF2 with a
distance of ~1 m to GW3. Bactraps were inserted into the aquifer with a lance specially designed for
this experiment. The lance based on a modified Geoprobe-Sampler-Sheath SP-16. The sheath was
shortened, perforated (to allow contact with circumjacent groundwater), and equipped with a stainless
steal ram cone (Figure 6.6A and B). Bactraps were separately stored within the lance depending on
loading type (Figure 6.5B and Figure 6.6B and C). Of each differently loaded Bactrap (unlabelled
benzene, Ce-benzene or no loading) two parallels were used. Glass wool was taken to separate
different loading types within the lance spatially (Figure 6.6C). The lance was connected by a screw
thread to drill pipes, which are commonly used to drill small wells into the aquifer. The lance was
placed ~9 m beneath the top ground surface. After an incubation of 71 days, it was recovered and

Bactraps were stored differentiated by loading type in 15 mL-falcon-tubes at -40°C until further

processing.
A B { ; 0
o Bactrap
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Figure 6.6: Scheme of design development of the lance which was used to incubate Bactraps in the
aquifer-sediment. A) modification of Geoprobe Sampler Sheath SP-16; B) model of the lance; C)
positioning of Bactraps within the lance (modified from report “Vogt et al. (08.02 2007)").

6.2.8.3 Extraction, derivatisation, analysis, and quantification of fatty acids
The Bio-Sep”™ beads were removed from Teflon tubes. Fatty acids of settled and grown biomass were

extracted according to Bligh and Dyer (1959) using a mixture of dichloromethane, methanol, and
water (1:2:1). The dichloromethane phase, containing the fatty acids, was separated and evaporated to
dryness. Subsequently, fatty acids were derivatised using a mild alkaline methylation according to

Guckert et al. (1985). Afterwards, completely dried samples were dissolved in 100 pL n-hexane
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containing a methylated standard of heneicosanoic acid (21:0) with a concentration of 20.06 ng uL™".
Formed fatty acid methyl esters (FAME) were analysed and identified by gas chromatography-mass

spectrometry (GC-MS) according to Hirtig (2008). Quantification was performed by peak area

comparison:
Area :
- _ FAME o
Cpgne = | —————= |XCayq % V3 / (g bead) eq. 6.5
Areay,,

where cpame 18 the concentration [ng g'[ beads] of fatty acid methyl ester, Areapay and Areas,. are
peak areas of fatty acid methyl esters, ¢y is the concentration of 21:0 methyl ester within n-hexane
(20.06 ng uL™"), and Vi is the volume of the standard (100 puL) (Findlay 2004). Calculated

concentrations for each fatty acid methyl ester were recalculated for fatty acids with equation 6.6
Cry =Mpy I Mg X e eq. 6.6

where Mg, and Mpaye are molar masses of fatty acids and fatty acid methyl esters, respectively. The
fatty acids are designated in the form of i/aA:BwCc/t where A is the number of carbon atoms, B is the
number of double bonds and C is the distance of the closest double bond from the aliphatic end of the
molecule (w-nomenclature). The letters ¢ and t stand for ¢is and srans configuration describing the
position the carbon atoms on either side of the double bond adopt. The prefixes i (iso) and a (anteiso)
refer to methyl branching. Concentrations of carbon (cc) within fatty acids [ng g beads] were
calculated by:

_CuxNxM

P ¢q. 6.7
‘ M, K

where N is the number of carbon atoms within the fatty acid and M is the molar mass of carbon.
Carbon isotope ratios of fatty acid methyl esters were detected by gas chromatography-combustion-
isotope ratio mass spectroscopy (GC-C-IRMS) explained in detail by Stelzer ef al. (2006). FAME
were identified by co-injection of an authentic standard mix (bacterial acid methyl ester mix, Sigma-
Aldrich, Germany). The carbon isotope ratio of fatty acids is reported in d-notation (per mil) relatively
to the Vienna Pee Dee Belemnite standard (V-PDB) with known isotopic composition. During
methylation of fatty acids (FA) to fatty acid methyl esters, an additional carbon atom is incorporated
into the product, hence the original isotope signature of all fatty acids is changed constantly. For that
reason, measured 8'"°C values of FAME were corrected by equation 6.8 (Abraham 1998) to verify the
isotope signatures of fatty acids (8''Cra).

(N+1) X5[3CF,4ME - §I3C¢\fc-r)if

eq. 6.8
N q

83C 4 [%0] =

8" Crame 18 the isotope signature of fatty acid methyl esters, and 8" Cyeon is the isotope signature of

methanol which was used for methylation (-38.15%.).
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Absolute amounts of *C-label incorporated (¢j3¢) were calculated from the product of biomarker
carbon concentration (c¢) and the increase in the fraction °C after labelling (F,"‘} relative to the
control ( E,” ): since the unlabelled controls showed also an unnatural small *C-label, the increase was
calculated relative to the BAME standard ( ]z, ):

Eip =(E]J—}Tl?l)xc(. eq. 6.9
The fraction C can be calculated from C/"*C-ratios (R) as:

FU=RIR+1) eq. 6.10
And R was calculated from the 8"°C ratios using the reverse of equation 6.1 (Boschker 2004).

/10004 1) % R,

standard

eq. 6.11

sumple

R.\‘:nn,m’c = ((5| 3C

6.3 Results

6.3.1 Exploration of groundwater flow direction and velocity of TF2

Before air-sparging started, a field experiment was performed to elucidate TF2 concering
groundwater flow direction and velocity using the conservative tracers uranin and bromide. The tracer
containing groundwater was infiltrated into a centrally located monitoring well (RP6). Temporal
development of uranin concentrations within RP6 was monitored online. Additionally, groundwater
samples of RP6 and radially positioned monitoring wells (GW1 —6) were analysed for uranin and
bromide concentrations. Although a tracer decrease was observed within RP6 (Figure 6.7), no
significant signal was detected within GW1 — 6 during the entire period of examination (data not

shown). Groundwater direction and velocity could not be verified.
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Figure 6.7: Temporal development of tracers bromide (s, mg L, right axis) and uranin (online

monitoring (a) and groundwater measurements (s); left axis) within RP6 from 13/08/07 to 24/08/07
(modified from report “Gromann (26.02.2008)").
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However, qualitative evidence on very slow velocities was confirmed, which had been postulated
previously due to several measurement campaigns for groundwater level determination of monitoring
wells within TF2 with the result of very low groundwater level gradients. Groundwater flow velocities
were estimated at a few centimetres per day. A groundwater level measurement campaign on
05/11/2007 concerning the entire SB 2 characterised the aquifer as inhomogeneous with respect to
streaming properties, mainly showing areas with low gradients, but also some parts with higher
gradients (Figure 6.S1 of the supporting information). The area in which TF2 was located showed no
change of the water table. Thus, an identification of flow paths on TF2 was not possible.

The last attempt to evaluate groundwater flow direction and velocity was carried out by a
gastracer-test shortly before air-sparging-finish. Thereby, a tracer gas (SF¢) was added to the
compressed air shortly before injection. The spreading of SF; was observed within soil vapour and
groundwater of all BL and GW. Results of this test were: Gas spreading was relatively low for areas
located to the southeast of EBr6 (~5 m) and relatively high for areas located to the northwest of EBr6
(detected ~8 m). The spreading was influenced by preferential flow beneath a local aquitard (layer
with low permeability) within the saturated zone of the aquifer to NNW-direction. Ox-transfer rates

from injected gas phase to aqueous phase were detected to be very low and not quantifiable.

6.3.2 Hydrochemical groundwater analyses
Hydrochemical groundwater analyses included measurements of benzene, on-site parameters, major

cat- and anions, and total inorganic carbon (TIC). Before starting to inject air, benzene concentrations

in groundwater samples of TF2 ranged from 200 to 350 mg L.
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Figure 6.8: Temporal development of benzene concentration before (t0), during (t1-t6), and after
(18/08/08 and 15/09/08) injecting air with symbols of groundwater wells GW1 ¢, GW2 o, GW3 a,

GW4 o, GW5 x, GW6 o, RP6 +, an the arithmetic mean of all wells —; vertical dashed line indicates
air-sparging-stop at the 25/06/08, A to D describe periods with different benzene removal rates
(modified from reports “Grofimann (10.09.2008)" and “Miiller (10.12.08)").
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Benzene concentrations decreased within all groundwater monitoring wells linearly or exponentially
once air-sparging started. Initially high extraction rates (t0 to t1, phase A, Figure 6.8) are probably due
to a high chemical gradient between groundwater and injected air. After t5 (phase B) concentrations
(arithmetic mean of all monitoring wells) remained almost constant for 5 weeks at a value of
~60 mg L' (phase C). As soon as air-sparging stopped (25/06/08), benzene concentrations increased

(phase D).

Before air injection, the groundwater of TF2 samples was anoxic, pH neutral, and showed an electrical
conductivity of ~1700 uS cm’ (25°C) and a redox potential (Uy) of ~ -30 mV (based on standard-

hydrogen-electrode).
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Figure 6.9: Temporal development of pH, electrical conductivity, dissolved oxygen, and redox potential
in groundwater samples of TF2 before (t0), during (t1 - t6), and after (t7 —t8, 23/07/08, 18/08/08, and
15/09/08) injecting air with symbols for groundwater wells GW1 <, GW2 0, GW3 a, GW4 a, GWS5 =,

GW6 o, RP6 +, arithmetic mean — ; dashed line indicates the stop of air-sparging at the 25/06/08
(moedified from report “GroRmann (10.09.2008)")
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Changes were detected for all parameters (Figure 6.9). The arithmetic mean of pH for all 7 monitoring
wells increased by 0.3 units. The electrical conductivity decreased from an average of 1700 to 1400
uS em’! during air-sparging and increased as soon as air-sparging was stopped. Dissolved oxygen
values of mixed well samples showed only a small increase, indicating that the groundwater was not
significantly aerated during air-sparging. As soon as the air-sparging-trial stopped, dissolved oxygen

levels decreased in groundwater of all seven monitoring wells.
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Figure 6.10: Depth profiles for dissolved oxygen [mg/L] within the groundwater monitoring wells A)
GW1, B) GW2, C) GW3, D) GW4, E) GW5, F) GWS, and G) RP6 at different times during the air-
sparging-trial.
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Depth profiles of dissolved oxygen (Figure 6.10) showed for the majority of groundwater monitoring
wells (exceptions: GW1 and RP6) and nearly all time points high oxygen concentrations (up to
10 mg L") for depths from 8—10m TGS. For GW2, GW5 and GW6 concentrations dropped
drastically (< 2mg L") for regions below 10 m TGS. High oxygen concentrations within deeper zones
were detected only for some sampling time points in GW3 and GW4. Contradictory, redox potentials
decreased and sulphide odour increased during the air-sparging-experiment. After stopping air
injection, the redox potentials within all monitoring wells dropped immediately to values down to

-400 mV.

