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Abstract Recently, several species of basidiomycetes
were shown to produce de novo high concentrations of
chloroaromatic metabolites. Since these lignocellulose-
degrading fungi play a major role in the ecosphere, the
purpose of this study was to determine the ubiquity of
organohalogen production among basidiomycetes.
A total of 191 fungal strains were monitored for ad-
sorbable organic halogen (AOX) production when
grown on defined liquid media. Approximately 50% of
the strains tested and 55% of the genera tested produc-
ed AOX. A low production of 0.1-0.5 mg AOX/1 was
observed among 25% of the strains, a moderate pro-
duction of 0.5-5.0 mg AOX/l was observed among
16% of the strains and 9% of the strains produced high
levels (5-67 mg AOX/1). The latter group was domin-
ated by species belonging to the genera Hypholoma,
Mycena and Bjerkandera, showing specific AOX pro-
ductions in the range 1074-30893 mg AOX/kg dry
weight of mycelial biomass. Many highly ecologically
significant fungal species were identified among the
moderate to high producers. These species were also
able to produce AOX when cultivated on natural lig-
nocellulosic substrates. Hypholoma fasciculare and
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Mycena metata respectively produced up to 132 mg
and 193 mg AOX/kg dry weight of forest litter substra-
te in 6 weeks.

Introduction

The occurrence of organohalogens in nature has gener-
ally been ascribed to anthropogenic activities (Amato
1993). Bulk parameters, like adsorbable organic halo-
gen (AOX), are used to monitor the extent of this type
of xenobiotic pollution in the environment. However,
the pool of AOX detected in unpolluted environments
was recently shown to be at least 300 times greater than
that which can be accounted for by anthropogenic
sources (Asplund and Grimvall 1991). Forest soil sam-
ples collected world-wide contain AOX concentrations
between 20 mg and 360 mg/kg dry weight soil.

Since AOX production was shown to take place
during the decay of forest litter (Asplund 1995), micro-
organisms responsible for degradation of lignocel-
lulosic debris are implicated. Basidiomycetes have been
recognized as the most ecologically significant group of
organisms responsible for lignocellulose decomposition
(Swift 1982). Furthermore, several basidiomycetes
are known to have the ability to synthesize de
novo organohalogen metabolites. Both chloromethane
(Harper 1985) and several types of chloroaromatic
metabolites, such as chlorinated anisyl metabolites (De
Jong et al. 1994), chlorinated hydroquinone metab-
olites (Hsu et al. 1971; Dominguez et al. 1972; Van Eijk
1975; Takahashi et al. 1993) and chlorinated orci-
nol metabolites (Okamoto et al. 1993), are produced
by wood- and litter-degrading basidiomycetes. How-
ever, the extent to which basidiomycetes contribute
to the natural pool of AOX in the environment is
unknown.

In this study, a screening for AOX production by
basidiomycetes in laboratory media was carried out to



determine whether the ability to produce organohalo-
gens is widespread among basidiomycetes. Ecologically
significant organohalogen-producing species were also
tested for AOX production on natural lignocellulosic
substrates.

Materials and methods

Microorganisms and culture conditions

Fungal strains were labelled according to their origin. The following
labels refer to culture collections: ATCC: American Type Culture
Collection, Rockville, Maryland, USA; CBS: Centraalbureau
voor Schimmelcultures, Baarn, The Netherlands; CZ: Culture Col-
lection of Basidiomycetes (CCBAS), Prague, Czech Republic;
CIMW: Culture Collection of Industrial Microbiology, Wageningen
Agricultural University, Wageningen, The Netherlands; MAD:
USDA Forest Product Lab., Madison, Wisconsin, USA; EBT: En-
vironmental Biotechnologies Inc., Menlo Park, California, USA;
IJFM: Centro de Investigaciones Biologicas, Consejo Superior de
Investigaciones Cientificas, Madrid, Spain; ANKE: H. Anke, De-
partment of Biotechnology, University of Kaiserslautern, Kaiser-
slautern, Germany; INRA: H.-E. Spinnler, Laboratoire de Recher-
ches sur les Aromes, Dijon, France. The following labels refer to
fungal strains isolated in the period 1992-1994 in The Netherlands:
WIJS, RHEN, ONO, BB, ITAL, BEN, OUDES, PW, ERF, WAG,
ARBOR, EPE, HD and DUUR. The following labels refer to fungal
strains isolated in 1994 in northern Spain: LAVEC and COFIN; and
in Germany: TRIER.

