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ABSTRACT

Interest in understanding how brown-rot fungi decay wood has received
increasing interest in recent years because of a need to identify nove

targets that can be inhibited for the next generation of antifungal wood
preservati ves. Brown-rot fungi are unique in that they can degrade

hol ocel | ul ose (cellul ose and hemicellulose) in wood without first renoving the
l'ignin. Furthernore, they degrade hol ocellulose in an unusual mnanner, causing
a rapid decrease in degree of polynerization at |ow weight | oss. Despite the
i ncreased research effort the mechani sm of brown-rot decay remains unclear
and, furthernore, this research has not provided biochenical targets for

i nhibition and devel opment of new wood preservatives. In viewing the

brown-rot literature, it became apparent that many of the beliefs about
brown-rot deconposition of wood are based nmore on tradition or conjecture than
on facts. These nyths tend to cloud our understanding of brown-rot decay and
as a result may contribute to a msdirection of research efforts. The purpose
of this paper is to attenpt to identify and clarify sonme of these

m sconcepti ons about brown-rot decay that have becone dogna.

Keywords: Brown-rot, wood decay, oxidation, Fenton reaction, oxalic acid
oxal ate decarboxyl ase



| NTRODUCTI ON

Deterioration of wood by decay fungi is by far the nost serious kind of

m crobi ol ogi cal deterioration because it can cause rapid structural failure.
Brown-rot decay is the npbst common and nost destructive type of decay in
structures. The traditional wood preservatives are effective in controlling
wood decay but the safety of these preservatives is of concern. The nove to
I ess toxic nethods for the preservation of wood could be facilitated by the
identification of novel targets in the fungi that can be inhibited

Presently, in spite of much research, the nechani smof brown-rot decay renmins
unclear, and this research has not provided biochenical targets for

i nhi bition. In viewing the literature, it becane apparent that nany of the
convi ctions concerning brown-rot degradation of wood are based nore on
tradition or convenience than on facts. These “half-truths” tend to obscure
our understanding of brown-rot decay nechanisns and, as a result, may
contribute to a misdirection of research effort. W have been on the road a
long tinme attenpting to unravel the conpl ex process of brown-rot decay. At
times it seenms as though we have taken a wong turn, |eaving the road and
ending up in the ditch. This is our view fromthe ditch to identify and
clarify sone of these misconceptions about brown-rot decay that have becone

dogna.

BACKGROUND

For wood decay to occur, the noisture content nust be above fiber saturation
(average 30 percent) and the tenperature between about 2°C and 38°C. Oxygen

nmust al so be avail able because decay fungi are aerobic organisns. Finally, a
sui tabl e substrate, such as wood, must be present to nourish the fungus.
Interference with any of these requirements stops the decay process. For

exanple, storing logs under water interferes with the requirenent for oxygen,
and thus prevents decay.

The optimal nutritional needs of decay fungi vary, but the basic nutritiona
requi renents are satisfied by the structural carbohydrates and certain

extraneous materials in wood. Degradation of |ignin does not occur in the
absence of wood carbohydrates, and lignin is probably of linmted inportance as
a carbon source (Kirk and Fenn, 1982) . Successful colonization of wood

depends largely on the ability of fungi to spread rapidly by using
nonstructural carbohydrates; the hyphae of both white- and brown-rot fungi are
wi despread in wood before any significant weight |osses are detectable (Hul e
and Shields, 1970).

Hyphae penetrate from cell to cell through natural openings in the wood (pits)
or by boring holes in the cell wall. Early decay by brown- and white-rot

fungi is characterized by the presence of at |east one hyphal strand in each
cell, suggesting that extracellular enzynes may not be able to diffuse outside
the wood cells in which they are secreted (WIcox 1970). Thus, any

physi ochemical feature of the wood or its constituents that linmits the ability
of an organism to develop in the individual cells of wood will profoundly

i nfluence the wood' s resistance to decay.
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Nitrogen plays the nost inportant role of the nonstructural nutrients in wood,
and its part in wood decay has been extensively studied by Cowing and
coworkers (Levi et al., 1968; Merrill and Cowing 1966). The sparsity of
nitrogen in wood (about 0.03 to 0.10 percent (Merrill and Cowing 1966))

