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1. The observation of an axenic fungal culture growing on an inorganic
matrix exposed to benzene, added to function as the sole source of
carbon and energy, does not provide convincing evidence to conclude
utilization of benzene by the fungus.

This dissertation

Qi, B., W. M. Moe, and K. A. Kinney 2002. Biodegradation of volatite organic
compounds by five fungal species. Applied Microbiology and Biotechnology 58:684-639.

2. The mineralization of volatile aromatic hydrocarbons on fungal bicfilters
might result in the emission of products that are not as innocucus as
previously thought,

This dissertation

Devinny, J. S, M. A. Deshusses, and T. S. Webster 1999, Biofiltration for air pollution
control. Lewis Publishers. Boca Raton, Florida.

3. The variety of substrates that can be assimilated by fungi goes far beyond
natural products.

Garcla-Guinea, J., V. Cardenes, A. T. Martinez, and M. Martinez 2001. Growing of
fungal bioturbation paths in a compact disk. Naturwissenschafen 88:351-354

4. The proposal to use genetically modified microorganisms for the
biodegradation of environmental pollutants underestimates the complexity
both of microbial interactions in the environment and of principles of the
human society.

5. The establishment of student exchange programs is an efficient policy for
stimulating the European integration, as illustrated by the number of
mixed couples that are formed in places like Wageningen.

6. The arrival of a new life is a critical dead-line for finishing a PhD.

7. Patience is the mother of science

Catalan proverb

Propositions belonging to the thesis “Growth of fungi on volatile aromatic
hydrocarbons: Environmental technology perspectives”™.

Francesc X. Prenafeta Boldu

10™ of December, 2002, Wageningen.



als meus pares



Preface

| first came to the Netherlands to carry out a six-month stage at the group of
Environmental Technology. | was then far from imagining that those six months
would become six years, and that the dissertation you have now in your hands
would be written. This research was started at the Division of Industrial
Microbiology (IM) but, closing an unforeseen cycle of events, it was finally
completed at Environmental Technology. During this time | have encountered
many people whose help and support has contributed to the accomplishment of
the personal endeavor that this thesis was for me.

I would like to express my gratitude to Jan de Bont for giving me the opportunity
to carry out the research presented in this study at the Division of Industrial
.Microbiology (IM). The sudden announcement of the closure of his group due to
the re-organization of the University, one year after my start, truncated the
prospects of many ongoing projects, including this one. | am therefore deeply
indebted to Wim Rulkens for accepting the responsibility of being my supervisor
at that crucial stage. His criticism during the writing of this dissertation and his
readiness with the organization of the closing stages were essential. i am also
grateful to my co-supervisors, Johan van Groenestijn and Tim Grotenbhuis, for the
stimulating discussions we had, for their good guidance, and for making
everything possible to resume the experimental work at the TNO-MEP institute.
My appreciation is also extended to the people from the TNO, who kindiy
integrated me as another colleague and helped with everything | needed.

| want to thank all my colleagues from Industrial Microbiology, PhDs, post-docs,
and regular staff. To all my PhD mates, despite the difficulties we had to face,
you have found the good course in obtaining the degree of doctor, and that was
very motivating for me. Thanks for your good companionship. | especially want to
wish the best to the "last of Mohicans" of IM, Ko, Wout and John, which will
promote soon.




The work encompassed in this dissertation is certainly not the product of an
individual effort. | want to acknowledge the people who were directly involved in
this project: Dion Luykxs, the biochemist of fungal degradation, and my student
Nadia Nikolova, who worked on the interactions during the degradation of
substrate mixtures. | am also thankful to the people who lent me a hand with
different techniques and made of these years a very fruitful leaming time, Many
thanks to Martin de Wit for solving the troubles with the gas chromatography and
to Jacques Vervoort for his assistance with the NMR spectrometer; my thanks
also go to Hendrik Ballestedt for his help with the PCR-TGGE technique.

| also want to express my gratefulness fo my colleagues from the CBS-KNAW
institute: Walter Gams, for the critical reading of this thesis and for his excellent
teachings on the field of seil fungi; Richard Summerbeli, for checking the
correctness of the language in the manuscript; and Hans Josef Schroers, for his
help with the microscopy pictures used in the covers.

| want to thank my paranimfs Ana Lopez and John Dijk for their helpfulness in
organizing the defense of this dissertation.

Finally, my deepest gratitude is due to you, Rita, for your patience,
encouragement, and interest in my work. The evenings and weekends of work
have now come to an end and they will be owned by you and by our little Joana.



Table of contents

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER S

CHAPTER 6

CHAPTER 7

General introduction
Hydrocarbon metabolism in fungi

isolation and characterization of fungi growing on
volatite aromatic hydrocarbons as their sole
carbon and energy source

Fungal metabolism of toluene: monitoring
fluorinated analogues by '°F NMR spectroscopy

Substrate interactions during the biodegradation
of BTEX hydrocarbons by the fungus
Cladophialophora sp. strain T1

Biodegradation of BTEX hydrocarbons in soil.
Effect of inoculating with the toluene-growing
fungus Cladophialophora sp. strain T1

General discussion

Literature references

Summary

Samenvatting

Resumen

Resum

Curriculum vitae

19

37

51

&7

79

88

98

102

106

110

114



CHAPTER 1

General introduction
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1.1 Volatile aromatic hydrocarbons

Since the industrial revolution the use of petroleum and coal derivatives has
increased immensely. These products consist of complex mixtures that include a
wide range of aliphatic, aromatic, and asphaltic compounds. The intermediate
distillate range is rich in monoaromatic hydrocarbons, such as benzene, toluene,
ethylbenzene and xylens (BTEX). These chemicals are widely used as solvents,
synthesis precursors of other organic chemicals, as well as gasoline components
(Table 1.A). Accidental spills and industrial discharges have occurred causing
serious pollution of the environment as a consequence of the bulk scale in which
BTEX are produced and handled.