Fungal strains were maintained on two agar media. One of the
agar media contained (g/1): glucose - H,O 20.00 mycological peptone
(Oxoid Ltd., Basingstoke, Hampshire, UK) 5.00, yeast ex-
tract (Gibco BRL, Life Technology Ltd., Paisley, Scotland, UK)
2.00, KH,PO, 1.00, MgSO4-7H,0O 0.50, agar 15.00. The other
agar medium contained (g/l): glucose-H,O 5.00, malt extract
(Oxoid) 3.50, agar 15.00. Fungal cultures were stored at 4°C after
growth.

AOX screening

Fungal strains were grown in a medium with a high nitrogen con-
tent (50 mM N) supplied as peptone, according to Kimura et al.
(1990) containing (g/l): glucose-H,O 20.00, mycological
peptone (Oxoid) 5.00, yeast extract (Gibco BRL) 2.00, KH,PO, 1.00,
MgSO, - 7H,0 0.50, NaCl 0.06. They were also grown in a medium
with a low nitrogen content (2.2 mM N) according to Tien and Kirk
(1988), containing (g/1): glucose-H,O 10.00, ammonium tartrate
0.20, 2,2-dimethyl-succinic acid 2.92, KH,PO, 2.00, MgSO, - 7H,0
0.50, CaCl, 0.10, thiamine-HCl 2 mg and trace elements solu-
tion 1 ml/l. The composition of the trace elements solution was
(g/: MgSO4-7H,O 3.00, MnSO,-H,O 050, NaCl 1.00,
FeSO4-7H,O 0.10, CoCl,-6H,O 0.10, ZnSO,-7H,O 0.10,
CUSO4 . SHzo 010, H3BO3 001, N32M004 . 2H20 001,
A1K(SOy), - 12H,0 0.01, trisodium nitrilotriacetic acid 1.5. The
inorganic halide content of the peptone (high N) and mineral me-
dium (low N) were 97.8 + 0.9 (n = 6) and 70.4 + 0.6 (n = 6) mg/I,
respectively.

Medium (10 ml liquid volume) in a 100-ml serum bottle was
sterilized at 121°C for 30 min. Medium was inoculated with a plug
(diameter 5 mm), which was taken from an agar medium covered
with fresh mycelium of the fungal strain. Duplicate fungal cultures
were incubated in the dark at 25°C under an air atmosphere.
A duplicate set of sterile medium containing a sterile agar plug were
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incubated in parallel to the fungal cultures and were harvested as
controls at the time of AOX analysis. When the culture fluid was
covered by the mycelium (2—6 weeks), the culture fluid was harvested
for organohalogen determination. The measurement of AOX was
done according to the method described by the International Or-
ganization for Standardization (Anonymous 1989). After centrifu-
gation of the culture fluid at 13000 g, a subsample (5 ml) was added
to a mixture of 50 mg activated carbon and 20 ml demineralized
water. The mixture was shaken for 1h at 250 rpm. The activated
carbon, on which the organohalogens were adsorbed, was filtered
over a quartz frit and washed five times with 5 ml aqueous NaNO;
(5.4 g/1) supplemented with 0.4 ml nitric acid, and three times with
8 ml demineralized water. The activated carbon on the quartz frit
was placed in the combustion room of an AOX analyser (ECS 1600,
Euroglas Analytical Instruments, Delft, The Netherlands). The com-
bustion temperature used was 1000°C. Combustion of the activated
carbon with the adsorbed organohalogens produced volatile inor-
ganic halides, which were dried and cleaned-up by bubbling through
concentrated sulphuric acid. The volatile inorganic halides were
then measured in a microcolorimeter, which contained 75% acetic
acid as an electrolyte. The precision of the method was checked by
determination of AOX in standard solutions of 4-chlorophenol,
pentachlorophenol, 2-chloro-1,4-dimethoxybenzene, and 2,4,6-tri-
chlorophenol, ranging in concentrations from 0.8 mg to 25.6 mg
organochloride/l. The measured AOX concentrations in the stan-
dard solutions were within 10% of the theoretical concentrations.
The total halide concentration in a liquid medium was determined
by injecting medium (10-100 pl) directly into the microcolorimeter,
using a syringe.

Two criteria were used to determine whether a fungal strain was
an AOX-producing, positive strain. The first criterion was that the
average AOX concentration of duplicate determinations in fungal
cultures was at least twofold higher than the average AOX concen-
tration measured in the duplicate sterile controls, which were incu-
bated in parallel with the cultures. The second criterion was that the
lowest replicate of the fungal culture was higher than the highest
replicate of the controls. Only those strains passing both criteria on
at least one of the two media were considered as AOX-positive
strains. The minimum net production of AOX required to comply
with the criteria was found to be approximately 0.1 mg/1.