i ndi cates that wood-decay fungi have an efficient mechani smfor nitrogen

nmet abol i sm and reuse (Levi et al. 1968). Field evidence (Larsen et al.,

1978) and results of in vitro culture studies support the theory that

wood- decay Basi di omycetes can conserve and function with the small anount of
nitrogen available in wood by autolysis and reuse of the nitrogen fromtheir
own nycelia or by the lysis of other fungi in wood during decay, together with
an extrenely economical use of nitrogen in metabolism However, other sources
of nitrogen, such as bacterial fixation, nmay sonetines be required to form
sporophores. Studies of growth and nutrition of 42 white- and brown-rot fungi
in synthetic nedia revealed that none of the fungi required nitrogen in
organic form but gromh was usually greater with organic nitrogen than with
ammoni um salts (Jenni son, 1952). Nitrate did not support the growth of 41 of

t hese fungi.

Thiamine, the only vitamin essential for growh of nbst wood-decay fungi, is
present in wood (Jennison, 1952). The discovery that nost decay fungi require
thiamine created interest in the possibility of protecting wood for

aboveground service by alkaline treatnents that presunmably destroy thiam ne
(Baechl er 1959). In laboratory tests designed to simulate aboveground
exposure (low decay), alkaline-treated wood was resistant to brown-rot fungi
but not white-rot (Highley, 1970). Additional study showed that the increased
resi stance of alkaline-treated wood to brown-rot was caused by not only

thi ami ne destruction but also the increased pH of the wood (Highley, 1973).

Various conponents of the wood cell wall are attacked differently by white-
and brown-rot fungi. VWhite-rot fungi utilize cellulose and the henicellul oses
at approximately the same rate relative to the original anpbunts present,
whereas lignin is usually utilized at a sonewhat faster rate on a relative
basi s. These fungi cause the wood to beconme paler in color and may eventually
reduce it to a fibrous, whitish mass.

Brown-rot fungi utilize the hemicelluloses and cellulose of the cell wall,
leaving the lignin essentially undigested. However, the fungi do nmodify
lignin, as indicated by denethylation and the accunul ation of oxidized
polynmeric |ignin-degradation products. The fungi cause the wood to darken,
shrink, and break into brick-shaped pieces that crunble easily into a brown

powder . Chenical analysis of brown-rotted white pine (Pinus nonticola) and
hard maple ( Acer rubrum ) showed that the hemnicellul ose glucomannan is renoved
consi derably faster than cellulose or xylan (H ghley, 1987a). Xylan is

usual ly depleted faster than cellul ose. Since hem cellul oses form an
encrusting envel ope around the cellulose nmicrofibrils, further degradation and
renmoval of depolynerized cellulose may depend on prior renoval of the

heni cel | ul oses. Thus, henicellulose utilization may be a critical initial

step in establishment of brown-rot fungi in wood. Wiite-rot fungi

successively depolynerize cell wall substances only to the extent that the
products are used for netabolism  The fungi produce a gradual decrease in
average degree of polynerization (DP) of holocellulose during all stages of

decay and only slightly change the volubility properties of wood (Cow ing,
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1961; Hi ghley and Il nan, 1990). Brown-rot fungi, in contrast to white-rot,
rapi dly depolymerize holocellulose, and the degradation products are produced
faster than they are utilized (Cowing, 1961). The rapid depolynerization of
t he wood carbohydrates is reflected by the substantial increase in alkali
volubility products.

Brown-rot fungi cause a nore rapid drop in strength properties than do
white-rot fungi, which reflects holocellul ose depol ynerization. Early decay
of both brown- and white-rotted wood is evidenced only by a loss in

t oughness. Wbod that has lost only 1 percent of its weight because of decay
will frequently exhibit a 50 percent loss in strength neasured as toughness
(Richards, 1954). Reduction in toughness caused by brown-rot mght be

expl ained by the sharp reduction in DP of cellul ose during decay, but the
basi s for toughness | oss caused by white rot |ies el sewhere because these
fungi reduce cellul ose DP gradually.