From an environmental standpoint the mobility and toxicity of the BTEX
are of major concern. Compared with other oil hydrocarbons, BTEX are relatively
water-soluble and a significant portion of the spill will move rapidly upon entry
into water systems. Gasoline leakage from underground storage-tanks has been
identified as one of the main sources of aquifer contamination with BTEX (122).
Besides being soil and water contaminants, these compounds are also highly
volatile and are subject to air-quality regulations. BTEX hydrocarbons are
depressants of the central nervous system and cause damage to liver and
kidney. The carcinogenicity of benzene has been established and, in spite of
inconclusive evidence, alkylbenzenes are suspected to be long-term carcinogens
(82). Besides hazard through direct inhalation, these hydrocarbons are subject to
photochemical reactions contributing significantly to smog formation in urban
areas (105}). Reduction of BTEX content in modern gasoline formulations has
been achieved via supplementation with methyl-fert-butyl ether (MTBE) (83). This
additive acts as an octane enhancer and as an oxygenating agent, allowing the
elimination of lead-antiknocking compounds. Although MTBE is less toxic than
the BTEX, the use of this additive remains controversial due to its high
recalcitrance under natural conditions {37).
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TABLE 1.A: Properties of the BTEX hydrocarbons

Common name Benzene Toluene Ethylbenzene o-, m-, p-Xylene
95-47-6
CAS number 71-43-2 108-88-3 100-41-1 108-38-3
106-42-3
Chemical properties {2, 70, 104) CH,
CH, !:Hz CH,
Structure O é @ Gcn,
CeHe CrHs CeHio CzHyo
Molecular weight 78.11 92.14 106.17 106.17
Solubllity (mg I'") 1800 540 160 170; 160; 180
Vapor pressure (kPa) 12.7 3.8 1.3 0.9;11;1.2
Water/air partition coefficient 4.58 3.76 3.15 3.85; 3.70; 5.04
Commaercial aspects {104}
World production 5.98 3.07 na’ 3.07
(x10% 1 year™)
Main uses Solvents, coating agents, fuel additives, synthesis of

medicines, pesticides, dyes, paints, detergents, flavors,
plastics, resins, and explosives.

Environmental aspects (2, 124)

Air odor threshold (mg m™ ) 12 2.9 23 1.1
IOLV (mgm*) 3.25 150 215 210
MAC in drink water? (ug ") 50°-1.0 700° 300° 500°

7 not available
¢ threshold fimit value for exposure to airborme contaminants in the work place, weighted for a

normal 8 h workday and 40 h workweek
?Norm from the European Union
° Norm From the World Health Organization

1.2 Biotechnological removal of BTEX poliution

A variety of treatment technologies have been developed in order to meet the
regulatory standards concerning pollution with oil hydrocarbons. These
techniques strongly differ depending on the chemical nature of contaminants and
the environmental compartments where they are found. Historically, the removal
of BTEX from ground and groundwater focused on either excavation and
disposal or treatment of contaminated soils, or on pumping up the groundwater to
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remove dissolved contaminants from the aquifer (16). Both approaches are costly
and they interfere adversely with other site activities. To overcome these
disadvantages, new developments focused on in situ treatment technologies that
often take advantage of the metabclic capacity of soil microorganisms to degrade
hydrocarbons. Depending on the specific site characteristics, biological activity
can be stimulated by addition of nutrients and suitable electron acceptors, by pH
amendments, or through the introduction of new microbes, either wild type or
genetically modified, that possess an enhanced degradative capacity. The in situ
aeration of the soil gas phase, named soil bioventing, is one of the mast common
ways of increasing the BTEX biodegradation capacity in soil (17). With this
technique hydrocarbons are removed by a combination of volatilization and
aerobic biodegradation, depending on the air flow-rate (66, 77). At high flows,
BTEX removal is accomplished mainly by volatilization, a variant that is termed
soil vapor extraction (SVE). However, the extracted vapor-phase cantaminants
usually require further treatment in a separate unit before discharged into the
atmosphere (17).

Analogous to the generalization of biological methods for the cleaning-up
of water and soil, the need to contral air pollution has prompted the development
of microbial-based processes for the treatment of gaseous wastes. The
biofiltration of air is consolidating as a cost-effective option for the treatment of
streams with low concentrations of volatile hydrocarbons that arise from SVE
remediation works (67, 94} as well as from a variety of industrial processes (69,
127). The biofiltration of polluted air consists on passing the gas stream through
a porous support material that offers a large contact area and immobilizes
microbial cultures. Besides inoculation with specific strains, biofilters are
biologically open systems to the in-flow air that carries cells of a wide variety of
organisms. As biofiltration proceeds, microbes will be enriched according to their
abilities to adapt to the biofilter ecosystem.
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1.3 Fungi versus bacteria in the bioremediation of petroleum

hydrocarbons

The use of microorganisms to remove, reduce, or ameliorate pollution from the
environment is generally termed bioremediation. Bacteria and fungi constitute the
most important part of the microflora present in soils that are polluted with oil
hydrocarbons. However, the relative contribution of both microbial groups to
bioremediation varies widely depending on their specific degrading capabilities
and adaptation to the prevailing physico-chemical conditions.

Bacteria and fungi display a characteristic form of nutrition, often termed
osmotrophy or absorbtive tive heterotrophy, which consist on absorbing soluble
substrates from the external environment, However, most fungi do not rely solely
on soluble, readily absorbed organic compounds for nutrition and they excrete a
wide variety of enzymes into their environments that cleave polymeric
substances. The soluble breakdown products can be absorbed and further
catabolized by internal enzymes. Besides the primary oxidizers, many other
microarganisms (fungi and bacteria) benefit from the released substrates. Thus,
in nature fungi play a vital role in the recycling of a variety of “recalcitrant” organic
compounds, such as lignin, cellulose, chitin, melanin, and keratin. As a result of
this biochemical diversity, which combines degradative pathways that resemble
those present in prokaryotes as well as in higher arganism, the fungal
metabolism of xenobiotics is also highly versatile (102). In addition, fungi display
a distinctive physiological adaptability. Growth as filamentous hyphae permits
translocation over solid materials such as soil particles and wood without the
need of a liquid phase. Consequently, many fungi are tolerant towards limited
water and nutrient availability, and prefer acidic conditions (131). Instead, soil
bacteria typically show a rapid growth when the conditions are favorable and

utilize soluble substrates.

