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Abstract

Growing concerns about the environment present an urgent
need for new approaches to preserving wood.  Some com-
monly used preservatives have been banned or restricted in
several countries.  Scientists at the Forest Products Labora-
tory, USDA Forest Service, are exploring new approaches
for detecting and preventing wood decay.  Progress in this
ongoing research program is presented in two research
papers.  This report, Part I, describes research on decay
mechanisms and biological control (biocontrol).  Research
on diagnosis of decay and in-place treatment is presented in
Part II (FPL–RP–530).

This research paper first describes current knowledge about
how white- and brown-rot fungi decay wood and then
delineates research in two problem areas: (1) control of wood
decay through targeting biosynthetic and degradative
pathways, and (2) biological control (biocontrol) of wood
decay through nondecay micro-organisms.  Finally, direc-
tions for further research are described in the areas of
biology of wood deterioration and protection of wood
without chemical pesticides.
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Research on Biodeterioration
of Wood, 1987–1992
I. Decay Mechanisms and Biocontrol

In addition to very low mammalian toxicity, the ideal
biocidal treatment must meet other demands: stability, a
spectrum of activity graduated according to application,
very low environmental hazard, and cost-effectiveness. The
trend is toward developing narrower spectrum wood-
preserving chemicals with enhanced activity and lower end-
use concentrations. This emphasis will eventually lead to
carefully tailored or “designer” preservatives. The move to
such preservatives with low toxicity could be facilitated by
the identification of the unique features of degrading
organisms or their biochemical pathways, which would
reveal the key mechanisms of the decay process. This
requires thorough knowledge about the fundamental prin-
ciples of wood decay—including the mechanisms and
methods of deterioration as well as the conditions required
for fungal growth. Understanding of the biochemical agents
in fungal attack that are responsible for degradation will
provide tools for “sabotaging” their ability to decay wood.
By focusing research on the physiological differences
between wood-attacking fungi and nontarget organisms,
fungal activity can be inhibited and stopped.

Background

The most important and potent wood-decay organisms are
white- and brown-rot fungi. Brown-rot decay is the most
common  and most destructive type of decay in structures
(Fig. 1). For decay to occur, the moisture content must be
above fiber saturation (average 30 percent) and the tempera-
ture between about 2°C and 38°C. Oxygen must also be
available because decay fungi are aerobic organisms. Finally,
a suitable substrate, such as wood, must be present to nourish
the fungus. Interference with any of these requirements stops
the decay process. For example, storing logs under water
interferes with the requirement for oxygen, and thus prevents
decay.

The optimal nutritional needs of white- and brown-rot fungi
vary, but the basic nutritional requirements are satisfied by
the structural carbohydrates and certain extraneous materials
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Introduction

Failure of wood in service through biodeterioration is a
prime cause of user dissatisfaction. More knowledge is
needed about the organisms that attack wood so that we can
predict with confidence the performance of wood products in
particular environments. Although many types of organisms
deteriorate wood, the greatest damage is microbiological—
from fungi and, to a relatively minor extent, bacteria. Decay
is by far the most serious kind of microbiological deteriora-
tion because it can cause structural failure, sometimes very
rapidly. Because damage to wood from decay, though
widespread, is seldom spectacular, the tremendous economic
and resource loss to this cause is often overlooked. This
oversight is exemplified by the failure to recognize the
importance of biodeterioration of wood products and the
failure to recognize that extending the service life of wood is
a sure way to extend the available timber supply. Extended
service life also lowers the repair and maintenance cost of
wood construction.

There is an urgent need for new approaches for preventing
wood deterioration. The major current wood preservatives—
creosote, pentachlorophenol, and inorganic arsenicals—are
broad-spectrum biocides that can pose a serious threat to the
environment, especially during the treating step. Some of
these chemicals have already been banned or restricted in
some countries. At present, no harmless substitutes for toxic
chemicals are available. Consumers are concerned about the
environment and may be using untreated wood in applica-
tions where it may be subject to biodeterioration. For
example, consumers question the safety of wood treated with
chromated copper arsenate (CCA) because of the many
precautions listed for such wood in consumer information
sheets. Some people think that the only solution is to ban
CCA-treated wood and to rely on industry to develop
nontoxic substitutes. Therefore, environmentally acceptable
methods are needed to meet society’s need for environmen-
tally safe technologies to increase the durability of wood
against biodeterioration.
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efficient mechanism for nitrogen metabolism and reuse (Levi
and others 1968). Field evidence (Larsen and others 1978)
and results of in vitro culture studies support the theory that
wood-decay Basidiomycetes can conserve and function with
the small amount of nitrogen available in wood by autolysis
and reuse of the nitrogen from their own mycelia or by the
lysis of other fungi in wood during decay, together with an
extremely economical use of nitrogen in metabolism.
However, other sources of nitrogen, such as bacterial
fixation, may sometimes be required to form sporophores.
Studies of growth and nutrition of 42 white- and brown-rot
fungi in synthetic media revealed that none of the fungi
required nitrogen in organic form, but growth was usually
greater with organic nitrogen than with ammonium salts
(Jennison 1952). Nitrate did not support the growth of 41 of
these fungi.

Thiamine, the only vitamin essential for growth of most
wood-decay fungi, is present in wood (Jennison 1952). The
discovery that most decay fungi require thiamine created
interest in the possibility of protecting wood for
aboveground service by alkaline treatments that presumably
destroy thiamine (Baechler 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 resistance of alkaline-treated wood to brown-
rot was caused by not only thiamine destruction but also the
increased pH of the wood (Highley 1973).

Various components of the wood cell wall are attacked
differently by white- and brown-rot fungi. White-rot fungi
utilize cellulose and the hemicelluloses at approximately the
same rate relative to the original amounts present, whereas
lignin is usually utilized at a somewhat faster rate on a
relative basis. These fungi cause the wood to become 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 modify lignin, as indicated by
demethylation and the accumulation of oxidized polymeric
lignin-degradation products. The fungi cause the wood to
darken, shrink, and break into brick-shaped pieces that
crumble easily into a brown powder (Fig. 1). Chemical
analysis of brown-rotted white pine (Pinus monticola) and
hard maple (Acer rubrum) showed that the hemicellulose
glucomannan is removed considerably faster than cellulose
or xylan (Highley 1987a). Xylan is usually depleted faster
than cellulose. Since hemicelluloses form an encrusting
envelope around the cellulose microfibrils, further degrada-
tion and removal of depolymerized cellulose may depend on
prior removal of the hemicelluloses. Thus, hemicellulose
utilization may be a critical initial step in establishment of
brown-rot fungi in wood. Consequently, prevention of
hemicellulose utilization should inhibit the decay process.

Figure 1—Stages of brown-rot decay: (Top)  early
stage—discoloration in surface and end grain (left),
(Bottom) late stage—cracked and collapsed wood.
(M 124 928)

in wood. Degradation of lignin does not occur in the absence
of wood carbohydrates, and lignin is probably of limited
importance 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 widespread in wood before any significant weight
losses are detectable (Hulme 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 least one hyphal strand in each cell, suggesting
that extracellular enzymes may not be able to diffuse outside
the wood cells in which they are secreted (Wilcox 1970).
Thus, any physiochemical feature of the wood or its constitu-
ents that limits the ability of an organism to develop in the
individual cells of wood will profoundly influence the
wood’s resistance to decay.

Nitrogen plays the most important role of the nonstructural
nutrients in wood, and its part in wood decay has been
extensively studied by Cowling and coworkers (Levi and
others 1968; Merrill and Cowling 1966). The sparsity of
nitrogen in wood (about 0.03 to 0.10 percent (Merrill and
Cowling 1966)) indicates that wood-decay fungi have an
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White-rot fungi successively depolymerize cell wall sub-
stances only to the extent that the products are used for
metabolism. The fungi produce a gradual decrease in average
degree of polymerization (DP) of holocellulose during all
stages of decay and only slightly change the solubility
properties of wood (Cowling 1961; Highley and Illman
1990). Brown-rot fungi, in contrast to white-rot, rapidly
depolymerize holocellulose, and the degradation products are
produced faster than they are utilized (Cowling 1961). The
rapid depolymerization of the wood carbohydrates is
reflected by the substantial increase in alkali solubility
products.