Wil e decaying wood, brown-rot fungi create a low pH, primarily by producing

oxalic acid (cowing, 1961). \White-rot fungi also produce oxalic acid but
they nmetabolize it, and so the pHis not as |ow

M SCONCEPTI ONS

The rapid decrease in wood strength early in brown-rot decay reflects
rapid cellul ose depolynerization.

Brown-rot fungi affect several strength properties of wood before significant

weight loss is detected (WIcox, 1978) . Ri chards (1954) found a loss in

t oughness of 75% by the time 1% weight |oss had occurred. Toole (1971) found

that brown rot caused about 18% | oss in conpressive strength perpendicular to
the grain at 2% weight |oss. Simlarly, Mzunpoto (1965) found a 10% reduction
in conpressive strength parallel to the grain at 2% wei ght |o0ss.

The drastic reduction in strength of wood early in decay is often attributed
to depolynerization of the cellulose (Cowing, 1961). Hemicellul oses,

however, form an encrusting envel ope around cellulose mcrofibrils and, thus,
the brown-rot fungi nust first penetrate the hemicelluloses to access the

cel l ul ose. W have reported that brown-rot fungi remove hemicellulosic sugars
(xyl ose and mannose) before cellulosic sugars (glucose) (Kirk and Highley,
1973; Hi ghley, 1987a). Recently, Wnandy and Mrrell (1993) found that
cellulose utilization in wod was decreased only slightly by brown-rot fungi
while strength |osses decreased dramatically. Degradation of hemnicellulose
conponents, however was clearly related to wood strength |osses. Thus, they
concl uded that although depolynerization of cellulose by brown-rot fungi
probably accounts for sone strength loss, a significant portion of the initial
effect of brown-rot fungi on wood strength is a direct result of hemcellul ose
deconposi ti on.

Brown-rot fungi degrade cellulose by hydroxyl radicals or equally potent
net al | o-oxygen species generated by a Fenton System




Cow i ng and Brown (1969) recognized over 25 years ago that even the small est
cellulases are too large to penetrate the pores of wood. Also, cellulases do
not mimc the action of brown-rot fungi in generating cellulose crystallites

(Chang et al ., 1981; Phillip et al ., 1981). They thus proposed that a
nonenzynmati ¢ oxidative agent mght be involved in depolynerization of
cel lul ose by brown-rot fungi. They noted that Halliwell (1965) bad descri bed

the (degradation of cotton cellul ose by Fenton’s reagent (H,O ,/Fe ? ), which
generates hydroxyl radical or a simlar oxidant (Halliwell and Qutteridge,
1988) . Based on these observations, Halliwell was the first to propose the
possibility of the existence of a nonenzymatic celluloytic system involving
peroxi de and iron. Subsequently, Koenigs (1972a, b; 1974a, b, 1975)
denonstrated that cellulose in wood can be depol ynmerized by Fenton's reagent,
that brown-rot fungi produce extracellular hydrogen peroxide, and that wood
contains enough iron to make Halliwell’s hypothesis reasonable.

In an attenpt to gain direct evidence for a nonenzymatic decay mechanism Cobb
(1981) grew liquid cultures of doeophyllum trabeum in an apparatus in which
uniformy | abeled [ Y C] cellul ose was separated from the fungus by an
ultrafiltration menbrane. The menbrane was reported to prevent the passage of

enzynes between the two chanbers. Under these conditions, [ Y C CO ,was
detected and radioactive water-soluble products accunulated in the growh
chanber. These observations have been taken as proof of a nonenzymatic

cel lul ose decay mechani sm being enployed by G . trabeum (Cobb, 1981; Erikkson
et al ., 1990).

Enoki et al ., (1989) reported the ability of brown-rot fungi to oxidize
2-keto-4-thionethyl butyric acid (KTBA) to ethylene; KIBA is converted to

et hyl ene by one-electron oxidants such as hydroxyl radical. Et hyl ene
production was correlated with weight |loss but not cellulose

depol yneri zation. Recently, Enoki et al ., (1990) reported the isolation of an

extracel lular protein fromcultures of G. trabeumrequiring H,O, and capable
of KTBA oxi dati on. These authors partially purified the protein and reported
it to be an iron-containing glycoprotein of M ~1600-2000. Based on their
wor k, Enoki and co-workers have suggested the existence of "a unique

wood- conmponent degrading system that participates directly or indirectly in
the fragnentation of cellulose as well as of lignin in wood and oxidi zes KTBA

to give ethylene." However, it is yet to be established whether the

H , O, -dependent KTBA-oxidizing ability of this protein is related to cellulose
depol yneri zati on. Simlar glycoproteins were isolated from white-rot and
soft-rot fungi (Enoki et al., 1991), raising questions about their role in

wood decay.