The inherent characteristics of fungi make these organisms very suited

biocatalysts for solid-state fermentations, where they are used in a wide range of
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biotechnological applications (118). This also applies to envirenmental
technology, where the bicdegradation of pollutants by fungi has most frequently
been investigated in soil systems and packed-bed reactors (Table 1.B). The
biodegradation of the poorly available polycyclic aromatic hydrocarbons (PAHs)
has extensively been studied for fungi and is summarized in Chapter 2. An
important drawback in this process is that biodegradation occurs by co-
metabolism. This means that aromatic hydrocarbons do not support growth and
are usually degraded partly, sometimes to metabolites that are more toxic than
the parent substrate (32, 121). Conversely, biodegradation of low molecular
weight monoaromatic hydrocarbons such as BTEX has traditionally focused on
bacteria, and the importance of fungi, the subject of this thesis, has been
recognized only recently.

TABLE 1.B: Examples of the use of fungi for the degradatton of aromatic poliutants in non-
sterile environments

Extent of Morpho-

System Pollutant degradation® Fungus logy® Ref.
Alr biofilter BTEX Cc Phanerochaete chrysosporium WR {(19)
Styrene M/IG Exophiala fjeanselmei Y (35)

Toluene MG Cladosporium sphaerospermum  F (132)

MIG Exophiala lecanii-corni Y (138)

MG Scedosporium apiospermum F (54)

Phenol WG Candida sp. Y (51)

Soil Cresols M/G Rhodotorula aurantiaca Y (84)
PAHs Cc Cunninghameila echinulata F (40)

M/C Plgurotus sp. WR (80)

MIC/B Peniciflium janthinellum F (13)

M/C/B Phanerochaete chrysosporium WR (21)

Benzo[a]pyrene M/C Marasmielius troyanus WR (88)

C Irpex lacteus WR (89)

Soil+compost  PAHs o] Pleurotus osireatus WR (50)
Soil+sludge Benzolalpyrene  M/C/B Bjerkandera sp. WR {70}

? M: mineralized; G: growth substrate for the fungus, C: fungal co-metabolism; B: in association
with indigenous bacteria

WR: basidiomycetous white-rot fungus; F: filamentous microfungus; Y: yeast or yeast-like
growth
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1.4 OQutline of this thesis

The earlier observation that a fungus out-competed the bacterial population in a
biofilter used for treating toluene-polluted air, and the confirmation that toluene
was used as the sole carbon and energy source by a eukaryote opened a new
field in the area of microbiat metabolism of aromatic hydrocarbons (133). That
finding motivated the research presented in this dissertation. The general
objective hereby was to gain more insight in the presently poorly understood
assimilation of volatile aromatic hydrocarbons by fungi. This knowledge is of
importance to evaluate adVantages and also the limitations of using fungi in the
biotechnological removal of BTEX pollution.

An overview of the present knowledge on the hydrocarbon metabolism by
fungi is given in Chapter 2. In Chapter 3, the isolation of fungi capable of growth
on volatife aromatic hydrocarbons is described. Different enrichment techniques
specifically designed for selecting fungi were used. Fungal isolates were
identified and their growth and degradation parameters characterized. Chapter 4
deals with the metabolic pathway for the oxidation of toluene in a varisty of fungi,
revealing more details about the metabolic diversity involved in the degradation
of toluene by fungi. In Chapter 5, the degradation kinetics of BTEX mixtures that
were analogous to those resulting from gasoline pollution is described using one
selected fungal isolate. The extent of degradation of each BTEX component and
the multi-kinetic degradation paramsters were determined. These data constitute
the basis for Chapter 6, where degradation of BTEX is described in a soil
microcosmos containing the fungal Inoculum, incubated under different
conditions of pH and exposure time to BTEX. A general discussion concludes
this dissertation in Chapter 7.



CHAPTER 2

Hydrocarbon metabolism in fungi
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2.1 Introduction

The chemical nature of hydrocarbons is extremely diverse, varying from simple
saturated aliphatics to the more complex polycyclic aromatics (PAHs). Such a
range of carbon substrates can be metabolized by many different micro-
organisms using diverse and, sometimes, badly understood degradation
pathways. Comprehensive studies have been published encompassing the
bacterial catabolism of aliphatics, the monoaromatic BTEX, and PAHs (26, 57,
71, 144). The fungal degradation of aliphatics and PAHs has also been reviewed
extensively (31, 74, 86}, but the metabolism of the lighter BTEX is less well
characterized in the fungi. The present Chapter summarizes the current
knowledge on the fungal metabolism of aliphatic and aromatic hydrocarbons.

Despite that fungal growth on hydrocarbons has been reported long ago
(144), the interest on hydrocarbonoclastic fungi dramatically increased in the
sixties with the advent of the jet aircraft and the shift from gasoline to kerosene-
based fuels (97). Some accidents were then caused by fungal mats that clogged
the fuel supply to engines. These fungi grew in the oil/water inter-phase that
accumulated inside storage tanks, as a result of water condensation, utilizing the
soluble hydrocarbons as sources of carbon and energy. The water-soluble
fraction of oil-refined fuels contains a mixture of mainly monoaromatic and
aliphatic hydrocarbons, but only the latter were found to serve as growth
substrates for fungi. Biodegradation of hydrocarbons also resulted in
accumulation of organic acids that contributed to corrosion damage, hence
increasing the risk of fuel leakage (98). Fuel biodeterioration by fungi is, despite
the generalized practice of blending fuels with fungicides, an important economic
problem for the petrochemical industry of today (55). Research into the potential
biotechnological applications of fuel-growing fungi was initially directed towards
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single-cell protein projects and bioremediation of oil pollution {74). These fungi
have also been proposed as bioindicators for the prospecting of natural gas (41).

