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Abstract Several reports attest to the apparent ability
of some ectomycorrhizal (ECM) and ericoid (ERM)
mycorrhizal fungi to produce peroxidase enzyme activi-
ties during growth in axenic culture. In critically re-
viewing these data, we highlight that apparent peroxi-
dase activities have been observed during growth in
media containing 60–70 mM Fe. ECM and ERM fungi
are known to produce H2O2 via carbohydrate oxidase
activity and conditions in common culture media are fa-
vourable to the production of hydroxyl radicals, supe-
roxide radicals and ferryl ions via the Fenton reaction.
Free radicals so produced can mediate oxidation of
substrates commonly used in presumptive peroxidase
assays, leading to false-positive results. We argue that
there is currently no evidence to support production of
peroxidase activity by ECM or ERM fungi, but high-
light circumstances in which peroxidase expression
might be observed in future work.
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Introduction

The importance of ectomycorrhizal (ECM) and ericoid
(ERM) mycorrhizal fungi in mineral nutrient cycling
processes in many forest and heathland ecosystems is
well established. Much of the total pools of these ele-
ments in forest soils, however, is tied up in organic

forms and/or sequestered within the lignocellulose cell
wall structures of dead plant material. In order to ac-
cess mineral nutrients within moribund plant cells or to
render complexed organic nitrogen and phosphorus
substrates available for enzymatic attack by proteinases
and phosphatases (see Smith and Read 1997), mycorr-
hizal fungi must operate in close association with sapro-
trophic organisms, or produce enzymes capable of hy-
drolysing and/or oxidising components of the plant cell
wall. While we have little knowledge of the extent or
nature of mycorrhizal fungus/saprotroph interactions,
there is increasing evidence that some ECM and ERM
fungi, are capable of producing plant cell wall-degrad-
ing enzymes (see Cairney and Burke 1994).

Lignified plant material comprises lignin, cellulose
and hemicellulose, although the proportions differ be-
tween plant species (Fengel and Wegener 1983). De-
gradation of plant wall material thus requires the action
of cellulases, hemicellulases and ligninases. Production
of components of the cellulase enzyme complex and
some hemicellulase activities have now been confirmed
for some ECM fungi, indicating that they may be capa-
ble of at least partial degradation of some wall compo-
nents (eg. Cao and Crawford 1993ab; Cairney and
Burke 1996a). Observed degradation of 14C-labelled
cellulose and hemicellulose in the proximity of ECM
extramatrical mycelium in a sterile system (Durall et al.
1994) further suggests expression of components of
these enzyme groups during symbiosis with a host
plant. Haselwandter et al. (1990) provided evidence
that selected ECM and ERM fungi have the potential
to degrade lignin or dehydrogenative polymerisates of
lignin monomers in axenic culture. Such degradation,
however, occurred to a lesser extent than in saprotro-
phic white rot fungi. At present the mechanism(s) by
which ECM and ERM fungi mediate what appears to
be partial lignin degradation are not clear. Understand-
ing these mechanisms is fundamental to understanding
how these fungi interact with dead plant material at the
molecular level, and will allow investigation of expres-
sion and control of the enzyme systems, providing new
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Table 1 Studies in which peroxidase activities in ectomycorrhizal and ericoid mycorrhizal fungi were assessed by either indirect agar
plate assays or direct assay of culture filtrates (Bapparent/no apparent peroxidase activity, respectively)

Assay Medium Result Reference

RBB decolouration MMN agar c Griffiths and Caldwell 1992
RBB decolouration MMN agar c Bending and Read 1997
Poly R-478 decolouration MMN agar c Griffiths and Caldwell 1992
Pyrogallol oxidation MMN agar c Bending and Read 1992
Pyrogallol oxidation MMN agar c Gramss et al. 1998

catechol]p-quinone liquid MMNa P Bending and Read 1996
2,4-DCP]quinoneimine liqhid MMN (low Fe) P Burke and Cairney 1998

a The initial absorbance of tubes containing a mixture of substrate, buffer, H2O2 and culture filtrate was measured before incubation
for 1 h. Peroxidase activity was assessed by subtracting initial absorbance from final absorbance

insights into the ecological functions of ECM and ERM
associations.