Brown-rot fungi cause a more rapid drop in strength proper-
ties than do white-rot fungi, which reflects holocellulose
depolymerization. Early decay of both brown- and white-
rotted wood is evidenced only by a loss in toughness. Wood
that has lost only 1 percent of its weight because of decay
will frequently exhibit a 50 percent loss in strength measured
as toughness (Richards 1954). Reduction in toughness
caused by brown rot could be explained by the sharp
reduction in DP of cellulose during decay, but the basis for
toughness loss caused by white rot lies elsewhere because
these fungi reduce cellulose DP gradually.

While decaying wood, brown-rot fungi create a low pH,
primarily by producing oxalic acid (Cowling 1961). White-
rot fungi also produce oxalic acid but they metabolize it, and
so the pH is not as low.

This report summarizes progress made by the
Biodeterioration of Wood Unit at the Forest Products
Laboratory from 1987 to 1992 in understanding wood-
degrading organisms and their unique physiological features
that can be used to control decay. The research involves two
problem directions: (1) study of biosynthetic and degradative
pathways that can be targeted to develop better methods for
controlling decay and (2) enhancement of the ability of
nondecay micro-organisms to prevent fungal attack, com-
monly known as biological control.

Decay Control Through
Biosynthetic and
Degradative Pathways
The objective of this research has been to provide basic
information on the biochemical agents in fungal attack
responsible for degradation that can be used to develop new,
environmentally safe wood preservation methods. Biochemi-
cal and physiological studies of wood decay should reveal
new information on decay mechanisms that will allow us to
interfere with essential biochemical processes and develop
highly active and sharply targeted preservatives with
enhanced preservative performance. To achieve our objec-
tive, we have conducted research in three major areas:
(1) wood/fungus interaction, (2) enzymes in digestion and
growth, and (3) nature of the brown-rot cellulose depolymer-
izing agent.

Figure 2—Early stage of brown-rot degradation of
hemlock. Hyphal sheath (HS) of hyphae (H) growing
in lumina (L) is attached to cell wall. Primary (S

1
),

secondary (S
2
), and tertiary (S

3
) wall layers and

middle lamella (ML) appear intact. Aldehyde–O
2
O

4

fixation, TEM, 8,200x. (M89 0167)

Wood/Fungus Interaction

The Biodeterioration of Wood Unit initiated a number of
studies in the early 1980s to explore the interaction of decay
fungi with wood. Electron microscopy and cytochemical
staining techniques were used to identify the sites of attack
and morphological changes that occur during degradation of
cellulose and wood by brown- and white-rot fungi (Palmer
and others 1983a,b, 1984; Murmanis and others 1983;
Highley and others 1984, 1985; Highley and Murmanis
1986, 1987). This work recognized the essential role in wood
decay of a gel-like matrix (sheath) that covers fungal hyphae
(Illman and Highley 1989) (Fig. 2). The hyphal sheath is
carbohydrate in nature, surrounds the hyphae, and often
attaches to the cell wall of wood. This matrix is thought to
perform several diverse functions, all critical to the wood
decay process. It certainly must be involved in attachment
and survival mechanisms as well as in protection of the
hyphae. It could also serve as a medium to condition the
substrate and predispose it to enzymatic attack. An isolate of
Postia placenta that is unable to depolymerize cellulose or to
decay wood test blocks produced a sheath that was morpho-
logically different from those of normal test isolates (Green
and others 1991a). This isolate also failed to form large
quantities of fungal glucan in liquid culture (Micales and
Highley 1990; Micales and others 1990), which is thought to
be the primary chemical component of the hyphal sheath.
These studies support the importance of the hyphal sheath in
the decay process.

The importance of the hyphal sheath was confirmed and
expanded in further work using high resolution scanning
electron microscopy (SEM) and creative SEM preparative
protocols to offer a new model to account for the rapid
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penetration of wood-degrading agents during brown-rot
decay (Green and others 1989b, 1991; Larsen and Green
1992) (Fig. 3). For the first time, different SEM preparative
methods showed the existence of a mycofibril element of the
hyphal sheath that penetrated wood cell wall layers. These
extracellular structures have a normal diameter of 10 to
50 µm and are up to 25 µm in length. Mycofibrils appear to
be linear structural extensions of the hyphal cell wall. The
precise function of mycofibrils remains to be elucidated.
However, we feel that penetration by the extracellular
structures of the sheath into the wood cell wall facilitates the
decay process in an orderly progression, and we propose this
as an alternative hypothesis to simple diffusion of wood-
decay agents. The sheath, therefore, appears to consist of an
extensive network of microfibrils embedded in a matrix of
glucan; it may also contain trilaminar extracellular membra-
nous structures (EMS).

Sterols are a principal component in the membranes of most
fungi. Therefore, sterol-biosynthesis inhibitors, compounds
that interfere specifically in fungal sterol-metabolism, should
destroy membrane integrity and stop decay. Micales and
Highley (1991) determined the effect of sterol-synthesis
inhibitors, detergents, surfactants, and other membrane
disrupters on the growth of the brown-rot fungus Postia
placenta. The sensitivity of P. placenta isolates to the
ergosterol-biosynthesis inhibitor fenpropimorph was
somewhat variable; ED

50 
values ranged from 0.20 to

0.79 µg/ml. ME20, a strain of P. placenta that does not cause
significant weight loss in wood and that produces a hyphal
sheath apparently deficient in glucan, was especially
sensitive to fenpropimorph (ED

50
 = 0.08 µg/ml). Similar

variation among isolates was displayed in response to

monensin, an antibiotic that disrupts membrane function by
inserting itself into fungal membranes. The ED

50
 values

ranged from 1.1 to 1.7 µg/ml; in this instance, however,
ME20 was the least sensitive isolate.

Certain strains of wood-decay fungi appear to secrete
byproducts that can affect fungal growth (Micales 1992a).
These compounds are small (molecular weight < 10,000), are
nonenzymatic, and are associated with autolysis. Strain
ME20, which does not depolymerize cellulose or decay
wood test blocks, has an aberrant, appressed colony mor-
phology. When exposed to ME20 culture-filtrates, normal
test strains of P. placenta take on the abnormal morphology
of ME20. Colony morphology may be related to hyphal
sheath structure. These staling products may disrupt normal
hyphal sheath formation and interfere with decay develop-
ment. The exact chemical nature of these staling products
and their effect on hyphal sheath development still needs to
be defined.

More work identifying the factors involved in matrix
formation certainly seems worthwhile. The inhibition of
matrix formation could be an effective means of preventing
the damage caused by wood-decay fungi.

Digestive and Growth Enzymes

In the previous section, we discussed some new concepts on
how fungi may move through wood. In this section, we
discuss what is involved in digestion and growth of decay
fungi. From the standpoint of control, the regulation of key
enzymes in digestion and growth is of interest. Important
digestive enzymes are those that decompose cellulose,

Figure 3—Schematic representation of hypha and hyphal sheath
structures as observed on inert substrates.
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Because previous work by the Biodeterioration of Wood
Unit (Highley 1987a) indicated that hemicellulose degrada-
tion by brown-rot fungi is an important step in the brown-rot
decay process, we have focused on the purification of these
enzymes (Highley and Wolter 1982). Xylanase was sepa-
rated and characterized for the first time from what was
thought to be a large, multienzyme complex (Green and
others 1989). This enzyme was then used as an antigen to
produce monoclonal antibodies (Clausen and others 1993a).

Extracellular wood-decay enzymes of the brown-rot fungus
Postia placenta were localized using colloidal-gold-labeled
monoclonal antibodies to the ß–1, 4–xylanase (32 to 36 kDa)
fraction of P. placenta (Green and others 1991b). Enzymes
were localized on the hyphal surface and on the clumped
mycofibrillar elements of the hyphal sheath following
fixation with glutaraldehyde. If fixation was omitted,
labeling was diffuse and not localized on individual or
clumped mycofibrils. We conclude that extracellular decay
enzymes are weakly bound (noncovalently) to, but not
identical with, the linear mycofibrillar elements of the hyphal
sheath. We conjecture that decay enzymes or agents,
especially low molecular weight hemicellulases, may
associate and migrate in concert with the formation of
mycofibrillar sheath elements as an integral step in their
presentation to woody substrates during incipient decay.
Confirmation of this hypothesis will require isolation and
characterization of mycofibrils and immunocytochemical
localization in the hyphal sheath on wood.