2.2 Aliphatic hydrocarbons

The most frequently isolated fungus from fuel tanks is Amorphotheca resinae
{anamorph Hormoconis resinae, previously named Cladosporium resinae). Many
other filamentous strains of importance have also been isolated from fuel tanks,
mainly Penicillium, Aspergilius, Chrysosporium, Phialophora, Fusarium, and
Alternaria species; yeasts typically included Candida and Rhodotorula strains
(565, 62, 75). Studies with these fungi revealed that n-alkanes from Cp to Cy,
which are predominant in kerosene and diesel fuels, were preferentially used as
carbon and energy sources (74). Though less likely to support fungal growth,
n-alkanes in the range of gasoline (Cs—Cs} and natural gas (C~C,4) were oxidized
by Scedosporfum and Graphium spp (41, 93). Unsaturated and branched-chain

aliphatics were alsc assimilated to a lesser degree.

The most common degradation pathway for alkanes reported in fungi
starts with the hydroxylation of the terminal methyl group (Fig. 2.1). This reaction
is principally catalyzed at the microsomes by cytochrome-P450 monooxygenase
NADPH-reductase enzyme complex (107). Following alkane oxidation to a
primary alcohol, further oxidation to fatty acids via aldehyde occurs. Although this
is the most frequently encountered mechanism, two variants have been
described: the diterminal oxidation to form dicarboxylic acids and the subterminal
oxidation to secondary alcohols. Fatty acids are incorporated to the central
catabolic pathways via B-oxidation, involving the initial activation of the fatty acid
to the corresponding acyl-CoA ester.
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CHy= [CHl, = CHy
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FIGURE 2.1: Metabolic pathways for the assimilation of n-alkanes by fungi
showing the terminal (a), subterminal (b) and diterminal (c) oxidation
variants (22)
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2.3 Aromatic hydrocarbons

Degradation of aromatic hydrocarbons that range in size from one to six rings
has been demonstrated both for fungi and bacteria {(26). However, two general
differences have been established between these microbial groups: (i) Bacteria
usually oxidize aromatic hydrocarbons as the first step for carbon assimilation
and energy-yielding reactions, while in fungi oxidation typically occurs by co—
metabolism. (i) The principal enzymatic mechanism for the oxidation of the
aromatic ring in bacteria involves intracellular flavoprotein dioxygenases that form
cis-dihydrodiols which are then cleaved by other dioxygenases (57); in fungi two
very different enzymatic systems have been identified. the cytochrome P450
monooxygenase, and the ligninolytic system. Both fungal pathways are
presented schematically in Figure 2.2.

V R
Cyt PdsC

a@ o > R
"~y Non-gnzymatic Conjugation
! NIH shit \déxmhcn
Chemical }
atlack i Epoxide
A hydroiaze
o @’
/H
R o R-&_gn —3 g o
. H
Ring 1
fission |
v

COCH <o
R= 77 mmumeesd 3
'Ccoou > ;0

FIGURE 2.2: General metabolic pathways for the ring-oxidation of aromatic hydro-
carbons by fungi. R: H, aliphatic, or aromatic substituent. R": methyl, glucoside,
glucuronide, sulfate, or xyloside (25, 109)
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2.3.1 Cytochrome P450 monooxygenase

Cytochromes P-450 are a special class of heme-containing multicomponent
enzymes that are widely distributed in eukaryotes and are also found in certain
bacteria (87). These enzymes are coupled to a NADPH-reductase that supplies
the electrons for oxidation from the hydrolysis of water. The cytochrome P-450
system plays a central role in the oxidative metabolism of endogenous
metabolites, as well as in the detoxification of xenobiotics, including aromatic
hydrocarbons (114). Cytochrome P450 catalyzes the ring-epoxidation of aromatic
hydrocarbons to form arene oxides, which can either undergo enzymatic
hydration by epoxide hydrolase to frans-dihydrodiols or else rearrange non-
enzymatically to form phenols. Defailed studies on P450-mediated aromatic
hydroxylation in eukaryotes, however, indicated that epoxides might not be
obligatory precursors of phenolic metabolites (109). Hydroxylation products can
undergo further detoxification by O-conjugation to methyl, glucoside, glucuronide,
sulfate, or xyloside intermediétes, which can be excreted. In general, the later
biotransformations are also found in mammals. For this reason fungi, mainly
Cunninghamella spp., have been proposed as model organisms for studying the
detoxification of aramatic hydrocarbons in humans (117, 142).

2.3.2 Ligninolytic enzymes

White-rot fungi are a specialized group of wood-decaying organisms, mainiy
basidiomycetes and a few ascomycete genera within the Xylariaceae, that
degrade lignin and give a characteristic bleached appearance to wood. Lignin
degradation occurs in order to gain access to celiulose and hemicellulose,
substrates that effectively used as carbon and energy sources. Lignin is a highly
heterogeneous phenolic polymer that requires extracellular enzymes functioning
in a non-specific manner. As a result of this substrate nonspecificity, many other
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aromatic compounds, including aromatic hydrocarbons, are also degraded by
ligninolytic enzymes. White-rot fungi that have been selected for the degradation
of aromatic pollutants include Phanerochaets, Bjerkandera, and Trametes spp.
(53, 100). Similarly to lignin and despite that mineralization has been reported in
certain cases, aromatic hydrecarbons are only degraded by co-metabolism.

Three different types of enzymes are principally involved in the ligninolytic
system: glycosylated heme-containing lignin peroxidases (LiP), Mn-dependent
peroxidases (MnP), and copper-containing phenol-oxidizing laccases (Lac). In
the presence of endogenously formed HxO», LiP oxidizes veratryl alcohol, an
endogenously generated low-molecutar mass redox mediator, which in turn
carmies out one-electron oxidations of non-phenolic aromatics to form aryl cation
radicals. These radicals initiate a chain of random oxidative chemical reactions
that result in a variety of aliphatic and aromatic products (106). MnP performs an
H,0z-dependent oxidation of Mn®** to Mn*" that oxidizes phenolic compounds.
Lac also generates radicals from different low-molecular mass redox mediators in

an HzOz-independent reaction.

