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Isolation and characterisation of fungi growing on volatile
aromatic hydrocarbons as their sole carbon and energy source

Francesc X. PRENAFETA-BOLDUI, Andrea KUHN?, Dion M. A. M. LUYKX?', Heidrun ANKE?,

Johan W. van GROENESTIJN? and Jan A. M. de BONT*

! Division of Industrial Microbiology, Wageningen University, P.O. Box 8129, 6700 EV Wageningen, The Netherlands.
2 Institute of Biotechnology and Drug Research, Erwin-Schrodinger Str. 56, 67773 Kaiserslautern, Germany.

3 Department of Environmental Biotechnology, TNO Institute of Environmental Sciences, Energy Research and Process Innovation, P.O. Box 342,

Apeldoorn, The Netherlands.

4 Friesland Coberco Dairy Foods, Corporate Research, P.O. Box 87, 7400 AB Deventer, The Netherlands.

E-mail: Francesc.Prenafeta(@imb.ftns.wau.nl

Received 2 May 2000; accepted 25 September 2000.

Five fungal strains that are able to grow on toluene were isolated from enrichment cultures. Three different techniques were used:
solid state-like batches, air biofilters and liquid cultures. Fungal growth in the latter systems was favoured by combining low pH and
low water activity. Soil and groundwater samples from gasoline-polluted environments were used as inocula. The isolates were
identified as deuteromycetes belonging to the genera Cladophialophora, Exophiala and Leptodontium and the ascomycete Pseudeurotium

zonatum. The previously isolated toluene-degrading fungus Cladosporium sphaerospermum was included in the present study. Results

showed that fungi grew on toluene with doubling times of about 2 to 3 days. Some of the strains also grew on ethylbenzene and
styrene. The apparent half-saturation constant (K,) for toluene oxidation ranged from 5 to 22 pM. Degradation activity was inhibited
by 50% at toluene concentrations ranging from 2.4 to 4.7 mm. These kinetic parameters are comparable to analogous data reported
for toluene-degrading bacteria. The ability of fungi to grow at low water activities and low pH suggest that they may be used for
the purification of gas streams containing aromatic hydrocarbons in air biofilters.

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 (Lee, Craig & Smith 1974,
Swoboda-Coldberg 1995). Besides being relatively water
insoluble, BTEX compounds are also volatile. BTEX is present
in the waste gas of industrial processes and bioremediation
works at oil-contaminated sites (Atlas & Cerniglia 1995). Due
to their toxicity and recalcitrance, aromatic hydrocarbons are
regarded as major environmental pollutants and have been
subject to stringent environmental regulations (Mehlman
1992).

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 (van Groenestijn &
Hesselink 1993). 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
(Ottengraf 1986).

Both fungi and bacteria are known to degrade aromatic
hydrocarbons (Cerniglia 1984). Fungi perform oxidation
reactions as a prelude to the detoxification and excretion of
hydrocarbons, rather than using these compounds as carbon
sources for growth (Cerniglia, White & Heflich 1985,
Miincnerova & Augustin 1994). Interestingly, Hartmans, van
der Werf & de Bont (1990) 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
(Cox & Doddema 1996, Cox et al. 1997). 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 (Weber, Hage & de Bont 1995).
These findings demonstrate that it is possible to isolate fungi
that grow on aromatic hydrocarbons, provided adequate
enrichment techniques are used. Compared to most bacteria,
fungi adapt more readily to adverse environmental conditions
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of low moisture and low pH (Cooney 1984, Cerniglia,
Sutherland & Crow 1992, Smits ef al. 1998). Consequently,
these environmental factors are relevant for the specific
enrichment of fungi.

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,
Zygomycota, and also deuteromycetes were screened for their
ability to grow on toluene. The new isolates were identified
and characterised 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.