Mechanisms of lignin degradation

Lignin degradation by saprotrophic fungi has been ex-
tensively studied and it is now clear that degradation
proceeds via oxidative processes. In the case of white-
rot fungi, oxidative combustion of the polymer is ini-
tiated largely by lignin peroxidase (EC 1.11.1.14), man-
ganese peroxidase (EC 1.1.1.13) and laccase (EC
1.10.3.2), with different combinations of the three en-
zymes operating in different fungal taxa (Hatakka
1994). Lignin peroxidase can cleave non-phenolic me-
thoxyl-substituted lignin subunits (and so facilitate
complete lignin degradation), while manganese peroxi-
dase and laccase oxidise only phenolic residues (Kuhad
et al. 1997). Lignin peroxidase and manganese peroxi-
dase both use H2O2, derived by the action of carbohy-
drate oxidases, to produce reactive intermediates which
cause single electron oxidations of aromatic nuclei
within the lignin polymer. Lignin peroxidase oxidises
aromatic reducing substrates, yielding aryl cation radi-
cals, while manganese peroxidase oxidises Mn2c yield-
ing Mn3c (Renganathan and Gold 1986; Wariishi et al.
1989). Laccase catalyses the one-electron oxidation of
phenols to phenoxy radicals. It acts in a similar way to
manganese peroxidase, catalysing alkyl-phenyl and
Ca–Cb cleavage of phenolic dimers (Higuchi 1990). In
an alternative process, brown-rot fungi can mediate
partial lignin degradation by producing hydroxyl radi-
cals from H2O2 in the presence of Fe2c (Backa et al.
1992). The hydroxyl radical, however, is unable to cata-
lyse cleavage of b-1 and b-O-4 bonds in lignin, degrad-
ation being confined to fragmentation via demethoxyla-
tion, ring hydroxylation and side chain oxidation (Gier-
er et al. 1992).

Evidence for peroxidase activities in ECM and ERM

fungi

Studies of ligninolytic activities in ECM and ERM fun-
gi have so far largely focused on assays for peroxidase

and laccase activities in axenic culture. At first glance,
there appears to be conflicting evidence regarding their
abilities to produce peroxidative enzyme activities, with
some studies reporting peroxidase activities in at least
some isolates, while others report no detectable activity
(Table 1). Differences in the fungal taxa investigated by
the various authors notwithstanding, closer inspection
of these data reveals an interesting trend. Positive evi-
dence for putative peroxidase production has only been
obtained from agar plate assays [decoluorisation of Re-
mazol Brilliant Blue (RBB) or Poly R-478, or oxidation
of pyrogallol]. The two studies which assayed for activ-
ity in culture filtrates of ECM fungi were unable to de-
tect activity (Bending and Read 1996; Burke and Cair-
ney 1998). It is also noteworthy that, while Bending and
Read (1997) observed putative peroxidase activity (py-
rogallol oxidation) in several ECM fungi and the ERM
endophyte Hymenoscyphus ericae using agar plate as-
says, no activity was detected in filtrates from liquid
cultures of H. ericae. No attempt was made to assay for
peroxidase activity in ECM fungi. The authors recon-
ciled the inconsistency between agar plate and liquid
culture assays in H. ericae with the plausible hypothesis
that peroxidase activity must be associated with the hy-
phal surface. Recent data, however, suggest an alterna-
tive interpretation.

Several ECM fungi and H. ericae have been shown
by direct assay to produce cellobiose oxidase (EC
1.1.3.25) and glucose oxidase (EC 1.1.3.4) activities dur-
ing axenic growth (Burke and Cairney 1998). Release
of H2O2 from mycelia of these fungi (presumed to re-
sult from activity of the carbohydrate oxidases) has also
been demonstrated (Burke and Cairney 1998). As out-
lined above, H2O2 produced by saprotrophic brown
rots in the presence of Fe2c is known to generate many
free radicals according to the Fenton reaction and re-
lated reactions (Fig. 1) (Fenton 1894; Halliwell and
Gutteridge 1985; Wood 1994). These include hydroxyl
radicals, superoxide radicals, and ferryl ions (Fe4c)
which, by virtue of their having unpaired electrons in
the 3-d orbital, behave in solution as free radicals. The
free radicals so produced can then catalyse a number of
further reactions. Hydroxyl radicals catalyse the forma-
tion of phenols from aromatic compounds. Further at-
tack by the hydroxyl radical on phenols results in a
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Fig 1 Reactions of Fe in the presence of H2O2 that will generate
hydroxyl radicals (HOI), superoxide radicals (O2P) and/or ferryl
ions [Fe(IV)OH3c, Fe(IV)O2c].

mixture of polyhydroxylated phenolics. The superoxide
and ferryl radicals both catalyse the formation of qui-
nones from polyphenolics such as pyrogallol, catechol
and guaiacol. The latter two compounds are widely
used substrates in presumptive peroxidase assays, but
will give false (chemical) positives for peroxidase activ-
ity in Fenton’s reagent (Halliwell and Gutteridge 1985).
The mechanism of RBB dye decolorisation in agar
plate assays proceeds via an initial electron abstraction
(Glenn and Gould 1985) and consequently can be cata-
lysed by the superoxide radical.