Depolymerization of lignin results in monomeric products, usually phenols,
aromatic acids, and their methoxylated or reduced analogues. The latter
compounds have a higher water-solubility and are catabolized intracellularly by a
wider diversity of fungi, mainly soil saprobes (24). Assimilation of these aromatics
oceurs through two successive hydroxylations of the aromatic structure previous
to the ring fission via dioxygenases. The microbial cleavage of the aromatic ring
can take place either at the ortho or the meta position. However, only the ortho-
fission has so far been reported for fungi.



16 Growth of fungi on aromatic hydrocarbons

2.4 Substituted aromatic hydrocarbons

Two types of oxidative reactions are known in bacteria for the assimilation of n-
alkylbenzenes: (i) the oxidation of the aromatic ring to form alkyl-catechols and
(i) the oxidation of the alkyl substituent to form aromatic carboxylic acids, which
are then dihydroxylated to catechols (57). Assimilation of n-alkylbenzenes has
also been described in some fungi capable of growth on n-alkanes {Beauveria,
Verticillium, Paecilomyces, and Penicillium spp.) that were isolated from oil-
poliuted environments (52). Minimum side-chain lengths from Cs4 to Cs,
depending upon strains, were required for growth. More recently, additional
fungal strains were isolated, which were capable of utilizing alkylbenzenes with
shorter side-chains {37, 133). In these studies, metabolism of alkylbenzenes was
initiated at the alkyl group up to the formation of aromatic acids, which were
eventually assimilated.
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CHAPTER 3

Isolation and characterization of fungi
growing on volatile aromatic hydrocarbons

as their sole carbon and energy source
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3.1 Introduction

Aromatic hydrocarbons like benzene, toluene, ethylbenzene and the xylene
isomers {collectively known as BTEX)} are among the most abundant components
from the water soluble fraction of crude oil and refined fuels. Moreover, these
compounds are used on a large scale as solvents and for the production of a
range of chemicals (72, 122). Besides being relatively water soluble, BTEX
compounds are also volatile. BTEX is present in the waste gas of industrial
processes and bioremediation works at oil-contaminated sites (6). Due to their
toxicity and recalcitrance, aromatic hydrocarbons are regarded as major
environmental pollutants and have been subject to stringent environmental

regulations (82).

The treatment of gas streams containing volatile pollutants by biofiltration
has been proposed as an alternative to other air pollution control technologies,
because investment and maintenance costs are relatively low (127). The
absence of a mobile water phase simplifies the reactor configuration and it
improves the mass transfer of hydrophobic substrates into the active biofilm,
where they are degraded. However, control of parameters that strongly affect the
microbial activity like pH, water activity and nutrient supply is difficult without free-
flowing water (95). Both fungi and bacteria are known to degrade aromatic
hydrocarbons (26). Fungi perform oxidation reactions as a prelude to the
detoxification and excretion of hydrocarbons, rather than using these compounds
as carbon sources for growth (32, 86). Interestingly, Hartmans et al. (81) isolated
two fungi able to grow on styrene as a sole carbon and energy source. One of
those strains, the yeast-like fungus Exophiala jeanselmei, was used successfully
for treating of styrene-polluted air in a biofilter (37, 39). More recently, the
deuteromycete Cladosporium sphaerospermum was isolated from a biofilter that
had been used to remove toluene from contaminated air. This fungus can use
toluene as the sole source of carbon and energy (133). These findings
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demonstrate that it is possible to isolate fungi that grow on aromatic
hydrocarbons, provided adeguate enrichment techniques are used. Compared to
most bacteria, fungi adapt more readily to adverse environmental conditions of
low moisture and low pH (31, 34, 118). Consequently, these environmental
factors are relevant for the specific enrichment of fungt.

The present report describes the use of enrichment techniques to isolate
fungi capable of growing on toluene. In addition, a broad range of fungi belonging
to the Basidiomycota, Zygomycofa and also deuteromycetes were screened for
their ability to grow on toluene. The new isolates were identified and
characterized in terms of their growth rates, substrate specificity and toluene
degradation kinetics. Emphasis was placed on the toluene assimilation
parameters of these fungi in comparison with bacteria.

3.2 Materials and methods

3.2.1 Enrichment and isolation of fungi growing on toluene

Three different enrichment techniques were performed; solid state-like batches,
air biofilters and liquid batch cultures. Soil or groundwater samples were used as

inoculum.

Solid state-like batches. Serum flasks (250 ml) were filled with 50 ml of perlite
granules. Prior to inoculation the perite was soaked with mineral medium (60).
Different unpolluted and BTEX-polluted soils (approx. 1 g) and water samples
(1 ml) were used as inocula. The flasks were closed with a cotton-woo! and
incubated in a desiccator at 30 °C. Toluene, xylenes, benzene, and naphthalene
were used individually as carbon sources. Substrates were supplied in the
gaseous phase from 5 % (v/v) solutions in dibutyl-phthalate. Naphthalene was
added directly in solid form. Humidity was set at 20 % rh using a salt solution
(140 g NaCi I'").
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Air biofilters. Four glass columns packed with perlite granules were used as
biofiiters. The filtér bed volume was 1 | in columns A and B and 2 | in columns C
and D. The perlite was previously saturated with mineral medium (38} and mixed
with soil from a gasoline station (50 g I'* perlite). Humidified air containing 0.1 to
0.55 mg I toluene was fed to the biofilters at a constant gas flow rate of 2001 h™".
The pH of the medium in columns A and C was initially set at 4.0 and in columns
B and D at 8.0. The influent gas for the biofilters A and B was humidified at 92 %
rh and for C and D at 97 % rh. All filters were operated at 25 °C.