Growth Enzymes

Almost nothing is known about nitrogen metabolism in
wood-decay fungi, but nitrogen plays the most important role
of the nonstructural nutrients in wood. The nitrogen content
of wood is very low, with an average C/N ratio of about
350:500/L; nitrogen is present primarily as protein. Thus,
wood-decay fungi must have an efficient mechanism for
nitrogen metabolism and reuse. Most likely, these fungi
reuse the nitrogen in their own mycelium through autolysis.
At least in the early stages of colonization, assimilation of
nitrogen might depend on secretion of extracellular pro-
teases, which may be a potential target for control.

Polyamines are nitrogen compounds found in fungi that are
essential for growth and development. The biosynthesis of
polyamines in most organisms can proceed through one of
two metabolic pathways. However, only one pathway has
been reported to be the route of synthesis in fungi. This
feature makes the pathway an ideal target for specific
regulation of polyamine production in wood-decay fungi.
The result would be the specific control of decay by affecting
only fungal growth and development. We have shown that
“suicide” inhibitors such as diflouromethylornithine
(DFMO) inhibit decay fungi (Illman 1990). Further studies
are underway using these inhibitors in the study of
polyamine transport systems and determining reaction steps
in metabolic pathways. The inhibitors are enzyme-specific

hemicellulose, and lignin. For growth, key enzymes are those
involved in nitrogen metabolism, such as glutamine
synthetase and polyamine enzymes, and in cell-wall forma-
tion, such as chitin synthetase.

Digestive Enzymes

For digestion of wood cell wall constituents, enzymes must
be released externally to the fungus. Thus, one method of
preventing fungal attack of wood would be to inactivate the
extracellular degrading enzymes  in situ or prevent their
release from fungal hyphae. However, we found that
extracellular enzymes are quite stable; frequently, higher
concentrations of chemical are required to inactivate the
enzyme than to prevent growth (Micales and others 1987;
Highley and Micales 1990). A more promising approach,
therefore, would be to find a way to interfere with processes
involved in enzyme secretion.

The Tween surfactants have been shown to affect enzyme
secretion (Micales 1991). The addition of Tween (20, 40, 60,
and 80) changed the cultural morphology of Postia placenta,
perhaps by altering the composition of the hyphal sheath.
The activity of ß–D–glucosidase increased in culture filtrates
that had been supplemented with the four different Tweens.
The modes of action of the various Tweens is not known, but
the increase in enzyme activity may be due to the ability of
Tween to solubilize or disperse the hyphal sheath, thus
releasing sheath-bound enzymes into the culture filtrate.
Certain detergents, including SDS and Triton X–100, were
also shown to remove the hyphal sheath. These treatments
were actually incorporated into enzyme isolation procedures
to increase enzyme recovery (Clausen and others 1993b).
The disruption of the hyphal sheath may greatly interfere
with the decay process. This area needs further study to
evaluate the potential of surfactants as control agents.

The effect of tunicamycin, an antibiotic that inhibits secre-
tion by preventing the glycosylation of glycoproteins, was
determined on growth and enzyme production of
P. placenta. Low levels of tunicamycin prevented the release
of degradative enzymes. Xylanase formed in the presence of
lower concentrations of tunicamycin was smaller and less
stable to conditions of temperature and pH extremes and
protease activity (Micales and Highley 1988). Calmodulin
has also been suggested to be involved in secretion of
cellulases by some fungi, but the role of this material in
secretion of enzymes by decay fungi is unknown. Therefore,
the effect of anticalmodulin compounds on secretion of
carbohydrate-degrading enzymes by white- and brown-rot
fungi was determined (Highley 1989b). Several
anticalmodulin compounds inhibited production of cellu-
lases, hemicellulases, and glycosidases of white-rot but not
brown-rot fungi. This indicates different secretion mecha-
nisms by these types of fungi. We do not propose to use
these materials as wood preservatives, but they may serve as
a model system in the continuing search for more environ-
mentally compatible fungicides.
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and irreversible, acting at the catalytic site of the enzyme,
which results in “suicide.”  These inhibitors are ideal
candidates for studies to target the “Achilles’ heel” of the
decay fungi. This approach is also being studied to control
diseases in agricultural crops.

One means by which wood-decay fungi reclaim the nitrogen
in wood is through the secretion of proteinases, enzymes that
break down nitrogenous substances. Proteinase production
was associated with the autolytic phase of growth in isolates
of Postia placenta, suggesting that the fungus is recovering
the nitrogen it has used previously for mycelial growth
(Micales 1992b). These proteinases had acidic pH optima
(Micales 1992b), indicative of a class of enzymes called
aspartic proteinases. There are chemical inhibitors that
interfere with this type of enzyme. Future research will
examine the effect of these inhibitors on fungal growth and
wood decay ability.

Another approach that might be utilized for specific inhibi-
tion of fungal growth and development is the use of chemi-
cals that prevent synthesis of chitin, an essential component
of fungal cell walls. Vertebrate animals do not possess
chitinous tissue. This basic biological difference has stimu-
lated interest in the development of pesticides that specifi-
cally inhibit chitin synthesis and have little or no effect on
nontarget organisms. There has been some success in
inhibiting wood-decay fungi by inhibiting chitin synthetase,
but the response to inhibition varies among species, probably
because the chitin synthesizing enzyme is not equally
accessible in all species (Johnson and others 1992). Addi-
tional basic studies are needed to overcome this difficulty.

Brown-Rot Cellulose Depolymerization

Brown-rot fungi are unique among cellulose destroyers
because they are the only known microbes that can degrade
the cellulose in wood without first removing the lignin.
These fungi leave a brown residue (hence the name) of
partially demethylated lignin. Furthermore, brown-rot fungi
degrade cellulose in an unusual manner that differs from that
of other cellulolytic organisms. Shortly after colonizing
wood, the fungi cause a rapid and extensive depolymeriza-
tion of cellulose to the “limit” or crystalline degree of
polymerization (DP) at low weight loss. How this rapid
depolymerization of cellulose occurs is a perplexing bio-
chemical question that has plagued researchers for years
because even the smallest enzymes appear too large to
penetrate the pores of wood. Also, cellulases do not mimic
the action of brown-rot fungi in generating cellulose
crystallites. Several hypotheses have been proposed to
explain how brown-rot fungi decompose cellulose (Fig. 4).

Although we have not been able to determine the biochemis-
try and physiology of the degradative system employed by
brown-rot fungi to depolymerize cellulose, our research has

A. Hemicellulose
Amorphous cellulose

Low molecular weight
Nonenzymatic

Nonenzymatic

B. Crystalline cellulose

Fibrillar hyphal sheath/EMS

Enzymatic

Fenton
(H2O2)

Oxalic
acid

Small
molecules

Glycopeptides
(H2O2)

Siderophores
(Fe++)

Figure 4—Proposed mechanism of brown-rot decay.

made significant contributions to the understanding of the
degradative process (Highley and Illman 1991). To gain
insight into the mechanisms involved in decomposition of
cellulose by these fungi we conducted research in the
following areas: (1) ultrastructural changes in brown-rotted
cellulose, (2) characterization of brown-rotted cellulose and
(3) nonenzymatic breakdown of cellulose. These studies
were facilitated by use of a solid substrate system. Isolated
cellulose was degraded by placing it in contact with a wood
or filter-paper inoculum over a soil or agar medium (Highley
1977b; Highley and others 1988).

Ultrastructural Changes

Highley and others (1983) used the solid substrate system to
study degradation of purified cellulose by 11 brown-rot fungi
using scanning and transmission electron microscopy (SEM
and TEM, respectively). Erosion troughs or depressions in
the fiber surface were not visible at points of hyphal contact
(Fig. 5). However, the cellulose within the fibers was
extensively degraded, regardless of hyphal invasion.

This type of cellulose degradation is different from that
observed in studies of most other cellulolytic
micro-organisms, in which a rather localized attack on
cellulose occurs near cells of the invading organism. White-
rot fungi in contact with cellulose fibers erode the fiber
surface (Highley and others 1984). A localized attack on
cellulose fibers also occurs with mold fungi such as
Trichoderma spp. and Aspergillus spp. These fungi penetrate
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Characterization of Cellulose

To gain insight into the nature of the cellulase system
involved in the depolymerization of cellulose by brown-rot
fungi, Highley and others (1989) chemically and physically
characterized brown-rotted cellulose. All eight brown-rot
fungi studied extensively depolymerized cellulose exposed
over soil or agar and increased alkali solubility before
significant weight loss occurred. Molecular weight determi-
nations of cellulose degraded by the brown-rot fungus Postia
placenta gave a symmetrical DP distribution, with a fairly
tight distribution around DP 200. Thus, random cleavage of
all the cellulose must have occurred in the amorphous
regions, not just at the fiber surfaces. The number average
molecular weight was 188 and the weight average 335. This
is close enough to a 1:2 ratio to be consistent with random
cleavage. X-ray diffraction analysis indicated a preferential
attack by the fungus on smaller crystallites and amorphous
regions of the cellulose. Uronic acids were not detected in
acid hydrolysates of the brown-rotted cellulose, indicating
that oxidation was not at C–6.