Based on inorganic parameters, groundwater was classified as calcium-sulphate-hydrocarbonate-type
before air-sparging (Furtak and Langguth 1967). Temporal development of major inorganic
parameters is illustrated in Figure 6.11 (data acquisition was performed by project partners of the

Christian-Albrechts-University of Kiel, Germany).
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Figure 6.11: Temporal development of inorganic hydrochemical parameters (arithmetic means and
standard derivations of groundwater wells GW1 - 6 and RP6) before (t0), during (t1 —t6) and after air-
sparging; dashed lines indicate air-sparging-stop (25/06/08) (modified from report “GroBmann
(10.09.2008)").
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During air-sparging, significant changes were detected for mean values of Ca®* concentrations which
dropped about 2 mM between t0 and t6, Fe(ll) concentrations which dropped about 0.4 mM, and
concentrations of the total inorganic carbon (TIC) which decreased about 7 mM. The arithmetic mean
of all seven monitoring wells for sulphate concentration also decreased slightly, but was strongly
influenced by the heterogeneity of the aquifer. The sulphate distributions varied strongly within
different monitoring wells (see high standard deviations within sulphate-graph of Figure 6.11) as well
as for different time points of the same well (data not shown). Ca™, Fe(ll), and TIC concentrations

started to increase as soon as air-sparging was stopped.

6.3.3 Soil vapour investigations
Prior to air-sparging, continuous soil vapour extraction was performed for a period of 18 days

(18/10/07 — 05/11/07) which already resulted in an increase of oxygen [vol%] and a decrease of
carbon dioxide concentrations [vol%] shortly after the extraction started. After 23/10/08, arithmetic
means of soil vapour monitoring wells BL1 —3 and GW1 — 6 remained constant at ~12 vol% for
oxygen and 6.5 vol% for carbon dioxide (Figure 6.12). As soon as air-sparging was started, oxygen
concentrations further increased resulting in arithmetic means for BL1 —3 and GW1 - 6 ranging from
11 to 16 vol%. CO, concentrations further decreased to arithmetic means of 1 to 8 vol%. Cessation of
permanent soil vapour extraction before the air-sparging-start as well as cessation of air-sparging at

the end of the air-sparging-test resulted in a decrease of oxygen and a corresponding increase of CO,.
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Figure 6.12: Temporal development of soil vapour properties at TF2 before (17/10/07 — 23/11/07, t0),
during (t1-17), and after (t8) injecting air' (oxygen [achromatic symbols] and carbon dioxide
concentrations [black symbols]; arithmetic means of BL1 — 3 [quads] and GW1 - 6 [triangles]; dashed
lines flank the period of the air-sparging-trial (from 03/12/07 to 25/06/08) (modified from report
“GroRmann (10.09.2008)").
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6.3.4 Isotope chemical parameters

Benzene isotope ratios (“C/PC and H/'H) of groundwater were analysed as marker for microbial
activity for samples of GW1 — 6 and RP6 before and at different time points during air-sparging. The
temporal development is illustrated in Figure 6.S2 of the supporting information (left and middle
columns). With decreasing benzene concentration of up to 63 or 82% until t3, *C/"*C-isotope ratios of
benzene slightly decreased (0.2 to 1.5%o). which means no or an inverse isotope fractionation. H/'H-
isotope ratios slightly increased in GW1, 2, 4, 5 and RP6 (< 15 %o). In GW3 and 6 no change in *H/'H-

isotope ratios were detected during the examination.

The percentage of in situ biodegradation, Bf; [%)], was assessed with equation 6.4 using the hydrogen
isotope composition of benzene in the groundwater of each monitoring well before air-sparging started
(Ry) and at the last sampling point (R,) (Table 6.4). The isotope fractionation factor (o= 1.017 and
1.060) was chosen from literature using the highest value for benzene degradation under aerobic and
anaerobic conditions, respectively, to avoid an overestimation of the biodegradation extent (Fischer ef
al. 2008). The uncertainty of the calculations was estimated by adding the standard deviations (1a) of
the isotope values. Bf; ranged from 11 +23% to 51 +28% using the isotope fractionation factor for

aerobic degradation and from 4 £ 7% to 19 £ 12% for anaerobic degradation, respectively (Table 6.4).

Table 6.4: Initial (5;) and final (&) hydrogen isotope signatures of benzene in groundwater of
monitoring wells GW1 - 6 and RP6 with calculated percentages of biodegradation Bf, [%] according to
eq. 6.4 using isotope fractionation factors «=1.017 for aerobic and o= 1.060 for anaerobic
degradation.

GW1 GW2 GW3 GW4 GW5 GW6 RP6
82Ho [%o] -74.37 -70.53 72.56 74.46 -78.93 74.01 70.92
82H, [%o] -65.74 -59.25 -70.68 65.14 -68.96 -69.65 60.72
Bf, [%]; 43+24 51128 11+£23 45+ 9 48+ 13 25 £ 31 48+ 28
@=1.017
Bf, [%]: 1549 19+ 12 4+7 16+ 4 175 §+10 18 + 11
o= 1.060

Isotope ratios of seil vapour CO, (BL) are listed in Table 6.5 for different time points during air-
sparging. For all monitoring wells, carbon isotope signatures between -32.7 and -36.7% were
observed for time points before injecting air. They were significantly higher than signatures of
ambient air (-18 £ 3%o), which was sampled and analysed for control measures. During air-sparging,
the carbon isotope signatures of CO, slightly decreased to -40.7%.. Comparatively, carbon isotope
signatures of groundwater dissolved inorganic carbon (DIC) sampled from corresponding groundwater
monitoring wells (GW) showed no significant change over time and space with values ranging from

-22.6 to -23.8 %o (Table 6.5).
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Table 6.5: Carbon isotope signatures [%.] of CO, sampled at different times in the unsaturated aquifer
zone (BL) and DIC in the saturated aquifer zone (GW) of GW1 to GWE and RP8:; ambient air served
as control.

GWA1 GW2 GW3 GW4 GW5 GW6 RP6 a'";’i're"t

BL -35.7¢0.1 -35.120.2 -34.8:0.1 -36.7+0.2 -34.3:t0.3 -35.8%0.2 Nd -16.1+0.1
23/10/07

BL 34.6:02 -33.7£0.2 -34.7:+02 -356:02 -342402 -32.7+1.1 Nd nd
03/12/07

BL -39.1:0.3 -37.740.2 -36.0:0.2 -36.840.2 -35.6+0.3 -37.7+0.3 Nd 20.7+0.3
16/01/08

BL -40.7¢0.3 -40.6+0.2 -39.4:+0.3 -395+02 -39.7:0.1 -40.3+0.2 Nd -18.120.4
07/02/08

GW  -23.0:0.1 -22.6404 -23.2+0.1 -23.4%01 -23.7+01 -23.6402 -24.1+0.1 nd
03/12/07 '

GW -24.0+0.1 -22.3+01 -22.8+0.3 -22.3+x0.3 -23.0£0.2 -23.2:04 -22.4+0.1 -16.2
07/02/08
GW -23.5+0.1 -23.0+0.2 nd -23.0£0.2 -23.7#0.1 -23.2+0.2 -22.840.1 -16.6+2.0
06/03/08

nd not detected

6.3.5 MPN of aerobic and aerobic benzene-metabolising microorganisms
Groundwater of GW1 -6 and RP6 was analysed for most probable numbers (MPN) of aerobic

microorganisms and acrobic benzene-degraders before and at different times during the air-sparging.
The temporal development of MPNs is illustrated in Figure 6.82 of the supporting information (right
column) for all groundwater monitoring wells. GW1 showed constant MPNs for aerobic benzene
degraders during the entire monitoring period. In GW2 —6 and RP6, MPNs for aerobic benzene
degraders increased 2 to 3 orders of magnitude within the first six wecks of air-sparging. However,
with proceeding air-injection MPN showed constant or even decreasing values. MPNs of acrobic
microorganisms, cultivated in complex media, nearly correlated with values of aerobic benzene-
metabolising organisms. Figure 6.S2 (right column) also illustrates the ratio between total aerobes and
aerobic benzene degraders (dashed lines). Initially, the ratio reached values up to 327, but strongly
decreased after the first weeks of air-sparging resulting in maximum values of about 6, indicating that
initially a diverse group of aerobes grew using different carbon or energy sources, whereas later

organisms mainly grew on benzene.

6.3.6 Bactrap-experiments
Bactraps are colonisation materials which can be used to detect in situ microbial degradation of

contaminants. These Bactraps consist of activated carbon pellets, so called Bio-Sep” beads, which are
loaded with "*C-labelled hydrocarbons, here '*Cy-labelled benzene. Usually, Bactraps are incubated in
the saturated zone of an aquifer via groundwater monitoring wells. Microorganisms then colonise
Bactrap pellets. Some of these organisms use the labelled substrate as carbon and/or energy source and
incorporate the labelled carbon in their biomass. The detection of “C-incorporation in biomarker

molecules, here fatty acids, proves the existence of active benzene-metabolising microorganisms.
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Furthermore, colonisation- and label-patterns of fatty acids can indicate geochemical changes of the
aquifer and can be used to quantify biodegradation.

Bactrap-experiments were performed in order to prove (aerobic) microbial degradation of benzene
within the aquifer of Zeitz depending on air-sparging. Two different Bactrap-experiments were
conducted. One set of Bactraps was incubated in a groundwater monitoring well as used commonly.
The other one was placed in the aquifer-sediment by direct-push-technique in order to verify artefacts

of monitoring wells.