MATERIALS AND METHODS
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 perlite was soaked with
mineral medium (Hartmans & Tramper 1991). Different
unpolluted and BTEX-polluted soils (approx. I g) and water
samples (I ml) were used as inocula. The flasks were closed
with a cotton-wool 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 90% rh using a salt solution (140 g NaCl 1I").

Air biofilters

Four glass columns packed with perlite granules were used as
biofilters. The filter bed volume was 1 1in columns A and B and
21in columns C and D. The perlite was previously saturated
with mineral medium (Cox et al. 1993) and mixed with soil
from a gasoline station (50 g I™' perlite). Humidified air
containing 0.1 to 0.55 mg 17" 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 °.

Liguid cultures

Soil samples (approx. 5 g) were suspended in 100 ml of liquid
medium. Medium composition was (per liter demineralised
water): (NH,),SO,, 1 g; MgSO,.7H,0, 0.5 g; NaCl, 0.1 g;
CaCl,, 0.1 g; KH,PO,, 0.87 g; FeSO,.7H,0, 1 g, and 10 ml
of mineral trace solution (Wedding & Kentrick 1959). Ground
water samples (100 ml) were incubated after adding the
components of the mineral medium. In both cases, glucose
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(0.3 g I"") was added as an additional carbon source and the
pH was adjusted at 5.5. Toluene was supplied by dissolving
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 ° on a rotary shaker (130 rpm).

Fungi were isolated by washing samples of the support
material or directly form the liquid 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.

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 incubated under toluene vapours.
The collection of fungi included 165 strains of deuteromycetes
and Zygomycota previously isolated from polluted soils
(polycyclic aromatic hydrocarbons, chlorophenols and nitro-
aromatic compounds) and 95 strains of Basidiomycota repre-
senting 80 genera. This second group included white rot and
non-white rot fungi from a broad range of habitats. Plates
were incubated at 23 ° in dessicators containing a toluene
atmosphere (3% v/v 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 cultures (see
above). Growth was assessed by comparing agar plates
incubated with and without toluene.

Growth experiments in liquid culture

Growth kinetics were characterised in 250 ml Boston flasks
sealed with Teflon Mininert valves (Phase Separations,
Waddinxveen, The Netherlands) to prevent solvent evap-
oration. Each flask contained 25 ml of buffered (35 mm
K,HPO,/NaH,PO,.2H,0, pH7) mineral salts medium
(Hartmans & Tramper 1991). Hydrocarbons were added up to
an initial concentration of 0.5 mM in the liquid media based on
reported water/air partition coefficients (Mackay & Shiu
1981, Amoore & Hautala 1983). Substrates with a lower
solubility were added in excess up to 50 pmol. Glucose (50
pmol) was used for reference purposes to assess growth on a
readily biodegradable and non-inhibitory substrate. Hydro-
carbon 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 ° 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 incubated
batches and known amounts of both the hydrocarbon and
carbon dioxide.
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Table 1. Enrichment conditions and identification of the isolated fungal strains growing on toluene.

Fungus
Enrichment

Source of inoculum technique Conditions Code Identification
BTEX polluted soil Solid state-like batch pH=7.0 T1 Cladophialophora sp.

(Bennekom, The Netherlands) rth =90%
Gasoline station soil Air biofilter pH=4.0 T2 Cladophialophora sp.

(Apeldoorn, The Netherlands) th=97% T3 Sporothrix-like (anamorph)

Pseudeurotium zonatum (teleomorph)

BTEX polluted soil /water Liquid culture pH=5.5 T4 Exophiala sp.

(Brandenburg, Germany) T5 Leptodontium sp.

@ Conclusive identification at genus level, further identification not possible.

Preparation of fungal cell suspensions

Higher yields of toluene-grown mycelia were produced in 5 |
Erlenmeyer flasks containing 0.51 of mineral medium
(Hartmans & Tramper 1991) and 0.02% (w/v) of yeast
extract. Toluene was supplied via a 5 ml toluene solution
(5% v/v in dibutyl phthalate) as described above. Flasks were
incubated under shaken conditions for 1 week at 20° or 30°
depending on the optimum for growth of each strain. The
mycelium was harvested by filtration 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 (10000 rpm,
7, 8 cm, for 10 min at 4 °). Cell suspensions were stored at 4 ©
until use for up to three days.