Kirk and others (1991) further chemically characterized
cellulose decayed by P. placenta and compared the degraded
cellulose with cellulose depolymerized by (1) acid hydroly-
sis, (2) ferrous salts (Fe2+)–hydrogen peroxide (Fenton’s
reagent), and (3) periodate–bromium oxidation. The Fenton
system, but not the other systems, mimicked the brown-rot
system in all measured characteristics. Gas-chromatographic
mass spectroscopic analysis of the acid hydrolysates of
brown-rotted cellulose identified four major acids: glyceric,
erythronic, gluconic, and arabonic acids. No uronic acid was
produced. The presence of glyceric and erythronic acids
indicates oxidative cleavage of the vicinal diol carbon–
carbon bond within glucosyl residues. Reaction of cellulose
with Fenton’s reagent generated the same sugar acids but not
in the same amounts.

Nonenzymatic Breakdown of Cellulose

Results from ultrastructural and chemical characterization
studies indicate that rapid oxidation occurs during the early
stages of brown-rot decay, that pore size in wood is too small
for known enzymes to access wood cellulose, and that
Fenton’s reagent mimics brown-rot degradation of cellulose.
A model based on Fenton chemistry predicts production of
hydroxyl radical (HO) from hydrogen peroxide and ferrous
salts by the Fenton Haber–Weiss reaction:  Fe2+ + H

2
O

2
 Fe3+

+ OH- + HO. The hydroxyl radical would cleave long-chain
cellulose into smaller fragments. Thus, one proposal for
brown-rot decompositon of cellulose is that either
(1) transition metal chelates convert to potent oxidizing
species or (2) a free metal may generate an activated oxygen
species, such as hydroxyl radical, and oxidatively cleaves
cellulose (Highley and Illman 1991). To test this hypothesis,
we have studied hydrogen peroxide and oxygen free radical
production by brown-rot fungi and assayed for the presence
of metals.

the fiber to the lumen (Basu and Ghose 1962; Berg and
Hofsten 1976), and growth is abundant in the lumen and
within the cell wall. Berg and Hofsten (1976) showed that
Trichoderma viride moves through cellulose by means of
surface-bound enzymes.

Isolated cellulases also produce a slow, localized erosion of
cellulose near the point of contact (Eriksson 1981; Porter and
others 1960). Thus, morphological changes produced by
brown-rot fungi grown on cellulose are quite different from
those produced by most other cellulolytic organisms and
isolated cellulolytic enzymes. Cellulolytic enzymes would be
expected to produce a localized surface attachment on
cellulose because cellulases isolated thus far are too large to
penetrate the microstructure of cellulose and because the
affinity of cellulases to cellulose restricts their diffusion.
Flournoy and others (1991) found no pores >3.8 nm in sound
or decayed wood, which would exclude known cellulases
from brown-rot fungi.

Direct contact between the living fungus and cellulose seems
necessary for effective degradation of native-type celluloses
by brown-rot fungi. Hyphae or hyphal sheath material is
always observed in contact with degraded fibers (Highley
and others 1983). Often, sheath material completely encircles
cellulose fibers (Fig. 5). Similarly, in degradation of wood
by brown-rot fungi, hyphal sheath structures are observed
(1) on the surface of hyphae, (2) extending from hyphae onto
the wood surface and covering the S

3
 layer, and (3) penetrat-

ing into the wood cell wall layers (Green and others 1989b).
Hyphal sheaths have been proposed to facilitate cellulolytic
action by aiding transport of degradative agents to substrate
and uptake of degradative products of cell wall dissolution
(Green and others 1989b). Thus, without the hyphal sheath,
the fungus may not be able to position the degradative
enzymes near the substrate.

Figure 5—Hyphal sheath (HS) of Postia placenta
enwrapping several hyphae and much of cotton fiber
with granular material in its lumen, TEM.
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source may also influence detection by determining the stage
of hyphal growth in a given test. Variable growth rates have
been observed in adjacent mycelial plugs taken from agar
stock plates (Illman, unpublished data).

The role of hydrogen peroxide as a diffusible depolymeriza-
tion agent has been predicted (Cowling and Brown 1969;
Koenigs 1974a,b) and discussed (Illman 1991; Illman and
Highley 1989; Kirk 1983). Its role as the diffusible agent
moving from tracheid lumen to an S

2
 site of depolymeriza-

tion has not been demonstrated. If produced, hydrogen
peroxide may be generated in close proximity to its site of
action, in or near the hyphal sheath. This view is supported
by observations that brown-rot degradation of cellulose
fibers and wood (Highley and others 1983, 1985) occurs
when the sheath is in contact with these substrates. The
proposed model of the sheath as facilitator of degradation
also supports a model of time-dependent generation of
hydrogen peroxide that is quenched by a number of site-
specific oxidative reactions.

The possibility that fungal autolysis is the source of hydro-
gen peroxide or other oxidizing agents responsible for
positive results has not been ruled out. The most successful
tests for hydrogen peroxide were under conditions of
carbohydrate and/or nitrogen starvation, which could lead to
autolysis (Morton 1951), mimicking fungal action in wood
(Merrill and Cowling 1966).

Production of Oxygen Free Radicals —The presump-
tive role of hydrogen peroxide is the generation of the
hydroxyl radical in a reaction with a metal or a metal chelate.
The superoxide radical is a candidate precursor for genera-
tion of hydrogen peroxide. Thus, assays for a depolymeriza-
tion agent have been based on detection systems for oxygen
free radicals.

Several laboratories have used chemical assays to survey
fungal cultures and rotting wood for the production of
extracellular oxygen free radicals. Filtrates of 21-day-old
cultures of brown-rot fungi were shown to bleach the
spectrum of p-nitrosodium methylaniline, suggesting the
presence of the hydroxyl radical (Highley 1982). The assay
is not a specific test for oxygen free radicals. Organic
radicals and easily auto-oxidizable compounds can produce
the same results (Bors and others 1979).

Several attempts have been made to determine radical
production by employing oxygen radical inhibitors in fungal
systems. Several different chelators and radical and
peroxide-quenching agents had little effect on weight loss of
cellulose or wood blocks by P. placenta, G. trabeum, or
L. olivascens (Highley 1982; Highley and Murmanis 1985)
in soil-block cultures. In this experiment, the toxic
chloramphenicols had no effect on wood decay. Weight loss
was <2 percent with thiourea (1.0 M) and 0.5 percent with
fluorouracil (0.001 M) compared to 65 percent in the control
(Highley 1982).

Production of Hydrogen Peroxide —The first reports of
extracellular hydrogen peroxide production by brown-rot
fungi (Koenigs 1972, 1974a,b) were not easily reproducible
(Highley 1981, 1982). Many researchers reported variable
results in detecting hydrogen peroxide in cultures of brown-
rot fungi (Highley 1981, 1982, 1987a; Koenigs 1972), in
contrast to easily detectable levels of hydrogen peroxide
produced by white-rot wood-decay fungi (Highley 1987b).
Detection systems were based on color changes in media
from oxidation of chromophores ranging from bovine
haemoglobin or sheep’s blood medium to catalase–
aminotriazole, 3,3'–diaminobenzidine tetrahydrochloride
(DAB), o–dianisidine, and titanium tetrachloride.

When solid culture medium was amended with a more
sensitive detection system of 2,2'–azinobis (3–ethyl-
benthiazole–6–sulphonic acid) (ABTS) and horseradish
peroxidase, hydrogen peroxide was detected in 2 of 13
brown-rot fungi and 5 of 7 white-rot fungi tested. The ABTS
system was used to study the effect of culture conditions on
production of hydrogen peroxide (Highley 1987a). By
altering the nitrogen supply in glucose-supported agar
medium, 6 of 13 brown-rot fungi produced hydrogen
peroxide, as determined by medium color. In agar medium
with low nitrogen (0.02 percent NH

4
NO

3
) supported by

glucose, mannose, xylose, cellobiose, or malt extract,
hydrogen peroxide was detected in 11 of 13 brown-rot fungi.
All seven white-rot fungi in the study produced hydrogen
peroxide (Highley 1987b).