Al t hough much work has been done on the chenistry of Fenton's reagent wth
D-glucose, the action of. H,0, and ferrous salts on cellul ose has received
relatively Iittlezgttention (Mbody, 1963, 1964). In an acidic nediumand in
the presence of Fe , H,0, wll oxidize a primary hydroxyl in nmonohydric

al cohols to an al dehyde or carboxyl group (lvanov et al., 1953). In

pol yhydric al cohols, primary hydroxyl groups will react first, followed by
secondary hydroxyl groups. Presumably, if this mechani smwere operative in
brown-rot decay, attack would occur in the anorphous region of the cellul ose
and the reactivity of the primary hydroxyl group would not be dimnished by

hydrogen bonding, as would be expected of the primary hydroxyl groups in the
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crystalline region. Thus, uronic acid residues would be expected in the
brown-rotted cellul ose, but none has been reported (Hi ghley, 1977; Kirk et
al., 1991). In their exam nation of the reaction of cellulose with H,0, and
FeSO, at pH 4.6, Inanov et al., (1953) concluded that oxidation proceeds
dramatically in acid nedium (PH < 4), that primary hydroxyls are oxidized to
al dehyde or carboxyl groups and that secondary hydroxyls groups are oxidized
to ketone groups with eventual rupture of the ring to formtwo al dehyde
groups, which nmay be further oxidized to carboxyl 9rouPs.

An inportant conponent of Fenton chenmistry is H,O,. Probably the strongest
argunment agai nst the presence of the Fenton systemin brown-rot fungi is that
after over two decades of research regarding H,O0, production by brown-rot

fungi it has not definitely been established that these fungi synthesize
extracellular H,O, (H ghley and Flournoy, 1994). Koeni gs (1972, 1974) first
reported H,0, production by brown-rot fungi. Later, Koenigs (1974) observed
H,O0, production with cellul ose depol ynmerizati on.

(catal ase-anmi notriazole) enployed in the 1974 investigations was subsequently
denonstrated by Highley (1981) to be an invalid method for measuring H,O, by
wood decay fungi. Since then, a variety of investigators (H ghley, 1982 ;

Hi ghley and Murmanis, 1985 a,b; H ghley, 1987b; Highley et al., 1988; |llman
et al., 1989; Veness and Evans, 1989; Ritschoff and Viikari, 1991) utilizing
di verse assay procedures (o-dianisidine and titanium tetrachl oride,

di am nobenzi di ne, the ABTS reagent or an oxygen el ectrode/catal ase)
re-examned H,0, production by wood-decay fungi (Flournoy, 1994; Highley and
Fl uornoy, 1994). These studies have yielded conflicting findings.

Presumably, the conflicting reports of whether wood decay fungi produce
extracel lular H,O, can be explained by the transient appearance of H, O, in
culture and the lack of a selective assay for the reagent.

The presunptive role of hydrogen peroxide is the generation of the hydroxyl
radical in a reaction with a netal or a netal chelate. Hydr oxyl radical has
been detected in liquid nedia, agar nedia, or wood by various nethods

i ncludi ng p-nitrosodi um nethylaniline (H ghley, 1982), desilvering (Veness and

Evans, 1989), electron spin resonance (Illman et al., 1989) and

chem | um nescence (Backa et al., 1992). The hydroxyl radical would need to be
formed at its site of action because it is very reactive with a very short
lifetime and therefore, would not diffuse into wood. Kremer et al., (1993)
propose that Fe' -oxalate diffuses into wood and is then oxidized to create
H,0, , and reaction with the remaining Fe” then yi el ds the hydroxyl radical.

Fl ournoy (1994) notes that because nobst of the reports concerning free

radi cal s are phenonenol ogical in nature, it is difficult to assign any meaning
to them and little can be concluded regarding their significance to brown-rot
decay.