Each of the studies outlined in Table 1 utilised a
form of Modified Melin Norkrans (MMN) medium
(Marx 1969; Marx and Bryan 1975) as the basal me-
dium for ECM and ERM fungal growth. MMN con-
tains ca. 70 mM Fe, generally added as FeCl3, and has
recently been shown to contain sufficient Fe2c to gen-
erate significant quantities of hydroxyl radicals when
H2O2 is added to fresh medium (Burke and Cairney
1998). In contrast, in MMN from which FeCl3 is ex-
cluded, addition of H2O2 fails to generate hydroxyl ra-
dicals (Burke and Cairney 1998). Conditions favoura-
ble to the Fenton reaction thus clearly occur in the
MMN basal solution used in the studies outlined in Ta-
ble 1. Furthermore, in the presence of cellobiose oxi-
dase, Fe3c is preferentially reduced to Fe2c (Wood
1994), while Fe3c can also be chelated by oxalic acid
and will spontaneously decompose, yielding Fe2c

(Schmidt et al. 1981). Production of cellobiose oxidase
by ECM fungi and chelation with oxalates produced
during ECM fungal growth will facilitate considerable
reduction to Fe2c and are likely to enhance free radical
formation in MMN (see Burke and Cairney 1998).
Thus reports of apparent peroxidase activity in ECM
fungi growing on MMN probably reflect free radical-
rather than peroxidase-mediated oxidation of the sub-
strate. This argument is strengthened considerably by
the failure of Burke and Cairney (1998) to detect pe-
roxidase activity in culture filtrates from low Fe
(6–7 mM Fe) MMN cultures.

The failure of Bending and Read (1996, 1997) to de-
tect oxidation of catechol in MMN (high Fe) culture fil-
trates of ECM fungi and H. ericae may seem at odds
with this. Activities in the former, however, were deter-
mined by subtracting the initial absorbance of a mix-

ture of substrate, buffer, H2O2 and culture filtrate, from
the final absorbance of the same mixture following in-
cubation at 25 7C (Bending and Read 1996). Oxidation
of catechol by the superoxide radical and/or Fe4c in
the initial mixture would have been rapid and the sub-
tractive assay would effectively mask this background
absorbance. The second order rate constant (k2) for the
reaction of the superoxide radical with catechol is
1!10–9 M–1.s–1 (Halliwell and Gutteridge 1985); thus
when [catechol] is 90.8 mM (Bending and Read 1996),
the lifetime of the superoxide radical is 11!10–9 s. A
similar method was used to measure activity in H. eri-
cae, but the absorbance of the mixture containing
boiled culture filtrate was subtracted from the absor-
bance of the same mixture containing fresh culture fil-
trate (Bending and Read 1997). Since [Fe] is unaffected
by boiling, the amount of catechol oxidised after the
addition of H2O2 would be the same in the assay and
the control and the absorbance values of both mixtures
would have been identical. The subtractive assay would
again have indicated no substrate oxidation (at least in
the absence of peroxidase). Indeed, browning of MMN
containing ca. 70 mM Fe can be demonstrated by spot-
ting 1% catechol and 150 mM H2O2 onto agar medium
(RM Burke and JWG Cairney, unpublished results).
Such chemical browning must also be accounted for if
plate assays are employed.

In the case of laccase activity, where 1-naphthol oxi-
dation in MMN agar medium (in the absence of H2O2)
has been used as a presumptive laccase assay in ECM
fungi (Gramss et al. 1998), release of H2O2 into the me-
dium in the presence of Fe may also result in a false-
positive result. The 1-naphthol method is regarded as a
presumptive peroxidase assay when conducted in the
presence of H2O2 (Harkin and Obst 1973), meaning
that chemically mediated oxidation would proceed as
outlined above. It is pertinent in this context that Bend-
ing and Read (1997) did not detect laccase activity in
culture filtrates of H. ericae using the boiling-subtrac-
tive method and syringaldazine as substrate.

Do ECM and ERM fungi produce peroxidase activities?

We argue that there is currently no convincing evidence
to support the production of peroxidative enzyme ac-
tivities in either ECM or ERM fungi. The conditions
under which assays have been conducted, especially the
presence of Fe in media and assay mixtures, mean that
chemical oxidation by free radicals (mediated by fungal
carbohydrate oxidases) can readily account for all ap-
parent peroxidase activities. In this context, it may be
significant that Fe(IV)O2c (Fig. 1) is in fact the so-
called ’compound II’ of the peroxidase catalytic cycle.
Thus Fenton’s reagent (FecH2O2) contains a non-en-
zymatic pseudoperoxidase activity. In fact, where lignin
model substrate degradation by ECM and ERM fungi
has been demonstrated in vitro (Trojanowski et al.
1984; Haselwandter et al. 1990), either Moser medium
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(Moser 1958) or MMN was used as the basal medium.
Both media contain 60–70 mm Fe, meaning that the
Fenton reaction would be favoured as H2O2 was re-
leased by carbohydrate oxidase activity. This argument
is strongly supported by the fact that the extent of sub-
strate degradation (~24% over 60) is similar to that
observed in hydroxyl radical-mediated degradation of
similar substrates by brown rot saprotrophs (Kirk et al.
1975; Haider and Trojanowski 1980).