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 10ml of cell
suspension (approx. 8 g DW ™) and 2 pl of toluene were
added, resulting in a toluene concentration of 0.2 mm in the
liquid phase. Flasks were incubated at 30° under shaking
conditions. Toluene consumption and carbon dioxide pro-
duction 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 ul of
a 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.

Analytical methods

Volatile hydrocarbons and carbon dioxide concentrations
were determined by injecting 100 pl 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, 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° respectively. For carbon
dioxide a Chrompack Poraplot Q column (Chrompack
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 wee
respectively set at 70 and 250 °. Oxygen consumption were
measured in a Clark type oxygen electrode (Yellow Springs
Instruments, Ohio). Dry weight was determined after drying
cell suspensions for 24 h at 105 °. The latter values were
corrected for the salts contained in the suspension buffer.

Chemicals

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

RESULTS
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.
Soil and water samples of different origin were enriched under
conditions of low pH and/or water activity using solid state-
like batches, air biofilters 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 strains,
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 able to grow on
toluene as a sole carbon and energy source.

The isolates from BTEX-polluted sites were identified by
the Centraalbureau voor Schimmelcultures (CBS), Utrecht
(Table 1) as hyphomycetes except for T3 for which both the
teleomorph, Pseudeurotium zonatum and a Sporothrix-like ana-
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Figs 1-6. Photographs of fungi grown on toluene (bar = 10 um). Fig. 1. Conidiophores of Cladosporium sphaerospermum TO. Fig. 2.
Conidiophores of Cladophialophora sp. T1. Fig. 3. Conidial chain of Cladophialophora sp. T2. Fig. 4. Sporothrix-like anamorph of
Pseudeurotium zonatum T3. Fig. 5. Conidiophore of Leptodontium sp. Fig. 6. Yeast-like growth of Exophiala sp. T4 with budding cells.
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Fig. 7. Toluene degradation and CO, production by C. sphaero-
spermum growing on toluene at 30 °C. The inset presents the
exponential decrease of toluene and increase of CO, plotted on a
logarithmic scale.

Table 2. Influence of temperature on the rate coefficient of carbon dioxide
production (in day~?) for fungi growing on toluene (n < 5, r* < 0.98).

Temperature (°C)

Fungus 20 25 30 37
Cladosporium sphaerospermum TO <0.10 021 048 0.16
Cladophialophora sp. T1 0.24  0.31 0.40 0.39
Cladophialophora sp. T2¢ 0.22 021 056  0.65
Pseudeurotium sp. T3 0.27 0.22 012 —
Exophiala sp. T4 0.28 0.36 040 —
Leptodontium sp. T5 034 033 013 —

® Mineral media supplemented with yeast extract (0.01% w/v).
— No growth.

morph 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 1-6.

Table 3. Rate coefficient of carbon dioxide production (in day~?) for the growth of fungi on different hydrocarbons added up to 0.5 mm (n

0.98). Incubations were performed at 25 °C.

481

Growth experiments

The ability of the fungal strains TO-T5 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 5 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 (Tijhuis, van Loosdrecht & Heijnen 1993), the
biomass yield accounted for about the 30—40% of the carbon
substrate. Fig. 7 shows as an example of the link between the
toluene degradation and growth for Cladosporium sphaero-
spermum.

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 2. These results revealed
that the fungi differed in their optimum growth temperatures.
Pseudeurotium sp. T3 and Leptodontium sp. T5 showed good
growth at 20° but little or no growth at temperatures higher
than 30°. In contrast, the Cladophialophora strains T1 and T2
grew better in the range of 30 to 37°.