Because agar reportedly acts as a quencher of hydrogen
peroxide (Thompson and others 1986), a liquid culture
protocol was designed to test the time-dependent effects of
nitrogen and carbohydrate limitation on production of
hydrogen peroxide with the ABTS–peroxidase system
(Illman and others 1989b). Production of hydrogen peroxide
as measured by color change in the culture medium was
induced by nitrogen and/or carbohydrate starvation in 11 of
13 brown-rot fungi. The rate of color change varied with
each species, ranging from 4 to 40 days.

In addition to questions about the generation of hydrogen
peroxide, the variable results call to question (1) the specific-
ity and sensitivity of detection methods, (2) variability of
species and strains of a given species, (3) culture conditions
for assays, and (4) lack of hydrogen peroxide accumulation.

Detection systems for hydrogen peroxide have yielded
positive results in chemically defined solid, liquid, and
wood-based culture media of many brown-rot fungi under
specific culture conditions. Such results have not been
obtained consistently. Explanations may be found in the
developmental stage of the fungus. Hydrogen peroxide may
be produced transiently; that is, in small concentrations for a
short period at a specific hyphal age. If hydrogen peroxide is
rapidly utilized or quenched by chemicals in the culture
medium, it may not be detected consistently. Inoculum
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Figure 6—ESR spectra of paramagnetic manganese
in wood, with and without the brown-rot fungus
Postia placenta. Microwave frequency at 9.003 GHz,
microwave power of 10 mW, and modulation
amplitude of 10 G.

A more direct detection of hydroxyl radical in brown-rot
fungal systems was made by using electron spin resonance
spectrometry (ESR) and a spin trapping technique (Illman
and others 1988a, 1989b). The hydroxyl radical was detected
in fungal-inoculated wood using ESR and the radical spin
trap, 5,5–dimethylpyrroline–N–oxide (DMPO). The DMPO
was used to derivatize the hydroxyl radical to a more stable
adduct radical that gives a specific, four-line ESR signal. The
ESR signal of the hydroxyl radical–DMPO adduct was
observed in wood slivers of Douglas-fir and white fir when
inoculated with P. placenta (Illman and others 1988a,
1989b). A hydroxyl radical–DMPO signal was also detected
in 10-day-old nitrogen-limited liquid cultures of P. placenta
supported by 0.1 percent cellobiose or 0.1 percent glucose
(Illman and others 1988a, 1989b). The chemical reaction or
reactions generating the hydroxyl radical have not been
determined.

The presumptive role of the hydroxyl radical as an agent to
oxidize cellulose required formation of its site of action. The
hydroxyl radical is the most reactive of oxygen species, is
nonspecific, and does not diffuse, as has been shown for
hydrogen peroxide and the superoxide radical (Halliwell and
Gutteridge 1986). Reactions involving the hydroxyl radical
may be facilitated by the fungal sheath, as proposed in the
model by Green and others (1989b).

Role of Metals —Fenton’s reagent has been shown to
mimic brown-rot degradation of cellulose (Highley and
others 1989), implicating a role for a metal-catalysed
Fenton–Haber-Weiss reaction in brown-rot wood decay. We
have assayed for metals in an attempt to determine their role
in brown-rot oxidative processes.

Electron spin resonance spectrometry has been used to detect
and follow changes in the oxidative states of paramagnetic
metals during brown-rot decay (Illman and others 1988b,
1989a). Changes in low-spin iron could not be detected at
room temperature, and changes in high-spin iron were not
tested at low temperature (Illman and others 1988b). A
comprehensive study of iron oxidation states using ESR has
yet to be made.

Changes in manganese were observed with ESR after
inoculation of susceptible species of wood with the brown-
rot fungus P. placenta (Illman and others 1988a, 1989b)
(Fig. 6). These changes were manifested as increases in the
size of the sextet spectra that are specific for manganese
(Mn2+). The ESR spectra for Mn2+ were taken over a 4-week
period from fungal-inoculated white fir, Douglas-fir,
sweetgum, and redwood. The increases in Mn2+ signals
correlated with wood susceptibility to brown-rot decay. Little
or no increase was found in wood species resistant to brown-
rot decay (Illman and others 1989b). The chemical basis of
the Mn2+ change was not determined.

We found that oxalic acid changed the Mn2+ ESR signal in
wood (Illman and Englebert, unpublished data). Oxalic acid

is a low molecular weight fungal metabolite that is primarily
responsible for the low pH (<3) of wood during brown-rot
fungal decay (Takao 1965; Green and others 1992b). The
low pH is conducive to the Fenton–Haber-Weiss reaction,
which occurs more rapidly at lower pH levels (Halliwell and
Gutteridge 1986). Schmidt and others (1981) demonstrated
that oxalic acid can reduce Fe3+ to Fe2+ under certain
conditions. These authors proposed that oxalic acid generates
the Fe2+ for the Fenton system. In the tests conducted by
Illman and Englebert, after treatment of white fir slivers with
oxalic acid, the ESR signal for Mn2+ increased with increas-
ing oxalic acid concentration although the Mn2+ signal did
not increase as much as in P. placenta decayed wood. The
increased manganese signal may be a result of lowered pH
with acid solubilization of the metal. Oxalic acid from
several species of wood-decay fungi can mobilize calcium
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from glass and concrete. Alternatively, the increase in the
Mn2+ ESR signal may be due to chelation of the metal.
Oxalate is a known chelator of several elements, including
manganese, calcium, and potassium. The chemical basis of
oxalic acid effects is being investigated.

Oxalic Acid Metabolism

As demonstrated in the previous sections, the generation of
oxalic acid may be a key step in brown-rot decay. Many
different roles, both direct and indirect, have been assigned
to oxalic acid during the depolymerization of cellulose.
Oxalic acid can depolymerize cellulose directly (Shimada
and others 1991, 1992), but most researchers assign it a more
indirect role (Green and others 1992b). In addition to its
possible role in the generation of hydrogen peroxide
(Koenigs 1974a,b; Espejo and Agosin 1991) and its effect on
manganese (Illman and others 1989a), oxalic acid may also
be involved with the solubilization and hydrolysis of
hemicellulose, thus making the cellulose fibers more
accessible to cellulases (Bech–Anderson 1987). Green and
others (1991a, 1992, 1993) expanded upon this hypothesis
and suggested that the acidic conditions in wood, caused by
oxalic acid production, are responsible for early acid
hydrolysis and depolymerization of hemicellulose and
amorphous cellulose, thus increasing wood porosity.
Enzymes and other degrading agents in the hyphal sheath
would then have access to the remaining cellulose and cause
its final removal.

Despite its importance, little work has been done on the
physiology of oxalic acid in wood-decay fungi. The path-
ways involved with oxalic acid synthesis are just beginning
to be explored. Akamatsu and others (1992) isolated the
enzyme oxaloacetase (E.C. 3.7.1.1) from the hyphae of
Fomitopsis palustris. This enzyme catalyzes the hydrolysis
of oxaloacetate to form oxalic acid and acetate. Other
basidiomycetes are known to produce oxalic acid via the
glyoxylate bypass of the tricarboxylic acid cycle (Lapeyrie
and others 1987; Maxwell and Bateman 1968a,b,c). Shimada
and others (1992) proposed that both pathways generate
oxalic acid to decrease the large pool of organic acids that
accumulates from the degradation of wood carbohydrates.
Under in vitro conditions, oxalic acid production by Postia
placenta was stimulated by conditions of low nitrogen and
certain carbon sources, including glucose and acetic and
uronic acids. Strain ME20, a monokaryon that does not
depolymerize cellulose or cause weight loss in wood test
blocks, produced little or no oxalic acid under similar
conditions. The release of acetic and uronic acids from
hemicellulose early in the decay process would greatly
stimulate the production of oxalic acid by the fungus, thus
rapidly lowering the pH of the wood in a self-potentiating
system. As decay progresses, oxalic acid would continue to
be induced by the release of glucose from cellulose. Strain
ME20 appears to be defective in these regulatory mecha-
nisms and cannot decay wood effectively.