6.3.6.1 Choice of a monitoring well for Bactrap-incubation
The aim of the Bactrap-experiments was to assess in sifu benzene degradation within an oxygenated

zone of TF2. GW3 was chosen to be best suited for the monitoring-well-Bactrap-experiment. The
following points were crucial:
e Within GW3 highest increases of oxygen concentration and redox potential were detected

after the first weeks of air-sparging (Figure 6.9; GW3 a, t0 —t3).

e MPNs of aerobic benzene-metabolising organisms increased significantly in GW3 after start
of air injection (Figure 6.52, right column).
e Benzene concentrations remained constant in GW3 within the first weeks of air-sparging

(Figure 6.S2 left and middle column).

Based on those observations, a constant supply of oxygen and benzene, activity of aerobic benzene-
metabolising organisms, and optimal conditions for the Bactrap-experiments were concluded for
GW3.

Bactrap-experiments started on the 14/02/08, after air-sparging had been operated already nine weeks.

Sediment-Bactraps were deployed in the saturated zone of the aquifer within a distance of ~1 m to the

north-east of GW3 with Geoprobe-direct-push-technique.

Figure 6.13: Bactraps briefly after recovery from groundwater well (GW3). Teflon tubes are covered
with a rusty layer, possibly iron oxides (from report “Vogt et al. (17.10.2008)").

After incubation of 60 (GW3-Bactraps) or 71 days (sediment-Bactraps), Bactraps were recovered from
GW3 and the sediment. Bactraps deployed in GW3 were covered with a rusty coating indicating iron-
oxidising processes within the groundwater of the monitoring well (Figure 6.13). Bio-Sep® beads of
Bactraps deployed within the sediment were mixed with aquifer material which entered the lance and

Teflon tubes of Bactraps during deployment or recovery of the lance.
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6.3.6.2 Fatty acid analysis
In order to detect metabolisation of '*Cs-benzene, fatty acids of biomass accumulated on Bactraps

were analysed for “C-incorporation by means of GC-C-IRMS. More than 10 different fatty acids were
extracted and identified (Table 6.6) from differently loaded (unlabelled benzene, *Cg-benzene or no
loaded traps) Bactraps incubated in GW3. Hexadecenoic acid (16:1w7c), hexadecanoic acid (16:0),
and octadecenoic acid (18:1w7¢) occurred dominantly and made up 16 to 32% of all detected fatty
acids. The proportions of remaining fatty acids were less than 7%, respectively (Table 6.8). Fatty acids
of Bactraps loaded with Cg-labelled benzene were strongly enriched with *C; isotope ratios (5'°C)
ranged from +8200%o (18:2w6¢,9¢) to +199500%. (17:0). Mainly occurring fatty acids 16:1w7¢, 16:0
und 18:1w7c¢ had signatures between +50300 and +82600%o (this corresponds to 37 to 50 atom percent
3C-carbon).

Table 6.6 demonstrates that fatty acids of unloaded Bactraps and Bactraps loaded with natural benzene
were slightly "“C-labelled, although the label extent was much lower than for fatty acids of Ce-
benzene loaded Bactraps (more than 100 fold lower). It is probable that Bactraps, which were not
loaded with "*Cg-benzene, were contaminated during incubation by *Cg-benzene which desorbed from
C4-loaded Bactraps and diffused to or was transported with groundwater flow to the control-
Bactraps. Distances of differently loaded Bactraps were only about 10 cm. Small amounts of labelled
benzene were then metabolised by organisms attached to control-Bactraps which resulted in a small
BC-label of fatty acids. Metabolisation of unlabelled benzene with isotope signatures of -28 to -30%e
(occurring in groundwater of the test site and used for Bactrap loading) can not lead to a C-

enrichment of fatty acids to the extent observed for the control-Bactraps.

Table 6.6: Carbon isotope signatures of fatty acids, 8'"°Cra, in %o and (atom%) extracted from Bactraps
incubated for 60 days within GW3. A and B are biological parallels. Analyses were performed twice
(n = 2) for unloaded and unlabelled-(2C)-benzene-loaded Bactraps, n =1 for Ce-labelled Bactraps
(modified from report “Vogt et al. (17.08.2008)").

; 3¢-benzene-Bactr: 1 r 2C-benzene- Bactraps
Fatty acids a:e zene aclt3 aps u: oaded Bact z;ps : . p
14:0 41700 (33) 28900 (25) 76+2(1.2) 67 +4(1.2) 26+1(1.1) 42+7(1.2)
~15:1w10c 74600 (47) u.d.l. 273+6(1.4) 307+8(1.4) 126 +4 (1.2) ud.l.
15:0 52000 (38) 50300 (37) 224% (1.3) 213+1(1.3) 98+05(12) 117+2(1.2)
a-15:.0 18800 (18) u.d.l 97 £ 6 (1.3) ud.l. 407 (1.1) u.d.l
16:1 56500 (40) 65900 (44) 170+ 1(1.3) 174+£0.2(13) 48+06(1.2) 46+0.8(1.2)
16:0 68900 (45) 82600 (50) 258+2(14) 232+02(14) 70x04(1.2) 106 4_-)[).2
(1.2
17:0 199500 (72)  199400(72) 310+3(14) 266+6(1.4) 76+03(12) 99+4(12)
18:2w6c,9¢ 10600 (12) 8200 (9) 10+£9(1.1) 51+0.9(1.2) TE1(11) 6+02(1.1)
18:1w7c 50300 (37) 55100 (39) 106 £ 7 (1.2) 121+£5(1.2) 48+2(1.2) 42+1(1.2)
18:0 78600 (48) u.d.l 181% (1.3) 152 £19 (1.3) 158 + 144 48+1(1.2)
(1.3)
19:0 156000 (66) 196400 (71) 144 £ 8 (1.3) 136 £ 6 (1.2) 64+7(1.2) 65+5(1.2)

* detected only for one parallel; u.d.l. = under detection limit
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Table 6.7: Carbon isotope signatures of fatty acids, 8'*Cga, in %e and (atom%) extracted from Bactraps
incubated for 71 days in the aquifer-sediment close to GW3. A and B are biological parallels. Analyses

n

were performed twice (n = 2) for all Bactraps (modified from report “Vogt et al. (17.08.2008)").

Fatty acids ®C¢-benzene-Bactraps unloaded Bactrap ?C-benzene-Bactraps
A B A B A B
14:0 u.d.l u.d.l. ud.l u.d.l ud.l u.d.l.
-15:1w10¢c u.d.L u.d.l u.d.l ud.l. u.d.l ud.l
=15:0 u.d.l u.d.l ud.l u.d.l ud.lL u.d.l
a-15:0 ud.l. u.d.l u.d.l u.d.l. ud.l u.d.l.
16:1w7c u.d.l 1592007 (67) u.d.l 7+0.2(1.2) 1630° (3.0) 61+6(1.3)
16:0 4750 + 20 7380 + 74 u.d.l. 188 + 0.3 63 +14 680 + 40
(6.2) (8.8) (1.4) (1.2) (2.0)
17:0 u.d.l u.d.l. u.d.l. u.d.l “udl u.d.l
18:2w6c,9¢ 450 £ 20 5980 + 535 u.d.l -25+0.1 -38+5(1.2) -31+05
(1.7) (7.7) (1.2) (1.2)
18:1w7c 11090 +240 143400 £ 770 u.d.l -11+£0.2 2580 + 570 57+2
(12) (64) (1.2) (4.0) (1.3)
18:0 1330+ 12 1910 + 190 u.d.l u.d.l. u.d.l u.d.l.
(2.7) (3.4)
19:0 u.d.l u.d.l. u.d.l u.d.l. u.d.l u.d.l

* detected only for one parallel; u.d.l. = under detection limit; from unloaded Bactrap A no fatty acids could be extracted

Table 6.8: Concentrations [ng g™’ beads] of fatty acids (cea) and "*C incorporated into fatty acids (c13c)
for "*Cs-amended Bactraps incubated in GW3 (mean values and standard deviations for both
parallels), and incubated in aquifer-sediment for both parallels separately.

GW3-"*C¢-Bactraps Aquifer *Cg-Bactrap A Aquifer *C;-Bactrap B
Fatty acids 1 A A 5 o "
cralng g cic[ng g cralng g Ciclng g cralng g cisc[ng g
beads] beads] beads] beads] beads] beads]
14:0 1790430 379470 u.d.l. u.d.l ud.l. u.d.l.
-15:1w10¢ 1170° 390° u.d.l. u.d.l. u.d.l. u.d.l.
i-15:0 17404280 460+80 u.d.l. u.d.l. u.d.l. u.d.l
a-15:0 538070 680° ud.lL u.d.lL u.d.l. ud.l
16:1w7c 21230+2020 6380+200 ud.l u.d.l 2000 954
16:0 13270£1770 4460+£290 1760 66 2500 140
17:0 3590+500 1840+260 u.d.l u.d.l u.d.l u.d.l.
18:2w6c,9¢ 2190+150 160440 920 3.4 1560 T4
18:1w7c 26370+£1820 . 7350+200 1900 157 1900 120
18:0 2790+690 800° 180 11 1430 660
19:0 2765+120 1380420 u.d.l ud.l u.d.l. u.d.l
z
[ng/g beads) 82.3+7.4 24.3+1.2 5.7 0.24 9.4 1.9

? detected only for one parallel extracted from GW3-""Cg-Bactraps; u.d.l. = under detection limit
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Far less fatty acids could be extracted from Bactraps incubated in the aquifer-sediment by direct-
push-technique. Merely, 16:1w7¢, 16:0, 18:1w7¢ and octadecadienoic acid (18:2w6¢,9¢) were detected
(Table 6.7 and Table 6.8) indicating a much lower attachment or growth rate compared to Bactraps
incubated in the monitoring well. Fatty acids of '*C4-benzene loaded Bactraps showed a differentiated
extent of “C-enrichment with a span of +450%. (this corresponds to 1.7 atom percent) to +159000%,
(16:1w7c, this corresponds to 67 atom percent). Additionally conspicuous is the fact that isotope
signatures of the same fatty acids of biological parallels differ partially to a great extent (esp. 18:1m7¢
and 18:2m6¢,9¢, see Table 6.7). As alrcady observed for Bactraps incubated in GW, fatty acids of
control-Bactraps were also enriched with ''C: relatively low in the case of the unloaded Bactraps
(maximum +188%o £ 1.4 atom percent); partially relatively high in the case of Bactraps loaded with
unlabelled benzene (maximum +2580 %o 2 4.0 atom percent). Distances of unequally loaded Bactraps
within the lance were about 5 cm. Thus, “C-enrichment of control-Bactraps can be explained by
diffusion of *C-labelled benzene to control-Bactraps similarly to observations for GW3-Bactraps.