Finally, oxalic acid, an inportant physiological netabolize of brown-rot

fungi, may be produced at concentrations inhibitory to the Fenton reaction.
Oxalic acid was proposed by Schnidt et al., (1981), to play a role in

reduction of Fe™ to Fe* which increased cellulose deconposition by the
Fenton reaction. However, Schmdt et al., (1981) and Tanaka et al., (1994)
report that at higher concentrations of oxalic acid, cellul ose degradation by
the Fenton's systemis inhibited. Postia placenta and Seppula incrassata have
been shown to accunulate oxalic acid in wood (Green et al., 1992b).
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In summary, considering the inhibitory effects of oxalic acid on the Fenton
reaction, and that the effects of Fenton's reagent on wood conponents and
nodel conpounds are not duplicated by brown-rot fungi in nmany respects
(Flournoy, 1994) it does not appear to represent an adequate nodel for
brown-rot decay.

Brown-rot fungi degrade cellulose by an oxidative nechanism

Koeni gs (1974a) reported that the hypothesis involving Fenton chenmistry in
brown-rot deconposition of cellulose is reasonable pending proof that
brown-rot fungi oxidize cellulose. xidative changes in brown-rotted lignin
are firmy established resulting primarily in hydroxylation and demethyl ation
of the lignin polyner. (Kirk and Alder, 1969, 1970). Sinilar support for an
oxi dative system in brown-rot degradation of cellulose was sought in several
studies that chemically characterized brown-rotted cell ul ose

Hi ghl ey (1977) conpared the oxidative properties of brown-rotted cellul ose and

cellulose treated with oxalic acid or H,0,/FeSO,. In conducting these
studies, Highley conpared the copper nunber, weight loss in alkaline boil, pH
in 10% NaC, and ion exchange capacity of the various cellul oses

Brown-rotted cellulose had increased copper nunber, increased weight |oss on

boiling in sodium hydroxi de, decreased pH in 10% NaCl, and increased

i on- exchange capacity relative to native cellul ose. Brown-rotted cellul ose

al so gave a positive test with ferrous sulfate-potassium ferricyanide
indicating the presence of oxycellulose. No increase in uronic acid content

of the brown-rotted cellulose was detected. Similar results were obtained
fromcellulose treated with 1% H,0O, and ferrous sulfate. Infrared spectra
showed that carbonyl groups had been introduced into brown-rotted cellul ose
The spectra of brown-rotted cellulose were sinmlar to the spectra of cellul ose
treated with H,0,/FeSO ,.

Later, Highley et al., (1988, 1989) produced infrared spectra (obtained by

di ffuse reflectance) of undegraded cotton cellul ose that showed a |ow
intensity broad carbonyl band centered at ~1740 cm’ . This finding is
consistent with the presence of a reducing-end group at the end of each

cel lul ose nol ecul e. In brown-rotted cellulose, this band has greatly
increased intensity and is centered at a slightly |ower wavenunber. Reducti on
of the brown-rotted cellulose sanmple with sodium borohydride resulted in a
decrease in the intensity of the carbonyl band but did not elimnate it

conpl etely. This led to the observation of several unidentified acids on HPLC
profiles. No uronic acid was reported, and it was suggested that based on the
met hyl ene bl ue determination of 0.5% nole carboxyls, there was approximtely
one carboxyl nmoiety per cellulose chain in the depolynerized sanple.

Brown-rotted cellul ose depolynerization products were further chemically
characterized and conpared with other depol ynerized cellul ose sanmples (Kirk et
al., 1989, 1991). In this study, the follow ng four depolymerized cellul ose
sanpl es were prepared frompure cotton cellulose: (1) acid-hydrolyzed (HC) to
the limt DP, (2) H,0,/FeSO, -oxidized (Fenton-oxidized), (3)

H0,/Br, -oxidized, and (4) brown-rotted (Postia placenta). These four sanples

were characterized as to nol ecular size distribution, yield of glucose on
7



conplete acid hydrolysis, carboxyl content, uronic acid content, carbonyl
content, and sugar acids released on acid hydrolysis. Consistent with earlier
results, the Fenton system but not the other oxidation system ninmcked the
brown-rot system in nearly all measured characteristics. The aci d- hydrol yses
sanpl e also possessed similar characteristics. The follow ng sugar acids were
identified by GOM in the hydrolysates of the brown-rotted and