Proposed Mechanism of Brown-Rot
Cellulose Decomposition

Cellulose degradation by brown-rot fungi appears to involve
two sequential (or concurrent) mechanisms, oxidation and
hydrolysis. These appear to be tightly coupled reactions.
Oxidation is most likely nonenzymatic, with hydrolysis
catalyzed by a complex of enzymes. Low molecular weight,
diffusible element or elements from brown-rot fungi have or
are expected to have the capacity to generate oxygen radicals
directly or to initiate a chain reaction resulting in their
production. The capacity of brown-rot fungi to produce
extracellular oxidative metabolites is expressed when the
organisms are maintained under specific culture conditions,
especially nitrogen and carbohydrate limitation.

Evidence points to a small (<6,000 daltons) diffusible agent
or system as the depolymerization factor with the capacity to
set in motion a chemical reaction culminating in the oxida-
tion of cellulose. The oxidative mechanism may result in the
generation of the hydroxyl or other oxygen radical (or a
metalo–oxygen species) in close proximity to its site of
action on cellulose. If hydrogen peroxide is the substrate for
hydroxyl radical production, it is most likely produced in
small amounts at a distinct stage of hyphal growth. It is
quickly scavenged and does not accumulate. Given these
criteria, an oxidative agent or agents have or are expected to
have controlled transport from site of origin. The proposed
model of the fungal sheath provides a vehicle for facilitating
transport of degradative agents to the site of decomposition.
Association of the cellulolytic enzyme complex with a
hyphal sheath component could also facilitate the hydrolysis
of wood cellulose by appropriately juxtaposing the cellu-
lolytic complex with cellulose.

Biocontrol Through Nondecay
Micro-Organisms

Background

Another approach for environmentally safe wood protection
is to exploit relationships that already exist in nature. Other
organisms growing in wood, including fungi and bacteria, do
not cause decay but do inhibit the growth of wood-decay
fungi. These friendly micro-organisms may actually attack
and consume wood-decay fungi for their own nutrition, or
thay may produce antibiotics that inhibit or kill wood-decay
fungi (Fig. 7). This type of activity is termed biological
control or biocontrol.

The potential of biocontrol to protect wood products against
deterioration by micro-organisms has long been recognized,
as indicated in a 1940 memorandum by Mae S. Chidester,
Forest Products Laboratory (FPL). Chidester suggested that a
better understanding of the combined effect of two or more
wood-inhabiting fungi on wood would be beneficial in
preventing or controlling the defects brought about by these
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analysis by Lindgren, such biocontrol remains a virgin field
that requires considerable exploratory work, followed by
intensive studies.

Verrall (1966) made preliminary incursions into the field of
micro-organism associations when he commonly observed
the ubiquitous mold Trichoderma viride as the first colonizer
on rain-wetted wood in the Southeastern states and proposed
that competition from molds might possibly be an additional
factor that restricts the number of decay agents on exterior
woodwork. The effect of two isolates of T. viride on
41 isolates of Gloeophyllum saepiarium, G. trabeum, and
Daedalea berkeleyi were studied on malt agar and in soil-
block tests (Verrall 1966). All three basidiomycetes on malt
agar either grew compatibly with T. viride or actually
overgrew Trichoderma. Trichoderma did not prevent decay
of pine by the basidiomycetes. In a number of cases, decay
was greater in the presence of Trichoderma than in pure
culture. These findings are important because the three
basidiomycetes are the prevalent decay agents of pine lumber
on the exterior of buildings and of other pine products
exposed off the ground but subject to rain wetting.

Following these rudimentary observations, biocontrol of
wood-attacking fungi in wood products did not gain further
attention by Forest Service scientists until the 1980s.
Renewed interest was prompted by increasing environmental
concerns, which stimulated scientists at FPL to search for
less hazardous wood preservatives. Obstacles that hinder the
use of biological fungicides in wood and trees and expanding
opportunities for such use are discussed in review articles by
Ricard and Highley (1988, 1989).

Polyoxin D, one of a group of peptidyl pyrimidine antibiotics
produced by Streptomyces cacaoi var. asoensis was studied
by Johnson (1980, 1982, 1983, 1986) for control of wood-
staining mold and wood-decay fungi. This antibiotic is a
highly specific inhibitor of the chitin-synthetase enzyme.
Because chitin synthesis occurs only in lower life forms, its
inhibition could be a target-specific approach to pest control
with minimal effect on nontarget organisms. Wood decay by
several white- and brown-rot fungi was reduced by 10 ppm
polyoxin mixture and prevented at 100 to 700 ppm, an
appreciably lower threshold than that of pentachlorophenol.
However, polyoxin was not as effective against mold and
stain fungi,  and it is not a good candidate for protection of
wood against these fungi (Johnson 1986). Although
polyoxins are not themselves suitable wood preservatives,
these studies have tentatively validated the concept of wood
preservation via inhibition of fungal chitin synthesis.

The objectives of the research in biocontrol were (1) to
identify potential antagonists and treat wood blocks for
exposure to wood-attacking fungi, (2) to investigate
mechanisms of antagonism, (3) to improve the ability of
antagonists to colonize wood, and (4) to evaluate delivery
systems.

Figure 7—Early stage of mycoparasitism: (a) small hyphal
diameter of Trichoderma polysporum compared to
basidiomycete (Gloeophyllum trabeum), 2,500x;
(b) hyphal coiling by Trichoderma polysporum on
Gloeophyllum trabeum, 7,000x; (c) hooks produced by
Trichoderma harzianum on Antrodia carbonica, 2,300x.
(MC 87 9013)

organisms. She further suggested the possible use of
Trichoderma lignorum as a control for wood-decay fungi
such as Lenzites sepiaria (= Gloeophyllum sepiarium).
Evidently this proposal was not followed up with experimen-
tal work, or at least not published, because there are no
references to it in the literature.

The first publishable work by Forest Service scientists on
biocontrol of wood-attacking fungi appears to be that of
Lindgren and Harvey (1952) at FPL. These researchers used
fluoride pretreatment of Southern Pine pulpwood to enhance
profuse growth of Trichoderma. They observed reduced
decay in the southern pine pulpwood treated with
Trichoderma. However, as recognized in a 1958 problem
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that wood material removed from poles treated with a
Trichoderma (T-75, T-76)-based biocontrol product resisted
attack by active fungi for 7 years after the first treatment.
This suggests that with further research the use of biocontrol
using these Trichoderma species might be valuable as a
prophylactic treatment to protect poles from internal decay.
Most important, the decay prevention observed in this
experiment was achieved using material colonized by the
Trichoderma under field conditions. This indicates that at
least some modes of antagonism attributed to this fungus
during laboratory studies must still be active in the nutrient-
limiting environment within wood poles.

Wood products, such as poles, are commonly precolonized
by a resident microflora, and any control agent must be able
to either displace or coexist with a variety of mold organ-
isms. With this in mind, Bruce and Highley (1989) examined
the direct influence of prior colonization of wood by typical
mold residents from creosoted poles on the biocontrol ability
of Trichoderma (T-75, T-76) against Lentinus lepideus
(= Neolentinus lepideus). The results indicated that
Trichoderma can protect wood from decay by L. lepideus
even when the blocks are colonized with mold organisms
prior to treatment with Trichoderma.

We examined the ability of a commercial preparation of
Trichoderma (BINAB T) to colonize and survive in Douglas
Fir and southern pine timbers exposed above ground in
various climatic areas (Highley 1994). Under field condi-
tions, Trichoderma readily colonized southern pine (mostly
sapwood) squared timbers and L–joints, but the percentage
of recovery in the squared timbers dropped considerably in
the third year of exposure. Trichoderma was isolated up to
1.8 m from the point of pellet insertion in the southern pine
timbers. Colonization of Douglas Fir heartwood by
Trichoderma in squared timbers and piling exposed above
ground was much poorer than that in southern pine. Douglas
Fir timbers exposed in ground contact in Madison Wisconsin
were better colonized, but recovery was very poor beyond
2.54 cm from pellet insertion.

Although Trichoderma was able to develop and spread
through the southern pine timbers, it did not stop decay. The
timbers eventually were decayed by Gloeophyllum trabeum.
In previous laboratory tests (Highley and Ricard 1988), we
found that Trichoderma did not control G. trabeum decay.
Control of G. trabeum is important because this fungus is a
prevalent cause of decay of pine on the exterior of buildings
and decay of other pine products off the ground but subject
to rain wetting.