Fatty acid methyl esters were quantified after GC-MS analysis by comparison of chromatogram
peak areas relative to peak areas of the methyl ester of heneicosanoic acid (21:0) as internal standard.
Concentrations of methyl esters were converted to concentrations of fatty acids (Crs) by equation 6.6
which are summarised in Table 6.8 for Bactraps amended with ”Cﬁ~benzcne for both incubation
versions. For parallels of "C¢-Bactraps incubated in the monitoring well GW3 arithmetic mean values
and respective standard deviations were calculated, whereas values for biological parallels incubated
in the sediment were calculated separately on account of their great variability. By means of equations
6.8 to 6.11 the concentrations of '*C-carbon (c13¢) bound to respective fatty acid were calculated which
are also summarised in Table 6.8. Total concentrations (3) of fatty acids ranged from 6 pg to 82 pg g’
beads (Table 6.8). The total concentrations of '*C incorporated in all fatty acids ranged from 0.24 to

243 pg g’ beads (Table 6.8).

6.4 Discussion and conclusions

The following questions should be answered with the present study:

A) How does air-sparing effect hydrochemical parameters?

B) What hydrogeological properties (groundwater flow velocity and direction) are characteristic for
the test site? And does this indicate the spreading of the injected air-oxygen?

C) What is the amount of benzene removed during air-sparging?

D) How much of the removed benzene is biodegraded?

The following sections discuss the results concerning the above questions.
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6.4.1 Effects of air-sparging on hydrochemical parameters
Air-sparging provides an O»-supply to the groundwater. It was found that dissolved iron (Fe(Il).,) as

the most sensitive inorganic parameter in terms of redox conditions decreased with an average value
of around 0.4 mM for the entire duration of air-sparging. Iron(Il) ions arc oxidised as soon as they get

in contact with oxygen according to the equation
Fe*' +0, + H,0 <> Fe(OH); | +2H" . eq. 6.12

Thereby, Fe(Ill) ions are formed, which precipitate as hydroxides and were observed for instance as a
rusty coating around Bactraps that had been incubated within GW3. During iron(Il) oxidation, protons
are released which cause a decrease of pH. The average pH decreased about 0.3 units. Precipitation of
iron ions causes a decrease of dissolved ions. The electrical conductivity, which is a measure of the
content of dissolved salts (ions, electrolytes), decreased by approximately 300 uScm™ (average
values) during the entire air-sparging-period. This was not only caused by the decrease of Fe(Il) ions,
but also by a decrease of Ca™ ions. Air-sparging causes, next to an O-supply, a decrease of the CO-
partial pressure within groundwater due to CO,-losses by stripping effects, indirectly detectable in a
decrease of the total inorganic carbon (TIC). The depletion of freely dissolved COy,y) unbalances the

chemical equilibrium of carbonic acid and calcium carbonate as described by the following equation
Ca®' + 2HCOy « CaCO; | +CO, 1 eq. 6.13

since the depletion of a product supports the further formation of products and consequently a
decrease of adducts, i.e. Ca®" and bicarbonate ions.

Sulphate, as main electron acceptor for the field under non-engineered conditions, showed no increase
over the entire period of air-sparging. It had been assumed that sulphide, formed and accumulated
during natural attenuation processes prior to air-sparging, was oxidised by injected air-oxygen

(chemical autoxidation) to form elementary sulphur and later sulphate according to the following

equations
28"+ 0, +H « 28"+ 2H,0 eq. 6.14
28° + 2H,0 + 30, > 2 SO + 4H" . eq. 6.15

One possible reason for the absence of sulphate production would be the absence of sulphide
formation by natural attenuation processes beforehand within the monitored area. Another reason
might be the high vapour pressure of hydrogen sulphide (1819 kPa) and a discharge via gas phase by
the air-injection flow before autoxidation could take place. This is reasonable, because chemical
autoxidation of sulphide requires long reaction times (several days) (Weismann and Lohse 2007). But
on the other hand, biological sulphide oxidation by aerobic sulphide oxidisers, e.g. Thiobacillus
species, is by far faster (Rohwerder et al. 2003). It is also imaginable that the amount of dissolved
oxygen (DO) was too low for sulphide oxidation (S* 2 SO,* requires 2.5 mg O,/mg S), or was used

for other chemical reactions, e.g. iron oxidation or biodegradation of other electron donors. Measured
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dissolved oxygen values were relatively low (0.5 mg L™, integral sampling) over the whole period of
air-sparging, showing that aeration was inefficient, since oxygen was rapidly consumed. The same was
observed for redox potentials with values between -20 and -80 mV and a decreasing tendency with
increasing sparging duration. These redox potentials by far do not represent aerobic conditions (+820
mV), but are at least higher than potentials which were observed after the air-sparging-trial stopped

(~-300 mV) (Wiedemeier ef al. 1999).

6.4.2 Determination of ground water flow direction and velocity

Results of the tracer-experiment. groundwater level measurement campaigns as well as the gas-tracer-
test, revealed very low groundwater velocities of only a few centimetres per day at TF2, which could
not be exactly quantified. Furthermore, an exact groundwater direction could not be determined. Gas-
tracer-test-results disclosed a very low oxygen transfer rate from gas phase to aqueous phase as well as
a preferential flow of gas phase along an aquitard which additionally lowers the oxygen transfer due to
the short time of air and water contact. Probably, an oxygen gradient within the saturated aquifer
according to Figure 6.1, as presumed at the beginning of the project, did not develop. It is more likely
that only a restricted area around the injection well (r ~ 5 m) was actually affected by air-sparging

(Figure 6.14).
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Figure 6.14: Conceptual scheme showing the affected area by air-sparging (AS) (G, = injected air-
stream) and soil vapour extraction (SVE) (G.x = extracted air stream). Additionally cited are phases in
which BTEX may occur: (aq) aqueous, (g) gaseous, (n) NAPL, (sor) adsorbed to sediment. sZ is an
abbreviation for saturated aquifer zone, uZ for unsaturated aquifer zone, and GWR for natural
groundwater replenishment. i stands for inflow, o for outflow. Grey arrows illustrate transfer processes
of BTEX into or out of the affected air-sparing area (capture volume = 353 ma) (modified from report
“Maller (10.12.2008)").
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6.4.3 Efficiency of air-sparging — calculations based on benzene removal

Looking at Figure 6.14, several processes may cause a reduction of BTEX concentration or mass in a
certain volume of a contaminated aquifer. These processes are:

e transport of benzene with groundwater beyond the examined area (BTEX .)sz0);

¢ adsorption processes to aquifer material (BTEX om));

e transfer from aqueous phase (BTEX,) to gas phase (BTEX,)) by volatilisation dependent on
Henry coefficients of the specific compound and compound concentrations within the gas
phase;

e microbial degradation

Next to these processes, the BTEX concentration is influenced by processes that increase the amount
of BTEX in the examined aquifer volume. These processes are termed as ‘rebound processes’ and
include:

e transport of benzene with groundwater into the examined area (from the contamination source,
BTEX(z\q)sZi);

e compound desorption from aquifer material (BTEX.m)) and solution of compounds within
non aqueous phase liquids (NAPL, BTEX,,)) depending on water solubility of the specific
compound and the compound concentration within the aqueous phase.

NAPLSs were detected at the examined test field and are present on top of the groundwater table and
within areas of the capillary fringe. NAPL benzene can dissolve in seepage water and move to the
saturated zone of the aquifer (BTEX ,qcwr)-
Relevant transfer processes within the saturated zone of aquifers are transition from:

e adsorbed or NAPL phase to aqueous phase or directly to gaseous phase;

e aquecous phase to gas phase;

e aqueous phase to depletion by biodegradation and CO,, H,O and biomass formation.

Under natural conditions, processes for BTEX removal and BTEX rebound are usually equilibrated
which causes an almost stable BTEX concentration in groundwater. Air-sparging unbalances this
equilibrium, since every single process is influenced by the air-injection flow (Figure 6.14). The air-
injection flow (Gj,) causes an accelerated transfer of water dissolved benzene from aqueous to
gaseous phase (benzene stripping). Also NAPL and soil adsorbed benzene is transferred to the gaseous
phase due to the high vapour pressure of benzene. Solid phase extraction wells remove vaporised
benzene from the unsaturated zone (Ger, BTEX ysuippea)- This enables further volatilisation of benzene
within the aqueous phase. The decrease of benzene concentration in the aqueous phase enhances
processes of NAPL dissolution and desorption from aquifer material. Dependent on the transfer rate of

oxygen from gas to aqueous phase, aerobic microbial degradation processes may also be enhanced.
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Benzene concentrations of the aqueous phase decreased as soon as air-sparging started. Removal
rates were up to 31 mg (Lxd)" for the first 1.7 days (phase A, Table 6.9, Figure 6.8), probably due to
the strong concentration gradient between the injected air and the non-engineered aqueous phase. At a
concentration of approximately 170 mg L™, the rate decreased and was stable for 131 days at a value
of 0.84 mg (Lxd)" (phase B). After 133 days, benzene concentrations decreased only slightly for the
rest of the air-sparging period (0.06 mg (Lxd)™"), indicating a balance of benzene removal and rebound

processes (phase C).

Table 6.9: Mean benzene concentration changes within the aqueous phase of the aquifer (ACaenzens aq)
detected during phases A, B, C, and D in the monitoring wells GW1 -6 and RP8; calculated
removal/rebound rates (ACgenzene.aq d'1); estimated total benzene removal including correction for
benzene increase by rebound processes (|ACsenzeneaq d‘1[+reb0und); and total masses of removed
benzene (Am) from TF2, calculated for the capture volume (CV,,) of 95 m® and the respective
durations; 3 sum of benzene mass removed during the entire air-sparging trial (202 days) (modified
from report “Miiller (10.12.2008)").