Liquid cultures. Scil samples (approx. § g) were suspended in 100 ml of liquid
medium. Medium composition was (per liter demineralised water): (NH;4).SOq,
1 g MgS04.7H:0, 0.5 g; NaCl, 0.1 g; CaCl;, 0.1 g, KH:PO,, 087 g;
FeS04.7Hz0, 1 g, and 10 ml of mineral trace solution (135). Ground water
samples (100 ml) were incubated after adding the components of the mineral
medium. In both cases, glucose (0.3 g I'') was added as an additional carbon
source and the pH was adjusted at 5.5. Toluene was suppiied by disolving it in
dibutyl-phthalate (2 ml, 3 % v/v) from which it evaporated into the incubation
vessel. This solution was contained in an open vial attached to the rubber cap.
Flasks were incubated at 23 °C on a rotary shaker (130 rpm).

Fungi were isolated by washing samples of the support material or directly
from the liguid media. Dilutions from the resulting suspensions were plated and
incubated in a dessicator with toluene (3 or 5 % v/v in dibutyl phthalate). Pure
fungal cultures were obtained by subsequent transfers to fresh agar plates.
Medium composition and incubation temperatures during isolation were identical
to those used during enrichment.

3.2.2 Growth experiments on solid culture

260 Fungal strains (from the collection of LB Biotechnology, Kaiserslautern,
Germany) were screened for their ability to grow on mineral agar plates
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incubated under toluene vapours. The collection of fungi included 165 strains of
deuteromycetes and Zygomycota previously isolated from poliuted soils
(polycyclic aromatic hydrocarbons, chlorophenols and nitroaromatic compounds)
and 95 strains of Basidiomycota representing 80 genera. This second group
included white rot and non-white rot fungi frbm a broad range of habitats. Plates
were incubated at 23 °C in dessicators containing a toluene atmosphere (3 % viv
toluene solution in dibutyl phthalate). The composition of the mineral media used
in the agar plates was the same as in the enrichments with liquid cuftures (ses
above). Growth was assessed by comparing agar plates incubated with and

without toluene.

3.2.3 Growth experiments in liquid culture

Growth kinetics were characterised in 250 mi Boston flasks sealed with Teflon
Mininert valves (Phase Separations, Waddinxveen, The Netherands) o prevent
solvent evaporation. Each flask contained 25 ml of buffered (35 mM
K:HPO4/NaH:PQ4.2H,0, pH 7) mineral salts medium (60). Hydrocarbons were
added up to an initial concentration of 0.5 mM in the liquid media based on
reported water/air partition coefficients {2, 76). Substrates with a lower solubility
were added in excess up to 50 pmol. Glucose (50 ymol) was used for reference
purposes to assess growth on a readily biodegradable and non-inhibitory
substrate. Hydrocarbon toxicity was determined by comparing growth in the
presence of each pollutant with growth on glucose. Flasks were inoculated with a
spore suspension after substrate equilibration. Incubations were performed at 25
°C under static conditions unless stated otherwise. Flasks in which growth was
not observed were incubated for a minimum of four months. Growth was
evaluated by measuring the consumption of the volatile substrate and the
production of carbon dioxide in the headspace. Measurements were related to
standards with the same volume of liquid medium and gas phase as the
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incubated batches and known amounts of both the hydrocarbon and carbon
dioxide.

3.2.4 Preparation of fungal cell suspensions

Higher yields of toluene-grown mycelia were produced in 5 | Edenmeyer flasks
containing 0.5 | of mineral medium (60) and 0.02 % (w/v) of yeast extract.
Toluene was supplied via a 5 ml toluens solution (5 % v/v in dibutyl phthalate) as
described above. Flasks were incubated under shaken conditions for bne week
at 20 °C or 30 °C depending on the optimum for growth of each strain. The
mycelium was harvested by fiitration using filter paper, followed by washing and
resuspension in a potassium phosphate buffer solution (50 mM, pH 7.0). Yeast
cells were harvested and washed twice by centrifugation (10 000 rpm, r,y 8 cm,
for 10 min at 4 °C). Cell suspensions were stored at 4 °C until use for up to three
days.

3.2.5 Toluene degradation parameters

The rates of toluene degradation and mineralisation by fungal cell suspensions
were determined in 250 ml Boston bottles sealed with Teflon valves. At time zero
10 m! of cell suspension (approx. 8 g-dw 1"} and 2 pI of toluene were added,
resulting in a toluene concentration of 0.2 mM in the liquid phase. Flasks were
incubated at 30 °C under shaking conditions. Toluene consumption and carbon
dioxide production in the headspace were monitored during the following hours.
Carbon dioxide production was corrected for the endogenous respiration
determined in flasks incubated without toluene. All incubations were performed in
triplicate.

The effect of the toluene concentration on the oxygen consumption rate
was determined by using a biological oxygen monitor. The oxygen uptake by a 4
ml cell suspension was monitored for at least 5 min after the addition of 20 pl of a
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toluene stock solution in N,N-dimethylformamide. Oxidation rates were corrected
for the endogenous respiration rate. The addition of N,N-dimethylformamide had
no effect on the endogenous respiration. The oxygen consumption rate was
measured in triplicate up to a toluene concentration of 0.25 mM.

3.2.6 Analytical methods

Volatile hydrocarbons and carbon dioxide concentrations were determined by
injecting 100 ul head-space samples in a HP 6890 Series gas chromatograph
(Hewlett Packard). For the hydrocarbons, the stationary phase was a 10 % SE-
30 Chromosorb WMP column (Chrompack B.V. Middelburg, The Netherlands).
The carrier gas was nitrogen used at a flow of 1.9 ml min"'. The temperature of
the column and the flame ionisation detector was 110 and 300 °C respectively.
For carbon dioxide a Chrompack Poraplot Q column (Chrompack B.V.
Middelburg, The Netherlands) and a thermal conductivity detector were used.
Helium at a flow of 3.0 ml min™ was the carrier gas. The column and detector
temperatures were respectively set at 70 and 250 °C. Oxygen consumption was
measured in a Clark type oxygen electrode (Yellow Springs Instruments Co, Inc.,
Ohio). Dry weight was determined after drying cell suspensions for 24 h at 105
°C. The latter values were corrected for the salts contained in the suspension
buffer.