Specific AOX production

The specific production of AOX per weight of biomass was deter-
mined for 11 ecologically significant fungal strains. Each fungal
strain was incubated for 6 weeks at 25°C under an air atmosphere in
the two media described above. Fungal cultures, 10 ml liquid vol-
ume placed in 100-ml serum bottles, were incubated in quadrupli-
cate in the dark at 25°C under an air atmosphere. A quadruple set of
sterile media were incubated parallel to the fungal cultures and were
harvested as controls at the time of organohalogen analysis. After
6 weeks, the net AOX concentration as well as the fungal biomass
was determined. AOX concentrations were determined as described
above, whereas fungal biomass was determined by filtering the
biomass over a prewashed and tared GF-50 glass-fibre round filter
(Schleicher & Schuell, ’s-Hertogenbosch, The Netherlands), with
a pore size of 1 um, washing the biomass three times with 10 ml
demineralized water and drying the filter at 105°C for 24 h.

AOX production on natural substrates

Selected fungal strains were inoculated into media containing differ-
ent natural substrates. The media contained (g/l): beech (Fagus
sylvatica) wood 30, pine (Pinus sylvestris) wood 30, forest litter
[beech leaves 10, beech twigs 5, oak (Quercus robur) leaves 10, oak
twigs 57, hemp (Cannabis sativa) stem wood 30, or wheat (Triticum
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aestivum) straw 30. All substrates were dried and ground to a par-
ticle size of less than 0.5 mm before use. These media were auto-
claved at 121°C for 30 min prior to use. The water-soluble inorganic
halide contents of the beech wood medium, pine wood medium,
forest litter medium, hemp stem wood medium and wheat straw
medium after autoclaving were (mg/l) (n=3): 045+ 0.02,
1.28 +0.14, 58.7 + 0.3, 59.2 + 2.9 and 98.9 + 1.4 respectively. The
total inorganic halide concentrations of the beech and pine wood
media after a more extensive extraction (finer milling, below 0.5 mm,
and three consecutive 1-h autoclaving treatments at 121°C) were
453 +£2.5(n =3)and 73.4 + 9.6 (n = 3) mg halide/kg dry substrate,
respectively.

Fungal cultures of 10 ml liquid volume placed in 100-ml serum
bottles were incubated in quadruplicate in the dark at 25°C under an
air atmosphere. A quadruple set of sterile media were incubated
parallel to the fungal cultures and were harvested as controls at the
time of organohalogen analysis. After 6 weeks, the culture fluid was
harvested for AOX determination.

Effect of chloride content on AOX production

The most ecologically widespread AOX-positive fungal strain in The
Netherlands, Hypholoma fasciculare, was inoculated into media con-
taining ground (less than 0.5 mm) beech wood (30 g/l) to which
different amounts of chloride ranging from 0 to 405 mg/l were
added. The measured water-soluble inorganic halide concentrations
of the media after sterilization (121°C, 30 min) were (mg/1): 0.66, 1.14,
1.42,2.01, 3.63, 7.10, 15.5, 32.6, 69.2, 135.1 and 406.0, respectively.

Incubations of fungal cultures were done identically to those
described under AOX production on natural substrates.

Results
AOX screening

In total, 191 fungal strains belonging to 87 different
genera were tested for production of organohalogens in
both high-N and low-N media. The AOX-positive
strains producing a concentration of 0.2 mg AOX/1 or
more on at least one of the media are listed in Table 1.
Of all strains tested, 95 (49.7%) produced detectable
levels of AOX, of which 47 strains (24.6%) produced
AOX at concentrations between 0.1 mg/1 and 0.5 mg/1
(low producers), 30 strains (15.7%) produced AOX at
concentrations between 0.5 mg/l and 5.0 mg/l (moder-
ate producers), and 18 strains (9.4%) produced AOX at
concentrations between 5.0 mg/l and 66.9 mg/l (high
producers). Fungi belonging to the genera Hypholoma,
Bjerkandera and M ycena were found to be dominant
among the high producers of organohalogens. All Hy-
pholoma species tested produced concentrations of
AOX between 14 mg/l and 67 mg/l.