Phase Duration AcBenzen‘le.aq AcBenzene‘aq 1dh1 IAcBenzene‘aq d-1| i Arn(.‘.\n’aq
[d] [mg L] [mg (Lxd)"] +rebound [mg (Lxd)"] kg]
A 1.F -53 -31 31.7 5.1
B 131 -110 -0.8 1.5 18.7
Cc 69 -4 -0.06 0.76" 5.0
D 119 +78 +0.7
5 28.8

¥ rate used for estimation of effective air-sparging-duration (see equation 6.16)

As soon as the air-sparging was stopped, the newly established equilibrium again was disturbed, this
time by the dominance of rebound processes. Benzene concentrations increased constantly by a rate of
0.66 mg (Lxd)"' for at least 119 days to concentrations up to 139 mg L' (monitoring ended, phase D).
This increase demonstrated that air-sparging for ~200 days was not sufficient to decrease benzene

concentrations sustainably.

An estimation of an effective time of performance may be calculated on the basis of the results of
benzene removal and rebound processes as well as the following assumptions. As depicted in Figure
6.14, only a small cylinder-like volume was affected by air-sparging. This volume captures (CV) in

the saturated zone 353 m® according to the following equation:
CV=mxrish=ax(5m)’ %x4.5m=353m’ eq. 6.16

Calculating with a porosity of approximately 0.27, common for coarse and medium grained sediments,
the volume of the aqueous phase in the saturated zone is at most 95 m’ (CVy). The packing density

was estimated at 1.7 t kg", thus the sediment volume (CVqyq) 1s about 600 t.
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Considering only the measured decrease of benzene, ACaenuncaq fOr phases A to C, a total mass of ~16
kg benzene was removed from the aqueous phase during the entire air-sparging-test. Phase C reveals
that rebound processes occurred during the whole air-sparging-period. Therefore, the calculated
amount of removed benzene has to be corrected by the amount of benzene which increased the
concentration by rebound processes. An approximation of rebound processes can be calculated on the
basis of the benzene increase within phase D (~0.7 mg (Lx d)", Table 6.9). Then the corrected mass of

the benzene removal is 28.8 kg (¥, Table 6.9) during the entire air-sparging period (202 days).

The overall benzene mass within the capture volume can be estimated by the following assumptions:
Assumption 1: The benzene concentration in the aqueous phase is ~250 mg L™ under non-engineered
conditions and therefore contributes approximately 24 kg to the overall benzene mass

=CV

% 250 mg benzene /1 L groundwater ).

Assumption 2: Within the aquifer ~100 mg benzene are adsorbed to 1 kg of soil. Soil analyses
resulted in an arithmetic average of ~10 mg kg™ (date no shown), but these analyses
often underestimate benzenc masses due to its high volatility”. Benzene adsorbed to

soil particles then contributes ~60 kg (=CV

i X100 mg benzene /1 kg soil ) to the
overall benzene mass.
Assumption 3: ~0.1% of the pore volume is filled with NAPL. Thus, NAPL (ppenzene = 0.88 g cm™)

contributes ~84 kg (=CV,, x0.1%x0.88 g/cm’ ) to the overall benzene mass.

Assumption 4: ~2.5 g kg benzene is adsorbed to the brown coal layer, which was found to ocecur
below air-injection and monitoing wells. Assuming that the first 0.2 m of the layer

contain the main part of the benzene which may affect the aqueous phase

(cv

coal

=zx(5m) x02m=157m’) and assuming a brown coal density of 1000 g

m>, ~40 kg benzene (=CV, , x lOOOg/m3 x2.5 g/kg) will be released from the
brown coal layer.
Assumption 5: Benzene is removed by a constant rate of 70 g d™'¥. This rate conforms to the rate of

phase C where removal and rebound processes are equilibrated (Figure 6.14, Table

6.9).

Summarising assumptions 1 to 4, approximately 208 kg benzene would have to be removed within the
capture volume. Calculating with assumption 5 the air-sparging would need to be performed for

another period of ~7 years (see equation 6.17) to remove benzene of TF2 sustainably:

t=(my—Am )R, =(208 kg —28.8 kg)/(70g/L)= 2560 d eq. 6.17

* Kai Miiller (UFZ-GWR), personal communication, 12/2008
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However, the used calculation model only provides an estimation. Stated assumptions can vary, more
likely with a tendency to higher values. For instance, a calculation with 0.5% of NAPL within the pore
volume rather than 0.1% results in another period of 20 years. Thus, air-sparging is probably not an
cligible remediation technique at this site. To make a more precise forecast, more complex models
have to be used that consider additional aspects such as the observed preferential flow or the air-
sparging activity of the other eight injection wells of SB2. This was beyond the scope of this PhD

project, but might be done by other project partners within the BEOQUE project.

6.4.4 The role of microorganisms

Different experiments and analyses were performed to determine whether air-sparging enhanced
microbial activity, especially concerning microbial degradation of the main contaminant benzene, and
to elucidate how much of the removed benzene was aerobically biodegraded. The results of the

different analyses and the information gained are discussed in the following paragraphs.

6.4.4.1 MPN analysis
The detection of most probable numbers (MPN) was used as a screening method for viable cell counts

of microorganisms able to degrade benzene under oxic conditions and aerobes in general present in the
groundwater of TF2 depending on air-sparging. An increase of the MPN for acrobic benzene-
metabolising microorganisms indicates an induced aerobic in situ benzene degradation. In a study of
Vogt et al. (2004), increased MPNs for aerobic chlorobenzene-metabolising microorganisms were
observed in an in situ reactor percolated with chlorobenzene-contaminated groundwater and hydrogen
peroxide, indicating aerobic in sifu degradation of chlorobenzene as a result of hydrogen peroxide
addition. The results of the present study indicate a rapid induction of aerobic benzene degradation.
Low ratios between aerobes in general and aerobic benzene degraders suggest that organisms mainly
grew on benzene. Stagnation/decrease of MPNs with on-going air-sparging indicates some kind of
limitation, e.g. concerning the nutrient, electron donor or acceptor supply. Since hydrogeological
investigations characterised groundwater flow velocities of the aquifer at TF2 as very low, all of those
parameters might be limited due to a faster consumption than subsequent delivery. Dissolved oxygen
concentrations were very low generally (~0.5 mgL™), despite air-injection, which is a strong
indication that the bioavailability of oxygen is the limiting factor. However, MPN stagnation also
indicates that at least a certain amount of oxygen had to be present to keep viable cell numbers at this
level.

Limitations due to toxic effects of high benzene concentrations, as documented in various studies
(Gibson et al. 1970; Shirai 1987; Yarmoff et al. 1988; Sikkema e a/. 1995; Shim er al. 2005), also can
not be ruled out. Shim et al. (2005) investigated a coculture of Pseudomonas strains which was able to
grow aerobically on BTEX compounds as sole source of carbon and energy. Cell growth was
completely inhibited at benzene concentrations of 500 mg L. Benzene concentrations within the

present study were found at a level up to 350 mg L™ for the aqueous phase. But these analyses on the
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one hand are only snap-shots and on the other hand capture only concentrations of water dissolved
benzene. Benzene that is adsorbed to sediments or occur as NAPL may increase benzene
concentrations under spatial differentiation up to the solubility limit (~1.8 g L") and may cause toxic

effects on the microbial flora.

6.4.4.2 Isotope fractionation analyses
Isotope composition of benzene in groundwater samples showed a slight enrichment of deuterium

during air-sparging, but no or an inverse isotope effect for carbon. Hunkeler ef al. (2001), Mancini et
al. (2003), and Fischer er al. (2008) investigated isotope fractionation of benzene degradation under
different redox conditions, with different pure and mixed cultures which used different degradation
initiating enzymes. Fischer et al. (2008) analysed those data within a two-dimensional compound-
specific isotope (2D-CSIA)-approach and could clearly separate aerobic and anaerobic degradation.
Whereas "*C/"*C-isotope fractionation was observed for all investigated cultures (enrichment factors
ranged from -0.7%o to -4.3%), “H/'H-isotope fractionation was observed only for anaerobic cultures
and for acrobic organisms which used monooxygenascs as initiating enzymes for benzene degradation.
Generally, fractionation was stronger for anacrobic conditions with enrichment factors ranging from
-29%o to -35%o for nitrate reducers and -59%o to -79%e for strict anacrobes, i.e. sulphate reducers and
methanogens. Acrobic degradation catalysed by monooxygenases showed enrichment factors from
-11%0 to -17%o. Whereas aerobic degradation catalysed by dioxygenases indicated no deuterium
enrichment. Regarding to Fischer et a/. (2008), the hydrogen isotope shift detected in the present study
indicated benzene degradation either by monooxygenation or an anaerobic pathway. No (or inverse)
carbon isotope effects seem to contravene this suggestion. No carbon isotope effects may indicate
aerobic degradation catalysed by dioxygenases, which were characterised by lowest carbon isotope
effects (IE). Inverse carbon isotope effects have never been observed during biodegradation processcs
of benzene (Hunkeler ef /. 2001; Mancini et al. 2003; Fischer er al. 2008; Mancini ef al. 2008).
Contrary results of hydrogen and carbon isotope on the one hand may be explained by the detection
limit of stable carbon isotope effects. Analysis of carbon isotope signatures are indeed more sensitive
than analysis of hydrogen isotope ratios since the natural abundance of deuterium is approximatly 50
times lower than the one of '“C (Hoefs 1997); this results in higher analytical uncertainties of
hydrogen analyses and necessitates higher concentrations of the examined compound (Meier-
Augenstein 1999; Hunkeler ef al. 2001). But hydrogen isotope effects are usually about two orders of
magnitude hilghcr than carbon isotope effects (Hilkert er al. 1999). These properties make *H/'H-
isotope analysis most appropriate to detect small biodegradation activities which might not be detected
by carbon isotope analysis.