A biocontrol treatment would have a better chance for
success as a groundline treatment for poles than as a treat-
ment for aboveground wood because of the continual
moisture. It is difficult to envisage active control of decay by
antagonists in aboveground structures, such as window
frames and waterfront curbing, when the moisture content

Control by Antagonistic Fungi

Highley and Ricard (1988) studied the antagonistic ability of
Gliocladium virens and various Trichoderma spp. against
important white- and brown-rot fungi. Gliocladium virens
and the Trichoderma spp. overgrew the decay fungi cultured
on the malt-agar medium and in most cases killed them. In
soil-block tests, pretreatment of southern pine blocks with
G. virens prevented brown-rot decay but was ineffective
against the white-rot fungi. Similarly, Trichoderma spp.
generally prevented or reduced decay by the brown-rot fungi,
except for G. trabeum, but also were generally ineffective
against the white-rot fungi. Various concentrations of
ammonium nitrate and glucose in a basal medium did not
affect antagonism of Trichoderma spp. in wood blocks.
Gliocladium virens did not confer residual fungistasis to
wood blocks. In soil-block tests, G. virens arrested the
growth of Antrodia carbonica but not other decay fungi.
This work suggests that Gliocladium and Trichoderma have
potential as natural agents for biocontrol of wood decay.

Several studies were conducted by FPL scientists to assess
the potential and application of commercial Trichoderma
preparations for control of wood-decay fungi. These prepara-
tions are mainly available as a wettable powder and as
pellets; both contain propagules of Trichoderma spp.
ATCC 10475 (T-75) and 20476 (T-76) (American Type
Culture Collection). Both preparations are produced in
Toreboda, Sweden, by Bio Innovation AB (BINAB). While
exploring the mode of action of T-75 and T-76, Murmanis
and others (1988a,b) found neither water-soluble antibiotics
nor exoenzymes in wood blocks that were overgrown by the
Trichoderma strains and protected against major brown-rot
basidiomycetes. However, the researchers observed abundant
chlamydospore formation. Another study (Murmanis and
others 1988), also using SEM microphotographs, showed
that T-75 and T-76 spores became attached readily to hyphae
of wood-decay basidiomycetes. These spores germinated on
the surface of the basidiomycete hyphae and broke through
its wall.

In another study on mode of action by Trichoderma (Bruce
and Highley 1990), the interactive effects of Trichoderma
strains, including T-75 and T-76, against the range of wood-
decay fungi were examined, with particular attention to the
production of soluble metabolites by the antagonists. The
results clearly showed that the modes of antagonism of
Trichoderma spp. are most complex, and, unlike the mode of
action of most chemicals, they may be subject to change
under different environmental conditions. This point is
important and must be carefully considered in evaluating
control systems, particularly during screening tests for
potential control agents.

To be a successful biocontrol agent against wood-decay
fungi, the antagonistic effect must last for many years. The
results of studies by Bruce and others (1989, 1991) showed
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fluctuates substantially. Any biocontrol agent would have to
maintain itself during the times when the timber remained
dry, only becoming active when wetting occurred. On the
other hand, if the biocontrol agent left a fungistatic residue,
resistance to decay might be improved. Trichoderma has
been reported to produce fungistatic substances (Bruce and
Highley 1991). However, this evidently did not occur in the
field exposure in our tests because wood removed from
Trichoderma-infected areas of pine timbers and sterilized
was not resistant to decay. Bruce and others (1991) found
similar results with sterilized wood removed from
Trichoderma-treated poles after 7 years. However, the
authors found that unsterilized wood was resistant to
N. lepedius but not to Trametes versicolor. Likewise,
Highley (1993) found that unsterilized Trichoderma-treated
wood removed from pine timbers reduced decay by
N. lepideus, but not T. versicolor or Postia placenta.

All screening of potential biocontrol agents of wood-decay
fungi has previously been used against basidiomycete
mycelium. Similarly, experiments designed to evaluate the
mechanisms involved in antagonism (soluble metabolites
and volatile antibiotics) between biocontrol agents and target
fungi have been carried out on mycelial inoculum. Basid-
iospores are a primary source of infection that lead to decay
of wood exposed above ground and are the pathogenic form
of the target fungus in initial contact with a biocontrol
antagonist. Thus, Srinivesan and others (1993) examined the
antagonistic responses of Trichoderma spp. against wood-
decay basidiospores. They also studied the influence of
nutrient composition of growth media on the antagonistic
responses by Trichoderma isolates. The results clearly
showed that soluble metabolites from Trichoderma do play a
role in inhibition of basidiospores. However, the metabolites
exhibited more specific inhibition of basidiospores than
inhibition of mycelial inoculum of basidiomycetes. It is also
evident that the volatiles produced by the Trichoderma
isolates have little or no inhibitory effect on basidiospore
germination. Target specificity seems to play an important
role in the antagonism of Trichoderma spp.; Trichoderma
isolates specifically inhibited germination of brown-rot but
not white-rot basidiospores. The results of this study also
emphasize the importance of growth media in determining
the outcome of antagonistic responses. More filtrates from
Trichoderma spp. grown on minimal media were inhibitory
to Trametes versicolor than were filtrates from Trichoderma
grown on malt extract.

Trichoderma species examined for antagonistic effect against
decay fungi have been rather selective in their antagonism in
that they have been unable to control decay by the brown-rot
fungus Gloeophyllum trabeum and most white-rot fungi. In a
search for antagonistic fungi with broader antagonism
toward wood-decay fungi, Highley (1989a, 1991) evaluated
the antagonistic abilities of Scytalidium lignicola against
several white- and brown-rot fungi. Pretreatment of Douglas-
fir and southern pine blocks with S. lignicola prevented

decay by all fungi. Blocks that were heated or treated with
propylene oxide to kill the antagonist were not resistant to
decay. Thus, S. lignicola does not confer a residual
fungistatic effect to wood. Scytalidium lignicola was able to
eradicate all the decay fungi in wood except for Postia
placenta and Gloeophyllum trabeum. Wood blocks treated
with filter-sterilized filtrates of S. lignicola were not decay
resistant, and filtrates were not inhibitory to growth of the
decay fungi in agar medium. The antagonistic effect,
therefore, apparently does not involve toxins.

The interspecific interactions and antagonism among several
Scytalidium isolates with various brown- and white-rot fungi
were studied by Cease and others (1989).  Scytalidium
initially colonized the surface of the blocks and gradually
overgrew the basidiomycetes. In individual wood blocks
from 11 Scytalidium–basidiomycetes paired treatment
combinations, the basidiomycete was not inhibited through-
out the entire wood block. These wood blocks demonstrated
interspecific interactions and antagonism between the
different fungi. The white-rot fungi responded to isolates of
Scytalidium by occluding xylem cells with masses of hyphae,
forming pseudosclerotial plates in the zone of initial interac-
tion. Scytalidium appeared to gain access into portions of
wood colonized by the basidiomycetes only after substantial
decay had resulted by the wood-decay fungus.

An interesting observation was made by Croan and Highley
(1991a), who found that the blue-stain fungus Ceratocystis
coerulescens could be controlled by metabolic products
released by several wood-decay basidiomycetes. In this case,
it might be possible to protect wood against discoloring fungi
by treatment with fungitoxic metabolic products.

Control by Antagonistic Bacteria

In several studies at FPL, scientists examined the efficacy of
bacteria on biocontrol agents against wood-decay fungi and
sapwood-inhabiting fungi. The type of medium used to
evaluate bacterial/fungal interaction had considerable effect
on interactions on agar and wood (Benko and Highley
1991a,b). In an initial decay test, a bacterial preparation
prevented decay by white- and brown-rot fungi when tested
by an agar-block procedure (Benko and Highley 1990a).
However, in further tests with the soil-block method, the
bacterial preparation was ineffective (Benko and Highley
1990b). The failure of the autoclaved bacterial solution to
protect wood from decay showed that actively growing
bacteria are needed for successful biocontrol. This is
discouraging from the standpoint of long-term protection
against decay because fungistatic material probably would
not remain in the wood after death of the bacteria.

Bacterial preparations were found to be very effective in
preventing stain and mold discoloration in laboratory tests
with various species of wood (Benko and Highley 1990a,
1991b). The greatest potential for use of bacteria may be for
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temporary protection against mold and stain in green logs or
lumber. One bacteria, Streptomyces rimosus, was selected for
further study.