Strains with a very low net production between
0.1 mg and 0.2 mg AOX/I were as follows: Mycena
inclinata ITAL94.11, Calocybe gambosa TRIER94.1,
Hebeloma sp. DUURY94.54, Psathyrella fulvescens
WIIS94.31, Psathyrella conopilus CBS461.86, Baeo-
spora myosura ONQ93.3, Armillaria tabescens
ATCC62.537, Calocybe carnea WI1JS94.15, Collybia
peronata W1JS94.12, Pholiota destruens ARBOR94.1,

Clitocybe marginella 'WI1IS94.8, Fomitopsis meliae
EBT259, Mycena alcalina CBS489.79, Phlebia och-
raceofulva CBS142.75, Hebeloma sp. DUUR94.43,
Amanita muscaria WI1JS94.20, Fomes fomentarius
CIMW12.92, Serpula incrassata MADS563, Coprinus at-
ramentarius ANKES82022, Panaeolus sphinctrinus
WAGY4.2, Mycena niveipes ANKE77207, Gloeophyl-
lum  trabeum MADG617, Russula cyanoxantha
WI1JS94.17, Marasmius oreades BB94.5, and Laccaria
laccata ONO94 4.

Important examples of species that did not produce
detectable amounts of AOX in this study include
Phanerochaete chrysosporium, Trametes versicolor,
Ganoderma applanatum, Phlebia radiata, Ceriporiopsis
subvermispora, Stereum hirsutum, Paxillus involutus,
Piptoporus betulinus and T yromyces caesius.

Among the moderate to high AOX producers, 10
species may be regarded as having a high ecological
significance in The Netherlands in terms of broad geo-
graphical distribution and a high population density
within their habitats (Arnolds et al. 1995), as follows:
Hypholoma fasciculare, Bjerkandera adusta, Collybia
dryophila, Collybia butyracea, Gymnopilus sapineus,
Mycena galopus, Schizopora paradoxa, Mycena
galericulata, Armillaria mellea and Megacollybia platy-
phylla (see frequency class in Table 1).

Table 1 shows that the nitrogen content of the me-
dium had a great impact on the AOX production. The
concentrations of AOX were generally highest in the
medium with the high N content. However, many fungi
still produced appreciable levels of AOX in the medium
with the low N content.

Specific AOX production

The specific AOX productions per weight of dry my-
celial biomass for 11 ecologically significant AOX-pro-
ducing fungi are shown in Table 2. The specific produc-
tions in the medium with the high N content were
generally higher or equal to those in the medium with
the low N content, except for species belonging to the
genus Hypholoma, which had higher specific produc-
tions per dry weight of biomass in the low N medium
than in the high N medium. Species belonging to the
genus Hypholoma showed the highest specific produc-
tions. The AOX production in cultures of Hypholoma
elongatum in the low N medium was equal to about 3%
of the weight of the biomass.

AOX production on natural substrates

The AOX concentrations produced by fungal strains
inoculated into media containing different natural sub-
strates are given in Table 3. The table illustrates that
organohalogens were also produced in considerable



Table 1 Concentrations of
adsorbable organic halogens
(AOX) produced by
basidiomycetes in a medium
with a high nitrogen and

a low nitrogen content after
incubation for 2—6 weeks at
25°C. For every species the
FC (frequency class) in The
Netherlands is indicated,
based on identification in
5-km?2-grid blocks: 0, not
known from the Netherlands;
1, <0.2%; 2, 0.2%—-0.6%; 3,
0.6%-2%; 4, 2%—-5%; 5,
5%—10%; 6, 10%-25%; 7,
25%—-45%; 8, 45%—75%; 9,
75%—-100% of grid blocks
investigated, after Arnolds et
al. (1995). — no FC given
because species name is
unknown. The net AOX
production is the value
obtained after correction for
levels in sterile controls
incubated in parallel which
gave approximately
0.07-0.15 mg AOX/1. Values
are means of duplicate
determinations. ND not
detectable (detection limit was
approx. 0.1 mg/l); NM not
measured. Abbreviations of
strains and locations of the
culture collections are given
in Materials and methods
under Microorganisms and
culture conditions