The substrate range of the fungi was evaluated using
different hydrocarbons as the sole source of carbon and
energy (Table 3). Besides toluene, ethylbenzene and styrene
were used as growth substrates by C. sphaerospermum TO
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, naphthalene 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 liquid

<5<

Fungus
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 — — — —
o0-Xylene — — — — — —
m-Xylene — — — — — —
p-Xylene — — — — — —
2-Methylnaphthalene X X x X X X
Benzene — — — — — —
Naphthalene X - X — — —
Cyclohexane — + — — — —
n-Hexane — + — — — —
n-Decane + + + + + —
Glucose 0.31 0.79 0.64 0.67 1.19 0.72

“ Mineral media supplemented with yeast extract (0.01% w/v).
+, Poor growth; —, no growth; x, toxic.
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Table 4. Toluene degradation kinetics by toluene-grown fungal cells. Specific rates are given in umol g DW-h=! at 30 °C (n < 6, r* < 0.95).

Fungus
Parameter To T1 T2 T4
Specific rates®
Toluene degradation 7447 81+4 74 4 6f 2543
CO, production” 292+12 174415 227458 94+ 14
Transient C—CO? recovery (%) 56 31 44 53
Oxidation kinetics
Max. O, consumption rate”* 353431 73+ 6 154+ 11 56+12
K, (M) 22 12 5 6
Inhibitory concentration (mM)
50% IC 2.9 3.7 3.5 2.1
80% IC 4.3 4.3 4.7 2.4
® Toluene added up to 0.2 mM.
v Corrected for the endogenous respiration.
¢ Measured value.
¢ From the Lineweaver-Burk plot (n < 8, r < 0.98).
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Fig. 8. Kinetics of toluene oxidation by Cladosporium sphaerospermum.
The data are presented as a direct plot and as a Lineweaver-Burk
linearisation (inset). Error bars show standard deviations.

media. The aliphatic hydrocarbons n-decane and n-hexane
served as growth substrates for some of the fungi.
Nevertheless, they were catabolised at much lower rates and
growth was characterised by low carbon dioxide recoveries.

Kinetics of toluene degradation

Table 4 summarises different parameters for toluene degra-
dation in whole cell suspensions. No biodegradation 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 Cladosporium sphaerospermum are
shown in Fig. 8). These data were fitted to the Michaelis—
Menten model and the apparent K, was calculated form the
Lineweaver—Burk plot. Oxidation rates progressively de-
creased at toluene concentrations higher than 1 mu, 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.

This paper gives a description of the isolation and charac-
terisation 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: Cladophialophora, Exophiala,
Pseudeurotium (anamorph Sporothrix-like) and Leptodontium.
Previously, Exophiala and Sporothrix species assimilating
styrene were isolated from biofilters used in the treatment of
air polluted with styrene (Cox ef al. 1993). Exophiala has a high
taxonomic affinity with Cladophialophora (de Hoog et al.
1995). Consequently, with the exception of Leptodontium 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 aromatic hydrocarbons,
which is widespread among fungi (Cerniglia ef al. 1978), the
ability to use these compounds as growth substrates might be
restricted to a limited number of fungal genera.

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 (Cooney 1984, Cerniglia ef al. 1992).
Nevertheless, our results demonstrate that it is possible to
select for fungi by using appropriate enrichment techniques.
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 fermen-
tations, which might result from their ability to grow under
conditions of limited water and nutrient availability. Using an
inoculum that originated from a toluene-polluted site increased
the chance of obtaining toluene-degrading fungi. Most likely,
the polluted soil matrix was already enriched in toluene
utilising fungi.