On the other hand inverse carbon isotope effects may indicate other than biotic processes. Stable
isotope effects resulting from abiotic processes, e.g. sorption, dissolution, dispersion, and

volatilisation, are generally considered insignificant (Meckenstock et a/. 2004a). But several studies
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reported strong fractionation of stable isotopes due to progressive volatilisation (Baertschi and Kuhn
1957; Grootes et al. 1969; Harrington ef al. 1999; Huang er al. 1999; Poulson and Drever 1999; Wang
and Huang 2001; Wang and Huang 2003; Bouchard er al. 2008). Baertschi er al. (1953) found that
distillation of carbon tetrachloride, chloroform, methanol, and benzene, in all four cases leads to an
enrichment of “C in the distillate (vapour phase), whereas “’Cl and 'O are enriched in the liquid
phase (normal [E). A similar phenomenon was observed for carbon and oxygen isotope fractionation
between carbon dioxide liquid and vapour (Grootes et al. 1969). Harrington er /. (1999) and Huang et
al. (1999) observed a depletion of "*C isotopes within the residual phase of benzene, toluene, and
ethylbenzene, and TCE and DCE, respectively due to progressive volatilisation (inverse [E). The same
effect was shown for deuterium during vaporisation of s-alkanes or a VOC-mixture by Wang and
Huang (2001; 2003) and trichloroethylene by Poulson and Drever (1999). Theoretical calculations of
the vapour pressure ratios of these species in general predict that molecules bearing the light isotopes
are slightly more volatile (Urey ef al. 1932). The presence of heavy isotopes in the molecule reduces
its zero-point energy (Eq) resulting in a decrease of its vapour pressure. This is particularly significant
for isotopomers differing by 2 daltons, like '®O vs. '*O (Kuder e al. 2009). For isotope species
differing by 1 dalton, e.g. *C vs. "C, the effect of the zero-point energy may be overshadowed by
intermolecular forces. The relative enrichment of *C observed in the vapour phase was explained by
having the smaller binding energy in the liquid phase for the *C-bearing molecules (Baertschi and
Kuhn 1957; Grootes et al. 1969). Wang and Huang (2003) noted that significant isotope fractionation
due to vaporisation will occur only in natural systems where a high percentage of contaminant mass
has been lost to the vapour phase and the vapour phase is constantly removed from the system. This is
given in the present study, thus the detected isotope effect is likely to be influenced by vaporisation
effects and not only representative for biological processes. .

All mentioned studies, except for Kuder er af. (2009), reported for both carbon and hydrogen an
inverse isotope effect during vaporisation of each examined compound containing the elements. Kuder
et al. (2009) investigated effects of volatilisation on carbon and hydrogen isotope ratios of MTBE and
observed normal and inverse isotope effects for different volatilisation scenarios. The scenarios were:
(i) passive NAPL-volatilisation, (ii) passive volatilisation of an aqueous solution, (iii) soil vapour
extraction, and (iv) air-sparging. During passive volatilisation (i and ii), *C-carbon enriched within
the residual phase for both NAPL and aqueous solution, *H enriched within the aqueous solution but
depleted within NAPL. The depletion of *H during NAPL-volatilisation was attributed to the higher
vapour pressure of the heavy isotope. The contrary hydrogen isotope effect during volatilisation of the
dilute solution was explained by the preferential binding of water to *H-MTBE via hydrogen bondings.
The enrichment of "C was explained by the dominance of vapour diffusion processes. The diffusive
mass flux is larger for molecules with light isotopes (Bouchard er al. 2008). During soil vapour
extraction (iii), residual MTBE was initially depleted in both heavy isotopes, but shifted to a normal

isotope effect for both isotopes after MTBE mass was reduced to low concentrations. Initial inverse
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IEs were suggested to be caused by a predominance of molecular exchange (higher vapour pressure of
heavy isotopomers). The later reversal of IE direction was suggested to be caused by a switch to
liquid-diffusion by supply of MTBE. In the air-sparging experiment (iv) the residual MTBE became
progressively enriched in H with larger effect for the more dilute solution. This was explained both by
liquid diffusion analogous to late stage of solid phase extraction and by lower vapour pressure of *H
due to hydrogen bonding analogous to passive volatilisation. In the case of carbon only a very small
decrease of 8'°C was observed during air-sparging.

Assuming MTBE as a good model compound for BTEX, it is likely that isotope signatures of both
carbon and hydrogen of benzene analysed in the present study are influenced by abiotic processes next
to biotic processes, since solid phase extraction as well as air-sparging were performed and passive
volatilisation occurred.

Thus, the quantification of biodegradation by means of isotope fractionation according to several field
studies, e.g. Mancini et al. (2002), Griebler et al. (2004b) or Vieth et al. (2005), has to be handled with
caution when air-sparging is applied. Moreover, a combination of low isotope fractionation factors and
a small degree of degradation is associated with a high dégrce of uncertainty (Meckenstock et al.
2004a). Significant values for degradation pathways with low fractionation factors are only detectable
if biodegradation is higher than 90%. Vice versa, significant values for lower extents of degradation
are only detectable, if the dominant degradation pathway is linked to a high isotope fractionation
factor.

Soil vapour was characterised by very high CO, concentrations (4.5 to 10.1%), which cannot have
been produced abiotically (Battersby 1997). Detected 8'°C values of carbon dioxide were strongly C-
depleted, ranging from -32.7 to -40.7%o. Generally, soil gas CO, is isotopically similar to the carbon
source it is derived from (Deines 1980; Rabenhorst es a/. 1984). Due to preferential degradation of
molecules with light isotopes (Clark and Fritz 1997; Hoefs 1997), stable isotope ratios of metabolic
end products can be shifted (or fractionated) relative to the initial §'*C values of the substrate material
(Landmeyer ef al. 1996; Conrad et al. 1997). However, these effects are generally small (< 6%o) (Blair
et al. 1985; Conrad et al. 1997). Several studies used this interrelation to prove the microbial
degradation of petroleum hydrocarbon, since those are "“C-depleted (8"°C ~ -28%0) and produce
isotopically lighter soil gas CO, or groundwater DIC compared to CO, and DIC that occur in
uncontaminated areas (Suchomel er al. 1990; Aggarwal and Hinchee 1991; Baedecker ef al. 1993).
3"C wvalues between -20 and 0%o are representative for CO, or DIC of pristine aquifers (Clark and
Fritz 1997; Hoefs 1997). Thus, 8"°C values of this study strongly indicate that soil gas CO, was
produced by microbial degradation of benzene, in both cases before air-sparging started (from -32.7 to
-36.7%0) and during the period of air-injection (from -35.6 to -40.7%o). The "*C-depletion of soil gas
CO, with increasing duration of air-sparging might be indicative for an accelerated benzene

degradation which only would be conceivable under oxic conditions. Correlation between the soil
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vapour COs increase and the O, depletion after air-sparging was stopped supports the presumption of
aerobic microbial benzene degradation.

Relatively heavy 8"°C values of dissolved inorganic carbon (-22.6 to -23.8%o) indicate that a source of
isotopically heavy carbon has contributed to the overall carbon budget of the groundwater. This is very

likely due to mixing with uncontaminated groundwater from upstream areas (Fischer et al. 2004).

6.4.4.3 Bactrap-experiments
The fatty acids profiles of all Bactraps suggest that the microbial communities attached to Bio-Sep”

beads were composed primarily of bacteria, since fatty acids in the range of Cl4-Cl19 are
characteristic for bacteria (Kates 1964; Shaw 1974). Dominant fatty acids were hexadecenoic acid
(16:1w7¢), hexadecanoic acid (16:0), and octadecenoic acid (18:lw7c). Weber er al (1994)
demonstrated that fatty acid profiles of different Pseudomonas putida strains, known to be capable of
degrading BTEX compounds aerobically, are also dominated by 16:1¢, 16:0 and 18:1c¢ fatty acids.
Hexadecanoic acid occurs in all bacteria. However, high abundances of monounsaturated fatty acids
are indicative for acrobic bacteria (Guckert ef a/. 1985; Findlay er al. 1990; Bossio and Scow 1998).
Particularly 18:1m7c was found to be associated with aerobic and facultative aerobic organisms
(Parkes and Taylor 1983; Bossio and Scow 1998). In contrast, fatty acids known as biomarkers for
anaerobic organisms, in particular sulphate reducers, such as 10Mel6:0, i17:1w7¢, 17:1w6 were not
detected on Bactraps (Scheuerbrandt and Bloch 1962; Taylor and Parkes 1983; Edlung er al. 1985;
Parkes and Calder 1985: Dowling et al. 1986). This indicates growth of aerobic or facultative acrobic
organismes.

“C-benzene-amended Bactraps showed significant incorporation of the *C-label into all identified
fatty acids for both incubation versions. This undoubtedly verifies the in sit biodegradation of the
"C-labelled compound. Natural isotope ratios of carbon were reported for non-labelled microbial fatty
acids in aquifer microcosms (-28.9 + 2.8%o) (Pelz e al: 2001b), for fatty acids produced during growth
on a range of different non-labelled carbon sources (Abraham et al. 1998), and for growth on benzene
(with a natural B¢/ Coratio of -26.6 = 0.2%0) (Mancini e al. 2003). Positive §'"C values in microbial
fatty acids were detectable only if assimilation of labelled carbon occurred from a source artificially
enriched in °C.

Within Bactraps incubated in groundwater well GW3, the carbon enrichment ranged from +8200 to
+199500%o (9-72 atom%); within Bactraps incubated in the aquifer-sediment enrichment ranged from
+450 to +159000%o (1.7 to 67 atom%). Such a high label can only be explained by intensive growth of
BC-benzene assimilating bacteria on the Bactraps. A control experiment (data not shown) with
Bactraps incubated in the anoxic zone (19 m below TGS) of a monitoring well not influenced by air-
sparging yielded fatty acid patterns with carbon isotope signatures of at most +56%o, mainly fatty acid
isotope signatures were close to natural “C-abundance (-30%.). Metabolisation of benzene with

sulphate, as main electron acceptor at the test site Zeitz, was shown to be very slow and resulted in
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low growth yields (Vogt et al. 2007; Herrmann er al. 2008). Stelzer er al. (2006) investigated fatty
acid isotope patterns by means of comparable Bactrap-experiments at a groundwater well of the test
field Zeitz under natural attenuation conditions. The well showed similar geochemical conditions to
GW3, but was located outside of the contamination centre, within the contamination plume. The
authors incubated "*Cy-benzene amended Bactraps within different depths of the well ranging from
9.40 m to 16.70 m. Bactraps incubated in regions close to water table (9.05 m) showed highest isotope
signatures within extracted fatty acids (up to +468%). The authors suggested a more intensive
transformation of “C-benzene within those regions due to thermodynamically more favourable
clectron acceptors, e.g. nitrate, manganese, iron or even oxygen, conceivably stemming from the
gaseous phase of the capillary fringe. Within deeper zones (4 m below water table), that were stated as
strictly anoxic, isotope signatures with highest values of +174%0 were detected. Geyer et al. (2005),
who developed the Bactrap-approach with Bio-Sep” beads and isotopic analysis of fatty acids of
attached microorganisms, performed the first Bactrap-experiment also at the test site Zeitz within a
well close to the one of Stelzer er al. (2006) within a depth of about 4 m below the groundwater table.
Extracted fatty acids showed isotope signatures up to +13400%s.