Species Strain FC AOX concentration (mg/1
High-N medium Low-N medium
High producers
Hypholoma elongatum WI1JS94.28 6 66.95 32.35
Hypholoma elongatum CBS776.87 6 58.05 18.34
Mycena metata RHENO93.1 7 54.13 191
Hypholoma capnoides ONO93.7 7 28.53 22.12
Bjerkandera adusta BEUK47 WAG2.91 9 27.45 9.21
Hypholoma fasciculare RHEND93.5 9 16.46 10.36
Mycena epipterygia ITAL94.3 7 15.36 2.51
Hypholoma sublateritium WI1JS94.27 8 14.49 5.05
Hypholoma elongatum COFIN94.2 6 13.72 6.04
Phylloporia ribis TJFM(B7) 4 1291 ND
Bjerkandera sp. BOSS55 CIMW1.91 — 12.30 4.79
Peniophora pseudopini CBS162.65 0 10.87 4.14
Collybia sp. BBY%4.4 — 10.22 0.78
Stropharia aeruginosa CBS839.87 7 7.09 2.55
Mycena inclinata ITAL94.11 6 6.40 2.66
Pholiota squarrosa ONO93.6 7 6.07 0.89
Phellinus torulosus TJFM(BS) 1 5.83 0.71
Bjerkandera fumosa CBS152.79 8 5.22 3.08
Moderate producers
Phellinus fastuosus ATCC26.125 0 4.36 0.14
Pholiota adiposa BEN94.1 6 3.58 0.28
Ischnoderma benzoium CBS250.30 6 3.19 ND
Collybia dryophila WI1JS94.3 8 2.78 1.22
Clitocybe odora CBS512.87 6 2.64 1.03
Collybia butyracea OUDES93.1 8 2.60 0.96
Gymnopilus sapineus WI1JS94.10 8 1.98 0.47
Coprinus comatus PW94.9 8 1.91 ND
Mycena galopus ITALY94.4 8 1.86 ND
Schizopora paradoxa CBS319.53 8 1.83 0.81
Stropharia aeruginosa ERF9%.1 7 1.78 0.73
Pholiota aurivella ANKESB0256 6 0.95 143
Agaricus bisporus AH9%4.1 5 1.42 0.41
Bjerkandera adusta RHEN93.4 9 0.96 1.33
Mycena galericulata PW93.1 9 1.29 ND
Mycena galericulata WI1JS94.23 9 1.16 ND
Armillaria mellea INRAS7 6 1.15 0.80
Hericium erinaceus WAG93.2 4 1.11 ND
Mycena sp. W1J594.29 — ND 1.07
Psilocybe semilanceata ITAL94.8 6 NM 1.05
Agaricus arvensis WAG93.1 7 NM 0.96
Trametes sp. LAVECY%.3 - 0.95 ND
Clitocybe agrestis WI1JS94.24 6 0.87 ND
Gymnopilus junonius PWo93.3 7 0.61 0.83
Mycena galopus var. candida ITAL94.5 6 0.79 0.26
Macrocystidia cucumis BB94.3 5 0.78 0.29
Hericium erinaceus CBS302.89 4 0.73 0.24
Collybia sp. BBY%4.6 — 0.66 ND
Gymnopilus sapineus ONO934 8 0.65 0.12
Pleurotus cornucopiae CBS383.80 3 0.61 ND
Xerula radicata WI1JS94.22 7 0.53 ND
Megacollybia platyphylla WIJS94.11 8 0.50 ND
Low producers
Phellinus ferruginosus ANKE80027 5 0.49 ND
Pleurotus ostreatus CBS358.88 7 0.33 0.47
Agaricus xanthoderma CBS200.48 5 0.44 ND
Clitocybe phyllophila ARBOR9%4.2 6 0.41 ND
Amanita rubescens WI1JS94.19 8 0.40 0.18
Armillaria lutea CBS851.85 7 0.37 0.19
Phellinus pini CBS170.79 2 0.45 ND
Trametes hirsuta CBS282.73 6 0.43 0.32
Flammulina velutipes PW93.5 8 043 ND
Galerina marginata CBS339.88 5 0.40 0.17
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Table 1 (Continued)

Species Strain FC AOX concentration (mg/1
High-N medium Low-N medium
Heterobasidion annosum EPE93.1 7 NM 0.39
Oudemansiella mucida HDY%4.1 6 0.39 ND
Psilocybe phyllogena ITAL94.2 3 0.38 ND
Coniophora puteana CBS230.87 6 0.34 0.20
Mycena megaspora ANKE77173 4 0.32 0.15
Marasmius androsaceus ITAL%4.1 7 0.32 ND
Meripilus giganteus WI1JS94.21 7 0.28 ND
Pholiota gummosa PW94.6 6 0.27 ND
Kuehneromyces mutabilis CIMW6.92 8 0.27 ND
Agrocybe cilindracea LAVECY%.1 5 NM 0.25
Macrotyphula fistulosa WI1JS94.13 6 0.25 ND
Phellinus robiniae ATCC62.802 O 0.12 0.25
Phellinus robiniae CBS254.51 0 0.14 0.22
Lepista nuda BB93.1 8 0.22 ND
Xerocomus badius ITAL94.9 8 NM 0.22

Table 2 Biomass production and specific AOX production of some
ecologically significant fungi in 10 ml medium with a high nitrogen
and a low nitrogen content after incubation for 6 weeks at 25°C.