Fent on- oxi di zed sanples: glyceric, erythronic, arabonic, and gluconic. These
results were consistent with the depol ynerizing agent being related to the
Fenton system but Flournoy (1994) noted that the authors did not establish
that the fungi enploy such a system Shimada (1993) states that "the
identification of these aliphatic acids does not always provide proof of the

i nvol venent of Fenton’s system in physiol ogical wood decay processes, Since
enzymatic evidence for the production of these acids has not yet been

of fered. Furthernore, Fenton's system yields such a destructive OH radical to
living matter as to degrade their own cell polyners.” The Fenton's systemis
power ful enough to deconpose cellulose to carbon dioxide under the appropriate
conditions as long as hydrogen peroxide is continuously supplied (Schmdt et
al., 1981).

Fl ournoy (1994) discusses several pitfalls in these studies (Hi ghley, 1977,
Kirk et al., 1991). They did not establish a correlation between the

oxi dation of cellulose and depolynerization. W do not know, for instance,
whet her oxidation of the cellul ose precedes depol ynerization, whether
oxidation is a result of post-depolynerization nodification, or whether

oxi dation and depol ynerization are coupled. The cellul ose used in these

studi es was highly degraded. Sanples from early decay were not exam ned;
these will be the sanples of nobst interest in understanding the
depol yneri zation mechani sm In addition, the fungus-decayed sanples in one

study (Kirk et al., 1991) were washed with 0.1 N NaOH at 50C for 3 hr prior to
anal ysis, which resulted in only 70% recovery of the original sanple.

Fl ournoy (1994) suggests that in light of the alkaline lability of oxidized
cellul ose (Davidson, 1934, 1936, 1940) and the high weight |osses observed,
that we re-exam ne the carboxyl content of brown-rotted cellulose with
particular attention to analysis of sanples of |ow weight |loss (early decay).
Al so, the cellulose should not be exposed to alkali prior to analysis and
brown-rotted cellulose should be further characterized to determ ne whether
formation of carboxyl groups is correlated with depolymerization of cellul ose.
Fl ournoy (1994) points out that a shortcom ng of techniques currently enployed
for carboxyl group analysis work is their lack of sensitivity. At |ow weight

| oss, the expected yield is very low (<O 5%, and such a small nunber of
carboxyls may easily escape detection. Definitive analysis will depend on the
devel opnent of more sensitive techniques based on radi ochenmi cal |abeling

(Fl ournoy, 1994).

In summary, although the literature indicates that chenical changes in
brown-rotted lignin are oxidative in nature, oxidative changes in cellulose as
a result of brown-rot decay have not been unequivocally denonstrated.

Brown-rot fungi cannot utilize isolated cellulose.




It is often stated in the literature that brown-rot fungi cannot degrade or
utilize isolated cellulose and thus other constituents in wood may be required
to induce the cellulolytic system of these fungi (H ghley, 1977; N |sson,

1974). However, given the right cultural conditions, brown-rot fungi can
degrade and utilize isolated cellulose.

Hi ghl ey (1988) and Highley et al., (1989) studied the degradation of

cellulose by brown-rot fungi in liquid and over an agar or solid medium

Cel lul ose saturated with water by placenment in contact with agar-nediumor in
liquid culture was utilized by Coniophora puteana, Leucogyrophana arizonica
and L . olivescens (coniophoroid brown rotters), indicating that they produced
the full-cellulase-degrading conplement. The nonconiophorid brown-rotters

( doeophvllumtrabeum Lentinus |lepideus and Postia placenta) were unable to
utilize cellulose under these conditions which indicates that they produced a
deficient cellul ose-degrading system However, when cellul ose was placed over
agar or soil mediumso that it did not becone saturated with water, all of the
brown-rot fungi tested were capable of degrading and utilizing cellulose.