3.2.7 Chemicals

Hydrocarbons were obtained from Acros Organics (Geel, Belgium), Sigma-
Aldrich Chemicals (Steinheim, Germany), Jansen Chimica (Geel, Belgium), Lab-
Scan Ltd. (Dublin, Ireland) and Merck KGaA (Darmstadt, Germany). All
chemicals were of analytical grade.
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3.3 Results

3.3.1 Isolation and identification of the fungi

Three methods were employed for the selective enrichment of toluene-degrading
fungi in order to obtain a variety of strains. Scil and water samples of different
origin were enriched under conditions of low pH and/or water activity using solid
state-like batches, air biofillers and liquid cultures. Fungal growth was only
observed in incubations with material from BTEX-polluted sites. Fungi were
detected within one month from these sites using all three incubation methods.
Five straing, designated T1 to T5, were selected. Attempts to enrich for fungi able
to grow on xylenes, benzene, or naphthalene were unsuccessful. Additionally,
260 fungi from a culture collection were screened for their ability to grow under a
toluene atmosphere. None of the strains tested was abie to grow on toluene as a
sole carbon and energy source.

TABLE 3.A: Enrichment conditions and identification of the isolated fungal strains growing on
toluene

. Enrichment - Fungus
f | .
Source of inoculum Technique Conditions Code Identification (strain numbar)
BTEX polluted soil Solid state- pH=7.0 T1 Cladophialophora sp.°
{Bennekom, The Netherlands) like batch rh =90 % (CBS 110513, ATCC MYA-2335)
Gasoline station soil Air biofilter pH=4.0 T2 Cladophiaiophora sp."
(Apeldoorn, The Netherlands) th =97 % (CBS 110551, ATCC MYA-2336)

T3 Pseudeurotium zonatum
sporothrix-like anamorph
(CBS 110552, ATCC MYA-2337)

BTEX polluted soil and water Liquid pH=55 T4 Exophiala sp.?

(Brandenburg,Germany) culture (CBS 110555}
T5 Leptodontidium sp.®

{CBS 110554)

* Conclusive identification at genus level, further identification not possible
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FIGURES 3.1 - 3.6: Photographs of fungi grown on toluene (bar = 10 um). FIG. 3.1
Conidiophores of Cladosporium sphaerospermum T0. FIG. 3.2. Conidiophores of
Ciadophialophora sp. T1. FIG. 3.3, Conidial chain of Cladophialophora sp. T2. FIG. 3.4
Sporothrix-like anamorph of Pseudeurotium zonatum T3. FIG. 3.5. Conidiophore of
Leptodontidium sp. T5. FIG. 3.6. Yeast-like growth of Exaphiala sp. T4 with budding cells
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The isolates from BTEX-polluted sites were identified by the
Centraalbureau voor Schimmselcultures {(CBS), Utrecht (Table 3.A) as
hyphomycetes except for T3 for which both the telsomorph, Pseudeurotium
zonatum and a sporothrix-like anamorph were observed. Ascomata of this fungus
were produced on complex agar and on mineral agar with toluene. The
previously isolated fungus Cladosporium sphaerospermum, here abbreviated as
TO, was included in the present investigation. The morphological characteristics
of the isolates are shown in Figs 3.1 - 3.6.

50 300

12580

200

1150

Toluene (pmol)
(lowrl) 200

r 100

50

Time (d)

FIGURE 3.7: Toluene degradation (0} and CO; production (O) by €. spheerospermum
growing on toluene at 30 °C. The inset presents the exponential decrease of toluene
and increase of CO; plotted on a logarithmic scale
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3.3.2 Growth experiments

The ability of the fungal strains TO — T6 to grow on toluene was further
investigated in static submerged cultures. The time course of toluene
consumption and carbon dioxide production was followed. After a lag-phase of &
to 10 days all fungi grew at an apparently constant specific rate until the complete
depletion of toluene, as determined from the patterns of substrate utilisation and
carbon dioxide production. More than 60 % of the carbon-substrate was
recovered as carbon dioxide and 3 - 4 mg-dw of cells were formed. Considering
that 26 g-dw of biomass contains about 1 mol of carbon (123), the biomass yield
accounted for about the 30 — 40 % of the carbon-substrate. Fig. 3.7 shows as an
example of the link between the toluene degradation and growth for C.
sphaerospermum. Nutrient supplementation of the medium with traces of yeast
extract (0.01 % w/v) was essential for the growth of the strain Cladophialophora
sp. T2. The effect of temperature on the fungal growth is shown in Table 3.B.
These results revealed that the fungi differed in their optimum growth
temperatures. Pseudeurotium sp. T3 and Leptodontidium sp. T5 showed good
growth at 20 °C but little or no growth at temperatures higher than 30 °C. In
contrast, the Cladophialophora strains T1 and T2 grew better in the range of 30
to 37 °C.

TABLE 3.B: Influence of ternperature on the rate coefficient of carbon dioxide preduction
measured in day ~ for fungi growing on toluene (n > 5, r* > 0.96)
Temperature (°C)

Fungus 20 25 30 37

Cladosporium sphaerospermum T) <0.10 0.21% 0.48 0.16
Cladophialophora sp. T1 0.24 0N 0.40 039
Cladophialophora sp. T2 ° 0.22 0.21 0.56 0.65
Pseudeurotium zonaium T3 027 0.22 .12 -
Exophiala sp. T4 0.28 0.36 0.40 -
Leptodontidium sp. T5 0.34 033 0.13 -

?# Mineral medium supplemented with yeast extract (0.01 % wiv)
- No growth
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The substrate range of the fungi was evaluated using different
hydrocarbons as the sole source of carbon and energy (Table 3.C). Besides
toluene, ethylbenzene and styrene were used as growth substrates by C.
sphaerospermum TQ and Cladophialophora sp. T1. These strains also grew on
the oxygenated aromatic compounds phenol and cresols {data not shown).
Ethylbenzene was also assimilated by Exophiala sp. T4. Benzene, naphthaleng
and xylenes did not support growth of any of the fungi. Furthermore, growth on
glucose was inhibited by the addition of 2-methylnaphthalene and, in some fungi,
by naphthalene exposure. The latter result indicated that these compounds were
toxic when saturating the liguid media. The aliphatic hydrocarbons n-decane and
n-hexane served as growth substrates for some of the fungi. Nevertheless, they
were catabolized at much lower rates and growth was characterized by low

carbon dioxide recoveries.