Due to the inhomogeneous biomass of filamentous fungi,
fungal growth is generally correlated to the respiration
activity (Smits ef al. 1998). Here we used the rate coefficient
of carbon dioxide production (value that was very similar to
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the rate of substrate utilisation; Fig. 1) as an estimate of the
specific growth rate. The substrate contribution to maintenance
however can not be neglected in slow-growing organisms
(Tijhuis ef al. 1993). Therefore, the specific growth rates of our
fungal isolates are expected to be lower than the respiration
rates given in Tables 2 and 3. From these results it is clear that
the fungi grew on toluene with doubling times of at least 2—3
days in contrast to their bacterial counterparts, which exhibit
doubling times of only 1-3 hours (Chang, Voice & Criddle
1993, Mirpuri, Jones & Bryers 1997, Mars ef al. 1998). The
white colony forming strains Pseudeurotium sp. T3 and
Leptodontium sp. T5 showed poor growth at temperatures of
30 °. These fungi also lacked degradative activity in washed
mycelia. Loss of activity after harvest has been observed in
other hydrocarbon-growing fungi (Hardison ef al. 1997).

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 Cladophialophora isolates T1 and
T2, of which only T1 grew either on styrene or ethylbenzene.
The same is true for the Exophiala strains. Our isolate Exophiala
sp- T4 was not able to grow on styrene under the test
conditions, contrary to the previously studied E. jeanselmei,
which assimilated styrene but did not grow on toluene (Cox
et al. 1996). The fact that unsubstituted aromatic hydrocarbons
did not support growth of any strains suggests that the alkyl
side-chain plays an important role in the catabolism of the
aromatic structure. Nevertheless, the presence of a second
side-chain (e.g. in the xylenes) or an additional fused aromatic
ring (e.g. in 2-methylnaphthalene) apparently prevents the
catabolism of the methylbenzene structure. In spite of its low
solubility in water (0.18 mm according to Mackay & Shiu
1981), 2-methylnaphthalene was toxic to all the fungi studied.
Naphthalene and its methylated analogues are also highly
toxic towards invertebrates (Boylan & Tripp 1971, Anderson
ef al. 1974). In contrast to the aromatic substrates, aliphatic
hydrocarbons were poorly utilised. In agreement with our
results, low growth rates and biomass yields were obtained in
previous studies with filamentous fungi growing on n-alkanes
(Siporin & Cooney 1975, Lindley ef al. 1986).

Fungi might be well suited for the treatment of air streams
in biofilters, where acidification and drying of the filter bed are
likely to occur. In order to avoid clogging problems these
systems are ideally operated without net growth, which is the
case when the substrate supply equals the energy requirements
for maintenance of the biofilm. Since the maintenance
coefficient in both types of microorganisms, fungi and bacteria,
are known to be comparable (Tijhuis ef al. 1993), the use of
bacteria may not be especially advantageous in terms of
specific activity for toluene degradation under growth-limited
conditions. The biodegradation rates measured with fungal
cells (Table 4) were of the same order of magnitude as the
rates of toluene assimilation measured in a non-growing fed-
batch culture of the bacterium Burkholderia cepacia G4 (22
pmol g™t h™! at 28°; Mars ef al. 1996). Fungi were found to
be comparable to bacteria in relation to the substrate affinity
and toxicity for toluene. The apparent K, measured in fungal
cell suspensions, as determined from the overall toluene
oxidation (Table 4), fell into the range of reported Monod
constants for toluene degradation by Pseudomonas species (0.4
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to 43.3 uMm; Change ef al. 1993, Mirpuri ef al. 1997, Mars ef al.
1998). Furthermore, the 50% IC values measured for fungi are
similar to those reported for most aerobic bacteria, but remain
well below the values for solvent-tolerant bacteria (Blum &
Speece 1991, Weber, Schemen & Hartmans 1995, de Bont
1998).

In summary, the newly isolated fungi combine the
propensity of many fungi to grow at low water activities and
in acidic conditions with an ability to grow on aromatic
hydrocarbons. Therefore, the use of fungi in bioremediation
processes is very promising when microorganisms must
operate under harsh environmental conditions and when near-
zero net growth is preferred. Due to the rather narrow
substrate specificity of the fungi isolated in this study, their
application may be limited to the degradation of a number of
compounds that, however, are very important pollutants.
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