The above coniophoroid brown-rotters also could solubilize dyed
mcrocrystalline cellulose (water saturated) over an agar medium indicating
that they produced the full celluloytic enzyme conplex (endo- and

exogl ucanase) (H ghley, 1988). The non-nmenbers of this famly were unable to
solubilize dyed mcrocrystalline cellulose but solubilized cellulose azure, a
regenerated cellulose, which indicates that under these test conditions they
produced a deficient cellulolytic system Coll et (1984) found that some

i sol ates of d oeophyllumwere able to solubilize dyed microcrystalline

cel | ul ose. Hegarty et al., (1987) reported that nobst brown-rot fungi isolates
tested were capabl e of degradi ng dyed microcrystalline cellul ose, but sone
strains had only weak activity. Thus the ability of the brown-rot fungi to
produce enzymes capabl e of degrading mcrocrystalline cellul ose (exoglucanase
activity) evidently varies with the particular strain of the species used.
Production of exoglucanase is not related to the capacity of brown-rot fungi
to degrade wood (Hegarty et al., 1987), which neans that the enzyme may not be
required for cellulose deconposition by these fungi.

The S layer of the tracheid cell wall remains intact during brown-rot
decay °

Brown-rot fungi nmove from cell lumen to cell lumen within wood by neans of
both pit apertures and bore hol es. Al'l wood cells are colonized early in the
decay process. The decay process is thought to affect the S, | ayer of the
wood cell wall first, and it is wdely accepted that the S, layer of the wood
cell wall remains intact until th3e | ate phases of decay (Kwet al., 1988).
Furthernore, the porosity of the S renains relatively unchanged during the
decay process, excluding polysaccharidases.

The evidence for the perseverance of the S, layer of the tracheid cell wall
cones from el ectron mcroscopic studies of grown-rotted wood, especially TEM
These studies show the hyphae positioned in the cell lunen while the S, |ayer
of the wood cell wall gradually disintegrates (H ghley and Mirmanis, 1987).
Scanni ng el ectron microscopic studies reveal the presence of an extracellular

hyphal sheath or matrix conpletely covering the S, layer of the wood cell wall
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(Larsen and Green 1992, Geen et al., 1992, Geen et al., 1989). Accepting
occl usion of the wood cell wall by the hyphal sheath raises the possibility
that the inner layers of the wall are depolymerized by | ow nol ecul ar wei ght
chem cal agents released through the S, and that |ow nolecul ar weight sugars
are transported by diffusion to the S,/ hyphal sheath interface for uptake and
utilization by the fungi.

Evi dence is accumul ating that oxalic and other organic acids can depol yrmerize

hem cel | ul oses by acid catal ysed hydrolysis (Green et al., 1991, Wnandy and
Morrell 1994). Dilute acids have al so been shown to open up the porosity of
the wood cell wall (Gethlein 1985, Beth-Anderson, 1987; Ucar, 1990). Is it

possible that the hyphal sheath not only covers the S; but also protects it
from depol ynerization? There is little cause to suspect that the S, can
resi st depolymerization by brown-rot agents able to deconpose the S,. Thus we
hypot hesi ze that the S, is not excluded from direct attack until late in
decay. we al so propose that nore accurate porosity data could be generated on
the S, if the hyphal sheath were renpved by solubilization (detergents) or
hydroysis (enzynes).

How is the S, layer of the wood cell attacked? Mbst sinply fromthe |unen

i nward-- but no proof currently exists. There is also |limted evidence that
attack mght occur from the conpound nmiddle lanellae (CM) into the S, |layer
accross the S, and primary wall. Heavy nmetals have been shown to diffuse

t hrough the edges of the pit apertures into the CM. (Yata, 1983). Large gaps
in the cell corners of the CML are comonly observed by TEM during brown-rot

decay. In a study of brown-rot decay using inmmunol abel ed nonocli nal
anti bodies to xylanase from Postiaplacenta , labelling was first observed in

the CM. before crossing the S, (Srebotnik, E and Clausen, C., unpublished).
Also, in an SEM study of brown-rot decay, we observed early weakening of the
s,-s, interface during incipient decay (Geen et al., 1989). In both cases,

| ongi tudi nal | eakage of depolynerizing agents could not be excluded.

Oxal ate decarboxylase is only found in white-rot fungi.