Whether or not conditions favourable to the produc-
tion of hydroxyl radicals prevail in soil or decomposing
litter is not clear. While Fe availability in most soils is
low, proton extrusion at soil microsites can certainly in-
crease Fe3c availability (Römheld and Marschner
1986). Along with the presence of Fe-chelating sidero-
phores and/or oxalate, which are known to be produced
by ECM fungi (Szaniszlo et al. 1981; Griffiths et al.
1994), this may, in turn, lead to increased Fe2c availa-
bility in the presence of carbohydrate oxidase activity
in the manner described above. The extent to which
this might occur, however, remains highly speculative.

Although at present there is no convincing evidence
for expression of peroxidase activity in ECM or ERM
fungi, we cannot discount the possibility that the en-
zymes are expressed by some taxa under some circum-
stances. Assays for peroxidase activity have been un-
dertaken solely using fungi growing in MMN-based me-
dia. While Fe in these media can clearly interfere with
assays for peroxidase activity, other media characteris-
tics may influence peroxidase expression. In particular,
the high concentrations of carbon (10–20 g l–1 glucose)
and nitrogen (ca. 50 mg l–1) may repress expression. In
saprotrophic white-rot basidiomycetes, the major re-
quirement for expression of peroxidative activities is
the switch from primary to secondary metabolism. In
Phanerochaete chrysosporium, for example, the onset
of idiophase is triggered mainly by nitrogen and/or car-
bon limitation (Keyser et al. 1978; Jeffries et al. 1981).
Where direct assay of culture filtrates has been used to
investigate peroxidase activities in ECM fungi and H.
ericae, the 7 (Bending and Read 1997) and 21 (Burke
and Cairney 1998) growth periods may not have been
sufficient for depletion of nutrients in the media and
triggering of peroxidase expression. In studies where
agar-based assays have been used, although in at least
one case (Bending and Read 1997) fungi were grown
for 7 weeks prior to substrate addition, the presence of
Fe would prevent positive identification of peroxidase
activity.

We recommend, therefore, that future investigations
of peroxidase activities be conducted following growth
of ECM or ERM fungi in media containing Fe at low
concentrations (we find 6–7 mM is suitable), coupled
with sufficient carbon and nitrogen to allow for reason-
able mycelial biomass yield. The homogeneous nature
of the liquid and agar media routinely adopted for fun-
gal culture may also influence expression of enzyme
systems. As we have noted elsewhere, gradients of car-
bon and nutrient availability in a symbiotic mycorrhizal

mycelium growing in soil may promote physiological
heterogeneity within the mycelium (Cairney and Burke
1996b). Thus peroxidases and other cell wall-degrading
enzymes may be expressed only in discrete regions of a
mycelium wherein localised nitrogen depletion or ces-
sation of carbon flow from the host might trigger ex-
pression. A possible means of generating such hetero-
geneity in axenic culture may be the use of solid-state
fermentation media. Solid-state media are by nature
heterogeneous and have been shown to enhance ex-
pression/extracellular protein production in a range of
saprotrophic fungal taxa (Tuohy et al. 1989). We have
successfully measured expression of a number of wall-
degrading enzymes in H. ericae using a solid-state fer-
mentation system (Burke and Cairney 1997). While our
attempts to grow selected ECM fungi using the same
system have so far been unsuccessful, it should be pos-
sible to develop a solid-state medium which will pro-
mote mycelial heterogeneity in ECM fungi.

Furthermore a combined molecular and biochemical
approach has revealed that genes for peroxidative ac-
tivities in P. chrysosporium may be expressed in the ab-
sence of the expected extracellular enzyme activities
(Broda et al. 1995). Some peroxidative activities may
thus have a periplasmic or cell-surface location and
may only be released into growth media during hyphal
senescence. Finally, in targeting ECM fungi which are
potential producers of ligninolytic peroxidases, the sys-
tematic affinities of the fungi should be considered.
There may be some merit in targeting taxa most closely
related to known white rots. In this respect, the Ster-
eales (sensu Hawksworth et al. 1995), which includes
the ECM genera Amphinema, Piloderma and Tylospo-
ra, along with many white-rot saprotrophs, may be wor-
thy of investigation.
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