Specific AOX production is based on the net AOX production after
correction for levels in sterile controls incubated in parallel. Deter-
minations were done in quadruplicate

Species Strain Biomass production Specific AOX production

(mg dry weight fungus) (mg/kg dry weight fungus)

High N Low N High N Low N
Hypholoma elongatum WI1JS94.28 279 +6.2 129 + 0.9 25930 + 5031 30893 + 4473
Hypholoma capnoides ONO93.7 283 +24 7.0+ 1.0 10066 + 1304 18881 + 756
Hypholoma fasciculare RHENO93.5 213+ 1.6 11.7 + 0.6 8987 + 1384 18173 + 2117
Mycena metata RHENO93.1 64.7 + 5.3 87+14 14626 + 1117 4794 + 1358
Collybia butyracea OUDES93.1 537+ 15 295432 1112 + 27 501 4+ 32
Bjerkandera sp. BOSS55 489 + 6.5 180+ 1.5 1074 + 164 472+ 79
Gymnopilus sapineus WI1JS94.10 358 +1.8 341+ 1.7 878 + 88 252 +53
Collybia dryophila WI1JS94.3 92.3 4+ 8.0 375+ 20 579 + 104 212 + 41
Mycena galopus ITAL94.4 679 + 7.1 18.7 + 1.7 533 + 83 361 +44
Mycena galericulata WI1JS94.23 81.5+ 38 352 +33 188 + 65 43 4+ 8
Megacollybia platyphylla WIJS94.11 49.1 £6.3 45+13 100 + 34 110 + 29

amounts when growth was on natural substrates.
Concentrations of AOX were higher in the medium
containing forest litter or annual fibre crops (hemp
stems and wheat straw) than in those containing pine
wood or beech wood. Comparison of the AOX
concentrations produced by H. fasciculare when
cultivated on all five natural substrates showed that the
production was strongly influenced by the substrate
used, since the AOX concentrations measured after
6 weeks of incubation varied between 40 mg and
132 mg AOX/kg dry beech wood and forest litter,
respectively. The highest concentration of AOX after
6 weeks of incubation was measured in the culture fluid
of Mycena metata, cultivated in a medium containing
forest litter, and amounted to 193 mg AOX/kg dry
weight substrate. In some cases, such as H. fasciculare
on pine wood and Hypholoma spp. on beech wood,
the AOX production was apparently 20-25 mg/kg
higher than that which could be accounted for by the

water-soluble inorganic halide concentration in the
original medium. This anomaly is due to the fact that
not all of the halides in wood were completely
solubilized in the bulk liquid of the medium, as was
shown by a more extensive aqueous extraction of the
woody substrates (see Materials and methods).

Effect of chloride content on AOX production

H. fasciculare was cultured in medium containing
beech wood supplemented with different amounts of
chloride. The measured water-soluble inorganic halide
concentrations at the time of inoculation ranged from
23mg to 13533 mg chloride/kg dry substrate. It
appeared that the extra addition of chloride to the
media had no noteworthy effect on the concentrations
of AOX after incubation. Measured concentrations of
AOX varied between 27 mg and 47 mg AOX/kg dry



Table 3 Concentrations of
AOX produced by selected
fungi in 10 ml medium
containing 300 mg dry weight
of natural substrate after
incubation for 6 weeks at
25°C. Net AOX concentration
after correction for levels in
sterile controls incubated in
parallel. Control AOX values
(mg/kg dry weight): pine
wood 2.5, beech wood 1.9,
forest litter 6.2, hemp stem
wood 7.7, wheat straw 7.2.
Calculations are based on the
dry weight of substrate at the
time of inoculation.
Determinations were done in
quadruplicate
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Substrate Species Strain AOX concentration
(mg/kg substrate)
Pine wood Hypholoma fasciculare RHEND93.5 60.7 + 3.3
Hypholoma capnoides ONO93.7 202 +39
Peniophora pseudopini CBS162.65 13.5+ 1.7
Mycena epipterygia ITAL94.3 12.7 £ 2.2
Gymnopilus sapineus WIJS94.10 10.0 +2.3
Stropharia aeruginosa CBS839.87 29423
Beech wood Hypholoma sublateritium W1JS94.27 413 +£2.7
Hypholoma fasciculare RHEND93.5 40.8 + 3.5
Mycena galericulata W1JS94.23 5.6 +0.9
Megacollybia platyphylla WI1JS94.11 46+ 1.1
Gymnopilus sapineus WIJS94.10 39+1.0
Forest litter Mycena metata RHENO93.1 1929 +17.2
Hypholoma fasciculare RHEN93.5 1324 +33
Mycena galopus ITAL94.4 284 +5.5
Collybia butyracea OUDES93.1 219 + 4.6
Collybia dryophila WI1JS94.3 170 £ 2.0
Megacollybia platyphylla WI1JS9%4.11 132 +32
Hemp stem wood Hypholoma fasciculare RHEND93.5 759 +£8.5
Wheat straw Hypholoma fasciculare RHEND93.5 115.2 + 8.6

substrate, irrespective of the chloride concentration of
the medium.