Oxalic acid, the strongest organic acid (pka=l.23), has been inplicated
directly and indirectly in the brown-rot decay process (Beth-Anderson 1987,
Geen et al., 1992, Schmidt et al., 1981, and Shinmada et al., 1994). Takao
(1985) screened Basidionycetes for organic acid production and concluded there
were two main groups. In general, brown-rot fungi accunulate oxalic acid
during growth and white-rot fungi do not unless supplemented with calcium
carbonate. Wiite-rot fungi fail to accunulate oxalate due to the activity of
oxal ate decarboxyl ase, first described by Shim zano (1955), which degrades
oxalate to formate and CO, .

One apparent exception among the aggressive brown-rot fungi is G oeophyllum
trabeum which accunulates very low levels of oxalic acid and causes relatively
smal | reductions in wood pH (Akamatsu et al., 1994, Expejo and Agosin, 1991,
and Geen et al., 1992). Anot her exception is the senescent strain of Postia
pl acenta [ME20] which doesn't lower the pH of wood or cause weight loss (Geen
et al., 1992; Mcales and Highley, 1989).
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Recently, M cales (1995) has shown that brown-rot fungi do produce oxal ate
decar boxyl ase (ODC), especially under low pH conditions. P. pl acenta ( ME20)
over produces ODC 10 times, thus hydrolyzing all OA produced. Thus, the role
of this enzyme appears related to pH stat under normal conditions to protect
the fungus from euthanasia (circa pH 2.2) and appears to have no direct role
in cellul ose depol ynerization as proposed by Espejo and Agosin (1991). G
trabeum al so produces oxal ate decarboxylase (M cales, unpublished).
Neverthel ess, isolates of G trabeum decay wood with the sane efficiency as
high OA accunulators, i.e. P. placenta (MAD 698) and S. incrassata (MAD 563),
suggesting that G. trabeum enploys other mechanisms to |ower pH (unlike
ME20) . Koenigs (1974) confirmed that isolates of G trabeum which |owered the
pH of wood to 3.2-3.5 were able to degrade wood nore rapidly than those that
raised the PH. P . placenta (MAD 698) has been shown to accunulate OA and

| ower the pH of wood to 1.7 in 7 days, thus further underscoring species
differences in the brown-rot decay fungi

SUMVARY

The di ffuse nature of wood deconposition by brown-rot fungi, and the rapid
loss of strength at |ow weight |oss suggests that agents smaller than enzynes
are invol ved. Enzyme preparations frombrown-rot fungi have not been able to
duplicate these effects on cellulose or wood, nor have preparations from

power ful celluloytic organisnms, such as Trichoderma. To acconplish the above
changes in wood by brown-rot fungi, a Fenton systemis nobst often given
credit. However, as discussed in this paper, the evidence to date is largely

circunmstantial, and the effects of the Fenton’s reagent on wood conponents are
not duplicated in nany respects creating doubt about its representation as an
adequat e nodel for brown-rot decay. It is noteworthy that brown-rot decay and
thermal |y induced acid hydrolysis by fire retardants attack the henicell ul ose
conponents of wood at the onset of strength loss (Levan et al., 1990; W nandy
and Mrrell, 1993). These authors also noted a remarkable simlarity in
appear ance and texture between fungus-induced and acid degradation of fire
retardant treated wood. In both cases, strength loss initially occurs before
correspondi ng wei ght | oss. I's acid production a key to the initial stages of
brown-rot decay and could the hydronium ion be the diffusible,

| ow- nol ecul ar-wei ght "decay agent" as hypothesized by Hawl ey and Canpbell
(1927) al nost seventy years ago. Schmidt (1981) reported that oxidation of
oxalic acid by Fe'~ releases two hydronium ions.

Many unproven notions about brown-rot decay have becone dogma. Sone of them
are based upon research on a single brown-rot species. However, brown-rot
fungi are not nonolithic, and some generally accepted ideas are not applicable
to another brown-rot species. To put it quite sinply, certain conclusions
about brown-rot decay are invalid and unproven. Furture advances in our
under st andi ng of brown-rot decay processes will require devising alternative
hypot heses and then devising crucial experiments to exclude a hypothesis using
nmore than one brown-rot species. Certain systematic nethods of scientific

t hi nking may produce much nmore rapid progress than others (Platt, 1964).

11
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