Highest isotope signatures measured within the present study were 15 fold to 425 fold higher for
Bactraps incubated in GW3 and 12 fold to 340 fold higher for Bactraps incubated in the aquifer-
sediment compared to those detected under non--engineered conditions within the studies of Geyer er
al. (2005) and Stelzer et al. (2006), respectively. Thus, organisms analysed in the present study
degraded "*C-benzene much more effectively than those examined by Geyer er al. (2005) and Stelzer
et al. (2006). This is strongly indicative of acrobic conditions.

Both incubation versions showed a very diverse extent of *C-labelling within different fatty acids of
the same sample. These observations were also made by Geyer et al. (2005) and Stelzer er al. (2006)
who even detected fatty acids of "“C,-amended Bactraps with signatures close to natural “C-
abundance. They explained the variability of *C-label within different fatty acids by the presence of a
mixed microbial community, where only some members assimilated ''C,-benzene. Fatty acids with
low or no isotopic label indicated organisms which used preferentially other carbon sources like non-
labelled benzene (background concentration), other organic substrates from the aquifer, or CO,. Since
only isotope ratios higher than +450%. were detected within fatty acids of the present study, it is likely
that all microorganisms, which were attached to the beads, transformed benzene at least to a small
extent or used metabolites or products formed during acrobic "C-benzene degradation.

Bactraps incubated within the aquifer-sediment had generally lower amounts as well as a lower
diversity of fatty acids compared to GW3-Bactraps (Table 6.8) which is certainly due to a lower
amount of attached microorganisms. The higher variability of “C-labelling might result from a lower
abundance of “Cy-benzene-metabolising organisms within the attachced microbial community and,
vice versa, a higher abundance of organisms preferentially using other carbon sources than the BCe-

labelled benzene. The variability of fatty acid C-label within sediment-Bactraps of parallel-
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experiments might be caused by a spatially limited growth of i3C,,-bcnzene—mcrabolising bacteria:
maybe, beads were only partially accessible for oxygen, and benzene was only degraded at *hot spots’.
This could be an explanation for the observation that only fatty acids of '*C,-benzene loaded Bactrap
‘B’ were highly "“C-enriched (Table 6.7). A restricted oxygen supply had been expected, since
uniform aeration of the aquifer is unlikely due to its heterogeneity. It is likely that only zones with a
high hydraulic permeability were aerated continuously. Presumably, sediment material surrounding
the lance was compressed due to the piling process which lowered the oxygen supply of the Bactraps.
Accordingly, lance holes, as well as spaces around Bactraps, were filled with aquifer-sediment after
recovery; even Bio-Sep" beads of Bactraps were mixed with aquifer material. These conditions could
roughly reflect aquifer in situ conditions.

The amount of bicavailable oxygen is unknown, since it is not clear what oxygen concentrations
are necessary to cause a fatty acid "*C-labelling to the extent that was observed. It is possible that
hypoxic conditions (DO <2 mg Lora frequent supply with low amounts of oxygen may also cause
such a labelling. On the one hand, there are several reports on the requirement for a minimum of
dissolved oxygen in the range of 1.0 to 1.5 mg L™ to initiate biodegradation of monoaromatic
hydrocarbons and in particular benzene, which has been shown to be the most recalcitrant BTEX
compound at low DO concentrations (Chiang et al. 1989; Wilson and Bouwer 1997). Chiang er al.
(1989) reported little or no biodegradation of hydrocarbons with DO concentrations below 0.5 mg L™
Olsen et al. (1995) showed that eight different bacterial strains isolated for growth on benzene under
aerobic conditions were unable to degrade benzene under oxygen limited conditions. On the other
hand, investigations of Yerushalmi es a/. (2001) demonstrated that traces of dissolved oxygen (0.05
mg L) enabled benzene degradation and formation of phenol, catechol and benzoate as intermediates.
In later work the authors showed that the mass ratio between the transformed benzene and the
consumed oxygen increased with the decrease of initial DO concentration, reaching a value of 2.8:1,
considerably higher compared to the theoretical value of 1:3.08, obtained for complete aerobic

oxidation of benzene according to equation 6.18 (Wiedemeier et al. 1995; Yerushalmi es al. 2002)
CH+750,=56C0O,+3H,0 eq. 6.18

Thus, the present results reveal no direct elucidation on the efficiency of air-sparging regarding the
transfer of oxygen from gaseous phase to aqueous phase and allow no direct conclusions with respect
to the bioavailability of oxygen. Nevertheless, they reveal at least qualitatively an enhancement of

biodegradation by air-sparging compared to natural attenuation conditions.

The concentrations and isotope compositions of individual fatty acids were used to calculate the
amount of °C converted from the contaminant according to Kistner et al. (2006). On Bactraps
incubated in GW3 about 24.3 pg "*C per g beads was bound in the fatty acid fraction (Table 6.8), thus

about 26.3 pg "*C-labelled benzene was converted per g beads, since benzene molecules consist of
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carbon to an extent of 92.2%. For Bactraps incubated in the sediment, concentrations were calculated
for both *C-labelled Bactrap parallels separately. On parallel B (with higher HC-label-incorporation)
about 2.1 pg "“C-labelled benzene was found to be converted per g beads, in the case of the parallel A
(with lower incorporation) only 0.3 pg *C-labelled benzene was converted per g beads. Considering
that fatty acids account for up to 10% of the total biomass carbon, the overall amount of labelled
carbon bound within the biomass is 10 times higher than the amount calculated with fatty acids
(Gottschalk 1986). Considering furthermore that approximatly 50% of benzene is dissimilated and
50% is used for biosynthesis of biomass under aerobic conditions as demonstrated for Pseudomonas
aeruginosa by Kim et al. (2003), the total productive metabolisation can be estimated as 530 pg
benzene per g beads for Bactraps incubated in GW3, 42 pg benzene per g beads for Bactrap parallel B,
and 5 pg benzene per g beads for Bactrap parallel A incubated in the sediment over incubation periods

of 60 or 71 days and with bead loadings of 100 mg "*C¢-benzene per gram Bio-Sep” beads.

6.4.4.4 Conclusion — quantification of benzene degraded by microorganisms on TF2
Results of MPN proved the presence of viable benzene degrading aerobic microorganisms. Isotope

fractionation analyses indicated microbial degradation of benzene initialised by monooxygenases or
by anacrobic organisms and allowed only an uncertain estimation of the extent of biodegradation.
Thereby, these data only give information on biodegradation that has to occur to alter the isotope
composition of benzene within the examined monitoring wells. They are not quantitative in terms of
the contaminants concentrations.

By means of fatty acid stable isotope labelling in the course of Bactrap-experiments, it was possible to
estimate the amount of benzene degraded by microorganisms per gram Bio-Sep” beads. This
estimation enables further calculations to quantify the total amount of benzene degraded within TF2
by assuming homogeneous properties concerning oxygen and microorganisms distribution within the
entire capture volume CV ;4.

Assuming a compactness of packing of 1.7 t m”, approximately 600 t sediment is captured. Former
analysis comparing fatty acids of biomass grown on Bio-Sep” beads and sediment material revealed a
40 times higher cell density on Bio-Sep"” beads probably due to the large inner surface (Bombach and
Stelzer, unpublished data). Taking this into account, 8 kg, 0.6 kg or 0.08 kg of benzene were degraded
by microorganisms within the CV and the period of Bactrap-incubation calculating with results of
Bactraps incubated in GW3, or directly in the aquifer-sediment for the Bactrap parallels B and A,
respectively. Calculated for 200 days of air-sparging duration, 26 kg. 1.8 kg, or 0.2 kg benzene were
degraded, which account for 92% (GW3-Bactrap), 6% (sediment-Bactrap parallel B), or 0.8%
(sediment-Bactrap parallel A) of the total amount of benzene (28.8 kg, Table 6.9) removed during the

air-sparging trial within the capture volume.
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Comparing all results, quantification by means of the Bactrap-experiment with GW3-incubation
certainly overestimates the extent of microbial influences on benzene removal. This might be due to a
better oxygen supply within monitoring wells compared to actual aquifer conditions.

More reliable are values gained from experiments with sediment-Bactraps. Two different results for
parallel-Bactraps additionally support that sediment-Bactraps are more suited for reflecting aquifer
conditions, since there must have been parts of the aquifer with higher and parts with lower
concentrations of oxygen, carbon sources and/or nutrients due to spatial restrictions. Thus, a value
between (0.8 and 6% as an index for the biodegraded percentage of the totally removed benzene should
be a good estimation for the examined field under air-sparging conditions. Although these values are
also very likely subjected to errors due to aspects which might cause an overestimation, e.g. the
improvement of microbial growth conditions by Bio-Sep" beads, i.e. activated carbon provides both a
constant supply and low concentrations of the toxic compound benzene. On the other hand, fatty acid
extraction from beads and derivatisation efficiency are aspects which might cause an underestimation
of biodegradation. Experiments which quantified the mass ratio of fatty acids revealed that only ~20%

are captured with the used methods (Stelzer and Bombach, unpublished data).
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6.5 Supporting information

Figure 6.51: Scheme of hydroisohypses of SB2 of groundwater table measurement campaign on
05/11/2007 (from report “Gro3mann (26.02.2008)").
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Figure 6.52: isotope ratios for hydrogen (left column) and carbon (middle column) for GW1 -6 and
RP6; right column: MPNs for aerobes (black symbols) and aerobic benzene degraders (BD,
achromatic symbols); symbols combined by dashed lines illustrate ratios of aerobes and aerobic
benzene degraders (right axis).
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7.1 Anaerobic benzene degradation
Anaerobic BTEX degradation has been studied since the mid 1980s. For some alkylbenzene

compounds, detailed information on the anaerobic degradation pathway has been achieved to date (e.g.
for toluene) (Heider 2007; Foght 2008). However, information on the mechanisms of the anaerobic
degradation of benzene and the organisms that are involved in this process is still very limited (see
introduction in chapter 1). This is mainly due to the lack of available pure or enrichment cultures that
can degrade benzene anacrobically and the slow growth of microorganisms in the available
enrichment cultures. The motivation for the studies described in chapter 2 to 6 was to gain more
insight iﬁto not yet understood aspects of BTEX degradation.