Discussion
Ubiquity of AOX formation by basidiomycetes

Approximately 50% of the fungal strains tested and
55% of the genera tested produced detectable levels of
AOX, indicating that organohalogen production is
a ubiquitous capacity among commonly occurring
basidiomycetous fungi. Many of the high- and
moderate-AOX-producing  species are  highly
ecologically significant fungi. Considering that many
AOX-producing basidiomycetes play a major role in
the decomposition of lignocellulosic debris and that
most of the terrestrial biomass is present in the form of
lignocellulose, basidiomycetes probably are a major
source of natural organohalogens in forest ecosystems.

Correspondence to known organohalogen-producing
genera

The correspondence between genera known from the
literature for de novo production of specific
chloroaromatic metabolites with the AOX-positive
genera found in this study was high (Field et al. 1995).
All of the 19 known chloroaromatic-producing genera
of basidiomycetes tested in this study were found to be
AOX-positive. Aside from these 19 genera, 3 other
AOX-positive genera tested in this study have been

reported in the literature to produce halomethanes
(Field et al. 1995). However, production of
organohalogens was detected for the first time in 27
additional genera, of which 3 were among the high
producers: Phylloporia, Peniophora and Collybia; 8 of
these genera were among the moderate producers:
Ischnoderma, Clitocybe, Gymnopilus, Schizopora,
Psilocybe, Macrocystidia, Xerula and Megacollybia,
and 16 of these genera were among the low producers:

Flammulina,  Galerina, = Coniophora,  Meripilus,
Agrocybe, Macrotyphula, Xerocomus, Calocybe,
Hebeloma, Baeospora, Phlebia, Fomes, Serpula,

Panaeolus, Laccaria and Gloeophyllum.

AOX production on lignocellulosic substrates

Ecologically significant strains of basidiomycetes were
found to produce AOX when grown on natural
lignocellulosic substrates. This observation indicates
that AOX production by basidiomycetes probably also
occurs in the environment as was confirmed by the
measurements of chlorinated anisyl metabolites in
wood and leaf litter colonized by commonly occurring
basidiomycetes (De Jong et al. 1994).

Effect of environmental factors

Several environmental factors may influence the
amount of AOX produced by fungal strains. Firstly
nitrogen was found to influence AOX production.
Concentrations of AOX measured in the medium with
the high N content were generally higher than those in
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the medium with the low N content (Table 1), which
can be explained by the greater biomass in the high
N medium. However, it is not only the amount of
biomass that plays a role in the AOX production,
because it was shown in Table 2 that a higher AOX
production per weight of biomass has been found in the
high N medium for most fungi, except for the species
belonging to the genus Hypholoma. As woody plant
tissues usually contain only 0.03%-0.1% nitrogen
(Cowling and Merrill 1966), the production of AOX by
fungi that grow on wood under natural conditions
should be compared with our measurements in the low
N medium. On the other hand, beech and oak leaves
have nitrogen contents ranging from 1.3% to 2.7%
(Janel et al. 1979; Laishram and Yadava 1988).
Consequently, AOX productions by fungal species
growing under natural conditions on leaf litter should
be compared with our measurements in the high
N medium. Secondly, the effect of the chloride
concentration in the environment may influence AOX
production. It is clear from Table 3 that the chloride
content of the medium played a minor role in the
production of AOX. The minor role of the chloride
content of the growth medium has already been
reported by De Jong et al. (1994), who found that the
production of chlorinated anisyl metabolites by
Bjerkandera sp. strain BOS55 was not significantly
influenced by a variable chloride concentration ranging
from 0.4 mM to 20 mM, indicating a high affinity of the
halogenating enzymes for chloride. This observation is
confirmed by the experiment in which H. fasciculare
was grown in beech wood medium supplemented with
different amounts of chloride. Thirdly, the type of
lignocellulosic substrate may influence the AOX
production. The AOX concentrations measured after
6 weeks of incubation in cultures of H. fasciculare that
were cultivated on all five natural substrates varied
between 41 mg/kg and 132 mg/kg dry substrate (Table
3). The lowest concentrations of AOX were found in the
media containing beech wood and pine wood, whereas
higher AOX concentrations were found in the medium
containing hemp stem wood and the highest
concentrations were observed in the wheat straw- and
forest litter-containing media. As in the media used for
the screening, nitrogen may play a role in this
observation. The nitrogen content of the woody
substrates is less than 0.1% (Cowling and Merrill 1966),
whereas annual hemp stem wood, wheat straw and
beech/oak leaf litter contain about 0.5% (F. de Vries,
personal communication), 0.6% (Committee on
Animal Nutrition and National Committee on Animal
Nutrition, Canada 1969) and 1.3%-2.7% nitrogen
(Janel et al. 1979; Laishram and Yadava 1988),
respectively. Moreover, there are differences in porosity
between the woody and non-woody substrates.
Valmaseda et al. (1990) studied the weight losses of
wheat straw and beech wood during decay by a number
of ligninolytic fungi and found that, for almost all fungi,