TABLE 3.C: Rate coefficient of carbon dioxide production, measured in day ™ at 25 °C, for the
_growth of fungi on different hydrocarbons added up to 0.5 mM (n > 5, riz0.98)
Fungus (strain code)
Substrate TO T1 T2 T3 T4 T5

Toluene 0.21 0.31 0.21 0.22 0.36 0.33
Ethylbenzene <0.10 0.28 - 0.28 -
Styrene <0.10 0.29 - -
o-Xylene - -
m-Xylene B
p-Xylene
2-Methylnaphthalene
Benzene
Naphthalene
Cyclohexane
n-Hexane

n-Decane

Glucose

WH « ¢ v ¢ X v

BH oy X o X 0o v
~NH « 00 X s

- H s o X 0 X
OHHBHH X
<
=23

4
=]
-
-

0.72

o
(5
l=
~

* Mineral media supplemented with yeast extract (0.01 % wiv)
z Poor growth, - No growth, x Toxic
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3.3.3 Kinetics of toluene degradation

Table 3.D summarizes different parameters for toluene degradation in whole cell
suspensions. No biodegradation activity could be measured in strains T3 and T5.
Apparently, the latter strains lost their degradation activity during the harvesting
procedures. Substrate affinity and toxicity were evaluated from the oxygen
consumption rates at different toluene concentrations (data for C.

sphaerospermum are shown in Fig. 3.8).
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FIGURE 3.8: Kinetics of toluene oxidation by C. sphaerospermum. The data are
presented as a direct plot and as a Lineweaver-Burk linearisation (inset). Error
bars show standard deviations

These data were fitted to the Michaelis-Menten model and the apparent K, was
calculated from the Lineweaver-Burk plot. Oxidation rates progressively
decreased at toluene concentrations higher than 1 mM, indicating that toxic
levels were reached. Substrate concentrations causing 50 and 80 % of inhibition
(IC) relative to the maximum measured rate for oxygen consumption were

calculated by extrapolation.
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TABLE 3.D: Toluene degradation kinetics by toluene-grown fungal ceils. Specific rates are
given in umol g dry-wt "' h" at 30 °C (n 2 6, r* 2 0.95)

Fungus (strain code)

Parameler TO T1 T2 T4
Specific rates *

Toluene degradation 7470 81+40 74 1+ 60 25130

CO; production b 292+12 174 +15 2271658 94 + 14

Transient C-CO; recovery (%) 56 31 44 53
Oxidation kinetics

Max. O, consumption rate ®* 353+31 73460 15411 56112

Ken (uM) ¢ 22 12 5 6
Inhibitory concentration {mM}

50 % I1C 29 3.7 35 24

80 % IC 43 43 47 24

* Toluene added up to 0.2 mM

® Corrected for the endogenous respiration

¢ Measured value

“ From the Lineweaver-Burk plot (n 2 8, ris 0.98)

3.4 Discussion

The present paper gives a description of the isolation and characterisation of five
fungal strains which are able to grow on toluene as their sole carbon and energy
sources. The fungi belong to the following genera: Cladophialoptiora, Exophiala,
Pseudeurotium (anamorph sporothrix-like) and Lepfodontidium. Previously,
Exophiala and Sporothrix species assimilating styrene were isolated from
biofilters used in the treatment of air polluted with styrene (38). Exophiala has a
high taxonomic affinity with Cladophialophora (45). Consequently, with the
exception of Leptodontidium sp. T5, the new isolates are related to fungi already
known to grow on aromatic hydrocarbons. The latter suggests that contrary to the
cometabolism of arematic hydrocarbons, which is widespread among fungi (28),
the ability to use these compounds as growth substrates might be restricted to a

limited number of fungal genera.




3. Isolation of fungi 33

It is interesting to contemplate why, until recently, no fungi have been
described with the capacity to grow on aromatic hydrocarbons. The lack of
information about hydrocarbon-assimilating fungi may be attributed to the fact
that traditional sealed flask enrichments tend to select bacteria rather than
slower-growing fungi (31, 34). Nevertheless, our results demonstrate that it is
possible to select for fungi by using appropriate enrichment technigues.
Interestingly, when enrichments were performed in liquid media, fungi
preferentially grew as biofilms attached to the glass walls at the water/air
interface. In fact, the development of fungi was effectively favoured in solid state-
like fermentations, which might result from their ability to grow under conditions of
limited water and nutrient availability. Using an inoculum that originated from a
toluene-poliuted site increased the chance of obtaining toluene-degrading fungi.
Most likely, the polluted soil matrix was already enriched in toluene utilizing fungi.

Due to the inhomogeneous biomass of filamentous fungi, fungal growth is
generally correlated to the respiration activity (118). Here we used the rate
coefficient of carbon dioxide production (value that was very similar to the rate of
substrate utilisation, Fig. 3.1} as an estimate of the specific growth rate. The
substrate contribution to maintenance however can not be neglected in slow-
growing organisms (123). Therefore, the specific growth rates of our fungal
isolates are expected to be lower than the respiration rates given in Tables 3.B
and 3.C. From these results it is clear that the fungi grew on toluene with
doubling times of at least 2 to 3 days in contrast to their bacterial counterparts,
which exhibit doubling times of only 1 to 3 hours (33, 79, 85). The white colony
forming strains Pseudsurofium sp. T3 and Leptodontidium sp. TS5 showed poor
growth at temperatures of 30 °C. These fungi also lacked degradative activity in
washed mycelia. Loss of activity after harvest has been observed in other

hydrocarbon-growing fungi (58}.

Some of the fungi were also able to assimilate ethylbenzene, and styrene.
The substrate specificity was strain or species specific as shown for the two