Chapter 2 describes a new method by which a benzene-degrading sulphate-reducing microbial
consortium was established in the laboratory. Enrichments were initiated by exposing in siru-
microcosms filled with different solids (sand, lava, and Amberlite XAD-7) for 67 days in the sulphidic
part of a groundwater monitoring well downstream of the source zone of a benzene-contaminated
aquifer. These in situ-incubated enrichments were further incubated in the laboratory. In control
microcosms without filling material, benzene was initially degraded, but the benzene-degrading
capacity could not be sustained. These results suggest that it is favourable to use solids for the in sifu
enrichment of anaerobic benzene-degrading bacteria, a strategy that might be generally useful for the
cultivation of bacteria considered to be hardly or not cultivable. Subject of future research will be to
obtain planktonic cultures which facilitate the isolation of responsible organisms.

Although isolates capable of mineralising benzene under denitrifying and chlorate reducing conditions
have been obtained (Coates er a/. 2001b; Kasai er a/. 2006; Weelink et al. 2008), no pure cultures able
to degrade benzene under iron- or sulphate-reducing conditions have been isolated so far. The current
understanding of the process of benzene degradation under strictly anoxic conditions is purely based
on enriched microbial consortia.

Chapter 3 describes how DNA-based stable isotope probing (SIP) and subsequent terminal restriction
fragment length polymorphism (T-RFLP) was used to distinguish the active microorganism(s) in a
benzene-degrading sulphidogenic consortium gained from the same BTEX-contaminated aquifer
described in Chapter 2. Stable isotope incorporation after consumption of *C-labelled benzene was
detected for two phylotypes within the consortium: a phylotype affiliated to the family
Peptococcaceae (genus Crypranaerobacter/Pelotomaculum), and a phylotype belonging to the &-
Proteobacteria. In contrast, DNA of organisms affiliated to the 8-Proteobacteria were not enriched in
“C. These results excluded a single sulphate reducer to be the responsible benzene degrader as
observed in other sulphate-reducing benzene-degrading consortia (Phelps er al. 1998; Musat and
Widdel 2008; Oka et al. 2008; Laban et al. 2009). Rather, the results supported the assumption of a
syntrophy of organisms within the consortium as postulated by Kleinsteuber er al. (2008). The

Cryptanaerobacter/Pelotomaculum phylotype is thought to be a key player within the anaerobic
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benzene degradation of this consortium; it is suggested that it initially attacks benzene and ferments it

to acetate according to equation 7.1:
Benzene + 6 H.O — 3 Acetate + 3 H + 3 H» AG” = +72.3 kJ mol”! eq. 7.1

The formation of acetate was assumed since small amounts of “C-labelled methane were produced
during benzene mineralization and archaeca belonging to the family Methanosaetaceae were detected
known to use acetate as sole carbon and energy source (Chapter 3). Equation 7.1 is thermodynamically
unfeasible under standard conditions but becomes exergonic in the case of low hydrogen and acetate

concentrations after consumption by other organisms according to equations 7.2 and 7.3:

3H,+0.75 SO~ + 1.125 H = 3 H,0 + 0.375 HS + 0.375 H.S  AG” =-116.3 kJ mol eq. 7.2
Acetate + SO, + 0.5 H' — 2 HCO5 + 0.5 HS + 0.5 HJS - AG" =-47 kJ mol eq. 7.3

Since DNA of several sulphate reducers belonging to the 8-Proteobacteria showed no "C-
incorporation these organisms probably mainly use H, as the electron donor. The role of the -
proteobacterium is not clear. Due to the '*C-incorporation it possibly uses acetate or even benzene as
carbon source. Subject of future studies will be to elucidate which specific roles the consortial

members execute.

7.2 Elucidating degradation pathways by means of compound
specific isotope analysis

In the last years compound specific stable isotope analysis has become a valuable tool for the
assessment of biodegradation of groundwater contaminants (Meckenstock er al. 2004a; Schmidt ef al.
2004; Elsner er al. 2005). By combined laboratory and field studies, in situ biodegradation of several
contaminants was demonstrated qualitatively and in some cases also quantitatively. Furthermore, two-
dimensional isotope fractionation factors can be related to the initial reaction of a respective
biochemical degradation pathway.

Chapter 4 describes how carbon and hydrogen isotope effects were combined by a two-dimensional
approach (2D-CSIA) during aerobic and anaerobic benzene degradation in enrichment and pure
cultures in order to decipher the initial reaction of the respective biodegradation pathway. Correlations

of hydrogen and carbon isotope effects either derived from the slope of hydrogen vs. carbon

discriminations or by calculating the ratio of hydrogen to carbon enrichment factors (A = Ap/A¢ =
en/ec) yielded values that were unique for distinct benzene degradation pathways. Specific A values
were <2 for dihydroxylation and between 3 and 11 for monohydroxylation as initial benzene-
attacking mechanism. Under anaerobic conditions A values were about 16 for degradation under
nitrate-reducing conditions and >22 for degradation under sulphate-reducing and methanogenic

conditions. The high variability in A values for monohydroxylation as well as for anacrobic benzene
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degradation suggests that in both cases more than a single reaction mechanism for benzene activation
exists. Future tasks will be to elucidate the unknown pathways under different redox conditions and to
find out what causes the variability of isotope effects.

Vogt ef al. (2008) studied aerobic and anaerobic degradation pathways for toluene by means of 2D-
CSIA, which resulted also in A value variations for different initial toluene-attacking enzymatic steps.
Monohydroxylation of the methyl group resulted in high A values (A =53 +5) and assumed ring-
dihydroxylation in low values of A=2+2. A values for organisms attacking toluene under anoxic
conditions were significantly different and ranged from A =4 + 3 for a phototrophic organism to A =
11— 14 for nitrate-reducing organisms and A =28 — 31 for sulphate-reducing organisms, although all
organisms activated toluene by the same mechanism, ie. fumarate addition to the methyl moiety
catalysed by benzylsuccinate synthase (Bss). This indicates that the reaction mechanism of Bss is
slightly different in these organisms.

In order to obtain information on the Bss reaction of xylene-degrading bacteria, associated isotope
effects were analysed by 2D-CSIA which is described in chapter 5. Different pure and mixed cultures
able to degrade m-xylene, o-xylene, or p-xylene under sulphate-reducing or nitrate-reducing
conditions were investigated. Based on metabolite studies and literature data, all examined cultures
activated the xylene isomers by the addition of fumarate to a methyl moiety. Biodegradation of xylene
isomers was generally coupled to a significant carbon and hydrogen isotope fractionation. Ay values
differed significantly for the analysed cultures and ranged between 12 =4 and 29 £ 5. These results
supported the assumption of Vogt ef al. (2008) that slightly different mechanisms exist for the
benzlysuccinate synthase catalysed reactions. This might be due to slightly different benzyl succinate
synthases as indicated by different Bss encoding gene sequences reported by Winderl et /. (2007) and
broadened by this thesis. Another possible reason might be a variable contribution of different isotope
sensitive reaction steps within the overall compound activating reaction sequence. Recently, it was
shown that the reaction mechanism of Bss consists of several single steps including different C - H
and C — C bond changes (Leuthner er a/. 1998; Krieger er a/. 2001; Himo 2002; Li and Marsh 2006b).
It was postulated that hydrogen abstraction from the methyl moiety of a benzyl radical intermediate is
an isotope sensitive step within the reaction sequence, although the reaction is not fully rate-
determining. A second primary isotope sensitive step might be the formation of the carbon-carbon
bond during benzylsuccinyl radical formation, which is thought to be an irreversible and rate-limiting
step. It remains to be elucidated whether the hypothetic transition states of the complex Bss reaction

mechanism affect isotope fractionation.
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7.3 Evaluation of air-sparging as a strategy to enhance natural
attenuation

In chapter 6, an air-sparging trial located at the source zone of the contaminated aquifer close to Zeitz
is described. The air-sparging was monitored to demonstrate its efficiency to enhance natural
attenuation concerning the removal of the main contaminant benzene and also to detect the part
microorganisms have in this process. Monitoring of removed benzene concentrations revealed that air-
sparging is not sufficient under the given hydrogeochemical conditions of the aquifer. Aeration of
groundwater was limited due to several reasons such as preferential flow of injected air along
impermeable strata or geochemical oxygen sinks (e.g. reduced iron and sulphur species). Additionally,
groundwater flow velocities were very low (a few cmd') preventing an effective transport of
potentially dissolved oxygen. Presumably, only a small arca around the air-injection well was affected
by air-sparging. Calculations revealed that at least another period of seven years would be necessary to
remove benzene from the affected area sustainably. Several methods were used for monitoring
biodegradation. MPN and isotope fractionation analyses gave evidence for microbial degradation, but
allowed no quantification. By the use of Bactraps, it was possible to calculate the extent of
biodegradation, though with large uncertainty. Bactraps or bio-traps are small beads of activated
carbon (Bio-Sep” beads) which can be amended with "Cy-labelled hydrocarbons and exposed to
groundwater monitoring wells (White et al. 2003; Peacock et al. 2004; Geyer et al. 2005; Kistner er
al. 2006; Stelzer ef al. 2006). By detecting 13C-label incorporation into fatty acids of microorganisms
grown on Bio-Scp" beads, in situ biodegradation of the hydrocarbon is proved. During the air-
sparging period, Bactraps loaded with '*Cg-labelled benzene were exposed either to a monitoring well
or directly to the aquifer-sediment by direct-push technique. *C-label incorporation was detected in all
analysed fatty acids. Calculations using results of the sediment-Bactrap-experiment indicated that 0.8

to 6% of the overall removed benzene was biodegraded.
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