the losses of weight were greater when the fungi were
cultivated on wheat straw (50%—-53% maximum
weight loss) than on beech wood (25%—33% maximum
weight loss).

AOX production in natural environments

In order to estimate the production of AOX in a forest,
the specific biomass and the total biomass of
basidiomycetes have to be determined. Frankland
(1982) estimated the total (i.e. living and dead) standing
crop of basidiomycete biomass in the organic litter and
soil horizons of a temperate deciduous woodland with
mull humus (Meathop Wood, Cumbria, UK) as slightly
over 40 kg dry weight/ha with an additional 217 kg
dry weight/ha in the woody debris. Frankland also
noted about 1630 kg dry weight/ha mycelial biomass
in dead roots, but it is not clear whether these data
pertain to ectomycorrhizal fungi or to saprotrophic
basidiomycetes. Calculations by Swift (1982), based on
annual litter fall data per hectare per year in Meathop
Wood, Cumbria, UK (5000 kg/ha), the degree of colon-
ization by basidiomycetes after 1 year (50%) and yield
efficiency of the mycelium (0.5 g mycelium/g leaf litter),
provided an estimate of the production of
basidiomycetous mycelium and its organic secretions
of 938 kg dry weight ha™! year™!.

Since the ratio between high- and low-AOX-produ-
cing fungal species may vary greatly between habitats,
estimations of the total AOX production in specific
habitats were made by adding up the AOX productions
of the separate species present, on the basis of estimated
biomass values and specific AOX productions (Table
2). For certain forest associations, where quantitative
data on yield of sporocarps are available, a rough
estimate of biomass could be made assuming a ratio of
mycelial biomass to sporocarp of 5 (Frankland 1982).
The estimated biomass values in three different habitats
and the calculated total AOX productions in grams
ha~! year ! are given in Table 4. For Bjerkandera
adusta and for Hypholoma spp. (except H. elongatum),
the specific productions measured in the low-nitrogen
medium were used, whereas for the other species (in-
cluding H. elongatum) the specific productions in the
high-nitrogen medium were used. Total AOX produc-
tions in the three different forest ecosystems ranged
from 105 g to 190 g AOX ha~! year™'. However, all
the estimates are obviously underestimations. First, the
calculations do not take into account all AOX-produ-
cing species. Second, mycelium may exist for several
years without producing sporocarps. Third, the calcu-
lations do not consider the enhanced production of
chlorinated aromatics by antagonistic interactions be-
tween competing fungal species, as was described by
Sonnenbichler et al. (1994). In a peat bog dominated by
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1 year™1!) and calculated total AOX production of selected

saprotrophic fungal species in forests dominated by three different tree species in The Netherlands

Species Estimated fungal biomass (kg dry weight ha~! year™1)
Pinus sylvestris®*  Quercus robur® Fagus sylvatica®

Hypholoma spp.* 5.0 7.0 10.0

Hypholoma elongatum 0.2 0.0 0.0

Megacollybia platyphylla 0.1 7.0 10.0

Mycena galericulata 0.1 3.0 1.0

Gymnopilus sapineus 2.0 1.0 0.5

Collybia butyracea 1.2 0.5 1.5

Collybia dryophila 0.5 1.0 0.7

Mycena spp.© 0.7 0.2 0.7

Bjerkandera adusta 0.0 0.0 1.0

Total calculated AOX production (g AOX ha™! year™!) 105 130 190

* After B.W.L. de Vries et al. (unpublished data)
® After E. Arnolds et al. (unpublished data)
¢ After Arnolds et al. (1994)

dIncludes mainly H. fasciculare, partly also H. capnoides and H. sublateritium

¢Includes mainly M. epipterygia, M. galopus and M. metata

the moss Sphagnum cuspidatum, investigated by J.J.
Barkman (unpublished observations), the mycelial
biomass of H. elongatum amounted to 80 kg ha !
year . Using a specific AOX production of 25930 mg
AOX/kg dry weight of this fungus (Table 2) would
translate into 2074 g AOX ha ™! year ™! for that fungal
species alone.
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