Initial studies with S. rimosus concerned development of
culture parameters to optimize production of fungitoxic
metabolites (Croan and Highley 1991). The bacteria pro-
duced very potent antifungal metabolites that effectively
prevented mold and stain attack on green pine log sections in
a simulated field trial (Croan and Highley 1991b, 1992a,b)
(Fig. 8). Streptomyces rimosus has been reported to produce
the antifungal antibiotic rimocidin, but the authors have not
yet identified the antifungal metabolites responsible for mold
and stain prevention. The material is very safe, with an LD

50

of 1,400 mg/kg intraperitoneally in mice compared to 146 to
175 mg/kg orally for penta. Boron as a co-biocide with
metabolites from S. rimosus acted synergistically to protect
wood first from mold and then from stain attack; the protec-
tion was tenfold better than that obtained with concentrated
metabolites (Croan and Highley 1992b).

For longer term protection, it might be advantageous to use
living cells of S. rimosus applied to wood. The authors found
that application of living S. rimosus cells to green wood is a
very effective biotic agent against wood-attacking fungi
(Croan and Highley 1992a). The bacterial cells completely
protected wood blocks and green pine log sections from
wood-attacking organisms and did not alter the physical state
of the wood.

The S. rimosus isolate is a new isolate that differs from its
parent in that it does not sporulate. Therefore, this new
isolate was named S. rimosus-nonsporulating isolate, SC-36.

A patent for biological treatment of wood with this isolate
has been applied for.

Research Needs
Since 1987, considerable progress has been made in under-
standing and preventing biodeterioration of wood processes.
However, wood biodeterioration continues to pose problems
that only additional research can solve. The following
sections describe general areas in which future research
could prove valuable.

Biology of Wood Deterioration

• Identification of the elusive agent or agents produced by
brown-rot fungi that facilitate degradation of cellulose
in wood
We need a better understanding of the genetics and
pathways involved in the production, regulation, and
catabolism of possible nonenzymatic degradative agents
such as oxalic acid, oxidative agents, or metal chelates,
and the role of manganese oxidation. Interfering with these
products or pathways could prevent decay.

• Further dissociation and characterization of extracellu-
lar degradative enzymes produced by brown-rot fungi
Studying the role of specific extracellular enzymes from
brown-rot fungi such as Postia placenta (that is, xylanase,
mannanase, and cellulase) has been hampered because it
has not been possible to separate these enzymes from one
another. Furthermore, precise separation and characteriza-
tion of enzymes must precede production of polyclonal or
monoclonal antibodies to individual enzymes. The ability

Figure 8—Control of wood-attacking fungi on green pine log sections by metabolites from
Streptomyces rimosus in simulated field trial. (M 91 0095)
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we need to fully understand the synergistic relationship
between bacteria, both aerobic and anaerobic, and wood-
decay fungi.

• Isolation, identification, and physiology of organisms
associated with failed preservative-treated wood
Knowledge of these organisms will promote our under-
standing of preservative failure and the development of
more effective preservatives. These organisms may also be
useful in bioremediation.

• Screening of natural compounds from antagonistic
micro-organisms and decay-resistant trees for
fungitoxicity against wood-attacking fungi
Highly fungitoxic natural compounds with low mamma-
lian toxicity may be effective as wood preservatives.

• Study of degradation of wood in compost
During composting, wood is decayed very rapidly. Decay
occurs in a two-stage process. Temperatures in a compost
pile initially increase to about 55°C and microbial activity
is restricted to thermophyllic bacteria. The temperature
then decreases, allowing the growth of mesophyllic
bacteria and fungi. Studying the succession of these
organisms and the mechanism of their interaction to
degrade wood so efficiently would provide better
understanding of the conditions required for optimal decay
and indicate possible ways to interfere with the decay
process.

Protection Without Chemical Pesticides

• Systematic approach to screening of biocontrol agents
Only a limited number of biocontrol agents have been
studied for wood-attacking fungi. A more systematic
approach to screening of biocontrol agents will inevitably
identify other isolates with improved control qualities.

• Study of  in situ modes of antagonism
Knowledge of the modes of antagonism will make it
possible to enhance the action of biocontrol agents through
the use of techniques such as mutation, protoplast fusion,
and genetic engineering. Such techniques may enhance
antagonistic traits of the organism or improve its growth
and survival capabilities in wood.

• Alteration of physical conditions within wood to make it
less favorable to decay fungi
One way to alter wood physically would be to selectively
enhance resident antagonistic organisms. This will require
defining the ecological progression of decay.

• Development of integrated biological and chemical
control systems
Integrated systems will provide an opportunity for
replacing more toxic chemicals by a combination of a
biocontrol agent and a less toxic chemical.

to characterize purified enzymes would greatly enhance
efforts to understand and interfere with enzymatic diges-
tion of wood cell wall constituents.

• Immunoelectrophoretic analysis and quantitation of
extracellular enzymes of wood-decay fungi
Immunoelectrophoresis is a powerful tool for identifying
antigens in complex protein mixtures. Modifications of the
original technique have resulted in many applications for
qualitative and quantitative analyses of antigen/antibody
reactions. Immunoelectrophoretic analysis will provide
information critical to the understanding of the role of
extracellular enzymes in wood cell wall digestion.

• Electron microscopic analysis of wood/fungus interac-
tion using immunological techniques
Electron microscopes and ancillary equipment are avail-
able to provide critical examination of the wood/fungus
interaction. Scanning microscopes permit examination of
the interaction of decay fungi in the natural state. Using
immunocytochemical probes to localize either fungal
enzymes or extracellular metabolites, it is possible to
demonstrate in situ the occurrence and spatial distribution
of major wood-degrading agents.

• Study of nitrogen metabolism
Of the nonstructural nutrients in wood, nitrogen plays the
most important role in growth of wood-decay fungi.
Almost nothing is known of the utilization or assimilation
of nitrogen. Would inhibition of proteinases that are
involved with autolysis and the recycling of fungal
nitrogen be a target for inhibition of decay? What is the
role of polyamines in fungal growth and development?
Polyamines may also be a target for specific inhibition of
fungal decay. What pathways do wood-decay fungi use to
assimilate nitrogen? Enzymes involved in nitrogen
assimilation could be an effective point of control.

• Study of role of bacteria in biodeterioration of wood
Wood decay involves higher forms of micro-organisms,
such as basidiomycetes and ascomycetes. However,
bacteria and actinomycetes are probably the most common
wood-inhabiting micro-organisms. These micro-organisms
can be classified in several groups depending on their role
in wood decay: (a) antagonistic inhabiters of wood,
(b) organisms that act synergistically with fungal wood
inhabiters, (c) organisms that attack wood structure, and
(d) organisms that affect wood permeability. Bacteria are
the most ubiquitous organisms and are capable of coloniz-
ing wood under both aerobic and anaerobic conditions.
Although strict anaerobes were thought to invade wood
only in aqueous environments, wood contains zones of low
oxygen levels that constitute anaerobic microsites (Rogers
and Baecker 1988). Most studies involving bacteria
associated with wood biodeterioration have been con-
ducted aerobically, and even studies on obligate anaerobes
have not traditionally been conducted under strict
anaerobiasis. To understand all aspects of biodeterioration,
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• Development of appropriate formulations and delivery
systems for biocontrol agents
Current treatment systems for wood preservatives are not
suitable for living control agents. Likewise, formulations
of biocontrol agents used commercially in agricultural
systems probably will not be suitable for use in wood,
which may require extraneous nutrients as part of the
treatment process.

• Genetic modification of nondurable trees to produce
decay-resistant wood
Knowledge of the characteristics that make wood resistant
to microbial attack may allow modification of genes to
produce the desired characteristic for durability. A key
element is sufficient understanding of the biology and
biochemistry of the wood/microbe system to allow for
identifying proteins important to the characteristic of
interest.

• Evaluation of natural decay resistance of heartwood of
U.S. commercial species in aboveground exposure
Reports of early failure of durable species, such as cedar,
used in such products like shingles and millwork are
increasing. White cedar shingles, once expected to last
50 years in the Midwest, are now failing in 8 to 12 years.
Evidently, the heartwood from second- or third-growth
trees is less decay-resistant than is heartwood from old-
growth trees. Heartwood from new-growth trees needs to
be evaluated for decay resistance to obtain new estimates
of service-life in structural products.
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